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Computational Methods for Seakeeping and Added Resistance in Waves 
 

Volker Bertram,  DNV GL, Hamburg/Germany, volker.bertram@dnvgl.com 
Patrick Couser, Bentley Systems, Paris/France, pat.couser@bentley.com 

 
Abstract 
 
This paper gives an overview of computational seakeeping methods with special focus on the calcula-
tion of added resistance in waves. The survey describes the most common approaches, their scope of 
application and their short-comings. While heave and pitch for conventional ships are predicted well 
by virtually all approaches, motions in oblique waves and second-order forces such as added re-
sistance are much more difficult to predict. For short waves, all approaches fail to predict added 
resistance properly. Recent findings put into question the validity of the principle of superposition 
when applied to the calculation of added resistance.  
 
1. Introduction 
 
Seakeeping considers the response of ships and offshore structures in waves. It is of fundamental im-
portance for the operation of ships and also during the design of many ship types. Tools to predict 
seakeeping are, Bertram (2012): 
 

• Model tests (time consuming and expensive; rarely performed for commercial ship projects) 
• Full-scale measurements on-board ship whilst at sea (problematic due to external “noise” in 

the measurement, but increasingly performed – adding engineering intelligence in the form of 
theoretical seakeeping models can improve the accuracy of these experiments.) 

• Computations in the frequency domain: determination of ship response to harmonic waves of 
different wave lengths and wave directions (most popular approach; efficient in computation, 
but limited accuracy as nonlinear physics must be approximated by linear computational 
models). 

• Computations in the time domain, i.e. simulation in time (increasingly used, but computation-
ally expensive; only short simulations of the order of several seconds to minutes are currently 
achievable in a reasonable time frame). 

• Statistical long-term assessment based on linear frequency-domain computations (for given 
seaway or given ocean region, based on probability of occurrence of seaways – wave atlas). 

 
This paper surveys various computational seakeeping methods and associated software tools with the 
purpose of giving a roadmap for non-experts. Particular focus is given to added resistance, as this 
plays a pivotal role in hull performance management, route optimization and other fuel efficiency 
applications. 
 
2. Overview of computational seakeeping methods 
 
2.1. Introduction  
 
Many seakeeping investigations comprise the following steps: 
 

• Representation of the irregular, natural seaway as a superposition of a large number of regular 
(harmonic) waves, 

• Computation of the ship response of interest in these harmonic waves, and 
• Summation of the responses to the harmonic waves to obtain the total ship response. 

This procedure relies on application of the principle of superposition and linearity of the responses; 
i.e. the response of the ship to one wave is not changed by the simultaneous occurrence of another 
wave; this assumption is generally valid for small wave heights. 
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Fig.1: Typical representation of a ship in a strip method, Alexandersson (2009) 

 
2.2. Prediction of ship motions in waves 
 
Since the 1950s, a range of seakeeping methods has evolved. Beck and Reed (2001) and Bertram 
(2012) are recommended for structured overviews. The most important approaches can be classified 
as follows, Bertram (2012): 
 

• Simple design estimates 
 Jensen et al. (2003) present a semi-analytical method to predict ship motions for monohull 
ships. The results are given as closed-form expressions and the required parameters are re-
stricted to the principal dimensions: length, breadth, draught, block coefficient and water-
plane area together with speed and heading. Although intended for early design estimates, the 
approach has been used for other purposes. 

• (Linear) Strip method 
Strip methods are still the most popular approach for seakeeping analyses. The essence of 
strip theory is to reduce the 3D hydrodynamic problem to a series of 2D problems that are 
easier to solve. The underwater part of the ship is divided into a number of strips, typically 
20-40, Fig.1. Although the underlying physical models are crude, strip methods are able to 
calculate heave and pitch motions and several other properties of practical relevance accurate-
ly enough for displacement monohulls. Strip methods are generally applicable up to Froude 
numbers of 0.4, thus for almost all types of large, low- to moderate-speed, displacement ships. 
A multitude of software codes based on the strip method approach has been developed over 
the decades, but mostly in academia and many codes are now obsolete, undocumented and not 
portable. Some commercial strip methods exist, e.g. Motions, MOSES (Bentley Systems), 
OCTOPUS (Amarcon), VERES (Marintek), and VisualSMP (Proteus Engineering). An open-
source strip method called PDSTRIP, Bertram et al. (2006), can be downloaded from the in-
ternet. However, as no user support is available, PDSTRIP is rarely used in practice. 

• High-speed strip method (HSST) 
For displacement hulls at Froude numbers above 0.4, high-speed strip methods (aka 2D+t 
methods) are fast and yield good results. Several HSST methods have been coded in academ-
ia, but no commercial software is known to the authors.  

• Multihull strip method 
Special strip methods have been developed for catamarans, taking into account the interaction 
of radiated and diffracted waves between the two hulls at forward speed. However, these 
methods remain inaccessible with neither code nor theory readily available to the public. 
Therefore industry has generally chosen to apply 3D methods for these types of vessels. 

• Nonlinear strip method 
For extreme motions (particularly for roll motions up to capsizing), nonlinear strip methods 
have been developed. The approach captures geometric nonlinearities of the ship through 
time-stepping and consideration of instantaneous wetted cross section and viscous effects 
through semi-empirical corrections. Again, these codes generally come from research projects 
with very small user groups. Computational times can be considerable, ranging up to several 
hours, while linear strip methods give results within minutes. 
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• 3D Green Function Method (GFM) and Rankine Singularity Method (RSM) 
For offshore applications, first-order forces and motions are calculated reliably and accurately 
by 3D GFM, Fig.2. There are a number of commercial codes with relatively large user groups, 
including Motions, MOSES (Bentley Systems), WAMIT (WAMIT Inc.), AQWA (ANSYS) 
or DIODORE (Principia). GFM are less suitable at non-zero speed, but still widely applied. 
All GFMs are fundamentally restricted to simplifications in the treatment of the steady flow. 
Usually the disturbance of the steady flow is completely omitted which introduces large errors 
in local pressures, especially in the bow region. Both methods can give satisfactory results but 
they share inherent difficulties representing flows around immersed transom sterns. 3D RSM 
have been developed as in-house codes, Bertram and Yasukawa (1996); while there are many 
commercial 3D RSM for the steady wave resistance problem, we are not aware of any com-
mercially available RSM software for seakeeping. 

• RANSE solver 
State-of-the-art CFD (Computational Fluid Dynamics) codes solve the Reynolds-Averaged 
Navier-Stokes Equations (RANSE), modeling turbulent fluctuations by semi-empirical turbu-
lence models, Fig.3. As turbulence does not play a significant role in seakeeping, RANSE 
solvers directly capture all relevant physics. RANSE simulations can be applied to arbitrary 
geometries, including planing hulls, catamarans, and blunt offshore structures. Most RANSE 
codes employed for seakeeping analyses are general-purpose codes. RANSE solvers are com-
putationally expensive and require parallel computer hardware for acceptable analysis times; 
they are prohibitively expensive for long-term simulations. RANSE seakeeping simulations 
have drifted into practical industry application over the last decade and are now widely used. 
There are several commercial solvers with sizable user groups in the marine sector: CCM+ 
and its predecessor Comet (cd-adapco), FINE/Marine (Numeca) and Fluent (ANSYS). In ad-
dition, the open-source software package OpenFOAM (OpenFOAM Foundation) is particu-
larly popular in academia. OpenCFD (ESI Group) gives commercial user support and pro-
vides consulting services based on the OpenFOAM software.  

 

 
 

Fig.2: 3D GFM for ship Fig.3: RANSE seakeeping simulation 
 
2.2. Don’t believe the hype!  
 
With appropriately chosen problems (i.e. ones that match the limitations of a given computational 
method), all methods work well. It is for this reason that we always see good agreement with experi-
ments or other computational methods in “sales” publications! 
 
Most publications show results for heave and pitch motions, for several reasons: 
 

• Heave and pitch motions are relatively well predicted by inviscid theoretical models. This is 
because damping is primarily due to radiated waves and not viscous flow over the hull. These 
responses are also essentially linear in waves of up to moderate amplitude. 

• Heave and pitch motions have significant effect on added resistance, structural loads (slam-
ming) and the safety and comfort of crew and passengers.  
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• Since more experimental facilities exist for testing models in head or following seas than for 
testing in oblique waves, model test data is more readily available for ships in head waves 
(where heave and pitch motions dominate) than in oblique waves. 

 
Reality is much more complex and difficult: 
 

• Roll motions are dominated by (nonlinear) viscous damping. Potential flow computations 
tend to employ simplified empirical methods, derived from model tests (which violate Reyn-
olds similitude), to account for these effects. The damping for the real ship is different and the 
roll motions are predicted with an associated error.  

• Yaw motions depend on the rudder action, particularly at low frequencies. Without a coupled 
autopilot maneuvering module, motions (and subsequently added resistance) may be over-
predicted. 

• Ships with large transom sterns (i.e. all modern container ships, for example) have complex 
flows detaching from the sharp geometric transition at the transom. The physics of these 
flows are captured only by RANSE solvers modeling viscous flow and separation. 

 
Despite these complications, most methods give acceptable results for motions. The accurate predic-
tion of forces is however more complicated.  
 
2.3. Prediction of added resistance in waves 
 
It is often argued that head waves present the most critical case. Many publications state implicitly or 
explicitly that added resistance in waves is highest for head waves, e.g. Perez Arribas (2006), Hansen 
(2011). This is not true, at least not in general. In our experience with real containership geometries, 
the highest added resistance in 3D RANSE simulations occurred for slightly oblique waves, say 10°-
20° off head waves. However, consideration of only head waves simplifies the computations consid-
erably and may be a pragmatic engineering approach for many applications when only a reasonable 
estimate is needed (adding e.g. 10% for the maximum in slightly oblique waves) or when two alterna-
tives (hull shapes, routes, etc.) are compared.  
 
The longitudinal force on the ship in a seaway is, at first order, a harmonically oscillating quantity. 
The time-average of the first-order force is zero. A non-zero second-order added resistance can be 
estimated using linear theory. Two main contributions appear: 
 

• Contributions due to the waves generated as a consequence of the ship’s motions (“radiation”) 
• Contributions due to reflection and distortion of the incident wave field (“diffraction”) 

 
Some methods, particularly strip methods, omit contributions coming from diffraction. Other methods 
neglect contributions from ship motions, e.g. Faltinsen’s asymptotic method for short waves, 
Faltinsen et al. (1980), Steen and Faltinsen (1998). Most methods use straightforward pressure inte-
gration over the wetted surface, following e.g. Boese (1970). Alternatively, one may look at the radi-
ated energy, following e.g. Gerritsma and Beukelman (1972). Omission of terms can be justified for 
certain subsets of problems, e.g. very large ships in short waves, or slender ships in head seas. Unfor-
tunately such approaches, derived for a range of specific problems, are frequently used beyond their 
realm of applicability. Therefore we advocate using generalised methods which are applicable to a 
broad range of problems; for example: 3D numerical methods.  
 
Various formulations of added resistance are used. Some formulations try to manipulate the basic 
formula to an analytically equivalent form, but one that is less sensitive to the numerical scheme em-
ployed. Others omit or curb terms that are known to be computed with large errors. The accuracy of 
computed added resistance depends on the accuracy of the (first-order) quantities used as input for the 
added resistance formulae employed (motions, wetted surface, etc.). 
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For accurate pressure integration, the rapid changes in pressure and hull-surface normals near the 
ship’s bow must be accurately modeled. Thus, the bow region needs to be resolved in finer detail for 
added resistance than for motion analyses. In our observation, seakeeping analyses generally do not 
perform grid variations and we suspect that in many cases coarse grid resolution contributes to the 
error in estimating added resistance. Inherently strip methods do not capture the bow geometry accu-
rately and thus have an even larger handicap than 3D methods.  
 
There are no simple design formulas to predict ship motions. However, various analytical and semi-
empirical formulas to estimate added resistance in waves have been proposed, e.g. Alexandersson 
(2009). The various approaches use basic geometric parameters to give the added resistance directly. 
One of the oldest and simplest of these “magic” approaches dates back to Kreitner (1939), as given by 
ITTC (2005), Hansen (2011): 








 +⋅⋅= βρ cos
3

1

3

21
64.0 22

wl
Bsaw L

CBHgR  

Hs denotes the significant wave height. B the ship’s beam, Lwl the ship’s waterline length, CB its block 
coefficient, ρ the sea water density, g=9.81 m/s2 and β the encounter angle (0° = head waves). Other 
approaches use geometric properties varying over the ship length (such as sectional area or waterplane 
breadth).  
 
The temptation to use such simple approaches is understandable: with very little effort the desired 
quantity is obtained. However, the old adage applies: If something sounds too good to be true, it prob-
ably is, Fig.4: 
 

• Nabergoj and Prpić-Oršić (2007) compared five of these simple approaches for a ro-ro vessel, 
with large scatter of results (factor of four between lowest estimate and highest estimate).  

• Perez Arribas (2006) discusses various semi-analytical approaches and compares three in 
more detail against model tests for a ship in head waves. Results scatter by a factor 3.  

• Boom et al. (2008,2013) compare a different set of empirical wave correction methods com-
ing to the same conclusion: “The results were shockingly different”.  

• We tested the Kreitner formula for a containership comparing against computational simula-
tions, finding differences of 20-110%.  

 

  
Fig.4: Comparison of semi-empirical added resistance approaches: Nabergoj and Prpić-Oršić (2007)  
          (left) and Boom et al. (2013) (right), where semi-empirical methods are green bars 
 
There is no simple formula which gives the added resistance in waves for all ship types with good 
accuracy.  Maybe, in years to come, we will see simple formulas adapted to certain ship types which 
share certain similarities (e.g. tankers or container ships). Meta-models, based on numerical analysis 
of a series of virtual ships covering the design-space of interest, could yield reasonably accurate pre-
dictions virtually instantaneously, following Couser et al. (2011). 
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3. Some headaches 
 
3.1. Added resistance in short waves 
 
Despite decades of research on the topic, added resistance in seaways has eluded accurate prediction 
in short waves (λ/L < 0.5). Both model tests and numerical simulations have shown large scatter of 
predicted added resistance. The difficulties explaining the sobering results for shorter waves are dis-
cussed in more detail in Söding et al. (2012a,b): 
 

1. A general difficulty for model tests is that the added resistance, which is the time-average of 
the oscillating longitudinal force, is small compared with the amplitude of the oscillations. 
Thus errors in the measurement and averaging of the force over time may be comparable to or 
even exceed the average force itself. In addition, added resistance is sensitive to the quality of 
the generated waves and their measurement. 

2. RANSE (and other RSM) simulations face problems due to grid resolution for analyses in 
short waves.  
 

Söding et al. (2012c) present GL Rankine, a new 3D RSM code. The approach uses a semi-empirical 
method to extrapolate the added resistance to short waves (typically for wave length less than half a 
ship length). The years 2012 and 2013 have seen extensive internal validation of the code at then Fu-
tureShip (now DNV GL Maritime Services). Progress in code efficiency and parallel computing pow-
er changed track in our abilities to compute added resistance in short waves. By late 2013, we were 
able to compute wave lengths as short as λ/L = 0.1, covering the whole range of practically relevant 
wave lengths without having to resort to extrapolation. Fig.5 shows validation results for a tanker 
model with focus on short waves. The agreement is fairly good if one considers the uncertainty of 
experiments for short waves.  
 

  
Fig.5: Added resistance coefficients for a tanker in head waves for different speeds  
           (personal communication of Dr. Vladimir Shigunov (DNV GL)) 
 
For practical purposes, added resistance in regular waves is not enough to come to correct decision for 
design and operation. Therefore GL Rankine was expanded into GLcourse, a tool for assessment of 
course keeping and added power requirements (respectively achievable speed) in seaways. GLcourse 
covers the following aspects of added power in natural seaways: 
 

• Transfer functions of added resistance from GL Rankine 
• Consideration of wind direction and speed 
• Arbitrary spectrum of natural seaway, including wind sea, swell or combination of both 
• Added resistance due to manoeuvring forces compensating for drift angle (hull forces and 

rudder forces) 
• Consideration of propeller and engine dynamics 

 
Fig. 6 shows typical results of GLcourse. Note that added power is greater in oblique waves than in 
head waves. This has two main reasons:  
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• Added resistance for slender ships can be greater in oblique waves 
• Drift can be large, especially at low forward speed when rudder efficiency reduces. This in-

crease induced resistance and rudder resistance. 
 
Since late 2013, the tool has been applied in several commercial projects while research projects con-
tinue with continued validation studies. A current research project combines GL Rankine with the 
Friendship Framework for formal optimization of ships in seaways.  
 

  
Fig.6: Added power in waves for tanker at two different speeds; radial coordinate wave height;  
           circumferential coordinate wind and wave direction  
           (personal communication of Dr. Vladimir Shigunov (DNV GL)) 
 
3.2. Superposition principle may not be applicable 
 
The superposition principle is applied so frequently that it is widely accepted as the truth, but perhaps 
we build our added resistance prediction on sand! Prof. Yasukawa of Hiroshima University has inves-
tigated the added resistance in regular head waves with model tests for a series of ships with various 
block coefficients. In the model tests, he varied the wave height (0.0009 ship length and 0.0016 ship 
length). Fig.7 (received in private communication) shows the results for the heave transfer function 
(pitch showed similar agreement) and the added resistance transfer function for the fullest ship model 
(block coefficient CB = 0.87).  
 

  
Fig.7: Heave transfer function (left) and added resistance transfer function (right) for variation of  
           incident wave height 
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The motion transfer functions showed little dependence on wave height, but the added resistance coef-
ficient showed significant dependence. Repetition of the tests confirmed these results. The differences 
are attributed to significant nonlinear effects indicating that the superposition principle may not be 
applicable to added resistance. 
 
If confirmed by other research groups, this leaves us with a dilemma: it is possible to investigate ship 
motions in natural (irregular) sea states, both experimentally and with time-domain simulations in-
stead of using the superposition principle with results from regular waves. (In fact, investigations in 
irregular or regular waves both take similar amounts of time.) One could then compare the ships’ 
response in “representative” irregular sea states. However, at present we have no standards to deter-
mine what such “representative” sea states might be.  
 
4. Conclusions 
 
Our own experience as well as the knowledge taken from publications and discussions with experts in 
the field may be condensed to the following conclusions: 
 

• Heave and pitch transfer function are always “in good agreement” with benchmark results in 
publications. This is not a good indicator that the method will model other degrees of freedom 
correctly or predict added resistance properly! 

• Added resistance is difficult to predict for real ship geometries. Model tests, RANSE simula-
tions and potential flow codes all show disconcerting scatter in their results, especially for the 
ship in oblique waves.   

• For practical purposes, added power rather than added resistance should be considered. This 
requires at least a simple model of maneuvering, propeller and wind forces. This should be 
taken into account for a range of applications involving “added resistance”, such as route op-
timization, hull optimization, or hull performance management.  
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Abstract 
 
A ship or a submarine is a “System of systems”. This paper aims to revisit Systems Engineering goals, 
practices and benefits for shipbuilders and marine equipment makers. It introduces an innovative 
approach to Systems Engineering in this industry, bridging engineering, design for reliability and 
maintainability and connected device paradigms. Some of the key focus areas of this paper are: 

• Benefits of a “single, logical source of truth” 
• Requirements capture, Management and Verification 
• Globalized, cross-disciplinary change processes 
• Multi-domain traceability 

PTC will discuss how Systems engineering can help with inventing, designing and maintaining ships 
more efficiently, while increasing compliancy with respect to the initial requirements, and in a more 
cost effective manner by leveraging the use of COTS components.  
 
Nomenclature / Glossary 
 
ALM Additive Layer Manufacturing (3D printing) 
CAD Computer Aided Design 
cDMU Configured Digital Mock Up 
COTS Commercial Off The Shelf 
DMU Digital Mock Up 
ERM Enterprise Risk Management 
HVAC Heating Ventilation and Air Conditioning 
INCOSE International Council of Systems Engineers   
IoT Internet of Things 
IP Intellectual Property 
ITAR International Traffic in Arms Regulations 
LSI  Lead System Integrator 
M2M Machine to Machine 
MBSE Model Based Systems Engineering 
MOD Ministry of Defence or Department of Defence 
MRO Maintenance, Repair and Overhaul 
PCO Prime Contract Office 
PDF Portable Document Format 
PLM Product Life-cycle Management  
QLM  Quality Lifecycle Management 
RM Requirements Management 
SE Systems Engineering 
SLM Service Lifecycle Management 
TCO Total Cost of Ownership 
 
1. Introduction 
 
“Systems engineering can save over 20% of the project budget and increases your likelihood of 
delivering on time by 50%” [Incose].  
“System engineering is not only a great tool to record all requirements; it also makes our experts and 
architects more efficient, and in a way, improves collaboration by helping them demonstrate more 
solidarity [DCNS] 
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There are various systems engineering definitions: 
 

• INCOSE: “Systems Engineering is an interdisciplinary approach and means to enable the re-
alization of successful systems. It focuses on defining customer needs and required function-
ality early in the development cycle, documenting requirements, then proceeding with design 
synthesis and system validation while considering the complete problem: Operations, Cost & 
Schedule, Performance, Training & Support, Test, Disposal, and Manufacturing. Systems En-
gineering integrates all the disciplines and specialty groups into a team effort forming a struc-
tured development process that proceeds from concept to production to operation. Systems 
Engineering considers both the business and the technical needs of all customers with the goal 
of providing a quality product that meets the user needs.” 

• PTC: “Systems Engineering is a holistic, multidisciplinary and collaborative approach to de-
fining, designing, commissioning and maintaining complex systems that incorporates all as-
pects of product lifecycle needs into a solution that ultimately meets customer requirements.” 

 
The product development process is usually represented as a “V”, Fig.1. This paper describes how it 
applies to shipbuilders, equipment providers, owners or classification Societies, and how it could help 
the entire set of actors to work better together. 
 

 
Fig.1: Systems Engineering “V” approach 

 
2. Forces of Transformation 
 
While these forces of transformation impact the entire manufacturing industry, we are applying this 
model here to marine and shipbuilding industry. We are at the early stages of a fundamental transfor-
mation, marking what could be one of the most significant disruptions to the manufacturing industry 
since the Industrial Revolution. Understanding the driving forces, their specific impact and the oppor-
tunities they create, reveals the roots of manufacturing transformation and the future of competitive 
advantage. PTC has identified seven major forces, some of which are long-standing while others are 
more recent. Individually, any one of these forces is disruptive. Together they are completely trans-
formational.  
 
Visionary manufacturing firms have already identified the forces that will have the greatest impact on 
their industries, and they are beginning to transform business processes to leverage one or many of 
them, and embrace entirely new business models to capitalize on the opportunity. We believe these 
forces also apply to shipbuilding and marine equipment manufacturing. 
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Fig.2: The seven forces of transformation 

 

2.1.  Digitization 

 
Definition: Replacing analogue product and service information with a fully accurate virtual represen-
tation that can be easily leveraged across the value chain (engineering, factory floor, service).  
 
Transformational Impact: While not a new market force, digitization continues to be transformative in 
the form of competition from desktop publishers, faster commoditization of products, and newer fea-
tures that not only confirm fit but simulate behaviour. Today, the demand for full 3D CAD models 
and digital mock-ups are exploding. 3D printers now build parts directly from digital models and are 
moving beyond prototyping into true Additive Layer Manufacturing (ALM). Leveraging these 3D 
models and simulations during the service lifecycle is also creating breakthroughs in service efficien-
cy, as service technicians can now see the solution they previously had to visualize in their mind. 
 
Example: While shipbuilders have been early adopters of CAD tools, demand for 3D modelling and 
simulation is still very high, with the development of CFD and numerical towing tanks, as well as 
numerous other simulation developments. 
 
2.2.  Globalization 

 
Definition: The general shrinking of the world driven by technology that eliminates economic and 
geographical divisions and opens new markets. 
 
Transformational Impact: The shift in global demand for manufactured goods is happening at an ac-
celerating pace. A recent McKinsey study finds that developing economies could account for as much 
as 70% of global demand for manufactured goods by 2025. Historically, innovation was done by a 
single brilliant inventor, e.g., Eli Whitney or Thomas Edison. Now, the growing demand of global 
markets and exponential sophistication of products requires a different approach. To succeed in this 
new world, global workers must collaborate efficiently and continuously from concept to design, 
manufacture, and service. Technology is helping to eliminate these conventional boundaries and ena-
bling access to these critical new markets.  
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Example:  Global transportation of goods through multiple kinds of ships is a direct consequence of 
manufacturing globalization. Additionally, shipbuilding is also getting global with numerous exam-
ples in military shipbuilding, with multiple manufacturing and assembly areas across the globe; i.e.: 
an OPV designed in Europe being built in South East Asia with some equipment manufactured in 
South America. 
 
2.3.  Regulation  

 
Definition: Enforcement of governmental rules, non-governmental organization policies, and industry 
standards related to environment, health, safety and trade  
 
Transformational Impact: Manufacturers face an increasing variety of regulatory requirements from a 
variety of sources – governments, NGOs and industry standard bodies enforcing rules and procedures 
related to the environment, health, safety, and trade. In fact, a Manufacturers Alliance for Productivity 
and Innovation (MAPI) study found that growth in the cost of major regulation has far exceeded eco-
nomic growth, especially in the manufacturing sector, and estimates that approximately 2180 unique 
regulations have been imposed on manufacturers in the past 30 years. Manual processes are not only 
slow and time consuming, but can leave manufacturers exposed to these new regulatory requirements.  
 
Example: With the creation of Class Societies, back in the late 18th century, the shipping industry has 
become familiar, probably before anyone else, with regulatory requirements. Nowadays, constraints 
and rules are increasing, many environmental constraints impacting not only for new builds, but also 
the decommissioning process. 
 
2.4.  Personalization  
 
Definition: Efficiently tailoring products and services to accommodate regional and personal prefer-
ences. 
 
Transformational Impact: Efficiently produced standardised products are no longer sufficient to sus-
tain competitive advantage. In fact, 57% of C-Level executives from an Oxford Economics study 
identified fragmenting customer expectations and demand as a major concern, which requires finding 
scalable ways to serve these fragmenting customer needs. The goal is diversity with scale, which 
starts with regional/market variability and matures to personal variability. In addition to expanding 
efficiently into new markets, some unanticipated benefits are emerging from product variability, such 
as reverse innovation. A new offering created to meet unique needs of an emerging market can be 
delivered as a cost-effective new offering worldwide – even in developed markets.  
 
Example: Cost efficiency is also favoring “configure to order” approach for military or sophisticated 
commercial ships. European shipyards have no choice today but to innovate and offer personalized 
configurations to their customers. 
 
2.5. Software intensive products  

 
Definition: Integrated systems of hardware and software capable of sophisticated human-to-machine 
interaction, diagnostics, and service data capture, with additional value delivered through enhance-
ments. 
 
Transformational Impact: In a 2011 Wall Street Journal essay, Marc Andreessen proclaimed that 
“software is eating the world,” and outlined how industry after industry is being disrupted by software. 
This disruption requires that every company add software development and digital innovation to their 
list of traditional core competencies. For manufacturers, these software intensive smart products lev-
erage embedded sensors that allow the products to collect, share and analyze data with the relevant 
context or state. Software also enables personalization and adapts the product to consumer and situa-
tional needs based on sensor data, machine learning, and digital user interface.  
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Example: Almost all equipment’s aboard a ship, from main engine to cargo control, are embedded 
with some pieces of software. The trend is now to make these systems communicate with each other 
and support the development of on board ship management tools. 
 
2.6. Connectivity  

 
Definition: Pervasive networks of “things” – often mobile – embedded with sensors and individually 
addressable to enable sophisticated monitoring, control, and communication.  
 
Transformational Impact: Smart products are becoming increasingly connected – to us, to each other, 
and to the manufacturer. According to Cisco, the number of internet connected devices reached 8.7 
billion in 2012. Connectivity enables manufacturers to monitor, control, and service its products, 
begin to collect large volumes of data to understand how its products are being used, learn how to 
maintain them; and how best to deliver value over the useful life of the product. These capabilities are 
accelerating the migration of value that is delivered from the physical aspects of the product to the 
digital / software aspects and creating new opportunities for differentiation. However, connectivity 
also increases the infrastructure and capability requirements as well as increases vulnerabilities and 
cyber security risks.  
 
Example: In the specific situation of equipment on a mobile platform (train, aircraft or ship), the con-
nectivity of “things” is bringing another set of capabilities as well as enabling on line servitization - 
which used to be a domain reserved for navies or aircraft OEMs. As this technology gets more afford-
able, it will change the way people will think about monitoring the reality of their product lifecycle, 
almost in real time. 
 
2.7. Servitization  
 
Definition: Fundamental business model shift in which products evolve to integrated “bundles” of 
services capable of delivering new value continuously throughout the customer experience lifecycle.  
 
Transformational Impact: While the term “servitization” in a manufacturing context is traced back to 
Vandermerwe and Rada (1988), the convergence of forces has created a new imperative for this busi-
ness model shift. Products and services will be bundled together to form new systems of value that 
will be consumed most commonly as an on demand service, transferring ownership and risk from 
customer to manufacturer. This shift begins with effective management and delivery of aftersales 
support services, then products bundled with warranty, and finally performance-based service con-
tracts. However, creating and transitioning to the right business model to build a successful product as 
a service business is far from easy.  
 
Example: Ingersoll Rand is a $14B company delivering products and services that create safe, com-
fortable, and efficient environments. IR has 30,000 employees, including 2,000 service professionals. 
Their HVAC division Trane, one of their business units, is an example of a company leading the way 
into entirely new business models – selling “building comfort” as a service. Roughly 30% of Trane’s 
revenues today come from this new business model.  
 
2.8. Responding to the seven forces  
 
The impact and opportunity from each of the forces will vary by individual company circumstance, 
but there is no doubt about the potential for disruption these forces represent. It is also clear the im-
pact on the future of competitive advantage will be felt everywhere.  
 
Manufacturers will need to transform existing business processes and fundamentally rethink how they 
design, build, and service their products to expand the ways value is exchanged with customers and 
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across the supply chain and ecosystem. But, for those that get it right, the future represents a huge 
opportunity to create sustained differentiation through product and service advantage.  
 
Key questions to consider: 
 

• Do we understand which forces are likely to have the greatest impact on our industry and firm 
over the next three years?  

• Do we have alignment between our current business transformation initiatives and priorities 
and these forces?  

• Do we have the right talent and technology platform to respond to these forces and capture 
the opportunities they create?  

• Do we have an engaged network of partners and suppliers that can enable the opportunities 
these forces create?  

 
3. Single, logical source of truth 
 
3.1. Mastering Compliance 
 
In all segments, ships are becoming bigger and more complex. They generate a substantial require-
ments pack from the ship owner/operator. Ideally, all stakeholders should have secure access to the 
relevant data to fulfil those requirements.  One particular area where shortfalls in data management 
present perennial challenges is in compliance. 
 
In addition to the customers’ requirements, there are other, constantly changing requirements to deal 
with, such as: SOLAS 2009; increasing environmental regulations, including those from IMO, EU 
member and other states (MARPOL Annex VI, IHM, RoHS, WEEE, REACH); and those mainly 
affecting naval shipbuilders, export control requirements and ITAR.  
These directives are having a profound impact on the way ships are developed today. Safer ship oper-
ation requires increased design effort. Environmental directives require precise tracking of hazardous 
materials; ensuring designers only specify compliant components that support recycle-ability. Collec-
tively, these regulations impact a broad range of business processes - from design to support to prod-
uct end-of-life. 
 
Therefore, the shipbuilders need a comprehensive, up-to-the-minute view of the process that enables 
smart and informed decisions throughout the extended enterprise, critically capturing how and why 
decisions are reached and then communicated. Solutions should enable "intelligent" supplier and 
component selection - ensuring compliance, starting from the very beginning of the design process. In 
addition, it is critical that a solution provides the ability to document that the entire development pro-
cess - not just the final ship - meets applicable standards. This often requires detailed, multi-format 
compliance documentation - and it needs to be provided promptly when requested by a regulatory 
body. So consequences could be huge if problems are not discovered until late. 
 
3.2. Program performance and quality 
 
Sharing this rising volume of data presents a significant challenge, as information is often held in a 
variety of different and usually thinly connected systems.  The next significant challenge is how to 
securely distribute relevant data to the right people in the right organization at the right time. 
 
Program management highlights the importance of accurate, easily accessible data to answer key 
questions: 
 

• Where are you currently in the program? 
• What is the maturity of the data? 
• Will you meet the next milestones? 
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• Are you meeting the legal, environmental and customer requirements? 
• Do you have the right measures and systems to determine if you will complete the project on 

time, to the required quality and on budget? 
 
Securing the stage-gate approval for a contract milestone payment, such as a compliance certification, 
involves generating reports and metrics from different systems and data sources, so optimal speed and 
accuracy in data management can literally preserve optimal margins and enhance cash flow. 
 
3.3. Other systemic challenges 
 
Many shipbuilders and their supply chain partners have a silo’d approach to organization, data distri-
bution and format. The issue affects personnel, tools and data – each organization or design group 
doing their own task with their own tools and not communicating concurrently. 
 
For example, design groups within a company often use different CAD systems for designing ship 
structure, HVAC, piping and ship electrical systems, and cableways, from the 2D functional diagrams 
to the 3D models. This creates a costly, time-consuming data exchange problem if these groups need 
to see their systems in the context of the whole ship. 
 
Even when common CAD tools are used, there is often a proliferation of systems and tools used 
across the business, all possessing unique data formats. The challenge is how to make the quantum 
leap to a single, master repository of data. 
 
3.4. What’s the desired state for product data through the life of a ship? 
 
As stated, the challenge for shipbuilders and the PLM/MCAD industry today is to provide a “single 
source of truth,” so that all authorized users can access and use one set of data, whatever their role in 
the ship’s life. In this paper, we shall refer to this solution as a Product Lifecycle Management or 
PLM system. 
 
3.5. In a nutshell: single, logical source of truth 
 
As a rule, throughout the product development lifecycle of a shipbuilding design program, the Lead 
Systems Integrator will be responsible for aggregating the data from multiple contributors, including 
partners and suppliers, and incorporating this information into a whole product definition. We say 
“logical” because the reality of IT systems today is favoring the cloud applications, as well as multiple 
federated systems, with multiple sources of data, while still being able to present a single source of 
information to the end user. This is typically orchestrated with Enterprise Service Buses (ESB) tech-
nology. 
 
4. System engineering rationales 
 
4.1. System of systems in shipbuilding 
 
A ship is a collection of complex systems interacting with others system (system of system). This is 
similar to many products such as spacecraft, aircraft or cars. A system is designed and developed to 
answer to a basic set of requirements which are usually described as a “function”. Examples: 
 

• “Capability to transport 5000 TEU from china to Europe in 4 weeks” is a very simple specifi-
cation of a system, which will likely be a container ship. 

• “Capability to operate 24 F35 jets from a mobile platform” is another simplistic definition of 
another system, which actually will be not only a ship, but a complete Carrier Vessel Battle 
Group. 
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So, a ship is “simply” a system, or eventually a subsystem within something bigger. Now, any sys-
tems will have some key characteristics. A system answers initial requirements; it can breakdown in 
subsystems; it needs to comply with construction, state of the art constraints, as well as external or 
regulatory compliance rules; a system may also require services and utilities, which may again break 
down into sub-systems, etc… 
 
Back to our system for container transportation, it will very likely breakdown into hull, cargo spaces, 
propulsion, live on board, communications systems, etc., all of them being compliant with one or 
many class societies’ rules, as well as IMO, MARPOL or other regulations. Most of them will require 
electric power, fresh water or compressed air, which will ultimately drive new utilities or services 
functional requirements. A large chunk of sub systems must also communicate with others, thus in-
creasing the need for smart sensors featuring embedded software, M2M capability, IoT, etc… 
 
The achievement of the design of these sub-systems will require the execution of some simulation or 
calculation, in order to define the right balance for thermal, electrical, mass, etc. as well as the simula-
tion or calculation of system characteristics. Interfaces between systems and/or functions will need to 
be defined and characterized as well. These characteristics will then be available as requirements data 
for any downstream subsystems. At the time of commissioning the ship, depending who you are, you 
will have to check your own system compliance against the relevant requirements. Ultimately in our 
example, our ship owner will check cargo capacity, speed and range. But in order to achieve that, a lot 
of derived requirements and inspections will have to be defined and verified. 
 
This simple example illustrates the main activities which are considered being part of Systems Engi-
neering in our naval business. At the end of the day, traceability of any information against the initial 
business driven requirements is key, and only a single source of truth repository can bring this capa-
bility to life. 
 
4.2. Systems engineering practices  
 
From the simple example above, it is now quite simple to recognize the main tools and practices 
which are relevant to systems engineering. It will show that, not surprisingly, one has often been do-
ing systems engineering without even knowing or understanding it was being done. 
 

 
Fig.3: An iterative approach 
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This usually includes the following practices or tools: 
 

• Requirements capture, management & derivation 
• Architecture & Diagraming 
• Simulation & Calculation 
• Test plans – Trial schedule & commissioning 
• Change Management, impact analysis 

 
So let us review in detail each of these practices, Fig.3. 
 
4.2.1. Requirements capture 
 
This was usually done through specification documents, which may be structured in such a way that 
each section or paragraph within the specification deals with a particular topic, with some specific 
characteristics on the expected performances or capabilities of the ship, though nothing is really guar-
anteed from that point of view. The problem here is that we are usually facing a document centric 
approach, which may be an issue at the time of linking a particular requirement to a particular system, 
subsystem or equipment. A typical specification will deal with 10 to 100 customer requirements. 
 

 
Fig.4: Recursivity of requirements management 

 
4.2.2. Requirements management and derivation 
 
As the customer can change its mind at any time, it is very important from a business perspective to 
trace and evaluate to what extent the new version of the specification will influence the already started 
work on the ship, whatever the major shipbuilding phase is in progress. Managing requirements was 
traditionally not done that well, as relying mainly on the 2 parties ability to precisely define the 
changes between 2 version of a ship specification, with potentially different people looking at the first 
and second version with poor traceability within each of the requirements. 
 
Another very important practice is to add to the so called “customer requirements” all the constraints 
and rules from internal or external organizations (Class societies, IMO, etc.), as well as defining how 
a high level requirement will breakdown into “engineering requirements”. I.e.: A speed requirement 
will derive into hull form AND main engine power AND, combined with range, fuel tank capacity, 
which will again drive some hull design constraints, etc… At this stage, the number of requirements 
may become tens of thousands. 
 
4.2.3. Architecture and Diagraming 
 
Producing schematics or diagrams has always been a very efficient and synthetic way of describing a 
system. At the end of the day, it produces a document which implements the design intent based on 
requirements and also can be used to understand how a system works when operating the ship.  
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Fig.5: Fremm Aquitaine - Sea trials of the first in class fully Systems Engineered frigate (DCNS) 

 
4.2.4. Simulation and Calculation 
 
Being able to perform calculation has been a key activity of naval architecture for many centuries. 
From the above descriptions it is now clear that all these calculations or simulations are done to: 

• Define how some characteristics of one or many systems are impacting the key characteristics 
of other sub systems or utility systems. 

• Verify that the system of systems behavior is compliant with some rules or requirements. 
• Optimize the sizing of any component, from a structural, thermal, acoustic, electric, magnetic 

or other point of view. 
 

4.2.5. Trials and commissioning 
 
Performing trials, in docks or at sea, is the only way for shipbuilders to prove that the ship perfor-
mance is reaching what was expected by all relevant parties, first of them being the owner/navy. 
 
Interestingly, this will use a lot of information and documentation which originally has been derived 
from the studies and the specifications, as well as producing a lot of inspection, verification or trial 
results documents as well. This process is the ultimate achievement of a more global activity which 
deals with managing conformity. In other words, it means being able to trace back any decision or 
choice to one of the requirements / constraints which are driving the ship design. 
 
At the end of the day this verification and validation activity drives towards the official commission-
ing of the ship. 
 
4.2.6. Change impact analysis (CIA) 
 
Because change is part of human nature, changes may occur and usually do. Changes may be trig-
gered by multiple events, ranging from a business change for a commercial ship owner, a political 
revision of military budgets or priorities, through multiple regulations evolutions to technical or sup-
ply chain incidents, all driving modification of ship definition, balances or ultimate performance. 
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System of systems is the basis of a modern ship, and overlapping processes is the rule. Any modifica-
tion is likely to impact the entire set of systems around and will be seen as a straw man. The key issue 
is to be able, in a timely manner, to evaluate the impact of any change request, against the multiple 
implications of systems across the ship, in a recursive and difficult to handle “snow ball” kind of pro-
cess. In that area, cDMU is a great support and helper to better assess the impact of any change. 
 
The rest of this paper will now describe what Systems Engineering is and how Systems Engineering 
capabilities are shaping the content of a shipbuilding Product Lifecycle Management system. 
 
5. Systems engineering paradigm 
 
Let’s now put together what has been exposed so far in this paper: 
 

• A single, logical source of truth, also named PLM 
• An holistic approach named Systems Engineering 
• A set of practices that are just common sense for shipbuilders 

 
We face again the same discussion that we had many times in the last 35 years, when Computer Aided 
Applications have been introduced and used in our industry. Each time a new significant capability 
has been introduced, we discovered that the concepts behind it were already here, but that the com-
puter tools were just enabling that concept and making it usable. Concurrent detailed engineering is 
one example that illustrates this statement. 
 
The concept of concurrent engineering existed far before CAD and PLM tools came to the market. It 
was a very interesting way of maximizing interactions, thus allowing overlapping of processes, as we 
usually see in our industry. But without any PDM solution to actually control how things can con-
verge, this concept is not really usable and just drives the mess. Fig.6 illustrates how PDM can help 
leveraging concurrent engineering as a value centric business practice. 
 

 
Fig.6: The design dampening effect 

 
Systems Engineering today is in the same situation. There are many disparate tools which can provide 
some of the bricks: 
 

• Requirements Management  
• Diagraming  
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• Tests management 
• Simulation  
• Document Management 
• Change & configuration management 
• … 

 
None of those tools are Systems Engineering specifics, and it could be fair to say that a “pure” Sys-
tems engineering solution does not exist, because we already demonstrated that most of these compo-
nents are by essence part of a PLM solution. So, could we consider Systems engineering without a 
PLM system, and by extension, could we say that Systems Engineering is just another authoring solu-
tion, just like MCAD, ECAD or document Authoring?  
 
PTC’s position is to consider Systems engineering from the process and practices point of view.  As 
explained in the previous section of this paper, traceability is the key of Systems engineering, as illus-
trated in Fig.7. Being able to navigate, on a configuration managed base, among all the objects which 
are involved in the entire ship design is the corner stone of a robust systems-engineering architecture. 
This will trigger the ability to perform accurate and timely change impact analysis. And change im-
pact analysis is the tool providing decision makers with the right information to drive the business. 
 

 
Fig.7: Traceability in Systems Engineering 

 
5.1. Recursive Approach  
 
Systems engineering is often represented as a V (see Fig.1). However, when it applies to multiple 
systems, each system development could end up with its own “V”. So systems engineering should 
basically offer a recursive approach, and the ability to “zoom-in” into detailed function, down to sub-
system or equipment level.  
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After identifying the relevant, high level requirements, the system engineer / architect will start defin-
ing the architecture of functions which will need to satisfy this particular set of requirements. For 
example, PROPULSION is a typical function which could be linked to speed or range customer re-
quirements. This function will then need multiple systems (also often named “installations”) working 
together to deliver the function. The systems engineer will have to define all the relevant characteris-
tics of each and any of those systems, as well as the utilities (transverse functions) those systems will 
need. In order to perform this activity, they may need to do some calculation or simulation, which 
could be very complex and could require the usage of sophisticated analysis code. This will create 
new requirements against the transverse functions as well as interface requirements (between function 
or between systems). This will enable multiple actors (system engineers) to concurrently work togeth-
er defining the entire ship architecture. This process can of course be easily outsourced, considering 
the good level of specification available from this methodology. 
 

 
Fig.8: Recursive approach 

 
At any time, one should be able to describe if a specific requirement needs to be verified and how we 
will be able to demonstrate the conformity, and we can understand that this will be instrumental in 
facilitating the dock and sea trial management and finally, the ship commissioning. 
 
At one point in this breakdown process, instead of specifying a system or sub-system, an equipment 
or module can be used. Systems engineering at this stage will be a COTS approach helper: 
 
Considering that each characteristic of my equipment can be related and linked back to original high 
level requirements, selecting a COTS component may end up with some differences between what 
was required and what is achieved. In that case, it could be acceptable to use slightly oversized but 
more affordable equipment, or, if at limit, have good arguments to initiate and document a change in 
high level requirements (for example: saving one cylinder in main engine at the cost of slightly reduc-
ing speed requirement) 
 
5.2. Decision Helper  
 
So, we now understand that Systems engineering is finally a way to document and justify any decision 
which needs to be endorsed by all stakeholders. In order to make a Systems Engineering tool reliable, 
we also demonstrated that it should be built as part of a PLM system, which will guarantee data secu-
rity and quality. PLM will also bring the capability of managing changes and measuring impact of any 
change request. At the end of the day, combining PLM capabilities and Systems Engineering process-
es is providing to project managers the tool to help them make the right documented decisions while 
facilitating further re-use and protecting the shipyard assets. 
 
6. Systems engineering benefits 
 
Let us recap what challenges our industry is facing: 
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1. Ships are getting more and more complex  
• Difficulty in managing multiple design alternatives, and conducting trade-off studies 

to tackle increasing risks 
• Electronics & software are increasingly used on board ships, as well as being primary 

cause of catastrophic failure modes, 
 

2. Industrial model are more complex 
• Multiple partnering 
• Usage of COTS systems 
• Outsourcing on the some innovation activities 

 
3. Shipbuilders support Customer and regulatory pressure: 

• Reducing/mitigating risks (performance, reliability, quality and cost) 
• Meet tailored customer requirement with re-use of existing product 

 
As presented above in this paper, a systems engineering approach, as a layer of a broader single 
source of truth Product Lifecycle Management (PLM) tool, will help solve these challenges. So who 
are the actors of systems engineering? 
 
Based on your role in the organization, you may be interested in different aspects or views of the same 
reality. A project manager will be interested to quickly have access to the level of completion of the 
systems definition to the initial customer specification. He will also need to have an accurate vision of 
the potential impact of any change request. A trials manager will be happy to know precisely what 
needs to be verified in order to qualify some specific system or equipment; the installation specialist 
will easily understand the specific installation constraints for a particular product or system on board 
the ship. 
 
Finally, using Systems engineering processes and tools will help a shipyard executive to optimize the 
company profitability by: 
 

• Maximizing the usage of COTS components,  
• Improving the functional design  
• Facilitating full system outsourcing 
• Avoiding over-quality  
• Simplifying trials and making them right first time 
• Leveraging regulatory compliance instead of undergoing it. 

 
7. Conclusions 
 
Should we consider Systems Engineering as an authoring application connected to the PLM system or 
should we say that Systems Engineering is a PLM by itself? 
 
PTC’s position is to define Systems engineering as a formalized process where the goal is to design 
and offer better products to the market, with higher quality and compliance with regulations and/or 
market and customers’ requirements. This process is relying on multiple authoring applications such 
as requirements management, simulation, diagraming, etc. All these applications need to share a 
common repository and a PLM solution, such as PTC’s Integrity and Windchill, in providing this 
backbone capability while supporting other transverse services such as configuration or change man-
agement. 
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Abstract 
 
This paper exposes describes some new capabilities within FORAN to improve the hull fairing. The 
process starts from a set of preliminary hull surfaces, from scratch or after transforming existing 
hulls. An innovative approach in FORAN allows intelligent shape transformation of objects composed 
by solids, surfaces, curves, points and meshes. With the aid of these options, hull fairing is more 
controlled and the overall ship design process improved. 
 
1. Introduction 
 
The traditional methods for hull fairing require much time as well as significant expertise. Advanced 
tools for this task can shorten dramatically the design time while obtaining very good results. This 
paper presents a new approach for preliminary design to create high-quality ship hull form 
geometries. Hull fairing starts from a set of preliminary hull surfaces, coming from scratch or after 
transforming existing ones. The modifications needed to smooth them for achieving the highest 
performance while keeping them suitable for production are critical. This new FORAN functionality 
is applied from typical ship forms to the most advance hull forms. The application of this advanced 
tool can shorten design time. 
 
Latest Computer Aided Design (CAD) techniques such as global shape modelling, advance continuity 
and capping (as implemented in FDESIGN, a module of the FORAN System) offer new possibilities 
to face the complex problem of hull surface fairing. These techniques offer new ways to manage hull 
forms starting from an original composed by solids, surfaces, curves, points and meshes to easily re-
use a collection of shapes or combining them. These techniques change the traditional way of work-
ing, enable the design of a new generation of ships and open a wide perspective for both advanced 
CAD users and software developers. 
 

 
Fig.1: Several bow forms being faired in FORAN 

 
2. History of Hull Form Definition 
 
The earliest recorded use of curves for shipbuilding, in a ship manufacturing environment, seems to 
be at Roman times. Ship´s frames, wooden boards originated from the keel, were created based on 
templates which could be reused thousands of times. Thus a vessel’s basic geometry could be stored 
and did not have to be recreated every time. These techniques were perfected by the Venetians from 
the 13th to the 16th century. The form of the frames was defined in terms of tangent continuous circular 
arcs, ‘biarcs’ in modern dialect. (A ‘biarc’ is a model commonly used in geometric modelling and 
computer graphics; it is composed of two consecutive circular arcs with an identical tangent at the 
connecting point.) The ship hull was obtained by varying the frames´ shapes along the keel, an early 
manifestation of today´s tensor product surface definitions. No drawings existed to define a ship hull; 
these became popular in England in the 17th century. The traditional spline, a wooden beam which is 
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used to draw smooth curves, was perhaps invented then. The earliest existing mention of a spline 
seems to be from the 18th century. Shipbuilding was the earliest use of constructive geometry to define 
free-form shapes. With this background and the knowledge and hard work of several European engi-
neers, a new CAD/CAM System was born in the 1960s, the FORAN System. 
 

 
Fig.2: Ship design in the beginning of the 20th century 

 
The generation of intrinsically faired ship hull forms starting from the main ship design basic data was 
achieved in FORAN with the use of the module FORMG. The generation process is performed inter-
actively. The hull form generation can be applied to the following types of ships: 
 

• With maximum section situated on a vertical plane amidships, or on a vertical plane at other 
positions, or on an inclined plane 

• With straight vertical or inclined midship section sides 
• With or without parallel mid-body 
• With or without deadrise 
• Without design trim 
• With or without bulbous bow, with smooth fairing to hull 
• With or without cylindrical bow 
• With or without stern bulb 
• With up to three knuckle lines in the fore body and/or in the after body, above or below de-

sign waterline 
• With single or twin-screw stern-frame profile 
• With or without icebreaker stem profile 
• With optional waterlines with maximum breadth along whole length (floating docks, plat-

forms, barges, etc.) 
 
The input data include: 

• Geometric data, such as length between perpendiculars, beam, depth, draught, bulb area coef-
ficient; flat bottom width, deadrise and slope of the inclined side; entrance and run angle of 
waterlines; geometry of stem and stern profiles (including bulb); knuckle lines in plant and 
profile view. 

• Hydrostatic characteristics to be obtained: block coefficient, midship section coefficient and 
abscissa of the centre of buoyancy for the design draught. 

• Hull form parameters, such as U-V degree of fore and aft bodies; type of curve of areas for 
each body; degree and level of flare of fore and aft frames; degree of contact of frames with 
bottom and sides; vertical and longitudinal propagation of bulb and aft tunnel. 
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• From the above mentioned input data the program calculates the parameters defining com-
pletely the hull surface. These data and coefficients can be modified, obtaining different hull 
forms which can be analyzed by step on the graphic terminal. 

 
Additionally, it is also possible in a subsequent step to adjust the forms enforcing a curve of areas. 
Working in this way, the hull form can be adequately modified, obtaining a new one fulfilling the user 
requirements. The output includes drawing on Geometric Dimensioning and Tolerancing (GDT) and 
plotter of design sections, stern profiles, diagonals, buttocks, waterlines and curve of areas. The objec-
tive of FORMG module (forms generation) is to obtain a hull forms with the qualitative appearance 
required by user that achieves the defined hydrostatic characteristics (block coefficient and abscissa of 
centre of buoyancy). To get this objective, different use levels in the program can be chosen. In the 
first level an initial definition of hull forms is carried out. These forms can be modified in a second 
level, where more degrees of freedom and different tools are used to obtain a large hull forms variety. 
 
Thus, the task of initial definition of hull forms must be used and later another of the following task 
can be used to modify the hull forms: 
 

• Definition of general profiles 
• Edition of the draft function 
• Edition of the sectional areas curve 
• Definition of upper knuckles 

 
Another FORAN module, FORMF, is used to fit (and optionally, fair), an existing hull form defined 
by a table of offsets or by lines drawing, by means of bi-arc and splines techniques. The module can 
be used to modify locally fair forms created with FORMG, in which case only the local modification, 
defined by point coordinates, needs fairing after fitting. For non-fair forms designed by alternative 
methods, both fitting and fairing are required for the whole hull form for production purposes. A fit-
ting to be used only in the naval architecture calculations for preliminary design purposes can be 
quickly obtained. The range of application includes ships of any type and shape peculiarities such as: 

• Flat of bottom and flat of side 
• Design trim 
• Any geometry of bulbous bow 
• Any number of knuckles, above or below the load waterline 
• Any type of stem and stern profiles 
• Asymmetric ships 
• Multihull 

 
The hull can be subdivided into up to fifty different zones, which can be handled one by one. Then 
those zones are assembled to define the complete ship. The fairing process is then like the traditional 
fairing process in shipyards. The program gives tools to check how fair the forms are, but finally it is 
the user who decides when the fairing work is ended. These are the traditional characteristics of the 
tools to fair ship hull forms. The next paragraphs describe a new approach, based on FDESIGN. 
 
3. Global Shape Modelling 
 
After a brief history of FORAN ship hull form design, the new approach using FDESIGN is 
presented, which contains Global Shape Modelling (GSM). FDESIGN provides designers a very high 
level of technological innovation that eliminates the need to rebuild models. GSM makes complex 
changes in minutes instead of hours or days. GSM enables to modify the shape of entire objects 
composed of solids, surfaces, curves, points and meshes. In case a situation of incompatibility is 
detected while selecting a curve chain (both in the case of initial and of target curves), an appropriate 
warning is displayed. 
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Fig.3: Use of the Global Shape Modelling functionality 

 
The following can be applied to a selected set of entities to be modified: 

• Preserving conditions: points, curves, surface contours or even highlight lines to be preserved 
from the controlled modification in terms of position, tangency, curvature, etc. 

• Matching conditions: Often the initial shape is to be modified such that some entities (points, 
curves or surface boundaries) after the modification match some target entities of the same 
type by fulfilling conditions like position, tangency, curvature, etc. 

• Through conditions: These can change the shape such that after modification it passes through 
some entities (curves, points or even highlight lines, sections obtained through the function-
ality or silhouettes). 

• Target shape conditions: These can match selected curves/points with line, plane, sphere or 
cylinder. 

 
Conditions cover position, tangency and curvature continuity, linear and planar properties. They can 
be defined along curves (contours) or on points (which can also be read on ASCII files). A specific 
option is provided for situations where a solid must be modified while keeping the projection onto a 
certain plane unchanged. A preview on demand is provided for general matching. Position matching 
on points can also be defined interactively. A set of options is provided to manage the shape of the 
controlled modification, defining parameters like stiffness, roundness and bulging. Another set of 
options is provided to manage the precision of the resulting entities. 
 
4. Fairing: Advanced Continuity 
 
Another FDESIGN functionality, Advanced Surface Continuity, enables modification of continuity 
between surfaces and sets of surfaces (with consecutive boundaries). The result is a new set of 
surfaces matching the chosen continuity conditions (while the original ones will still be there). 

• First, select a chain of curves to modify. 
• Then, select a chain of curves to be used as a reference. 

 
Both chains can be reduced to just one curve; from now on, the term contour will be used instead of 
curve/chain of curves. Once the two contours have been selected: 

• One can set the continuity conditions between the two contours, which can be positional, tan-
gency, curvature, torsion, smooth curvature or curvature continuity between curvature plots. 

• The application automatically detects the two nearest endpoints and shows the solution it 
would get with positional continuity. Previews enable assessing interactively the result. 
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It is also possible to change the position of the endpoint on the reference contour (Reference U) and of 
the one on the contour to be modified (Fixed U). The position of its second endpoint (Modified U) can 
be modified as well. The number of curves the functionality will create is the same as the one of the 
curves belonging to the contour to be modified in the range between the fixed and the modified end-
point. Starting from tangency and up to higher continuity values, a weight value is available. The 
weight adjusts the tangency factor (supplying negative values will cause the tangent to get the oppo-
site direction). The associative mode creates curves which retain a link to the surfaces/curves they 
derive from: 

• When the check box is selected, the resulting curves will be associative. The new curve will re-
tain a link to the entities it derives from. A specific node displaying both the original entities 
and the resulting associative curve will be added to the Model Structure. 

• When the check box is cleared, the resulting curves will not be associative. 
 

 
Fig.4: Use of the FDESIGN functionality Advanced Surface Continuity 

 
Some particularly advanced options are available: 

• Using the shape factor (ranging from 0.0 to 1.0), one can control the way the result is com-
puted. For 0.0, the result is computed only based on a shape similarity criterion with the initial 
part of the chain. For 1.0, the result is computed only based on the distance from the initial 
part of the chain. For intermediate values, both criteria are taken into account proportionally 
to the value. 

• The flexibility of the resulting curve can be chosen, in a set of four values, from Minimum to 
Big. The higher the chosen value, the more flexible and complex the resulting curve is. 

 
It is natural to use the curvature functionality to obtain a curvature plot taking into account the modi-
fied contour and the part of the reference contour resulting in the most natural connecting contour. 
 
5. Complex Surfaces “Capping” 
 
The ‘Capping’ functionality enables to fill holes in surfaces or to create surfaces through curves, e.g. 
if there is a wireframe structure to be covered with surfaces. After creating an initial filling surface, 
constraints can be added to it in order to modify its shape so that it matches the requirements. The 
method can be automatic, in which case the program will automatically choose the best type of filling 
surface among (portions of) a plane, a cylinder or a sphere. Otherwise one can explicitly specify the 
type of filling surface to be used: a portion of a plane to be defined (flat); a portion of a cylinder (sin-
gle curvature) with specified axis and radius; a portion of a sphere (double curvature) with specified 
centre and radius; one or more existing surface(s) with specified projection type. Final results depend 
on the chosen projection type and on the corresponding direction.  
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By choosing the corresponding item in the constraint drop-down list (boundary curves, internal 
curves, internal points, and virtual vertices), one can set constraints about position, tangency and cur-
vature continuity both along boundary curves and along internal curves. 
 
Constraints can also be defined for internal points. 

• Boundary curves are optional: if only internal curves and/or points are specified, capping sur-
faces are obtained through the specified curves/points not trimmed along the boundaries. Posi-
tional continuity is required among boundary curves belonging to the same group of selection 
(not required for internal curves). If more than one group of selection is defined for boundaries, 
positional continuity is required between groups, while one can select internal curves which are 
not closed. 

• The ‘Virtual vertices’ option allows improving the shape of resulting surfaces in certain cases 
of incompatibility. A virtual vertex is defined when two curves are supposed to cross each other 
without necessarily having real intersections. This situation refers to positional incompatibili-
ties, but virtual vertices can be used to solve tangency or curvature incompatibilities as well. 

• When the intersection among the selected curves (e.g. between a boundary curve and an inter-
nal curve) is not real, the resulting surface might not be as good as expected or required. In such 
cases, the virtual vertices option can really improve the final result. 

 
While the original objects remain unchanged, the operation creates a surface of GSM type describing 
the new shape. A set of special options allows converting such surfaces into Non-Uniform Rational B-
Spline (NURBS) surfaces, for export to other CAD systems. 
 

 
Fig.4: Use of the ‘Capping’ functionality enables to fill holes in surfaces 

 
6. The benefits of GSM 
 
The goal of this paper is to explain the benefits of the GSM functionalities, showing some geometric 
cases could be solved with a standard surface modeller and how easier it is to solve them with this 
software using the GSM functionalities. 
 
6.1. What to preserve and how 
 
Preserving conditions define what has to be preserved in the modification and how. They can be ap-
plied to points, curves, surface contours and highlight lines and cover conditions like position, tangen-
cy, curvature etc. 
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6.2. What to match and how 
 
Matching conditions define the modification in terms of initial and target shapes. They can be applied 
to points, curves, surface contours and cover conditions like position, tangency, curvature, etc. The 
three examples in Figs.5 to 7 illustrate how to use the advanced GSM functionalities. 
 

 
Fig.5: Modelling a surface by constraining an initial curve to match a target curve, while another  
          curve is preserved 
 

 
Fig.6: Modelling a surface by constraining 2 initial curves to match 2 target curves, while another  
          curve is preserved 

 

 
Fig.7: Modelling a surface by constraining curves to match, applying conditions on surfaces, while  
          another curve is preserved 
 
6.3. Modifying the space using GSM 
 
Using the advanced GSM functionality allows modifying the space. It is possible to apply changes to 
points, surfaces, and curves, everything that is in the graphics. Here are some examples of what it 
means by modifying the space. In Fig.5, the modification is applied. One can apply the same modifi-
cation to a set of points, Fig.8, or to a set of curves, Figs.9 and 10, or to a s et of planes, Fig.11. 
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Fig.8: Modelling a surface by constraining 2 initial curves, while another curve is preserved 
 

 
Fig.9: Modelling a surface by constraining 2 initial curves, while another curve is preserved 
 

 
Fig.10: Modelling a surface by constraining 2 initial curves, while another curve is preserved 
 

 
Fig.11: Modelling a surface by constraining 2 initial curves, while another curve is preserved 
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7. Conclusions 
 
The presented new functionalities (Global Shape Modelling, the Advance Continuity and Capping) 
transform complex surfaces with excellent results, less interactions, high accuracy, and full control. 
They enhance traditional methods for hull forms fairing that normally require much time and exper-
tise to achieve the expected results. The application of these techniques shortens dramatically the de-
sign time, from days to minutes while obtaining excellent results. 
 
With the new capabilities, users can select the set of entities (points, curves, surface contours or lines) 
to be modified while conditions can be controlled in terms of position, tangency, curvature continuity 
and also linear and planar properties. Solid model modification is supported allowing the user to keep 
some entities or properties unchanged. 
 
These techniques may change the traditional way of working, enabling designer to transform the 
sometime troubled job of hull form design into a new satisfactory experience. 
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Abstract 
 

The paper describes the integration of energy saving technologies in the early design stage, using 
advanced simulation models for the energy grid of the ship. The optimum combination of energy con-
sumers and providers (incl. energy recovery systems) shall improve a vessel’s overall energy efficien-
cy. The challenge is to harmonize the modeling approach from various technology providers in a way 
that component models can be used appropriately for energy modeling on ship level. The results of 
the simulation will be used for an assessment of key performance indicators like Net Present Value, 
Cumulated Energy Demand, Global Warming Potential, Acidification Potential, Eutrophication Po-
tential and Particulate Matter. The LCPA (Life Cycle Performance Assessment)-Tool allows compar-
ing different solutions taking into account various financial input parameters like fuel costs, invest-
ment costs, discount rate etc.  From an environmental point of view, the “well to propeller” concept 
is applied in the LCPA, especially for alternative fuels. External costs of air emissions are integrated 
in the cost comparisons. 
  
1. Introduction  
 
Reducing emissions from shipping has increasingly become a challenge over the last years, both as a 
countermeasure against global climate change and to protect local environments and population from 
waste, exhaust gas emissions and noise. This challenge has been documented in policy papers (e.g. the 
Europe 2020 initiative or the Transport White Paper) and in rules and regulations of IMO and local 
authorities. Legislation as well as national emission taxes and an increasing public awareness on green 
shipping have made low-emission ships and shipping a key competitive factor for European 
shipyards, suppliers and shipping companies. 
 
While maritime transport is one of the most environmentally friendly means of transport on ton and 
km basis, the image of maritime transport currently suffers from the high emissions per installed 
power and the high emission potential of the fuels. The project JOULES (Joint Operation for Ultra 
Low Emission Shipping) aims to improve this image. A consortium consisting of thirty-eight partners 
from the industrial and scientific community have come together in the JOULES project to develop a 
methodology that will allow  to significantly reduce exhaust emissions from (European built) ships, 
including CO2, SOX, NOX and particulate matters.  
 
The JOULES project will focus on the integration of energy saving technologies in the early design 
stage as well as on detailed dynamic simulation studies, necessary to optimize hybrid propulsion 
systems with energy storage and buffering, using advanced simulation models to be developed for the 
energy grid of the ship. The energy grid, consisting of energy sources, converters and consumers 
aboard a ship will be optimized to achieve the most energy efficient total solution. This is a novel 
approach compared to the component focussed optimization which is prevailing in the maritime 
industry up to today.  Technology providers, modelling experts and yard partners will work closely 
together to produce in total 11 application cases in 5 application areas (Ferry, Cruise Ships, Work 
Boats, Offshore Vessels and Cargo Vessels). The aim is to achieve not only an emission reduction for 
CO2 as stipulated in a short term 2025 scenario (~23% in average for all application cases) and future 
2050 scenario (~50% in average for all application cases) but to reduce other air emissions like SOx, 
NOx and PM as far as practicable at the same time. The environmental and societal effects of the 
latter emissions are of a more local and regional type and directly influence public health and welfare. 
This makes them of high priority since ships built by the European ship building industry operate very 
close to the shore and often in densely populated areas such as ports. 
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Fig.1: The concept for energy grid modelling 

 
The results of the simulations of the ship concepts as developed in the application cases will be used 
for an assessment of KPIs like Net Present Value, Global Warming Potential, Acidification Potential, 
Eutrophication Potential and PM 10 for the life cycle performance, using the LCPA (Life Cycle 
Performance Assessment) tool as developed in the previous EU BESST project. This tool allows for 
the comparison of different technical solutions, taking into account various financial input parameters 
like fuel costs, investment costs, discount rate etc. Within the JOULES project, the LCPA-Tool needs 
to be enhanced in order to be able use the results from the simulations of the energy grids. 
Furthermore, the “well to propeller” concept will be applied in the LCPA especially when using 
alternative fuels. A suitable way of representing the external costs of air emissions will be integrated 
in order to be able to fully compare new technical solutions with existing state of the art technologies. 
 
2. Application Cases  
 
11 application cases were defined to demonstrate the savings resulting from an advanced modelling 
and simulation of the energy grid. Fig. 2 gives an overview of these cases, clustered in five 
application areas. The objective for each application case is a future design (2025 and 2050 concept) 
and to assess the overall energy use of both advanced concepts against a reference (state of the art) 
design.   
 

  
Fig.2: Application cases in JOULES project 
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The overall energy efficiency shall be reduced using the simulation of the energy grid as stipulated in 
Table I. 

Table I: Reduction targets for use of energy 

 
 
3. Enhancement for existing LCPA Tool from BESST Project 
 
3.1 Scientific Background 
 
In order to be able to assess the benefits from modelling of the energy grid, the LCPA tool as 
developed in the previous BESST Project will be enhanced. In particular the cradle to grave concept 
will be introduced and the use of energy not only during operation but also in the vessels production 
phase including the production of fuels will be considered. The energy use can then be summarised by 
a KPI called cumulative energy demand (CED). This indicator sums up all energy used and normally 
represents the associated emissions and related environmental damages in a proper way. The 
associated environmental emissions in detail can be identified using emission factors from various 
LCA databases. 
 

 
Fig. 3: Enhancement of LCPA Tool 

 
The workflow, Fig. 3, is described as follows: 
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The individual component models for simulation will be established by the members of Work Group 
3 (WG3) under guidance of Working Group 4 (WG4). WG4 is responsible for setting standards for 
technical content of simulation models and I/O definition in particular, the needed accuracy and data 
transfer via FMI standard. The use of the FMI standard facilitates the use of different simulation 
software tools by the different partners. 
 
The simulation of the energy grid will be carried out in WG5 by the shipyards involved, since they are 
the system integrators. There will be used different tools like Matlab-Simulink, Dymola, Apros, 
Simulation X or excel based applications for simulation. 
 
A LCA (life cycle assessment)-database will contain all necessary information in order to feed the 
LCPA tool with emission factors for the emissions related to the extraction of materials, to produce 
fuel or for the use of energy on the shipyard. Using this information, a simplified product carbon 
footprint will be calculated. Fig. 4 shows the phases of producing such product carbon footprint. 
 

 
Fig.4: Product Carbon Footprint 

 
Emissions from shipping result in harmful emissions like SOx, NOx and PM as well as climate gases 
contributing to Global Warming. Currently the costs for the effects on health and welfare of these 
emissions, especially if a vessel is operated near coastal areas, are shouldered by society. Several EU 
projects (e.g. ExterneE and CAFE) related to external costs of emissions have been conducted. Since 
2008, the EU commission, EU (2008), is discussing the way of internalising such external costs. 
 
The following example is based on data as contained in reports, e.g. AEA (2010), p.16. Using 
corrections as explained in Nagel (2013), Table II represents a possible way to reflect these internal 
costs in an LCPA assessment. Further investigations in this respect are part of the JOULES project. 
 

Table II: External cost of harmful emissions and climate gas CO2 
 (€/t of emitted gas) 

 
 
As a result the KPIs as depicted at the bottom of Fig. 3 have been chosen to compare the result of the 
basic design against the future innovative 2025 and 2050 designs using the advantages of simulation 
of the energy grid by integration of advanced technologies including energy converters, waste heat 
recovery and alternative fuels. 
 
NPV  Net Present Value 
CED Cumulated Energy Demand 
PCF  Product Carbon Footprint (simplified for comparison purposes) 
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AP  Acidification Potential 
EP  Eutrophication Potential 
PM 10  Particulate Matter (particles of an aerodynamic diameter of less than 10 µm) 
 
3.2 Software Architecture 
 
The base LCPA Tool was developed in BESST Project and is going to be enhanced in the JOULES 
Project. All core technologies are adopted, Fig. 5, from the previous application and extended for the 
new requirements. We now use OSGi (Open Service Gateway Initiative) technology to make the new 
system more modular, reduce complexity and make it easy to reuse third-party components. For 
example, the KPI calculation bundles can be added during runtime and also presentation bundles for 
result analysis. Other enhancements are keeping calculation results in a separate database running in 
an external thread. For this, we use an abstract application persisting interface in Java. The link to the 
simulation is implemented via a SIF (Simulation Interface Format) file, containing all information 
about required KPIs for Joules.  

 
Fig.5: Unified model diagram of core LCPA data model 

 
4. Preliminary Results from FSG Application Case 
 
4.1 Challenges in Early Design Phase 
 
Decisions related to the use of energy are generally taken in early design. At this stage, the degree of 
freedom is high, but getting reliable information related to costs and energy efficiency of individual 
components is difficult. On the other hand, the integration on ship level must be done in this stage to 
explore the full benefit of the energy grid simulation. Obviously there is a dilemma in taking decisions 
with strong impact on life cycle costs with limited information, Fig. 6.  
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Fig.6: Challenges in early design stage, Steen (2000) 

 
4.2 Recalculation of Existing Design 
 
As a first step, an Excel application allows a stand-alone calculation of an existing design but 
integration of components and subsequent optimisation is quite difficult. One of the Joules application 
cases is a Ro-Ro Passenger Ferry. This demonstrator is carried out by FSG. The operating profile is 
taken into account and so are the state-of-the-art technical installations for the reference vessel. 
 

 

Fig. 7: 3D animation of the Ro-Ro passenger ferry 
 

 
Fig. 8: Example of energy use from various operating modes of a Ro-Po passenger ferry 
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Although some waste heat recovery options were installed (marked in Fig. 8 by the black boxes in 
Mode 1, 2 and 3), there is still remarkable potential for further energy saving for the 2025 design. 
Even more efforts are needed to cope with the challenging 2050 reduction targets. For the 2025 
design, waste heat recovery options like ORC (Organic Rankine Cycle) units shall be used. For the 
2050 design, it is expected that e.g. innovative primary energy converters like fuel cells will be used 
and alternative fuels will play a significant role. Today LNG is already seen as a promising option, 
even though still a fossil fuel. 
 
4.3 Challenges for Simulation of Energy Grid  
 
The challenge during this early stage of the project is to bring the different requirements coming from 
the application cases in line. Since the 11 application cases represent very different types of ships, the 
requests to the simulation also vary. There are ships that have long periods operating in one operation 
point with constant energy consumption (e.g. Ro-Ro Passenger Ferry, Cruise ship).  But there are also 
ships which have a very dynamic energy demand (e.g. Dredger, Tugs).  
 
For the first type of ships, a calculation  of  static  operating  points  is  sufficient  to evaluate  the  
energy  efficiency  and  applicability  of  a  chosen  system  configuration. For the second, a dynamic 
simulation of the operation profile is absolutely necessary. All  in  all,  it  became  obvious  during the 
first months  of the  project  that  different  application purposes and service profiles result in very 
different requirements regarding the modelling and simulation of systems. As a result, two different 
approaches were developed. The main goal at this stage of the project is to create an input/output 
(I/O) definition for component models which suits the demand of both modeling approaches and the 
different simulation software used. As mentioned in paragraph 3 the FMI standard is used to exchange 
component models. 
 
Fig. 9 shows a basic energy grid as a starting point for harmonization of I/O data for component 
models. FSG uses DYMOLA (based on modelica language).  
 

 
Fig. 9: Example of an energy grid for I/O definition 
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5. Conclusion 
 

The JOULES project offers sound possibilities to reduce the energy consumption of complex ships 
built in Europe. The optimization is also not focused on one design condition but on real-life 
operation. In particular the simulation of the energy grid is seen to be a valuable technique to integrate 
the complex interaction of different technologies in these ships. However, results must be available in 
early design stage to explore the whole benefit. An example of a Ro-Ro passenger ferry has been 
presented to illustrate some initial results at this stage of the project. The assessment of the eleven 
application cases will cover the cradle-to-grave concept and is expected to further explore political 
recommendations at a later stage of the project.  
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Abstract 
 

A commercial CFD RANSE chain has been used for industrial self-propulsion simulations. The mesh 
generation plays a crucial role for accuracy. A dynamic controller was developed to automatically 
modify the RPM of the propeller during the simulation. This reduces computational times 
significantly. The validation of the approach is based on sea trials for an offshore vessel. The 
numerical method is also compared to classical model testing in terms of human effort, total cost, 
reliability and total time between order and results. 

 
1. Introduction 
 
Off-shore vessels design companies are deeply interested in propeller-hull interaction. Accurate pre-
diction for a self-propelled vessel is mandatory to validate the design in the final stage. Comparisons 
between sea trials and numerical oriented predictions are then a must to reach the desired degree of 
certainty at full scale. This is true for the drag of the vessel but also for the thrust and the torque of the 
propeller. Hence, accurate predictions of the resistance, but also a good prediction for the propeller 
wake, are expected. 
 
CFD software is now referred to as “numerical towing tanks”. They reproduce experimental condi-
tions at model scale and ensure an accurate prediction at full scale, Hochkirch et al. (2013). Besides 
the classic requirements for CFD calculations such as mesh density or turbulence modeling, a critical 
element for the simulations including propellers is a sliding grid technique, which allows a part of the 
grid (containing the propeller) to rotate within the main part of the grid (containing the vessel), while 
keeping a connection between the two domains of simulations. This method guarantees the best accu-
racy, but remains time consuming. Besides, for a self-propulsion calculation, the time required to 
evaluate one speed is too expensive: the traditional method consists in simulating at least two or even 
more propeller or vessel’s speeds to extrapolate the final value for one design self-propulsion point, 
Visonneau et al. (2012).  
 
The main goal of this paper is devoted to the development of a method to accelerate the prediction of 
the self-propulsion point using FINETM/Marine CFD chain with a dynamic library capable of an au-
tomatic adaptation of the kinematics of the vessel or the propeller within one single simulation. The 
paper is organized in three parts, presenting first the methodology of this approach, then a validation 
on the MOERI KCS geometry and finally its application on the Ulstein PX121 vessel. 
 
2. Kinematic control principle 
 
2.1. Introduction 
 
Modeling the rotating propeller using sliding grid techniques is the most comprehensive method to 
capture accurately all the physical phenomena such as propeller-hull interaction, tip vortices, cavita-
tion, ventilation, etc. However, the difficulty with this approach is to determine the operating point of 
the system {propeller, ship}. Visonneau et al. (2012) described the classic method used to find this 
operating point. Given the ship speed, it consists in performing a computation where the propeller 
rotational speed is imposed. The value for the rotational speed is estimated from the open water pro-
peller coefficient that must be determined beforehand. At the end of the computation, the propeller 
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thrust is compared to the sum of the other forces applied to the rest of the ship (in practice, this en-
compasses the hull drag and a constant wrench that could model the aerodynamic forces, a tug force 
or even the force on the arm of a towing tank carriage). If the propeller thrust is lower than the other 
forces, then a new computation is performed with a higher propeller rotational speed imposed. This 
process is repeated iteratively in order to determine by interpolation the propeller rotational speed at 
operating point.  In practice, a minimum of two computations are performed. Performing four compu-
tations gives better results. However, this leads to excessive computing and engineering time as well 
as reduced accuracy due to data interpolation. It would be more convenient to find the operating point 
in one computation. 
 
For instance, Carrica et al. (2010) used a controller to adjust automatically the propeller rotational 
speed so that the computed ship speed reaches the target ship speed, all degrees of freedom being 
solved. The self-propulsion point is then obtained more accurately and in one computation. However, 
the simulation time remains slightly longer than all the simulation times needed using the standard 
towing tank test procedure. Another method was then looked for in order to keep the accuracy 
advantage of the controller but by reducing the computing time substantially.  
 
2.2 Controlling the system 
 
2.2.1 Concept 
 
Carrica et al.’s controller adjusts the propeller rotational speed so that the computed ship speed 
reaches the target ship speed. In other words, during the computation, the controller aims at canceling 
the difference �(�) = ���	
(�) − ���	
�����. A small time step value is used, based on the propeller 
rotation, which may not be necessary during the acceleration phase where the flow does not need to 
be very precisely solved.  
 
This observation was therefore used by the current controller in order to reduce the computing time. 
The current approach is therefore an adaptation of the classic approach discussed in Visonneau et al. 
(2012). The run needed to determine the self-propulsion point is subdivided into two main steps as 
shown in Fig. 1: 

 
Fig. 1: The two-step approach to find the self-propulsion operating point 

 
During step 1, just like a classic resistance computation, Guo et al. (2103), the time step is based on 
the vessel’s characteristics and can be quite large (about 0.005x(LOA/Vship target)). The trim and sink of 
the system can be solved during this phase.  
 
During step 2, the time step is continuously reduced so that it is based on the propeller rotational 
speed (about 200 time steps per propeller rotation). For convergence issues, during this phase, the 
trim and sink are imposed, equal to the values obtained at the end of step 1.  
 
During step 1 and step 2, the controller (noted K in Fig. 2) adjusts the propeller rotational speed so 
that the algebraic sum of all forces acting on the ship (and projected on the x axis) goes to zero, 
namely 
 

lim�→� �(�) = lim�→� ���	
(�) + �
��
(�) + ����=0 
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Fext is an external force applied onto the ship (aerodynamic drag, tug force, residual force during 
towing tank tests, etc.) that is considered constant in time. Fship is usually the hull drag, Fprop is the 
propeller thrust, both of which are time dependent. In practice, it is not important for the controller 
how Fship, Fext and Fprop are defined, as long as the sum of those 3 forces is equal to all the forces 
applied to the ship, namely, when the ship is at equilibrium, the sum of those forces is actually equal 
to zero. This is illustrated in Fig. 2. 

Fig. 2: General diagram of the system {ship+controller} 
 

2.2.2 Implementation 

The transfer function of the ship is highly non-linear, imposing some constraints on the choice of the 
controller K. The controller was developed to ensure stability, robustness and speed. In practice, to 
make the controller work, the user only needs to provide simple data such as the propeller diameter, 
ship speed and value of the constant wrench applied (if any). This makes the use of the controller very 
simple, but most of all, general and valid for any kind of configuration. This includes model scale and 
full scale at both low and high Froude numbers. Simplicity was one of the main criterions while im-
plementing this controller in order to make its use well suited for industrial applications.  

Extensive tests were performed to determine the default parameters allowing the controller to have 
this general behavior. In particular, one main assumption is that the propeller thrust coefficient at op-
erating point is within 0.1 and 0.4. If it is not the case, the user must change the value of the default 
estimated thrust coefficient. Otherwise, the system will either be slow or unstable. Stability is howev-
er not really an issue. Assuming the user omitted this change, a limiter is implemented in the control-
ler in order to enforce the system to be artificially stable. In practice, between two consecutive time 
steps, this limiter bounds the rate of change of the propeller rotational speed. This bounding value has 
been chosen after many tests but can however be modified by the user.  

Eventually, with the default parameters and straight forward inputs from the user, the controller im-
plemented here is aimed at being robust and stable. The only drawback that could occur if the thrust 
coefficient at operating point is closer to 0.4 than 0.1 is that the system converges slower than opti-
mum. To cope with this, the user can however modify the value of the estimated thrust coefficient 
leading to a faster system. In the following, the default parameters of the controller were used to study 
the self-propulsion case at model scale (KCS) and full scale (Ulstein).    
 
3. Validation on MOERI KCS container ship 
 
3.1 Case setup 
 
The present validation focuses on the case 2.3a, Hino (2005), KCS tanker experimented by the Kore-
an Institute for Ships and Ocean Engineering (now MOERI) used for the last Gothenburg workshop. 
This corresponds to a self-propulsion case at model scale. All results values are also found in Vison-
neau et al. (2012). 
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In order to compare to the classic approach, the exact same test is performed using the controller de-
scribed above. Step 1 and step 2 illustrated in Fig. 1 are performed successively during one single 
computation. Ship position is fixed and the same value of Fext=30.3N as the one used in the experi-
mental measurements at NMRI is applied. In step 1, the ship is first accelerated to its maximum speed 
(2.196 m/s) until reaching a nearly steady state in about 800 time steps with 8 non-linear iterations per 
time step. A large time step Dt=0.03s is applied during this phase.  
 
Then, during step 2, starting at 24s, the time step is reduced continuously using a tangent hyperbolic 
law during 10 propeller rotations to reach Dt=0.000526s where about 200 time steps per propeller 
period are used (assuming n=9.5rps). 8 non-linear iterations are used per time step. The controller is 
active from the beginning of the computation. 
 
3.2 Results 
 
The efficiency of the controller is assessed in Fig. 3 where the evolution of ε (as defined in Fig. 2) is 
plotted against time. It can be seen that ε (and therefore the forces) reaches zero. This happens already 
during step 1 of the computation (before 10s), while the large time step is imposed, right after the 
acceleration ramp is finished.  
 
Around t=24s, when the time step is reduced, the propeller thrust is predicted more accurately. 
However, since this time step change does not influence the hull drag but the propeller thrust, it leads 
to a large variation in ε. However, the controller quickly brings back ε to oscillate around zero. The 
amplitude of oscillation of ε is around 1% of the final hull drag. Oscillations of ε cannot be avoided 
since the propeller thrust is unsteady. 
 

 
Fig. 3: Time evolution of ε  

 

 
Fig. 4: Time evolution of the propeller rotational speed: a) during the whole computation and b) when 

the small time step is applied 
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Fig. 4b) shows that after 11 propeller rotations, the propeller rotational speed converges towards an 
asymptotic value of 9.56 RPS. This is a 0.6% difference with the experimental value of 9.50 RPS, as 
reminded in Visonneau et al. (2012). This requires 2200 time steps. Not only reaches ε zero, but also 
the propeller thrust and the hull drag reach an asymptotic value, Fig. 5. 
 

 
Fig. 5: Time evolution of the propeller thrust and the hull drag 

 
3.3 Conclusion: time saved and accuracy improved 
 
Eventually, 3500 time steps are needed to compute the operating point in 1 run. The first 800 time 
steps are used for step 1 (Fig. 1), and the remaining time steps are needed to compute step 2. In the 
classic approach, if 3 computations are performed to determine the operating point, the current 
controller divides by almost a factor of 3 the number of time steps required. Furthermore, as opposed 
to the classic approach, no open water computation is needed to estimate the propeller thrust and 
propeller rotational speed to impose. This can save a few number of extra time steps. 
 
Globally, the use of the controller can divide by up to 4 the number of time steps required to find an 
operating point during a self-propulsion computation. It also saves engineering time since only 1 
computation must be setup. In addition to this, the operating point is computed with a better accuracy 
than with the classic approach, with a difference of about half a percent on the propeller rotational 
speed against experimental results.   
 
4. Comparison with sea trials on Ulstein PX121 vessel 
 
4.1 Objectives 
 
As a ship design company, Ulstein has particular interest in reliable methods allowing to accurately 
predict the power consumption of a vessel at a given speed. Therefore, being able to make the daily 
predictions in full scale becomes an essential luxury.  
 

 
Fig. 6: Ulstein PX121 on sea trials, Vartdalsfjorden, Norway 
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Several Ulstein PX121vessels equipped with Rolls-Royce AZP100 have recently been on sea trials so 
that power consumptions are available at different speeds for one particular loading condition. The 
idea of this validation was to numerically reproduce these sea trials and compare the predicted power 
consumption to the one measured on-board the vessels. 
 
4.2 Methodology 
 
Prior to starting the complex CFD self-propulsion case, some studies have been made in open water 
on the propeller alone and then on the unit with propeller. The main objective was to find the 
sensitive parameters (and their value) for the results (propeller thrust, torque and wake). The result of 
this mesh study performed with HEXPRESSTM is such that the most sensitive parameters are the mesh 
density on the leading and trailing edges, the mesh diffusion around the propeller (also valid for the 
hull) and the wake refinement. On the numerical side, the number of time steps per propeller 
revolution is highly important. Fig. 7 presents the final mesh on the unit and its propeller. 
 

 
Fig. 7: Rolls-Royce AZP100 and its resulting HEXPRESSTM open water mesh (5.8 million cells) 

 
In order to reduce the computation time (directly proportional to the cell count), the CFD self-
propulsion case has been split in two problems as shown on Fig. 8. First, the superstructure of the 
vessel has been modelled. Fx add and My add have been evaluated for the different trial speeds. After 
that, the self-propulsion case has been run without the superstructure but taking into account the air 
drag previously computed. 

 
Fig. 8: Problem split 

 
4.2.1 Superstructure influence 
 
To compute the air drag of the vessel at the different trial speeds, the superstructure has been 
modelled alone (with relevant level of details) in the centre of a cubic domain whose size is 6 ship 
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lengths. Fig. 9 represents the superstructure geometry and its mesh. The computation parameters used 
are summarised below: 
 

• Time scheme: steady 
• Fluid model: monofluid (air) 
• Boundary conditions: wall function for the vessel, mirror condition for the free surface and 

far field for the domain boundaries 
• Air speeds: 10.56kt, 13.17kt, 14.94kt and 15.73kt (corresponding to the trial speeds at 20%, 

50%, 80% and 100% power) 
• Number of iterations: 10,000 

 

 
Fig. 9: Superstructure geometry and its HEXPRESSTM mesh (17.8 million cells) 

 
4.2.2 Self-propulsion case 
 
Keeping in mind the idea to reduce as much as possible the cell count (computation time), some 
simplifications have been made to the self-propulsion 3D model: the bilge keels and the tunnel 
thruster protection grids have been omitted. Indeed, the internal experience has shown that the effect 
of these two types of appendages is opposite and that they more or less compensate each other (at full 
speed). The self-propulsion geometry and its mesh are presented on Fig. 10. The 3D model includes 
the hull, the skeg, two tunnel thrusters, one recess for retractable thruster and two azipull units. Due to 
the symmetry of the problem, computations are performed on half a body. 
 

 
Fig. 10: Self-propulsion geometry and its HEXPRESSTM mesh (8.5 million cells) 

 
Given that the problem to solve includes two different time scales, the computation is split in two 
parts: the acceleration phase of the vessel (with a large time step to converge the vessel forces and the 
free surface position) and the restart (with a small time step to converge the efforts on the propeller 
and the wake). The computation parameters are summarized below: 
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First computation: 
• Time scheme: steady 
• Fluid model: multifluid (water & air) 
• Boundary conditions: wall function for vessel, mirror condition for center plane, far field for 

vertical external boundaries and prescribed pressure for horizontal external boundaries 
• Initial vessel speed: 0kt 
• Acceleration time: 2 * (vessel length) / (final vessel speed) 
• Final vessel speed: 10.56kt, 13.17kt, 14.94kt and 15.73kt (corresponding to the trial speeds at 

20%, 50%, 80% and 100% power) 
• Degrees of freedom: trim & sink solved for the vessel (quasi-static method), propeller RPM 

solved (dynamic library) 
• External forces: Fx add and My add added to take the air drag into account 
• Initial free surface location: trial draught 
• Time step value: 0.005 * (vessel length) / (final vessel speed) 
• Number of time steps: 2,000 
• Number of iterations (per time step): 5 

 
Second computation: 

• Time scheme: unsteady 
• Fluid model: multifluid (water & air) 
• Boundary conditions: wall function for vessel, mirror condition for center plane, far field for 

vertical external boundaries and prescribed pressure for horizontal external boundaries 
• Vessel speed: constant 10.56kt, 13.17kt, 14.94kt and 15.73kt 
• Degrees of freedom: trim & sink fixed for the vessel (in the position found during the 

acceleration phase), propeller RPM solved (dynamic library) 
• External forces: Fx add and My add added to take the air drag into account 
• Initial solution: final solution of the acceleration phase (for the corresponding speed) 
• Time step value: (propeller revolution period) / 400 
• Number of time steps: until problem is converged (includes visual action) 
• Number of iterations (per time step): 10 

 
4.3 Results 
 
4.3.1 Superstructure influence 
 
Monofluid CFD computations on superstructures are quite straight forward. The air pressure values 
on the superstructure and velocity streamlines are presented on Fig. 11. 
 

 
Fig. 11: Pressure distribution and velocity streamlines at 15.73kt 
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After complete convergence of the four cases, Fx add and My add have been extracted from the 
computations and are presented (under a non-dimensional form) on Fig. 12. 
 

    
Fig. 12: Non-dimensional air force & torque of the vessel superstructure 

 
4.3.2 Self-propulsion case 
 
For a self-propulsion calculation in CFD, an accurate capturing of the free surface and vessel 
appendages is as important as the propulsion system itself. Therefore, some particular attention has 
been paid to the free surface capturing. The results are presented on Fig. 13 where the propulsor – 
free surface interaction is illustrated. 
 

   
Fig. 13: Wave elevation including propeller – free surface interaction and velocity streamlines 

through the propeller plane 
 
The computations have shown that their convergence depends on the Froude number and that it is 
easier to converge at low speed while high speed cases may present some low frequency oscillations 
(that may be physical). On Fig. 14, the CFD predicted propeller shaft power (RPM x propeller torque) 
is presented. The measured power on sea trials has to be corrected in order to take into account the 
gearbox losses since the measurement is not directly performed on the propeller shaft. The correction 
has been made using 5% gearbox losses (at all speeds). The propeller shaft power from sea trials is 
also presented on Fig. 14. 
 
The relative difference between full scale experiments and CFD predictions is low at high speeds 
while it becomes more significant at lower speeds. 
 
In order to explain these differences, it is important to remember that the CFD predictions are based 
on some assumptions that are possible sources of error such as the bilge keels and tunnel thrusters 
grids that are not modelled in CFD. In addition the full scale trials are affected by environmental 
forces, such as the presence of small waves, lateral wind and current during sea trials, which are not 
modelled in CFD. These can make the trials look artificially worse if the track is not perfectly straight 
due to a lateral drift. Some geometry details on the hull/superstructure not modelled in CFD, and 
finally the water properties in the fjord which are not exactly known. 
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Fig. 14: Predicted and measured power consumptions and their relative difference 

 
On top of the CFD uncertainties and the trial environment, one should consider the full scale 
measurement uncertainties as well. Indeed, the common way to measure a shaft power is to measure 
its RPM and torque. While the RPM can be known very accurately using modern technologies, it is 
still a challenge to accurately measure the torque using a strain gauge due to the confined space and 
the often less than ideal measuring position. In this case a diameter to length ratio far less than the 
optimum for a single strain gauge.  Between the six vessels trailed there is consistency at high speed, 
and the scatter increases at lower speed. The accuracy of such measurement devices can vary, 
especially at low power since their calibration is usually made for 100% power where the power 
balance is more important at a design/operational point of view. 
 
Finally gear box losses are also expected to increase at low power, while this is not taken into account 
here. The best way to get rid of this uncertainty would be to directly measure the power on the 
propeller shaft, which is impossible in this case due to the unit arrangement (Z-drive). 
 
4.4. Discussion 
 
The main advantage of the dynamic RPM solving approach is the gain in time, three times less pre-
and-post-processing work including human time (and potential error) reduction. This is extremely 
important for the end user and also helps reduce the guess work involved with the initial solutions of 
the traditional method. 
 
The method allows the end user to evaluate without any prior knowledge of propulsion factors such 
as thrust deduction and wake. Unless model test results are available, an accurate result is usually not 
possible.  
 
Comparing this method to a model test, possible time advantages are visible with enough computing 
power. An estimate for the 2 draughts and 7 speeds for 256 cores is approximately 52 days, model 
scale calculations would be faster. When compared to a model test it is similar from order to 
completion but the relative cost is half. While this is not the complete picture it is a compelling 
argument for full scale propulsion using CFD software. 
 
5. Conclusions 
 
The objective of the paper was to develop a quicker but more accurate method for self-propulsion 
simulations. A dynamic library has been developed to automatically adjust the propeller rotational 
speed within one single simulation. CPU and engineering time savings have been highlighted. Since 
these first results were very promising, this controller has then been implemented and made available 
in the commercial software FINETM/Marine. 
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Possible improvements are foreseen and are being implemented. For one single computation, a first 
imaginable time saving would be to apply a time dependant law for the evolution of the non-linear 
iterations number. Instead of imposing the same number during the complete simulation, which is 
currently too conservative for the first phase, this number should evolve dynamically according to the 
phase. 
 
The method is under development for other approaches. The first one consists in solving the vessel 
speed while imposing the propeller rotational speed. The second one imposes the available power in 
the shaft and solves both the vessel and the propeller rotational speeds. 
 
A coupling with a BEM propeller code can also be planned to replace the presence of the propeller 
and get another time reduction order. However, this approach will require an extensive testing for the 
accuracy. 
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Abstract 
 
This paper describes the coupling of the ship structure modeling software POSEIDON with the Com-
puter Aided Engineering system CAESES/FRIENDSHIP-Framework. The approach handles discrete 
and real variables as typically found in structural optimization. The POSEIDON modeler considers 
local and global strength requirements, including fatigue and buckling strength aspects. The ap-
proach is applied to several test cases covering a simple barge and two container vessels of different 
size (1700 TEU and 7000 TEU capacity). Results from formal optimizations are compared to manual 
designs created by an experienced structural designer. Formal optimizations yield similar levels of 
improvement as knowledge and experience while execution time depends on the strategy employed. 
 
1. Introduction 
 
The Computer Aided Engineering (CAE) system CAESES/FRIENDSHIP-Framework, Appendix A, 
has been applied to a variety of formal optimization problems in ship design and operation, including 
 

• hull lines optimization for resistance, Abt et al. (2003) 
• bulbous bow refit, Hochkirch and Bertram (2009) 
• propeller optimization, Druckenbrod et al. (2010) 
• funnel design for minimum smoke dispersion, Harries and Vesting (2010) 
• hull lines optimization for seakeeping, Harries et al. (2012) 
• port efficiency simulation for container vessels, Harries et al. (2013) 

 
POSEIDON, Appendix B, has been used for hull structure weight improvement using manual proce-
dures and expert knowledge. Fach and Bertram (2010) report a case study in which the initial steel 
weight of a multi-purpose carrier was reduced by more than 2% checking first scantlings with a 3D 
steel structure modeler of the Classification Society and then verifying critical spots by finite element 
analysis (FEA). The savings in steel costs alone would have justified the analysis for a single ship. 
Naturally, the financial advantage is much larger when considering series of ships. 
 
Papanikolaou et al. (2010) and Harries et al. (2011) utilized POSEIDON, NAPA and SHIPFLOW 
via CAESES/FRIENDSHIP-Framework as the integration platform to simultaneously optimize a 
double-hull AFRAMAX tanker for steel weight, oil-outflow probability, cargo carrying capacity, 
hydrodynamic performance, EEDI and required freight rate. In this paper, we will describe subse-
quent work towards formal hull structure optimization. 
 
Ship structure optimization typically targets minimum steel weight for given strength limits but also 
aims at reducing production costs and increasing safety, see for instance the comprehensive work by 
Andrić et al. (2010), Bay et al. (2007), Ehlers et al. (2010) and Rigo (2001). The aim often is to lose 
steel weight without impairing safety. Classification Rules impose restrictions based on yield limits, 
buckling requirements and fatigue. In addition, vibration issues as well as constraints of production 
and logistics have to be considered. For instance, minimum plate thicknesses need to be observed 
while plate dimensions often increase discretely, e.g. in increments of 0.5 mm. Moreover, a shipyard 
may choose to stock only certain stiffeners and combinations of plates and materials.  
 



61 

For the project reported here both POSEIDON and CAESES/FRIENDSHIP-Framework (abbreviated 
FFW hereafter) were extended to facilitate coupling and to provide new functionality as needed for an 
easy-to-do structure optimization: POSEIDON was enhanced to allow batch-mode execution and the 
definition of plate thicknesses and stiffeners along with variation objects that can be addressed exter-
nally. Meanwhile, the handling of discrete variables (integers and strings) and the direct interpretation 
and creation of POSEIDON data files were introduced in the FFW. The paper's focus is to present the 
approach along some illustrating examples without claiming that a comprehensive structural optimiza-
tion has already been established. 
 
2. Overview of computational approach 
 
Fig.1 gives an overview of the approach and the coupling mechanisms between POSEIDON and FFW. 
The key steps in the described structure optimization are: 
 

• Prepare what to optimize within POSEIDON when setting up the structural model. Take into 
account shipyard specific data such as standard plate thicknesses and scantlings of stiffeners.  

• Write dedicated pox-file, to be read and interpreted by FFW (label 1 in Fig.1); provide geom-
etry of midship section as an hcf-file (hull condition format) for illustration (label 2 in Fig.1). 

• Interpret POSEIDON files directly within FFW and configure optimization. 
• Set up how to optimize the structure within FFW and choose design engine for exploration or 

exploitation: 
o Use a Sobol algorithm (http://en.wikipedia.org/wiki/Sobol_sequence) adopted for 

discrete optimization 
o Apply a standard optimization strategies, such as SIMPLEX, T-Search or NSGA2, by 

casting real variables to discrete values 
• Write a pcf-file (POSEIDON command file) with current scantlings and trigger POSEIDON 

execution (label 3 in Fig.1). 
• Execute POSEIDON in batch mode and write csv-file (as a comma separated value file) with 

results from evaluation, containing objective(s) and constraints (label 4 in Fig.1). 
• Change free variables within FFW through design engine and repeat until maximum number 

of evaluations (e.g. Sobol) or termination criterion (e.g. T-Search) is met (labels 3 and 4 in 
Fig.1). 

 

  
Fig.1: File exchange between POSEIDON and 

CAESES/FRIENDSHIP-Framework, illustrating 
process 

Fig.2: Software connector for POSEIDON within 
CAESES/FRIENDSHIP-Framework 

 
 

Fig.1 presents the logical view on the process while Fig.2 depicts the actual coupling via the FFW's 
so-called 'SoftwareConnector.' The upper half Fig.2 shows the input file (templates) as needed for 
POSEIDON execution. The lower half of Fig.2 gives the POSEIDON output files from which the 
optimization strategies receive their data. 
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2.1. Work flow in POSEIDON 
 
The work flow within POSEIDON encompasses four steps:  
 

Step 1 - While modeling define possible scantling variations via so-called 'Simple Variations,' 
e.g. plate thickness for different elements (such as IB = inner bottom), possible materi-
als, profiles, etc. (see Fig.3) 

Step 2 - Combine simple variations to higher-level objects, so-called 'Variation Objects,' that 
can be simultaneously applied to several lower-level entities (such as multiple plates); 
then all entities are modified in the same way, e.g. all IB plates shall have same materi-
al and thickness (see Fig.3) 

Step 3 - Assign 'Simple Variations' and 'Variation Objects' to selected plates and stiffeners 
Step 4 - Export to FFW by creating a text-based POSEIDON file of the model at a specific 

frame number (pox-file) and write a corresponding hcf-file for visualization 
 

 
Fig.3: Assignment of 'Simple Variations' (V) and 'Variation Objects' (O) 

to entities of the midship section within POSEIDON 
 

Several enhancements to the classical POSEIDON capabilities were realized: 
 

• Expand the command interpreter to change properties of longitudinal plates and stiffeners 
• Execute command files from user interface to check individual iterations 
• Create result files (csv-file) with information about number of insufficient members, section 

weight, etc.  
• Export 'Simple Variations' and 'Variation objects' to external files for reuse in other projects 
• Create tables with shipyard specific standard plate and profile dimensions for use in all design 

 
2.2. Work flow in CAESES/FRIENDSHIP-Framework 
 
For structure optimization as realized during the study the work flow within FFW typically encom-
passes ten steps:  
 

Step 1 - Import and interpret ASCII version of POSEIDON file (pox-file) 
Step 2 - Check automatically created free variables and evaluation parameters 
Step 3 - Modify free variables (if needed) 
Step 4 - Check automatically loaded software connector for POSEIDON 
Step 5 - Check readily configured input template for POSEIDON command file (pcf-file) 
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Step 6 - Check readily configured result template for csv-file 
Step 7 - Select POSEIDON executable 
Step 8 - Utilize design engine with predefined design variables and evaluation of objective and 

constraints (edit free variables for specific run if needed) 
Step 9 - View result tables and assess variants 
Step 10 - Study results and perform further optimization runs 

 
2.3. Weight optimization approach 
 
While the focus in this study lies on weight optimization, note that the design of lowest weight is not 
necessarily the cheapest design to build. The cross section optimized for weight is the cross section 
where all requirements are as close as possible to the minimum scantlings below which further reduc-
tions become infeasible. Note that only prescriptive requirements for scantlings were taken into ac-
count, namely: 
 

• Local requirements: - Local strength plating (local loads for bending) 
- Local strength stiffeners (local loads for bending and shear force) 
- Minimum thickness 

• Global requirements: - Global bending moments and shear forces 
• Coupled local/global: - Yield strength 

- Buckling strength 
- Fatigue strength 
- Deflection limits 

 
Further requirements may result from direct calculations like a cargo hold analysis or a global 3D 
strength computation based on the finite element method. These requirements were not considered 
here.  
 
3. Case studies 
 
Several case studies were conducted that are representative to likely design scenarios: 
 

• River barge with two different sets of free variables (small vs. large design space) 
• 7000 TEU container vessel with small design space 
• 1700 TEU container vessel with two slightly different sets of free variables 

 
(All computations were performed on a Windows7 64bit computer with four cores at 3 GHz.) 
 
3.1. River barge 
 
The first test case was deliberately simple, Fig.4, as its primary purpose was testing the process. The 
design task was to adapt the midship section of a river barge of 80 m length such that the new design 
would fulfill GL Rules for seagoing vessels with restricted service for shallow waters and Class nota-
tion +100 A5 W. Initially, almost all scantlings were insufficient as shown in Fig.4 (plates and stiff-
eners marked red). 
 
For a benchmark the barge was manually redesigned by an expert within POSEIDON only. The task 
took about 90 minutes and the final outcome weighed 3.829 ton/m. The infeasible baseline featured a 
weight of G = 3.045 ton/m, meaning that the challenge was to add as little steel as possible in order to 
achieve feasibility. Subsequently, two formal optimizations were undertaken as described in Table I. 
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Fig.4: Barge cross section 
 

Table I: Set-ups of formal optimizations for barge redesign 
 Small design space Large design space 

Free variables 4 plate thickness values and 3 profile 
thickness values 

6 plate thickness values and 4 profile 
thickness values (see Table III) 

Design space Each free variable was given only 3 possi-
ble (discrete) values, resulting in 37 = 2187 
combinations 

Each free variable was given on average of 
10 possible (discrete) values, resulting in 
about 1010 = 10 billion combinations 

Objective Find feasible design with minimum cross section weight increase, i.e., minimum weight 
per length of longitudinal members 

Constraints Given cross section moduli for deck and bottom following Classification Rules while all 
members must fulfill individual Rules check. 

 
Table II: Overview of optimization runs for barge redesign 

 
 
 

Table III: Summary of plates and stiffeners for (selected) barge redesigns 
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Results are shown in Tables II and III and can be summarized as follows: The small design space 
optimization yielded the same best design as the manual redesign, namely G = 3.829 ton/m, inde-
pendent of the starting point. The deterministic search strategies employed, Simplex and T-Search, are 
pretty fast with less than 10 minutes of execution time. When starting from the best manual design no 
further improvements could be identified, almost suggesting a global optimum (however, no exhaus-
tive search was undertaken for proof). The large design space optimization resulted in a slightly better 
than manual result with G = 3.818 ton/m which was identified by a T-Search within less than 
15 minutes. The Sobol explorations, even though covering many designs, did not yield any feasible 
design at all. An NSGA2 optimization resulted in a design that was a bit better than the manual but 
required a lot of evaluations. 
 
3.3. 7000 TEU container vessel  
 
For a new 7000 TEU container vessel the cross section initially proposed by the designer did not ful-
fill the required cross section modulus at the deck (top). In order to meet the Rules requirements, the 
neutral axis needed to be raised by increasing the scantlings at the top of the cross section.  
 

Table IV: Set-up of formal optimization for CV 7000 
 Small design space 

Free variables 5 plate thickness values in the top of the 
cross section 

Design space Each free variable was given only 6 possi-
ble (discrete) values, resulting in 65 = 7776 
combinations 

Objective Find feasible design with minimum cross 
section weight increase, i.e., minimum 
weight per length of longitudinal members 

Constraints Given cross section moduli for deck and 
bottom following Classification Rules 
while all members must fulfill individual 
Rules check. 

 
Table V: Overview of optimization runs for CV 7000 

 
 
 

Table VI: Summary of plates and stiffeners for CV 7000 

 
 

Tables IV, V and VI give the set-up, overview and results on geometry for the CV 7000, respectively. 
The weight of the baseline was 43.627 ton/m. All search algorithms found feasible designs with simi-
larly small additions of steel, determining in necessary increase of structural weight between 1.31% 
and 1.33%. The T-Search algorithm fared again best, starting from an infeasible design with 
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43.774 ton/m and identifying the optimum at 44.197 ton/m within 6 min of computational time. The 
exploration with the Sobol found good results, too, albeit with slightly different plate thickness distri-
butions, Table VI, and much higher effort. This suggests that this standard Design-of-Experiment is 
not quite the right approach, in particular, when it comes to larger design spaces with many infeasible 
combinations. 
 
3.2. 1700 TEU container vessel 
 
The starting point for this case study was a 1700 TEU capacity container vessel, Fig.5. The shipyard 
was interested in exploring the potential for steel weight reduction. The original design featured a 
cross section weight of G = 19.109 ton/m. As benchmark, the baseline was manually modified by an 
expert using POSEIDON only. The task took about 45 minutes, resulting in a cross section weight of 
G = 18.506 ton/m, i.e., 0.603 ton/m steel saved (3.16% improvement). 
 

 
Fig.5: Cross section of CV 1700 within CAESES/FRIENDSHIP-Framework 

 
Table VII: Set-ups of formal optimizations for CV 1700 

 First set-up Second set-up 
Free variables 9 plate thickness values and 2 profile 

thickness values 
13 plate thickness values 

Design space Each free variable was given between 9 
and 13 values, resulting in about 
1011 =100 billion combinations 

Each free variable was given an average of 
10 possible (discrete) values, resulting in 
about 1013 combinations 

Objective Find feasible design with minimum cross section weight increase, i.e., minimum weight 
per length of longitudinal members 

Constraints Given cross section moduli for deck and bottom following Classification Rules while all 
members must fulfill individual Rules check. 

 
Two slightly different formal set-ups were run as shown in Table VII. Again different exploration and 
exploitation strategies were utilized as reported in Table VIII. All strategies yield improvements with 
the T-Search again giving best results for the formal optimization. It is pretty fast but with 
G = 18.560 ton/m falls just short of the manual improvement by the expert. Comparing the plate 
thicknesses for the second set-up, Table IX, one can observe that the best designs have a lot in com-
mon yet some plates are still quite different. This could mean that the design space contains several 
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local optima since reducing the thickness for a chosen plate can be nicely compensated by increasing 
the thickness of another plate in the neighborhood. However, it may also just indicate that further 
work is required for improved optimization strategies that help search design spaces of discrete varia-
bles with higher efficacy. 
 

Table VIII: Overview of optimization runs for CV 1700 

 
 
 

Table IX: Summary of plates and stiffeners for CV 1700 

 
 

4. Conclusions 
 
POSEIDON and CAESES/FRIENDSHIP-Framework (FFW) were successfully coupled. Easy data 
exchange was implemented with regard to input and output files. POSEIDON can be run in batch 
mode and triggered from FFW. The optimization can be set up almost automatically based on the 
POSEIDON definitions. 
 
By using POSEIDON only, experienced engineers are able to come up with results that are similar to 
what a formal optimization approach currently identifies. While setting up a POSEIDON model it is 
now little additional work to include higher-level information for later usage during a design optimi-
zation. Particularly, if specific experience is not yet available, for instance because a new ship type is 
being studied that has not been worked on within the team so far, a formal approach can produce in-
sight and ideas for further investigation. 
 
The structure optimization discussed should not be viewed as a black box. Good engineering practice 
and a solid understanding of important aspects such as production and maintenance issues continue to 
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be very important. Nevertheless, there are quite some gains to be made. Costs per ton steel built in 
(around the midship area) typically range from 2000 and 2300 €/ton in some places in Asia and may 
be as high as 3550 to 4250 €/ton in central Europe. As a consequence, saving 50 tons of steel (say 
0.5 ton/m over 100 m) yields a benefit of 100 000 to 200 000 € of cost reduction per ship. Such sav-
ings appear realistic with the presented approach and are substantial when compared to the associated 
effort. 
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Appendix A – CAESES/FRIENDSHIP-Framework 
 
CAESES/FRIENDSHIP-Framework, http://www.friendship-systems.com, is a generalized CAE 
(Computer Aided Engineering) platform for the simulation-driven design of any products with flow-
related tasks. The software is developed by FRIENDSHIP SYSTEMS - A DNV GL Company, be-
longing to DNV GL - Software. It allows automated design variation studies and shape optimizations. 
It integrates with all leading CFD (Computational Fluid Dynamics) codes as well as other simulation 
codes, like POSEIDON. 
 
CAESES/FRIENDSHIP-Framework's foundation is a 3D parametric modeler, allowing for upfront 
CAD as needed for simulation-driven design. Main focus is the design of complex flow-exposed func-
tional surfaces. For example, ship hulls, aircraft wings, arbitrarily shaped ducts, and turbo-machinery 
blades are complex 3D shapes where performance is defined in terms of fluid dynamics. The model-
ing approach allows creating these geometries using intuitive parameters with direct relevance to de-
sign practice, such as main dimensions, angles, cross-sectional area, volumetric displacement, center 
of buoyancy etc.  
 
CAESES/FRIENDSHIP-Framework is also an integration platform that can launch and control simu-
lation studies. Any simulation code that can be run in batch mode from geometry and input file(s) can 
be integrated, also across platforms (Windows, Linux) and remotely. Applications include many pop-
ular commercial codes such as STAR-CCM+, ANSYS Fluent/CFX, NUMECA FINE/Marine and 
FINE/Open, SHIPFLOW, ICON CFD and OpenFOAM. Although the main application focus has 
been on fluiddynamic simulations, there is an increasing number of other simulation codes that have 
been coupled to, e.g. NAPA, Hydromax, Seakeeper and Sesam HydroD. The SSH (secure shell) re-
source manager is a web interface that allows configuring computer resources on a network or cluster, 
in order to utilize high-performance computing (HPC). 
 
The high-level parametric models are ideally suited for the automatic generation of design variants. 
Once the models are set up with smart parameters or functions of parameters, they can be varied in a 
number of ways. For example, one can configure a design engine to automatically vary the parameters 
within user-specified bounds. The engine will then systematically investigate the design space by 
running the external simulation codes. The software contains many optimization algorithms ranging 
from single-objective strategies for fast and efficient studies, to more complex multi-objective tech-
niques which are effective for global search of highly non-linear design spaces. These optimization 
algorithms provide feedback and drive the design engines so as to find the best design as quickly as 
possible.  
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CAESES/FRIENDSHIP-Framework includes its own post-processing environment. One can easily 
step through the different design variants to compare results, sort them based on various objectives, 
investigate the influence of specific design parameters, and compare the most promising variants side 
by side or by superposition. It is possible to look at overall performance characteristics (e.g. resistance, 
pressure loss, lift coefficient, flow rates, homogeneity) or at the details of simulation results (e.g. cut 
plots, surface plots, trajectories). The design space can be investigated by viewing Pareto frontiers and 
spider-web plots in order to understand the trade-offs of changing design parameters.  
 
A free edition of the FRIENDSHIP-Framework, called CAESES, can be downloaded from 
https://www.friendship-systems.com/products/caeses and can be used also within commercial projects. 
 
Appendix B – POSEIDON 
 
POSEIDON, http://www.gl-group.com/en/gltools/poseidon.php, is one of DNV GL's structural design 
and analysis software tools for shipyards, design offices, owners and operators. Its user-friendly inter-
face, its rich features and intuitive processes facilitate the rapid development and analysis of hull 
structures, see e.g. Tasdemir and Nohut (2012). 
 
POSEIDON was started by Germanischer Lloyd (GL) more than two decades ago and has been con-
tinuously extended in functionality.  
 
The initial motivation for POSEIDON was to accelerate the development and analysis of ship hull 
structures to ultimately speed up approval time for GL customers. Over time, the user base has wid-
ened and cases are known where structural design is based on POSEIDON even for ships eventually 
classed with other classification societies. POSEIDON has also become popular in academia for 
teaching and research, see Salas et al. (2009). 
 
POSEIDON's 'hull wizard' modules automatically generate the typical structural arrangement of the 
midship sections of containerships, tankers and bulk carriers, Fig.B1. Wizards are intelligent macros 
that allow setting up hull geometry by defining a few basic parameters or by importing hull form data. 
Similarly, tank arrangements and load data can be user-defined or automatically generated. The func-
tional elements describing the hull geometry are automatically adapted to adjoining structures and hull 
contours but the designer is free to arrange the layout of plates, stiffener type and spacing, as well as 
other components. 
 

 
 

Fig.B1: Wizards to facilitate set-up of topology Fig.B2: Scantlings checked against Rules 
 

POSEIDON automatically determines the scantlings of all structural components based on rule re-
quirements for vessel parameters, class notation, global bending, cargo loads and external sea pressure, 
Fig.B2. Transverse and longitudinal member scantlings are determined interactively with static and 
dynamic loads, structural geometry and allowable stress, fatigue and buckling strength factors auto-
matically taken into account. The designer can easily alter the structural arrangement and scantlings to 
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optimize the weight and the strength. The results of scantling calculations are logically displayed to 
ensure that the designer has an on-going overview of the design process. Member scantlings are also 
given in color codes; so the designer can easily determine which members require alteration. For ex-
ample, red color in Fig.B2 means that scantlings of the longitudinal plates have to be increased. The 
calculation method for individual members can be reviewed to permit alteration of key scantling pa-
rameters. Last but not least, corrosion margins are explicitly stated for all structural members. 
 
Once the product data model is established, one can compare scantlings automatically against GL's 
Class Rules and identify where ship structures are over-dimensioned. But then more sophisticated 
finite-element simulations should verify that no problems in terms of vibration and fatigue are to be 
expected. POSEIDON automatically generates an FEA model of a ship's structure as defined during 
the modeling and scantling phases. The structure can be analyzed using (i) user-defined loads, (ii) 
loads calculated according to GL Rules and (iii) loads from Common Structural Rules. A model cov-
ering one or more holds will be automatically generated, but the user can also model an entire ship. 
The FEA results can be evaluated and displayed according to allowable stress, buckling and fatigue 
factors. The user may also define wave length, height, shape and direction or other special loads 
which will be displayed for evaluation. 
 
Rapid ship hull structural design is supported by a combination of features: 
 

• Logical, intuitive design and user-friendly interface 
• No specialized knowledge of FEA methods needed 
• Integrated GL Rules and direct online access to text of GL Rules 

 
These features allow modeling and analysis of complex midship sections in less than a day for experi-
enced users. Perhaps even more important in practice is that POSEIDON allows also rapid modifica-
tion of the structural design. A six-week trial version is available upon request. 
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Abstract 
 
Due to the regulation of Energy Efficiency Design Index (EEDI), it is crucial to design hull forms and 
energy saving devices (ESDs) with better hydrodynamic characteristics. Since the ESDs are usually 
equipped in the vicinity of a propeller and a ship stern, interaction effect between hull, ESDs and 
propeller cannot be ignored. The objective of the present study to investigate the working principle 
and hydrodynamic characteristics of the stern duct in model and full scale using viscous 
computational fluid dynamics (CFD) with overset grid arrangement. 

 
1. Introduction 
 
As represented by the regulation of Energy Efficiency Design Index (EEDI) introduced by 
International Maritime Organization IMO (2011), maritime transportations are required to reduce 
their emissions of green house gases. To achieve this, it is crucial to design hull forms and energy 
saving devices (ESDs) with better hydrodynamic characteristics. Investigations in ESDs have already 
been carried out since early 1970’s, Schneekluth and Bertram (1998), and a number of devices have 
been designed and in practical use among all over the world, Carlton (2007).  
 
A stern duct is one of the popular ESDs for which their effect in required power reduction is 
considered to be 3% to 9%, Hollenbach and Reinholz (2011), Walsh (2013). In the vicinity of ship 
stern, strong viscous effect due to presence of developed boundary layer and rotating propeller cannot 
be ignored. Such complexities in the flow field yield interaction effect between duct, hull and 
propeller, and thus careful attention must be paid on their design and arrangement. Since there could 
be a number of parameters for duct design, experimental approach to cover all the parameters would 
be quite laborious. In the meantime, there is an apparent scale effect in the stern region since the 
Reynolds number (Rn) in full scale is approximately three orders of magnitude larger than that of in 
model scale. This indicates that designing stern duct (as well as other ESDs, hull and propeller) based 
on model-scale information is not sufficient, and the scale effect must be taken into consideration to 
their design criteria, Hochkirch and Mallol (2013). In recent years viscous computational fluid 
dynamics (CFD) have been applied to understand flow physics around hull and ESDs including stern 
duct in model, Yamamori et al. (2001), Makino and Masua (2008), Kawakita et al. (2012),  and full 
scale, Inukai et al (2011). 
 
National Maritime Research Institute (NMRI) is investigating integrated design criteria of stern duct, 
hull and propeller in order to make use of their maximum performance, in other words, minimizing 
their negative interaction effect via complementary study between experiment and CFD, Sakamoto et 
al. (2013). At the beginning of the investigation, present article is dedicated to study the working 
principle of the stern duct installed on Panamax bulk carrier using viscous CFD with overset grid 
arrangement. In the meantime the scale effect analysis is carried out in hydrodynamic characteristics 
of a stern duct as well as self-propulsion coefficients. 
 
2. Computational method 
 
2.1. Overview of the RaNS solver 
 
The Reynolds-averaged Navier-Stokes (RaNS) solver “SURF” developed by CFD research group in 
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NMRI, Hino (1997), is utilized for the present study. The continuity equation and momentum 
equations are coupled throughout artificial-compressibility approach, discretized via finite-volume 
method with unstructured grid, and solved numerically. The turbulence closure is accomplished by 
modified Spalart-Allmaras model, Hirata and Kobayashi (2005). The free-surface is modeled by 
single-phase level-set method although double-model flows are of the interest in the present study. To 
introduce the effect of rotating propeller, the code uses the body-force model based on simplified 
propeller theory, Hino et al. (2008). The code is parallelized via OpenMP/MPI criteria so that it runs 
in shared/distributed memory type machines. 
 
2.2. Computational grid and boundary conditions 
 
Fig. 1 shows the overset grid arrangement in the vicinity of the stern without and with stern duct, and 
Table I summarizes the number of cells in each block. The computational grids are prepared using 
commercial grid generation package GRIDGEN® ver15.18. All the grids consist of hexahedra cells 
without hanging node. The smallest spacing normal to the wall is set to 2•10-7 so that the y+, the non-
dimensional viscous length, is close to 1 for both model and full scale as shown in Fig. 2. SURF has 
the capability to handle overset grid arrangement, Kodama et al. (2012), which makes it possible to 
generate computational grids around complex geometries by maintaining the quality of the grid and 
saving the number of cells. In the present study the hull, stern tube, local refinement and duct blocks 
are generated independently, and then the connectivity information between overset grid (i.e. donor-
receptor relationships and hole-cutting) are calculated by “UPGRID”, Kodama et al. (2012),  an 
overset grid assembler developed by CFD research group in NMRI, as a pre-process. The propeller 
disc is divided into 180 panels (5 and 36 in radial and circumferential directions, respectively) 
excluding the boss. 
 
The boundary conditions utilized in the present simulation are inflow, outflow, no-slip, far-field and 
symmetric conditions, and their mathematical descriptions can be found in Hino (1997). 
 

Table 1: Number of cells in each block 
Hull (i,j,k)=(160,176,80)=2,252,800 
Stern tube (i,j,k)=(64,80,76)=389,120 
Duct (i,j,k)=(80,120,56)=537,600 
Local refinement (i,j,k)=(64,60,48)=184,320 
Total 3,363,840 cells (both side) 

 

Fig.1: Overset grid arrangement in the vicinity of 
the stern without (top) and with (bottom) the stern 

duct 

Fig. 2 Velocity profiles normal to the wall 
obtained from present computational grid in 

model (top) and full (bottom) scale 
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3. Geometry and cases 
 
3.1. Base hull, propeller and duct 
 
The in-house bulk carrier (panamax size, termed PxBC hereafter) and a stern duct are selected as the 
benchmark geometry for the present study. Table 2 summarizes the major dimensions of the hull and 
propeller in full scale. In Table 2, the following nomenclatures are used; Lpp is the ship length 
between perpendiculars, B is the ship width, d is the ship draught, CB is the block coefficient,  Dp is 
the propeller diameter, H/Dp is the pitch ratio of the propeller, aE is the expanded area ratio of the 
propeller and Z is the number of blades in propeller. Figs. 3 and 4 show overviews of the PxBC and 
the duct,respectively, in which Fig. 4 includes the duct design parameters: DT.E. is the trailing edge 
diameter of the duct, Ld is the chord length of the wing section of the duct and β is the opening angle 
of the duct. The duct is configured in such a way that its vertical and lateral centers are identical to 
shaft centerline of the hull. Notice that the strut of the duct is not reproduced in the present geometry. 

 
Table II: Major dimensions of hull and propeller 

Hull Propeller 
Lpp[m] 217 Dp[m] 7.1 
B[m] 32.26 H/Dp 0.8 
d[m] 12.2 aE 0.5 
CB 0.84 Z 4 

 

  
Fig.3: Overview of in-house PxBC with 

conventional stern duct 
Fig.4: Duct design parameters 

 
3.2. Parametric change in the afterbody bluntness of the hull 
 
Utilizing only one hull is not sufficient to investigate trends of the hydrodynamic characteristics of the 
stern duct as well as self-propulsion coefficients. Three different hull forms (termed “full”, “original” 
and “thin”) are parametrically designed by shifting method, Lackenby (1959), in such a way that their 
afterbody bluntness varies. In the shifting method, the longitudinal position of sections is shifted to 
modify the prismatic coefficient, and such geometrical handling can be accomplished by “HullDes” 
which is collaboratively developed by NMRI and ACT Co.Ltd. In the present study, the region of 
square station subjected to the shifting is 0.62≤x/Lpp≤0.96. The maximum shift of the station is made 
at the x/Lpp=0.79 (the midpoint of the modification region), and the amount of shifting linearly 
becomes zero towards the edges. Since any volumetric correction is not assessed, the changes in 
displacement and longitudinal center of buoyancy (lcb) are approximately ±1.3%original and 
±0.5%original, respectively. The maximum shift at x/Lpp=0.79 in full scale is set to ±3.22%Lpp, 
provided that the positive sign represents the shifting towards the fore. Fig. 5 shows the prismatic 
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curves (termed Cp curve hereafter) which reflect the parametric change. Based on this Cp curve, the 
bluntness of run-part Cprun is defined as 

( )∫
=

≡
..

.
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Lx

run

pp

dxxCpCp

620

      (1) 

 
Table III summarizes hydrostatics of each hull excluding the duct. 
 

Table III: Hydrostatics of parametrically changed bare hulls 
Hull ID CB Cprun lcb(%Lpp)

* ∇ chg.(%orig.) 
Full 0.851 0.270 -2.89% +1.3% 
original 0.840 0.259 -3.36% 0.0% 
thin 0.829 0.248 -3.82% -1.3% 

 

 
Fig.5: Cp curves subjected to parametric change in afterbody bluntness 

 
3.3. Cases 
 
Resistance and self-propulsion simulations are carried out with and without one conventional duct 
using three different hulls summarized in Table III. All the simulations are performed in model and 
full scale using the same computational grid without free surface. The Reynolds number Rn is defined 
using Lpp[m], ship speed U0[m/s] and kinematic eddy viscosity ν[m2/s] as 

)scale full(.),scale model(. 960 1031110216 ⋅⋅==
ν
UL

Rn pp
   (2) 

Self propulsion point is set to ship point. 
 
4. Analysis method 
 
Form factor 1+k and self-propulsion coefficients (thrust deduction coefficient 1-t, effective wake 
coefficient 1-wt and relative rotative efficiency ηR) are estimated by CFD simulations. Thrust identity 
method is utilized to calculate 1-wt and ηR based on the propeller open water characteristics shown in 
Fig. 6. In addition to the self-propulsion coefficients, hull efficiency ηH is defined as 
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The resistance coefficient Ctx is calculated by non-simensionalizing the resistance force Fx as 
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where ρ[kg/m3] is the fluid density and Sb.o.[m
2] is the wetted surface area of the original bare hull. 
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The distribution of Ctx on duct surface (termed ctxduct), and its circumferential distribution of ctxduct 
(termed Ctxduct) are calculated as 

dsnctctx xductduct =       (5) 

∫=
chord

xductduct dsnctCtx       (6) 

where ctduct is total force (=friction+pressure) coefficient acting on the panel element on a duct, nx is 
the x-component of normal vector on each panel element, and ds is the area of the panel element. No-
tice that the circumferential direction is clockwise observing from stern for which 12 o’clock position 
is equivalent to 0 deg.  
 
To quantify the effect of the duct to 1+k, 1-t, 1-wt, ηH and ηR, their differences (∆) relative to the vari-
ables of the bare hull are calculated as 

100×=∆
[bare]

duct] [with-[bare]     (7) 

Three different criteria are utilized to extrapolate model scale 1-wt to full scale, e.g. 1) Yazaki’s 
method, ITTC (2011); 2) Yazaki’s method with viscous wake correction; and 3) ITTC 1978 method, 
ITTC (2011), without rudder effect. 
 

 
Fig.6: Propeller open water characteristics, Exp. (symbol) vs body-force model (lines) 

 
5. Results and discussions 
 
5.1 Validation of the bare hull results 
 
Before pursuing the analysis, the fundamental accuracies of the present CFD method are validated by 
comparing the computational results of the bare hull with the available experimental data as 
summarized in Table IV. All the computational results show excellent agreement to the experimental 
data evidenced by the fact that the comparison errors in self-propulsion coefficients are almost less 
than 1%, and thus the fundamental accuracy of the present CFD method is ensured. 
 

Table IV: Validation of the original bare hull result 
 Exp. CFD Err.(%Exp.) 
1+k 1.20 1.23 -2.50% 
1-t 0.844 0.840 0.84% 

1-wt 0.694 0.701 -1.01% 
ηR 0.995 1.001 -0.60% 

5.2. Analysis in 1+k and resistance on duct 
 
Fig. 7 summarizes the trends of 1+k for three different hulls in model and full scale. Fig. 8 shows the 
ratio of duct resistance coefficient relative to the total resistance coefficient in model and full scale. 
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Fig. 9 presents the 3D perspective of the axial component of pressure resistance on duct surface in 
model and full scale for which the case “full” is shown as an example. The 1+k in full scale is up to 
8% larger than in model scale which is similar to Kawakita and Kawabuchi (2011). The ∆ in 1+k is 
approximately three times larger in full scale than in model scale. This is due to the fact that more 
than 85% of duct resistance is caused by pressure, and it is approximately 1.4 times larger in full scale 
than in model scale for all the cases. The duct resistance is up to 4.25% of total resistance in full while 
it is up to 1.8% in model scale. According to Fig. 9 the increase of the pressure resistance in full scale 
than in model scale is originated from the inner leading edge of the duct. These results imply that the 
increase in resistance due to the duct becomes apparent in full scale and is masked at the time of 
model scale experiment/simulation. 

Fig.7: Form factor in model(left) and full(right) scale 
 

Fig.8: Ratio of duct resistance coefficient relative to the total resistance coefficient from  
resistance simulation, model (left) and full (right) scale 

 

 
Fig.9: 3D perspective of the axial component of pressure resistance from resistance simulation,  

model (left) and full (right) scale. The case “full” is shown as the example. 
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5.3. Analysis in 1-t and resistance on duct 
 
Fig. 10 summarizes the trends of 1-t for three different hulls in model and full scale. Figs. 11 and 12 
show the similar plots as Figs. 8 and 9, respectively, but in self-propulsion condition. Figs. 13 and 14 
present the flow direction to the duct and the circumferential distribution of Ctxduct in model and full 
scale, respectively. The flow direction coming INTO the duct is defined as “positive”. The trend of ∆ 
in 1-t due to the duct is opposite between model and full scale. For instance, 1-t in the case of “full” in 
model scale is improved by the equipment of duct due to thrust originated from upper region 
(0deg.<θ<45deg, 288deg. <θ<360deg, see Fig. 14) of the duct. Once the flow condition turns into full 
scale, the flow direction to the duct changes at the region, and the thrust is not generated anymore.  
 

Fig.10: Thrust deduction coefficient in model(left) and full(right) scale 
 

Fig. 11: Ratio of duct resistance coefficient relative to the total resistance coefficient from  
self-propulsion simulation, model (left) and full (right) scale 

 

 
Fig.12: 3D perspective of the axial component of pressure resistance from self-propulsion simulation,  

model (left) and full (right) scale 
This can clearly be confirmed in Fig. 12 that the thrust is originated from inner-top region in model 
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scale while it is originated from inner-bottom region in full scale. Based on these results, there are 
two, in a sense, contradictory implications: 1) The opening angle of the present duct is not 
appropriate, and the duct may generate thrust even in full scale by optimizing the opening angle of the 
duct and/or circumferential distribution of the flow direction to the duct; 2) The improvement in 1-t is 
only apparent in model scale. In connection to Fig. 13 and Fig. 14 the flow direction to the duct in full 
scale is less sensitive to the geometrical change of the hull than in model scale. This means that the 
positive interaction effect to 1-t (see for instance Fig. 10 “full” case in model scale) between hull, duct 
and propeller is overestimated at the time of model scale experiment/simulation. 
 

Fig.13: Circumferential distribution of the flow 
direction to the duct in model and full scale 

Fig.14: Circumferential distribution of Ctxduct in 
model and full scale 

 
5.4. Analysis in 1-wt and effective wake field 
 
Fig. 15 summarizes the trends of 1-wt for three different hulls in model and full scale. Fig. 16 shows 
the effective wake field of the “original” hull at propeller plane in model and full scale. Notice that the 
effective wake field is calculated by subtracting the propeller induced velocity which is obtained by 
the propeller model from total velocity at self propulsion point. Fig. 17 presents the wake ratio (Ei) 
estimated by four different criteria, e.g. three kinds of empirical methods mentioned in section 4 and 
full scale CFD. Overall trend in 1-wt is similar between model and full scale, i.e. the duct improves 1-
wt among all hulls by 2% to 3% in comparison to bare hulls. As shown in Fig. 16, axial wake gain 
becomes apparent at outer-top (10 o’clock to 2 o’clock) region of the duct in both model and full scale 
which contributes to improve 1-wt. The Ei estimated by full scale CFD is likely to follow the trend of 
ITTC1978 method, yet it is still inconclusive to state the “best” criterion to extrapolate 1-wt without 
comparing full scale trial data. 
 

Fig.15: Effective wake coefficient in model(left) and full scale(right) 
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Fig.17: Wake ratio for three different hulls, without (left) and with (right) duct 

 

Fig.17: Wake ratio for three different hulls, without (left) and with (right) duct 
 
5.5. Analysis in ηH and ηR 
 
Fig. 18 summarizes the trends of ηH (=1-t/1-wt) for three different hulls in model and full scale. It is 
common among model and full scale that the duct improves ηH for all hulls by 1% to 3% in 
comparison to bare hulls.  

Fig.18: Hull efficiency in model(left) and full(right) scale 
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Yet the trends of ∆ among three hulls are different due to the opposite trend of 1-t (see Fig. 10) 
between model and full scale. Fig. 19 summarizes the trends of ηR for three different hulls in model 
and full scale. It is common among model and full scale that the duct slightly deteriorates ηR for all 
hulls within 1% in comparison to bare hulls. The present trend in computational results is similar to 
Yamamori et al. (2001), but is opposite to the available experimental data (in-house and Yamamori et 
al. (2001)’s, not shown in the present article). Further diagnostics would be necessary to figure out 
this issue including propeller and turbulence modeling. 
 
 

Fig.19: Relative rotative efficiency in model(left) and full(right) scale 
 
5.6. Working principle of present stern duct 
In summary, there are two major working principles in the present stern duct; 
1) Improvement in 1-wt: The duct generates axial momentum defect at the outer-top region of the 

duct and it contributes to improve 1-wt. This physics is likely to be common among model and 
full scale. 

2) Improvement/preventing deterioration in 1-t: The thrust is generated from the inner-upper region 
of the duct surface, and it contributes to negate the resistance increase due to duct, yet this is only 
valid in model scale since the flow direction to the duct is completely different between model 
and full scale.  

 
6. Concluding remarks 
 
Viscous CFD simulations are carried out using panamax bulk carrier with/without stern duct using in-
house CFD solver “SURF” with overset grid assembler “UPGRID”.  The section shifting method is 
used for parametric change in the hull, and such geometrical handling is accomplished using 
“HullDes”. Resistance and self-propulsion simulations are carried out in model and full scale, and the 
computational results reveal following physics. The resistance simulations show that the presence of 
the duct is more pronounced in 1+k in full scale than in model scale due to increase of pressure force 
acting on the inner-leading region of the duct. The self propulsion simulations clearly present the 
trend of scale effect in1-t, 1-wt and resultant ηH. The trend of ∆ in 1-t is opposite between model and 
full scale among three hulls. This is caused by the changing in flow direction to the duct between 
model and full scale which yields difference in thrust originated from the duct. On the other hand the 
trend of ∆ in 1-wt is similar between model and full scale among three hulls. This makes sense since 
the axial wake gain is earned at the same region (outer-top region of the duct) in both model and full 
scale. The trend of ∆ in ηR is similar between model and full scale, yet the computational results 
shows opposite trend to the known experimental data. Further diagnostics including propeller and 
turbulence modeling would be necessary to figure out this issue. 
 
Taking both model and full scale results into consideration, suggested design criteria for the present 
duct (e.g. smaller diameter and closer distance to the propeller compared to a conventional stern duct) 
would be: 1) 1-wt has the 1st priority to be improved; 2) improvement/deterioration of 1-t due to the 
duct may not be able to be evaluated by model scale study. At this point, it is not an efficient criterion 
for duct design to maximize the thrust originated from the duct in model scale study, instead, it should 
be carried out in full scale study. 
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Abstract 
 
Shipping has immensely changed in the last 30 years, going from an almost deregulated environment, 
to one of the most regulated in the world. In these last 30 years, the working conditions of crews have 
also changed, and probably not for the best: the phenomena of criminalization of seafarers, the 
arrival of piracy, the economic crisis, the plethora of new rules and regulations have made their lives 
difficult. The use of IT can alleviate the burden, but the shipping industry is a very late adopter of 
advanced IT to manage ships. This paper examines some of the reasons behind this attitude.   
 
1. IT and Shipping 
 
Shipping industry is not fond of information technology (IT). There is resistance at all levels at the 
introduction of normal IT systems, which are used all over the world in any other industry.  
 
There are many reasons for this, some not very noble, some due to ignorance, some to arrogance, 
some to laziness, some to personal convenience; the shipping industry suffers a lot from this lack of 
IT awareness. But the greatest challenge comes when dealing with introducing IT systems to a large 
number of people within the organization. When it is a small number of people working with IT tools, 
such as a Research Department, the introduction of a new software or new hardware, even if different 
from what previously used, is normally welcome. But try to bring something new in IT to the working 
masses (not to the playing ones... this is a different story) and you will be subject to a barrage of 
resistance: the resistance to changes. 
 
Many IT projects fail to fulfill initial expectations because managers fail to forecast the resistance to 
changes and fail to cope with them. 
 
Changing the way we work is difficult, and requires a lot of strength from the management; moreover, 
resistance to change can come from all levels of the organization. 
 
2. Why people resists 
 
There are many reasons why someone would resist a path to innovation at work: 
• Belief that the change initiative is a temporary fake  
• Belief that fellow employees or managers are incompetent (Lack of trust in management) 
• Loss of authority or control  
• Loss of status or social standing  
• Lack of faith in their ability to learn new skills  
• Feeling of change overload (too much too soon)  
• Loss of job security  
• Loss of family or personal time  
• Feeling that the organization is not entitled to the extra effort 
 
IT is perceived by most as a dangerous change to their own lifestyle. Inside the brain, the following 
questions will circulate, even if silently (these doubts are not shared with the colleagues): 
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• Will I be able to learn 
• Will I look antiquate 
• Will it tell my boss that I am not doing the right job 
• Will it keep in memory all my mistakes 
• Will it allow younger people to bypass me 
• Will it make me redundant 
 
Managing changes require identifying the people who will make it happen and the ones who will try 
everything to stop changes from happening 

• Enthusiasts 
• Followers 
• Objectors 
• Underground 

 
2.1.  Enthusiasts 
 
They are fully convinced of the benefits in changes. They agree that the change will be of benefit to 
the organization, also because they perceive they may receive some personal gain from the change, 
such as a guarantee of job security, more status or a higher salary.  Enthusiasts will use opportunities 
to broadcast approval for the change and will try to convince others of its merits. They will also model 
the new behavior early and will volunteer for membership of teams. These early adopters may also 
make good choices as trainers and coaches during the implementation process. 
 
They are rare. 
 
2.2.  Followers 
 
Followers range from those that are generally compliant, wishing to take the path of least resistance, 
to those that are initially reticent to adapt, but eventually do so once they accept the inevitability of the 
change. These change recipients will do what is required, but no more. 
 
They are the majority. 
 
2.3.   Objectors 
 
Objectors will display their resistance to change whenever the opportunity arises. They may disrupt 
meetings, find any excuse not to attend training, take leave and refuse to carry out instructions. 
Objectors will continue to use superseded systems and processes when others are taking up the new 
ways of doing things. Objectors are not averse to arguing with managers and fellow workers, and will 
try to convince others to continue with the old ways. They can be present at any level. The higher the 
level, the higher the probability of failure. 
 
They are few, and can be dangerous, but can be easily identified and isolated or removed 
 
2.4.   Underground 
 
Change recipients working for the underground have solid motivations for not making their resistance 
public. They may fear direct punishment, such as termination or fines, or more personal costs, such as 
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ridicule or loss of status and authority.  Managers, who are against the change but need to be seen to 
be in support of it, are prime candidates for promoting underground resistance. This style of resistance 
is, by its nature, always covert and can take many forms. Common among these are falsifying reports, 
inputting incorrect data, using sarcasm, spreading rumors, amplifying issues, negating evidence. 
 
If undetected, they will ruin every project. 
 
3. Conclusion 
 
When you start an IT project, you have to include in the planning also the management of the 
expectations of the final users, the people who will have to use the system. Failing to do so will cause 
heavy resistance at all levels. 
 
Remember: Chains of habit are too light to be felt until they are too heavy to be broken. 
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Abstract
 
In this paper we describe potential use cases of augmented reality technologies in marine industry.  In 
the two-year research project on-going at University of Turku we develop a mobile tool which enables 
visualizing 3D-CAD models and related information onto real environment and accessing data based 
on location in 3D-CAD model. The tool is designed to be used in industrial environment. The tool can 
be used to replace paper blueprints at the workplace and to increase efficiency in inspections, 
reviews, planning, reports and project plan follow-up. Potential use cases include for example 
documentation, virtual notes, inspections and installation checks. The research team has identified a 
number of use cases and analysed the benefits that can be achieved especially by applying augmented 
reality technologies. Finally, selected pilot use cases are described in detail.  
 
1. Background 
  
This paper presents the current results and analysis done in the “Mobile Augmented Reality Tool for 
Marine Industry”  project (MARIN) in the University of Turku, http://ar.utu.fi/research/marin/. 
MARIN is a two-year research project on-going at University of Turku; it will end in mid-2014. The 
project aims at identifying potential applications of augmented reality for marine industry and 
developing a demonstration tool to prove the functionality of the technologies as well as test the 
usability and benefits in the selected use cases. MARIN is carried out in collaboration with several 
industrial partners including software, CAD design, mobile technology and maritime companies.  
 
The expectation in this research project is that overall efficiency and quality in design, documentation, 
project follow-up, reviews and inspections can be improved and cost savings can be achieved with the 
use of augmented reality solutions. 
 
2. Augmented Reality  
 
2.1. Introduction to AR 
 
Augmented reality (AR) technology enables overlaying virtual information – like plans, models or 
instructions – on real environment. The user can either see the augmented view on computer’s, 
tablet’s or smartphone’s display, or ultimately the augmented reality can be viewed through a 
transparent head-mounted display. In the first case user sees a live video of the surroundings and 
virtual data is augmented on top that. In the case of a transparent display, the user sees actual 
surroundings through the display, and virtual information is added in the correct position and 
projection in the user’s view. 
 
Several projects, e.g. Friedrich et al. (2003); Lukas et al. (2003), have studied industrial use of AR 
applications for visualised service, maintenance and assembly instructions and renovation work. 
Many applications have been developed, e.g. in automotive industry, as research projects. Consumer-
oriented applications exist as well. 
 
There are many suitable applications for augmented reality. Potential benefits of AR include: 

• AR allows keeping the most up-to-date CAD model and design information always available 
and visualised intuitively in real environment. This reduces the need for paper blueprints, 
which may be outdated.  

• Information from actual construction site, referring to the details in a CAD model, can also be 
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transferred quickly to designers and reviewers and used for documentation purposes. 
• AR displays (or viewing virtual 3D models) may help interpreting the plan, compared to 

traditional blueprints that present the data in 2D only. 
• Instructions for installations and repairs can be presented using augmented reality.  
• Telepresence solutions allow an expert to give guidance in a repair task without being 

personally at the location.  
• In shipbuilding projects, various inspections and reviews can benefit from AR. The user can 

check 3D CAD models against existing reality to see if construction has been done according 
to plans, and to document actual construction. AR tools can assist when checking equipment 
and supplies. In other words, augmented reality can be applied to project follow-up also. Fig.1 
illustrates a use case where pipe installations are observed using a smartphone as an AR 
display. 

• User can attach on-line notes and remarks to a specific part or model during construction and 
review. 

• An augmented reality tool can be used to check routings, e.g. when big equipment needs to be 
transported into a location inside the ship. A suitable route can be planned in advance by 
virtually transporting the model of the equipment through the anticipated route. Similarly, in 
renovation case it can be checked in advance how the new equipment can be installed into the 
place of the old one. 

 

 
Fig.1: Illustrative example of using a smartphone for augmented reality viewing of pipe installations. 

The system may e.g. present information about the purpose and material of individual pipes. 
 
2.2.  Applications in MARIN Project 
 
The potential augmented reality use cases in marine industry are largely similar to those in other 
industry areas. The MARIN project has identified potential use cases within marine industry, some of 
which are valid only in building phase, some in maintenance, service and renovations, so the whole 
life cycle of the ship is covered. The following cases are examples of those: 

• Inspections – e.g. checking installations or statutory equipment 
• Measurements of length, distances etc. 
• Installation instructions and outfitting support tool 
• Modification of the 3D model – e.g. adding new openings 
• Displaying element and system information – what is the material and purpose of this part?, 

Fig.1. 
• Indoor localization and navigation – e.g. finding the way out 
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• Seeing behind the wall / bulkhead 
• Photography and other documentation 
• Virtual notes (online notes virtually located in the ship) 
• Classification surveys of fire boundaries 
• Classification surveys of machinery 

 
A handful of these cases were selected for further study and implementation of a demonstrator. A 
good case for demonstration purposes would bring out possibilities for innovation from AR point of 
view and have potential for financial savings. So it should be feasible to develop a solution for the 
case in the project, it should be common enough, and the AR tool should have potential to save time 
and/or reduce possibility of errors compared to traditional work methods. Some of the listed 
applications would require specific techniques or equipment and were therefore rejected – for 
example, accurate measurements of dimensions aren’t possible using camera data only.  
 
The specific cases selected for further work were: 

• Documentation, including photos 
• Making a request for an opening 
• Virtual notes 
• Inspections 
• Localization and routing 
• Classification surveys of fire boundaries 

The three first cases are discussed further in this paper. 
 
2.3.  Documentation and Virtual Notes 
 
Documenting the progress of building a ship is a major task. Photography is one essential part of 
documentation. To be useful (e.g. to allow search), the relevant metadata for the photos must be 
recorded: where and when the image was taken, what it contains and so on. Often it is useful to add 
comments to a photo, too. AR can improve the on-site viewing experience of photos e.g. by showing 
the locations of the photos. 
 
Annotation of parts, locations and equipment is another common documentation need. Many kinds of 
markings, simply drawn by hand, can be seen on the parts of a ship under construction. In addition to 
these, an AR solution would offer the possibility to use virtual (or online) annotations, made and 
observed with the AR system. Online annotations have certain benefits over the traditional ones. First, 
the annotations would be accessible also elsewhere than the actual construction site. Anyone 
observing the 3D model of the ship would be able to see the annotation. Second, they may contain 
additional audio-visual data, like a photograph or a spoken comment. Third, these notes will not be 
hidden under layers of paint, insulation or equipment installations. 
 
AR-assisted documentation is expected to improve quality and make it easier to find and use the 
information afterwards. The demonstration of this case will be discussed in section 4.1. 
 
2.4.  Opening Request Case 
 
Adding openings to decks and bulkheads is a special case of using the tool to make modifications to 
plans. It happens frequently that an opening for certain piping or wiring does not exist in the hull 
model, and therefore in the actual bulkhead or deck plate, when a ship block is being built and 
outfitting starts. This is due to the design of subsystems going on in parallel with the building of the 
hull. An example of an augmented reality application to support pipe layout planning is presented in 
Olbricht et al. (2011). Before new openings can be cut, they must be approved by the engineering 
staff, to make sure they do not cause strength or other risks for the vessel.  
 
The number of late added openings in a big vessel can be high. Especially in case of unique vessels, 
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like cruise ships, where subsystems are not completely designed when the construction of the hull 
starts, the total time and cost savings can be significant. The AR tool is expected to save costs via less 
rework in construction, and in addition to make it easier to document and agree the changes.  
 
3. System Description 
 
The MARIN AR system, Fig.2, is built around a mobile central unit, which may be a tablet or a 
smartphone. External units are connected to it: a camera, optional data glasses and sensors. This 
section describes the requirements and challenges for the system and the chosen technical solutions. 

 
 

Fig.2:  MARIN project technical architecture 
 

The MARIN system consists of: 
• A Windows 8.x tablet or phone as the central processing unit and display 
• Camera (and/or HW accelerated camera) 
• Inertial sensors (accelerometer, gyro) attached to the camera/display 
• Unity 3D SW 
• OpenCV software library for tracking 
• See-through AR glasses (optional) 
• RFID reader 

 
3.1 General Requirements 
 

• Portability 
An important requirement is that the equipment must be light and easy to carry with. The 
intention is that a smartphone or a tablet computer, possibly together with AR glasses, would 
be used. For user interface, “hands free” operation is preferred, so for example voice 
recognition may be an option. Additional infrastructure needed for the system should be 
minimized; the aim is to use systems that exist already for other uses. It depends of course on 
the cost and work amount for installation, if something specific is acceptable. 
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• Sufficient Usage Time between Charges 
Tool operation times must be long enough to carry out at least half a workday without 
maintenance, and charging should be possible within ~1 hour. The usage time requirement 
affects the choice of equipment.  

 
• Robustness and safety 

The tool must be suitable for ship and shipyard environment, resist dust and moisture, and 
must able to take some rough usage. General safety requirements must be fulfilled. Due to 
safety reasons, see-through transparent AR glasses are preferred over video (virtual reality) 
glasses. Safety issues affect also UI design: displayed elements should not block the user’s 
view during user movement, for example. 

 
3.2 Technical Description 
 
The ship and shipyard environment set difficult challenges for the implementation and technologies. 
A lot of metallic structures are used and those impact heavily on radio signal propagation, magnetic 
and electrical fields. There may be areas where it is not possible to make data connection with 
GSM/WLAN, or the data connection is unreliable. Also the environment is changing all the time 
during construction as new structures, modules, equipment and furniture are installed into the ship.  
 
This means additional challenge to coarse position estimation, i.e. estimating the approximate position 
of the system. The accuracy of this estimation must be high enough: the system must be able to tell in 
which room or corridor the user is. Current approximation is that accuracy of 1–2 meters would be 
enough for rough scale estimation, but possibilities for errors still remain, e.g. the system may define 
the location to the wrong side of a wall. System needs to offer user interface functions to handle these 
efficiently and sometimes even manually. For coarse position estimation, an RFID based system was 
chosen, Helle et al. (2013).  
 
For fine positioning we use image analysis software fed by a web camera in the system, Fig. 2. Gyro 
and accelerometer data is planned to be used in parallel to improve reliability in case the visual 
tracking fails. Latency target is below ~30 ms to prevent/reduce the possibility of sickness due to 
delayed view, when using data glasses. 
 
3.3 Integration to Information Systems 
 
The full benefit of the tool can be achieved only if it is seamlessly integrated to shipyard’s 
information system and databases. The integration requires a communication link between the tool 
and the information system. The link could be based e.g. on WLAN. However, it is difficult to realize 
a continuous and reliable link in a ship that is under construction. Therefore, the tool must be able to 
operate offline inside the ship and be able to synchronize itself with the information system when the 
link is available during work breaks. 
 
The integration requires also access to various information sources, for example to blueprint and 
material databases. Some data format conversions and content adaptation will be needed for proper 
interoperability. There must also be a way to store data to the databases, for example for 
documentation purposes, and to send feedback to the information system (e.g. new opening request). 
 
3.4 Localization and Tracking 
 
3.4.1 Overview of Pose Tracking 
 
It is essential to know observer’s pose, i.e. location and viewing direction, to properly register the 
virtual content to observer’s view.  The pose must also be kept constantly up-to-date, i.e. it must be 
tracked, when the observer moves or changes his or her viewing direction.  
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E.g. in tourist guide type applications, like NOKIA City Lens, http://www.nokia.com/gb-en/apps/app/ 
here-city-lens/, a common approach for pose tracking is to use GPS device for localization and 
compass to find out the viewing direction. This solution works adequately when the observer is 
outdoors and the pose need not be known accurately.  However, in our case this approach is not nearly 
sufficient: GPS and compass do not work inside a metal structure, and they are not accurate enough. 
We must use visual tracking from camera data. 
 
A common visual tracking solution is marker-based tracking, where easily recognizable, unique 
markers are placed in known locations within the working environment. This technique is well-
known, relatively robust and not too computation-intensive. One example of marker usage is 
presented in Naimark and Foxlin (2002). The problem is that the number of markers needed becomes 
huge if tracking should be supported anywhere in the ship, and thus the maintenance costs would be 
high. 
 
MARIN has decided to go with model-based visual tracking. In it, image feed from a video camera 
fixed to the observer is compared to a model of the surroundings. If enough model features can be 
identified from the image, then the observer’s pose can be calculated. This approach does not require 
specific visual markers, but it is not alone sufficient for completely automated localization – there are 
many places with similar visual features within a ship, so we need additional means for defining the 
approximate location, too. 
 
3.4.2 Pose Initialization 
 
The first step in the initialization of the pose, so that actual tracking can start, is to identify the 
approximate position of the observer. MARIN uses RFID tags for that, Helle et al. (2013). RFID 
identification tags are distributed in the ship so that in most locations at least one should be readable 
with an RFID reader. Motion sensors in the system can be used to track user movements and location, 
filling in possible gaps in RFID coverage. The user has also other, manual input options to specify the 
current room in case any RFID signals would not be available. 
 
The second step in the initialization is to match video camera image features to model features. 
MARIN uses detected corner points and lines for that purpose. It is not easy to fully automatize this 
step; one reason being that there can be ambiguous details in the environment that make it hard to 
deduce what the actual pose is. Due to that, a user guided initialization technique was implemented. In 
it the model is rendered on top of the video camera image and the user then matches the model 
corners to structure corners by pointing at the corresponding model and structure corners on screen. 
The device can aid the user for example by highlighting the corners near the cursor and by 
automatically snapping a pointed point to the nearest detected corner. We aimed at designing an easy-
to-use initialization method so that the user only needs to roughly align the model with the image and 
the equipment does the final matching automatically. 
 
3.4.3 Pose Tracking 
 
After the initialization, the matched corner points on video image are tracked using well-known 2D 
optical flow techniques Lukas and Kanade (1981). The corner point tracking allows a new pose 
estimate to be calculated per each video frame, thus allowing the pose estimate to be kept up-to-date 
all the time. It is inevitable that some of the tracked corner points are lost every now and then. For 
example, a corner point may fall out the video image, the point may be occluded by some obstacle or 
video image motion blur may make it impossible to locate the point any more. Therefore it is essential 
that the device automatically adds new matched points whenever possible. 
  
Gyros and acceleration sensors can be used to assist the visual tracking method. For example, the 
sensors can give hints about the direction of the user movements, or the sensors could be used as a 
backup tracking method if a user is so close to a wall that there are not enough corners in the camera 
field for the visual tracking to be able to work. Inertial sensors can only calculate the pose estimate 



92 

relative to the previous estimate, and as time goes on the pose estimate inaccuracies gradually 
cumulate and the estimate starts to drift away from its correct value. Hence, tracking can be based on 
sensors alone only a short interval at a time. For typical sensors in mobile devices and AR glasses the 
signal-noise ratio may also be an issue. At the time of writing, inertial sensor data has not been taken 
into use in the MARIN system, although the use of it is in the plans. 
 
3.4.4 Vision Chip Architecture for Visual Tracking 
 
One novel aspect of this project is to study the possibilities of mapping certain parts of the pose 
tracking in an embedded vision chip architecture. The focus of this project is not to manufacture an 
actual chip for this task, but rather to define the requirements for this kind of hardware acceleration, 
Zarandy (2000). These vision chips provide computation resources integrated to the CMOS camera 
itself, Fig.3, and could enable integrating the feature extraction part of the tracking into a compact size 
and very low power consumption. These requirements (compact size and low power consumption) are 
present in the MARIN project. Also, some of the special conditions which the usage environment sets 
for the tracking could be solved with intelligent pre-processing capabilities of these chips. 
 

 
Fig.3: KOVA1 embedded camera module by Kovilta, an industrial partner in MARIN project 

 
The vision chip architectures can be used to detect corner points, Nieto et al. (2000), or to estimate 
key-point based image descriptors. Also, robust optical flow based tracking could be performed. The 
applications of these architectures are naturally not limited to the shipbuilding environment. 
Accelerated pose tracking devices could provide longer battery lifetime and more accurate pose 
estimation also in other augmented reality applications where the mobile user experience is critical. 
 
3.5 Usability Issues 
 
To gain the intended benefits the system must be easy and efficient to use. The following aspects must 
be taken into account. 
 
3.5.1 Control of Location and Tracking 
 
Ideally, the system should define its location automatically in the initialization phase. This may be 
impossible, for example, due to the fact that we cannot recognize enough features in the camera data 
to define the exact location with certainty, even if the coarse position would be known by the RFID 
data. The system may also lose tracking while moving. This is a situation that may happen frequently 
and should be easy to recover. The use of inertial sensors and RFID data can help to avoid losing the 
tracking in the first place; however we are designing a quick and easy manual method to define the 
pose as a backup.  
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3.5.2 Display 
 
First of all, the user must be able to easily decide what to see in the virtual view. The data may contain 
a large number of systems and components, some of which are relevant for the current task, and 
others are not. System parts contain also metadata that can be shown to the user. Further on, the 
system can display notes, photographs and other additional data the user may or may not want. How 
to easily switch on and off the display of all these elements is a major challenge for user interface 
design. One way to avoid excess data on the display is to use a ‘focus point’ in the middle of the 
display, so that when the point is over some object, that object’s metadata is shown beside it, but other 
objects’ data is hidden. 
 
Virtual content should be displayed in a way that is easy to interpret and delivers the necessary 
information. Photorealistic rendering is not necessary in this kind of application – it may even be 
harmful if the virtual content is difficult to distinguish from real-world objects. Wireframe rendering 
may therefore be a good choice; it also leaves the real objects visible through the virtual content. In 
some cases a simple shading method may be a better option. The user should be able to easily choose 
the optimal rendering style for each situation. 
 
Viewing virtual content via see-through glasses is an attractive concept. The user’s hands are not 
needed to hold a display, and in the best case an immersive experience can be achieved. However, 
there are challenges too: keeping the perfect alignment of the eye and display, controlling the 
brightness of the displayed image in relation to the real environment, and the rather limited field of 
view in most of the current commercial products are some of the issues that need to be solved.  
 
Promising new products are expected to enter the market (e.g. Vuzix, Fig. 4), and the MARIN project 
is looking forward to integrating also see-through glasses into the system. 
 

 
Fig.4: Vuzix M2000AR optical see-through AR display system designed for industrial use, 

http://www.vuzix.com/UKSITE/consumer/products_m2000ar.html 
 

3.5.3 Input 
 
The user sometimes needs to enter data into the system. Actually, the need for this should be 
minimized: if the system already has some information, it should not ask it from the user. For example 
in the opening request case all possible data should be extracted from the information that is already 
known by the system. Only the actually new data, like desired location of the opening and its 
dimensions, should be entered by the user, and done in an effortless way. Location can be defined by 
pointing, and dimensions can be set using simple controls and menus. When additional comments 
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must be entered, it could possibly be done using voice recording, which is quicker and less tedious 
than using e.g. a touch screen keyboard. However, sometimes plain text entry is unavoidable, so there 
must be a solution for it also. For data glass use – when there may not be a touch screen at hand – we 
should offer a usable text input method. At the time of writing this article we have not implemented a 
solution for that. 
 
In general, hands free control of the system is preferred so that the user could use hands for the actual 
work tasks. Speech recognition is one option for controlling the system, although the noise level at a 
construction site is often high and can make use of speech difficult. 
 
4. Solution Demonstrators 
 
4.1. Online Documentation Demonstrator 
 
A documentation and annotation scheme was designed with which it is possible to leave notes 
virtually anywhere in the ship, Fig.5. The user may annotate a photograph and add audio or textual 
comments to it. The system adds all available metadata to the document automatically: e.g. location, 
time, user’s name. The user can add keywords and other information to make the document more 
useful. 
 
Users can anchor the notes to a location in a 3D model. (The term “note” here covers all different 
kinds of virtual documents that may contain e.g. text, photographs, audio, and action requests.) Notes 
are stored in a database where they can be searched based on all this data. This allows more 
comprehensive documentation for the work than what is currently typical in a ship project, and it 
makes finding specific information easier than searching among a mass of undocumented photos, for 
example. Such ‘online notes’ can be browsed on location by looking at the AR display. The user can 
choose what kind of notes to look for – some notes may also be set as viewable by only specific 
persons, those who need to know about them. A note is displayed as a virtual object (symbol, icon) on 
the display, and the user can open it to view the detailed content. Notes may allow feedback and 
editing, so that they can be used for task managing.  
 

 
Fig.5: Documentation application prototype. Text, photos and audio messages can be included in a 

note that is placed virtually in a location in the ship. 
 



95 

By linking documentation into a messaging system, it is possible to address a note to the recipients 
who should be aware of it. For example, a note about a missing or incorrect installation would reach 
the responsible person via messaging. After correcting the issue the note would be updated 
accordingly.  
 
4.2. Opening Request Demonstrator 
 
The process could be speeded up by an AR application that simplifies the creation and approval of 
opening requests. The intention is to design a fluent flow of actions for defining an opening request 
and handling it. 
 
The system lets the user define the parameters of the desired opening: 

• shape 
• dimensions 
• orientation 
• location 
• purpose; e.g. what piping will go through the opening 

The system can show the opening virtually on the location, and the user can adjust it interactively 
until it looks as intended, Fig.6. In case there are restrictions due to water tightness or structural 
rigidity, the system can display also areas where openings will not be allowed. 
 

 
Fig.6: Opening request application prototype screen. User sees 3D model superimposed on real envi-

ronment. The blob with + sign is a virtual sphere used as pointer for placing opening onto surface. 
 
The user fills in the necessary data and then sends the request for approval; the system supports 
forwarding the data e.g. by email, in our case coded in a CSV format file. If live data connections 
exist, the request can possibly be handled in a short time, and approval can be sent back to the 
workplace. If the request cannot be approved as such, some negotiations may be needed to agree the 
modifications, and the system may support this too. 
 
Running the request through this kind of process is expected to reduce the time needed for approval 
and thus speed up construction work. Compared to the traditional method of using paper-printed 
drawings and pen, the automated process can help in visualizing the details of the construction on the 
actual structure, and displaying only the objects of interest. It should also be able to eliminate some 
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errors by indicating forbidden locations for openings and checking that these locations are not used in 
the requests. 
 
The process also gives a possibility to add the new opening to the 3D model and document it without 
much extra work.  
 
5. Conclusions 
 
We have designed and implemented a prototype augmented reality system for selected use cases in 
shipbuilding industry. At the writing time of this paper, the construction and testing of the system is 
still ongoing. While the work goes on, we believe the demonstrated cases can show benefits in 
documentation, engineering and inspection tasks.  
 
The Opening request case is a good example of how a frequent operation can be automated and work 
time and costs saved. The AR system knows the coordinates of the opening and can add it in the 3D 
CAD model automatically. Coordinates and other relevant information are stored directly to a CSV 
file and can be sent to the information system for handling. 
 
The MARIN system is based on a tablet computer in the current implementation.  Smartphone could 
be another option, especially if AR glasses would be used. The use of see-through data glasses in the 
system has been studied, but for technical reasons they are not integrated in the current version of the 
system. 
 
Best possible results require good integration into existing production databases and IT systems at 
shipyards. These may differ between manufacturers and sites, so more work is needed to draw 
universally valid conclusions. 
 
The experiences gained in the MARIN project indicate there is a lot of potential in applying AR 
technology to marine industry. We plan to continue the work in further projects that will aim at 
developing more complete, portable AR systems for industrial use. 
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Abstract 
 
As engineers, we tend to focus on technical solutions for cost efficiency. A parallel – yet for maritime 
applications still pioneering – approach is "Operations Research" (OR). It supports operators in 
taking cost-efficient decisions in terms of voyage speed, ship-rotations, trans-shipment patterns and 
vessel deployment. Just as traffic-navigation for every truck and every car has altered the decision 
making for road transport, transport-navigation can do similar things in a maritime context. For 
container lines, the software framework "eco-trips" provides a transport-cost optimizer. It is based on 
engineering logic for fuel consumption, but also incorporates terminal handling charges and capital 
cost. It provides the "operations planning" unit of liners with a computer toolkit, which facilitates 
cross-departmental cooperation and accounts for ship performance, voyage constraints, contracted 
terminal productivity, as well as port-pair volumes. We believe that OR will help to better tap into the 
50% cost savings seen in fleet management and logistics by IMO in its second GHG study.  
 
1. What’s Beyond “Fuel Savers”? 
 
“Fuel Saver” is a popular tag on maritime products since shipping saw its vicious dip in 2007. But 
complementary to slow steaming, trim optimization and weather routing, we see a promising novel – 
and yet old – approach to profitability. That is computational decision support in operations planning 
– or “The Transport Problem”. It addresses methods to design more efficient production processes, 
here for container lines. This is the abstract description: 
 

For the origin-destination shipment of uniform objects with several demands and 
supplies, find the network operation which minimises cost – where shipment 
volumes are given and shipment cost between origin and destination are known. 

 
Associate the “uniform object” with “container” and you are on track. The idea goes back to 1781 and 
Gaspard Monge, a French all-round scientist. He studied the problem of moving soil. The task was to 
build a fort. Long forgotten, it had a renaissance during World War II – taking the subject from 
calculus to linear algebra – and it saw its first strong commercial and computational success on IBM 
mainframes with FedEx, Mason et al. (1997). 
 
This paper describes the mathematical toolkit that we – as engineers – have at our hands to employ 
physics models for ship propulsion & resistance, reefer energy consumption and the likes to one 
holistic approach to efficient operations. The headlines in this section follow the course of three main-
stream approaches to transport optimization as shown in Fig. 1. I hope you will see that much of the 
bits and pieces needed for the approach are there – but that probably all the computing power on this 
planet will not suffice to solve the full problem. And I will propose a way to preserve key parts of the 
full mathematical formulation to derive a resilient and reliable computer tool for liner shipping.  
 

 
Fig. 1: Three key tool-kits in transport optimization 
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1.1 Linear Programs – for Big But Basic 
 
Here’s the typical Transport Problem statement given as a so called linear program:  
 

minimize ∑=
i

iiT xcC subject to bxA = and 0≥jx  (1) 

TC  is the total cost, ix  are the n  unknown shipment variables and bxA =  are the m equality 

constraints equations. The ic impose cost upon the edges of the network or upon tranships made for 

each unit sent. Then we have the admissibility constraints bxA =  ensuring that e.g. “cargo in” 

equals “cargo out”. And finally the non-negativity constraints ensure that the TEU capacity of the 
vessel is not exceeded, the free depth below keel is non-negative when approaching Rio de Janeiro 
and that a round voyage can be concluded in six weeks. As we should have less constraint equations 
m than the n  unknowns ix  for an optimization, the linear equations have infinite many solutions – 

so that task is to identify the least-cost solution from the feasible set. An x is called feasible if it does 

satisfy bxA = and 0≥jx , i.e. if no container must be left behind, the vessel’s draft does not exceed 

the limits of the Kiel canal and time is sufficient for terminal handling, voyages and waiting. 
 
For a linear program, the Simplex algorithm solves this Transport Problem routinely and easily for 
millions of variables. 
Fortunately for those who enjoy research, that’s not all the answer to operations planning because 

• cost TC  is not a linear function of shipped units – its deterministic part is a nonlinear function 
of at least vessel draft & speed; 

• liners need to identify those rotations – i.e. sequences of port (actually terminal) calls – that 
establish the edges and thus the cost ic  of the network and 

• contractual issues as feasible terminal slots and alliance member interests are not yet into this 
formulation.  

 
“Easy to solve but too simplistic.“ 
 
So we need to extend the initial Transport Problem to derive an optimal network with the subtask is to 
minimize cost for one network candidate: 
 

 
Fig. 2: Abstract solver algorithm for the network optimization task 

 
For the first section we can mentally dock on to the Travelling Salesman Problem and integer 
programming, the second to nonlinear programming. 
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1.2 Integer Programs and the Travelling Salesman 
 
Finding the optimal sequence of port calls for one round voyage (rotation) belongs to a class of 
problems from Network Flows and Combinatorics. The task for the planner is to identify a spanning 
tree which connects all ports and returns the vessel to its initial position. Its mathematics is mainly 
about “1”s and “0”s when composing a connected graph by selecting / unselecting edges to the loop. 
Its mathematics is rather recent and strongly relates to computer science and information technology.  
For some of these problems, efficient and simple algorithms exist and finish in polynomial time – 
being in the most manageable class. Thus the rate of growth of required solver-steps with the problem 
size is polynomial – not exponential. This includes shortest path problems and Dijstra’s algorithm.  
 
But some are really hard to solve – like general integer programs. The difficulty lies with restricting 
vessel voyages per edge to integer values: a vessel may travel one edge 0, 1, 2 or 3 times – but 
nothing in between. A solution algorithm cannot rely on investigating variations of an iteration step – 
which makes the update strategy and convergence a key issue. Playing all feasible solutions is 
prohibitive: the number of permutations grows too fast with n  ports.  
 

 
Fig 3: A round-voyage problem with 6 nodes giving 120 permutations for the 

simplest scenario – when touching each node only once. 
 
Already for the “0” and “1” problems – like in the Traveling Salesman Problem – the number of 
variations is )!(nO , i.e. 479,001,600 for 12 ports. For shipping and container lines, this approach has 
been explored by relatively few authors, Agarwal (2007), Takan and Arai (2009). 
 
Heuristic algorithms – i.e. ad-hoc algorithms that produce near-optimal results in reasonably short 
time – exist for the Traveling Salesman Problem. Their results would most likely be acceptable for 
container liner planning. But while the cost along the edges of the network is constant for the 
salesman – it is the distance to travel between nodes – it certainly isn’t for shipping. It is not even 
proportional to the number of units shipped. It is some complex nonlinear function which involves 
sailing speed and draft and terminal productivity and the number of reefer containers etc.  
 
“Too expensive to solve, too many limitations.” 
 
To avoid the complexity of an Integer Program, you could leave the network definition to the 
experienced human planners and concentrate on helping them with managing cost items, constraints, 
nonlinearities and feasibility. Thus helping them to “play” with many concurrent production scenarios 
instead of very few. 
 
1.3 Nonlinear Programs – Hoard for Our Engineering Models 
 
Nonlinearities come naturally in maritime transport. Propulsion fuel cost – number two on the bill of 
liners after terminal cost – depend essentially nonlinear on draft and speed, reefer energy cost are 
nonlinear with reefer unit numbers and time spent on board and so forth. 
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The nonlinearities enter the initial Linear Program (1) via the cost function where the total cost

∑
i

ii xc  becomes∑
i

i xC )( , i.e. the Nonlinear Program is 

minimize ∑=
i

iT xCC )( subject to bxA = and 0≥jx  (2) 

The )(xCi is where our engineering models go – for hull resistance, specific fuel oil consumption, 

propeller loss and the like. 
 
The above sounds reasonably simple to incorporate (and in fact it is) but unfortunately, the ease of 
solving the problem is lost: 

• the Simplex as the efficient solver algorithm is gone; 
• nonlinearities imply that for arbitrary cost functions we have to expect local minima for TC

and that the global minimum might be very difficult to track and 
• another simplicity is lost: the minimum will generally not occur in the corner points of the 

admissible region – but anywhere in that region. 
What complicates the search are the admissible constraints which will prevent total cost TC  from 
reaching its absolute minimum – so the familiar approach with multivariable calculus (looking for 
zero derivatives of TC ) will not do.  
 
The key to the solution is Lagrange, which converts the constraint minimization of  )(xCT  into an 

unconstraint minimization )()()( bxAyxCxL T
T −+= with Lagrangian multipliersy . 

 
So we must have the vessel-specific cost functions – from towing tanks or CFD, from operational 
measurements or from estimates. 
 
The admissibility constraints cover many aspects:  

• “cargo in” must match “cargo out”, for  
o ports of origin,  
o ports of discharge and 
o ports of transhipment; 

• time consumed for voyage, waiting & cargo handling must not exceed the prescribed round 
voyage period and 

• total unit numbers, deadweight and reefer energy consumption not to exceed capacity limits. 
Many commercial solvers are around to solve (2) and we leave it to them to do this challenging job. 
 
“There’s just one catch to it.” 
 
Even the best solver cannot cope with local minima that keep the solution from approaching the 
global minimum. Unless we know exactly, what we’re doing, the cost function should be made 
convex – a property that ensures that the global minimum is found. So we go for “convex”. 
 
2. Application to Container Liner Transport Logistics 
 
Planning a network loop (sling) means to select subsequent voyages that return all vessels to their 
initial positions in a given time. This includes the full pickup and delivery problem in subsequent 
ports, vessel capacity constraints and total time elapsed. It resembles Rubrik’s Cube in that each 
subsequent move is trivial in itself – but alters the perspective for all subsequent moves. 
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Fig. 4: Operations planning is Rubrik’s Cube on an  advanced level 

(it is also NP-hard to solve). 
 

Design criteria – i.e. product quality indicators – for this task are usually 
• nominal delivery time 
• risk from a breach of schedule integrity 
• simplicity of service conditions 
• frequency of departures and 
• cost. 

 
Mathematics can do a lot to support this process – but there are limitations. The tricky part is to pick 
the appropriate sequence of port calls. And this part is not plug & play for an Integer Program: 

• the planner needs to have in-depth understanding for the iteration process to control 
• computation times can become excessively long or required simplifications exceed the 

practical limit and – what’s more – 
• the cost optimal solution may turn out to be too complex to implement. 

 
“Why is ‘too complex’ a problem?” 
 
To-date operations planning favours “fixed day weekly schedule”, which usually means to put n  

vessels ( nVV ,...,1 ) into a sling with a rotation period RT of n  weeks: a port sees each ship at the 

same weekday and time (e.g. Monday, 13:30) starting with vessel 1V  and after 1+n  weeks, 1V  
returns. And for ease of planning or – if the sling is served by an alliance – for reasons of 
competitiveness, sister vessels will be employed. The standard transport product is therefore delivered 
by n  identical vessels on a fixed-day weekly schedule with a rotation period of n  weeks. Starting 
from this perspective, a computer application that does the full network design based on cost 
minimization might likely produce schedules that exceed the manageable complexity. 
 
“Then where do our optimisation tool-kits go?” 
 
We believe that a first pragmatic step is to leave the network design to human planners with all their 
experience and knowledge. What they do need though is a way to consistently and transparently plan 
the details of a service. This includes 

1. to check the feasibility of the network design, i.e. can the vessel complete a round voyage in-
time and without hitting any physical constraints (lock-size, draft, ECA (Emission Control 
Area) admission, …) 

2. a faster way to analyse multiple scenarios and to identify the best solution 
3. to establish the cost bottom-line of a new service under complex transhipment conditions and 

with different vessel characteristics. 
That’s what a Nonlinear Program can do – and this is what we pursue: provide a nonlinear constraint 
optimization tool that identifies for a pre-defined route per vessel a feasible transport solution with 
optimised 

1. voyage speeds per ship and leg 
2. cargo routing – i.e. association of containers to individual vessels and 
3. transhipment patterns 
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2.1.  What’s the Value of This Approach 
 
Solving the nonlinear constraint problem sounds simple – but it contains a lot! The admissibility- and 
non-negativity- constraints ensure that all cargo from the port of origin is delivered, that vessel 
capacity and performance is not exceeded (i.e. speed, deadweight, electrical power for reefers …), 
that actual terminal productivities and waiting times are accounted for and so forth.  
 
And within the limitations of vessels and contracts, the algorithm finds the cost-optimal solution – for 
the pre-defined route. This is the minimum cost scenario and planners may later need to compromise 
when terminal slots cannot be secured etc. Still – this is the levelling rule which establishes the base 
line! This approach has the same savings potential as technical solutions – which engineers seem to 
focus on. But the “Second IMO GHG study 2009” explicitly subdivides “fuel savers” into the two 
categories “design” and “operations”. Fuel savings predicted for fleet management, logistics & 
incentives: 5% to 50%. We believe that Transport Optimisation as described above can contribute 
significantly to this target. 
 
2.2.  Master Data Management 
 
Today, much of the functionality needed to plan liner services is managed with voluminous 
spreadsheet applications. But Excel® is not a tool to consistently manage complex data from different 
sources. What is needed is a way to pull performance information on individual vessels, on individual 
terminals from a database and to keep that database updated centrally. Then to plug this information 
into a planning tool as required – resilient against errors and easy to use. 
 
2.3.  Decision Support – That’s Not Plug & Play! 
 
What we described so far is called “Decision Support” – helping planners to get a better 
understanding of alternative production scenarios and select the most appropriate. It covers the share 
of planning aspects that can be expressed directly in monetary terms, i.e. fuel cost, voyage duration 
and terminal charges per unit moved. That is a lot already but still leaves many aspects of the full 
picture to experienced planners to decide. To name a few issues that are not covered: there is risk 
(expected loss) from a breach in schedule integrity, there are limits to what level of detail from 
terminal contracts can be incorporated in the model and there are accuracy issues with model 
parameters (reefer energy consumption, draft-dependence of hull resistance)  to be employed. And 
there are even more challenges, as discussed in the following. 
 
3. Why More Than Mathematics is Needed 
 
Mathematics, databases and engineering models are one part of a solution. But something is missing: 
responsibility and processes. Don’t worry: this will not come into this manuscript in detail as it 
involves ISO-management issues and organizational issues – but it picks up the “C” subject in ICT 
(Information and Communication Technology) which is Communication. 
  
The operational part of liner organizations is usually subdivided into departments 

• trade: network planning and alliances 
• commercial: marketing & sales 
• operations: fleet management, network operations, cost controlling, … 

with trade delivering the strategic decisions on network design. This is for most cases not an 
interactive process between trade, commercial and operations – but a top-down process. 
 

 
Fig. 5: decision cascade 
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However, the relevant input for a more holistic approach to transport optimization should come from 
all three parties. 
 

• Trade manages the processes of demand, customer services and returns. They develop a long-
term view which involves market forecasts, key accounts and market position. 

• Commercial is concerned with the marketing and sales of the transport services, i.e. their 
interest are in product quality and price.  

• Operations mean order fulfilment, i.e. providing the product, i.e. ships, transport and 
handling. And it strongly involves controlling cost and performance (FOC, terminal 
productivity …). 

 
So transport optimization must necessarily involve these three aspects in order to balance cost against 
product quality and product development. Example: Operations has both the competence and data to 
understand and assess the implications of network design – but this competence and data is seldom 
employed. And consequently, these efficiency potentials are not being exploited. Sometimes – as in 
alliance management – there is good reason for that as decisions are based on contract politics rather 
than cost. However, for most network designs, it is the complexity of the planning process – as we’ve 
described it above – that prevents organizations to tap into these resources. 
 
“What’s the bridge between mathematics and people?" 
 
A nonlinear program can manage part of this complexity. But it can only produce traceable, 
consistent evidence on delivery durations, cost and resilience of a scenario. It can provide KPIs for 
multiple scenarios. But it can and should do so in a way that invites the interested parties to share 
their views on production scenarios and to help them converge against a revenue-optimal product. 
And Nonlinear Programming is only a way to link large amounts of data – waterways, ships, 
terminals, cost, performance, constraints. So the computer software further needs to manage all these 
information, providing consistent and transparent master data management so that using the tool is 
simple and intuitive. This calls for a collaboration platform – which we have built with a Grails® web-
application based on a MySQL® database. Our target is to provide a framework that helps manage the 
complexity in operations planning. We have included screenshots and examples in the following 
section to demonstrate, how this has been implemented into a commercial product. 
 
4. eco-trips: Nothing is More Practical Than a Good Theory  
 
What we’ve described so far is the application of advanced analytical methods to help decision 
makers with production planning. There is good reason, why this approach is common practice for 
transports by road, rail or air – and not for waterborne transport. 
Which is: complexity. 
A truck on a motorway or a plane will always travel at the same respective speed. The cost per leg is 
pretty much constant, the approach of linear programming justified. Maritime transport needs to 
struggle more to produce tangible results. On the other hand, we have all the necessary ingredients at 
hand: simulation models for ship propulsion and hull resistance in abundance, efficient optimizations 
tools and a mass of field data from noon reports. And there is certainly significant savings potential, 
IMO (2009), Hausmann (2012), section “Network strategy”. 
 
With “eco-trips” we have put all the functional requirements as described above in one application. It 
uses a web-application on top of a database and standard C++ routines to solve the nonlinear 
constraint optimization problem, pre- and postprocessors are based on the Python programming 
language. 
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For input, the pre-processor relies on a huge database of 
 

• vessels and their specific performance characteristics; these are derived from generic ship 
models and design guidelines as e.g. MAN (2012); 

• ports and their latitude / longitude coordinates; 
• waypoints and tracks that form a large network of generic waterways including canals with 

dues and constraints imposed by locks. 
 
Thus, by pulling a ship from the database as in Fig. 6 a full set of performance parameters is imported 
into the job definition. By pulling a terminal from the list, its estimated productivity and service 
charges are given, its association with the port and so are its geographic coordinates. Cargo will be 
defined in port-pairs by categories 
 

• 20ft / 40ft units, 
• empty / laden and  
• reefer / general cargo 

 
with each set of cargo having an average payload-mass assigned. The planner is then requested to 
pick different scenarios, i.e. assignments of vessels to port sequences.  
 
 

 
Fig. 6: Selecting a vessel means pulling 
information on performance, capacities and 
ship particulars from a database. 

 
Fig. 7: Example of ship capacity parameters from 
database. 
 

 
An off-the-shelf desk-top computer is sufficient to solve a typical transport-optimization problem 
with 7 vessels and 12 ports. The solver scenario for a computer with a frequency of 2.4 GHz and 4GB 
RAM is: 
 
number of variables: 50.000 
time for pre-processing: 10.0 h 
time for solving: 2.0 h 
time for post-processing: 0.1 h 
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Typical jobs include an analysis of competing production scenarios, as sketched below. 
  

Ports scenario A scenario B 

 
BEANR▪ 
DEHAM▪ 
RULED▪ 

  
Fig. 8: two simple production scenarios for a Baltic feeder service to compare. 

 
For the planner, eco-trips tries to be much like your car’s traffic navigation system: you select “port 
of origin” and “port of destiny”, select between “fastest, cheapest, shortest” and the software 
computes the optimal roads according to your preferences. Only that liner transport has a lot more to 
it. 
 
So its intent is to provide decision support, to help create information and knowledge from data and 
provide these results in a way suitable for planners, navigators, controllers and decision makers alike. 
 
 

 
Fig. 9: Like traffic navigation systems for cars, eco-trips provides standard sailing 

relations with pre-defined-routes; here from Europe to Latin America. 
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Key application areas are 
 

• feasibility check against centrally managed voyage parameters, e.g. 
o physical voyage constraints for locks and waterways 
o statutory voyage constraints (from ECA, Biofouling Management, …) 
o admissible depth, free height and ship particulars in ports 

 
• cost optimization per scenario based on centrally managed 

o fuel cost scenarios (HFO, LNG, MGO, MDO)  
o terminal handling cost per terminal and cargo category 
o vessel time cost (charter / capex, insurance, crew, …) 

• multi-scenario assessment – for interdisciplinary evaluation by multiple users and across 
departments 

 
With a focus on supporting planners in complex decision-making problems, we emphasize on human-
technology interaction and an interdisciplinary approach between navigation, engineering and 
finance. 
 
Let me close with a personal remark: When I am teaching Finite Element Methods to students I stress 
the rare but very successful synergy between mathematics, engineering and information technology 
that makes designing cars, bridges or ships to functional requirements a routine task. 40 years ago, 
construction was governed by the limits of calculations. Transport Optimization for maritime 
applications can do similar things for operations and network planning. Today it feels like the 
maritime industry is designing their products mostly with Excel®. So there should be some treasures 
to be found for network planning.  
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Abstract 
 

The paper presents a highly efficient approach for development of parametric ship arrangements and 
their optimisation for given performance requirements and goals. The key feature of the approach is 
its ability to strictly optimise the internal arrangement in a few hours, making this approach 
indispensable for developing a winning tender. The application of the approach is demonstrated in an 
example. 

 
1. Introduction  
 
Naval architecture consists of a number of quite district subjects which are generally tough and dealt 
with in almost complete insolation from one another—structural strength, trim and stability, and 
resistance and propulsion being three such subjects, Watson (2002). Paraphrasing the rest of an 
introductory paragraph of Watson (2002), ship design requires the designer to maintain a holistic 
view, keeping the essentials of all these separate subjects of naval architecture and other factors in 
his/her mind so feasible concept and preliminary designs can be synthesised. If the designer can do 
this successfully from the start of a project, he/she will greatly reduce the time, effort and money 
required to produce a contract design. The semantics of the term successfully is a bit vague. But 
certainly real success would be achieved if the delivered ship design was not only feasible and timely, 
but also competitive, i.e. cost-effective (high ROI, NPV etc. indicators) and of significant safety and 
environmental efficiency margins.   
 
In practice, different optimisation strategies have been tried to aid designers to achieve this success. 
This includes the optimisation of the design process itself—by using modern software tools that offer 
greater automation, parallel computing and simply more powerful computers—and adoption of 
various ideas from the formal optimisation: one of the fundamental subjects of engineering. 
Nevertheless, the design success predominantly relays on experience. That is, the design process is 
still about good designers, as opposed to good designers and also good strategies. By the latter we are 
not referring to software tools, which are central in the modern design process, but to design 
optimisation strategies which are definitely under-utilised.    
 
Thus formally, to arrive at a successful design the designer has to be given the opportunity to explore 
as many design alternatives as possible before deciding on the final one, the one to be taken forward. 
In other words, the right design process has to enable the designer to do more in less time. By 
definition, a true optimal design can only be found if all design alternatives are made available for 
review; formally, such a design is also called the global optimum. In practice, a set of reviewed design 
alternatives is quite limited, in view of typically very large number of all possibilities, Puisa et al. 
(2012). Therefore, the final design is bound to be sub-optimal, or the local optimum, formally. 
Practical implications of this are the following. An invitation to tender (ITT), given specific design 
requirements by the ship owner, usually receives several competitive bids. As the design requirements 
are the same, competitiveness of an individual bid would be proportional the design’s proximity to the 
global optimum, Fig. 1. The validity of this statement is easy to see, because a typical optimisation 
process targets maximum cost reduction (e.g., structural weight, hull resistance, energy efficiency of 
systems) subject to stability and other constraints.      
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Fig. 1: Illustration of design alternatives (bids) optimised for given requirements 

 (Note, in practice the number of design parameters ≫ 2) 
 
The above background sheds light on the fundamental problem in design (not just in naval 
architecture!): how to increase the number of design alternatives to be checked in a limited time? This 
paper addresses this very problem. The proposed methodology, which is detailed in the following 
section, includes the following steps: 
 

1. Development of a parametric ship arrangement based on ship purpose, cargo capacity and 
other functional requirements. This stage takes a few days to complete (e.g., circa two days 
for an experienced designer) by the presented approach. Ship arrangement refers to internal 
arrangement (topology) and size of watertight and non-watertight spaces, tanks, etc.  

2. Generation of design alternatives and their evaluation. This stage requires specialised tools 
and computational power. If available, takes a week to complete some 2,000 alternatives of a 
medium size RoPax; smaller and/or simpler designs might take less time.     

3. Approximation of the design space. This stage is optional but worthwhile to consider. It might 
take circa two days to complete.   

4. Optimisation of the ship arrangement for cost, safety etc. subject to given constraints. 
Optimisation refers to the exploration of the design space by checking many distinct design 
alternatives and selecting the best one(s). This stage delivers results instantly or takes circa 
two hours to complete, depending on the strategy chosen. If Step 3 is considered, the 
optimisation process allows to check all design alternatives and find the global optimum, i.e. 
the best ship arrangement for given requirements. 

 
In summary, the whole process consists of two phases: preparation (Steps 1-3) and optimisation (Step 
4). The preparation might take on average two weeks, whereas the optimisation just a couple of hours 
or less. The preparatory process needs to be repeated for each separate arrangement which can be 
developed for tentative owner’s requirements.  Thus, if a design office has done its homework by 
completing the preparatory phase (Steps 1-3) for one or several arrangements, an optimised 
preliminary design can be produced within a few hours. The process should also be of interest to ship 
owners because the exploration of design alternatives is an essential strategy to developing 
commercially viable business models.  
 
The main focus on this paper is Step 1, i.e. the development of a parametric ship arrangement. The 
process and a newly developed tool for this purpose serve as a basis for this paper. The tool has been 
developed under the EU funded research project FAROS, www.faros-project.eu. The ultimate 
objective of the project is to understand, implement and demonstrate how the human error can be 
mitigated by design. The project focuses on concept/preliminary designs to be optimised for safety, 
commercial and environmental sustainability.   
 
 
 



 110

2. Proposed methodology 
 
The following subsections describe different aspects of the proposed methodology. The methodology 
itself has been implemented in software platform .spiral™ , Puisa and Mohamed (2011), Puisa et al. 
(2012). The platform is used for integration of design and design evaluation tools, design exploration, 
optimisation, data analysis and decision support. The platform has many unique features which set it 
apart from similar systems on the market.   
 

 
Fig. 2: Screenshot of software platform .spiral™ 

 
The software’s screenshot is shown in Fig. 2, whereas the implemented process is outlined in Fig. 3. 
As shown, functional requirements (e.g., shiptype, cargo type, cargo capacity) have to be provided to 
develop a feasible arrangement. Performance requirements specify criteria that can be used to judge 
the operation of a ship (e.g., required subdivision index, voyage range), rather than specific 
behaviours which are defined by functional requirements. Performance requirements are provided to 
the optimisation stage, as shown in Fig. 3.    
 
 
                                                                                                                              

 
 

Fig. 3: Implemented process in software platform .spiral™ 
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2.1 Development of parametric arrangement 
 
Design of a ship, as of any engineering artefact, is defined in terms of geometric and other parameters 
(aka dimensions or variables). The ultimate objective of a naval architect is to decide on the optimal 
values for design parameters so that the ship fulfils functional and performance requirements in the 
desired way or degree. The parametric description of a ship design is hence a prerequisite for 
achieving this goal.  
 
There are many software tools that allow describing the ship parametrically. One of those is NAPA, 
www.napa.fi. NAPA has gained its popularity due to its flexibility in defining the design and 
manipulating design information by means of NAPA macros, i.e. programming codes written in the 
native language NAPA BASIC. Another great advantage of NAPA compared to its counterparts, 
according to our experience, lies in its high speed of calculations, especially stability calculations. 
Because of these reasons, NAPA has been a primary tool for defining parametric arrangements to be 
then optimised or used in research studies. However, the cost of NAPA’s flexibility is a relatively 
long time—might take months—required for development of a parametric design. Although a part of 
NAPA macros can always be reused from the past designs, the best part of the code still has to be 
tailored—often by substantial modifications—to new functional requirements. Because of this bottle 
neck in the process, development of a generic parametric modeller was undertaken under research 
project FAROS. The parametric modeller (PM) acts as a pre-processor to NAPA and allows to 
quickly define any parametric internal arrangement in a short period of time; typically within a few 
days, depending on a design complexity. Fig. 4  describes the interface between the PM and NAPA, 
whereas Fig. 5 explains the internal architecture of the PM. 
 

 
Fig. 4: The role of the parametric modeller and its place in the overall design development process 

 
One can see from Fig. 4 that the PM takes into account the functional requirements and produces a set 
of NAPA macros, passed in the form of text files, which are read by NAPA, resulting in a complete 
NAPA project. Internally, the PM requires the input from the user in a particular order, which may 
resemble an onion-like hierarchical process. First, main particulars and the hull geometry has to be 
described, then a 3D grid of bulkheads (transverse and longitudinal) is defined within the main 
particulars, and only then tanks, casings and rooms are defined within the 3D grid. Certainly, all 
elements in this hierarchy are parametrically controlled.  
 

 
Fig. 5: The onion-like architecture of the parametric modeller 

Parametric modeller (PM) 

NAPA 

NAPA macros defining a 
parametric arrangement  

 

Functional require-
ments per internal 
arrangement: ship 
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dinal subdivision, 
number of decks, 
tanks, casings and 
rooms etc. 

 

3D grid of bulkheads and decks 
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Main particulars and hull Tanks 

Casings 

Rooms 
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Fig.6-11 show PM screenshots.  One can notice horizontal line segments just above the bulkheads (see 
Fig. 6, for example). The segments correspond to variation intervals, defined by the designer, for the 
bulkheads. The longer horizontal lines that connect bulkheads (e.g. Fig. 7) define the dependency 
between bulkheads: when one bulkhead moves, the dependent bulkheads follow. A similar approach 
is applied to other elements as shown in other screenshots below.       
 

 
Fig. 6: Location definition of the collision bulkhead  

 

 
Fig. 7: Location definition of Fire Zone bulkheads  

 

 
Fig. 8: Definition of intermediate bulkheads. The green bulkhead is set to be in the middle between 

the fire zone bulkheads, and it will move as they move 
 

 
Fig. 9: Definition of decks 
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Fig. 10: Definition of longitudinal bulkhead (cylinder option is shown) 

 

 
Fig. 11: Centre tank configuration – two tanks. Tanks, casings and rooms are linked to adjacent 

bulkheads and decks directly or by offsets 
 
2.2 Generation of design alternatives 
 
To explore this design space uniformly, i.e. without any bias, stratified sampling techniques have to 
be used. In particular, variations of Latin Hypercube sampling, Stein (1987), Romero et al. (2005),  
and Latin Centroidal Voronoi tessellation, Romero et al. (2005),  are recommended. An illustrative 
solution by sampling of the design problem in Fig. 1 is shown in Fig. 12.  

 

 
Fig. 12: Design space exploration by Latin hypercube sampling (50 samples are shown) 

 
Solving an optimisation problem by sampling can be an effective and time efficient strategy, which 
will likely result in an improved alternative—a local optimum—to the baseline design. This is a clear 
benefit of this strategy. However, the success of finding the global optimum this way is not 
guaranteed, unless the number of samples is large and the solved problem is simple. Fig. 13 shows 
that the probability of finding the global optimum by Latin Hypercube sampling depends on two 
variables (see Annex 1): (1) the range per design parameter, (2) the number of samples per problem 
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dimension.  According to the plots below and as a rule of thumb, 70 samples per problem dimension 
and parameter range unit should be considered for the success probability to be around 50%. Thus, for 
a 30 dimensional problem and 5 range units per parameter (e.g. integer parameters with 5 value 
options per each), 10,500 samples would be required to hit the global optimum with 50% probability.       
    

 
a) Range per design parameter = 50 units 

 
b) Range per design parameter = 500 units 

 
Fig. 13: Probability of finding global optimum by LHS sampling as a function of the number of  
             samples (partitions), K, per problem dimension, n. The blue curve is LOWESS (locally  
             weighted scatterplot smoothing)  
 
To fulfil such requirements, quite large computational resources would be required. Therefore, instead 
of trying to hit the global optimum by sampling, the sample points should be used for design space 
approximation, as discussed in the following section.      
 
2.3 Approximation of design space 
 
Sampling of the design space to find a better design alternative is simple and sometimes quite 
effective strategy. However, one must be extremely lucky to arrive at the best solution to a problem at 
hand, as was shown in the previous section. And as the set of sample points is basically a discrete 
representation of a small part of the design space, there could be no solution, amongst all samples, 
that satisfies all imposed constraints. Therefore, a more flexible and generic approach is necessary. 
Such approach is the surrogate modelling, Simpson et al. (2001), Queipo et al. (2005). 

 

 
Fig. 14: Example approximation by surrogate model (least squares fitting of 3rd degree polynomial) 

 
Surrogate models are mathematical models that approximate some real phenomena of which values 
are optimised, Fig. 14. The subject is so old and classic that every engineer is well familiar with such 
terms as approximation, interpolation, curve fitting etc. However, dealing with real and, especially, 
multidimensional data is challenging and requires deep knowledge, experience and good software. 
The main reason behind replacing direct calculations (e.g., time-consuming CFD runs) by surrogate 
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models is that it takes considerably less time to perform calculations, as demonstrated in Fig. 15. 
Hence, no surrogate model should be considered when direct calculations are quick.     
 

 
Fig. 15: Number of design evaluations with respect to multiple disciplines (stability, cost etc.) by 

direct and surrogate models (time estimates correspond to the design process described in Section 3) 
 
Perhaps the most challenging task is to select the right approximation method, or model, for given 
data. This becomes particularly difficult, when there is no time or possibility to analyse the data 
before deciding on the method, or the whole process has to be automatic. This is where the science 
begins, Koziel and Leifsson, Forrester and Kane (2009). Thus referring to the example in Fig. 14, if 
we are to find the minimum value in [2, 10], the minimum value in the surrogate model will almost be 
the same as the real minimum value, albeit the approximation is not perfect at all. So, how sufficient 
is imperfect? An important caveat to using surrogate models, especially when several models are 
optimised at the same time, is that the final result should not generally be accepted as it is, unless the 
approximation accuracy is absolute. It is strongly recommended to check against corresponding 
results from direct calculations.          
 
2.4 Optimisation 
 
As indicated earlier, the design optimisation refers to the exploration of the design space by checking 
many distinct design alternatives and selected the best one(s). Optimisation by sampling delivers 
results instantly, because the process involves two quick steps: ranking sample designs and selecting 
the ones with highest ranks, which typically lie on the Pareto efficiency frontier. This optimisation 
approach is deficient and does not guarantee the best possible solution, i.e. the global optimum. An 
alternative approach is possible when the design space is approximated by surrogate models. In this 
case, optimisation results are delivered in a few hours. Typically, it takes two hours for a medium size 
RoPax ship of which tank capacities, watertight integrity, weight, and power requirements are 
optimised. The optimisation results in the global optimum, with high confidence.    
 
When using surrogate models, the choice of a right optimisation algorithm because a problem of 
secondary importance. Therefore, the preference is given for global optimisation methods that are able 
to find global solutions for very complex multi-objective problems. Perhaps the most popular method 
is the multi-objective genetic algorithm NSGAII, Deb et al. (2002). The NSGAII utilises the concept 
of Pareto dominance to find best trade-offs amongst multiple optimisation objectives and may be 
combined various techniques to efficiently handle design constraints, Puisa and Streckwall (2011). 
The NSGAII is the primary optimisation algorithm used in .spiral™. 
 
3. Example 
 
3.1 Parametric arrangement 
 
In this work we deal with a RoPax vessel, Table I. Figs. 10 and 11 outline the parametric arrangement 
of the ship and some key design variables used to parameterise its configuration and spaces.  
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Table I: Main particulars of the RoPax ship 
Length overall 132 m Design draught 5.2 m 
Length b.p. 120 m Subdivision draught 5.6 m 
Breadth moulded 22 m Height (to bulkhead deck) 7.2 m 

 

 
Fig. 16: Layout of the parameterised RoPax ship with two car-decks configuration. Note, other  
             elements of general arrangement are masked for being commercially sensitive 
 

 
Fig. 17: Layout of the parameterised RoPax ship with one car-deck configuration 

 
The complete list of design variables that define the parametric model is presented in Table II. The 
shaded variables (starting from #19) are referred to as control variables. They were kept fixed for the 
work presented in this paper.  
 
So, what was exactly parameterised in this RoPax model? There are design variables (e.g., the number 
of car-decks, presence/absence of the suspended deck for cars, the number of wt. zones/bulkheads 
etc.) that control the configuration of the ship, affecting its cargo capacity, stability and life-cycle 
economics.  Other variables (e.g., bream, location of bulkheads, deck heights) control the volumes of 
various spaces, also affecting the cargo capacity, stability and life-cycle economics of the vessel. 
Note, the second car-deck can be loaded with cars only, while the main car-deck can carry lorries only 
(when there is no suspended car-deck), cars only (then the suspended car-deck can be also used), or a 
mixture of the two, as shown in Fig. 17. 
 
The parametric ship model can accommodate different combinations of the used design variables, 
each varying within the given range (e.g., the number of passengers varies between 400 and 1,400). 
Assuming that the all design variables are discrete, i.e. they vary by a constant step value (e.g., the 
number of passengers varies by 100), the total number of combinations and hence design variations 
goes beyond 139 billion! And by discarding design variations infeasible from stability or economic 
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points of view and combining very similar (e.g., differ in one design variable only) design variations, 
hundreds of feasible and distinct design alternatives would still remain. A rhetorical question is: 
would design by experience only allow to find and review all such design alternatives? Meanwhile, 
the surrogate-based optimisation does actually this.     
 

Table II: Summary of design variables used to parameterise the RoPax ship 

# Design variable Units Example 
value 

1 Height of bulkhead deck above tanktop Meters 6.3 

2 Height of bulkhead deckhead above bulkhead deck Meters 5.5 

3 Location of collision bulkhead Frame 145 

4 Number of zones in fwd fire zone Zones 6 

5 Number of zones where tank top is stepped Zones 1 

6 Transverse ofset of tank boundary Meters 3.3 

7 Transverse offset of heeling tank boundary Meters 8 

8 Location of main engine room aft bulkhead Frame 45 

9 Location of aft most bulkhead Frame 9 

10 Tank side? 0(sloped) or 1(vertical-ttopz defines edge) or 2(vertical-each deck defines edge) N/A 1 

11 Escapes? 0(opens onto cardeck) or 1(wt up to top of cardeck) N/A 0 

12 Number of cardecks N/A 2 

13 2nd car deck height Meters 3 

14 Superstructure deck heights Meters 3 

15 Location of bulkhead dividing passenger and crew cabins Frame 109 

16 Length of air-conditioning spaces Frame 24 

17 Suspended car deck? 0(no) or 1(yes) N/A 0 

18 Beam Meters 22 

19 Tank top margin plate offset Meters 0.6 

20 Car weight Tonnes 1.6 

21 Car VCG Meters 0.7 

22 Truck weight Tonnes 40 

23 Truck VCG Meters 1.9 

24 Tank limit offset Meters 2 

25 Steel weight as % of lightship N/A 0.55 

26 Lightship LCG shift Meters -1 

27 Lightship VCG shift Meters 0.5 

28 Crew N/A 50 

29 Passengers N/A 800 

30 Speed Knots 21 

31 GM margin Meters 0.15 

 
3.2 Performance assessment and optimisation objectives 
 
We used multiple linear regression models, as surrogate models, for approximation of stability and 
other performance calculations. The approximation accuracy was measured by the cross validated 
coefficient of determination, R2, of which values were above 90%. 
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Fig. 18: A snapshot illustrating integration of all necessary surrogate and non-surrogate (in this case  
             only one—the economic performance model) models into a design evaluation process. The  
             tools will be run in the order indicated by the arrows; apparently, the probabilistic index “A”  
            and stability constraint models are run independently 

 
Table III: Performance parameters calculated for each variation of the parameterised RoPax ship 

 
  
The economic performance, Fig. 19, of the ship was assessed in terms of  

• Capital cost (based on past designs), 
• Annual running cost, 
• Annual earnings, 
• Net present value (NPV), it stands for discounted net revenues over the expected lifetime. 

NPV combines all the above financial figures and was used to differentiate between design al-
ternatives.   

 

Estimated performance parameter Example value Units Comments Estimated performance parameter Example value Units Comments

STEELWEIGHT 3428 tonnes

LIGHTSHIP 6232 tonnes NUMBER OF VEHICLEDECKS 2 (no suspended car-deck)

TONNAGE 14577 GT DECK03 VEHICLEDECK 1970 m2

DECK05 VEHICLEDECK 1298 m2

TOTAL AREA 3268 m2

BALLAST 706 m3 (Gross)

HEELING BALLAST 225 m3 (Gross) CARS ONLY (OPTION 1)

FRESH WATER 160 m3 (Gross) CARS 1168 lane meters  (D03 & D05)

GREY WATER 28 m3 (Gross) (4.6 m x 1.8 m) 240 units

FUEL 1088 m3 (Gross)

CARS & LORRIES (OPTION 2)

LORRIES 497 lane meters  (D03)

PROP POWER 9422 kW (Estimated) (16 m x 2.5 m)   30 units

PROP POWER 10835 kW (+15%) CARS 442 lane meters (D05)

MCR 85% (4.6 m x 1.8 m) 91 units

PROP POWER 12747 kW (Required)

TOTAL INSTALLED PROP 16000 kW (Installed)

PASSENGERS 800 persons

PASSENGER CABINS 21 cabins (2.3 m x 4.75 m)

PASSENGER CABINS 370 m2

AC 208 kW (compr+AHU) LOUNGE 995 m2 (D06)

PROP AUX 182 kW RESTARAUNT 843 m2 (D06)

HOLD VENT 292 kW LOUNGE 710 m2 (D07)

OTHER CONSUMERS 493 kW PANTRY 132 m2 (D07)

TOTAL CONSUMPTION 1176 kW TOTAL AREA 3051 m2

REQUIRED AUX 1764 kW

INSTALLED 800 kW (3x4L20)

TOTAL INSTALLED AUX 2400 kW CREW 50 persons

UTILISATION 73 % ACCOMODATION 642 m2

GALLEY 79 m2

MESS 150 m2

TOTAL AREA 871 m2

PASSENGER CAPACITY & PUBLIC SPACES

VEHICLE CAPACITY

CREW

TANKS

SPEED POWER & RANGE

AUXILIARY POWER
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Fig. 19: A snapshot of the economic performance model 

 
In summary, the design objectives were: 
 

• max NPV 
• min Energy Efficiency Operational Indicator (EEOI) (ref. MEPC.1/Circ.684) 
• max Probabilistic subdivision index “A” 
• min Tank capacities 

 
subject to the following constraints: 
 

• Intact stability: Regulation A.749+weather criterion 
• Damage stability:  Regulations 6.1, 6.2, 7, 8.1, 8.2, 8.3 
• Target cargo capacity  
• Tank capacities ≥ min capacities 
• NPV > 0 

 
The EEOI is calculated for each design variation given the gross tonnage, fuel consumption per trip, 
the annual number of trips and the distance covered. For the latter figures define the operational 
profile, the design was therefore optimised for specific operational conditions.  
 
3.3 Results 
 
Thus, Fig. 20 shows a set of non-dominated (Pareto efficient) design solutions that represent a 
solution to the actual design scenario. Apparently, the designs with negative NPV are regarded as 
infeasible. The size of the bubble is proportional to the EEOI, hence the smaller it is, the more eco-
friendly design variation is. The conflict between the index “A” and EEOI is clearly seen:  higher 
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index “A” designs have also high EEOI.  Table IV compares design variables for the most eco-
friendly and the most polluting design alternatives found through the formal search of the design 
space.       

 

 
Fig. 20: A set of non-dominated design solutions 

 
Table IV: Optimised design variables for two design alternatives 

Parameter Most eco-friendly Most polluting 
Bulkhead deck height 6.04 6.25 
Bulkhead deckhead height 5.66 5.64 
Collision bulkhead frame 145 146 
Zones in fwd fire zone 4 6 
Zones where tank top steps 2 2 
Tank transverse boundary 3.20 3.12 
Heeling tank transverse boundary 8.74 8.58 
MMR bulkhead frame 45 46 
Aft bulkhead frame 10 10 
Escapes Watertight up to top of cardeck opens onto cardeck 
Number of cardecks 1 1 
2nd cardeck height 3.86 3.66 
Superstructure deck heights 2.76 2.93 
Passenger/crew bulkhead frame 104 101 
GM margin 0.15 0.15 
Speed 21 21 
Suspended car deck 0 1 
Aircon length 11 13 
Tank side limits 2 1 
Beam 22 23 
NPV € 3,427,223 € 4,091,626 
Subdivision Index-A 0.931 0.953 
EEOI 4.72E-06 4.79E-06 

 
4. Conclusions 
 
The paper has presented a systematic process that can handle the complexity of any real project 
however intricate it may seem. The presented application example is a small RoPax ship, optimised 
for commercial viability and safety and environmental performance, is a simple example selected to 
demonstrate how the approach works and what results it delivers in our case. We have spent around 
two weeks for preparation (parameterisation, sampling, computing and approximation) of the 
exemplified parametric arrangement, while the optimisation to given performance requirements, 
which may change for different routes and other conditions, took only a couple of hours to complete.  
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It is important to emphasise that the surrogate-based optimisation is a well-established approach in 
automotive, aviation, and other industries, because the idea itself is natural and, actually, the only 
reasonable solution to optimisation of complex systems with many design parameters and time 
consuming calculations. Therefore, if the true optimisation gets ever considered by a designer, the 
surrogate-based optimisation has to be the first choice.  
 
However, the presented optimisation process is quite a challenge to implement from scratch. It 
requires specialised knowledge and software tools integrated into a systematic and automated process. 
Therefore, a much more cost effective solution is to team up with a relevant consultancy that 
possesses that knowledge and tools; there are already a number of players on the market.  
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Annex 1  
 
This annex provides a definition for the probability of finding the global optimum by Latin hypercube 
sampling (LHS). This probability is plotted in Fig. 13. The LHS generates an n-dimensional grid with 
equal hyper-volume per cell. The cell’s hyper-volume is calculated as 
 

� =
∏ ��
�
��	


�
 

 
where  �� = (�̅� − ��)/��� is the range of dimension i, �̅� and �� are the max and min values of 
dimension i,  ��� ≤ 1 is the step size between numbers, which for integer number is 1, and K is the 
number of samples (replicates).  
 
Then the probability of finding a specific point amongst the samples should obey the logic: � → 1 as 
� → ����, provided the point of interest is in the cell and each cell has the same probability density. 
Variable ���� stands for the minimum hyper-volume to contain a unique point within, ���� =
∏ ���
�
��	 . 

 
Therefore, the probability of having a global optimum amongst LHS sample points corresponds to the 
event of the point to be in the sampled cell and the point in the cell to be selected: 
 

� =




�
����

�
= 


∏ ���
��

��	

∏ (�̅� − ��)
�
��	

 

 
Thus, the probability increases with the number of samples and the step size, and decreases with the 
size of the design space.    
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Abstract 

 
This paper presents work on the development of a real-time autonomous navigation system for 
Unmanned Surface Vehicles (USVs). The navigation system being developed is using an embedded 
hosting platform consisting of navigational data fusion processes together with algorithms used for 
path planning and collision avoidance when the USV is operating alone or in cooperation. An 
improved A* path planning algorithm based on rasterized map is developed for single USV 
operation; whereas the fast marching square algorithm is implemented for multiple USVs. Both 
algorithms have been tested using a practical simulation environment. The resulting trajectories are 
guaranteed to be the shortest collision-free path. 

 
1. Introduction 
 
In recent years, due to the benefit of reducing human casualties as well as increasing mission 
efficiencies, there has been an increasing deployment of USVs in both military and civilian 
applications. Currently available USV platforms have low payload capacities and short endurance 
times.  The trend in USV operation is towards deployment of USV fleets for cooperative operations. 
The benefits of USV formation operation include wide mission area, improved system robustness and 
increased fault-tolerant resilience. 
 
Efficient and intelligent path planning algorithms are at the core of the autonomous system to ensure 
the safety for both single USV and multi-USV formations. Currently, the two approaches evolving for 
path planning are stochastic and deterministic. For the stochastic approach, Smierzchalski (1999) and 
Tam and Bucknall (2010) used a genetic algorithm to search for an optimized collision free path for 
the USV. Tsou et al. (2010) implemented the ‘ant colony’ algorithm to design a decision-making 
system, which can assist vessels to navigate. For the deterministic algorithm, Naeem et al. (2013) 
designed a COLREGs (International Regulations for Preventing Collisions at Sea) compliant path 
planner using an A* algorithm. Xue et al. (2013) improved the Artificial Potential Field method to 
provide a search safe collision free path in congested environments. Tam and Bucknall (2013) 
proposed a cooperative path planning algorithm based on navigator manoeuvre experiences as well as 
collision avoidance regulations.  
 
Deterministic algorithms appear to become the dominant solution for maritime navigation because of 
its better algorithmic consistency and completeness. The same resulting navigation path can be 
assured when running the deterministic algorithm as long as the planning environment does not 
change.  However, it is important to improve the confidence level of the navigation path achieved 
before its wide adoption. Despite the advantages of deterministic algorithm, it also suffers some 
shortcomings. One of them is the lack of practicability of the path generated. The trajectory usually 
contains a number of turns, which are not practical in real-time maritime navigation where the path 
with least turns is nearly always preferred. Also, a path planned by a deterministic algorithm is 
unlikely to be smooth, especially when using A* algorithm, which makes it hard to be tracked by the 
vessel’s autopilot.  
 
To overcome these issues, a deterministic algorithm with improved practicability property is proposed 
in this work. For the single USV, the A* algorithm is chosen because of its efficiency. The 4-geometry 
cell connection style is used to improve the performance of the traditional A* algorithm. To make it 
more adaptable for USV navigation, two novel path smoothers are developed. The first smoother is 
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able to reduce unwanted ‘jags’ produced by the conventional A* algorithm and the second one uses 

cubic spline interpolation methodology to make the path continuous. For the USV formation path 

planning, the fast marching square (FMS) algorithm is applied. Also, to better address the dynamic 

environment where moving vessels are involved, the constrained FMS algorithm is proposed to 

model the characteristics of moving obstacles.  
 
The navigational devices used by current USVs are mostly cameras, Zhang et al. (2009), Terzakis et 

al. (2013) and Tall et al. (2010), and Global Positioning System (GPS), Romano et al. (2012), Sutton 

et al. (2011). All of these sensors can only provide navigational information of own ship (OS) as well 

as waypoints but are not able to generate reliable information for target ships (TS). TS are normally 

located by using marine radar or Automatic Identification System (AIS). Hence, in this paper a data 

acquisition and fusion system based on Kalman filter technique is developed to merge data from 

sensors such as GPS, Inertial Measurement Unit (IMU) and AIS to provide real-time information with 

increased accuracy. 
 
2. Navigation system structure 
 
Presently, the navigation of a USV is achieved either through remote control approach or by onboard 

PC based navigator. The remote control approach generates navigation information on land and then 

transmits heading and speed to the USV via wireless communication. Such a strategy makes USVs 

highly reliant on robust communication channels which are thus prone to malfunction if the channels 

suffer severe data delay or there is loss of data. In contrast, the onboard PC approach can generate 

guidance information in real-time, which enormously increases the robustness of USV. However, 

most PCs are powered by a battery, which usually have low endurance times when the PC is engaged 

in high computing processing work. Thus, it is more reliable to equip USVs with high performance 

embedded systems, which can capably deal with complex tasks but with low energy consumption.  
 
The proposed embedded USV navigation system is shown in Fig. 1, which consists of three sub-
systems in terms of the modularity: 1) embedded decision-making system, 2) single USV path 

planning system and 3) USV formation path planning system 

 
Fig.1: USV system diagram 

 
The embedded decision-making system module is designed to fuse data that is acquired from on 

board sensors, such as GPS, AIS, IMU and Radar. It has three processes: data acquisition, data fusion 

and mapping. Global and local data from sensors is collected first, and then the Kalman Filter is 

applied for data fusion. The electronic environment map is generated according to the fused data. It 

contains navigational information such as position, speed and course of the OS and TS overlaid on a 

maritime chart. The synthetic electronic map is the benchmark map for the path planning system. 
 
The path planning module is an embedded system that has two sub-modules, i.e. single USV path 

planning and USV formation path planning. The system will select the algorithm based on the task 

requirement. The path planning algorithm generates waypoints and accordingly headings, which are 

subsequently tracked by the USV’s autopilot system. The autopilot system can be refereed to several 

works, such as Sharma (2012). 
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3. Methods 
 

3.1. Data acquisition and fusion 
 
3.1.1. Extended Kalman Filter 
 
Kalman filter is a popular technique applied to navigation algorithms as an optimal estimator for 

linear systems. However, most practical system processes are non-linear and therefore need to be 

linearised before they are estimated and this may be done by using of an extended Kalman filter 

(EKF). Its simplicity and robustness for practical implementation make the EKF suitable for this 

work. The theory behind it is briefly described below. 
Assume the system state model is a non-linear differential equation:  
 
 	x�k� � 	f�x�k-1�, u�k�,w�k-1��  (3.1) 
 
with a measurement: 
 
 ���� � ������, �����  (3.2) 
 
where ���, �� is the system dynamic model and ���, ��  is the measurement model. ���� is the 

process noise and ���� is the measurement noise. They are both assumed to be independent white 

noise with normal probability distribution with zero mean and variances (Q, R): ����~�	�0, �� and ����~�	�0, ��.  
 

 
Fig.2: Extended Kalman Filter (EKF) Process 

 
The EKF involves two updates: measurement update and time update, Fig.2. With the initial estimates 

for state vector � and its error covariance �, the first predicted state of system can be calculated by the 

system state model, where ���� is the system covariance matrix. The system will then estimate the 

optimal state by applying the measurement. This is the measurement update. After the estimation, the 

system will update its covariance matrix and enter the next state to make a new prediction, which is 

called the time update. This prediction-estimation process iterates the system and reduces the system 

error covariance to obtain the optimal state. 
 
3.1.2 Kalman Filter Implementation 
 
• State vector 

USV’s position, speed and course required by path planning algorithm are defined in the state 

vector as follows: 
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 x � [p	v	θ	b"		b#]% (3.3) 
 

where p is the two axis coordinates of the USV position, v is the velocity and & is the course of 
USV, '(  and ')  are the unpredictable biases of accelerometer and gyroscope integrated in the 
IMU. 

 
• System Dynamic Model 

In this work, the acceleration and angular velocity measured by the IMU is used to predict the next 
state. Due to instrument and environment limitation, the accelerometer and gyroscope suffer from 
various errors and the bias drift and scale factor errors are affected most. Therefore the following 
models are used to define the acceleration and angular velocity measured by the IMU.  

 
 The acceleration model: *+ � *, + '( +�(  (3.4) 
 The angular velocity model: .+ � ., + ') +�) (3.5) 

 
where *,  and .,  are the inputs of the sensors (actual motion of the USV), *+  and .+  are the 
outputs (motion measured by sensors), '(  and ')  are the biases of the accelerometer and 
gyroscope, �(  and �)  are the scale factor noise, which are assumed to be white with normal 
probability distribution ����~�	�0, ��, Nebot et al. (1999).  

 
Then after applying Newton’s Law, we can define the system dynamic model of USV navigation 
as follows:  

 

 

/
001
�2�2&2'(2')2 3
445 �

/
01

�678*+ − '( −�(678.+ − ') −�):(:) 3
45 (3.6) 

 
where 678 is the direction cosine matrix (DCM) from the body frame to navigation frame. It is 
expressed in terms of Euler angle yaw (y) as follows: 

 

 678 �	 ;<=>? −>@A?>@A? <=>? B.  (3.7) 

 
• System measurement model 

In the meantime, the GPS receiver provides position measurement of the system while 
magnetometer provides heading measurement of the system.  

 
 ���� � 	���� + &��� + 'C + DC + �)EF (3.8) 
 

where 'C	is the bias of magnetometer, �C  and �)EF  are magnetometer and GPS measurement 
noises, which are assumed to be white noise and has normal probability distribution ���)EF~�	�0, ���. 

 

3.2. Single USV path planning  
 
3.2.1. Assumptions 
 
To simplify the algorithms implementation and make them more intuitive, some adoptable 
assumptions are predefined: 
- USV is demonstrated as a mass point. 
- The velocity at start and end point of the path are assumed to be zero. 
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- The algorithms use 4-geometry cell connection to represents 8 movement orientations of the USV 

on grid map. 
- Euclidean distance calculation is applied because it is physically represents the smallest possible 

distance. Thus, the generated route can be assured as optimal and admissible. 
 
3.2.2. 4-geometry A* algorithms 
 
The A* algorithm is applied over a grid map to heuristically search for the shortest path with 

minimum distance cost. In the grid map, 2-geometry cell connection is mostly used to represent path 

turnings. In Fig. 3(a) turning degree of 2-geometry (4 neighbours) is	90∘. However, it is impractical to 

retain the same turning angle (90∘) in heading change manoeuvre. Hence, in this work, a 4-geometry 

connection is used to improve path property. As shown in Fig. 3(b), besides 90 degree turning, 45 

degree turning is added as a new option.  
 
  

(a) 2-geometry (b) 4-geometry 
Fig.3: Grid cell connection styles 

 
3.2.3. Path smoothing and interpolation 
 
Route generated by the A* algorithm consists of a number of short line segments, which connect 

waypoints. There are two principle shortcomings associated with the route. First, since the main focus 

of A* algorithm is to minimise distance cost of the path, the jags generated are not usually optimised. 

Second, the path obtained is not continuous, which makes it hard to be tracked by the USV’s autopilot 

in real applications. Therefore, to overcome these disadvantages, an advanced path smoothing 

algorithm has been developed. 
 
Within the path smoothing algorithm, two path smoothers are developed. One is called path smooth 

method and another is the interpolation method. Fig. 4 shows the flowchart of the whole path 

smoothing algorithm and each smoother will be explained in later sections. 
 
• Path smooth method 

The path smooth method is developed based on line-of-sight theory. It is applied to reduce the 

number of turning points after A* route searching procedure. The precondition to use the path 

smooth method is that there must be at least four path points in the path list. The method starts by 

checking the number of path points generated from A* algorithm. Then it iterates from the first 

path point to the last. For each iteration, the path smooth method checks each node in a group of 

three: 1) Current checking node, denoted as node A; 2) its next via point in the path, denoted as 

node B; and 3) next via point of node B, denoted as node C.  
 

Fig. 5 illustrates how the method works. In Fig. 5(a), the nodes A, B and C are on the same line, 

therefore the path will be kept the same. However, if the original path is A-B-C-D and node C is 

directly visible to node A as shown in Fig. 5(b), then the node B will be removed from the path. 

The new path becomes A-C-D as shown in Fig. 5(c). The number of path points in the path list is 

reduced after each loop. The path smooth method keeps running until the number of turnings 

cannot be reduced and the obtained path is optimised in terms of least turnings. However, the path 

is still connected with rigid lines. The second path smoother interpolation method is required to 

make it continuous. 
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Fig.4: Path smoothing algorithm flow chart 
 

 

 
 

(a) (b) (c) 
Fig.5: Path smoothing and interpolation 

 
• Interpolation method 

With the purposes to further improve the continuity of the path and achieve the final optimal 

output, a cubic spline interpolation is used. Among a number of interpolation methods, cubic 

spline is employed in this research due to its feature of least deviation from the original path. It is a 

process of approximation to depict parametric curve from the discontinuous path, Fig. 5(c).  
 

The main idea of the cubic spline is to solve the polynomials of Eq.(3.9), George (1988), 

according to the control points. The control points are defined as the waypoints in the path list 
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obtained after path smooth method. 
 
 ?I � �I��� 	� 	JK�L − LI�K + JM�L − LI�M + JN�L − LI� + JO , (3.9) 
 

where � is the index of the control points. By given the x and y values of each control point, the 

polynomials can be calculated using the following constraints:  
1) Cubic polynomials match the values of the equation at both ends of the interval (between two 

control points) [LI , LIPN].  
2) The first (velocity) and second (acceleration) derivatives of the interval are also continuous. 
3) The second derivatives at start and end points of the path are zero as has been assumed. 

 
The final optimised path can be achieved by inserting numbers of interpolants of X values 

between the start and end points in the path. The respected spline values can be calculated by 

solving the cubic polynomial equation.  
 
3.3. USV formation path planning 
 
3.3.1. Fast marching algorithm 
 
Fast marching (FM) method is first proposed by J. Sethian in 1996 to track the evolution process of 

advancing interface. It numerically solves the viscosity solution of eikonal equation:  
 
 QR�S�T��QU�T� � 1  (3.10) 
 
where x represents the point in metric space, i.e. x = (x, y) in 2D space and x = (x, y, z) in 3D space. S�T� is time matrix representing the arriving time of interface front at point x, and U�T� is speed 

matrix and describes local propagating speed at point x.  
 
When applying FM method to the path planning problem, a more intuitive way to interpret it is from 

potential field perspective. This is based on path planning on a grid map, Fig.6(a), where two round 

obstacles are located near the centre of map, and the start and end points are at southwest and 

northeast corners respectively. The map is represented by binary grid map, where each grid in 

collision free space (6VWXX) has value 1 and girds in obstacle areas (6+7F) have value 0.  
 

  
(a)  (b)  
Fig.6: (a) Grid map example (b) Potential field generated by FM 

 

Running FM algorithm by taking grid value as speed matrix U�T� creates a potential field, Fig.6(b). 

The Potential value at each point represents local arriving time of the interface, which subsequently 
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indicates local distance to the start point if a constant speed matrix is used. The Interface begins 
propagating from the start point, the potential of start point is therefore the lowest and is equal to 
zero. Potential values at other points increase as the interface advances and reaches highest value at 
the end point. Because the interface is not allowed to transmit inside an obstacle area, obstacles’ 
potentials are infinite. Based on the potential field obtained, the gradient descent method is then 
applied to find the shortest collision free path by following the gradient of the potential field. It is 
notable that shortest path is defined in geodesic terms, which means that path has shortest Euclidean 
distance if the environment has constant U�T� and is a weighted Riemannian manifold with varying U�T�  
 
3.3.2. Fast marching square (FMS) algorithm 
 
One of the disadvantages by using FM algorithm for path planning is that the generated path could be 
too close to obstacles if the environment has uniform speed matrix	U�T� . Such a drawback is 
especially unpractical for USVs, because near distance areas around obstacles (usually islands and 
coastlines) are usually shallow water, which is not suitable for marine vehicles to navigate. Hence, it 
is important to keep the planned path a certain distance away from obstacles. In this research FMS 
algorithm is used to achieve this.  
 
As an improved version of FM method, FMS algorithm is proposed in Gomez et al. (2013) to increase 
the practicability of path. Basic concept behind FMS is to apply conventional FM algorithm twice but 
with different purposes: 

1) Step 1:  FM is applied on original binary environment (M_o) to create safety map (M_s). 
Constant speed in 6VWXX  is used here. However, instead of calculating a single interface’s 
propagation by using a USV’s mission start point; in this process, multiple interfaces are 

emitted from all points that represent obstacles (points with value 0 in binary map) and con-
tinue to advance until it reaches the map boundary. Generated map (M_s) is shown in Fig. 7 
(b), where each point is assigned with a value, ranging from 0 to 1, representing the shortest 
local arriving time. Since constant propagating speed is used, the local shortest arriving time 
further determines the shortest distance to obstacles. The further the distance to obstacles is, 
the higher the value will be. Such values can be viewed as indices to indicate the safety of lo-
cal points. Low values represent current locations may be too close to obstacles and conse-
quently may not be safe to proceed; hence USVs should be encouraged to keep travelling in 
the areas with high index value.  
 

  

(a) Binary map (b) Safety map 
Fig.7: Comparison between binary map and potential index map 
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2) Step 2: FM is now used again over the safety map (M_s) to generate the potential field. 
USV’s mission start point is the algorithm’s start point. Since M_s is used as speed matrix in 
this step with inconstant speed over the space, the interface now tends to remain in places 
with high propagating speed. The generated potential field should follow the trace of the in-
terface, which is shown in Fig. 8. Note that field’s shape is obviously different to Fig. 7(b), 
which is generated by using constant propagating speed matrix. Potential near obstacles is 
always higher than other places’, which is acting as a protecting layer to prevent the path to 
pass too close to obstacles. This can be proved by result paths shown as red lines in Fig. 8(a) 
and Fig. 8(b). 

 
  

(a) FM (b) FMS 
Fig.8: Path generated by FM and FMS 

 
3.3.3. Target ship modelling by using constrained FMS 
 
To prevent collision by moving obstacles, most studies in path planning research adopted the concept 
of ‘safety area’ to model the area for which all other vehicles are prohibited. The shape of such an 
area is usually circular and the centre of the area is located on the obstacle’s instantaneous position. 
However, in USV path planning, circular shape safety areas are not always practical, especially when 
a ship is travelling at high speed, which holds more risks at fore areas than aft and sides. It is more 
ideal to assign the shape of safety area of ship according to its velocity and in this work, is done by 
using constrained FMS algorithm.  
 
Similar to FMS algorithm, constrained FMS method also consists of two steps of applying FM 
algorithm, but each time it is done in a constrained area. The area is constructed according to the 
relative velocity of OS and TS such that the area enlarges its domain when velocity increases, Tam 
and Bucknall (2010). When velocity is low, a circular shape is generated, meaning that collision risk 
is equally distributed around TS. In contrast, high velocity creates a half-elliptical area, where longer 
area exists at fore section. Fig.9 shows the safety area under the relative speed of 12, 24, 42 and 54 
knots respectively.  
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Fig.9: Ship domain generated by constrained FMS 

 
3.3.4. Formation shape maintenance 
 
To maintain the formation shape, leader-follower formation control strategy by a centralised control 

connection is used in this paper. One of the vehicles is designed as leader USV whereas others are 

followers. All vehicles are equipped with a path planner, which is able to search trajectory based on 

FMS algorithm. As the guider of formation, the leader USV not only searches its own collision free 

trajectory, but also allocates followers’ waypoints. Waypoints are calculated based on leader’s current 

location as well as desired formation shape and transmitted down to each follower via wireless 

communication.   
 
4. Simulation Result 
 
Simulations have been run to validate the proposed algorithms as well as embedded system. Real 

maps located in Plymouth area are selected as test field to prove the practicability of algorithms.  
 
4.1. Single USV simulation 
 
The single USV path planning algorithms is being tested at the Roadford Lake using Springer USV. 

The map is first transferred into binary grid map, which has 100*350 pixels dimension. Simulation 

results in Fig.10 show how the algorithm calculates the optimized path. The line in blue is the path 

generated by the unmodified A* algorithm. It can be seen that a number of unwanted jags are 

generated. The path in green is the trajectory obtained by running the first path smoother. It can be 

observed that the jags have been reduced dramatically, and the path reaches the minimum number of 

turnings. The red path represents the final continuous path obtained by interpolation smoother. The 

results show that the single USV path planning algorithm achieves a smooth and continuous path 

successfully without any collision with the coastlines. 
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(a) Roadford Lake map (b) Grid map with generated paths 

Fig.10: Single path planning result 
 
Further algorithm tests have been undertaken by selecting different start and end points. Table I below 

shows the results of these tests. The total movement distance cost and algorithms computation time 

are recorded. The results of running the A* algorithm and the whole single USV path planning 

algorithm with path smoothing are listed separately. Although the intrinsic property of A* algorithm 

is to find the shortest path on the grid map, it can be observed from the results that the costs are 

reduced further by using the single path planning algorithm. Additionally, it can be seen that it takes a 

longer time to complete the entire algorithms. This is because the path smoothing algorithm consumes 

more time to generate the optimised path. However, it can be indicated from these test results that the 

computation of single path planning algorithms is still fast enough (less than 1 second). Therefore, the 

algorithms can be applied practically for real-time applications. 
 

Table I: Cost and computation time 
Test Start point 

(m, m) 
End point 

(m, m) 
Total cost (m) Computation time (ms) 

A* Smoothed A* A* Smoothed A* 
1 (639, 896) (1491, 2016) 257.00 254.48 56 236 
2 (319, 2464) (1491, 2016) 155.40 152.31 26 137 
3 (1278, 1120) (1278, 2464) 184.50 182.99 19 150 
4 (639, 2800) (1278, 1120) 349.95 345.95 77 392 

 
4.2. USV formation path planning simulation results 
 

USV formation path planning has also been tested in a practical environment. A 2.5 km*2.5 km area 

near Plymouth harbour has been selected (Fig. 11(a)). The binary map of this area is shown in Fig. 

11(b), where the start point of formation is located at the bottom and end point is located at the top of 

area. Besides static obstacles, two moving target ships have also been added into simulation to show 
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the capability of the algorithm in dealing with a practical problem.  The velocities of two target ships 

are 0.45 km/min and 0.15 km/min respectively. 
 

  
(a) Test area near Plymouth (b) Test area near Plymouth 

Fig.11: Formation path planning environment map 
 
Simulation results are presented in Fig. 12. Fig. 12(a) shows the safety map generated by algorithm at 

a certain time step. It clearly indicates that red area with highest safety index is the safest area for 

USV formation to navigate and hence the algorithm plans the path in it. Also, two moving obstacles 

are modelled with different safety areas. TS1 has faster speed and hence is given a half-elliptical area 

whereas TS2 travelling with low speed is modelled with a more circular shape.  
 
Fig. 12(b)-(f) illustrate how the USV formation navigates in the environment without colliding with 

obstacles. The trajectory is re-planned at each time step to better avoid the moving target ships. Also, 

the formation shape can be adjusted according to environment. The shape is assigned as a triangular 

shape in the beginning. However, in time step 60 (Fig. 12(f)), when the formation enters into harbour 

area, triangular shape is no longer suitable, therefore the formation adopts a linear shape to pass 

through the harbour entrance.  
 
6. Conclusions 
 
The main contribution of this paper is that it introduces the embedded system as the main USV 

platform to verify the practicability of path planning algorithms for both single path planning and 

formation path planning. The path planning algorithms have been improved in terms of consistency 

and efficiency.  The approach of integrating the work from sensing to multi-level USV cooperation 

has been established building on early work. 
 
In terms of near future work, path planning in dynamic environments will be improved by first aiming 

to further enhance the practicability of the navigation system. Secondly, environmental influences 

such as wind and current will be considered as additional optimisation criteria within the path 

planning process. Last, but not the least, algorithms are going to be tested in real-time in different 

environments. It is expected that the WAM V USV Florida Atlantic University (FAU) and Springer 

USV from Plymouth University will be two main testing platforms for our path-planning and 

collision avoidance algorithms within the next year. For multi-USV operations it is planned that these 

will be tested in 2015 at FAU. 
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(a) Safety map (b) Time step 10 

  
(c) Time step 20   (d) Time step 30 

  
(e) Time step 45 (f) Time step 60 

Fig.12: Formation path planning results 
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Abstract 

 
The complexity of modern ship energy systems increases aiming at more efficient and greener 
operations within the current global market conditions and environmental regulations. In this paper 
we present how we apply the principles of systems engineering to develop a novel framework for 
dynamic modelling, simulation and optimisation of integrated marine machinery systems, called DNV 
COSSMOS (Complex Ship Systems Modelling and Simulation). These model-based techniques can 
aid significantly in providing support for performance assessment and optimisation, optimal design 
and control, and the faster introduction of new technologies. The main characteristics and benefits of 
the framework are illustrated via a set of studies on the optimal design and operation of waste heat 
recovery and hybrid-electric propulsion systems.   
 
1. Introduction  
 
Shipping transports over 85% of world merchandise with a world fleet of more than 50,000 merchant 
ships. To date, shipping market volatility, rising fuel costs, environmental concerns and forthcoming 
emissions regulations impose a pressure on marine vessels to operate in a more efficient, cost-
effective and environmentally friendly way. The propulsion power and energy conversion on-board 
installation –i.e. the marine energy system– is the main contributor to the overall emissions footprint, 
cost-effectiveness and efficiency of the vessel. To meet those stringent and often contradicting 
requirements, the sophistication and, hence, complexity of modern marine energy systems increase, 
while often operating close to the design limit. At the same time, concurrent assessment of 
performance, safety, and reliability of marine systems, especially under real service conditions and 
transient operation modes are becoming increasingly important for the industry. To date, however, 
there is no formal methodological framework to cover the aforementioned needs in a holistic way. 
 
Traditional approaches focus on improving efficiency and cost-effectiveness via the optimisation of 
individual machinery components. With today’s maturity of equipment technology, in order to 
achieve measurable improvements in both existing and new marine energy systems, new alternatives 
need to be adopted for systems configuration, design, operation and control that consider machinery 
and energy conversion from an integrated systems’ perspective. In that respect, the introduction of 
systems-level modelling, simulation and optimisation approaches to the marine industry appears to be 
the next reasonable step in order to manage the increasing complexity of marine machinery systems. 
Although this is novel for the marine industry, significant experience can be drawn from process 
systems engineering, where these approaches have proven to be a game changer with applications 
spanning from the nano- and micro- scales to enterprise-wide supply chain management. 
 
In this paper, we present a general purpose process modelling framework for dynamic modelling, 
simulation and optimisation of integrated marine machinery systems, called DNV COSSMOS 
(COmplex Ship Systems Modelling and Simulation). In addition, the applicability and potential 
advantages of our marine energy systems modelling is illustrated via two case studies: the thermo-
economic design and operation optimisation of a waste heat recovery system, and the transient 
operation simulation of a hybrid-electric marine propulsion system. 
 
2. Marine energy systems 
 
Ship machinery systems consist of all the on-board machinery that is used for propulsion, 
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manoeuvring, cargo handling, fresh water production, cleaning, etc. These systems compose the 
complete ship’s energy conversion system, often referred to as marine energy system. Marine energy 
systems have to cover the demand of a wide variety of energy forms including mechanical, electric, 
thermal etc. They tend to be highly complex, having many functions, with variable mission profiles, 
as well as requirements for flexibility, redundancy, and safety. Furthermore, the systems have to be 
completely autonomous in terms of resources to be utilised and coverage of demand. In addition, a 
large number of constraints is imposed during their design and operation due to international 
regulations and design codes dealing with safety of life at sea, pollution prevention as well as rules 
concerning the safety and availability of the main functions of the on-board machinery in order to 
maintain the essential services of the vessel. Finally, due to the nature of the shipping industry the 
vessel mission and its operational profile are highly variable and depend on the voyage route, ship 
loading as well as weather and sea conditions. 
 
All the aforementioned issues urge the shipping industry to shift the focus from the single components 
to the entire energy system performance. To manage this complexity an integrated systems 
engineering approach is required.   
  
3. Modelling framework 
 
DNV GL Strategic Research & Innovation has introduced model-based systems engineering for the 
modelling, simulation and optimisation of integrated marine energy systems Dimopoulos and Kakalis 
(2010), Dimopoulos et al. (2014). We have developed a modelling framework named DNV 
COSSMOS which aims at being one tool providing model-based decision support on: 
- optimal design of on-board machinery with respect to energy efficiency, safety and cost 

effectiveness; 
- performance evaluation, diagnostics and operation optimisation under real-service conditions for 

the entire mission envelope of the machinery system; and 
- assessment of the potential, operational capabilities, and safety of new technologies. 
 
In DNV COSSMOS a wide range of system configurations can be defined and analysed by modelling 
their behaviour in terms of various forms of energy conversion (mechanical, thermodynamic, heat 
transfer, fluid flow, electrical, etc.). The models can be used to perform simulation, optimisation and 
control studies under both steady-state and dynamic conditions. One benefit is the fact that all the 
steady-state design characteristics, off-design operational modes and dynamic/transient behaviour of 
the marine energy systems can be simultaneously assessed and optimised in one single tool.  
 
Our methodology is based on the mathematical modelling of the steady-state and dynamic 
thermofluid/chemical/rotational behaviour of marine energy system components. The generic 
formulation of the mathematical models is a system of non-linear Partial Differential and Algebraic 
Equations (PDAE) of the form: 
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Y, u and p are the vectors of differential variables, algebraic variables and parameters, respectively. 
The partial derivative base vector x, is an appropriate spatial distribution domain (e.g. length, width, 
radius, etc.). The PDAE system is completed by the necessary initial and boundary conditions: 
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The differential equations of Eq. (1) are primarily used to express the main physical conservation 
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laws. The mathematical formulation of each component has as a starting point the mass, momentum 
and energy conservation laws with appropriate source terms to account for the specific process 
phenomena relevant to the component function: heat transfer, mass transport, chemical reactions, etc. 
The component models are generic, reconfigurable, suitable for different types of studies and valid for 
a wide range of operating conditions. The models are implemented in the gPROMS state-of-the-art 
process modelling environment, www.psenterprise.com/gproms, where they are coupled with 
representations of operational scenarios/profiles in an open-architecture environment Braunschweig et 
al. (2000). These models constitute a library from which following a hierarchical decomposition 
approach, lower-level component models are used to synthesise higher-level sub-systems and, in turn, 
complete energy systems, Fig.1. The solution of the involved PDAE systems requires advanced 
numerical methodologies that are subject to continuous scientific research Petzold (1989) and are 
incorporated in our process modelling environment. The main component models included in the 
current library are shown in Table I.  
 
With calibrated and validated  models of sufficient predictive accuracy for the ship-board machinery, 
DNV COSSMOS can be used in a wide array of marine studies serving as a virtual test-bed with 
minimal computational costs, Dimopoulos and Kakalis (2010), Georgopoulou et al. (2011), Ovrum 
and Dimopoulos (2011), Dimopoulos et al. (2012b), Kakalis et al. (2013). 
 

 
Fig. 1: Operational profile of the vessel 

 
Table I: DNV COSSMOS marine components model library 

Prime Movers Heat Exchange Flow transport Fuel cell 
Gas turbine (look-up) Auxiliary boiler (D-type)  Pump (centrifugal) MCFC 
Diesel engine (look-up) Condenser Blower HT-PEM 
Dual-fuel engine (look-up) Deaerator Valves Steam methane reformer 
Diesel engine (mean value) Evaporator (cross-flow) Flow mixer/splitter Mechanical 
Diesel engine (detailed) Evaporator (vertical smoke tube) Pipe Shaft 
Boiler burner (marine) Heat exchanger (generic) Plenum (pressure vessel) Shaft PTI/PTO 
Boiler burner (generic) Heat exchanger (plate) Tank Torque load 
Turbomachinery Heat exchanger (tubular) Electrical components Torque combiner 
Steam turbine Steam drum Generator (synchronous) Hydrodynamic 
Turbocharger turbine Control Motor (Asynchronous) PID Controller 
Turbocharger compressor PID Controller Frequency converter Sensor 
Compressor (centrifugal) Sensor Power electronics Miscellaneous 
Power turbine Actuator Li-ion battery Exhaust gas scrubber (sea wa-

ter) 
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4. Illustrative application cases 
 
DNV COSSMOS has been used on various and diverse marine systems applications, including:  
- Techno-economic design and operation optimisation of waste heat recovery and combined cycle 

applications to various ship types, including exergy analysis, Dimopoulos and Kakalis (2010), 
Dimopoulos et al. (2011), Dimopoulos et al. (2012a), Kakalis et al. (2013). 

- Design assessment of marine desulphurisation scrubbers, Georgopoulou et al. (2011). 
- Design, steady-state and dynamic performance assessment of marine fuel cells and systems, 

including exergy-based design optimisation, Ovrum and Dimopoulos (2011), Dimopoulos et al. 
(2012b). 

- Dynamic simulation and event analysis of electric propulsion powertrains, Stefanatos et al. 
(2012). 

 
In the following paragraphs, two case studies of DNV COSSMOS are presented: the thermo-
economic design and operation optimisation of the waste heat recovery system of a containership, and 
the simulation of the transient operation of a hybrid-electric propulsion system. 
 
4.1. Marine waste heat recovery 
 
Marine Waste Heat Recovery (WHR) systems are promising integrated solutions for the efficient, 
cost-effective and environmentally friendly power generation on-board oceangoing vessels. 
Nowadays, there is a renewed interest in these systems as a number of studies appearing in the 
scientific literature identify the potential of WHR systems to improve fuel economy and reduce 
emissions. However, with the introduction of WHR systems the marine power-plant complexity 
increases significantly, in given machinery space/weight limitations and multiple safety and 
operational constraints. In addition, the capital costs increase, whereas the on-going discussion on 
new technologies and fuels as a result of stringent regulations completes a rather complicated 
landscape for ship-owners and the shipping industry. The complexity of the problem, gives ground for 
model-based performance assessment and optimisation, based on systems engineering. 
 
The COSSMOS WHR module is able to concurrently address these issues, following a techno-
economic approach able to take into account the design, operation and control of the entire integrated 
marine energy system throughout its mission profile.  
 
Here, the WHR system design and operation of a containership is optimised based on a real operating 
profile of a vessel. The vessel under study is a containership with capacity of 13100 TEU. Table II 
shows main dimensions, machinery specifications and on-board demands in electricity and steam.  
 

Table II: Vessel specifications 
Characteristics 
Length 366.00 m 
Breadth 48.20 m 
Draft 14.50 m 
DWT 126629 t 
Speed 25 kn 
Machinery 
Main Engine 12K98ME-C7 
Power 72.2 MW 
Speed 104 rpm 
Gen-sets 5 x 2700 kW 
Demands 
Electricity demand 8.8 MW  
Steam demand 1.5 t/h  

 



 

141 

Due to its size the vessel utilizes a large slow-speed marine Diesel engine for propulsion (72.2 MW). 
However, current market conditions impose the vessel to operate on reduced speed (slow steaming). 
Therefore, during the majority of the operational time the engine load is at 10-40%, as shown in Fig.2. 
This poses an additional challenge to the WHR design and installation. 
 

 
Fig. 2: Operational profile of the vessel 

 
In DNV COSSMOS the marine WHR system is considered in an integrated systems perspective, 
coupled with the prime mover (propulsion engine), the electric power generation sub-system and 
service heat production. For this specific vessel the COSSMOS model incorporates the following 
features, based on the actual design: 
 

˗ Dual pressure (2P) steam cycle with a two-stage condensing steam turbine for electricity pro-
duction. 

˗ Exhaust gas flow by-pass from the turbocharger turbine to drive a power turbine for addition-
al electricity production. 

˗ Integrated steam cycle water preheating: 
o From jacket coolant heat rejection (low temperature). 
o From charge air cooler integration (CAC). 
o From an exhaust flow preheater. 

˗ Single shaft steam- and power-turbine arrangement. 
˗ Vessel’s steam demand coverage via extraction from the steam turbine. 

 
The complete system flowsheet developed in the DNV COSSMOS framework is shown in Fig. 3. To 
derive the overall capital cost of the studied WHR systems, cost models have been used that link 
technical design characteristics with the cost of individual components. A detailed mathematical 
formulation of the model can be found in Kakalis et al. (2013). 
 
The coupling of the WHR and the prime mover has a potential for a significant increase in the overall 
energy efficiency. However, the possible improvements are not easily identified as there is usually a 
trade-off between the efficiency increase and cost or operational requirements.  
 
The optimisation problem formulation was based on the process models of the WHR systems, the 
component capital cost functions and the time-varying operational profile and energy demands. The 
objective function was the maximisation of the Net Present Value (NPV) of the investment on a WHR 
system compared to the baseline (BL) system of a propulsion Diesel engine and independent Diesel 
generator sets for the electricity demand. 
 
The independent optimisation variables included: the existence (or not) of key system features, e.g. 
power turbine, PTI/PTO, CAC preheater, exhaust preheater; the design/Geometry characteristics of 
components, e.g. heat transfer areas/dimensions, nominal component characteristics, etc.; the 
operational characteristics for all operating modes such as engine fuelling, exhaust by-pass ratio, drum 
pressures. 
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The optimisation is subject to numerous design, space, demand, operability and safety equality and 
inequality constraints, like: the overall exhaust gas pressure drop (in heat recovery sections) under an 
allowable limit to ensure safe operation of the main engine; the operation of the turbocharger within 
safe surge margin limits (exhaust gas by-pass results to operation closer to the surge limit); the 
exhaust gas velocity within allowable limits in all operating modes; the outlet exhaust gas temperature 
higher than a minimum to avoid sulphuric acid condensation and subsequent corrosion; the 
dimensions of heat exchange components bounded by engine room space constraints. 
 

 
Fig. 3: WHR system flowsheet in COSSMOS 

 
Three WHR system designs were considered. Design A was designed at the 85% of the engine MCR 
which is the common choice for New buildings (NB), while designs B and C were designed at 60% 
and 50% of the engine MCR, respectively, adapted to slow steaming profiles. The key economic 
results are summarised in Table III. 
 

Table III: Key optimisation results for three WHR configurations 
 Design A Design B Design C 
System designed at: 85% MCR 60% MCR 50% MCR 
NPV -4985 kUSD 4193 kUSD 5884 kUSD 
Payback period Inf. 9.8 years 6.8 years 
Capital cost 9984 kUSD 8409 kUSD 6574 kUSD 
Annual savings 551 kUSD 1388 kUSD 1373 kUSD 
Base efficiency 53.9% 53.5% 51.5% 
WHR power at 100% load 8800 kW 8021 kW 7607 kW 

 
The design A at 85% of the engine MCR demonstrates the higher efficiency. However, this full-sized 
WHR is under-utilised as the vessel operates in the majority of the time on low loads, Fig.2, and the 



 

143 

exhaust gas flow is decreased. This contributes to the reduced profitability and, hence, the negative 
NPV. The designs B and C take more reasonably into consideration the vessel slow-steaming 
operation, sizing the WHR system at lower exhaust gas flowrates, namely those of 60% and 50% of 
the maximum one. These designs demonstrate higher NPV values and more reasonable payback 
periods, making them economically viable solutions. The design at 50% MCR yields the best results 
(higher NPV) with a payback period of 6.8 years. 
 
This case demonstrates the complexity of WHR systems and that the maximisation of the efficiency 
does not guarantee that a technical solution is the overall best and economically viable. In addition, 
the results indicate that WHR systems can offer significant savings and are economically viable for 
the vessel, provided that the slow steaming operation is taken into consideration. 
 
The nominal performance optimisation results, for the three configurations, are given in Table IV 
along with key operational results of the optimal solutions. At 100% load the HP pressure is high at 
21.74bar, 22.46 bar and 24.53 bar for designs A, B and C, respectively. Similar increase across the 
designs is demonstrated in the LP pressure at 5.13 bar, 5.41 bar and 5.90 bar. The steam mass flow 
rate, in both HP and LP, revealed the opposite trend, as it decreases across the different designs at 
6.848 kg/s, 5.889 kg/s and 5.470 kg/s for HP and 4.825 kg/s, 4.009 kg/s and 3.663 kg/s for LP, for 
designs A, B and C, respectively. 
 
The power output of the Steam Turbine (ST) decreases as the design point is reduced. In design A the 
ST output is 6.4 MW, in design B it is 5.9 MW while at design C it is 5.5 MW. The Power Turbine 
(PT) output demonstrated a more stable behaviour as it provides 2.4 MW in design A and 2.1 MW in 
designs B and C. Their combined output amounts to 12.2%, 11.1 % and 10.5 % of the main engine’s 
MCR. In design A all the electricity needs are covered by the WHR power output while in the other 
two designs the generators need to operate in order to provide part of the requested power. 
 

Table IV: Optimal WHR design and nominal characteristics for three WHR configurations 
 Design A Design B Design C 
System designed at: 85% MCR 60% MCR 50% MCR 
System pressure 
HP 21.74 bar 22.46 bar 24.53 bar 
LP 5.13 bar 5.41 bar 5.90 bar 
CND 7.54 kPa 7.72 kPa 7.70 kPa 
Mass flow rates at 100% MCR 
HPsteam 6.848 kg/s 5.889 kg/s 5.470 kg/s 
LPsteam 4.825 kg/s 4.009 kg/s 3.663 kg/s 
Power output at 100% MCR 
ST 6407 kW 5937 kW 5524 kW 
PT 2393 kW 2083 kW 2083 kW 

 
Fig.4 presents the savings, in USD per day, for all three designs per operating mode. Even if a large 
WHR system is already installed (design A) there are potential savings for a wide range of operating 
loads, i.e. more than 50% of its operating time there is profit. 
 
The simulations also yielded results on the optimal limits of WHR operation with respect to the 
propulsion load (as fraction of the engine’s MCR), as presented in Figs. 5-7. The power turbine stops 
to operate at 25% on all three designs, while the steam turbine (WHR) is able to operate even as low 
as 20% load. As the load decreases, the utilisation of the Diesel gen-sets is increased. Therefore, the 
profitability of the WHR system decreases at low loads. This reveals the importance of a WHR 
system designed to match the actual mission profile of the vessel. 
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Fig. 4: Savings per operating mode for all three designs 

 

 
Fig. 5: Power production for system designed at 85% MCR 

 

 
Fig.6: Power production for system designed at 60% MCR 

 

 

 
Fig. 7 Power production for system designed at 50% MCR 
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4.1. Hybrid-electric propulsion 
 
Electric propulsion arrangements are promising solutions for a range of ship types as they may 
increase the overall efficiency, enhance operational flexibility and promote the shift to more 
environmentally friendly shipping. A typical electric propulsion arrangement consists of prime 
movers connected to electric generators that produce the required power to drive electric propulsion 
motors, auxiliary equipment, and cover the ship’s hotel loads. The addition of energy storage devices, 
i.e. hybrid-electric propulsion, can offer significant efficiency gains in ships through the complete 
decoupling of the power production from the demand side. In addition, they provide benefits in power 
availability, emergency power and redundancy, which are of critical importance for specific vessel 
types as well as better and easier utilisation of renewable energy sources that produce power in a 
varying profile Vartdal (2013). 
 
In this case study we consider the dynamic modelling and simulation of a hybrid-electric propulsion 
arrangement for an Offshore Supply Vessel (OSV), based on an existing configuration, 
http://vikinglady.no/. The system consists of four Dual-fuel (DF) Diesel engines generating sets with 
synchronous three-phase alternating current (AC) generators providing the electric power for five 
asynchronous AC motors driving two podded propellers, two tunnel thrusters and a retractable 
manoeuvring pod propeller. In addition, the generators also cover the ship’s on-board electric loads 
(hotel loads). Each propulsion motor is also coupled to a frequency converter to regulate its rotational 
speed. The hybrid-electric part consists of a separate DC-link which is connected to the AC 
switchboard via an inverter. A Li-ion battery and a Molten Carbonate Fuel Cell (MCFC) are 
connected on the DC-link via DC-choppers to regulate the DC voltage. The main characteristics of the 
on-board machinery are presented in Table V. 
 

Table V: Main characteristics of the propulsion system 
Parameter Value Unit 
Number of Diesel generators 4 - 
Diesel engine rated power 2000 kW 
Diesel engine speed 720 Rpm 
Switchboard  line to line voltage (rms) 690 V 
Switchboard  frequency 60.3 Hz 
Number of propulsion motors 2 - 
Propulsion motor rated output 2300 kW 
Propulsion motor speed 1200 Rpm 
Number of thruster motors 2 - 
Thruster motor rated output 1200 kW 
Thruster motor speed 1200 Rpm 
Number of retractable thruster motors 1 - 
Retr. thr. motor rated output 800 kW 
Retr. thr. motor speed 1000 Rpm 

 
The complete system model in DVN COSSMOS was synthesised using the appropriate component 
models from the library, Fig.8. Since the model is intended to be used in dynamic simulation studies, 
all the necessary automation and control equipment are also modelled. Namely, the speed PI 
controllers (governors) of the DF-engines, the automatic voltage PID regulators of the generators and 
the PID torque controllers of the electric motors. The system component models were calibrated using 
manufacturers’ data and the control and power management strategies of the complete system were 
implemented based on the actual vessel operational characteristics. Each individual component model 
has been validated using data from commissioning and acceptance tests during vessel’s delivery. 
 
The operational mission of an OSV includes the requirement to keep steady position for specific 
operations, e.g. during cargo unloading in an offshore platform. This ability is achieved by using a 
Dynamic positioning (DP) system. DP-operations are energy-intensive with highly varying load and 
strict rules constraints. On-board measurements from an actual DP-operation of Viking Lady were 
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used as input for the simulations. During this operational profile all five thrusters are operated at 
highly varying low load, Fig.9. In the baseline system two generators were operated at 25-50% load, 
Fig.10. 
  

 
Fig. 8: DNV COSSMOS hybrid-electric propulsion system model 

 

 
Fig. 9: DP-mode thrusters’ power profile 

 

 
Fig. 10: DP-mode total power profile. 

 
In the studied operational strategy, all the transient loads of the power demand are covered by the 
battery, while the DF-engines try to operate at almost constant load, Fig.11. In addition, the existence 
of the battery provides sufficient redundancy that allows the second engine to shut down. The state of 
charge of the battery (SOC) at the end of the simulation is the same as at the start, Fig.12.  
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The fact that the engines are operated at constant load while the peaks of the demand are covered by 
the battery and the utilisation of one generator instead of two improve significantly the system 
performance, as is also reflected in the energy consumption: instantaneous, Fig.13, and cumulative, 
Fig.14. The total difference in energy consumption for this specific operational mode is approximately 
26%, Table VI. 
 

 
Fig. 11: DP-mode power production: (a) baseline, (b) hybrid-electric 

 

 
Fig. 12: DP-mode with peak-shaving battery state of charge 

 

 
Fig. 13: DP-mode instantaneous energy consumption (fuel energy input) 
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Fig. 14: DP-mode cumulative energy consumption 

 
Table VI: DP-mode hybrid-electric propulsion fuel savings 

DP-mode 
Duration: 3600s 

Baseline Hybrid Difference 
2 Gen. 1 Gen. + Bat. [%] 

Energy consumption MJ 12044 8890 -26.2% 
Gas consumption kg 231.4 175.3 -24.3% 
Diesel consumption (pilot) kg 15.75 6.54 -58.5% 

 
5. Conclusions 
 
To sense tangible improvements in energy efficiency, emissions reduction and cost-effectiveness in 
ships energy systems, a shift of focus is required from individual components to the integrated system 
level of ship machinery. Systems engineering methods and tools that are based on mathematical 
modelling techniques, numerical solution algorithms and modular computer suites can aid 
significantly in analysing and optimising the design and operation of machinery systems under 
realistic operational profiles. 
 
We have presented the DNV COSSMOS modelling framework for integrated marine machinery 
systems. Our tool is based on mathematical descriptions of the thermo-physical & chemical process 
phenomena within machinery components and energy systems. It is capable to model, simulate and 
optimise ship energy systems in steady state and transient conditions. This is the first time that marine 
energy systems design, operability, performance, safety, transient responses and control are 
simultaneously addressed in a model-based systems engineering platform. Finally, two case studies 
were presented which illustrate that with calibrated and validated models of sufficient predictive 
accuracy, this is a novel development for the maritime industry serving as a virtual test-bed to analyse 
complex phenomena at both the system and individual component levels. The first case, demonstrated 
the use of DNV COSSMOS for the design and operation optimisation of a waste heat recovery for a 
containership. The high complexity of those systems was handled by our tool with interesting results 
as it indicated that while a design at 85% of the load was not feasible, the adaptation of the WHR 
system to the slow-steaming load made the system more attracting. In the second case the hybrid-
electric powertrain of an offshore supply vessel was modelled. Using model-based analysis we were 
able to identify one operational strategy for the on-board battery and quantify the potential fuel 
savings. 
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Abstract 

 
Marine Diesel Engine Simulator, MDES, and Auxiliary Thruster System, ATS, are developed for self-
propulsion test of model ships. MDES is composed of a servomotor, speed controller, dynamometer 
and PC. On the PC, marine diesel engine simulation program is installed. Based on a mathematical 
modeling of the engine, this program simulates fuel supply control by governor, torque generation by 
combustion and shafting system rotation. Inputs are measured rotating speed and propeller torque by 
dynamometer, and output is command speed to the speed controller of the servomotor. This is a real-
time control system of propeller rotating speed, which reflects the characteristics of marine diesel 
engine. ATS is composed of a duct fan and a load cell. ATS is used to push the model ship slightly to 
adjust propeller loading of the model ship to full-scale value. Using MDES and ATS, the authors 
conducted self-propulsion test of a model ship in waves and checked system operation capabilities. 
We can measure not only ship motion responses but also the realistic dynamic responses of ship 
propulsion system in waves such as propeller load and rotating speed fluctuation, fuel supply rate and 
et cetera. The outline of the new experimental methodology for self-propulsion test with MDES and 
ATS is presented.  

 
1. Introduction 
 
Computer simulation is widely used for the design of variety of engineering products. Sometimes 
whole product can be simulated in computer and optimization can be applied to determine design 
parameters to finish design process very quickly. For the simulation, we need to develop 
mathematical model of the entire system including environmental conditions. The accuracy and 
reliability of the models are very important factor for the optimum design. However, we may 
experience difficulties to apply computer simulation to entire system due to the lack of some piece 
models in the entire system. In such a case, hardware is plugged in the computer simulation. This is a 
fusion technology of experiment and computer simulation so called “Hardware in the Loop : HIL”. In 
HIL, measured values are sampled and handed to computer simulation and the simulated values are 
passed to servo actuators and fed back to the hardware in real-time. HIL also can be used to test 
prototype products. For the development of the energy efficient ships in the actual sea conditions, we 
applied HIL technology for self-propulsion tank test of a model ship in waves. In this HIL 
technology, the marine diesel engine is numerically simulated and plugged into tank experiment to 
control number of propeller rotation. 
 
Even though ships are operated in wind and waves at the actual seas, ship performance is still 
evaluated in calm sea condition. General procedures used to estimate the calm sea performance in 
design stage are as follows: 
 
1. Towing tank test to measure hull resistance coefficient in calm water. 
2. Propeller open test to measure its torque and thrust coefficients and the efficiency. 
3. Self-propulsion test to measure self-propulsion factors such as wake coefficient (1-w) , thrust 

reduction coefficient (1-t) and propeller efficiency ratio (ηR ). 
From these results, the required engine power is estimated to achieve her service speed in the calm 
sea. The nominal speed loss in wind and waves can be estimated by following additional tests. 
4. Towing tank test to measure added wave resistance in waves. 
5. Wind tunnel test to measure wind resistance. This test is optional and empirical regression 

formulae are usually used for the substitution of the wind tunnel test. 
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The results of model test conducted at the model Reynolds number are corrected to that of at the ship 
Reynolds number. These experimental procedures are widely used in the world. 
 
In calm sea condition, we don’t need to take care of dynamic engine response because there is no 
propeller load fluctuation. However, when we evaluate real ship performance in the actual seas, we 
cannot ignore engine responses. In the actual sea, due to the orbital motion of water particle caused by 
incident waves and 6 DOF ship motions, inflow velocity to the propeller fluctuates. That causes 
propeller torque and rotating speed fluctuation. But, this fluctuation cannot be evaluated without 
engine. Propeller and engine compose a strongly coupled system and response characteristic of the 
engine plays important roll. Engine is the substance which consuming fuel and indispensable to 
evaluate energy efficiency in the actual sea.  
 
To consider engine response in self-propulsion tank test, the authors developed a marine diesel engine 
simulator (MDES). In addition, one more important devise is necessary. That is an auxiliary thruster 
system (ATS) for skin friction correction. When model ship is running at the same Froude number of 
the full-scale ship, Reynolds number of the model is lower than that of full-scale ship. Therefore, 
propeller loading, that is almost identical to engine loading, becomes larger than full-scale ship and 
this difference must be corrected based on so called skin friction correction, SFC. ATS is a devise to 
add auxiliary thrust to the model ship to correct propeller loading in unsteady condition in waves. In 
this paper, the development of new devises, MDES and ATS, and their application to the self-
propulsion test are reported. 
 
2. Newly Developed Devices for Self-Propulsion Test  
 
Marine Diesel Engine Simulator (MDES) and Auxiliary Thruster System (ATS) are newly developed 
for self-propulsion test of model ships in waves. Fig.1 shows an image of self-propulsion test with 
MDES and ATS. As this figure shows, a model ship is running in waves with self-propulsion system 
composed by a propeller, a servomotor and a dynamometer. Torque and rotation number measured by 
the dynamometer are sent to computer and the engine response to propeller load fluctuation are 
simulated based on a mathematical model of the engine. Simulated result is fed back to the 
servomotor to control propeller rotation number. At the same time, relative ship speed to water is 
measured and the SFC value is calculated to control the thrust of ATS. With ATS, propeller loading 
can be adjusted to the full-scale ship so that the engine loading becomes identical to full-scale value.  
 

 
Fig.1: Image of self-propulsion test with MDES and ATS 
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2.1. Marine Diesel Engine Simulator (MDES) 
 
Fig.2 shows the block diagram of MDES. As a mathematical model of marine diesel engine, 
Bondarenko’s (2009) model is adopted in this study. This engine model is composed of rotating 
motion of whole shaft line, torque generation by fuel combustion and speed control by mechanical 
governor. The equation of rotational motion can be written as; 

 

                          (1), 
 

I is moment of inertial of whole rotating shaft line composed of rotating machinery of engine,  propel-
ler shaft and propeller, ne is rotating speed, Qe is engine torque as a function of rotating speed and fuel 
flow hp, and Qp is propeller torque. Since we assume no reduction gear, number of propeller rotation 
is identical to that of engine rotation.  
 

 
Fig.2: Block diagram of MDES 

 
Engine torque is given by following non-dimensional form. 
 

                           (2) 

                         

 

 are value of the engine torque, stroke of fuel pump rack and rotating speed at 
the Maximum Continuous Rating (MCR). 
 
Bondarenko selected Woodward PI governor PG-58 as major speed controller of marine diesel engine. 
Fig.3 shows block diagram of the governor, and equation 3 is its mathematical model corresponding 
to each block number from [1] to [6], where Ks is speed sensor gain coefficient, Tpp is time constant of 
the power piston, Ti and Ki are time constant and gain coefficient of isodromic feedback respectively 
and Kfb is gain coefficient of the proportional feedback. Input signals to this model are measured rota-
tion number and command rotation number. Output is fuel supply rate normalized by its maximum 
value at maximum continuous rating, MCR. 
 
2.2 Auxiliary Thruster System (ATS) 

 
Fig.4 and Table I show picture of duct fan and its specification. ATS is composed of a duct fan, a load 
cell to measure its thrust and the PID controller. If body motions are large in rough waves, 
accelerometer should be added to compensate body acceleration and gravity components in measured 
thrust by the load cell. Response of the fan is good enough against control signal of wave encounter 
frequency. 

Dynamom

Servomoto
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Fig.3: Block diagram of speed control system 
 
 

                                (3) 

 
Table I: Specifications of the duct fans for the ATS 

     
Fig.4: Duct fan of the ATS 

 
Size of the fan should be selected in accordance with SFC value of model ship. For example, 
formulae for calculation of the SFC are given as following Eqs.(4), (5), (6) in ITTC (1978) 
recommended procedure  
 

    (4) 

       (5) 

        (6) 

 
ρ, SW, u, k, ∆CF and ν are fluid density, wet surface area, ship speed, form factor in 3-dimensional 
extrapolation method, roughness correction coefficient and kinetic viscosity coefficient, respectively. 

is frictional resistance coefficient of flat plate, expressed in Eq. (5). Re is Reynolds number. And, 
subscript M and S means model-scale and full-scale respectively.  
 
3. Self-Propulsion Model Test with MDES and ATS 
 
3.1 Subject Ship and her Diesel Engine 
 
A post Panamax container ship in full load condition is chosen as the subject ship of this study. Her 
principle dimensions are given in Table II. The service speed is 25kt at 75% MCR and required BHP 
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Fan Diameter 69.0 mm 

Duct Diameter 73.0 mm 

Weight  86.5 g 

Maximum Thrust 
1.15 kgf 

(11.27 N) 
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is 48,000kw approximately. So, main engine output at MCR should be larger than 64,000kw. We 
selected a suitable 11 cylinders low speed diesel engine from a catalog of engine maker. Power, 
torque and number of rotation at MCR are also given in Table II.  
 

Table II: Principle parameters of the subject model                      Table III: Coefficients of governor 
Item Ship Model 

Hull 

  Length between P [m] 300.0  4.000  

  Breadth [m] 40.0  0.533  

  Draft [m] 14.0  0.187  

  Block Coefficient 0.65 

  Displacement [t] 109,102  0.259 

  Wet surface Area [m2] 15879.7 2.823 

Propeller 

  Propeller Diameter [m] 9.0 0.120 

  Blade Number 5 

  Blade Section MAU 

Self-Propulsion Factors 

   1-w 0.7042 

   1- t 0.8335 

Diesel Engine 

  Power (MCR) [W] 6.622E07 1.770E01 

  Torque (MCR) [Nm] 6.080E06 1.877E-01 

  Num. of Rotation (MCR) [rps] 1.73 15.01 
Moment of inertia, Propeller, Shaft, 
and Engine [kg m2] 

6.618E05 2.723E-04 

 
3.2 Coefficients in the mathematical model of MDES and ATS 
 
The self-running model test is conducted based on Froude similarity law in principle. So, the 
coefficients in model scale are converted from themselves in full-scale values applying the Froude 
similarity law. The coefficients of the engine and governor are shown in Table II and Table III. And 
the constants for calculation of the SFC are given in Table IV. 
 

Table IV: Constants for calculation of the SFC in the ATS 

Item 
Scale 

Full Model 

Fluid Density,  [kg/m3]   1000 

Kinetic Viscosity Coefficient,  [m2/s] 1.187E-06 1.096E-06 

Form Factor,  0.11 

Roughness Correction Coefficient,  
  1.934E-04 

 
Table V: Experimental conditions 

Item 
Scale 

Full Model 

Wave Length, λ : (λ/Lpp=1.2) 360 m 4.8 m 

Wave Height, Hw 4.5 m 6.0 cm 

Heading angle, χ 180 deg (Head sea) 

Speed  : (Fn = 0.193)  20.3 kt 1.208 m/s 

 
 
 

ρ
ν

k

FC∆

Item Ship Model 

KS 12.5 

TPP [s] 0.120  0.014  

Ki 1.4 

Ti [s] 2.500  0.289  

Kf.b 0.75 

Fig.5: The model ship with ATS 
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Fig.6 Time series of the measure ship responses in regular head sea 
λ / Lpp = 1.0, Hw = 6cm, χ = 180deg (head sea) 
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3.3 Trial Run in a Regular Head Sea 
 
Trial run was conducted in a regular head wave. The test conditions are shown in Table V and 
measured time series of model ship response are shown in Fig.6.  Ship speed is oscillated due to surge 
motion around the mean speed. The SFC value calculated from the ship speed by Eq. (4) is also 
slightly oscillated around the mean value 4.38N.  
 
Oscillation of the propeller load is caused by the oscillation of propeller inflow velocity mainly due to 
surge motion and orbital motion of incident wave. However, since the propeller is located in the 
wake, heave, pitch and other motions may also affect to the propeller inflow velocity and can be 
causes of the oscillation. All the causes could be considered in this self-propulsion test. 
 
Oscillation of rotation speed, torque and thrust of the propeller are results of the coupled response of 
propeller and MDES. The governor model of MDES gives non-dimensional fuel supply rate. At the 
bottom of Fig.6, fuel supply rate is also plotted. Since fuel supply rate is saturated at 1.0, we could 
know the engine power is approaching its maximum value in these conditions. With MDES and ATS, 
realistic response of the engine could be measured by model experiment.  
 
4. Conclusion 
 
In this study, MDES and ATS are developed for self-propulsion model test. And with these newly 
developed devises installed on a container ship model, self-propulsion test was conducted. The 
acquired remarks are shown as follows: 
 
1. Both MDES and ATS worked as we designed, the real time control of self-propulsion system 

could be achieved and the coupled ship, propeller and engine responses to incident wave could be 
successfully measured.  

2. The experimental methodology with MDES and ATS is promising to evaluate the actual sea per-
formance more practically and accurately. 

 
The accuracy and reliability of the mathematical model of the engine is very important for this study. 
Future collaboration research with engine maker will be desirable. 
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Abstract 
 
Many shipyards wish to have PDM software at the heart of their product management. However, 
implementing PDM systems at shipyards has proven to be a challenging task in many cases. One of 
the main advantages of using PDM software in shipbuilding is that the data of previously engineered 
vessels can be used easily for new vessels. A challenge that these global operating shipbuilders face is 
that each shipyard has its own requirements for production documentation. This paper will show the 
vision of Nupas-Cadmatic; using ready-made “building blocks” to create interfaces between 
dedicated PDM and CAD systems and the eShare module to visually show information stored in 
multiple systems. These solutions allow the shipbuilding industry to create processes suitable to their 
requirements.   
 
1.  Introduction 
 
In a modern shipbuilding organisation the need for managing information in design, engineering and 
production is becoming increasingly important. Integrating CAD/CAM with PDM is seen as “the” 
solution and a “must” for effective shipbuilding at modern shipyards. 
 
Two solution philosophies can be discerned from current market developments in this regard: 
• Single vendor systems that include design, engineering, production and PDM.  
• Multi-vendor solutions for design, engineering, production and PDM. 

 
Nupas-Cadmatic believes that a multi-vendor solution brings more benefits to all stakeholders in the 
shipbuilding and marine and offshore industry. It allows shipyards to work with specialists in every 
field and provides them with the flexibility to select dedicated solutions that exactly fit their 
requirements.  
 
The drawback of multi-vendor systems is that system integration for each implementation needs to be 
done. For this challenging task Nupas-Cadmatic has developed an integration method based on 
intelligent “building blocks” that are used to build various interfaces. For each interface a selection of 
“building blocks” can be used to tailor the integration. Interfacing with PDM and ERP is closely 
related to version management, production control, managing costs and planning of material and 
components.  
 
In this paper we will introduce a CAD-PDM interface solution that empowers global shipbuilding 
organisations to:  
 

a) manage design and build information easily and efficiently; 
b) re-use (parts of) existing designs for sister vessels and standard vessels; 
c) build their designs at shipyards worldwide, each with their own specific building methods and 

facilities. 
 
2.  Software Trends in the Shipbuilding Industry 
 
Many shipbuilders are investigating or implementing PDM software. PDM software supports the 
PDM process, which is focussed on managing product data during the life cycle of a product. ERP 
and ERP software have been more broadly implemented already, in one form or another. ERP  
focuses on managing and control of the production process (planning, purchasing, logistics etc.) 
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It is common practise today in many shipbuilding organisations that a part list from engineering is 
imported into the ERP software while a separate document management system takes care of the 
storage and labelling of the different documents, among others CAD drawings. 
 
Many shipyards wish to have PDM software at the heart of their product management. The PDM 
software should take care of storing all product related data and provide it to the right persons and 
processes at the right time.  
 
CAD software is closely related to PDM software and important interactions take place between these 
two. There are vendors that offer their own combination of PDM and CAD. Usually these are tailored 
for a certain use, and provide a solution in some cases. The drawback is that this limits the 
shipbuilders in their software choices enormously.   
 
In today`s market there are specialised PDM software suppliers and CAD software suppliers that fulfil 
the specific needs of shipbuilders very well. The supplied software has in some cases evolved into 
highly specialised tools that provide the shipbuilder unmatched economy of use, compared to more 
generic software. Nupas-Cadmatic is such an example. A key element in the development has been to 
generate ship design and production information in the shortest time possible. To be able to use the 
best of both worlds easy integrations between CAD and PDM are required. 
 
3.  Implementing PDM in Relation to CAD 
 
Implementing PDM systems at shipyards has proven to be a challenging task in many cases. Usually 
deadlines need to be stretched due to fact that the implementation of all details often takes more time 
than estimated. One of the aspects that influences this is that many processes need to be defined 
exactly, otherwise one is unable to set regulations for their incorporation into PDM systems. 
 
Integrating existing CAD software and a new PDM system, or the other way round, also has its 
challenges. This has in many cases to do with ownership and redundancy of the information. Before 
PDM software arrived it was very clear that the CAD software was the owner of all engineering data. 
This starts to change when PDM gets involved. From that point on ownership of parts of the 
information shifts to the PDM system, and CAD is allowed to use it. This requires again that 
processes are explicitly defined. One of the challenges here is to create processes that leave enough 
flexibility for the engineer, and thus support his creativity when engineering. 
 
During the engineering process many new items are created and changes take place. Moreover, 
today`s specialised shipbuilding CAD systems have a lot of associative functions that support the 
engineer in effective working. The term “topology” is also often used for this. The result is that when 
one part is changed many associative parts will change as well. This forms a very dynamic 
engineering environment and a decision needs to be made as to how this environment should interact 
with PDM software. On the one hand all changes should be traceable from the PDM system, on the 
other hand an overflow of data would render tracing unnecessarily complicated. 
 
One of the challenges is to define processes that combine the desired flexibility in engineering, and 
delivered from software tools such as Nupas-Cadmatic, with proper storage and traceability in PDM 
software. An aspect that should be taken into account in every implementation is feedback from PDM 
and ERP data to engineering. For example the status of a certain item (preliminary, approved, in 
production, etc.) should easily and unambiguously be directly accessible to engineering. With this 
information the engineer has better insight and can make better decisions regarding cost effective 
changes. 
 
Global engineering and production also plays an important role. Many shipbuilding organisations 
have operations around the globe. CAD and PDM must support this. Information should be available 
at all the needed locations and the interaction should run smoothly. The non-availability of fast net 
infrastructure is also still an aspect to take into account today. 
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Different CAD-PDM interface implementations are currently available on the market: 
 

• Part list data from CAD software to PDM software 
• 2D Drawing storage from 3D CAD software in PDM software. 
• Data from PDM software to CAD software (for example metadata for drawings, objects to be 

located in a certain space, etc.) 
• 3D CAD model management by PDM software. 

 
A trend in these implementations at modern shipyards is that they require elements of all 4 categories 
above. 
 
4.  Re-Using Data and Working with Standard Vessels 
 
One of the main advantages of using PDM software in shipbuilding is that the data of previously 
engineered vessels can be used easily for new vessels. Working without PDM software requires 
implicit knowledge of engineers who know what was done in which vessel. And when they 
remember, the challenge is to revive old CAD projects and migrate the data to a new project. This 
looks simpler than it actually is in practise in most cases. Nupas-Cadmatic has strong tools for using 
older project data and tools for making changes. Finding the right data still remains a matter of 
experience without PDM software. 
 
When connecting PDM software to CAD software in principle all older projects should be stored so 
that they can easily be retrieved there. A practical solution can be for native CAD data to be stored in 
the PDM software database, or referred to, in certain usable batches for new projects. Nupas-
Cadmatic has a functionality to easily incorporate data from other projects to a new project, including 
options for automatic adjustment to for example changed hull shapes. 
 
One step further is that for standard vessels the different elements of that vessel are stored in the PDM 
software. When designing a new ship of a standard type, based on the client`s requirements, the latest 
version of the ship structures, different ship systems etc. will be combined in the new vessel. Nupas-
Cadmatic supports these working methods. It however requires good PDM implementation to ensure 
that the right data is available to make it work.  
 
5.  Building at Different Locations 
 
Today there are many shipbuilding organisations that build their vessels at different building yards. In 
some cases the building yard is not yet known when the engineering is ongoing, and in other cases the 
sister vessel is built at another yard. A challenge that these global operating shipbuilders face is that 
each shipyard has its own requirements for production documentation to function well. This is not 
limited to another language and the level of detail in the documentation, but also includes the 
available materials and yard layout. If, for example, the hoisting capacity of a yard is different than 
the designed block weights, either the yard can’t build the ship or it works ineffectively. 
 
If the result in the last example is a new block division, the impact on engineering and production data 
is massive. An automatic process seems ideal, but is not always desirable because of all the details 
that will be influenced. Nupas-Cadmatic has chosen a solution with tools that support the engineering 
process of making the virtual ship ready for building in other locations. 
 
6.   CAD-PDM interfacing approach of Nupas-Cadmatic 
 
6.1.  Nupas-Cadmatic Introduction 
 
Nupas-Cadmatic software is a CAD/CAM engineering software system and virtual information 
management system for the shipbuilding and offshore industry. 
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Nupas-Cadmatic provides a complete solution for the entire shipbuilding process, from initial design, 
preliminary design, basic design, and detailed design, up to ship production information and support 
during production and maintenance. 
 
Nupas-Cadmatic significantly saves time during the production and engineering phases. It also 
reduces material costs during the production phase. The software is easy to learn and the fastest to 
implement on the market. The strategy of Nupas-Cadmatic is focussed on being the best in its class in 
the dedicated focus area of 3D CAD/CAM for shipbuilders, which includes interface options with 
surrounding systems. 
 
6.2. Approach to PDM integrations 
 
Nupas-Cadmatic has developed a single interface for integrations with PDM systems. In order to fulfil 
the requirements as mentioned in the paragraphs above, the interface consists of different building 
blocks, each focussing on its own specific target. This provides the required flexibility for each 
desired interface between Nupas-Cadmatic and PDM. 
 
There are three categories of PDM interfaces: 
 

1. Fully custom built: These interfaces require heavy investments in terms of time and money. In 
theory the interface can contain all the required functionalities, however in reality this is rare-
ly the case. 

2. Built from standard components: The optimal solution that combines the required flexibility 
with standard data connections. 

3. Standard interface: Usually these interfaces are limited in their functionalities or are very 
complicated. 
  

The Nupas-Cadmatic approach fits into the second category. The idea is to have ready-made and 
configurable building blocks for the interface. A building block is a piece of software that does its 
thing. A combination of building blocks builds the required interface. This delivers a tailor-made 
interface within the shortest time frame possible. 
 
6.3.  An Integration Example  
 
Fig.1 shows a part of the implementation of an integration. The data management system, Nupas-
Cadmatic, the PDM/ERP layer and the information portal can be seen in the diagram. 
 

 
Fig.1: Overview of an integration example 
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6.3.1. Starting a new vessel 
 
The process of starting the design and engineering of a new vessel starts with using what is available 
from earlier vessels. From PDM this data is available, and can be used in the new ship. In some cases 
during the process data is copied to the new ship, in some cases it is referenced to the same source. 
The goal is to create as much data redundancy as possible. See Fig.2 for the process. 
 

 
Fig.2: Process of starting a new ship 

 
The PDM software contains a database with the following data: 
 

• Components, eventually from mechanical CAD systems or suppliers. 
• Parts of vessels built earlier, or complete vessels (steel + pipes + components). 
• Standard modules (steel + pipes + components) 

 
In reality the PDM database will be more and more complete after each vessel.  
 
Nupas-Cadmatic provides tools to easily re-use existing data from different software versions at the 
same time. It also includes the intelligence to let the data adapt to the new surroundings, with 
reference to the original sources. This is shown for example when using structures related to hull 
shapes, which adjust automatically to the new situation. 
 
6.3.2. Data from PDM 
 
From the PDM software data in the following categories can be used in the new vessel.  
 

• Material & Logistics: e.g. hull materials, piping and outfitting materials, specifications, sys-
tems etc. 

• New design data: e.g. compartments, parts per compartment, drawing meta data, etc. 
• Historical design data: e.g. parts of ships, modules, diagrams, data from earlier revisions etc.   
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Fig.3: Data from PDM 

 
6.4 Storing Data in  PDM  
 
The following data from Nupas-Cadmatic is stored in the PDM database: 
 

• Drawings 
• Material listings 
• Geometry 
• Production information 
• Work breakdown structure 

 
Each time data is stored in PDM the data can be used for the rest of the production process of the 
vessel, but can also be used for the design of future ships. 
 
In order to deliver the data in manageable chunks to PDM the control over the chunks is allocated to 
the work breakdown manager. At that point it is decided how to store the data, either as individual 
objects, a group belonging to the current vessel, a standard module or other possible entities.  
 
To create the optimal balance between the flexibility to return to a certain stage of the project, and 
data storage, a system of full and partial updates is used. These updates stay within the framework of 
the data chunks defined in the work breakdown manager.  
 
Fig.4 shows that in each partial update drawings, geometry and material data are updated as revisions 
to PDM. A full model revision is done at defined intervals.  
     

 
Fig.4: Updates to PDM 
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6.5.  Providing Data to all Project Participants 
 
Providing the right data to the right persons in an organisation is a major challenge. Shipyards and 
engineering companies need to utilize design and engineering information more efficiently in digital 
format. They need to collect, integrate, publish and share technical information (data, drawings, 
documents,...) easily in the network of all project parties. There is also a need to utilize digital 
information for ship production, coordination, follow up and reporting design, engineering and 
production activities easily. 
 
Most of the desired information is stored in the PDM and ERP databases. This data is in many cases 
hard to access, especially when coupled to 3D objects accessed through viewers.   
 
Nupas-Cadmatic has developed a solution for this called eShare. This software uses eBrowser 
visualisation functionalities combined with technology to access databases.  
 
eShare can ideally be used as a user application to access and examine data from PDM and ERP 
systems combined with the 3D model. eShare has the capability to use not only Nupas-Cadmatic 
CAD models, but also 3D models from other sources can be viewed and even combined into one 
viewable model. 
 
Fig.5 shows the principle of how eShare works. It should be noted that the data is not copied to 
eShare, but that through the eShare server data from the external data sources is directly accessed. 
This has the major advantage of avoiding data redundancy.  
 

 
Fig.5: Principle of eShare 

 
As a result of this, the objects’ data is shown directly from external databases, all in one overview, 
Fig.6. 
 

 
Fig.6: Showing data from different data sources 
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Another example is to visually show classifications of objects in a certain colour scheme. The status 
of objects from the “ERP system” can, for example, be shown. Various solutions can be used as an 
“ERP system”. On one hand of the spectrum one finds a companywide implemented ERP application, 
on the other hand an Excel sheet can provide the same info. Both work with eShare. With more and 
more adoption of registration techniques like RFID for object locations a new level of accuracy in 
object location registration, with less work can be reached. Figure 7 shows an eShare example of the 
different production stages of objects indicated in different colours. 
 

 
Fig.7: Objects by production stage in eShare. 

 
6.6.  Future Developments 
 
Unification of the platforms used for Nupas-Cadmatic will make the building of interfaces in the 
future an even easier task. The focus of Nupas-Cadmatic development is to continuously bring more 
user-friendliness to these interfaces. This is done to ensure maximum flexibility when working with 
Nupas-Cadmatic as CAD software.  
 
7.  Prerequisites  
 
To be able to build an advanced interface between CAD and PDM there are some prerequisites that 
can’t be ignored. 
 
7.1.  Capabilities of PDM Software 
 
The candidate PDM software should provide enough openness to integrate with CAD. Preferably the 
PDM system is object-oriented (as opposed to file-oriented), which offers more flexibility in creating 
relations between objects. Functionality for global design support is another important aspect of PDM 
software which is crucial for globally operating shipbuilders. The ability to store and handle huge 
amounts of data generated by the CAD system defines an important aspect of the usability of the 
PDM software. 
 
7.2.  Shipyard Processes 
 
The first phase of defining the interface starts with defining shipyard processes. This is a challenging 
task for specialists with an overview of the engineering process. It also requires good  documentation, 
including drafts for user instruction, to be able to get an overview of the complete process. This 
includes not only the CAD-PDM interaction, but also has an impact on the use procedures for the 
different tasks of the CAD software.  
 



166 

7.3.  The People 
 
The most important success factor for PDM implementation and CAD-PDM integration is people 
with knowledge of the combined domains. They are able to distinguish major and minor issues and 
work quickly to find a working solution.  
 
8.  Conclusions 
 
Integrating CAD with PDM is an important goal of many shipbuilders around the globe. Nupas-
Cadmatic stepped up by creating flexibility for users with tailor made interfaces between specialist 
software. Nupas-Cadmatic believes that dedicated software packages linked together through tailor-
made interfaces are more likely to exactly fit the requirements of the shipbuilder. 
 
PDM implementation and interfacing with CAD systems require revisions of many parts of the 
shipbuilding process: shifting ownership of information, (re)defining process steps and the need to 
create the manageability of the newly formed information load. This is achieved while taking into 
account the ease to re-use data and the ability to build and engineer globally. With ready-made 
“building blocks” Nupas-Cadmatic is able to assist customers swiftly with this implementation and 
customisation. 
 
The multi-vendor vision of Nupas-Cadmatic has led to the design of Nupas-Cadmatic’s eShare 
module. eShare has been designed for managing the data load stored in multiple systems in order to 
provide the right data to the right person at the right time. A Ship’s development and lifecycle can be 
visually tracked with up-to-date availability of data within the 3D model of the ship itself. This 
ensures everyone is kept informed regardless of the department the users work in or the system the 
information is stored in. 
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A Study on Estimation of GHG Emission for Speed Planning Operation 
Using Energy Efficiency Index and Time-Series Monitoring Data 
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Abstract 
 

Shipping companies seek to promote higher efficiency of ship’s operation and also to evaluate effect 
of the operation. The national maritime research institute of Japan (NMRI) have developed an Eco-
Shipping Support System for domestic coastal shipping to provide energy-saving navigation route and 
just in time speed plans. Just-in-time speed operation holds the prospective effect of major greenhouse 
gas (GHG) reduction. However, the methodology to evaluate the effectiveness by using these services 
has not confirmed. This paper presents estimation methodologies of amount of GHG emission 
reductions by the speed planning from the System and applicability to RORO ship.  

 
1. Introduction 
 
Within the UN Framework Convention on Climate Change (UNFCCC), post-Kyoto Protocol 
discussions have included strong calls for CO2 reduction measures in the area of the marine transport, 
and the Fukushima nuclear accident has made it an urgent issue to establish a coherent policy for less 
reliance on nuclear power while responding to global warming. In this light, continued efforts are 
needed to promote low carbon initiatives for the marine sector. 
 
The International Maritime Organization (IMO) promotes research into technical, operational, and 
economic means to reduce GHG emissions from ocean-going ships. Under operational means, the 
organization seeks to promote higher efficiency of ship operations through improved voyage planning. 
Just-in-time speed operation of ships holds the prospective effect of major GHG reductions. Currently, 
to avoid the risk of delay due to weather conditions, and other marine effects, ships tend to operate at 
excess speed and wait offshore at their destination port. Shipping companies seek to promote higher 
efficiency of Ship’s operation and also to evaluate effect of the operation. 
 
The NMRI have developed an Eco-Shipping Support System for Japanese domestic coastal shipping 
to provide energy-saving navigation route and speed plans, increase operational efficiency, improve 
fuel consumption efficiency, and reduce GHG. The Eco-Shipping Support System uses the fruits of 
research and development of leading research “Environmentally Friendly Shipping Support Systems 
for Coastal vessels” (2006-2008) conducted NEMRI and supported by the New Energy and Industrial 
Technology Development Organization (NEDO).Trials conducted in Japan have shown that 
reductions in fuel consumption of 3-5% through route plans, and more than 20% through vessel 
optimum speed plans, can be expected, Kano et al. (2008). Optimum speed plan satisfying the freight 
order has more effect than that of route plan. 
 
Historically, the shipping industry has always taken a ‘hurry up and wait’ approach, meaning 
merchant vessels would steam to meet a pre-agreed ship’s speed, regarding of fuel was burned with 
‘full ahead’ steaming leaving vessels often sitting idle at port awaiting berthing slots. On the other 
hand, uses weather analysis and algorithm to calculate and agree a notional vessel arrival time, so that 
the ship will arrive ‘Just-in-time’. This radically reduces bunker fuel consumption and emissions, 
while easing congestion and enhancing safety. 
 
Speed planning of the system provides to reduce a vessel’s speed on voyage to meet an arrival time at 
the destination port. The reduction in speed will result in reduced fuel consumption, thereby reducing 
GHG and other exhaust emissions. The methodology to evaluate the effectiveness of reduction of 
GHG by using speed planning of this system was introduced, Kano et al. (2013), NN. (2013). 
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2. Eco-Shipping Support System 
 
This system employs a unique, highly accurate method for estimating ship’s propulsive performances 
in an actual sea area, and high resolution, highly accurate forecasts of weather and sea conditions 
(winds at sea, waves, tidal currents), and calculates optimum routes and vessel speed plans for 
navigable areas. The system is a set of operation decision support tools for the navigation to plan an 
optimal speed voyage by taking into consideration weather and sea conditions. 
 
2.1. System arrangement 
 
The system includes shore-side based server and on-board PC. On-board PC is used for on-board 
display and ship-borne voyage data recorder. Information flow of the system is shown in Fig.1. 
 

 
Fig.1: Communication of Eco-Shipping Support System 

 
On-board display; Vessel speed plan and wind, wave and current information are superimposed on-
board display (PC’s electronic chart) to provide the crew with a visual and easily understood system. 
The crew enter details of the voyage plan via the display, and a request is sent via e-mail to the shore-
side server to calculate the optimum voyage plan. The voyage plan is sent to the vessel via email 
where it is displayed on the PC.  
 
Ship-borne voyage data recorder; Vessel performance data automatically measured and collected 
sequential data, Table I, by on board PC is emailed to the shore-based server. The collected time 
series data every 10 minutes in principal, and information on weather and sea conditions, is used to 
estimate ship’s performance in the actual sea area and to evaluate operational efficiency. 
 
Shore-side based server; the server is built in analysis software that calculate optimal vessel speed 
plan while underway on any desired route and evaluate fuel consumption of the main engines, and any 
desired output based on weather and sea conditions forecast. Additionally, the server store data from 
the vessel monitored on board. Operational performance is analysed and evaluated by the analysis 
software. 
 
2.2. Weather and current forecast 
 
For the vessel speed plan, the Eco-Shipping Support System employed is based on accurate forecasts 
of wind, waves and current. Wind and waves forecast information is provided Japan Weather 
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Association (JWA) and current forecast information is provided by JCOPE-T of Japan Agency for 
Marine-Earth Science and Technology (JAMSTEC) and Forecast Ocean Plus (FOP). The overview of 
the evaluation model is shown in Table I. 
 

Table I: Overview of the evaluation model of the forecast 

 
 
2.2.1 Weather and wave forecast model JWA 
 
JWA provides the highly resolution forecasts of wind and wave around Japanese coastal area shown 
in Fig.2. JWA is improving the precision of the forecast by assimilation, Fig.3. 

 

 
 

Fig.2: Forecast Area 

 
 

Fig.3: Improving forecast precision by assimilation 
 
2.2.2 Ocean current forecast model JCOPE-t 
 
A tide-resolving general circulation model (JCOPE-T), which has been developed based on the 
Princeton Ocean Model with a general coordinate of sigma (POMgcs; Mellor et al. (2002)), has a 
horizontal resolution of 1/36 deg. with 46 generalized sigma layers, and covers a part of the Western 
North Pacific: 17 – 50 deg. N, and 117 -150 E nested in an outer model, JCOPE2, Miyazawa et al., 
2009), Fig.4.  
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Fig.4: JCOPE-T domain and an example of the current and tide forecast 

 
Fig.5 shows that comparison between 3 month observation of ship drift and sea current from the 
model results in a significant correlation: R=0.72 and a small regression RMS error: Re=0.57 knot. 
 

 
Fig.5: Comparison observed ship drift and sea current from the model 

 
2.2. Model of Ship’s performance at sea 
 
Analysis software provides a quantitative understanding of the effects of the weather and sea 
conditions on the propulsive performance of the vessel, and in conjunction with mathematical 
processing, an optimum voyage plan is proposed, onto which the route. 
 
This system employs a unique, highly accurate method for estimating ship’s propulsive performances 
in an actual sea area, and high resolution, highly accurate forecasts of weather and sea conditions 
(winds at sea, waves, tidal currents), and calculates optimum routes and vessel speed plans for 
navigable areas. The method of estimating the increase in resistance within a wave employs a strip 
method movement calculation based on Maruo’s (1963) theories, Fujii and Takahashi’s (1975) 
methodologies for reflected waves as applied to ships, and method of estimating wind resistance 
developed by Fujiwara et al. (2006).  
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3. Estimation methodologies of effect by Speed Planning Operation 
 
The effect of speed planning operation is GHG emission reduction. The amount of the reduction is 
estimated by the differences of GHG emission in the case the vessel does not use the Eco-Shipping 
Support System (BAU; Business As Usual) and in the case using the System (Reference or Project). 
The authors proposed two estimation methodologies. One (scenario-1) adopts the energy efficiency 
operational index and the other adopts the time series monitoring data (scenario-2). 
 
3.1. Estimation methodology of Senario-1 
 
Climatic Change Framework Treaty the Kyoto Protocol is not applicable to international transport. 
Under the Second Section of the Article 2 of the same treaty, CO2 emission regulation measures are to 
be examined by IMO. As the sea trade volume increases among the developing nations, this figure is 
expected to rise substantially too, urging an establishment of an international framework for CO2 
emission regulation. 
 
Mandatory measures to reduce emissions of GHG from international shipping entered into force on 1 
January 2013. The amendments to MARPOL Annex VI Regulations for the prevention of air 
pollution from ships, entered into force on 1 January 2013, added a new chapter 4 to Annex VI on 
Regulations on energy efficiency for ships, and the Ship Energy Management Plan (SEEMP) for all 
ships (IMO, MEPC.213 (63), 2012) . Environment measurements for vessels and applying them to 
existing rules are under consideration and prepared by IMO. IMO is a key organization. 
 
From this point, ships to be built after 2013 are required to meet the standard of CO2 emission set for 
every type of ships. The same standard is to be reinforced in stage. The current ships will therefore be 
replaced with those with better fuel performances in the future. Also ships presently in operation are 
required to have energy-saving voyage plans, and voyage efficiency is to be improved. Though these 
measures, by 2030, approximately 20% and by 2050 about 35% of CO2 emission reduction is 
expected compared with the case if no measures are taken (IMO, Resolution MEPC.203(62), 2011). 
 

EEDI = ∑ ���×
�×����
��×�   ····························································· (1) 

 
Where: 
                     j is the fuel type 
                     SFC is the specific fuel consumption g-fuel/kw/hr 
                     P  is the total installed main power and auxiliary power; 
                    CFj is the fuel mass to CO2 mass conversion factor for fuel j; and 
                    DWT is the deadweight; and 

v is ship speed in knot. 
 

The attained EEDI shall be as follows: 
Attained EEDI ≦ Required EEDI = (1-X/100) × Reference line value 

 
Where X is the reduction factor specified in Table 1 of Annex 19 of resolution MEPC. 203 (62) for 
the required EEDI compared to the EEDI Reference line. 
 
The Reference line values shall be calculated as follows: 
 

Reference line value = a × ���  ················································ (2) 
 
Where a, b and c are the parameters given in Table 2 of the Annex19. The reference line is shown in 
the equation (2) as a function of DWT (ship’s size). 
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3.1.1. Vessel’s energy efficiency index at IMO 
 
IMO has set up guidelines for SEEMP and also monitoring Energy Efficiency Operational Index 
(EEOI) (IMO, MEPC.1/Circ.684, 2009). According to the 2013 Guideline on the method of 
calculation of the attained EEOI for existing ships, expression for attained EEOI for a voyage is 
defined as: 
 

EEOI = ∑ ���×����
������×

  ·································································· (3) 

 
The equation (3) can be written in the form 
 

EEOI = ∑ ����×
�×����
������×�

  ···························································· (4) 

 
Replace Dwt with ����� , this equation (4) shows that EEDI expressed by Eq.(1) is equivalent to 
EEOI expressed by (3). 
 
Where average of the indicator for a period or for a number of voyages is obtained, the Indicator is 
calculated as: 
 

Average	EEOI = ∑ ∑ (� ��(�×���)(
∑ (( ������,(×()

  ················································ (5) 

Where: 
i is the voyage number 
FCij  is the mass of consumed fuel j at voyage i; 
mcargo is cargo carried (tonnes) or work done (number of TEU or passengers) or 
gross tonnes for passenger ships; and 
D is the distance in nautical miles corresponding to the cargo carried or work done. 

 
3.1.2. Modified Energy Efficiency Operational Index 
 
The initiative will require evaluation of operating energy efficiency through system utilization. The 
effect of Eco-Shipping Support System is reduction of CO2 emission caused by optimal speed 
operation at a displacement of laden or ballast conditions. 
The operational energy efficiency is expressed by the following index used displacement instead of 
cargo transport aggregation laden and ballast voyage. And displacement W (tonnes) is ordinary 
available information. 
 

MEEOI = ∑ ���×����
�×   ······························································· (6) 

  
Where average of the indicator for a period or for a number of voyages is obtained, the Indicator is 
calculated as: 
 

Average	MEEOI = ∑ ∑ (� ��(�×���)(
∑ (( �(×()

  ·············································· (7) 

 
Transport work, namely, social benefit by the Eco-shipping support system is product of displacement 
and navigation distance. Furthermore, if the total resistance R include in added resistance due to wind 
and waves and brake power P is assumed by Eq. (9) and (10), then the MEEOI is 
 

MEEOI = ∑ (���×�,∇×�.)�×����

/×�×0×∇
1
2

  ······················································ (8) 
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3 = 4�∇ × ∇
.
2 × 56   ·································································· (9) 

 

7 = 8×�
0   ··············································································· (10) 

 
Where: 

4�∇ is total resistance coefficient 
9 is density of sea water 
R is total resistance in the sea conditions 
P is brake power 
: is propulsion efficiency 

 
If rate of loading defined by equation (12), then the EEOI is able to write as follows 
 

;;<= = >??@A
8�BC	 D	E �FGH�  ···························································· (11) 

 

3IJK	LM	NLIOPQR = ������
�   ······················································· (12) 

 
Equation (8) shows MEEOI and EEOI depends on displacement W (ship’s size), speed and in addition 
EEOI depends on rate of loading.  
 
3.1.3. Monitoring 
 
Following items are monitored for estimating MEEOI.  
 
(1) Name and type of ship 
(2) Voyage number i 
(3) Fuel consumption 
(4) Fuel type j 
(5) The fuel mass to CO2 mass conversion factor for fuel j 
(6) The distance Dj in nautical miles corresponding to the voyage done 
(7) Displacement Wi for voyage i 
 
The data may be reported by the captain using the sheet in Fig.6.  
 
An example for the MEEOI, RORO ship between Tokyo and Tomakomai is investigated (Table II). 
The ship has basically 4 voyage schedules two sailing time schedules, 27 and 33-34.5 hours, and 
requires different ship speed for each schedule (Table III). 
 

Table II: Principal particulars 
 
 
 
 
 
 
 
 
 
                                 

Length 166.9m 
Breadth 27m 
Depth 12.5/6.7m 
MCO 13920kw 

Gross tonnage 10497tons 
Nominal Speed 23.0knots 
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Fig. 6: Example of the data collecting sheet (modified MEPC.1-Circ.684 EEOI) 

 
Table III: Schedule of the ship 

From Tokyo to Tomakomai Sailing time 
Mon. and Sat. Wed. and Mon.  
21:00 06:00 33hours 
Wed. and Fri. Thur. and Sat.  
04:00 07:00 27hours 
From Tomakomai to Tokyo  
Mon. and Wed. Tue. and Thu.  
17:30 20:30 27hours 
Sat. and Thur. Mon. and Sat.  
21:00 20:30 34.5hours 

 
3.1.4. Evaluation 
 
In this section, uses defined fuel based MEEOI as follows; 
 

MEEOID =
∑ ����
�×   ···································································· (13) 

 
Fig.7 shows estimated MEEOI for each voyage of the RORO ship. It seems that variation in the data 
is relatively large. The variation arises on ship’s speed. Average MEEOI f is calculated for an 
obtained number of voyages. Fig.8 shows the average MEEOI, and the value is close to a constant 
with increase the number of voyages. In the case of the RORO ship, average MEEOI can be set 
depends on required ship’s speed. 
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Fig.7: MEEOI for each voyage 

 
Fig.8: Average MEEOI for an obtained number 

of voyages 
 
 
Amount of GHG emission is derived from following equation. 
 

Amount	of	GHG	emission = Average	MEEOI × ∑ ∑ ]̂ × _̂^G   ··················· (14) 
 

Reduction	of	GHG	emission = (Average	MEEOI8 c Average	MEEOI
) × ∑ ∑ ]̂ × _̂^G     (15) 
 
Where: W and D is in the case of using the support system. Reduction ratio of GHG emission is also 
defined as  
 

Reduction	ratio	of	GHG	emission = defghif	jkklmn�defghif	jkklmo
defghif	jkklmn

× 100  ····· (16) 

 
Further, taking into account of the equation (8), we define K which MEEOI for a voyage divided by 
square of ship speed v 
 

rG = >??@A(
�.(

  ··················································································· (17) 

 
Fig.9 and Fig.10 shows that the MEEOI at 20knots estimated by using K is almost same constant 
value for each voyage compared with MEEOI even in the case of different schedule. Although further 
study is needed, the author think that K i becomes simple and useful indicator for estimating amount 
of GHG emission reductions by the speed planning for RORO ship. 
 

 
Fig.9: MEEOI  at 20knots for each voyage 
estimated by using  K i  for each voyage 

Fig.10: MEEOI  at 20knots for a number of 
voyages estimated by using  K i 
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Average MEEOI of each schedule is shown in Table IV. Assuming reference emissions are voyages 
of 27hours sailing schedule and project emission in the case of using the support system are 33-34.5 
hours sailing schedule, amount of GHG emission reductions by the speed planning from the System is 
derived in Table IV. 
 

Table IV: Average MEEOI of each schedule and evaluation result 
 

Tokyo to Tomakomai 
Num. 

of  
voyage 

Ave. 
speed 

Ave. 
MEEOI   

Reduction 
Ratio 

Ave. 
 K 

V�6 c Vt6
V�6

 

Sailing time 33hours 11 18.3 17.4 18.0% 20.7 18.0% 
 27hours 11 20.2 21.2 - 20.8 - 

Tomakomai to Tokyo  
Sailing time 27hours. 11 20.5 20.6 - 19.7 - 

 34.5hours 12 17.1 15.4 25.2% 19.8 25.5% 
 
 
3.2. Estimation methodology of Senario-2 
 
3.2.1. Methodology 
 
Supposing the case where actual navigation/engine data in optimal speed operation are obtained as 
follows,  
Power of main engine (kW); P        Fuel oil consumption in unit time (ton-fuel/hr); f 
Specific fuel oil consumption (g-fuel/kW/hr); SFC        Logging speed (kn); V  
 

The relations between those parameters f, P, V, N and	u	are, 
 

 M = vw4 × 7 × 10�x  ······························································ (18) 
 
7 = y × z{     , where k is a proportional constant 

Setting ordinary engine power conditions in BAU as reference navigation, the engine power 
conditions in optimal navigation are obtained by the following assumption. 
 

Assumption; Shipping power against external resistance force for the optimal navigational condition, 
which is determined by sea and weather states, is just same as that for the BAU navigation, that 
means, 
 

P(or f)DB = P(or f)D’B’    ····························································· (19) 

 

Symbols are shown in Fig.11. The relation in the figure is assumed for case of unit navigation time 
between each way point on the navigation course. 
 
Speed Vr in the BAU navigation (shown as X’ point in Fig.11) is estimated as follows; assuming that 
speed VY ' in calm sea (shown as Y' point in Fig.11) is VY '＝Vr+∆v', logging speed in optimal 
navigation (shown as X point) is Vd, and that power increase ∆PD’C’  in the reference navigation, in the 
reduced speed condition by wind and wave, is expressed as ∆PD’C’= a ×∆v', where a is a proportional 
constant. 
 
From the above mentioned assumption,  

 

|k × V~�{ + I × ∆5�� c y × (V~� c ∆5�){ = D�
��� c y × zF{  ············· (20) 
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Fig.11: Relation between P (or f) and speed V 

 
Neglecting 3-dimentional terms,  

 

 ∆5� = (���√�.��×�×�)
6×�  

 
� = 3y × zF × V~� 
 

B = c(zF × |3y × V~�6 + I� + MF
vw4 c y × zF{) 

 

4 = 2 × V~� × � D�
��� c y × zF{�  ················································· (21) 

 
Where: 
 fd (g-fuel/hr)=∆F× 	� ×103/∆T is fuel oil consumption in the optimal navigation, 
∆T is navigation time (hr),  
∆F is fuel oil consumption (L-fuel) for ∆T, and 
γ is fuel oil density.  
 
Then, Vr=VY'-∆v' is obtained by solving the above 2-dimentional equation, and power P���� is 
determined. 
 
Total fuel oil consumption FOCDX (ton-fuel) in the optimal navigation is expressed with summation 
of actually measured ∆F. 

 

FOC� = ∑ ∆�×�
��2   ········································································· (22) 

 
 
While, total oil consumption in the reference navigation FOCD’X’  is obtained from Fig.11 as follows, 
 

FOC��� = ∑ (P���� × ∆T × ��
��
c 7�� × ∆�) × ���

��� + ∑ (∆w × �
��2)  ······ (23) 
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Finally, the reduction of total oil consumption ∆FOC by the optimal navigation is expressed as 
follows. 
 

∆FOC = FOC�CD c w<4t� ^C�B  ························································· (24) 
 
CO2 emission is obtained from multiplying FOC by CFj. 
 
3.2.2. Monitoring data 
 
As an example for the ‘simple analysis’, the RORO ship from Tokyo to Tomakomai was investigated.  
 

Table V: Monitoring data of RORO 

 
 
3.2.3. Evaluation 
 
For example, investigated navigation distance and sailing time is respectively 324 mile and 15hr. The 
logging speed Vlog of optimal navigation is about 17.8 knots, which is compared with speed 21.5 
knots of the reference navigation. Table VI indicates the result of evaluation. Total CO2 emission for 
the ordinary BAU navigation is 78.8 (ton), while that for optimal nav. is 56.2 (ton), that means the 
CO2 reduction is 22.6 (ton) and reduction rate is 28.7%. This results owes to the reduced logging 
speed Vlog in optimal navigation comparing to the BAU speed Vr. Another indicators for evaluation 
are CO2/(sailing time) and CO2/D, and CO2/(W	× 	D) and CO2/(W	× D × V6). These values are also 
indicated in Table VI both for BAU navigation and for optimal navigation.  
 
4. Conclusions 
 
This paper has introduced the outline of Eco shipping support system for the navigation plan an opti-
mal speed voyage by taking into account wind, wave and current forecasts. Systems and services like 
this are already provided by some private enterprises. However, the methodology to evaluate the ef-
fectiveness of reduction of fuel consumption by using this service has not been confirmed. 
  

StatusStatusStatusStatus ItemsItemsItemsItems UnitUnitUnitUnit MeasureMeasureMeasureMeasure

Date yyyy/mm/dd　hh:mm:ss
Port of departure
Time of departure yyyy/mm/dd　hh:mm:ss
Port of arrival
Arrival time yyyy/mm/dd　hh:mm:ss
On・Off Loading Date yyyy/mm/dd　hh:mm:ss
Displacement ton
DWT ton or TEU, etc
Fuel Consumption L Integration every 10 minutes
Temp. of Fuel ℃ Average every 1 hour
Revolusion rpm Average and variance every 10 minutes
Blade angle deg Average every 10 minutes
Wind direction deg Average every 10 minutes
Wind speed m/s Average every 10 minutes
Wave direction deg Average every 10 minutes
Wave hight m Average every 10 minutes
Wave period sec Average every 10 minutes
Long. deg, minute Value every 10 minutes
Lat. deg, minute Value every 10 minutes
Speed through ground knots Average every 10 minutes
GPS Co. deg Average every 10 minutes
Speed through water knots Average every 10 minutes
Gyro Co. deg Average every 10 minutes

Outer forceOuter forceOuter forceOuter force

Position/SpeedPosition/SpeedPosition/SpeedPosition/Speed

NavigationNavigationNavigationNavigation

PropulsionPropulsionPropulsionPropulsion
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Table VI: Evaluation results 
CO2 emission Base (ton) FOC Base (ton) 

BAU Reference BAU Reference 
78.8 56.2 25.3 18.0 

CO2 emission reduction FOC reduction 
22.6 (28.7%) 7.26 (28.7%) 

CO2/T(ton- CO2/hour) FOC/T(ton-fuel/hour) 
BAU Reference BAU Reference 
5.37 3.83 1.72 1.23 

CO2/D(ton- CO2/mile) FOC/D(ton-fuel/mile) 
BAU Reference BAU Reference 
0.243 0.173 0.078 0.056 
CO2/W/D(g- CO2/ton/mile) FOC/W/D(g-fuel/ton/mile) 

BAU Reference BAU Reference 
18.4 13.1 5.90 4.21 

CO2/W/D/V2(g- CO2/ton/mile/knot2) FOC/W/D/V2(g-fuel/ton/mile/knot2) 
BAU Reference BAU Reference 

0.0398 0.0284 0.0128 0.0091 
 
This paper focused on environmental impact and suggested two methodologies of “evaluation of 
GHG emission reduction”. One adopts energy efficiency index MEEOI, and the other adopts the 
operational time series monitoring data. And, the methodologies applicability to RORO ships was 
confirmed. 
 
For further study, applying the methodologies to various types of ships is considered to confirm the 
effectiveness and to elaborate the methods. We had started a new project from 2013 to 2015 supported 
by Ministry of Environment (MOE) of Japan, about 40 Japanese coastal ships will be applied the sup-
port system and the methodologies. 
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Abstract 

 
This paper focuses on the results of the final operational trials of the CART (Cooperative Autonomous 
Robotic Towing system) Project. The project proposes a new concept for salvage operations of 
distressed ships at sea based on the exploitation of robotic platforms able to autonomously execute 
the high risk operation of linking the emergency towing system of distressed ships to towing vessels. 
The paper reports a description of the vehicles' development and the results of the final testing and 
exploitation carried out in real case scenarios. 

 
1. Introduction 
 
The primary goal of the CART (Cooperative Autonomous Robotic Towing system) project is to 
develop a new safety oriented concept and technology for salvage operations of distressed vessels at 
sea. The proposed concept relies on the development of robotized unmanned marine vehicles able 
to (semi-)automatically execute the high risk operation of linking the emergency towing system of 
distressed ships to towing vessels. 
 
According to the FP7 measure Research for SMEs, aiming at supporting small groups of innovative 
SMEs in solving common or complementary technological problems, the SME CART partners, 
thanks to their know-how in emergency towing devices (Posidonia srl) and salvage operations (PKL 
AS), as well as in the implementation of automation plants (SRS Mecano Instalatie), formulated the 
new concepts of intervention, while requiring the transfer of know-how from European leading 
research (CNR-ISSIA) and academic (UNIZG-FER) institutions in the field of marine robotics and 
one of the world’s leading classification societies (DNV AS). 
 
The CART system has the aim of optimizing the operations for safeguarding the environment, helping 
to prevent oil pollution at sea - White and Molloy (2003) and ITOPF (2009) - and minimizing the risk 
for human lives. IMO (2003) gives an accurate cost-benefit analysis of Emergency Towing Systems 
(ETS), providing a clear view of the desirability of ETS for the different classes of ships, their 
installation and maintenance costs with respect to the avoidable risk and the amount of insurance 
premiums. 
 
2. Project concept 
 
The CART concept is based on the idea of using beyond state-of-the-art cooperative robotics 
technology in the field of unmanned marine vehicles to improve the safety and feasibility of salvage 
operations by increasing the distance between the towing tugboat, or salvage vessel, and distressed 
ship. This can be done by combining the use of a pickup buoy named B-ART, robotized and able to 
manoeuvre in order to keep a safe position during the operations, deployed at sea from the distressed 
ship with a human operator aboard the tugboat, or with an unmanned semi-submersible vehicle 
(USSV), named ART, remotely controlled or supervised (according to its degree of autonomy), 
performing the recovery task, in the case of cooperative robotic operations. 
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The main objective of the CART project is the validation of a new robotics-based concept of 
intervention for the linking of the emergency towing system of distressed ships to tugboats and 
salvage vessels of any type. 
 
In the CART concept, the B-ART vehicle (i.e. the robotized platform deployed from the distressed 
ship) has the task of navigating to a reasonable distance from the ship in order to reach a safe and 
visible position where it can be easily recovered, Fig.1. The ART vehicle, launched from the support 
tug, has the task to autonomously move towards the buoy and "capture" it through a proper tying 
manoeuvre, Fig.2, allowing the recovery of the emergency line. 
 

 

 
Fig. 1: B-ART vehicle moving away from distress ship Fig.2: ART vehicle tying B-ART platform 
 
In order to perform the salvage operations, the CART devices can be operated in different working 
modes, depending on the current operating conditions: i) manual mode - the remote operator can 
directly command surge thrust and steering torque of the vehicle; ii) automatic mode - the operator 
has the direct control of the surge thrust, while an automatic heading control steers the vehicle in 
order to track and maintain a desired orientation; iii) remote control mode - used for cooperative 
operation with the ART and B-ART systems, B-ART is commanded to track a reference line in such a 
way to move far from the distressed ship, while the ART vehicle is driven in such a way to perform a 
circular motion around B-ART (which dispatch its position obtained by a GPS fix) and thus achieving 
the knotting manoeuvre. 
 
Details of the working modes of the CART system can be found in BRUZZONE et al. (2013). 
 
3. Vehicles' development 
 
For the purpose of the CART Project objectives, the employed robotic platforms have to be capable of 
pulling a messenger line and navigating in harsh sea conditions. Thus a single class of vehicles has 
been developed, allowing a flexible re-configuration in order to be employed as ART or B-ART, 
depending on the task. 
 
Three prototype vehicles have been developed during the project execution: a first version developed 
by CNR-ISSIA and two of second version, jointly developed by CNR and UNIZG-FER, characterized 
only by a different hull layout, but equals in all the other characteristics. 
 
All the vehicles are operated with a rope used to achieve the capture task. The employed rope is a 
Dyneema 10 mm - 4 t breaking load. The rope is tied to the vehicles by means of the shackle mounted 
on the rear part of the frame. 
 
For the project purpose of capturing a rope through proper maneuvers of the vehicle, a simple hooking 



183 

mechanism was designed and mounted on the top part of the vehicles. As shown in Fig.3, a hook lock 
rod is free to rotate around a pin. When the rope moves toward the lock rod, its motion opens the lock 
allowing the rope to enter inside the hook. Once the rod is free from the rope, the lock rod is closed by 
gravity action. The forward motion of the vehicle maintains the rope on the rear part of the hook, so 
that even if the lock accidentally opens, the rope will almost certainly remain inside the hook.  

 
Fig.3: Rope capture hook mechanism 

 
3.1. CART vehicle - Prototype 1.0 (CNR-ISSIA) 
 
The vehicle frame consists of a horizontal trapezoidal double-T structure with top and bottom rings 
for housing electronics and battery canisters, respectively, two front and two rear rings for housing 
actuators, and one rear shackle for connecting the emergency towing line. The frame, built in stainless 
steel, is 900 mm long and 750 mm wide, and weighs 8.3 t. The brushless motor Maxon EC 4 pole 22 
120W 311537 – 36V with Maxon Gearhead GP 22 HP was selected as thrust module for the CART 
vehicle. The power is supplied by Panasonic NCR-18650 Li-ion batteries, arranged in a cylindrical 
shape canister, arranged in three layers separated by intermediate flanges. The computing and I/O 
boards, a PCM-3362 PC/104-Plus Single Board Computer and a DMM- 32DX-AT PC/104-format 
data acquisition board respectively, are housed in a custom cylinder, also containing DC/DC 
converters, motor controllers, temperature and hall effect sensors for current measurements. The 
physical sub-systems are integrated by mounting thruster modules, electronics and batteries cylinders, 
buoyancy onto the main steel frame, Fig.4. 
 
The thruster modules (each consisting of motor, propeller and nozzle) are mounted on the transversal 
elements, two on the front and two on the rear. Thruster modules on the front part are mounted closer 
to the main longitudinal axes, while rear modules are mounted at a reasonable distance. This 
mounting configuration is chosen in order to minimize interaction between front and rear thruster 
flows. 
 

 
Fig.4: The CART vehicle - Prototype 1.0 developed by CNR-ISSIA 

 
The buoyancy, constituted by expanded PVC, is mounted on a custom rail on the top of the vehicle, 
above the electronics' cylinder. It houses the radio antenna, visual signaling light and a waterproof 
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box containing AHRS and GPS devices. Thanks to the custom rail, the horizontal mounting of the 
buoyant element can be changed, setting up the buoyancy position for balancing the vehicle, thus 
finding the optimal trim. 
 
3.2. CART vehicle - Prototype 2.0 (CNR-ISSIA) 
 
The second prototype version relies on the same hardware selection, consolidated by the vehicle 1.0. 
The evolution of the new development is driven by the compactness research of the vehicle's shape, as 
well as a reduction of the overall weight. Starting from this latter constraint, the design has been 
focused on the optimal design of the supporting frame, minimizing the need of steel and heavy parts. 
With the aim of dramatically decreasing the dimension of the vehicle, and in turn the weight, it has 
been chosen to provide the thrust by means of two only motors. Halving the electric power needed for 
the thrust, the quantity of battery packs can be reduced as well, leading to an additional weight 
reduction. 
 
All the components (thrusters, battery cylinder, electronic cylinder) are housed in a custom designed 
fibreglass hull; the design of the hull has been carried out aiming to achieve: i) a good performance, in 
terms of reduced drag and steering reactivity; ii) a high water feed for motors - thanks to a couple of 
front intake openings the water can flow through the thruster, thus achieved an efficient propulsion; 
iii) mechanical resistance, needed to reduce at minimum possible damages due to hurts between the 
vehicle and vessel hull. 
 
The resulting vehicle - Prototype 2.0 presents a bullet-shaped hull, 800 mm long and 500 mm wide, 
characterized by a weight of about 28 Kg; the Prototype 2.0 is depicted in Fig.5.  
 

 
Fig.5: The CART vehicle - Prototype 2.0 developed by CNR-ISSIA 

 
3.1. CART vehicle - Prototype 2.0 (UNIZG-FER) 
 
The Prototype 2.0 version developed by UNIZG-FER is based on the same hardware of the CNR-
ISSIA version, changing only the hull design. The compactness of the design and internal hardware 
allocation, combined with the employment of rigid plastic material for the hull, allowed to achieve 
even reduced dimensions (700 mm long and 400 mm wide) and weight (24 Kg). The capsule-shaped 
UNIZG-FER prototype is depicted in Fig.6. 
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Fig.6: Rope capture hook mechanism 

4. Experimental trials 
 
This section reports the final testing results carried out in the Summer 2013 for the end of the project, 
aiming to demonstrate the reliability of the developed system. The trials have been carried out in two 
different scenarios, held in the harbour area of Tallinn (Estonia). The two main experiments were 
focused on the cooperative employment of the two CART vehicle (Prototype 2.0), demonstrating the 
effectiveness of the concept proposed in the project, firstly in a protected water scenario inside the 
harbour, then in open sea. 
 
4.1 Port scenario 
 
A full-scale operational port scenario was carried out during the first trial day (2013 July 02). The trial 
consisted in performing a complete autonomous deployment & recover of the CART system in 
protected waters. The scenario was set up in the Muuga Port (Tallinn, Estonia), Fig.7, where PKL 
project partner provided facilities and tugboats to execute the trials. 
 

 
Fig.7: Muuga port and working spots 

 
For the port scenario trial, the PKL tugboat "Eridan" was elected as "distressed ship" and equipped 
with the CNR-ISSIA CART 2.0 vehicle, configured as B-ART system. The task of the tugboat group, 
composed by the tugboat crew plus two people of the CNR-ISSIA team, was to simply deploy the B-
ART vehicle in water from the main deck (Fig.8), maintaining a correct orientation, i.e. assuming a 

PKL tugboat "Eridan" 

Pier 

∼ 300 m 

N 

S 

W E 
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heading coarsely oriented towards the opposite pier, in order to, once triggered for the launch, to 
move away from the tugboat. 
 
PKL, UNIZG-FER and remaining personnel of CNR-ISSIA teams (that will be referred in the 
following as ground team) operated the UNIZG-FER CART 2.0 vehicle, configured as ART, from the 
opposite pier, Fig.9. The distance between the tugboat and the pier is about 300 m. The ground team, 
acting as salvage unit, had the complete control of the operation, operating both the CART vehicles by 
means of the remote control station (RCS). The sequence of the operation is reported in the following. 
 
1. Vehicles and related equipment are prepared and checked. Vehicles are switched on and basic 

feedbacks are checked by means of the RCS. With respect to Fig.10, ART vehicle signals its 
initial configuration communicating to the RCS the STOP and MANUAL status. STOP indicates 
the disabled status of the vehicle actuation, MANUAL indicates the full control of surge thrust 
and steering torque by means of the joystick mounted on the RCS. The only available B-ART 
feedback is the GOOD GPS signal indicating the presence of a valid GPS position fix. 
 

2. B-ART vehicle is deployed from the "distressed vessel", i.e. tugboat Eridan. The launch of B-ART 
is executed manually keeping a desired initial orientation. In a real installation of the B-ART 
system on-board a ship, the automatic release system would feed B-ART with the compass angle 
value actually assumed by the ship it-self, allowing in this way the computation of a proper 
orientation to be followed in order to move away from the vessel. 
 
In the demonstration scenario, the vehicle is kept in water in the correct launch orientation by 
means of the ropes. Once triggered by the RCS, operated by the ground team on the opposite pier, 
the B-ART vehicle starts moving away following a reference line defined by the vehicle's initial 
position and orientation (red dotted line in Fig.11). 
 

 
Fig.8: Tugboat group deploying B-ART in water 

 
3. The ART vehicles is deployed in water and launched in full autonomous capture modality. The 

ART vehicle receives the position of B-ART thus defining a virtual circle around it that has to be 
tracked in order to execute the capture and knotting operation (Fig.12). The completion of the 
capture maneuver is signaled by a RCS indicator that turns on when an entire circular motion of 
ART around B-ART is sensed. This software aid was added in order to help the operator in case of 
low visibility due to environmental conditions or sunlight reflections. 

4.  
5. Once the capture and knotting operation is secured, the ground team recovers both the vehicles 

that are bound together by the respective ropes (Fig.13). 
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Fig.9: Ground team setting up ART vehicle on the pier 

 
The operation was completed recovering both the vehicles on the pier. The complete operation lasted 
about 11 minutes. 
 
Fig.14 reports the overall telemetry results of the experiment, the green line shows the motion of the 
ART vehicle moving towards and then circling around the B-ART (red line). 
 
 

 
Fig.10: Remote control station (RCS) 

 

 
Fig.11 - B-ART launched from tugboat, following the reference line 
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Fig.12 - ART performing knotting maneuver around B-ART 

 

 
Fig.13 - ART and B-ART recovered on the pier 

 
The experiment proved the feasibility of the complete autonomous capture and knotting procedure, 
with vehicles deployed and operated from fixed facilities. The operation results are compliant with the 
requirements: 
• operation time < 15 minutes; 
• battery power supply allowed the complete operation; 
• knotting and rope hook systems are reliable for the operation; 
• vehicles can be deployed and recovered by a couple of personnel unit. 
 
4.2 Open sea scenario 
 
A full scale operation was carried out in an open sea scenario during the second trial day (2013 July 
03). The trial consisted in performing a complete autonomous deployment & recover of the CART 
system in open waters, operating from two vessels. 
 
The scenario was set up outside the Muuga Port (Tallinn, Estonia), see Fig.15, where PKL project 
partner provided two tugboats to execute the trials. 
 
For the open sea scenario trial, the PKL tugboat "Eridan" was elected as "distressed ship" and 
equipped with the CNR-ISSIA CART 2 vehicle, configured as B-ART system. The task of the tugboat 
group, composed by the tugboat crew plus two people of the CNR-ISSIA team, was to simply deploy 
the B-ART vehicle in water, properly heading it in order to let it move away from the vessel once 
triggered. 
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Fig.14: Experiment telemetry superimposed to port view 

 

 
Fig.15: Muuga port and open sea trial area view 

 
PKL, UNIZG-FER and remaining personnel of CNR-ISSIA teams operated the UNIZG-FER CART 2 
vehicle, configured as ART, from the PKL tugboat "Mars". The tugboats were moved outside the port 
area and positioned at a relative distance of about 200 ÷ 300 m (Fig.16). The sea was characterized by 

Muuga port 

Trial area 

N 

S 
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calm water condition. The "Mars" team, acting as salvage unit, had the complete control of the 
operation, operating both the CART vehicles by means of the remote control station (RCS). 

 

 
Fig.16: Tugboat "Mars" seen by "Eridan" 

 
The sequence of the operation is reported in the following. 
 
1. Vehicles and related equipment are prepared and checked. Vehicles are switched on and basic 

feedbacks are checked by means of the RCS. 
 

2. B-ART vehicle is deployed from the "distressed vessel", i.e. tugboat Eridan. The launch of B-ART 
is executed manually keeping a desired initial orientation. Once triggered by the RCS, operated by 
the "Mars" team, the B-ART vehicle starts moving away following a reference line defined by the 
vehicle's initial position and orientation. 
 

3. The ART vehicles is deployed in water and launched in full autonomous capture modality. The 
ART vehicle receives the position of B-ART thus defining a virtual circle around it that has to be 
tracked in order to execute the capture and knotting operation (Fig.17). 
 

4. a) The first capture attempt was scrubbed because, due to the initial far distance between the 
tugboats, the ART system used all of the available rope. Thus, the Mars tugboat was moved in the 
proximity of the B-ART and ART was deployed again. 
 
b) During the second attempt, the autonomous capture and knotting operation was successfully 
completed (Fig.18). B-ART and ART systems were then manually recovered onboard the Mars 
tugboat. The image sequence of the recovery of the CART vehicles and messenger line is reported 
in Fig.19 and Fig.20. 
 

The experiment proved the feasibility of the complete autonomous capture and knotting procedure in 
open sea scenario, with vehicles deployed and operated from real tugboats. The operation results are 
compliant with the requirements: 
- operation time < 15 minutes; 
- battery power supply allowed the complete operation; 
- knotting and rope hook systems are reliable for the operation; 
- vehicles can be deployed and recovered by a couple of personnel unit directly from operating 
tugboats. 
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Fig.17: ART deployed and operated by tugboat  
           "Mars" 

Fig.18: ART and B-ART entangled together after 
the capture and knotting operation 

 
 

 
Fig.19: Sequence of the CART vehicles recovery 
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Fig.20: The CART vehicles and messenger ropes after recovery onboard "Mars" 

 
5. Conclusions 
 
Real case scenario trials have proven the validity of the overall CART concept, the functionalities of 
each single prototype and the reliability of the fully autonomous cooperative capture and knotting 
procedure. 
 
Single vehicle's performances are compliant with required specifics: 
• operation guaranteed for a minimum of 15 minutes; 
• limited weight (1-2 people can handle the vehicle); 
• different control modes; 
• reliable rope lock hook system 
 
Coordinated manoeuvre performances provide: 
• reliable complete autonomous capture and knotting manoeuvre; 
• during all the trials and experiments, no negative hooking results have been obtained; 
• easiness of system exploitation.  
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Abstract 

 
Most surface design software applications and standard file formats provide the means to develop 
complex shapes and transfer these representations to other applications in the engineering process. 
While geometry and topology can be transferred precisely, failure occurs when there is poor 
geometrical alignment, loose or different tolerances as well as a lack of “attention to detail”. Such 
situations cause delay and are costly to correct. While a surface definition may fail to import 
correctly, the underlying shape often remains valid. Curve fitting techniques such as least squares 
offer the ability to capture shape, review its suitability and convert it into a functional design 
definition. These techniques are very flexible allowing the introduction of definition optimisation, 
smoothing (fairing) algorithms and can accommodate geometric constraints resulting from the use of 
Design Intent.  

 
1. Introduction  
 
Computer modelling of ships for design, analysis and fabrication is accepted without a second 
thought. The growth of prototyping, simulation and analysis tools allow engineers to constantly 
review and change designs long before fabrication is considered and the ability to digitally store the 
information allows reuse for many years after creation. With work across different domains requiring 
the support of the same design data it is logical that this information should be shared between 
stakeholders to reduce effort in redefinition. However, as the task that each stakeholder performs on a 
project is governed by contractual obligations, time and skills available, data can be frequently 
regenerated, meeting the needs of individuals but not necessarily suitable for other stakeholders. 
 
The lifecycle of hull surface and hull form data is particularly exposed to this situation. In early 
design phases, precise shape is not important because only volumetric information is required. But as 
a design progresses through performance analysis and on to fabrication the representation evolves to 
ensure the requirements of each stage are satisfied. With the growth of niche analysis tools the 
primary model, the surface, is often converted into other native representations which may use 
sections, meshes or other linearised elements suitable for a particular analysis. Later, once the ship is 
delivered the project is backed up. The surface may get reused in future projects but it has been 
historically rare for surfaces to be shared with stakeholders concerned with the through-life 
management of the ship, for example. Often hull forms have to be recreated from paper plans or 
surveys. With the life span of a vessel being typically 30 years, it is very easy for information 
describing hull shape to be mislaid and takes investment of time and money to recreate this 
information once it has been lost. 
 
Software companies producing CAD systems have, in these regards, primarily focused on sharing 
information between different packages. File formats such as IGES and STEP are capable of 
accurately transferring a surface definition between two systems. However, if the quality of the 
definition is inadequate it has to be corrected or regenerated. This is often time consuming and 
requires an engineer with the skill and capability to use the surface modelling software available 
within the organisation. The introduction of tools which assist the correction or regeneration of 
surfaces from existing geometry could greatly enhance the sharing of data between different 
stakeholders even if they only able to make partial use of the transferred surface or the underlying 
geometrical representation. This paper discusses the reasons why surface definitions fail and suggests 
an approach for rapid regeneration. 
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2. The Reality of Working with Hull Surface Definition 
 
Computer software is the primary means of developing a hull form representation. Many of the 
techniques used today can be traced back to the 1970s and can be considered mature. The NURBS 
surface has become the standard mathematical representation because it is fairly straightforward to 
implement software to both manipulate surfaces and develop standards for exchanging this data 
between software systems. The use of control points rather than derivatives or obscure coefficients 
has made them very amenable across the whole of design and engineering. However, despite the ease 
in which these representations have found favour with shape designer, particularly for hull forms, 
discussion of techniques and tools are often polarised with users having strong preferences for 
particular software applications. Solid modelling is a further evolution in shape representation 
introducing far more capability and complexity, with a greater reliance on computer algorithms to 
solve design challenges. Hull shapes can be complex, particularly ship surfaces but not all designers 
are exposed to the same challenges or quality requirements. This gives them the flexibility to choose 
their own approach and software but creates a risk that the surface may, in the future, not be readily 
accessible in another system. 
 
2.1 Assembling Complex Surfaces 
 
While the control polygons of NURBS surfaces can be directly modified within CAD software, 
complex hull shapes often require the use of an assembly of surface patches to accurately represent 
specific boundaries shapes and the variety of distinctly shaped regions which may vary from highly 
curved to planar. It is impractical and unproductive to define these surfaces by using either a single 
surface or by directly manipulating the definition. Hull design tools aimed at ship forms often provide 
a design interface, methodology or solution to generate and manage the assembly of patches. This 
solution often represents the Design Intent of the user and although simpler than a complete surface 
definition it can support rich relationships and attributes which impose constraints upon geometry in 
the surface definition. This structure assists the user create the surface by allowing them to create 
familiar shapes, quickly impose tangent conditions and manage rapid change without having to 
manually update large numbers of control points.  
 
Cross sectional design is an approach using in many commercial hull design applications. It allows a 
user to build up a hull surface using a network of connected curves. Each implementation is unique to 
the software and is certainly considered to be the intellectual property of the vendor. Consequently, 
there are no common methods of transferring the Design Intent from one system to another which 
means that only the surface geometry can be transferred. Therefore, the capability to make rapid 
changes (beyond standard hull transformations) is lost and reuse limited when there is a need to make 
a specific change in another system. In these cases, if a designer does not have the facility to make the 
required changes the only recourse is to redefine the surface. 
 
2.2 Combining Surface Definition and Solid Modelling 
 
Solid modelling tools provide the designer with the ability to cut, join, and punch holes in the surface 
definition. This is achieved by embedding surface patches in a graph structure or Boundary 
Representation (B-Rep) defined by vertices, edges and faces. Patches can be restricted by trimming 
back the extents of surfaces giving the illusion of holes and solid connections with neighbouring 
patches. The use of solid modelling in concept and architectural design provides operations which can 
be used to reconfigure a design as part of an investigation into different options and can rapidly 
generate a model suitable for customer marketing. However, the use solid modelling tools can have a 
detrimental effect during production design because geometry that has been cut away may be required 
to support the fabrication process of individual parts prior to material cutting or to allow intersections 
between geometry to be re-established using production tolerances.  
 
The quality of the geometry produced by these applications can be dependent on user configurable 
tolerances set in the software and the precision used in the design of the algorithms. While the original 
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surfaces are primarily determined by mathematical equations, solid modellers rely on processes and 
numerical analysis where the quality of the output is dependent on how well the software was written. 
With solid modelling tools being designed for mechanical or product design it is challenging for them 
to support the kind of direct surface interactivity available in dedicated hull surface design 
applications. The embedding of surface geometry within a structure controlled entirely by the 
software prevents the designer from making further changes to shape and means that the designer is 
entirely reliant on the software implementation for all changes. When software fails to deliver, the 
user is left to resolve the modelling challenge based on their experience alone.   
 
2.3 The Human Factor 
 
Tendering design phases are time pressured. Enough detail to provide proof of concept and no more is 
all that is required. If the tender is successful there is often an assumption that the concept hull form 
will be suitable for subsequent phases of the design process but this is not often the case. 
Hydrodynamic analysis and hull steel design tools are beginning to commit to using Solid Modelling 
libraries to drive the source definition and brings with it a need to ensure that the hull surface is error 
free in both geometric and topological terms, i.e. no gaps, inaccurate intersections or missing surfaces, 
Fig.1. Although a production ready hull form is not a concept design deliverable, surfaces produced in 
the early stage often lack attention to detail. Small surfaces representing thin keels and stem bars 
strips can be left out of operations and disappear particularly when selection is done by mouse. Areas 
of the surface such as the bulb and waterline endings require a good degree of skill and experience to 
correctly introduce into the definition. Often it’s a matter of a specific configuration within the 
definition to produce a particular shape without which it can take hours of control point manipulation 
to generate, at best, an approximation. Defects can also result from poor understanding of the 
underling hull form definition techniques and surface mathematics. While it should not be a 
prerequisite for users to understand the mathematics, if users define scenarios which cannot be 
accurately generated there is often little remedial action that can be taken other than a complete 
redefinition. 
 

Fig. 1: Typical Hull surface defects: gaps, poor accuracy at T-junctions and bad patches. 
 
2.4 When it all goes wrong 
 
The reality of working with hull surfaces in modern software is that it is not unusual to be faced with 
a hull definition that is dysfunctional when imported into your preferred tool. Surface healing can 
rectify minor defects allowing a definition to be used within a software package but rarely do these 
techniques correct omissions or poor attention to detail.  
 
Creating a precise hull surface is a challenge, as is the software development to support all the 
potential configurations a user may wish to represent. All too often the active software development 
stops when users can complete a native design definition because the business case has been achieved. 
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But more often, users are importing and attempting use poor surface definitions. Sometimes it 
possible to accept poor performance but often the definition should be redefined. Tools which assist 
this process are rare and the user must revert to basic digitisation. This is an expensive decision 
requiring someone with skill and expertise. Therefore, the decision to redefine a hull surface is always 
one of last resort and is all too often associated with project delay. 
 
3. The Power of Design Definition 
 
Design Intent is a recently defined phrase used to describe capabilities within a design tool which 
allow the designer to clearly and precisely define characteristics of an article. The term groups 
together approaches such rule-based design, constraints, associations, parametric relationships, 
topology and relational geometry which are each mature techniques in their own right and are found 
in many CAD, Surface and Solid Modelling design tools. Unlike individual techniques for controlling 
a geometrical definition the term should be seen more as a concept which highlights a relationship 
between the designer and the modelling system. It introduces an expectation that the designer will 
want to change the model and that the software can support those changes productively and without 
detriment to other geometric characteristics of the article.  
 
The hull definition methodologies used to generate patch assemblies, such as Cross Sectional Design 
mentioned in 2.1, easily incorporate Design Intent and most implementations introduce at least some 
capability. These features greatly improve the productivity when defining a new hull surface. They 
can be just as useful when redefining a surface with the added advantage of referencing any original 
geometry that may be available from the failed definition. In this respect, Design Intent can assist 
users with limited skill or time to quickly replicate or repair a hull definition and avoid project delay. 
The additional step required is the ability to extract shape from reference geometry and generate 
design curves which represent Design Intent or respect the Design Intent captured in existing 
definition. 
 

  
Fig. 2: Examples of constraints that can be applied to at point level and at curve level. Combining 

these tools when building a curve network allows hull definition to be created quickly. 
 
4. Creating Cross Sectional Design Definition from Existing Hull Surface Definition 
 
Cross sectional design is a technique for building up surfaces from a network of curves. The structure 
forms a B-Rep with vertices defined by curve intersections, edges by the curve segments between 
vertices and faces represented by local loop of edges. Surfaces are generated on the faces by 
extracting edge position and generating tangency by interpolating between adjacent edges. This 
process is managed by the software and the user will only see the resulting surface. The use of curves 
naturally lends the technique to hull surface definition given the traditional use of surface sections or 
contours to understand shape. Unlike the manipulation of NURBS Surface control polygons, the 
sequential creation of curves allows a gradual build-up of the definition creating a methodology where 
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the user captures an outline shape and then adds more to refine shape where necessary. It is easy to 
add or remove an individual curve to understand sensitivity. Curve generation algorithms can be 
controlled by “constraint” type attributes associated with points or curves to create effects such as 
knuckles, blends or linear segments. Used across a curve network, these attributes support Design 
Intent and considerable reduce the amount of detail a user has to explicitly define.  
 
The definition of a hull surface using Cross Sectional Design follows a surprising consistent approach, 
Fig.3. It starts with the definition of surface boundary curves such as the stem, stern, deck keel, 
transom and often midship section, followed by curves which represent features such flat of side or 
bottom, knuckles and other discontinuities. This initial network of curves characterises the 
arrangement of shape in the hull surface and are common throughout hull forms of a certain type. 
Prior knowledge of these configurations, termed Form Topology, Bole (2010), can be used to assist 
the user develop the definition by automatically applying constraints and are another manifestation of 
Design Intent. The final stage of definition is to refine the shape by adding more curves. This is often 
the time consuming part during the creation of a new surface requiring time to find a smooth shape, 
but if the shape can be systematically extracted from the original geometry, all the user needs to do is 
verify the accuracy and quality of the generated definition.  
 
a) b) c) 

   
Fig. 3: Stages of creating a hull definition with a curve network: a) Outer Boundaries and major 
changes in shape, b) Curves representing characteristic shapes and features, c) General shape control 
curves. 
 
As curves used in cross sectional design are often planar, definition can be simple generated by 
sampling the original geometry by a planar intersection and using least-squares techniques to generate 
the design curve definition. Furthermore, the least-squares fit must be sensitive to any Design Intent 
the intersection encounters on existing design definition. 
 
5. Commonly Encounter Hull Definition Scenarios 
 
Generating design curves by performing a planar intersection and applying a least-squares fit to the 
sampled points is simple process and may be applied to any CAD geometry. Thus this curve 
generation technique is not limited to working with surfaces. 
 
5.1 General Curves 
 
Although surfaces are today’s most popular hull surface representation for design, curve 
representations remain just as popular for many other applications. It is easy to generate curves from 
surface definitions and it is a convenient format for many niche analysis tools that do not require a 
continuous 3D representation. Curve data can be found in many 2D plans such as Lines Plans and 
General Arrangements. Data representing older vessels is still held as tables of offsets and it is often 
necessary to generate a surface from this data if through-life analysis in modern tools is required. 
Using common CAD formats, such as DXF and IGES, curves can be easily loaded into CAD software 
as polylines or NURBS curves. Curve data can also be extracted from digital documents such as PDFs 
which creates the possibility of accurately replicating designs from competitors’ poorly secured 
brochures or websites in the public domain. Paper plans can be scanned and the images traced within 
the hull design tool or they can be converted into vector formats and used directly. Curve data is so 
ubiquitous that, given a little technical knowledge, it is easy to utilise the information. Algorithms and 
techniques which generate points resulting from intersection with planes are well documented and 
these points may be used directly in a least-squares fit algorithm. 
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5.2 Cross Sectional Design Curves 
 
Although the technique is no different to that described for general curves the ability to generate 
additional design curves from the existing Cross Section Design definition is a powerful tool 
particularly if you look to exploit the flexibility provided by least-squares fit over the more obvious 
cubic spline fit. Cubic Spline fitting can be restrictive because the number of control points on the 
generated curve is directly related to the number of points sampled, Fig.4.a. This factor is quite 
important when taking into account the ability to create Design Intent such as the Relational 
Geometry Bead configuration, Letcher et al. (1995), where the control points of one curve (child) are 
embedded in the geometry of other (parents). This configuration is extremely useful when building a 
curve network allowing the shape of child curves to automatically adapt to changes in the definition 
of individual parent curves. However, as the number of curves increases, child curves often intersect 
too many curves and the resulting shape due to the cubic spline fit is far more sensitive to the relative 
position of parent curves. These scenarios are hard to fair. Removing the relationship between curves 
and reducing the number of control points is the only way to proceed but these actions break the curve 
network. Moreover, user interface solutions for rapid curve generation often involve interactively 
adding curves that will automatically become the child of all others they intersect. While this is often 
seen as a good productivity enhancement without careful use it can make achieving a good quality 
hull surface more difficult. 
 
a) b) 

  
Fig. 4: The number of control on Cubic Spline fitted design curves (a) are constrained by the number 
of data points. That is not case in the least-squares fitted (b) which can provide better shape quality. 

 
Least-squares fit offers an alternative approach for curve generation. The technique wouldn’t 
normally be considered because it doesn’t general intersect the analysed data points, but in terms of 
the connectivity hierarchy within the curve network this makes it ideal for creating ‘parent’ curves to 
which the sampled ‘children’ can be attached. The number of control points can be specified and, 
therefore, across a family of definition curves can be kept consistent creating desirable curvature 
properties across a surface. The addition of a smoothing model as part of the fit allows the curvature 
quality to be controlled and allows the number of control points to be more than the number of sample 
points, i.e. when the least-squares fit becomes under defined.  
 
5.3 Surface Assemblies and Boundary Representations 
 
When a surface definition fails to properly import from one software system into another it can cause 
significant disruption to the project. Often the individual reasons why the surface will not import are 
small within the overall size of the geometry. Poor alignment between surface patches, greater 
reliance on Solid Modelling tools with the tolerances being very small and inconsistent between 
systems there is always a chance of non-acceptance. The other reason that the surface may have to be 
redefined is that it is not suitable for the next design stage and the original design definition is 
unavailable, i.e. the Design Intent has been lost. In most cases the geometric shape of surface 
definition is entirely satisfactory and this fact is often the cause of user frustration when an imported 
surface doesn’t work. In some cases a solution can be to import the raw geometry ignoring the Solid 
Modelling data but mainstream software rarely supports this. 
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With a focus on regenerating a hull definition that captures Design Intent as well as the correct shape, 
definition curves may be generated from surface geometry by a number of methods. An advantage of 
hull surfaces based on multiple patches is that the edges will pick out the features of the surface that 
should be defined before attempting to capture general shape of the surface, Fig.5. These features will 
often be associated with a particular condition in the surface such as a knuckle or constraint on 
tangency. Often it’s possible to assign an equivalent constraint to the design curve, capturing the 
Design Intent. These feature curves may be generated by extracting the edges of patches as individual 
curves, welding them together to form a single curve if necessary and then fitting a Design curve 
using a least-squares fit to control the number of control points and quality of fit.  
 

 
Fig. 5: Form Topology (characteristic shapes and features) in a multi-patch surface (top) is easily 
captured directly in a curve network (bottom) to which constraints may be applied as attributes to 

control subsequent design curves. 
 
Once the initial network of curves representing Form Topology have been defined, the remaining 
definition curves may extracted by taking planer intersection through the surface, i.e. generating a 
contour, and again fitting design curve using least-squares. Compared with the time required to 
manually digitise control points this may take a matter of minutes if the software automates the 
surface intersection-curve generation process. Equally this approach may be applied to any other 
surface geometry such as facets. 
 
5.4 Point Clouds generated by Laser Scanning 
 
A variety of methods now exist which sample the shape of real objects. Techniques such as Laser 
Scanning can optically capture the shape of a hull in a cloud of points. This allows the rapid survey of 
existing vessels for though-life management where no hull definition exists or where it validity is 
questionable. The biggest challenge when working with point clouds is the amount of data produced 
and often the solution is more about optimising the computer resources to allow the user to work with 
the data rather than the actual fitting process. Scanned data often consists of multi-gigabyte files 
which are impractical to load into computer memory in entirety and some older operating systems are 
limited on file size. The software needs to provide visualisation of the data so that the user can access 
the geometry by down sampling and volume cropping. Transformation tools are required as the data is 
unlike to be positioned or orientated in the correctly.  
 
Methods exist for converting point clouds into faceted geometry or trimmed surfaces. Neither of these 
representations can be productively modified once generated, if that is a requirement, because the 
geometry will be defined by a large numbers of control points. The scanner captures everything 
within the line-of-sight of the sensor positions but is unable to capture areas where it’s not practical to 
position the sensor. This means that a scan of a dry docked vessel will capture mooring lines, anchor 
chains, rigging, ladders and hull supports but there will be often be little data of the keel, Fig.6. 
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Fig. 6: A colour laser scan of Zodiac capturing detail (ropes, fittings and accommodation) which must 

be filtered out when extracting geometry for the hull surface. 
 
It is possible to remove unwanted areas by removing points but this can be time consuming. 
Alternatively, the cloud can be cut with a planar section, Fig.7, collecting points from which a design 
curve may be generated. The planar section may be placed to avoid undesirable clusters of points and 
it is possible to develop methods which can avoid undesirable data points which are not part of the 
hull surface. 
  

 

 

Fig. 7: Sectioning the point cloud, by capturing points near to a geometric plane, brings clarity and 
transforms it into a presentation more familiar to hull designers. 

 
6. Developing a Least-Squares Method for fitting Design Curves which respects Design Intent 
 
Using Least-Squares fitting to generate design curves is applicable across all hull design actives 
although it’s most useful when hull definition geometry already exists. Presenting it in the simplest 
format inside design software ensures the best possible utilisation. The process to fit a curve consists 
of three stages: intersection, sort and fit. The definition of an intersection plane is primarily a user 
interface activity and is discussed further in 7.1. Point sorting is more challenging because depending 
on the configuration of points no one technique is always completely successful. In my 
implementation, a local nearest neighbour approach was chosen balancing speed against the quality of 
results. The algorithm identifies a bounding box (2D) around the intersected points, selects a point 
closest to a corner or edge and then iteratively searches for the nearest neighbour. The purpose of 
selecting a point closes to a corner or edge is to instigate the sort on the basis that the end of section, 
waterline or buttock curve will normally terminate in these locations. Following the sort, spans 
between design curves are identified by searching for intersection points from design curves with 
tangent conditions. The Least squares fit is then applied per span, accounting for tangent constraints at 
span ends. 
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6.1 Least Squares fitting 
 
The Least-Squares fit method is rarely see in CAD software as a modelling tool but it has a lot of 
useful properties which may be used to enhance the generation of design definition beyond that which 
can be achieved with Cubic Spline fitting or manual definition. The Least-squares method has proved 
popular in the past when used for curve fairing but again this has waned with the rise of surface 
definitions. In respect of curve generation, least-squares is a method which given a mathematical 
model, identifies the best set of parameters (the least square of errors) which fit the model to sample 
data. Least-Square fitting of B-Spline curves is well documented, Piegl and Tiller (1999), Farin 
(2002), and produces curves that can coexist with Cubic Spline fitted and manually defined B-Splines 
without any special treatment.   
 
The geometry being sampled to produce new design curves may not always be smooth. Coarse data 
sources like hull sections can have a lot of undulations depending on the frequency of the sections and 
how the data was captured. Interactive smoothing can be added to Least-squares as an additional set 
of equations. Farin (2002) presents a simple model which minimises the second differences between 
control points. It is also possible achieve this by minimising derivatives quantities, such as curvature 
or energy. However, it should be noted that these measures are expressed as signed scalar quantities 
when fitting in 2D but become vector quantities in the 3D case increasing complexity significantly.  
 

 
Fig. 8: Tangent conditions are applied after each least-squares fit iteration which is applied between 

points P3 -Pn-2 only. 
 
The fitting algorithm becomes more complicated when applying end conditions resulting from 
connections to parent Design curves that have tangent constraints. These constraints control the 
direction of the tangent vector but not the magnitude. For cubic B-Splines, the tangent magnitude, in 
terms of the length of the control polygon segment between end and adjacent points is conventionally 
taken as one third the distance between the end and second points, Fig.8. This constraint couples all 
three coordinates together preventing the general case of solving in x, y and z separately. This 
produces larger matrices and requires the use of a non-linear solver due to the use of Pythagoras 
theorem to calculate distances between points. Lagrange Multipliers may be used to introduce these 
constraints although it is possible achieve the same result by applying the least-squares fit on 
unconstrained points and updating the magnitude of tangents after each solver iteration until 
convergence. 
 
6.2 Fitting Curves to Point Cloud Datasets 
 
Applying the least-squares fit to a slice through a cloud point dataset introduces challenges in regards 
to the size of the data involved. A slice through the dataset may gather many thousands of points 
introducing the requirement to process large matrices and may capture areas of the point cloud that 
are not relevant to the area of interest. Considering that the maximum useful number of points on a 
generated design curve should not really exceed twelve before manual fairing becomes challenging, 
an individual point in a slice can be considered insignificant. Both the point cloud and planar slice are 
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spatially optimised by mapping points into a 3D or 2D grid respectively, Fig.9.a. The 2D grid used in 
a planar slice remains sufficiently dense that sampling a data point from each cell still produces points 
numbering in the hundreds but this is now acceptable in regards to the amount of time required to 
calculate a fitted curve. A point from each cell is selected by calculating the average centre, C, of all 
cloud points in a single cell, and then the average centre of all points within a rectangle centred on C, 
Fig.9.b.  
 
Slicing a point cloud dataset will collect points that aren’t relevant to area of interest and an automatic 
method is required to exclude these in the curve fit. When fitting to the point cloud, the initial network 
of design curves should at least exist representing the Form Topology, Fig.5. As most curves within 
this network will have some tangent condition, the spans between each of these curves will need to be 
fitted separately. For each span, points can be collected from the slice by determining the shortest 
route defined by the graph of populated cells, selecting the cells intersected by the existing design 
curves at the start and end of each span at the route termination points. This has a number of 
advantages. It ignores points that would cause the fitted curve to diverge from the general trend of the 
data, Fig 9.c, allows gaps in point clouds cause by obstructions to be connected, Fig 9.d, and orders 
the points ready for the least squares fit. 
 
a) 

 

b) 

 
c) 

 

d)

 

Fig. 9: Converting sectioned point clouds into a design curve through the generation of a grid (a) and 
selection of data points from the grid (b). Treating the grid and points as a connected graph through 

which a route can be established avoid unwanted points (c) and connects gaps (d). 
 
7. User Interface Requirements to support Regeneration of Hull Surface Definition 
 
User interface design is a very subjective topic and various approaches to crafting a hull design 
solution are on offer in the many applications available. In my experience from developing PolyCAD, 
http://www.polycad.co.uk/, the following specific features are considered to be important in software 
used to design and redefine hull surfaces.  
 
The challenge when capturing hull surface shape is to be able to understand, represent and manage the 
definition within the constraints of the conventional 2D interfaces of the screen and mouse, and the 
keyboard. These tools must be used to project information into the software generating a 3D model. It 
is inadequate to constrain user to numerical entry and 2D manipulation in principle planes alone. The 
software needs to take maximum advantage of any routines which can be used to derive 3D 
coordinates. Point snapping is one of the most significant productivity features which allow the user 
to place new definition on existing geometry such points, curve and surface edges. Couple this with 
the ability to rapidly establish a working plane “on the fly” that allows the user to work in principle 
planes or those represented in model definition. Projecting the ray defined by the mouse cursor into 
the model so that it intersects with the working plane defines a 3D coordinate and allows the user to 
work in oblique and perspective views without having to account for screen depth. Refinements such 
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as making it easy and interactive to insert points and providing common functions which are context 
sensitive reduce the amount of physical mouse movement across the screen, Fig.12. 
 
7.1 Interactive Curve Fitting 
 
Creating a successful user interface to support the rapid generation of fitted curves in the process of 
hull design is surprisingly challenging. The software may allow rapid generation of fitted definition 
curves but the result of making this activity quick and easy, as mention in the case of Cubic Spline 
fitting in 5.2, was that the user did not consider reviewing the quality of the curves and definition. 
Consequently, without pause for review, the software allows the user to generate potentially poor 
quality definition very quickly and it may not be until later that the user may realise something is 
wrong and it often takes experience to understand when this happened. Unlike the cubic spline fit, a 
least-squares fit exposes parameters controlling the number of control points and smoothing. The need 
to review these parameters provides an opportunity to pause and check the curvature quality and 
closeness of fit. The option of reselecting the intersection plane can be provided. Collection of cloud 
point data takes time and requires selection of the data source and specification of the intersection 
parameters (grid size, slice thickness) which provide a further opportunity to review the shape of the 
curve. 
 
Definition of an intersection plane can be very easy. For example, a principle plane can be defined 
with a single mouse click in combination with a snap point. However, principle planes are not always 
the best choice and certainly there is a need to define 2D curves in keeping with “diagonals” which 
are 2D curves approximately parallel to heeled waterlines. However, extensions can only be made by 
supporting plane definitions that are supported by constraint configurations available in the design 
curves. In PolyCAD, additional numerical parameters required to defining curve location planes were 
are avoided to maintain flexibility. Location planes are defined by through control points on the curve 
respect to a particular plane orientation. Principle plane constraints are defined by a single selected 
control point and inclined planes, where a principle axis lines in the plane, is defined by two selected 
points. By first selecting one of six possible plane orientations (three principle and three inclined 
plane definitions), the user can then define the location plane by snapping the requested number of 
points. 
 

  
Fig. 10: Least squares fitted curves generated by sampling the surface with respect to planar 
intersections. 
 
Point snapping provides a quick method of determining a 3D coordinate within the model but also 
provides advantages. If a selection is made near to a design curve, the fitted design curve can 
reference it directly as a Bead. Subsequent clicks can be used to localise the fitted curve to a number 
of spans within the initial curve network in addition to supporting the definition of inclined planes, 
Fig.10. 
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8. Worked Examples 
 
8.1 Regenerating a Hull Surface which has a Poor definition and Curvature Quality 
 
This Capesize Tanker hull form was originally created for stability analysis but was also used for 
model tests, Fig.11. Defects include the forward flat of side curve undulating across other patch 
boundaries and there is a gap in the bilge radius between the entrance and midbody regions. 
Furthermore, there are a large number of high aspect rectangular patches which make direct fairing of 
the patches challenging. 
 

 
Fig. 11: The hull form highlights defects which prevent it from being improved into a production 
definition. High aspect ratio patches, poor curve definition, gaps must be resolved and a foundation 
definition provided for further fairing. 
 
In the first stage, the outer boundary of the surface is captured often starting with the stem and stern 
profiles. It is difficult to use least-squares fitting to capture these shapes, particularly bulbs, because of 
the different knuckles, straight and curved segments that are present. It is far easier to directly digitise 
these shapes using the mouse, snapping to the surface geometry and apply curve constraints where 
necessary, Fig.12. 
 

 

 

 

 

Fig. 12: Curves with complex shapes and features often need to be captured by manually. Interative 
snapping, point refinement (insertion), and context sensitive tool allow rapid generation of definition. 
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Others with more continuous curvature may be captured by extracting the edge curves of surface 
patches, combining into a single curve if necessary, and then fitting a design curve using least-
squares. Analysis features such as curvature and divergence from the sampled data assist the user 
select the number of control points and level of smoothing. At this stage the user begins to choose the 
number of control points that will be used to define the family of design curves which will capture the 
initial shape of the surface. 
 
a)

 

b)

 
Fig. 13: Specific shapes embedded in the surface definition can be extracted as general curve 
geometry and used to generate a design curve. Curvature (a) and accuracy of fit (b) may be 
graphically reviewed allowing the user to interactively decide on the number of control points and 
smoothing level. 
 
The first stage completes when the characteristic shapes of the surface have been captured in the 
network of curves defining the Form Topology as seen earlier in Fig.5. Constraints on these curves 
such as tangents and knuckles on these curves will shape any child curves which reference them 
eliminating a need for the user to explicitly capture these shapes.  
 
Once the curve network has captured the boundaries and characteristic features, shape curves can be 
added. Least-squares curve generation is used to capture the shape of the surface spanning the initial 
curve network. All the user has to do is select the position of the intersection plane using a digitised 
snap point for a principle plane or two points for an inclined plane aligned a principle axis. The 
software automatically extracts data points for the least squares from any intersected geometry and 
generates a preview of the resulting design curve. The user can now review the curvature and 
accuracy of fit, interactively changing the number of control points and smoothing until satisfied. This 
approach eliminates the need for the user to manually select and position points and because it’s quick 
minimal time is lost if the curve needs to be position now or later the definition process. 
 

  
Fig. 15: A design curve generated using least-squares across the bow of the hull surface. Curvature 
(left) and accuracy of fit (right) are illustrated. 
 
Once the longitudinal shape has been captured using design curves, the definition required in the 
patch network can be completed using cubic spline fitted design curves. The user generates these in 
exactly the same way as the previous curves but the method is usual set to consider intersections from 
design curves only, Fig.16. 
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Fig. 16: The curve network for forward and aft sections of the redefined hull surface. The curvature 
corresponding to the generated surface is illustrated below each respective end of the vessel 
 
The quality of the surface generated isn’t perfect but for the time taken and the quality of the 
referenced surface it is much improved and satisfies the accuracy required for import into solid 
modelling software. In this particular example, surface quality can improved by introducing the 
correct definition required to control the ‘end surface’ above the bulb and around the propeller shaft. 
Detailed fairing around the flat of side curves will improve shape there.  
 
8.2 Generating a Hull Definition from a Laser Scan  
 
As far as the user is concerned the process for generating a hull definition from laser scan information 
follows the same process. However, the quantity of reference data is significant and the challenge is 
for the software to provide access to that data without a decrease in performance. Prior to capturing 
geometry, the data needs to be positioned and orientated correctly and any unwanted areas of points 
removed. Physical changes to the laser scan dataset can take time and these can be avoided by apply 
geometric transformations as points are retrieved from file and minimising the number of times the 
data is optimised into a spatial map or grid. 
 

 
Fig. 17: The Tornado dataset, illustrating 500,000 (0.2%) of the total 300 millon data points. 
 
Although helpful for visualisation and orientation, it is difficult to use the dataset directly to digitise. 
It is difficult to give the point cloud an impression of being in 3D particularly when being displayed 
on a 2D screen and certainly when there is no colour. Often it is easier to appreciate shape when there 
are less rather than more points displayed. Capturing thin sections of points several millimetres thick 
turns the data, as far as a hull designer is concerned, into something that can be related to more 
strongly, Fig.18. Furthermore, as each slice will hold only 10-100 thousand points it now practical to 
introduce snapping capability although spatial optimisation of the slice data structure is still required. 
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Fig. 18: The Tornado dataset sliced with sections and waterlines. Design curves have been added, 

mostly using manual digitisation with snapping, and curve fitting were possible. 
 
As before, the first step is to capture the boundaries and characteristic features, Fig.18. Slices can be 
positioned to pick up features such as the centreline but often it’s necessary to resort to manual 
digitisation because these specific features are often fuzzy in point cloud. Features such as deck lines 
may be obscured by deck structure, capping, rubbing strakes or gear, knuckles can have dents and flat 
of side curves are sensitive to plate distortions. Therefore, it’s necessary for the user to provide some 
judgment. 
 

 
Fig. 19: Creation of shape Design curves can reference point cloud by generating temporary slices 

based on the intersecting plane. Here the curve fit is automatically restricted between tangent curves. 
 
Once the major characteristics have been captured, least-squares fitting can be used to generate 
longitudinal design curves in the shaped areas of the hull form, Fig.19. Using the intersection plane, a 
temporary slice can be generated through the point cloud and sample points extracted to support the 
fit. Intersection planes can be placed between undesirable hull surface features captured in the point 
cloud. In Fig.19, the planes are selected to avoid bilge keel, propeller, shaft and rudder. These features 
may be added as auxiliary surfaces later. Once the shaped curves are generated, the definition required 
for the patch network can be completed by adding crossing section curves based on cubic spline fitted 
B-splines, Fig.20.  
 

  
Fig. 20: The completed curve network and surface quality represented as isophotes. 

 
Although not perfect, the curvature quality of the surface produced in this example is more than 
acceptable considering time spent on the definition. Often it is challenging to understand the shape of 
small features in point clouds such as stem bars and keel flat and how the shape of these should 
transition into the surface that surrounds them. Sometimes the user just has to make a best guess. 
Later a final decision needs to be made in regards to a point to stop. It is easy to continue improving 
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the definition but if this is beyond what is suggested by the source data this may not be beneficial. 
 
9. Concluding Summary 
 
Translating hull surface definitions between CAD, production and analysis software is not always 
successful. The wider use of Solid Modelling tools increases the required quality expected in hull 
surface definitions and the risk of failure when a surface definition falls below this. Although these 
failures are often seen as a software problem, more often than not, surfaces fail due to poor use of 
these tools resulting in gaps, poor alignment and bad definition within the surface. Furthermore, early 
in the design process it is often easy to make shortcuts in the creation of a surface which must be 
accurately resolved before it can be used for production. 
 
Least-squares fitting provides a starting point for algorithms which can be used to generate definition 
where the user can review and change their mind in regards to the complexity of new definition, the 
quality of curvature and how closely it matches the surface. With good software design these 
algorithms can be provided to the user allowing them to rapidly generate definition with one or two 
mouse clicks. As the approach is based on the simple intersection of other geometrical elements it is 
applicable almost any geometrical entity including laser scans and the hull surface design definition 
itself. 
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Abstract 

 

The philosophical, conceptual and ontological aspects of style in ship design are expanded upon from 

the previous introduction in the authors’ paper to COMPIT 2013. The application of a network 

theory, interactive design exploration and the Design Building Block approach to this newly 

elucidated aspect of preliminary ship design are described, both in terms of their mathematical and 

procedural foundations and with a particular focus on how they can be used by ship designers. 

 

1. Introduction 
 

In their previous paper to COMPIT 2013, the authors proposed a conceptual definition of “style” as a 

type of information key to ship design. This was not the first use of the term in a design context. 

Simon (1970) already discussed the impact that “style” has on the design process. His definition of 

“style” and its components are still valid and used as a starting point for this paper: 

 

“A style is some one way of doing things, chosen from a number of alternative ways. 

Since design problems generally do not have unique optimal solutions, style may enter in 

choosing anyone of many satisfactory solutions. Components of style can arise from three 

sources: direct specification of the final object, the processes used to manufacture it, and 

the processes used to design it.” Herbert Simon (1970) 

 

Brown and Andrews (1981) explicitly incorporated “Style” as a characteristic of ship design as the 

fifth “S” in their “S^5”, the others being Speed, Seakeeping, Stability, and Strength. Andrews (2012) 

provided a listing of topics classed as “Style”, which is repeated as Table I. 

 

Table I: Listing of style topics for a naval combatant (after Andrews, 2012) 

Stealth Protection Human factors Sustainability Margins Design issues 

Acoustic 

signature 

Collision 

resistance 

Accommodation 

standards 

Mission 

duration 
Space Robustness 

Radar cross-

section 
Fire-fighting Access policy 

Crew watch 

policy 
Weight 

Commercial 

standards 

Infrared 

signature 

Above water 

weapon effect 

Maintenance 

levels 
Stores level 

Vertical center 

of gravity 
Modularity 

Magnetic 

signature 

Underwater 

weapon effect / 

shock 

Operation 

automation 

Maintenance 

cycles 
Hotel power 

Operational 

serviceability 

Visual 

signature 

Contaminants 

protection 
Ergonomics Refit philosophy Ship services Producibility 

 Damage control  
Upkeep by 

exchange 

Design point 

(growth) 
Adaptability 

 
Corrosion 

control 
 

Replenishment 

at sea 

Board margin 

(upgrades) 
Aesthetics 

 

Utilizing Simon’s description of the origins of style, many of the topics in Table I can be seen to 

relate to direct specification of the final object. However, if one considers that the author of the table 

have significant experience in both warship design and the development of computer aided ship 
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design processes, one could then infer that the processes (used to design) origin of style is also 

encoded in this table. This table summarizes how the definition of design in terms of -ilities, (e.g. 

design for production, maintenance or upgrade), could be seen to represent the codification of 

different sources of style into a design focus. 

 

Style cannot merely exist in a tabular form. The exact nature of style is as a type of information or the 

outcome of the processing of the information. In the 2013 COMPIT paper the authors proposed a 

novel definition of style as information possessing several key characteristics; that it is cross-cutting, 

group information, and able to accommodate uncertainty. These concepts are illustrated in Fig. 1a-d. 

The consideration of this definition has continued and it will be expanded upon here. 

 

  
a. Style as cross cutting b. Style influences different areas 

 

  
c. Style groups information d. Solutions occur at the intersections 

Fig. 1: The main characteristics of style as proposed by the authors 

 

A fundamental property in the proposed definition of style is that it is cross-cutting, that is, one 

decision explicitly influences a wide range features in a given solution. This is an extension of the 

style source, direct specification of the final product. Many interactions occur between different 

aspects of ship design, but what makes style different is that these interactions are primarily with other 

aspects of the design, rather than within the specific stylistic aspect itself. The nature of this 

interaction is also proposed by the authors to be different in that it is one of influence rather than 

input. 

 

A corollary to the proposal that style is cross-cutting is that it acts to group information from multiple 

areas of ship design, as shown by the reversal of the arrows between Fig. 1b and Fig. 1c. The 

mechanism of this grouping may vary – it could be by a conscious decision to differentiate between 

multiple options, or an emergent property representing the shared knowledge of a design organization 

(e.g. refer to DeNucci, 2012 and see Section 3), or could be derived from automated analysis of 

designs themselves. 

 

Style as an information category also has the property of being able to accommodate different types of 

information, containing both “hard” (quantitative) and “soft” (qualitative) knowledge that can be 

conceptually connected or grouped. It may also be the case that it is this collection of different 



   211 

information types that leads to the generation of a category of style itself. This is an extension of, the 

processes used to manufacture it, and the processes used to design it. 

 

Hard information should be easier to program into a software tool to support the use of style, but 

quantitative “hard” design knowledge may have a high degree of uncertainty associated with it, and 

that uncertainty may itself be poorly quantified, stemming from a lack of information. “Soft” 

information is more difficult to identify and extract using software, and there will be a need for 

designer input and interaction. Qualitative information may however have a low degree of uncertainty 

– for example some Producibility guidelines may be stated with a high degree of certainty, but contain 

qualitative or procedural information which is not expressed numerically. In both cases, however, the 

importance of context must be considered. 

 

When one investigates the sources of style identified by Simon it becomes clear that “context” is an 

important consideration. Context is an issue to consider when dealing with both quantitative and 

qualitative information, and may be fundamental to utilizing style in a structured way. Context is 

illustrated in Fig. 1d, where a solution is the result of the style being applied in the context of the 

performance aspect under investigation. The solution itself cannot be determined by looking at either 

the performance requirements, or stylistic definition, alone. This is of particular significance when 

considering quantitative information, where a textual guideline may have to be considered in concert 

with a wide range of other influences. 

 

This can be further complicated by the fact that, in an exploratory process of requirements elucidation 

as described by Andrews (2011) the current requirements and solutions will exist in the context of an 

evolving set of previous requirements and solutions. At such a high level, however, the  problem of 

incorporating context may be procedural, rather than primarily being software design. 

 

Context also refers to the conditions in time under which the design process took place. The persons 

involved, their knowledge and experience, the available technologies including other project 

constraints (political, time, procurement strategy etc.) have an important influence on the design 

choices made that resulted in the final solution. This can be illustrated by the fact that ships defined 

for similar missions and operations can be very different depending on the organization(s) involved in 

the process and compared to when and where they were designed. This fact was confirmed by 

DeNucci who illustrated that design choices made were strongly influenced by the areas of expertise 

of those involved in the design process, see DeNucci (2012) and Section 3. 

 

Two other properties are proposed as stylistic information; as an abstraction, and being self-

propagating. The first is relatively clear – considering the properties proposed as a definition of style 

in ship design, and the examples shown in Table 1, they can be seen to occur over a wide range of 

abstraction. Some areas will be highly numerical and entirely within the physical definition of the ship 

as an object, whereas others will encompass broader socio-technical issues and see the ship as a 

complex system. 

 

The second property, that style is self-propagating, can be seen in the example of the classic approach 

of the “type” or “derivative” ship, where a new vessel will be heavily influenced by the solution 

adopted for a previous vessel, where the perceived lower risk of using the previous solution leads to 

its adoption. It may be possible to use style as a mechanism to preserve the lessons of previous 

designs, but this would require and understanding of the relationship between the solution and the 

context as derived above, in order to “transplant” this knowledge into the context of a new set of 

requirements and solutions. 

 

1.1 Examples in Ship Design 

 

Table I provided a listing of aspects of ship design that could be considered as influencing style, and 

this section will provide a more detailed examination of some examples.  
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A very clear example of the impacts of a broad set of solution styles was provided by the 1991 study 

by Ferreiro and Stonehouse (1991) comparing designs developed by UK and US team to meet a 

common set of performance requirements for a typical frigate. The resulting designs are illustrated in 

Fig. 2, showing how for the same “high level” capability the solutions were different in arrangement, 

size and displacement. 

 

  
a. UK: 125m / 4548Te / 18740m

3
 b. US: 133m / 5578Te / 18672m

3
 

Fig. 2: The UK and US frigate designs developed using national practices but a common set of 

requirements (Ferreiro and Stonehouse, 1991) 

 

The differences between the two designs resulted from a wide range of influences that compounded 

over the course of the design studies, eventually leading to a US frigate displacing 1000Te more, and 

costing 20% more, than the UK frigate. While there are many factors and decisions affecting the final 

vessels, significant factors, as identified in Ferreiro and Stonehouse (1991), are: Survivability 

requirements, design margins, and manufacturing base. The US design philosophy has increased 

standards for vital spaces and firefighting and damage control contributing to increased vessel size 

and structural weight. Additionally, US designers included more design margins allowing for through-

life upgrades and growth capacity enabling a longer service life. The manufacturing base in the two 

countries also contributed to the difference because of the included design allowance for the 

competitive purchase of domestically manufactured equipment. A significant example was the US 

choice of medium-speed diesel generators as opposed the UK’s higher-speed sets. 

 

 

An explicit example of layout style may be seen in Baker’s frigate layout, shown in Fig 3a. Such a 

comparatively simple, topological description of a warship layout groups shows the influence of a 

large number of requirement and performance areas; the relative size and arrangement of 

accommodation is reflective of manning practices and rank structures, the use of a single machinery 

block (but with multiple compartments) reflects the trade-off between survivability and ship impact / 

cost. The arrangement of bridge, electronics space and ops room reflects operational issues and the 

type of electronics then in use. Although greatly simplified, this figure was still sufficiently 

representative of the arrangement of frigates. Andrews (1984) later produced a similar frigate layout 

which followed from a spatial disposition of circles of influence between functional spaces, Fig. 3b. 

 

Ship structures is another area where the influence of different styles can be seen not only in the 

material solutions, but also in the processes – and even the underlying philosophies – used to develop 

 
 

Fig. 3a: Baker’s frigate layout (Baker, 1957) 
 

Fig. 3b: Andrews’ frigate layout (Andrews, 1984) 
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them. Consider the three examples of the UK MoD textbook by Chalmers (1993), the relatively recent 

Lloyds Naval Ship Rules, LR (2014) and the Lloyds commercial ship rules,  LR (2013). The former is 

highly qualitative, describing many generic problems of warship structures and the approaches to 

developing solutions in general terms. The latter is highly prescriptive – although it does not provide 

numerical solutions for every problem, it generally explicitly states a mechanism to find a solution. 

The Naval Ship Rules, however, lie between these two approaches. These three approaches illustrate 

the importance of context, as they were developed and used in very different environments, they also 

show how style is grouping, in that they integrate diverse influences such as cost, operational lifespan, 

maintenance and risk. 

 

Current design tools and research do not create ships with style as an explicit input. Given its apparent 

significance in the ship design process, methodological research and tool development, is required to 

enable the use of the concept of style to understand the outcome of design processes, specifications, 

manufacturing, software and customer needs. Current research addresses style in three fundamentally 

different ways; definition of style, a priori design generation and posteriori design selection. Research 

at UCL has been focused on understanding style so that it can be incorporated into the preliminary 

design process with minimal information, in a “sketching” model of the ship design process, Pawling 

and Andrews (2011). Research involving network theory and ship arrangements at the University of 

Michigan demonstrated that the “style” of drivers of a design tool could be determined a priori. This 

was achieved through the investigation of the constraints and structure of a ship arrangements 

generation tool, Gillespie (2012). Research using design space exploration and selection at Delft is 

focused on evaluating an extremely large set of generated designs through the selection of “style” 

within the generated solution space, Duchateau et al. (2013). 

 

1.2 An Integrated Approach to Style 
 

In their 2013 paper to COMPIT (Pawling et al. 2013) the authors proposed an integrated approach to 

style definition, which resulted in a developmental toolset. This toolset was envisioned as having 

several potential routes to enabling the use of style in a sketching-based model of preliminary ship 

design, which are to be developed as part of on-going PhD research; methodological interfaces with 

UofM network analysis, the TU Delft packing approach and interactive design exploration 

methodology; the use of “Expert System” type tools to provide historical data and design patterns in 

supporting the designer; and the visual display / interactions with abstract representations of style, 

(such as networks, circles of influence etc.). 

 

Current work at UCL into preliminary ship design methods seeks to build on the architecturally 

centered, designer driven Design Building Block Approach (Andrews and Dicks, 1997) to incorporate 

both the concept of style as a concept in ship design and sketching as a model of the preliminary ship 

design process itself. The latter was proposed by Pawling and Andrews (2011) with design sketches – 

be they by hand or on computer, having the fundamental properties of being fluid (can easily move 

from sketches to more detailed schematics), forgiving (can contain errors, or be under-specified) and 

functional (can contain errors, or be under-specified). Pawling and Andrews also noted that to fully 

develop sketching as an approach to CAPSD, there needed to be a shift in modelling for analysis 

purposes and modelling for design exploration. 

 

The highly sophisticated, highly integrated suite of design and analysis tools in the GRC Paramarine 

software, Bole and Forest (2005), currently the only implementation of the Design Building Block 

Approach, Andrews and Pawling (2003), is very capable but may not be sufficiently flexible to 

support the sketching approach. The current UCL work is instead investigating the use of a connected 

set of simplified models and tools, using readily available software such as Excel, which trade off the 

absolute accuracy of a high definition tool such as Paramarine – which is potentially illusory given the 

uncertainties of PSD – for increased speed and ease of use. Importantly, this work seeks to maintain 

the flexibility and interactivity of the DBB approach. 
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Network analysis presents pre- and post-layout methods to evaluate design style. Addressing the 

relations defining a design problem enables the encapsulation multiple ship properties, within a 

cohesive mathematical framework. This type of abstraction has been used in Gillespie (2012) to 

identify inherent design drivers in a process as well as in Parker (2013) to evaluate influence within a 

design model. Design drivers and influence may function as indicators of style because they both 

indicate emphasis or preference placed on design elements. Applied to modeling and pre-layout, 

networks are a predictive tool that may guide a designer to better understand a design process. As a 

post-layout evaluation tool, a mathematically consistent evaluation of style enables comparison across 

similar designs and insight into requirement elucidation. 

 

Ongoing work at the TU Delft focuses on an interactive and progressive design exploration approach, 

Duchateau et al. (2013). This approach is envisioned as one of the potential routes to enabling the use 

of stylistic aspects in preliminary ship design and as part of the design space exploration and 

requirements elucidation task. It would allow designers to express and explore the impact of style 

during the design (exploration) process. Section 3 of this paper further elaborates on the proposed 

interactive approach, and focuses specifically on how semi-automated arrangement design tools can 

be used to explore stylistic aspects of arrangements in preliminary design. 

 

2. UM – Measuring style with network theory 

 

The proposed use of style necessitates identification and quantification of stylistic elements at 

different stages of the design. In the authors’ previous paper to COMPIT 2013, style was defined but, 

the details of extracting the relevant aspects of style a priori and posteriori of the design process, were 

not. Network theory provides a systematic method for identifying style selected by the context of 

relations within a design tool, as well as style resulting decisions that influence the solution space, 

Parker (2014), Gillespie (2012). 

 

2.1.  Network theory analysis 
 

Network theory enables a set of tools to identify patterns in a set of complex relationships such as 

those found in a ship design model, Parker (2013) and in ship arrangement, Gillespie (2012). From 

these sets of relations some aspects of style, as selected through choosing a design model, can be 

identified pre-arrangement to provide insight into future vessel characteristics and the design process 

itself. Post-arrangement, a similar set of tools can be used to identify elements of an arrangement that 

have the largest influence on that layout. 

 

Three network metrics were applied to a single loop of the design spiral presented in the Watson & 

Gilfillan design formulas (W&G) and a set of ship arrangements designed with the Intelligent Ship 

Arrangement (ISA) tool. Degree centrality, which measures in-degree and out-degree of nodes in a 

network, gave initial indicators of important nodes in the network. This basic metric ranks nodes on 

their number of connections, assuming that well connected nodes are more important than less 

connected ones. An extended centrality metric, hubs and authorities, is used by Gillespie to 

distinguish between hubs which point to important nodes and authorities, which are pointed at by 

important nodes in arrangement networks. Parker used a similar metric, Katz Centrality, to identify 

influencing and influenced nodes in the analysis of W&G design formulas. The final metric quantifies 

a hierarchy or flow of influence in a network with a hierarchical ranking method developed in Gupte 

et al. (2011) and employed in arrangement analysis to rank design drivers by their influence on the 

location of other compartments. These three metrics may be used pre and post-layout to evaluate the 

broad style of a design tool and identify style choices in a final design. 

 

2.2.  Examining style in arrangements and models 

 

Gillespie introduced the concept of evaluating design drivers with networks in general arrangements 

during analysis of the Habitability Ship as designed by ISA. Design drivers in an arrangement 

function in a manner akin to the style of a design – decisions that explicitly influence a wide range of 
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solutions. In the analysis of the Habitability Ship, ISA generated 1,488 layouts which were converted 

to individual networks using compartments as nodes with constraints and spatial relationships as 

edges. Network metrics revealed that the primary vessel style followed the intent of a Cold War 

warship designer; Fig. 7 shows the emphasis on fighting, feeding the crew, supporting the ship and 

finally supporting the crew. This design driver indicator or knowledge of style is available both pre- 

and post-layout, providing the designer with an accelerated learning process and tool to compare style 

choices across similar designs. Additionally, the results shown in Fig. 7 are an example of the 

abstraction and self-propagation of style – traits that, once identified, may be used to preserve the 

lessons of previous designs. 

 

 
Fig. 7: Ranking of design drivers in the Habitability Ship via hierarchy, Gillespie (2012) 

 

The style of a ship design tool has implications that differ from the style of an arrangement. In an 

arrangement network, style identifies the relationships governing the arrangement of physical 

compartments or choices governing other design features. However, style in a tool or process 

indicates trends that will be manifested through the design due to the context of design decisions as 

dictated by the tool itself. This information is valuable during requirement elucidation and design 

sketching, identifying which vessel characteristics (e.g. ship length, structural weight) will have the 

most influence on the future design. 

 

Parker’s network analysis of a sub-set of the W&G Design Formulas was similar to those completed 

on the Habitability Ship arrangement. However, when applied to a design tool, networks address the 

importance of the context of design choices, Parker (2014). In this analysis, fields of design typically 

analyzed separately are combined into a single multipartite network and evaluated both for individual 

and emergent properties that would not be apparent without context from each other. The W&G 

Design Formulas network was partitioned into input variables, functions of those variables, and 

objectives such as weight or cost. Each variable, function, and objective was given a node and edges 

were denoted by their connection through equations. After the analysis described above, nodes were 

ranked by hierarchy rank then by Katz Centrality. Ship length and volume were identified as the 

nodes with the largest influence on design process. Conversely, weight and ship type were the most 

influenced indicating their dependence on the previous design decisions. The importance of length 

and volume confirm the underlying process presented in W&G. The design spiral directs the designer 

to enclose the arrangement within a hull before evaluating the vessel’s characteristics following a 

process that is straight forward and contained within a single loop of the spiral. While this is explicitly 

stated in original W&G paper, the ability to mathematically validate this in a scalable framework 
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illustrates how network analysis may provide designers with insight into the style of more complex 

tools. 

 

Table II: Abridged Node Hierarchy and Centrality Rankings, Parker (2013) 

Node Hierarchy Rank Katz Centrality 

L 0 30.64 

V 0 9.97 

Ct 0 3.16 

s 0 2.07 

- - - 

Structural Cost 14 -4.48 

Total Cost 14 -5.92 

Ship Type 14 -20.25 

Weights 14 -23.19 

 

2.3. Application in manual and semi-automatic design 

 

Network representation of ship design tools and arrangements enables a set of analyses based off 

relations within the design, which can be applied pre- and post-layout. However, in a more transparent 

design process, the same tools can be applied to track style changes and identify implications of 

design choices that are currently unknown. As applied in Gillespie (2012), creating a constraint 

network establishes initial arrangements with a chosen style, which can then be updated with spatial 

relations based on compartment positions within an individual arrangement. For example, network 

theory can provide an efficient layout generation that can be applied to early stage semi-automatic 

design. By partitioning the Habitability Ship network using a community finding algorithm that 

groups nodes by strength of connection and evaluating the preference of those communities, a 

collective community preference was developed. The collective preference values which are a sum of 

the total preference for each zone are shown in Fig. 8. The higher values are an indication of structural 

zones where ISA or the designer will need to make style choices, because many spaces minimize 

constraint conflict by occupying those zones. Thus finalizing the space allocation of that zone will 

establish additional constraints on the rest of the allocation and defining pieces of possible the 

solution space. 

 
Fig. 8: Heat map of collective community preference for the Habitability Ship, Gillespie (2012) 

 

The network metrics abstract sub-attributes of style throughout the design process, ensuring that the 

style they identify is consistent, yet also comparable to different layouts of the same vessel and assist 

the designer in understanding their selection of a particular style. Providing this information 

systematically between iterations of the design process will accelerate the learning and requirement 

elucidation process. Additionally, these metrics can be applied to aid design generation by identifying 

areas where a designer’s choices will heavily dictate the resulting vessel’s style. 

 

3. TUD – Style in interactive design exploration 
 

In the previous paper to COMPIT, Pawling et al. (2013) and in Duchateau et al.(2013) it was 

proposed that one method of dealing with the highly iterative and stylistic nature of early stage design 
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and requirements elucidation, is to use an interactive explorative approach. Such an approach would 

allow designers to explore, identify and apply decisions regarding style during the design process. 

 

3.1.  A progressive design method 

 

One approach to the proposed interactive design exploration is a progressive design method (PDM), 

see to Horn (1996), Kumar and Bauer (2009). PDM allows the designer/decision-maker to adapt 

preferences and criteria used to search for the objective, i.e. the “optimal” design(s), as the design 

exploration progresses and the designer gains insight into how requirements and the design solution 

interact. Having the designer in control of the process has the added benefit of increasing his/her 

confidence and acceptance of the final result. 

 

Fig. 9: Interactive design exploration workflow, adapted from, Duchateau et al. (2013) 

 

Fig. 9 shows the workflow of the interactive design exploration workflow. Design criteria (e.g. design 

requirements, rules, constraints, preferences, etc.) are used to generate a diverse set of designs using a 

ship synthesis model, e.g. the Packing-Approach, van Oers (2011). The resulting designs and their 

associated performance are then explored by the designer and/or stakeholders, providing insights into 

the relations between the used design criteria, their underlying design rationale and resulting design 

solutions. If needed the design criteria, and the performance analysis of the designs, are adjusted 

and/or expanded to continue the design exploration effort in search of the “optimal” design(s), which 

meet the perceived needs of the stakeholders and comply with the identified criteria. 

 

A key step within the described workflow is exploring the design space in order to gain design 

insights. This includes exploring the stylistic aspects of the designs. This is necessary in order to gain 

insight into how these stylistic aspects interact with other design aspects (e.g. performance related 

criteria). 

 

3.2.  Exploring style 
 

There are numerous examples, from different fields of study, which try to incorporate “softer” and 

more subjective design aspects, e.g. style or preferences, into a design tool and/or approach, see for 

example Kim and Cho (2000), Buonanno (2005), Rafiq et al. (2006), Cluzel et al. (2012). A human, 

supported by an interactive graphical user interface (GUI), is then responsible for exploring and rating 

the generated designs. These ratings, in turn, provide input for the search algorithm to continue the 

search for better designs. 

 

Fig. 10 shows an example of how the exploration and rating of designs works in Cluzel et al. (2012). 

In the figure a generated set of designs, e.g. car silhouettes, are presented to the designer within a GUI 

in a grid view. The designer explores and rates the designs according to his/her preference, after 

which a new set of silhouettes is then produced by the design tool based on the ratings of the previous 

set. This grid view evaluation interface has been proven to be a quick and easy-to-use technique in the 

references mentioned earlier. 

 

There are, however, some disadvantages and issues when using such a grid view evaluation technique, 

especially if applied for evaluating many ship arrangements. 
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• Firstly, the size of the set of designs presented to the user should not be too large, typically less 

than 20, any more will quickly result in an information overload for the user influencing his 

judgement and evaluation behaviour. 

• Secondly, the complexity of the presented designs should not be too high. In the car silhouette 

example the emphasis of the evaluation is put on the overall shape of the car, details such as door 

handles are omitted as these might draw attention away from the primary subject. 

• Thirdly, there should be sufficient diversity in the designs to allow evaluation to take place (e.g. 

only subtle differences between car silhouettes might go unnoticed by the user). 

 

 
Fig. 10: User interface used to rate car silhouettes 

generated by a design tool, Cluzel et al. (2012) 

 
 

Fig. 11: An example grid view of 9 different ship 

arrangements generated by the Packing-Approach. 

 

Some of these issues quickly become apparent when we compare Fig. 10 and 11. The ship 

arrangements of Fig. 11 contain much more information relevant to the designer for the evaluation 

and are backed up with naval architectural balanced whole ship analyses. If the designer decides to 

rate these designs on a scale of 1 to 10, it is unclear on the basis of what information and underlying 

rationale, this rating was given. Is the rating given based on the overall layout of the ship, or due to 

the global and/or relative arrangement of one or more targeted systems, and which underlying stylistic 

aspect(s) are being targeted? 

 

Given the disadvantages and problems of a traditional grid view evaluation technique described 

above, there is a need for an interactive evaluation method, on the basis of which multiple (stylistic) 

aspects of ship arrangements can be explored, identified and used for feedback in an interactive 

design loop. 

 

3.3. Exploring stylistic elements in ship arrangements 
 

The basis for the interactive exploration of ship arrangements is the selection approach developed by 

van Oers (2010). In his approach the global positions of systems for many designs are combined and 

presented in a single figure. Relative positions between systems can also be plotted for many designs 

using a similar technique, Fig. 12. A key feature of the selection approach is the possibility for a 

designer to interact with the figures. By filtering the systems which are being shown, the designer can 

focus on relevant systems only, e.g. the weapon systems located top-side for a frigate. A designer can 

express preferences for global and/or relative system positions, by drawing a polygon depicting the 

preferred location(s) of a system. These selections naturally have implications on the remaining 

positions of other systems, Fig. 13. 
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Fig. 12a: Global positions of the bridge and 

working deck for 600 designs. 

Fig. 12b: Relative positions of the bridge with 

respect to the working deck 

 
Fig. 13: Indicated preferred positions of the bridge (blue selection rectangle). This decision influences 

the remaining possible positions of the working deck (dark green versus light green). 

 

Although the plots depicted in Figs. 12 and 13 can give various insights about stylistic aspects, e.g. 

implications of the preferred layout of systems on other areas of the design, they can also be linked to 

the performance of the underlying designs, for examples refer to Duchateau et al. (2013). This fits in 

with the identified cross-cutting nature of style as described in the Introduction. Linking design 

solutions (e.g. arrangements) and whole ship performance aspects, makes it possible to explore 

mutual interactions between stylistic aspects and other naval architecture domains, i.e. S
4
. 

 

DeNucci (2012) demonstrated that an interactive Rationale Capturing Tool (RCT) is capable of also 

extracting stylistic information from designs generated by the Packing-Approach. The RCT “triggers” 

designers into expressing configuration (arrangement) rationale. This is achieved by presenting 

(un)conventional arrangements to designers who are then asked to comment on the design. The 

expressed rationales are then (re)structured and stored so they may be (re)used. Furthermore the 

captured rationales are classified by the designers to be either of general importance (i.e. applicable to 

the arrangement design of any ship), related to a specific class of ship (e.g. frigate), or related to a 

specific design project. They are further grouped into specific “goals” (e.g. they improve cost, 

operability, logistics, habitability). An extensive test-case showed that the RCT is capable of 

extracting the shared knowledge and design intent of a design organization. Given the characteristics 

of style presented in the Introduction, it can be seen that the captured rationale database represents a 

form of stylistic information. 

 

3.4. Use of style in a progressive design approach 

 

Section 3.3 explained how certain stylistic aspects, i.e. preferences for global and/or relative system 

positions on the basis of underlying stylistic aspects, can be interactively explored and expressed by a 

designer using the selection approach. In the design exploration workflow presented in Fig. 9, these 

stylistic aspects are fed-back, as adjusted or additional arrangement criteria which then define the 

search direction of the next design exploration iteration step. A simple test-case, using a parametric 

model of a mine counter measures vessel (MCMV), is presented to illustrate the potential of applying 

stylistic arrangement decisions within the interactive design exploration approach, Fig. 14. 

 

In the test-case an initial set of designs was generated by the Packing-Approach including limited 

arrangement criteria. This initial set is explored by using the interactive methods explained in Section 

3.3. A preferred relative position of the bridge aft of the working deck is then identified, see Fig. 15. 
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This criteria is then used to generate a second set of designs used for the next design exploration step. 

This second set is finally combined with the initial set for further exploration. 

 

Table 3 presents the results of the test-case. The results show that, by adding the expressed preference 

for the bridge to be aft of the working deck, the number of feasible designs in the subsequent design 

set increases considerably. This is mainly due to the fact that the Packing-Approach now “knows” 

what specific stylistic features the designer is interested in and it uses this information to steer the 

generation of a new design set. See Fig. 16 for a design solution from the second design set. 

 

 
Fig. 14: Example MCMV design generated by 

the packing approach. 

 
Fig. 15: Indicated preferred relative position of 

the bridge aft of the working deck. 

 

Table III: Percentage of designs packed and feasible in the test-case 

Iteration Designs packed Designs feasible 

Initial design set 17.9% 7.1 % 

Second design set (with added criteria) 33.1% 68.3% 

Total design set 25.5% 46.8% 

 

 
Fig. 16: Example design solution which is feasible with regard to the identified arrangement criteria. 

 

4. Conclusions 
 

The influence and importance of style in design processes in general has been discussed since the 

1970s, including the identification of the sources for stylistic components, and the separation of 

certain elements of ship design as “style”, distinct in some manner from other aspects of performance. 

In their COMPIT 2013 paper the authors proposed a definition of style as a type of information 

possessing several properties in ship design. It was proposed to be: cross-cutting, influencing different 

areas of the design; that it can group information from multiple areas; and that it can accommodate 

both “hard” and “soft” information. Subsequent consideration of the concept has shown the 

importance of; context, in terms of the wider design environment; the appreciation that style is an 
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abstraction of technical and procedural information; and the self-propagating nature of style, 

particularly where previous designs can influence new solutions. 

 

Beyond the philosophical discussions on the nature of style in ship design, the three institutions are 

developing tools and methods to incorporate style as a key aspect of computer aided preliminary ship 

design processes. UCL is in the early stages of developing tools to better enable a sketching approach 

to concept design, where simple, easy to use tools based on the Design Building Block approach are 

used to rapidly define and evaluate different styles. UMich and TU Delft are building on their 

previous work in Network Analysis and the Packing-Approach, respectively. 

 

Network analysis addresses many of the unresolved difficulties quantifying and abstracting style in 

ship design. The mathematical representation of relations that define a network can be applied to all 

stages of preliminary design and can incorporate multiple types of ship properties within a single 

network. Network metrics also provide method for extracting cross-cutting effects on the design. This 

has been shown to be capable of abstracting arrangements to find “derivative” ship types, as well 

predict the style resulting from the context created by a design tool.  Further application of network 

analysis may improve the requirement elucidation process in semi-automated and manual design, as 

well as help formalize the ontology and taxonomy of style when used to post-process new and 

existing designs. 

 

A method for identifying and expressing specific stylistic aspects, i.e. the global and relative 

arrangement of a ship’s systems and spaces, is presented in Section 3, and is used in a simple test-case 

to show its potential for being used in an interactive design exploration workflow. Traditional 

methods of progressively incorporating “softer” information into a design tool, e.g. a grid-view, are 

considered unsuitable for ship arrangements, mainly due to the amount of information displayed to the 

user, the large size of the design sets, and the complexity of the design presented. A selection 

approach in which the designer can focus on specific systems only, overcomes these problems. 

 

The ongoing collaborative research described in this paper has seen the concept of design “style” 

acquire a clearer definition in the ship design context, and has been found to be a concept that is 

robust enough to be incorporated in developmental ship design methods and tools. These tools are 

envisioned as being used either independently, in an integrated approach as presented in the previous 

paper, or as a flexible toolset, that can be reconfigured to address different design problems. The next 

stages in the maturation of this work and the application of the tools to ship design studies will 

evaluate the utility of the philosophical concepts as practical elements of modern computer aided 

preliminary ship design. 
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Practical Limitation to Design Optimisation of a Small Ferry 
 

Grzegorz Mazerski, Przemysław Zagórski, Tomasz Hinz, Deltamarin, Gdansk/Poland 
 

Abstract 
 

The paper presents the improvements to a small RoPax ferry concept design. The design had to meet 
capacity and operational objectives, subject to numerous constraints. The initial layout was used as a 
basis for various optimisation studies. A subdivision optimisation was attempted with the aim of 
maximizing A-index according to SOLAS 2009. A hullform was optimised with regard to resistance. 
Passenger spaces were also analysed with the aim of finding the best layout. The whole process 
indicated that the application of optimisation processes in a real design project is limited due to 
various constraints and dependencies that limit the freedom of modification or are difficult to capture 
in an analytical way. 

 
1. Introduction 
 
1.1. Project background 
 
An internal development project was established with the aim of developing concept design for a 
small ferry. A set of design objectives was assumed. A multidisciplinary team started design activities 
following typical approach, characterised by the following features: 

- Each discipline was working largely independently 
- Design coordination was facilitated by the Project Manager 
- Design solutions were identified by trial-and-error repetitive approach 
- Basic solutions were developed based on previous design and engineer’s experience 

Within a 10-week period a basic set of design deliverables was produced. It consisted of General 
Arrangement, Machinery Arrangement and Midship Section. Due to various constraints length overall 
was limited to 80 m, breadth of the ship was fixed at 18 m and height of main (car) deck at 6.5 m. A 
capacity of 800 passenger and 14 trucks was required, corresponding draft shall be ~4.5 m, design 
speed was 15 knots. 
 
Although major design objectives were achieved it was felt that some improvements can be made. An 
idea to perform an optimisation study in a manner similar to described in Skoupas and Zaraphonitis 
(2008) turned out to be an interesting one. The challenge was to develop the design improvements 
internally (utilising a small team of engineers with some experience in optimisation) with the tools 
readily available and within strict timeframe of 6 weeks (to reflect typical client project situation) 
 
1.2. Design improvements 
 
To achieve an optimised design in a strict timeframe and utilizing the skills of available engineers it 
was decided to split the design into three separate areas. While it was clear that this will lead to 
overall sub-optimum solution it was deemed necessary due to the time-frame limitations. It enabled 
the team members to concentrate on their solutions rather then put extensive effort into integrating the 
three calculation models. The ship design was divided into three main areas: 

- Watertight subdivision – to be optimised with respect to attained damage stability index 
- Hullform geometry – to be optimised with respect to resistance at design speed 
- Arrangement of passenger decks – to be optimised with respect to shortest 

communication routes and shortest distance to lifesaving equipment 
 
2. Watertight subdivision 
 
2.1. Plan for design improvements 
 
The plan was to improve damage stability by increasing subdivisional index, without making any 
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major changes in the baseline design. Designing a small ferry, packed with various functions was not 
an easy task. The biggest difficulty was to put all necessary elements that allow vessel to fulfill 
assumed functions into limited space. At the same time all solutions must comply with the rules and 
regulations. Some spaces are dependent and needs to be located next to each other. Some may not be 
in close vicinity. 
 
The first design decision made was the arrangement of the car deck area. The side casings were 
chosen. The number of lane meters and ships width had impact on the side casing width. 
 
The starting point of subdivision of spaces below the car deck was the estimation of four bulkheads 
like collision bulkhead, fore and aft Engine room border and aft bulkhead. The first limitation came 
with the engine size and machinery equipment that should fit into Engine room. Another issue was 
the size and position of engine casings that must fit into the side casings. While side casing are quite 
narrow it was not easy to design a staircase that leads from Engine room to accommodation decks. 
The LNG tanks were located forward of the Engine Room. A longitudinal wall was introduced that 
was used as a side boundary of LNG room (which cannot extend B/5 of vessel). The space between 
LNG room and shell was used for the purpose of fresh water, heeling water and fins stabilizers. 
 
Aft of Engine room there is Equipment room with additional space for heeling tanks (if needed). 
 
Large number of passengers requires relatively large volumes of fresh water and gray water tanks. 
Those tanks are located next to LNG room (forward and under).  
 
2.2. Methodology 
 
For the purpose of this paper a parametric model of a ferry based on the described design – called 
baseline design was created. Seven parameters that did not influence on vessels overall functions of 
spaces were introduced. The purposes and volume of spaces dedicated for specific function stay the 
same, the number and size of spaces may vary. 
 
2.2.1. Variables 
 
The parameters are: 

1. Car deck height – it can vary between 6.5 meters and 7.5 meters.  
2. Position of aft bulkhead - the aft bulkhead separates Steering gear room and Equipment room. 

The position of this bulkhead can vary from #7 to #9. 
3. Presence or absence of bulkhead No.3 - bulkhead No.3 can divide the aft Equipment room in-

to two separate rooms. While Engine room position can be moved forward the BH3 is always 
in the middle between BH1 and aft Engine room bulkhead. 

4. Engine room position - it is possible to move Engine room two frames forward. This causes 
the movement of LNG tanks and adjacent rooms as well. The aft passenger staircases, engine 
casing and other related rooms are also moved. 

5. Presence or absence of bulkhead No.4 - bulkhead No.4 is located between heeling water 
tanks and fin stabilizer room. It has biggest impact on spaces in double bottom. It is limited to 
double sides and does not extend into LNG tanks compartment. 

6. Presence or absence of bulkhead No.5 - bullhead No.5 can divide space between LNG room 
and bulkhead No.6 in the same way as bulkhead No.3.  

7. Position of bulkhead No.6 - bulkhead No.6 separates the bow thruster room form aft spaces. 
It can vary from #105 to #107. The collision bulkhead is kept fixed in all versions. 
 

Table I presents the summary of all variables: 
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Table I: List of parameters used in configuration generation. 
Parameter Min  Max Step Notes 
Car deck height 6.5 m 7.5 m 1 m  
Position of BH1 #7 #9 #2  
Presence of BH3 0 1 1 0 – no / 1 - yes 
Position of Engine Room #23 #25 #2  
Presence of BH4 0 1 1 0 – no / 1 - yes 
Presence of BH5 0 1 1 0 – no / 1 - yes 
Position of BH6 #105 #107 #2  
 
2.2.2. Generating alternative designs 
 
The total number of versions that can be achieved from described parameters is 128. An algorithm for 
A-index calculations that allows the same calculation methodology for all versions was crated. Below 
listed steps describe the process of A – index calculations: 
Step 1. Generation of watertight armament. 
In the first step a general arrangement of a vessel is created. Number of tanks, size of spaces like 
Engine room, LNG tanks, and bow thruster room stay the same. The number of rooms and positions 
of specific room related to parameters vary.  
Step.2. Lightship  
As some parameters are responsible for adding or removing steel elements the parametric model 
recalculates the total lightship for each version. The position of center of gravity is calculated along 
with the lightship.  
Step.3. Loading conditions / initial conditions  
For each version specific loading conditions were generated. That becomes a basis for initial 
conditions later used in damage stability calculations.  
Step.4. Damage generation and calculations 
In this step 1, 2, 3 and 4 zone damages were generated. All calculations were performed along with 
SOLAS Chapter II-1, Part B-1, Regulation 7 rules.  
Step.5.Output of results 
At the end of the process the A-index was exported to external file. 
 

 
Fig.1. Outline of parameters 

2.2.3. Comparing Alternative designs 
 
The A-index of all calculated versions is stored. The comparison of alternative designs is done in 
relation to the baseline design. The distribution of the A-index of all designs is demonstrated.  
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2.3. Tools 
 
Generation of all samples was done in Python software. All stability calculations were done in NAPA 
2012.1 version. For purpose of the study several macros were written: 

- Macro that imports samples 
- Macro that runs whole process which includes: 

• Macro which generate rooms 
• Macro which combines rooms to proper GA 
• Macro that calculates lightship 
• Macro that creates loading conditions and initial conditions 
• Macro that generates subdivision 
• Macro that writes all calculation arguments 
• Marco that generates damages  
• Macro that calculates damages and exports result 

 
The post processing of results was done in Excel software. 
 
2.4. Results 
 
The R – index called the required subdivision index: R =0.734. Attained subdivision index A calcu-
lated for baseline design is: A=0.747. 
 
2.4.1. Alternative design A-index 
 
Having relatively small number of parameters it was possible to calculate almost all sampled 
versions. Fig.2 presents the results of A-index calculation of 120 versions of 128 samples.  

 
Fig.2. 120 sample points of the small RoPax vessel 

 
2.4.2. Best Alternative  

 
The best alternative design reached A-index of 0.794. The lowest index is 0.717, which does not 
comply with the rules (A<R). Fig.3. shows the GA of the designs with highest and lowest A-index.  
 

Table II: Values of parameters for worst, best and baseline design 
Parameter Version14 Version 20 Baseline 
A-index 0.717 0.794 0.747 
Car deck height 6.5 m 6.5 m 6.5 m 
Position of BH1 #7 #9 #7 
Presence of BH3 0 1 0 
Position of Engine Room #25 #23 #23 
Presence of BH4 1 0 0 
Presence of BH5 0 1 0 
Position of BH6 #107 #107 #107 
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Fig.3. GA of designs with the lowest (L) and highest (R) A-index. 

 
2.5. Discussion 
 
The results presented in paragraph 2.4.2 show that majority of the versions in terms of A-index give 
better results, Fig.2. Therefore one can state that it is worth to perform an optimization study even if 
baseline design fulfils the rules.  
 
Results presented in Fig.2 are divided into two groups; one with the A-index results above 0.76 and 
the second with indexes below 0.76. The division is correlated with presence of bulkhead that divides 
Equipment room in two separate rooms - BH3. The presence of BH3 allows higher indexes. Of all the 
parameters BH3 parameter had the biggest influences on the results of all parameters.  
 
3. Hull form 
 
3.1. Plan for design improvements 
 
The task was to minimize ship resistance. Four geometrical parameters were introduced that have 
influence on vessels resistance. These parameters were: 

• Locations of main frames – FRF 
The main frame is the one that virtual divides a hull into two parts - stern and stem. Changes 
in location of main frame is followed by changes in whole hull form. These changes modify 
the slenderness of bow and stern (i.e. moves LCB) 

• Angle of stern – ANG_STERN 
It describes the angle between baseline and the line connecting end of flat bottom at 
centreline and transom at centreline. It affects vertical coordinate of transom. 

• Radius of bilge – RBLG 
It describes the radius of the rounded portion of a vessel's shell that connects the bottom to 
the sides. 

• Half angle of entrance – ENTA 
The half angle of entrance  is defined at the actual waterline according to the following two 
points: 
- The first point is at the maximum, longitudinal point on the waterline 
- The second point is the point of the waterline section, in which the beam of waterline is 

half of the maximum beam. 
 
3.2. Methodology 
 
3.2.1. Calculation procedure 
 
The total number of versions that can be achieved from the parameters described was 625.  
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Hull shape optimization was performed in accordance with the following procedure: 
1. Generating parameters which serve to modify the hull shape – parameters were generated 

used minimum and maximum values from Table I. 
Parameters’ values were determined based on the reference hull form. Table III shows the range of 
variability of the parameters used in the optimization process. 
 

Table III: Main parameters in hull form generation 
 FRF ENTA RBLG ANG STERN 
Minimum 30.15 26.000 1.125 7.281 
Maximum 36.85 31.779 1.375 8.899 
Step 1.675 1.4445 0.0625 0.4045 
Baseline parameters 33.5 28.89 1.25 8.09 
 

2. Generation of hull shape, 
3. Calculation of hydrostatic properties, 
4. Calculating ship resistance,  
5. Saving the result in table, 
6. Selecting the best alternatives; 

 
3.2.2. Holtrop-Mennen method 
 
Resistance was calculated using Holtrop-Mennen (HM) method, Holtrop and Mennen (1982); 
Holtrop (1984). The total resistance in Holtrop-Mennen method is divided in 6 main parts: 
 

�� = ���1 + �	
 + ���� + � + �� + ��� + �� 
 

• R� - Total resistance 
• R� - Frictional resistance 
• R��� - Appendage resistance 
• R� - Wave resistance 
• R� - Bulb resistance 
• R�� - Resistance due to immersed transom 
• R� - Ship model correlation resistance 
• �1 + k	
 - form factor 

This method used regression equations for different parts of total resistance. 
 
Main parts of the equations above are frictional and wave resistance. Frictional resistance is 
calculated using ITTC’57, Molland et al. (2011), methods: 
 

�� = 0.5���� � 
 
Another type of resistance in HM method is wave resistance, calculated following  Holtrop (1984): 
 

� =  	 � !∇�#$%&'�()*.+,&- ./012�()-34 
 
Other types of resistance are described in Holtrop and Mennen (1982). 
 
3.3. Tools 
 
The tool used in the design process was the NAPA. In accordance with the procedure specified in 
section 3.2, three tasks from NAPA package were used: 

• DEF – Hull definition  
• HYD - Hydrostatic subsystem  
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• SH - Resistance and Propulsion  – Holtrop-Mennen method (HL84) 
The flow of information between the tasks was managed by the macro written in NAPA Basic. 
 
3.4. Results 
 
All figures in this section present the effective power. It is defined as ship resistance times its speed.  
 

56 = ��	8 
 
Fig. 4 presents the results of the calculation of effective power. This figure shows the change of 
effective power in each iteration. Fig. 5 presents the effective power as function of the hydrostatics 
properties. Table IV presents the five best results. 
 

  
Fig. 4: Effective power development per iteration (L) and as function of angle of entrance (R) 

 

  
Fig. 5. Effective power as function of displacement (L) and as function of LCB (R) 

 
Table IV: Results for 5 best hull forms, compared to baseline 

ID FRF ENTA RBLG ANG_ST Pe Disp LCB 

[-] [m] [deg] [m] [m] [kW] [t] [m] 

596 35.18 26.00 1.13 7.69 1852.74 3510.71 34.47 

146 36.85 26.00 1.13 7.28 1852.80 3505.91 34.66 

513 36.85 26.00 1.19 7.28 1853.21 3505.52 34.67 

253 35.18 26.00 1.19 7.69 1853.24 3510.19 34.47 

533 35.18 26.00 1.25 7.69 1853.44 3509.53 34.48 

Baseline 28.89 33.50 1.25 8.09 1949.00 3667.00 34.68 
 
3.5. Discussion 
 
There were 625 resistance calculations conducted with the Holtrop-Mennen method. The hull's shape 
was described parametrically. Not all hullform generations were successful. As a result, the resistance 
was analysed only for the 595 cases. 
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As much as 241 hulls had the resistances smaller than in the case of reference hull. 
 
Variations of effective power between different angles of entrance are the largest. It shows that this 
parameter has a large impact on the final result. For other parameters the variation are smaller, so 
these parameters have a smaller effect on the resistance of the hull.  
 
The best result is 4,9% better than reference hull shape. The longitudinal centre of buoyancy for the 
best results is slightly more aft then the reference hull. Best hull has smaller displacement then the 
baseline shape. 
 
4. Passenger decks 
 
4.1. Plan for design improvements 
 
The task was to optimise the arrangement of two passenger decks. First challenge was to identify the 
measures of quality (i.e. objectives). Second was to find a simple way to generate various arrange-
ments. 
 
It was decided to combine two features that were identified as important in the design of passenger 
spaces on-board this type of ferry, namely: 

- Comfort of passengers - measured by short walking distance to vertical communication 
elements (stairs and lifts) 

- Safety of passengers – measure by short distance to means of evacuation (Mass 
Evacuation Systems, MES and lifeboats) 

Some constraints were also defined to exclude the arrangements that do not meet basic functional 
requirements related to crew service spaces. 
 
Space on the two passenger decks was divided into 11 different areas (“rooms”), their shape was 
simplified and their sequence (and location on a specific deck) varied automatically. This presents a 
much simplified variation of “packing approach” as presented in van Oers (2011). 
 
A Multiobjective Genetic Algorithm (MOGA) was utilised to find best possible alternative. This 
approach proved useful in the earlier attempts by one of the authors to optimise FPSO design, 
Mazerski (2012) and was proven to work well for overall fast ferry design, Skoupas and Zaraphonitis 
(2008). 
 
4.2. Methodology 
 
This chapter describes the optimization process used in the process of finding best passenger deck 
arrangements. It provides the details of various types of parameters used. It also presents some input 
data and parameters used in the project. 
 
4.2.1. Modelling 
 
In order to effectively generate and describe alternative layouts certain level of simplifications was 
performed on the passenger deck arrangements. Original deck plan was divided into a total of 11 
main rooms. Main characteristics of these rooms are presented in Table V. The numbering starts from 
forward bulkhead on Lower Passenger Deck and moves towards the stern, then moves to forward 
bulkhead of Upper Passenger Deck and moves aftwards. Number of people assigned reflects assumed 
maximum number of people in each space (both passengers and crew) and is used in evacuation and 
communication assessment. 
 
Figures below show the original location of these spaces, Fig. 6. As can be seen not all of them are 
rectangular, but in the automated generation of new layouts they are all assumed to be rectangular. 
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Similarly not all original rooms are extending from one side to the other (for the whole breadth of the 
vessel). They are assumed to be full breadth in the automated re-generation. The space that is availa-
ble for the 11 rooms from Table V is reduced by the areas along the side of the ferry. They represent 
lifeboat location (narrowest part in the forward area) and various rooms in double sides, mainly en-
gine casing, vent ducts and staircases.  
 

Table V: Main rooms characteristics 
Room No. Room Name Area [m3] No of persons assigned Originally on 

1 Public consumption 170 104 Lower pax. deck 
2 Galley 85 5 Lower pax. Deck 
3 Mid Lounge 175 112 Lower pax. Deck 
4 Shop 50 20 Lower pax. Deck 
5 Toilet 55 20 Lower pax. Deck 
6 Main Hall 105 50 Lower pax. Deck 
7 Aft Lounge 155 169 Lower pax. Deck 
8 Crew space 275 20 Upper pax. Deck 
9 Pub Lounge 170 103 Upper pax. Deck 
10 Spa 75 25 Upper pax. Deck 
11 Recliners 235 150 Upper pax. deck 

 

 
Fig. 6: Passenger deck plan – original (L) and simplified (R). Evacuation points are shown with stars, 
passenger stairs with cross. Crew stairs are marked with empty circles, service lift with full circle. 
 
Fig. 6 shows the location of various key points that are used to quantify the quality of the alternative 
designs (see chapters 4.2.3 and 4.2.5). 
 
4.2.2. Multiobjective Genetic Algorithm (MOGA) 
 
The multi-objective optimization problem of M objectives and J constraints can be formalized with: 
 

min
<∈>

?f	�x
,… , fD�x
EgG�x
 H 0, j ∈ J1, JLM							 

 
where we search for design alternatives x in the total design space X confined within variable bounds. 
Goal is to find such x that minimizes the objectives f(x) while satisfying all the imposed constraints 
g(x). If constraints are satisfied, design is called feasible and belongs to a feasible set Ω: 
 

Ω =	 ?x ∈ XEgG�x
 H 0, j ∈ J1, JLM						 
 
The solution of Equation above is a Pareto optimal alternative x* which is non-dominated by other 
feasible alternatives, i.e. there is no alternative better than x* in the objective space Y (whose feasible 
part is denoted with YΩ ). Such alternative represents then a rational choice and it belongs to a set of 
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Pareto optima ΩP called also the Pareto frontier, defined as: 
 

ΩP =	 ?x ∈ ΩE∄xR, f1xR3 < f�x
, ∀xR ∈ X\xM					 
 
This process has proved to lead to optimum solutions in large varieties of applications, although a 
number of limitations as well as more advanced modifications of GA exists. 
 
This chapter provides a short overview to facilitate general understanding of the process. Therefore 
the reader is advised to study the basis of Genetic Algorithms (GA) using the publications referenced 
at the end of this paper (Dawn (1995), Goldberg (1989), Heitkoetter and Beasley (1994)) 
 
4.2.3. Objectives 
 
It was assumed that the best arrangement of passenger spaces onboard a ferry should minimize the 
distance between staircases (from car decks) and most popular/occupied spaces. At the same time it 
should allow for the fastest possible evacuation. Therefore these two features: 

o Sum of distances from room center to the nearest passenger staircase (weighted with number 
of people assigned to that room)    and 

o Sum of distances from room center to the nearest evacuation location (lifeboat or MES, also 
weighted with number of people assigned to that room) 

are used as objectives in the optimization process. These were combined with a relative weight of 
0,5/0,5 respectively to produce a so-called “TARGET” function. Obviously, both functions should be 
minimized. 

Table VI: Design objectives 
Name Description Goal Weight 
STP Distances to passenger staircases Minimum 0,5 
EVAC Distances to evacuation location Minimum 0,5 

 
4.2.4. Variables 
 
There were ten variables used to generate the sequence of rooms. They were independent from each 
other – this means that to avoid the situation where two or more rooms will be assigned the same 
sequence number the following precautions were made: 

- range of values the variable can take is decreasing by one – this is presented in Table 6 
- macro exists (see 4.3.2) that creates a rooms sequence from the set of (possibly repeating) 

variables. It operates on the list that is shortended after each selection so in case a 
position is already assigned to other room it is skipping the “taken” number and continues 
counting down the list. Example: sequence of variables [2,2,3] will generate a room 
sequence [2,3,5]. 

Table VII: Design variables 
Name Description Min value Max value Step 

V1 Sequence number of room 1 1 11 1 
V2 Sequence number of room 2 1 10 1 
V3 Sequence number of room 3 1 9 1 
V4 Sequence number of room 4 1 8 1 
V5 Sequence number of room 5 1 7 1 
V6 Sequence number of room 6 1 6 1 
V7 Sequence number of room 7 1 5 1 
V8 Sequence number of room 8 1 4 1 
V9 Sequence number of room 9 1 3 1 
V10 Sequence number of room 10 1 2 1 
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4.2.5. Constraints 
 
In order to ensure reasonable arrangements several constraints were imposed: 

- Distance from crew stairs to crew area – so that crew walking distance through passenger 
spaces is not excessive 

- Distance from service lift to galley – so that stores do not need to be transported too far 
across passenger spaces 

In case a given design fulfills all the criteria set by the constraints described above, it is treated as a 
feasible solution and used in future generation of designs. Non-feasible results are disregarded in the 
following steps. 
 
4.2.6. Constants 
 
The constants used are related to constraints from the chapter above and can be described in the 
following way: 

- Maximum distance from crew stairs to crew area (DCMAX) 
- Maximum distance from service lift to galley (DLMAX) 

Table VIII: Design constants 
Name Description Value 

DCMAX Max crew distance [m] 25 
DLMAX Max lift distance [m] 25 

 
4.2.7. Genetic algorithm coefficients 
 
A set of genetic algorithm coefficients were used to ensure well converging results.  

 
Table IX: Design variables 

Coefficient Value 
New population in one generation 10 
Number of new generations 45* 
Number of genes per variable 0** 
Max. number of Pareto individuals 150 
Mutation probability 0,05 
Probability to creep one bit 0,02 
Crossover probability 1,00 

 
For an explanation of the mathematical model behind the genetic algorithm and terms used above 
please refer to Chapter 4.2.2. 
 
4.2.8. Post-processing 
 
Preliminary analyses of results were performed using graphical and statistical features of the 
Optimization Manager within NAPA. Histograms, showing how values of various parameters were 
changed in each iteration are available, as well as graphs showing the correlation of parameters with 
objectives and scatter diagrams showing the relation between variables and objectives. 
 
Final post-processing and presentation of results was performed in a standard MS Office suite. 
 
4.3. Tools 
 
4.3.1. NAPA Optimization Manager 
 
NAPA is a naval architecture calculation software package developed by Napa Oy from Finland. It 
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provides tools for hull shape definition, hydrostatic calculations, compartmentation, loading condition 
simulations as well as verification of intact and damage stability criteria. 
 
GENERAL_OPT manager inside NAPA is a dedicated tool for solving any optimization task, 
specifically those that will make use of the NAPA model and calculation capabilities. It utilizes a 
user-defined macro that is responsible for the calculations of the objective function, also the first set 
of values for variables is defined by the user. The manager then uses the macro(s) to assign an 
objective function to each input variation and creates new generations of variables acc. to the genetic 
algorithm rules.  
 
4.3.2. NAPA own macros 
 
Calculation procedures (macros) were prepared to generate a necessary model, check constraints 
violations and to generate objective function values for each set of variables (input parameters). The 
set of macros were run once for each individual design, the input was taken from and results were 
provided to the Optimization Manager.  
The main macro was guiding the calculation process, which was divided into four steps: 

o Transforming automatically generated variables to room sequence 
o Generating rooms in the given sequence, taking into account required area and dividing them 

between two decks 
o Calculating objective functions (see 4.2.3) 
o Calculating constraints (see 4.2.5) 

 
4.4. Results 
 

  
Fig.7: Feasible designs development along optimisation iterations (L) and objective functions drawn 

against each other (R) (Pareto frontier visible) 
 
Table X: Details of the best ten designs, compared to baseline (iteration 1) design. Variables differing 

from optimum set are highlighted in yellow. 
iteration Variables constraints objectives TARGET  

function IDNR V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 ROOMCRI  CRCRI LICRI  EVAC STP 
449 5 1 2 1 5 2 1 1 2 2 1 1 1 5167,09 7196,98 12364,10 
256 6 1 2 1 5 2 1 1 2 2 1 1 1 5241,87 7255,50 12497,40 
423 5 1 1 1 5 2 1 1 2 2 1 1 1 5226,28 7418,37 12644,70 
193 3 1 3 1 4 6 1 1 2 2 1 1 1 5255,29 7400,68 12656,00 
397 6 1 2 1 5 2 1 1 1 2 1 1 1 5360,00 7330,47 12690,50 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 6873,60 7910,28 14783,88 

 
An absolute total number of possible designs (i.e. combination of variables) was 11! = 39 916 800. A 
total of 450 designs were tested (0,00113%). Only 273 (60,5%) of them were feasible (all constraints 
fulfilled). Of the feasible designs 124 (45,4%) were better them baseline, while the remaining 148 
were worse. 
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Target function for optimum design has improved by 16,4% (compared to baseline) 

 
Fig.8: Passenger deck plan for optimised arrangement (iteration 449) 

 
4.5. Discussion 
 
Several issues need to be highlighted: 

- Quick reduction of objectives – although total reduction of objective function was 
16,4% after 449 iterations it took only 20 iterations after the start of the process to reduce 
target function by 10,8%. Already in the 68th iteration the reduction reached 13,1%, and 
by iteration 256 the reduction was 15,5%. This suggests that there is little more room for 
improvement even if the number of iterations is increased 

- Optimisation process is successful – based on the figures presenting the results one can 
conclude that the optimisation process was successful – it was producing better results as 
it developed, it also created typical “Pareto front” as seen on Figure 7 (R) 

- Relatively small changes compared to original design – main changes included 
relocation of Public Consumption and Main Hall towards stern and Aft Lounge and Shop 
towards forward (on Lower Deck). On Upper Deck Pub Lounge changed places with 
Recliners. Other changes included minor rooms. 

- Some functional issues not accounted for: 
o Large distance from Galley to Public consumption (additional constrain should have 

been added) 
o Location of Toilet and Spa (which includes toilets) on the same deck, while Lower 

Deck has no toilet facilities (additional constrain should have been added) 
o Main fire zones not accounted for (design decision to simplify room allocation 

algorithm) 
The points above show that some improvements are needed and lessons learned should be 
implemented in the future development of the tool. 
 
5. Summary and conclusion 
 
Damage Stability attained index (acc. to SOLAS 2009) has increased from 0,747 to 0,794 (7,6%) 
compared to required index of 0,734. Lack or presence of the bulkhead aft of Engine Room was 
identified as the single most important factor. 
 
The best hullform produces results that are 4,9% better than reference hull shape. A large impact of 
angle of hull entrance on the value of resistance was observed.  
 
Passenger space was optimised with regard to ease of evacuation and internal communication. The 
quality was measured by a target function depending on number of people assigned to given room 
times distance to evacuation means/passenger stairs. Optimum solution was found using genetic 
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algorithm (due to vast number of possible room combinations) and it’s target function was 16,4 % 
lower than baseline. Placing public consumption space closer to stern (as compared to original layout) 
was a common feature of all dominating solutions. 
 
To sum up the findings of this study it can be stated that the improvements obtained were relatively 
small, as initially expected. This mainly was due to a large number of constraints and fixed elements 
that prevented better geometry. Another factor contributing to such situation was (intentional) lack of 
integration between the three optimisation studies – forced by schedule, personal and tools 
constraints. Relatively largest gain was attained in passenger space layout, though numerous weak 
points of the optimisation procedure means that actual gains will be smaller than presented in this 
paper. 
 
It is recommended for future work that the optimisation process is undertaken in one of the following 
ways: 

- Very early in the project when no design decisions are taken, in such case: 
o Potential gains are large  but  
o Accuracy of estimating how much is gained is low 

- After initial layout is developed (as presented in this paper), in such case: 
o Potential gains are limited to due earlier decisions creating smaller design space 
o Accuracy of estimating the gain is larger due to better definition of the ship 

Additionally it is advised to utilise an integrated process that allows various types of optimisations 
within the same model. Such process shall be well described and prepared in advance to allow smooth 
application in real projects. 
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Abstract

 
The paper describes the software system E2, designed to be user-friendly software in the context of 
the Ship Energy Efficiency Monitoring Plan (SEEMP). The software is developed using C++ 
programming language. The currently operational version will be soon tested on board a ropax 
vessel. The usefulness of E2 software takes place during the monitoring and measurements phase with 
its capability to record real consumptions on board (automatic input data acquisition/manual/ 
composite) and to calculate the corresponding fuel Key Performance Indicators (KPI’s) and 
emissions KPI’s. This is achieved through the E2 acquisition mode which is more dedicated to the 
crew usage. Other parameters can be recorded to improve the analysis. These values can be 
displayed either in real-time or in post-processing mode. Logged data are used to discretise the 
recordings into voyages, legs and steps. Two additional modes are available for running E2 software: 
the simulation mode (which gives access to reference values for a given leg or voyage) and the 
benchmark mode, both of them being more dedicated to ship owner’s management and ship planner’s 
usage. The purpose of E2 benchmark mode is to benchmark, follow up and monitor the energy 
efficiency performance of different ships within the fleet or of one ship for different legs or voyages. 

 
1. Introduction 
 
The energy saving will probably become one of the most challenging topics for all the sectors of 
economy in the coming decades. This is really important for the transportation sector and in 
particular in the maritime world. In this context, the International Maritime Organization (IMO) has 
added a new chapter to Annex VI (resolution MEPC.203(62)), on Regulations on energy efficiency 
for ships to make mandatory, since January 1st 2013, the Energy Efficiency Index (EEDI) for new 
ships and the Ship Energy Efficiency Management Plan (SEEMP) for all ships. 
 
The purpose of a SEEMP is to set up proper systems and procedures applicable to a company and/or 
ship for improving the energy efficiency of a ship in operations conditions. Basically, the SEEMP is 
built up according to four phases (planning, implementation, monitoring / measurements and self-
evaluation / improvement. The use of E2 software which has been developed in this context takes 
place in the monitoring / measurements phase. 
 
2. Key Performance Indicators 
 
2.1 Definition 
 
The setting up of a SEEMP and its deployment needs obviously the definition of Key Performance 
Indicators (KPIs) both for fuel consumption and emissions (CO2 and NOx). These KPIs will be used 
for comparison between current situations and reference situations but also for benchmarking purpose 
between several voyages for a single ship or between several ships within a fleet. 
 
The relevant KPIs include the EEDI for new ships. For all ships, the Energy Efficiency Operational 
Indicator (EEOI) has been defined, taking into account the operational parameters, such as loading 
conditions, manoeuvring phases, loading/unloading… 
 
The consumption indexes are expressed in terms of fuel consumption/distance/transported weight. 
The emission indexes are expressed in the same way in terms, for example, in CO2 emissions/ 
distance/transported weight (like EEOI). 
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2.2 E2 software in manual mode 
 
2.2.1 A first answer to SEEMP requirements 
 
The first version of E2 software which has been released (E2 version 1.2) is a basic tool usable in the 
context of a SEEMP. It is based on a manual acquisition of the necessary input data, and in particular 
the fuel consumptions (HDO or HFO). The software is developed using C++ and Fox Toolkit library. 
 
2.2.2 Organisation of the software 
 

 
Fig. 1: Basic organization of E2 software 

 
The software is organized in two modules, Fig.1: 

• the module managed by Tecnitas 
• the user’s module. 

 
The first module is accessible only by Tecnitas. It enables the setting up of the software use for a 
considered ship by delivering a customized database for that ship containing the ship’s particulars 
(ship type, dimensions, and characteristics of propulsive and electric power distributions) and all other 
needed input data. 
 
The calculation of fuel consumptions KPIs and emissions KPIs depend obviously on the ship type 
because of the very different types of cargo (liquid cargo, bulk cargo, containers, cars, trucks, 
passengers). E2 is able to handle any standard type of vessel ranging from a small ferry up to a Very 
Large Crude Carrier (VLCC) of more than 300m length. 
 
The second module, accessible to the user, expands the above described database by implementing the 
data related to the loading conditions and the definition of the ship’s voyages. 
 
The voyages are constituted by successive legs. Regarding energy matters, the ship is encountering 
very different situations within a leg and consequently E2 software considers that the leg is 
constituted by the following sequences: navigation in calm sea or heavy sea, manoeuvring departure, 
manoeuvring arrival, loading/unloading, berthed, as illustrated on Fig.2. 
 
2.2.3 The manual mode 
 
It is not possible when entering manually the consumptions to take into account all fluctuations which 
can occur during the different operational sequences. Only averaged values can be considered. The 
different KPIs are calculated accordingly and they have to be considered as averaged values. 
However, these values can be relevant in the context SEEMP requirements as per defined by IMO. 
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Fig. 2: Definition of voyages and legs 
 

 

 
Fig. 3: KPIs output  

 
As E2 software has been designed first to be fully consistent with SEEMP requirements, the reporting 
capabilities have been considered as essential since the beginning of the project. The software is able 
to produce automatically a report in pdf format. This report includes all relevant information for the 
SEEMP within a leg or a voyage, and also on a yearly basis. 
 
Considering the limitations of the first version of E2, Tecnitas has decided that the development of E2 
should be pushed much beyond the quite basic capabilities of manual acquisition mode in order to: 
 

• provide the ship owners with a decision-making tool for operating efficiently either a single 
vessel or a whole fleet. Two additional modes are available for running E2 software: the 
simulation mode and the benchmark mode, both of them being more dedicated to ship 
owner’s management and ship planner’s usage. Detailed explanations about these modes can 
be found in sections 3 and 4 respectively, 
 

• improve the efficiency and the accuracy of the software by developing an automatic 
acquisition mode using appropriate sensors and equipment on board. Detailed explanations 
about this mode can be found in section 5. 
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3. E2 software in simulation mode 
 
The capability to simulate a voyage is particularly attractive because reference values (for a voyage or 
a single leg) will be obtained as a result of this simulation, and in particular the reference fuel KPIs. If 
the simulation is performed prior to the ship voyage, the calculated reference values could be used as 
target ones, if the simulation is performed after the voyage, they could be used for assessing the 
energy efficiency of the vessel issued from the on board observed consumptions. In any case, the 
simulation is part of a decision making tool for the ship planner or fleet manager. The monitoring of 
ship energy efficiency can be then performed on the basis of the measured efficiency of SEEMP 
actions and the calculated values of relevant indexes such as the yearly EEOI. 
 
The simulation in E2 is based on the engines consumption curves and on the ship power-speed curves, 
taking into account hull geometry, trim and draught, an also hull cleanness as a function of the most 
recent hull cleaning date. 
 
The user should adjust the available energies on board (propulsion energy and electrical energy) reach 
a correct balance between them and the required energies for the considered conditions. 
 

   
 

Fig. 4: Ship power speed curve / balancing between available energy on board and required energy 
 
Once the energies have been correctly balanced, the KPIs are calculated and can be accessed by using 
the same post processing capabilities than for the calculated KPIs in manual mode (plots, report in pdf 
format). 
 
4. Benchmarking 
 
The capability for E2 to perform benchmarking between several voyages performed by the same ship 
or between different ships within a fleet represents another decision making tool for a ship planner or 
a fleet manager. 
 
Once the data base(s) have been built up containing the relevant ships and voyages, the benchmarking 
option of E2 presents on the same tables and plots, for easy comparison, the different calculated KPIs. 
It is also possible to issue automatically this information on the form of a report in pdf format. 
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5. Automatic data acquisition with E2 
 
5.1 Advantages of automatic data acquisition 
 
Once E2 software using manual data acquisition has been developed, it became rapidly obvious that 
E2 development should be pushed ahead by implementing automatic data acquisition capabilities 
which will give decisive improvements in the reliability of the energy efficiency analysis performed 
with E2. The most significant improvements are expected to be: 

• no information loss due to the lack of capture of some data by the crew, 
• no error in the capture of data, 
• more accuracy : possibility to take into account of the variation of the parameters during the 

leg instead of an averaged value of these parameters as for manual acquisition mode. 
• more parameters can be recorded, enabling some extra analysis of the performance 

 
5.2 Basic principles 
 
The data acquisition on board is performed by relevant sensors (flow meters, GPS…) which deliver 
analogic or digital signals as a function of time. These signals have to be processed before proceeding 
to the calculations of the resulting KPIs. This processing could have been done directly by E2 but it 
would have been extremely detrimental for customizing E2 in a given ship environment. In fact, when 
sensors such as flow meters are already present on board together with a data acquisition hardware 
and software, it is more efficient to dedicate E2 to the calculations ok KPIs only, using the data 
delivered by the existing system, than to manage also the data acquisition in E2. 
 
E2 version 2.0 has the capability to handle the information issued in real time from the data acqui-
sition system. The transfer of information between this system and E2 software is done through an 
ASCII file which is written by the data acquisition system in real time and then read, also in real time 
by E2. This file must contain all the needed information for calculating the KPIs, basically the fuel 
consumptions issued from flow meters, the electric powers issued from relevant equipment and the 
GPS data for calculating the distances and the ship speeds. However, a lot of different signals can be 
recorded for use in a more refined analysis, if needed, such as wind speed, wind direction, rudder 
angle… 
 

 
Fig. 5: Principle of automatic data acquisition on board coupled with E2 software 

 
The principle of the system is illustrated on Fig.5. It is anticipated that in a further version of E2, the 
calculated KPIs will be transmitted from the ship to the ship planner office in real time. 
 
5.3 Treatment of information 
 
The following is particularly important for the reliability of the energy efficiency analysis during ship 
operations: 
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• the integrity of the recorded information is to be ensured and it is necessary to prevent as far 

as possible the risk of information loss due to a hardware failure. As far as the data 
acquisition system is working, the ASCII file will receive the needed information in real time 
and this file can be regularly saved on another computer or server on board, even if the 
computer on which E2 is running has failed, 
 

• the automatic definition of the different phases of a leg is not easy to implement. For 
example, the detection of the manoeuvring phase needs to define speed criteria which could 
be different from one ship to another or from one harbour to another. The possibility to use 
the information stored on the ASCII file even after the voyage will give the possibility to 
manually refine the information about legs on the basis of specific criteria and consequently 
the accuracy of the analysis will be increased. 

 

   
 

Fig. 6a: Real-time recorded signals    Fig 6b: Graph combinations 
 
The Fig. 6a shows examples of recorded signals read from the ASCII file generated by the data 
acquisition system and displayed by E2 in real time. As several parameters are involved in the 
calculations of KPIs, E2 can combine the corresponding graphs (see examples on Fig 6b) for 
displaying KPIs in real time. 
 
After completion of one or several voyages, E2 can import the corresponding signals from the ASCII 
file for further treatments, such as: 
 

• defining a new period constituted for example of several voyages, 
• defining the legs constituting the voyage and the corresponding sequences within a leg. 

 
Fig. 7 illustrates these possible treatments. Of course, the KPIs can be calculated using the corre-
sponding new signals. 
 
After a successful test phase in laboratory using a dedicated hardware able to generate real time 
information, E2 software is operational for the tests on board of a ro pax vessel. 
 
6. Conclusions 
 
E2 software has been initially developed as a tool to be used during the monitoring and measurements 
phase of a SEEMP. The development of the software has been then pushed much beyond the needed 
capabilities within the scope of a SEEMP. The combination of manual and automatic acquisition 
modes, simulation mode, and benchmark mode means that E2 software is now able to deliver useful 
information for defining the fleet management strategy for energy efficiency. 
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Fig. 7: Definition of new voyages and legs for refined calculations of KPIs 
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Abstract 
 
With the enforcement of the Maritime Labour Convention 2006 and the Manila Amendments 2010 to 
the STCW Convention, information needs of shipping companies regarding compliance issues gain 
higher relevance. This paper presents the development of an integrated decision support tool for 
hours of work and rest optimization during ship operations (WRCO-Tool). The tool is designed for 
three objectives. Firstly, the computation of necessary manpower demands per ship (depending on a 
specific port schedule) and remaining work times of crew members e.g. for maintenance purposes. 
Secondly, the provision of compliance optimized work schedules for all crew members for distinct 
planning periods. Finally, the satisfaction of reporting obligations to shore side stakeholders such as 
port and flag state authorities or charter parties. This contribution includes a brief appraisal of legal 
and company related implications, the underlying mathematical model and the architecture of the 
WRCO-Tool. 
 
1. Introduction and rationale 
 
The on board working conditions have changed in recent years. Shorter durations of port stays, 
decreased manning levels of modern ships in combination with higher administrative burdens, make it 
challenging for crews to comply with actual hours of work and rest regulations. Furthermore, work 
schedules on board are often subject to numerous sources of compliance irregularity, in particular 
forced by operational overriding conditions or commercial requirements. 
 
For shipping companies several risks are connected with hours of work and rest non-compliance 
incidents. Beside crew fatigue and associated safety aspects, reputation and financial risks for 
shipping companies are linked with possible detentions; especially since the Maritime Labour 
Convention 2006  (MLC2006) will be in force in most major countries by the end of 2014 and high 
importance is given to Concentrated Inspection Campaigns already announced by the Port State 
Control Committee. 
 
Compliance conform staffing of ships, a flexible daily work assignment for every ship position as 
well as an efficient recovery after non-compliance incidents create a complex planning problem for 
the master and the office. Today planning is done manually based on the officers’ experiences. 
 
John et al. (2013) and John and Gailus (2014) focused on decision support for planning problems of 
shipping companies with emphasis on crew requirement planning and crew schedule planning. Both 
publications addressed enhanced planning requirements with middle and long-term horizons. 
Concerning the short-term planning of on board work schedules just a few contributions in today’s 
literature could be identified. Most of the contributions issue the topics ‘safe manning’, ‘optimal 
manning’ or ‘fatigue’ in combination with the manpower requirement planning. According to 
Williams-Robinson (2007) the manpower requirements in shipping are based on mission, functions, 
tasks, required operational capability and projected operational. Furthermore, he describes the term 
‘optimal manning’ as the coupling of manpower analysis with technology to increase capabilities 
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while reducing naval workload in the operating forces, Williams-Robinson (2007). NRC (1990) 
published the book ‘Crew size and maritime safety’ in which they discuss the effects of smaller crew 
sizes due to higher automation and how to ensure a safe manning. Also WMU (2007) dealt in its 
report ‘Study on Safe Manning Levels of merchant Ships’ with the topic of safe, or respectively 
optimal, manning. Theoretically, manning levels should be set at a level which allows the safe and 
efficient operation of the vessel (which includes cargo work, navigation and engine room 
watchkeeping) as well as the availability to handle any potential emergencies and critical situations. 
This level of course varies depending on the size, type, and automation of the ship. A survey-based 
study from the EU shows that a reduction in the number of crew members has direct impact on an 
increased level of fatigue, WMU (2007). Colquhoun (1985) outlines the problems of used 
watchkeeping systems and their impact on fatigue and performance efficiency. Lee et al. (2000) and 
Hendrick and Grabowski (1990) present models for crew size determination. Lee et al. (2000) report a 
simplified crew size evaluation method while Hendrick and Grabowski (1990) develop a function 
analysis model for determining the minimum safe crew size of maritime vessels. Finally, short-term 
planning of working and resting hours schedules does not seem to be covered in existing literature. 
 
The objective of this contribution is to present a model for a decision support tool for hours of work 
and rest compliance optimization in ship operations. The model compromises three integrated main 
sections: 
 
- Ashore computation of necessary manpower demands per ship (depending on a specific port 

schedule) and remaining work times of crew members e.g. for maintenance purposes. The goal is 
to provide decision support for the office in form of compliance requirements conform crew 
consistency tables. 

- On board decision support in form of a compliance optimized relief plan, showing work and rest 
periods per position for distinct periods. The automatically generated work schedule will consider 
actual work and rest hour accounts of every crew member in combination with real time voyage 
situations on a half-hourly basis. The main focus lies on tracking and short term recovering from 
non-compliance incidents. 

- Consolidation and preparation of relevant data for external inspections (e.g. time sheets) and 
company internal controlling purposes (e.g. compliance reports per ship or fleet). 

 
2. Legal implications and company related demands 
 
With the overarching goal to establish a reliable management of working and resting hours several 
legislative regulations have to be taken into account. Furthermore, company specific demands, e.g. 
concerning financial or safety management as well as charter party requirements should be 
considered. In this section the relevant legal regulations are depicted and common internal company 
requirements are discussed. 
 
2.1. Legislative background on hours of work and rest 
 
Nowadays, shipping companies are subject to a multifaceted, multidimensional legal framework. The 
two international bodies that play the key role in regulation of maritime working conditions and 
compliance issues are the International Maritime Organization (IMO) and the International Labour 
Organization (ILO). The maritime regulation on hours of work and rest are mainly defined by 
international regulations and amended by national regulations as well. The decisive international 
regulations are mainly consolidated in the two conventions: 
 
- The ‘Standards of Training, Certification and Watchkeeping’ (STCW) Convention by IMO and 
- The ‘Seafarers´ Hours of Work and the Manning of Ships’ Convention 180 by ILO/MLC 2006 
 
Moreover, arrangements regarding the working time and safe manning are IMO ‘International 
Convention for the Safety of Life at Sea’ (SOLAS), IMO Resolution A.890(21) ‘Principles of Safe 
Manning’, EU Directive 2003/88/EC ‘Working Time Directive’, EU Directive 1999/63/EC 
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‘Agreement of the organization of working time of seafarers’ (ECSA, FST) and finally as an example 
for national regulation the German ‘Seearbeitsgesetz’, which translates the rules of MLC 2006 into 
the German law for all ships under national flag, Garb (2013). 
 
With rising concerns linked to the effect of fatigue on the potential for incidents the IMO incorporated 
requirements aimed at regulating seafarers´ hours of work and rest within STCW Convention. These 
requirements entered into force in 1984. In 1996, the ILO adopted Convention 180 (ILO 180) which 
contained necessities that addressed seafarers` hours of work and rest. Table  summarizes the main 
provisions of both regulations in comparison. 
 
Table I: Key requirements of ILO 180/MLC 2006 in comparison with the STCW, as amended in 2010 

Regulation 

Work/Rest 
hours in any 

24 hours 
period 

Work/Rest 
hours in 7 
day period 

Length and 
count of rest 

periods 

Work schedule Records of 
work/rest 

hours 

STCW 2010 
(Manila 

Amendments) 

Minimum of 
10 hours of 

rest 

Minimum 77 
hours of rest 

Not more than 2 
periods of rest, 
one of which 

must be at least 
6 hours 

Format table as 
specified by ILO with 

focus on 
watchkeepers and 
security positions 

Daily records 
to be 

maintained 

  and   

  

Interval 
between rest 
periods not to 

exceed 14 hours 

  

ILO 180/MLC 
2006 

Maximum of 
14 hours of 

work 

Maximum of 
72 hours of 

work 

Not more than 2 
periods of rest, 
one of which 

must be at least 
6 hours 

Specific table for all 
crew member 

 

Daily records 
to be 

maintained 

or or and   

Minimum of 
10 hours of 

rest 

Minimum of 
77 hours of 

rest 

Interval 
between rest 
periods not to 

exceed 14 hours 

 
Actual times for at sea 

and in port 
 

 
In addition to Table I, STCW allows two exceptions of the compulsory hours of rest: 
 
- The minimum rest in any 24 hour period could be divided into three periods rather than two, 

whereas one of the rest periods must be at least 6 continuous hours and one of the other two must 
be at least 1 hour in length. This exception is valid for two 24 hour periods in any 7 day period. 

- The minimum rest in any 7 day period could be reduced from 77 hours to 70 hours, yet this 
exception is not allowed for more than two following weeks. 

 
Whereas both requirements provide a suitable degree of cohesion, a number of provisions allow 
varying interpretations. One example for ambiguity is the term ‘any 24 hours’ which is not related to a 
particular start time. Another example is the mandatory identification of ‘non-conformances’. 
Regulations do not address how they should be assessed. Also the concept of ‘compensatory rest’ 
(which has been incorporated in the convention to cope with seafarers who are called out for duty 
reasons through a normal rest period) is not specified distinctively. In this case, affected employees 
shall have an ‘adequate’ compensatory rest period. Like in the above mentioned examples the term 
‘adequate’ could be interpreted in different ways. 
 
Nevertheless the design of a reliable and robust decision support tool, which needs to cover hours of 
work and rest requirements in a holistic manner, has to deal with resulting challenges: 
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- Fuzziness of rules, 
- Complexity of interaction between rules and 
- Requirements resulting from dynamic ship operations on daily basis. 
 
2.2. Company internal requirements 
 
Apart from the rules and regulations given by law, a compliance optimization system should also take 
into account company internal requirements that could vary from shipping company to shipping 
company. Company internal requirements could be all those requirements that exceed regulations by 
law. For example a shipping company could want to ensure that seafarers are allowed more resting 
times than MLC2006 proposes, or a shipping company would require the master to perform certain 
tasks (e.g. watchkeeping on bridge during pilotage). Table  provides an overview of company internal 
compliance requirements: 
 

Table II: Shipping company internal requirements 
Requirement 

category 
Internal compliance requirement 

Watchkeeping 

- Fixed watchkeeping pattern (e.g. 4h of watchkeeping and 8h off-watch, or 6h watch 
and 6h off-watch) 

- Fixed personnel allocation to watchkeeping pattern (e.g. 3rd Officer fixed allocated to 
watchkeeping shift from 0:00-4:00,…) 

- Special watchkeeping requirements (e.g. Master always on deck in pilotage) 
- … 

Working/Resting 
Times 

- Company allows for longer rest-times than required by law 
- Company eliminates exception rules 
- … 

Overtime allocation 
- Maximum weekly overtime allowance for ratings 
- (Mostly) even distribution of overtimes among ratings 
- … 

Budget allocation 
- If more than one position group could fulfill required task, allocate task to the group 

with the lowest personnel cost (alternatively highest skill level) 
- … 

 
The list of company internal requirements was compiled in a series of workshops with the crewing 
and quality departments of two major shipping companies totaling at more than 400 ships under crew 
management. Certainly different shipping companies could develop further requirements or different 
categories. Also not all of the requirements need to be considered in an optimization algorithm at all 
times. To provide best decision support for both, office and on board crews, different requirement 
scenarios could be developed and incorporated as input for different optimization tasks. 
 
3. Architecture of the WRCO-Tool 
 
The WRCO-Tool is designed along four major modules. Two of them are doing the actual compliance 
optimization and two can be understood as support modules. Fig.1 shows the architecture of the 
Working Resting Hours Compliance Optimizer Tool: 
 
Main function of the Office-Module is to calculate the minimum amount of seagoing personnel that is 
required to fulfill all tasks required for safe ship operations along a predefined port schedule under 
recognition of all regulations by law as well as company internal requirements. Main output of this 
module is thus a curve of personnel demand over time according to the port schedule followed by the 
ship. 
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Fig.1: Architecture of the working resting hours compliance optimizer tool 

 
Main function of the Onboard-Module is to propose a requirements conform (again under recognition 
of all external and internal rules) schedule of working and resting hours for a given port schedule and 
a given crew allocation for the journey. Main output of the model is therefore a schedule of working 
and resting times for each seafarer on board of the ship. As opposed to the Office-Module the main 
objective of an optimization could be (at least from a company perspective) to schedule a maximum 
amount of working time for seafarers, e.g. for the fulfillment of maintenance task.  
 
The two other modules, Data-Module and Reporting-Module, act as supporting functions for both 
calculation modules described above. The Data-Module provides the data structure and capability to 
save relevant input (including master data) and output data. Major input data include base data 
regarding all tasks required for safe ship operations (including durations and responsible sea-
personnel), different scenarios for port schedules, actual working and resting hours, etc. Important 
output data include optimized work schedules, and resulting headcounts, etc. The Data-Module also 
handles the synchronization of on board and office data. Main function of the Reporting-Module is to 
provide target group specific reports. Important reports include time sheets of actual working and 
resting times or compliance performance reports on a seafarer, ship or fleet level. 
 
4. Modelling approach of the WRCO-Tool 
 
This section of the paper outlines the optimization approach of the WRCO-Tool in detail. First, an 
introduction describes the general modeling approach. Second, all necessary inputs are described in 
mathematical formulations, third the mathematical model itself, and fourth the solution algorithm. 
 
4.1. General modeling approach 
 
Our modeling approach starts with the partitioning of the ships journey along a defined port schedule 
into a series of segments. We call the segments ship operating statuses, as they describe different 
operating modes of the ship. For example a general port approach could be described as a sequence of 
the following ship operating statuses: transit, pilot takeover, river passage, berthing, port stay with 
cargo operations, leaving the berth, river passage, pilot release and transit again. Fig.2 shows another 
example of a sequence of ship operating statuses for a standard port approach. 
 
To some extent depending on the ship class, each of the different ship operating statuses requires the 
crew to fulfill a certain set of tasks, which are mandatory for safe ship operations. For transit this list 
of tasks could include watchkeeping on the bridge, steering, cargo care, check of safety equipment on 
deck and in the engine, engine watch and administrative tasks on deck and in the engine, etc. Some of 

Office-Module Onboard-Module

Mathematical Model and Optimization Algorithms

Data-Module

Reporting-Module

� Minimum amount of crew
along port schedulde, required
for compliant ship operations

� Propose a compliant working
and resting hours schedule for
crew for actual ship operation

� Provide the data structure and capability to collect and save all input 
and output data and synchronize data between ships and office

� Provide target group specific reports, including time sheets or 
compliance performance reports on a seafarer, ship or fleet level

Working Resting Hours Compliance Optimizer
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the tasks are fixed in time (e.g. line handling in berthing and leaving) others are flexible in time to 
some extent (e.g. administrative tasks in the engine department) and can be fulfilled when some spare 
time is available. Each of the tasks could be fulfilled by a certain group of crew members, for example 
based on the qualification level (e.g. officer of the watch) or a prioritization of certain position groups 
(e.g. gangway watch in port). 

 

 
Fig. 2: Example of a sequence of ship operating statuses in a port 

 
Given this modeling approach of a ships’ journey Fig.3 provides an overview of the general 
procedural approach of the WRCO-Tool. 
 

 
Fig.3: General procedural approach of the WRCO 

 
First, the planner defines a port schedule for the ship to be planned. This could include a completely 
new journey planned from the office, or just the change of an existing schedule on board the ship, e.g. 
in case of a change in the estimated time of arrival or departure (ETA/ETD) of the vessel. In the 
second step the tool divides the port schedule into a sequence of the predefined ship operating 
statuses. From this sequence a comprehensive list of tasks that need to be fulfilled for safe ship 
operation could be derived for any point/period in time along the journey. The tool uses a 
comprehensive database of predefined tasks per ship operating status. Fourth, the scheduling 
algorithms allocate all tasks to qualified crew members, based on the set of compliance regulations 
and company internal requirements. In a final step the scheduling solution is optimized by the 
algorithm according to a given objective function. A basic objective function for the Office-Module 
could be the minimization of personnel cost for the given journey. 
 
The above described problem can be modeled as an optimization problem. Furthermore it is a 
scheduling problem, Dempe and Schreier (2006), Pinedo (2012), T'kindt and Billaut (2006), and we 
denote it as working resting hour crew scheduling problem (WRCSP). A general and first approach of 
how this problem can be modeled and solved is given in the following subsections. 
 
4.2. Mathematical model 
 
As mentioned the WRCO-Tool has two calculation modules: the Office- and the Onboard-Module. 
The mathematical model for the Office-Module will be described in detail in this section. The 
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objective function of the WRCSP aims at minimizing the crew costs per ship by scheduling all the 
mandatory tasks during a given journey, such that the work schedule of each assigned crew member 
fulfills the compliance-constraints.  
 
The input sets for the WRCSP are given and categorized as follows: 
 
Before we classify the sets of mandatory tasks, it is necessary to describe how these tasks are omitted 
for a given port schedule, which will here also be denoted as journey. A journey is not only a 
sequence of ports but also a predefined sequence of ship operating statuses. A ship operating status is 
defined as a given set of mand 
atory tasks. Let’s denote J as the set of all mandatory tasks 
   

The set of mandatory tasks that defines a ship operating status can be described as follows in terms of 
tasks 
 J�� ⊂ J (2) 
With S� we define a ship operating status from the predefined set of all ship operating statuses, which 
is found in the database. The first indication of the time slot in which the task must be fulfilled is 
given from the ship operating status it belongs to. Tasks are further classified in the following four 
categories regarding their time constraints: 
 
1. Bridge watchkeeping tasks. The set of these tasks is denoted with:  

  	J� ⊂ J (3) 
This set includes the bridge watchkeeping tasks with a given lookout shift system 

2. Watchkeeping tasks that depend on other watchkeeping tasks. Their set is defined as  
   J�� ⊂ J (4) 

This set includes all the watchkeeping tasks that depend on the ship operating status and on other 
watchkeeping patterns 
 

3. Task that are fixed in time J	 ⊂ J.  
The following mapping 
 

T	: � J	 → R�
j → T	�j� 

     (5) 
 

maps these tasks to their durations, which in this case is the same as the duration of the ship 
operating status this tasks belongs to. The time boundaries in which the task can be completed 
during 24 hours are given in the master data. Some of the task can only be completed during the 
day. These constraints need to be considered during the scheduling. 
 

4. The last category includes tasks that are flexible in time and their set is defined as J� ⊂ J 
The mapping 

  

T�: � J� → R�
j → T��j� 

(6) 
 

maps these tasks to their durations. The last one is smaller than the duration of the ship operating 
status the tasks belongs to. The time boundaries for these tasks are also given by master data. This 
subset can be further partitioned in flexible pre-emptive tasks and flexible not pre-emptive tasks. 
The time unit at which a task can be partitioned is 30 min.  

 The set of all mandatory tasks during a journey is given as 
 J = J� ∪	J�� ∪ J	 ∪ J�  (7) 

j ∈ J			J ∈ �1,2,3,… , |J|� (1) 
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With a given set P of position groups and the fact that each mandatory task during a journey can be 
completed from one or more position groups we denote P ⊂ P	∀	j ∈ J as the set of the position 

group(s) that can complete task	j. If "P " = 1	then the task can be completed only by one position 
group, otherwise set P  is ordered by the input data. Each crew member belongs to one position group, 
which implies the costs for this crew member. 
 
As a short recapitulation following input sets of the WRCSP were described above: 
- The journey with its start and end time, which implies the time interval that is going to be planned. 

The time unit corresponds 30 min and is defined as a time slot 
- The set of the mandatory tasks needed to be completed during the journey and their categorization 

regarding time and assignment to the position groups. 
- The set of position groups, which are qualified to execute mandatory tasks and cost corresponding 

to position groups. 
 
The set of feasible solutions of this optimization problem (the image set) is the set of all work 
schedules for a ship, where the time schedules of each planed crew member underlie the compliance-
constraints and all mandatory tasks during the planning period are allocated. We denote this set as	#. 
A work schedule for the given ship  $% ∈ # is preferred over another work schedule $& ∈ # if following 
holds: 

                             $% ≺ $& (8) 
And the relational operator ≺ is defined as “has lower costs than”. The set of optimal solutions is then 
given by: 

   #()* ≔ �$∗ ∈ #|	$∗ ≺ 	$	∀	$ ∈ #\�$∗��           (9) 
For the definition of the costs function and mathematical model we denote with x� /0	the i-th time unit 
assigned to the j-th task which is completed from person l of position group k. This variable will be 1 
if the above mentioned assignment exists and if not, it will be 0. The last value means that the one 
person from position group k is resting at this unit of time or is not assigned at all. The costs c/ ∈ R�	 
for each crew member depend on the position group he belongs to. With n as the total number of time 
units to be scheduled, m the total number of necessary tasks to be assigned and with l/ the maximal 
number of persons from a position group k that are needed to assign all the necessary tasks is the 
optimization problem as follows defined. The notation 3n5 ≔ �1, … , n�, n ∈ N will be used in the 
following section. 
 

                             min ∑ c/ 	∑ w/0	;<$ℎ0>0?@A/?@ 				                                                        (10) 
 

w/0 =	B1,			 ∑ ∑ x� /0 > 0E ?@F�?@0, ∑ ∑ x� /0 = 0E ?@F�?@                                                                             

The objective function minimizes the costs subject to the following constraints: 
 
1. A crew member should not work more than 14 hours in any 24 hours. This implies that the 

minimum number of rest hours in any 24 hours should be 10. These constraints are modelled 
respectively in the equations (11) and (12). 
 

 

G G x� /0 < 28	∀k ∈ 3p5, l ∈ 3l/5, t ∈ 3n − 48 + 15																						
E

 ?@

P�QRS@

�?P
 

 
(11) 
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2. The crew members should not work more than 91 hours in any 7 days. This implies a rest period of 
at least 77 hours in any 7 days. 

 

G G x� /0 	≥ 154		∀k ∈ 3p5, l ∈ 3l/5, t ∈ 3n − 336 + 15																					
E

 ?@

P�WXXS@

�?P
 

 
(14) 

 
3. To avoid fatigue a crew member should rest at least 10 hours in any 24 hours. This period of rest 

should be divided into not more than two periods and one of these periods must be at least 6 hours. ∀Y ∈ �1, 48 + 1, … , �Z − 1�48�	∃	$ ∈ �Y, … , Y + 48 − 12 + 1�: 
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The exception rules mentioned in chapter 2 can be modeled according to conditions (11), (13) and 
(15).  
 
Basically the Onboard-Modules do not differ so much regarding the mathematical base model. The 
only difference between these modules consists in the following determining factors. 
 
- In the Office-Module the set 3b]5 is theoretically unbounded. In the Onboard-Module this set is 

bounded as the number of crew members onboard is also bounded.  
- The objective function for the Onboard-Module is the computation of a work schedule for a ship,  

which fulfills the compliance conditions for each crew members on a day to day basis and 
maximizes the rest hours for given prioritized position groups. 

 
4.3. Solution and algorithm 
 
In this section a possible way of solution for the WRCSP is described based on Beisel and Mendel 
(1991), Ehrgott (2005), and Wolsey (1998). Relating to the above described mathematical model this 
problem manifest a complexity of 2d∗|ef|∗|gh|∗i 			with Z	the duration of the journey in time units, 
"jf" ≤ |j| the power of the set of mandatory tasks that are to be planed during the given journey,  
|lh| ≤ |l|the number of position groups needed for the solution of the scheduling problem and with m 
the maximal number of persons from each position group from lh. Obviously increases the complexity 
of this problem exponentially depending directly from the length of the journey and the number of 
mandatory tasks. In order to get an optimal solution within an acceptable time frame we propose the 
following way to solve and analyze the problem: 
 
A start point $n ∈ # is determined by following these steps: 
 
1. The tasks op ∈ jp are scheduled first. If "l&q" ≠ 1 then at least one person from the position groups 

with the highest priority will be assigned for the task op. A check for the compliance conditions is 
not needed in this case due to the 4/8 rhythm of the watchkeeping tasks. After this assignment a 
start crew is given, which should be considered when scheduling the rest.  

2. In the second step the tasks opp ∈ jpp are scheduled analog to the tasks from jp. 

3. For this step the tasks of the set jst = uos ∈ js	" 	vl&wv 	= 1�	 are scheduled such that for the time 

										 G G�1 − x� /0� ≥ 20	∀k ∈ 3p5, l ∈ 3l/5, t ∈ 3n − 48 + 15																						
E

 ?@

P�QRS@

�?P
 

 
(12) 

G G x� /0 < 182		∀k ∈ 3p5, l ∈ 3l/5, t ∈ 3n − 336 + 15																						
E

 ?@

P�WXXS@

�?P
 

 
(13) 



 254

schedule of the crew members the compliance-conditions are fulfilled. 
4. The tasks of the set js\jst  are scheduled by ignoring the order of the sets l&w∗ 	∀os∗ ∈ js\jst 	 such that 

the persons that are planned from steps 1, 2 and 3 have a higher priority. If it is not possible to 
assign the tasks to these crew members than the person with the highest priority in l&w∗  will be 

planned as next. 
5. The tasks of the set jx will be assigned at least and the same approach as for the fixed tasks will be 

followed.  
 
To find other feasible points t� ∈ T such that t� ≺ tn an adequate combination of the possible steps for 
the computation of a compliant work schedule is used. The set of all possible steps for creating a 
compliant work schedule is given and denoted with y.An adequate combination of the steps z% ∈y, <	 ∈ �1,2,3,… , |y|� will lead to the optimal work schedule(s). This approach creates the possibility 
to conduct a sensitivity analysis of the problem, which is very helpful for the further planning 
purposes. 
 
For the Onboard-Module the same method will be followed by taking into account that the target 
function has changed as well as the frame constraint as the bounded number of crew members. 
 
Regarding Table II the budget allocation is the objective function for the Office-Module. Watch-
keeping is for the mathematical model an input parameter that can be changed and the working resting 
time requirements define the constraints of the optimization model. The overtimes can be derived 
from the solution of the optimization problem. 
 
5. The WRCO decision support tool 
 
The calculation of compliant work schedules is defined by the above postulated mathematical model 
and implemented database. An important part of the WCRO-Tool (especially in terms of the user 
acceptance) is the development of a graphical user interface (GUI) for the Office- and Onboard- 
Modules. Future success of the tool is directly related to its usability und functionality. Both GUIs 
were implemented with Microsoft Visual Studio 2012. Fig.4 and Fig.5 show the current work in 
progress versions of the GUIs. 
 

 
Fig.4: Work in progress example of Office-Module GUI 
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Fig.5: Work in progress example of Onboard GUI 

 
The Office-Module GUI enables users to define a new port schedule by selecting ports from a 
database of standard ports. The decision maker can then accept the master data from the database or 
can change the schedule on the granularity of the ship operating statuses. Due to prior knowledge 
there will be a deviating situation at a specific port. Users can also change planned operations in the 
ports such as cargo operations, bunkering or additional tasks (e.g. port state inspections, storage of 
provisions, etc.). Planners then need to adjust some other parameters for the planning and 
optimization, for example adjusting the boundary conditions for the mathematical model, inclusion of 
extra positions like a cadet, or definition of the maximum amount of members of position groups. 
When the decision maker made his selection, the planner can start the calculation run and the results 
will be presented below as chart displaying minimal operation demand in heads or full time equivalent 
(FTE), work status of every position, the compliance status of positions along the schedule, and the 
available free time slots for additional work tasks (such as maintenance).  
 
The GUI of the Onboard-Module is adapted to the specific needs of the onboard users (for planning 
purposes mainly senior officers). It displays the actual working times on the vessel and the active 
working plan. Just as in the Office-Module users are able to quickly change the planned sequence of 
ship operating statuses, an even more important feature of the Onboard-Module, as changes in the 
actual voyage schedule occur on a daily basis. After altering the planned schedule according to any 
new information, the on board planner will perform a new planning run, thereby creating a new work 
plan for all crew members. This new plan will then be published across the ship. Another important 
function of the Onboard-Module (not shown in the picture) is a recording function of the actual 
working and resting times of all crew members, as actual hours are an important input for the 
scheduling and optimization algorithm. 
 
6. Conclusion and Outlook 
 
The information and planning needs of shipping companies connected to compliance issues will raise 
in the near future. Especially with the enforcement of the MLC2006 regulations and the intensified 
inspections by port state controls working and resting hours compliance will be focused by shipping 
companies and crew managers. The WRCO-Tool and the underlying mathematical models could help 
shipping companies to sufficiently staff their vessels and on board crews to schedule working and 
resting times of all crew members compliant with given rules and regulations. 
 
The prototype described in this paper will be implemented at two major shipping companies and thus 
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undergo an intense real-life testing period. Implementation of the WRCO-Tool will affect existing 
planning processes both at office and onboard. Here further research is necessary in order to ensure 
the best possible approaches. Among others one main issue on board will be the collection and 
automatic processing of hours of work and rest per crew member. Suitable approaches could be the 
adaption of automatic monitoring and recording of work hours concepts like attendance terminals or 
use of tablet computers. Further development steps of the WRCO-Tool could also include scheduling 
of maintenance tasks or the adoption of other shipping company dependent requirements. 
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Abstract 

 
This paper describes the concept Sea Traffic Management (STM). STM is information sharing in the 
whole maritime transport chain. We describe how STM will lead to safer transports, saving fuel and 
cost, while improving the environment simultaneously. We will present the first steps already achieved 
and the key enabling concepts and technologies.  

 
1. Introduction 
 
With today’s navigational tools, every vessel know their own position and intentions. Other tools help 
finding out the positions of vessels in the vicinity. A technology standard developed lately is the AIS, 
which primarily was developed in order to see oncoming vessels “around the corner”, which were 
undetected by radar. The AIS information has led to the development of new services, not foreseen 
while the concept was created.  
 
There is however one piece of the puzzle still missing in order for the bridge to have a complete situa-
tional awareness; the intentions of oncoming vessels are unknown. The embryo of STM was the idea 
that we should know these intentions. Most ships have electronic charts where their route is entered. If 
this information was shared with all ships nearby, everybody would suddenly know all intentions in-
stead of making assumptions. The design of the updated navigational knowledge in the charts is really 
important in order to assist the bridge officers instead of complicating the picture. The principle of 
communication and information sharing is thus a basis for improving the safety at sea.  
 
If this information is shared between ships it could be shared with shore as well. And the possibilities 
to add service from the shore side were investigated in the MONALISA project. By sharing route in-
formation with shore centres giving advices to the vessels based on local knowledge, vessels can real-
ize huge savings in distance, time and fuel. Seasonal Environmentally Sensitive Areas can be avoided 
or not and thus the protection of marine wild life is improved. SAR operations can be made more effi-
cient when search patterns in the form of suggested routes can be distributed. The route exchange was 
demonstrated in the MONALISA project 2010-2013, NN (2014). 
 
What about information outside the route? When discussing this concept all kinds of solutions and 
services were envisioned. For example the interface to the ports and enabling ports to plan more effi-
ciently, and have that planning reflect in route suggestions to the approaching vessels or to have 
common goods information within the whole maritime logistics chain. And these are just speculations 
before the information has been made available. When new technology and new concepts arrive, there 
will be innovative people and companies building new and useful services that we cannot envision 
today.  
 
The purpose of this paper is to describe the building blocks of the Sea Traffic Management concept 
and its generative properties to enable the innovation of third-party services. 
 
2. The Sea Traffic Management Concept 
 
The Sea Traffic Management (STM) concept is an information and communication centred approach, 
The concept aims at enabling the many players in the maritime arena to perform operations optimally, 
both for their own purpose but also for the sea traffic system as such. Sea Traffic Management is an 
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eco-system innovation enabling involved actors to jointly and in a distributed way perform in 
compliance with the goals with the sea traffic system as the eco system. Two key differentiators 
leading to a possible paradigm shift of information management are the voyage id and the information 
federation. By introducing “Voyage based operations” instead of “Surface based operations”, as is the 
common practice in the maritime world of today, the same type of unique identifier as in the airline 
industry can be used. Attempts of mapping the data according to the surface based model has ended 
up in data models reflecting the current situation, Fig.1. With a combination of the SWIM Process 
(System Wide Information Management), Fig.2, and Voyage based operations; the maritime sector is 
anticipated to solve the obstacles to obtain a complete chain of information, both from a Sea Traffic 
Management perspective as well as for the long-term strategic and mid-term tactical planning for any 
of the involved stakeholders. The planning stretches from years to come for shore-based stakeholders 
up until the critical executive minute operations of involved mariners on board the sailing vessels.  
 

  
    Fig. 1: Current information exchange Fig. 2: SWIM principle 
 
In the aviation industry the Air Traffic Management (ATM) concept is well established. EU has 
decided to invest over 2 billion EUR to improve the safety and efficiency in the air through the 
SESAR programme. STM takes inspiration and concepts from the air industry experience and the 
SWIM process is key when realising the potential benefits in the aviation industry as well. 
 
It seems very promising to be inspired by the aviation industry. We do however need to be careful in 
doing this translation since the practice of STM will look different due to several fundamental 
differences between the two industries: 
 

• The practice of air traffic management builds upon centralized coordination for reaching the 
goals for operational efficiency, safety, and environmental sustainability 

• The Mare Liberum, Grotius(1609) claiming that all nations are free to use the sea for 
seafaring.  

• A ship can wait on sea; an airplane cannot wait in the air. 
• The increase of air born passengers are expected to be doubled between 2012 and 2020, and 

doubled again between 2020 and 2050.  
• The development and utilization of super post panamax class vessel (up to the capacity of 18 

000 containers) to reduce the cost of cargo transfer is increasing resulting in fewer berths but 
more cargo operations per berth.  

• The legacy from the shipping industry is much stronger than from the airline industry, i.e. 
there were no air transports being made before the 20th century while sea transports has been 
going on for centuries. This means that many rules of conduct have origins many years ago. 

• The business model for port operations differs from airport operations due to the fact that 
many big shipping companies own the terminals they are using at the port. The airport owns 
the terminals at airports. This difference means that shipping company do handle thus their 
own coordination to a large extent which means that there a flora of actor unique systems 
solutions are being used.  

 
Due to these differences we foresee that unlike ATM, STM would need to build upon a highly 
decentralised structure of governance where each actor makes his/her own decisions based on the 
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situation awareness that the actor have. To share information becomes thereby an enabler to get 
something back. This is to be enabled by the SWIM concept enabling different systems being used by 
the different actors to channelize information that is to be shared by standardised interfaces between 
the systems. In the decentralised structure we also foresee modifications to most software involved in 
the transport chain, when new information streams will affect planning at all levels. We believe that 
the data in the SWIM, in the Cloud, can form a base for research based on Big Data, and a source for 
many new services. 
 
The STM concepts matches very well the ambitions of the EU e-Maritime initiative. IMO and IALA 
are using e-navigation when discussing the development of the maritime sector. STM fits in with the 
Strategic Implementation Plan of IMO and the IALA definition. Korea is one leading nation in the 
area, and an open Memorandum of Understanding has been signed by Sweden, Denmark and Korea to 
promote international cooperation and global test beds for new solutions.  
 
The benefits of the STM are so immediate that Australian and Alaskan authorities would like to apply 
the solutions even before they exist. The MONALISA 2.0-project are keeping close contact to these 
and many other initiatives in order to avoid double work and parallel solutions. 
 
The efficiency for a chain of operations is never stronger than its weakest link. This means that there 
is a need to ensure a tight integration to different actors in a larger chain of operations than just the sea 
voyage. The sea voyage needs to become an integrated part of a larger multimodal chain and 
boundary objects (such as e.g. estimated time of arrival, estimated time of departure etc.) need to be 
acknowledged and utilized as a basis for enabling different actors to optimally plan upcoming 
operations and utilization of the common infrastructure. Ports, and shipping companies, are thus 
important actors to enable seamless and sustainable transports by connecting its operations to ground 
transporters, Fig 3. The different connection points depicted in the figure is a way to put focus upon 
states that are to be planned to reach by the involvement of multiple actors. Thereby fast turn-around 
processes (for ships and ground transporting vehicles) and efficient port operations could be 
addressed. 
 

 
 

Fig. 3: The sea voyage as an integrated part of a larger transport chain, Lind (2014) 
 
3. Benefits of Sea Traffic Management 
 
Everyone involved in the maritime logistics chain can take advantage of more reliable 
information. This helps planning in advance, adjusting plans and lead to greater efficiency for 
every link in the chain. We have not identified any study quantifying the possible savings.  
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Table I: Examples of STM benefits 
Party Benefits 
Cargo Owner Cost reduction: Lower rates 

Service improvement: Accurate real-time goods 
information to customers 

Ship owner Cost reduction: Fuel savings – shorter distance, 
slow-steaming/just in time arrivals, shorter port 
turnaround time 
Cost reduction: Lower insurance – when accident 
rates fall 
Service improvement: Accurate info to goods 
owners 

Ship Operator See Ship Owner 
Port Authorities Service improvement: More efficient planning. 

Manual communication only needed as an 
exception.  
Safety: Possibility to check pilot exemptions on 
line. 

Terminals Better planning due to common port information 
and goods information 

Port services More reliable plans, due to more accurate and up 
to date data. 

Crew Safety: Fewer accidents due to improved 
situational awareness 
Less administration: simplified procedures and 
automation of data collection 

Ship brokers and agents Improved services with up to date info. Better 
focus on value-add services. 

Pilots Better planning due to more reliable up to date 
information.  

Passengers Safety: Fewer accidents, improved SAR 
operations. 

Customs Better planning, due to earlier heads up on 
arrivals. 

Coast Guard Improved focus on suspicious vessels avoiding 
STM  

Locks and Bridges Improved Just-in time planning and passages 
Insurance  Fewer accidents – less cost. 
General public Safety: Fewer accidents – possible growth of 

cruise industry. Lower societal cost for cleaning. 
Environment: More CO2 efficient transport 

Atmosphere Less CO2 per transported goods. (and other 
pollutants) 

Marine life Less emission! Less oil spill due to fewer 
accidents. Proactive route advice for 
Environmentally Sensitive Areas, e.g. the Great 
Barrier Reef. Advice regarding seasonal 
Environmentally Sensitive Areas, e.g. seabirds in 
the Baltic, whales outside L.A. 

Other marine industry Safety: reduced risk for accidents: less direct 
damages to wind farms, less oil spill disturbing 
farming 
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However, John van Breugel, representative of Maersk Line in Rotterdam, believes that the 
turnaround time could be reduced by 30%, saving some energy in the port, but foremost 
making goods delivery more efficient. As part of the efforts in MONALISA 2.0 stakeholder 
specific business cases for different areas of interest (KPAs) will be developed (see Table I as 
the point of departure for this work). 
 
Some of the concrete savings reduce the burning of fuel, thus lowering the cost and lowering 
the environmental impact simultaneously. Andersson (2013) show that for every 1% shorter 
routes for all vessels in the Baltic Sea due to dynamic route-planning, society would gain 100 
million EUR per year. The gains split almost in half between reduced costs for the shipping 
companies and for emissions. The same study also estimates that further 60 million EUR could be 
saved annually by making anchoring ship slow-steam the last 4 hours before anchoring. The 
investments to realize this are around 20 million EUR. 
 
How much shorter distance is realistic? A study by SSPA, Johansson (2012), regarding traffic in 
the Kattegat analysed the AIS tracks of all large vessels during one month. SSPA then used their 
optimization tool on each vessel to calculate the fuel optimised route. Figs. 3 and 4 show the 
difference. Some of the optimal routes were not taken, mostly due to old habits. For example, the 
approach to the Sound from the North, the easterly passage at the bottom of the map, has an 
accented “elbow” in Fig. 3. instead of being a straight line, as in Fig. 4. The route with the 
“elbow” was the first to be cleared of mines after World War II. It was the safest route 1946, and 
still a majority of mariners follow it, even though there are more efficient routes. 
 

   
            Fig 3. Actual AIS traces Fig. 4. Optimised routes by SSPA 
 
The distance savings have been subject to a couple of studies, but there are more areas which 
would be interesting to try to quantify.  
 
4. Dynamic Route Exchange 
 
In order for Dynamic Route Exchange to be possible there is a need for a common format. It can 
be used for: 
 

• On-board for save navigation (ECDIS etc.) 
• On-board for route-, schedule-  and speed optimization 
• By service provider for route optimization services  
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• A shore for and Deep Sea Pilotage   
• A shore by stake holders who have an interest in the vessels route and schedule Vetting, 

Ships-operator, Port Authorities among others. 
 
The route format should be open and aligned with International Standard. It should allow easy 
customization so that project goals can be achieved as well as easy and safe exchange of routes 
between ship and shore. 
 
In the Sea Traffic Management concept where dynamic routing is supposed to be used and 
supported, more information related to the route needs to be shared compare to what traditional is 
included in a route plan used in electronic systems on-board vessels and ashore. This information 
can be divided in four groups: 
 

• General Route Information and vessel static data 
• Route geometry and waypoint data  
• Schedule and environmental data 
• STM Information – Voyage Information 

 
Today there is no international standard available for Route exchange format. What exist is low 
level information i.e. Way Point data used for peer to peer communication between different 
systems on the vessel but those formats will not cover the needs in this project. 
 
The industry of navigational equipment is supporting the new standard format. A large majority 
of the industry is part of a Technical Advisory Group which has ratified the suggested format 
being developed under the lead of Transas. A united industry will help in taking usable solutions 
to users on board and a shore within a short time span.  
 
The timing of the work on the route format in the MONALISA 2.0-project, matched the IEC 
work on the standards for maritime navigation. The format is now a suggested to be included in 
the next version of the standard; IEC 61174 ed4 Route exchange format general description. 
Rydlinger (2013) 
 
The IEC prepares suggestion for new IMO standards. In parallel the route format has also been 
presented in a paper to IHO as an input to the S-100 format, Olsen et al. (2014). 
 

5. Conclusion 
 
This paper has described the concept Sea Traffic Management (STM). Sea Traffic Management is the 
sharing of information to all relevant parties in the whole maritime logistics chain. 
 
The initial approach, Dynamic Route Exchange, was conceived in order to increase the situational 
awareness on the bridge and thus further improve safety. This approach turned out to be a fertile 
ground for the bigger STM concept acknowledging the sea voyage as part of the larger multi-modal 
chain.   
 
We have shown the work on including Route Exchange information in the IMO and IHO standards, 
and the benefits that would bring. 
 
We believe this is the first brick in building the holistic standard for the whole maritime transport 
chain. A new key contributor introduced in the standard is the unique identifier voyage number. Inspi-
ration comes from the air industry where flight numbers + date make up a unique identifier that can be 
used for short and long term planning as well as for operational purposes. Since there will be so much 
more information waiting to be transferred, there will also be a need for more standards to be devel-
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oped. Possibly these new standards will be more de facto standards since some of them are affecting 
players belonging to different standardisation spheres: ships, ports, other logistic players. These 
standards are to be used in the different concepts being proposed within STM and enabled by the 
SWIM concept. These concepts are: 
 

• Flow Management for enabling efficient utilization of the infrastructure  
• Strategic voyage management 
• Tactical route management 
• Port CDM (Collaborative Decision Making) for enabling relevant content to be shared and 

agreed upon 
 
We expect the transfer of STM information to happen in a System Wide Information Environment, 
which some believe will be realised in 'the maritime cloud'.  
 
By introducing STM, the processes in the transport chain will be transformed. Some parties may dis-
appear, and new functions may emerge. All this change needs to be supported by new and/or modified 
software and IT infrastructure.  
 
Why will STM happen and change the industry? The benefits for all involved parties in the maritime 
logistics chain are huge. The improved services for the customers will strengthen the maritime 
transport alternative and the environment is improved by less emission, fewer accidents and avoid-
ance of Environmentally Sensitive Areas. The ship owners, goods operators, politicians, and the pub-
lic in form of environmental opinion and passengers will all benefit, and thus the industry has all the 
motivation to make it come true. 
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Abstract 
 

This paper provides an overview on a new design for a small and economical laser tracker system to 
estimate the relative position of a target, aiming for fast and precise relative localisation of 
Autonomous Underwater Vehicles. Our work was inspired by a similar system for land systems, which 
aims for accuracies in the area of micrometres. The system is large and energy consuming; therefore 
it is not suitable for attaching to a typical AUV. We describe the new developments in hard- and 
software to design a system suitable for the described application, concluding with the first lab trials. 
 
1. Introduction 
 
In this paper we provide an overview on a new designed laser tracker system which was especially 
designed for usage in marine robotics. The emphasis of the design was put on the ability to be used in 
an underwater housing for fast and precise relative localization of Autonomous Underwater Vehicles 
(AUVs). In the current research on marine robotics, there is an increasing in the importance of 
cooperative and coordinated behaviour between single autonomous vehicles that aim at challenging 
tasks beyond simple group behaviour. In the research project MORPH (FP7-ICT-288704), in which 
the work presented in this paper was performed, the goal is to develop a novel concept in which 
several spatially separated single autonomous robot-modules (nodes) are working in close vicinity to 
create a supra-vehicle with logical links between the single nodes. For those missions, a fast and very 
accurate relative localization between the vehicles is needed. Currently, acoustic localization systems 
like Long Baseline (LBL), Short Baseline (SBL), or Ultra-Short Baseline (USBL) are widely used. 
See Vickery (1998) for a detailed description. While these technologies are feasible in a lot of marine 
scenarios, the requirements of MORPH introduce some new challenges that might require a new 
approach. Acoustic based range measurements suffer from a relative high level of failure and a small 
frequency of availability (approx. 0.2 – 0.5 Hz). For vehicles operating in the vicinity of several 
meters with velocities of up to two meters/second, a system which guaranties a high level of precision 
at close vicinities at high frequencies is needed. We propose a new optical laser system to increase 
update speeds and measurement quality. 
 
Our work was inspired from an existing multi laser tracker system, developed by colleagues at our 
institute and described in Nguyen et al. (2011). This system is designed to work with industrial robots 
in land applications as a static system, aiming for accuracies in the range of several micrometres. The 
principle of a laser tracker system is as follows: A laser beam is being deflected towards the target by 
two galvanometer scanners with deflection mirrors. The target is equipped with a retro reflector which 
causes a parallel reflection of the incoming measurement beam. Back at the tracking unit, the reflected 
beam is separated by a beam splitter and redirected to a four-quadrant-diode (4QD). When moving the 
retro reflector, a parallel misalignment between incoming and outgoing beam emerges which is 
detected be the 4QD. This information is helpful for the beam tracking because the control algorithm 
can generate the corresponding control signal for the deflection mirrors. The current set value for the 
mirrors is used as estimation of the angles towards the reflector (azimuth and elevation). The principle 
is depicted in Fig. 1. 
 
The system needed for the underwater application does not need to operate with the high accuracies of 
the original land system. The original system, for instance, also features an interferometry unit which 
is not discussed here, as the usage of this unit makes great demands on the quality of the laser beam.  
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Fig. 1: Basic principle of a single laser tracker system 

 
However, the new system has to fulfil some requirements in terms of size, weight, and energy 
consumption to be able for mounting at an underwater robot, witch the existing system do not meet. 
Therefore, we designed a new laser tracker system with a cheap Advanced RISC Machines (ARM) 
based controlling unit. Using at least two single laser trackers with three retro reflectors at the same 
time, the knowledge of the in sum 12 angles to the target allows for an estimation of the target’s 
position and pose with reasonable accuracies, as we demonstrated in Hamann et al. (2013). The 
principle is depicted in Fig. 2. 
 

 
Fig. 2: Setting of the system consisting of two AUVs 

 
This paper will present the new developed hardware and the software used for the first tests with the 
new laser tracker. 
 
2. On the expansion of lasers underwater 
 
Employing lasers underwater is linked with several problems, like dependencies of the index of 
refraction on the water type. The water type influences the attenuation coefficient which is the 
addition of the absorption and the scatter. According to Pedrotti et al. (2002), the emitted photos can 
be distinguished in four categories: 
 



 266

• the absorbed photons 
• photon reflected away from the sensor 
• photons reflected onto the sensor 
• not reflected photons 
 
For the concept of the laser tracker only the not absorbed and not reflected photons are useful. 
Therefore, there is a high dependency on the attenuation coefficient, which depends on the turbidity of 
the water. The attenuation coefficient c is the addition of absorption a and scattering b, as it is shown 
in Table I, which supports the strong dependency on turbidity and therefore on water types. 
 

Table I: Attenuation coefficient for different water types, from Cochenour et al. (2008) 

Water Type a (/m) b (/m) c (/m) 

Pure sea water 0.0405 0.0025 0.043 

Clean ocean 0.114 0.037 0.151 

Coastal ocean 0.179 0.219 0.298 

Turbid harbor 0.266 1.824 2.19 
 
However, it was shown in practical attempts that although having to face these constraints, a 
communication through free water was possible, see Chancey (2005) and Cox (2007). According to 
the first reference, the calculated range of a laser communication system is dependent on the water 
quality, with clear deep sea water ranging almost up to 300 m and turbid harbour water maintaining 
contact over about 20 meters. As we need the tracker system to work explicitly for ranges of several 
meters, the described limitations should not be a problem. First preliminary tests that we did in a 
water pool showed that the beam could overcome a distance of several meters, was reflected by the 
retro reflector and could still be detected by the 4QD, as described in Ansmann (2013), and depicted 
in Fig. 3. 
 

    

Fig. 3 a & b: The experimental setup in the water basin (left); the employed system in close view 
(right), where the 4QD and the laser diode are visible in the lens behind the green filter 

 
The wavelength of the employed laser light has another big impact on the possible distance, as the 
absorption rate in water is wavelength depended. Fig. 4 depicts the absorption rate for light with 
different wave lengths. According to this figure there is a “window” for the blue and green light. The 
absorption rate difference is up to factor 100 within the spectrum of visible light.  
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Fig. 4: Absorption coefficient depending on wavelength, Anguita (2010) 

 
3. Design of the new laser tracker hardware 
 
This section describes the complete hardware used for the new laser tracker. A picture of the system is 
shown in Fig. 5. All parts of the system are components of the shelf to cut down the expenses. The 
optical system was build using a small optical rail, to which the other parts are attached. Only the 
necessary adapters for the laser-diode and for the photo diode had to be constructed. The new laser 
tracker system is like a simplified land tracker system without the interferometer. The drastic change 
is the substitution of the data collection and control unit. 
 

 
Fig. 5: Optical part of the laser tracker 

 
The next sections will describe all hardware parts in detail, starting with the optical parts and ending 
with the control unit. 
 
3.1. Laser diode 
 
The selected laser diode emits light with a wave length of 532 nm. This is visible green light. As the 
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test system is build and tested first in the lab, for health and safety regulations, we chose a laser diode 
that is able to output a beam with 1 mW at maximum. This is classified as a class 2 laser according to 
the laser safety regulation EN 60925-1. Furthermore we reduced the power to the diode even more as 
the full power is not needed for the first land tests. It is easy to increase the power to the maximum 
diode power again or to change the diode when a more powerful laser is needed later. 
 
3.2. Beam splitter 
 
The next part in the optical system is the beam splitter. It is possible to use a splitter cube or a splitter 
plate. As more reflections can be expected in a cube because of the superior number of interfacial 
areas, the splitter plate was chosen. The distribution between refraction and reflection on the beam 
splitter plate can be adjusted with changing the plate. Only 70% of the original laser beam intensity is 
refracted and send towards the target. The 30% rest is reflected out of the optical system. In the 
backward direction of the beam from the target to the 4Q diode only 30% of the beam is reflected to 
the diode and the 70% rest is refracted away from the diode. 
 
3.3. Deflection mirror system 
 
The refracted laser beam is then applied to the deflection mirror system. The mirror system consists of 
two electric motors and motor management. Each of the motors is connected to a mirror. The mirrors 
have a surface of 7mm² each and are coated with silver to maximize the reflection. The motor 
management is an amplifier and a high precision digital to analogue converter (DAC).  The DAC has 
a 16bit precision and is controlled by a Transistor Transistor Logic (TTL) signal. Therefore it needs 
16 signal lines, 4 control lines and one ground line. The procedure and timing for controlling the DAC 
is described in the software chapter. The mirror system needs about 25 W in average. The theoretical 
resolution of the mirror system is 3.357·10-4 °/bit. 
 
3.4. Retro reflector 
 
The retro reflector is a reflector system which is mounted on the target. Its task is to reflect the 
incident beam back to the tracker. The reflected beam needs to be in parallel to the incident beam. Fig. 
6 shows the reflection on a triple mirror reflector. If the incident beam hits the center point of the 
reflector the reflected beam is congruent. This retro-reflector can consist of mirrors or prisms. We use 
a prism system made of glass. The reflected beam travels back through the deflection mirror system to 
the beam splitter and is reflected towards the 4Q diode. 
 
3.5. 4Q diode 
 
To sense the reflected light from the target a photo sensitive sensor is needed. In the laser tracker a 4 
quadrant diode is used. The diode consists of four separated photo diodes. The space between the 
diodes is 0.03mm and the complete sensitive area is 10 mm². Fig. 7 shows the 4Q diode and its 
dimensions. The diodes are operated in reverse direction. With this circuit the current is proportional 
to the incident light. If there is no light on a diode there is only a dark current of about 4nA. 
 
With the described 4Q diode it is possible to sense the high power laser beam on one of its quadrants. 
It is not possible to know the exact position of the incident beam within the quadrant. Fig. 8 depicts 
the sensitivity of the 4Q diode depending on the wavelength of the light. According to this the diode is 
more sensitive to infra-red or red light as to blue or green light. For the laser tracker we decided to use 
green light as the absorption in water is the determining factor in comparison to the sensitivity of the 
sensor. 
 
To couple the 4Q diode to the computing unit, a transimpedance amplifier was build. The amplifier 
transfers the current of the diode to a proportional voltage that can be readout by the computing 
system. 
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Fig. 6: Reflection on a triple mirror, from http://www.thorlabs.de 

 

 
Fig. 7: 4Q diode with dimensions 

 

 
Fig. 8: Absorption rate over wave length, from Hamamatsu (2014) 

 
3.6. Computing system 
 
The last hardware part is the computation system. Its task is to collect and to analyze the data, and to 
control the deflection mirror system. In the original laser tracker systems this task was done by a big 
and heavy PC based system with a high power demand. For the new laser tracker, a cheap single 
board computer from the shelf was used, a Beagle Bone Black (BBB). The BBB combines a powerful 
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ARM processor with low power consumption and a small form factor. In average the board needs 1.5 
to 2 W. The board features a 1 GHz ARM Cortex A8 with 512 MB of memory. This is sufficient to 
run an embedded Linux system, which is important so we are able to use predefined functions, 
hardware abstraction layers, and schedulers for the software. 
 
Furthermore the board features an analogue to digital converter (ADC), a digital to analogue converter 
(DAC), common communication interfaces like USB and Ethernet and some free and configurable 
pins. These free pins are used to hook up the lines from the DAC to the board. For the software 
development we use the USB interface to connect a lab PC with MATLAB. The system with an 
adapter to the DAC of the deflection mirror system and to the 4Q diode is shown in Fig. 9. 
 

 
Fig. 9: Beagle Bone Black with adapter to 4Q diode and deflection mirror system 

 
4. Design of the new laser tracker - Software 
 
For the computation, we run a GNU Linux distribution on the BBB. This allows us to control the pin 
outputs through the kernel system and to read the ADC through a kernel function which eases the 
development process. We decided to develop the controller in MATLAB Simulink and use the 
generated executive file on the BBB. Therefore we can embed read and write functions as s-functions 
in MATLAB and then build a Simulink model to run on external hardware. 
 
For the first tests we run the unit with 100 Hz. At this speed it is possible to transfer all model values 
like the ADC value to the PC and plot it in a scope at real time and additionally we can alter all 
parameters at the PC and send it to the running model on the BBB. For higher clock speeds the 
connection is no longer sufficient, and a simple protocol for UDP has to be developed to link the PC 
and the model over Ethernet. For the first tests we only used the 100 Hz to get instant feedback from 
the model to the PC. 
 
A complete Simulink model is shown in Fig. 10, and the main parts are described in detail in the next 
paragraphs. 
 
4.1. Input signal generation 
 
The first necessary part of the software is the generation of the input signal for the DAC of the 
deflection mirror system. The signal consists of a 16 bit word for the angle and four control lines as 
described in the hardware chapter. The basis to compute the data word is 0 at the maximum deflection 
in counter clockwise direction, 32768 at the center position, and 65535 at the maximum in clockwise 
direction. Therefore any angle can be directly translated to the data word. 
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Fig. 10: Complete Simulink software for the laser tracker 

 
The control lines need some more attention. The procedure to set a new value to the DAC is done in 4 
steps: 

• initialize the DAC with pulling CLR to low and set RW to high; in this state, a new data word 
to the data lines does not result in a change for the motor 

• the data is feed to the data lines, the CLR signal is set to high and the RW to low 
• set the CS signal to low, this will transfer the data to the buffer of the DAC 
• to push the new data to the output of the DAC set the LDAC signal to low 

 
The procedure is depicted in Fig. 11. As the DAC is latch driven we connected the CS and LDAC 
lines of both deflection mirrors. This enables us to set both mirror deflections at the same time. We 
tested this with a simple step function as input for the mirror system. The output of the DACs was 
measured with an oscilloscope. This is shown in Fig. 12. The rise and the fall in the graphs are 
synchronous; that allows us to control both mirrors of the deflection system in parallel. 
 
4.2. Main Software 
 
The main software for the laser tracker can be split into two parts. The first part is the algorithm for 
searching of the retro reflector at the target, while the second algorithm is used for tracking the retro-
reflector after it was discovered. While the laser tracker system runs a search pattern, the ADC data is 
monitored. The data is filtered over the last 6 samples. When the light sensed by the 4Q diode 
surpasses a certain voltage threshold level, we assume that the reflector was hit. This triggers the 
switch from the search mode to the track mode. In this mode the system should follow the moving 
retro-reflector. 
 
4.2.1. Search Mode 
 
The algorithm for the search mode is derived from the Archimedean spiral as proposed by Nguyen et 
al. (2011). The signal for the deflection in the x-y coordinates combines: 
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Fig. 11: : Process ‘Write Data to DAC’ 

 

 
Fig. 12: Synchronous edges for x and y deflection 
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r0 is the radius of the spiral, and t0 is the time base for one cycle. These parameters characterize the 
number of circles in the spiral. Because the mirrors are controlled with digital outputs of the 
processing unit, the beam can only be deflected to discrete points. Therefore it is essential that the 
distance between the points does not exceed a certain limit. Otherwise there is the risk that the beam 
will “jump” over the target. Only within that limit a reliable detection of the reflector through the 4Q 
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diode is possible. If a fixed step size is used for the points, so that the outer spiral will meet the 
constraint, there are too many not needed points in the inner spiral. This would unnecessarily slow 
down the search for the target. 
 

 

Fig. 13: Archimedean Spiral and used points with constant distances between them 

 
To overcome this problem the Archimedean spiral is oversampled so that the points in the outer spiral 
meet the distance criteria. In a second step, some of the not needed inner points are deleted. Therefore 
we generate the Euclidean norm for adjoined points until the threshold is reached. The generated 
points for the Archimedean spiral are saved to a file and loaded from the model. That saves 
computation time when executing the search algorithm as there is no need to perform the complex 
generation and deletion of points of the spiral at run time. The spiral is shown in Fig. 13. 
 
4.2.2. Tracking Mode 
 
The second part for the software is the tracking algorithm that is used when the target retro-reflector 
was hit by the beam. 
 
For the tracking we use a PI controller. The input for the controller is the sampled value from the 
4QD. This describes the intensity distribution on the diode. The input value is scaled to a span 
between extreme values of -1 and 1. The controller was parameterized with a high P part to speed up 
the control and a minor I part to reduce the offset when the reflector is not moving. 
 
5. Tests 
 
The tracker has reached an experimental state in the lab, as shown in Fig. 14. In this state some tests 
were conducted to estimate the capabilities of the laser tracker. The first one was a test for the speed 
of the tracker. The second one was a tracking test through a bowl of water. 
 
The operational area of the diode and the clock rate limit the speed of the laser tracker. Therefor one 
of the first experiments was to test the area of the diode. For this test the ADC values were gathered 
while deflecting the laser beam away from the center of the diode. The test was repeated 100 times, 
and the arithmetic mean was created. Fig. 15 shows the characteristic curve for the intensity over 
distance to the center of the retro-reflector. 
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Fig. 14: Developed laser tracking system 

 
 
As a result of the test we know that the maximum useful displacement of the retro-reflector from the 
center in the x-axis for tracking is 0.4 mm. With that knowledge and the clock speed of 100 Hz we 
can make a rough estimation for the maximum speed and acceleration for the laser tracker system 
during the tests: 
 

vx=
maxdisplacement

1
f s

= 0.0004m�100Hz= 0.04
m
s

. (3) 

 
Fig. 15: Trend intensity over distance from center point in the direction of the x axis 

 
The laser tracker at 100 Hz is therefor able to track objects that move with a velocity difference of 4 
cm/s in direction of the x-axis at a distance of approximately 0.5 m. Therefore, a rise of the working 
frequency is our main goal for future research. 
 
The tracking experiment though a water bowl should confirm the possibility to track objects though 
multiple changes in the transition substance. The test setting is shown in Fig. 16. The tracker system is 
placed at the right side; the two green dots on top of each other are the mirrors of the galvanometer 
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scanner. At the left side, the retro reflector was placed. Between the tracker system and the reflector, a 
glass bowl with the dimensions 40 cm x 25 cm x 25 cm (length, width, height) was placed and filled 
with water and particles of aluminum oxide. As it can be seen in Fig. 16, the laser beam runs through 
the water, and the overall system is working. Of course, the laser beam is refracted when transferring 
between the different mediums, but the same refractions occur on its way back. 
 

 
Fig. 16: Laser Tracker with Water Bowl 

 
There was nearly no difference in the tracking capabilities with and without the water bowl. During 
the test dust particles were mixed to the water and the reflected intensity was going down. This could 
be partial compensated by increasing the laser power back to the 1mW. If the turbidity is too high, the 
reflected signal is to week to start tracking. 
 
5. Conclusion 
 
The test prove that a laser tracker system build on a cheap single board computer is realizable and 
energy efficient. The build system is small and not very power consuming. That opens the possibility 
to house it and integrate it into an AUV for later projects. The main focus for future work is the 
improvement of the clock speed for the model to retrieve a better tracking stability and higher 
tracking speeds. 
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Abstract 
 
An interesting proposal to increase safety for people and reduce cost is the concept of unmanned 
ships with no crew on-board during deep-sea voyage. In order to succeed with this concept reliable 
engine rooms are required. In addition to redesign of the engine rooms, a novel maintenance 
management concept for shipping must be designed. This paper proposes a maintenance management 
concept for unmanned shipping.  
   
1. Introduction  
 
A cluster of stakeholders within maritime sector has established the European Waterborne 
Technology Platform, http://www.waterborne-tp.org/, Rødseth and Burmeister (2012). They have 
established a vision with three pillars: 
  

1. Safe, sustainable and efficient waterborne transport  
2. Competitive European waterborne industry  
3. Growth in transport volumes an changes in trade patterns 

 
One outcome that is important for their vision is “Autonomous Ship” and is described as "Next 
generation modular control systems and communications technology that will enable wireless 
monitoring and control functions both on and off board. These will include advanced decision support 
systems to provide a capability to operate ships remotely under semi or fully autonomous control". To 
act upon this vision with autonomous ship the EU project MUNIN (Maritime Unmanned Navigation 
through Intelligence in Networks) was established performing a conceptual stage for an autonomous 
ship, Rodseth and Burmeister (2012). In MUNIN, the autonomous ship is regarded to be fully 
unmanned during deep-sea voyage. A challenge for unmanned shipping is system robustness with 
sufficient safety and reliability. In order to cope with this challenge a new maintenance management 
concept must be developed and implemented for the unmanned ship.  
  
Several aspects are important for this concept, including issues regarding communication architecture, 
Rodseth et al. (2013), and navigation, Burmeister et al. (2014), Porathe et al. (2013). However, this 
paper will focus on the maintenance management concept for an unmanned vessel. 
 
Historically ships have been manned. The vessel "Bremen", a modern vessel in 1932, had a crew of 
167 men for operating the engine room, Schieldrop (1932). The idea for unmanned engine room is not 
new. In 1974 trends for reduced crew on-board were systematically outlined in Rasmussen (1974a,b). 
One of the first ships in the world with periodical unmanned engine room was M/S "Kinkasan Maru" 
in 1961 with, at that time, novel instrumentation and automation of engine room. The ship had its own 
control room on-board for monitoring and control. The result was 24% reduction in manning 
compared with a traditional ship.  Even though the trends at this time envisaged an engine room 
without human interference on-board during deep-sea, this initiative should still be regarded as a first 
step for unmanned engine room. There where in particular four factors explaining the reduced 
manning of the engine room, Rasmussen (1974b);  change in regulations for manning (1), alternation 
of tasks (2), implementation of class notation E0 involving instrumentation and automation for engine 
room (3), and new regulations that treated the above described factors (4). 
 
E0 is a class notation introduced by DNV (Det Norske Veritas) in 1966, DNV is regarded to be the 
first classification society that implemented a special standard for instrumentation and automation for 
engine rooms. Today’s features of E0 are for periodically unattended machinery spaces: 
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• Main alarm system fitted with alarms relayed to the bridge. 
• Watch responsibility transfer system. 
• Bridge control system for main propulsion machinery. 
• Safety features, fire safety measures, control and monitoring of essential components. 

 
Today, the concept of unmanned engine room is even more radical where the ambition is no manning 
at all for the engine room. The engine manufacture Rolls-Royce sparked new interest with the concept 
proposal of an unmanned vessel.   
 
In order to operate a ship without personnel on board, a new concept for maintenance management is 
required. There will be fewer opportunities than today for on board human interactions in the engine 
room during deep sea operations. There are both hazards and critical functions related to the engine 
room for ship main functions and energy usage. The consequences of poor maintenance management 
of vessels can be catastrophic. One recent example of this was the major accident of the cruise vessel 
"Nordlys" with two fatalities, two serious injuries and seven minor injuries, NRK (2014). The 
Accident Investigation Board Norway carried out a safety investigation and published a report about 
this accident, NN (2011). The report pointed out that poor maintenance management for the ship was 
of relevance for this accident. In particular, "the job specifications in the maintenance system have 
proved to be of a much poorer standard than prescribed by the safety management systems". 
Examples for this statement are job specifications for replacement of fuel pumps, inspections of hot 
surfaces and maintenance of watertight doors. Despite that the unmanned ship has no crew on board, 
ignoring a design of maintenance management for unmanned shipping can lead to loss of control of 
the ship and in worst case harm to other persons, infrastructure and capsizing. 
 
Some authors have addressed the concept of unmanned engine room. Based on development of a 
system architecture, Zhao et al. (2013) developed an internet-enabled fleet technical condition 
management system by connecting the ship to a shore-resided technical management center. However 
this architecture is designed for river infrastructure with 3G mobile communication to shore. For the 
unmanned MUNIN ship this communication structure is not feasible due to deep-sea operation where 
communication through satellite is the only option. This limits the amount of data transferred to shore 
compared with 3G mobile technology. 
 
Tetrault (2012) claim that technology allows unmanned engine rooms and the next obvious step is to 
attempt to monitor the engine data from shore. Based on this future prediction, different challenges for 
realisation this future are discussed. A suitable maintenance strategy for the MUNIN vessel should 
also consider maintenance methods developed in other branches such as aviation industry. Such a 
method could be Reliability Centered Maintenance (RCM) which is also implemented for the 
maritime sector, New (2012). 
 
To address the unsolved maintenance concept for the unmanned ship, the main objective of this paper 
is to propose a novel maintenance concept suitable for unmanned shipping. In order to achieve this 
main objective, the paper has the following sub-objectives: 
 

1. Propose an approach for developing a maintenance concept for unmanned ship. 
2. Develop this approach theoretically. 

 
This paper is intended for the shipping industry. However the maintenance concept could be applied 
in other industry branches where maintenance is more autonomous. 
 
2. Method applied 
 
The method applied must transfer the idea of unmanned shipping into a suitable maintenance concept. 
The proposed method is outlined in Fig.1. This method is inspired by the methodology SPADE 
(Stakeholders, Problem definition, Alternatives, Decision making, Evaluation), Haskins (2008), and 
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the RCM method, Rausand (1998). SPADE is synthesised based on similar methods and is regarded 
as a generic model, while RCM is an essential method when designing a maintenance programme for 
an asset. These methodologies have been adapted for developing the unmanned engine room concept. 
 

Step 1:

Requirements 

Step 2: 

System 

selection and 
definition

Step 3: 

Analysis of 

existing 

concept  (AS-
IS)

Step 4: 

Identify gap

Step 5: 

Develop new 

concept  
(TO-BE)

Step 6:

Evaluate 

concept

IDEA:

Unmanned 

shipping
Maintenance 

concept

 
 Fig.1: Proposed approach for developing maintenance concept for unmanned shipping 

 
The proposed method comprises 6 steps: 
 

- Step 1: Requirements. This step outlines which requirements are of interest and covers topics 
such as economical, safety, reliability and operational. 

- Step 2: System selection and definition. This step describes the system that is analysed. 
- Step 3: Analysis of existing concept (AS-IS). In order to build a new maintenance concept, 

existing maintenance concepts must be identified and evaluated.  
- Step 4: Identify gap. The non-conformities of the requirements from the stakeholders are 

outlined as gaps. This is done with different analysis methods.  
- Step 5: Develop new concept (TO-BE). When the synthesis of the unmanned engine room is 

performed it is important to build on existing maintenance concepts in step 3 and eliminate 
the gaps in step 4. 

- Step 6: Evaluate the concept. After the concept has been developed, it is necessary to partly 
demonstrate it in order to evaluate it. 

 
3. Step 1: Requirements 
 
Requirements are typically classified into types and produced at different stages. The following 
scheme has been provided by the International Institute of Business Analysis in their Business 
Analysis Body of Knowledge, BABOK (2009), and similar structures can be found in the resources 
from the Council of Systems Engineering. 
 
Business requirements 
Business requirements are high-level statements of the goals, objectives, or needs of an organisation. 
They usually describe opportunities that an organisation wants to realise or problems that they want to 
solve. In our case, the goal is to provide a well working maintenance concept for profitable autono-
mous unmanned shipping with good environmental and safety standards. 
 
Maintenance of the production system (the ship) will depend on the selection and definition of the 
ship content, what it exists of, what has been defined from an operational demand that again has been 
decided by the perception of the markets and the possibility and need to employ the ships with profits 
in these markets. Hence, the configuration of the ships are defined by the strategic decisions of how to 
take parts of a market that are considered to be beneficial and how to obtain the best possible income 
relative cost, and if it is beneficial to make the ships more flexible so that they can take more types of 



 

280 

cargoes and even switch between markets. Hence it is a big challenge to define what is the most 
beneficial vessel and this challenge involves risk elements. Different philosophies are used to make 
the best strategic choices and approaches for the most cost effective and lean ship to win in transport 
mission in the markets, but markets change and so do the suitability of the vessels. This gives an 
indication of part of the complexity to be analysed and worked within to win the competition and get 
shares in the market, typical major stages for ship development from idea to scrapping is identified in 
Fig.2. 
 

1. Market potential 2. Concept development

Income and cost as a function of Management

  Market analysis and Ship employment in market 

    Ship operational capability as a function of Business transactions

      Ship system capability as a function of Technical development

        Ship Cargo 1 capacity Ship Cargo 1 capacity

        Ship Cargo 2 capacity Ship Cargo 2 capacity

        Ship Cargo 3 capacity Ship Cargo 3 capacity

        Ship speed Ship speed

        Ship endurance Ship endurance

        etc. etc.

3. Building 4. Operation 5. Scrapping

Management Management Management

Ship employment in market Ship employment in market Business transactions

Business transactions Business transactions Technical follow-up

Technical follow-up Technical follow-up Ship hull

Ship hull Ship hull Ship machinery 

Ship machinery Ship machinery Ship cargo sys

Ship cargo sys Ship cargo sys  
Fig. 2: Stages in the ship life cycle 

 
For most ships their investment costs will be lower than the cost during their operational phase and in 
many aspects the operational cost is a consequence of investment cost for the alternative ship designs. 
To get a good ship as a lean product, this can be obtained by intelligent cooperation between different 
economic, environmental and safety interests as cargo owners, charterers, ship operators, ship owners, 
ship managers, ship and system designers, service providers, equipment manufacturers, governmental 
and legal institutions and surveyors to mention some. 
 
The ship designs are required to be robust platforms that can be maintained and improved 
continuously to increase the life cycle profit relative the life cycle cost. This can, as stated, be done by 
a holistic approach where a complexity of interests and systems influencing each other are combined 
so that the whole system is beneficial and that it is possible to maintain the beneficial effect by 
intelligent cooperation between the different interests. Especially those interests that get the overview 
of the profits and costs will see if the process of transport and ships is beneficial and lean relative 
other stakeholders in the market. Different approaches can be used to analyse the markets, from using 
high level overviews and estimates towards working on a bigger complexity with more system 
performance and more detailed estimates of income and cost. 
 
The new concept of operation, autonomous unmanned operation, will change the operational demands 
so that the ships will be more robust, where the robustness means higher reliability for the systems so 
that they provide necessary and flexible functionality to their purposes and still is effective 
operational, energy wise and in an environmental context. 
 
User (stakeholder) requirements 
User requirements are mid-level statements of the needs of a particular stakeholder or group of 
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stakeholders where some have been mentioned above under business requirements. User requirements 
usually describe how someone wants to interact with the intended solution. The user requirements are 
often working as a connection between high-level business requirements and more detailed solution 
requirements. In our case there will normally be no crew on-board and this requires more and better 
integration of service providers to keep track of the condition of the ship and plan and perform the 
maintenance within available time slots and geographical areas. It is likely that the stakeholders will 
be focused on reliability requirements and reading and predictions of technical condition to plan 
maintenance satisfactory. 
 
Functional (solution) requirements 
Usually these requirements are detailed statements of the behaviour and information that the solution 
will need. In our case these requirements will typically include the capabilities of the ship systems 
with respect to types of cargo, ship speed, power, fuel consumption, and endurance and machinery 
pressures, temperatures, wear, clogging, etc., this reference information regarding performance and 
condition are relevant for maintenance providers. It is also important that the maintenance system 
fulfils the legal aspects and classification society's requirements and follow-up, where an example 
from the guidance by DNV (2013a,b) is given below: 
 

"Every Ship shall have implemented a maintenance system. The maintenance system shall ensure 
that: 

- Inspections and maintenance are carried out at defined intervals  
- Any non-conformity is reported with its possible cause, if known 
- Appropriate corrective action is taken 
- Records of these activities are maintained." 

 
"It shall be possible at any time to take control of main functions locally at the machinery. The 
design of the remote control system shall be such that in case of its failure an alarm will be given. 
Remote control of the propulsion machinery shall be possible only from one location at a time. It 
shall be possible to control the propulsion machinery locally. An alarm shall be provided on the 
navigation bridge. The society may require specific spare parts to be carried, if deemed necessary." 

 
Some classification societies offer a notation for condition based maintenance so that the ship 
manager register and reveal condition development of certain components. Condition based 
maintenance is one follow-up strategy that will increase its relevance within a maintenance concept 
for unmanned ships. 
 
Quality-of-service (non-functional) requirements 
Quality-of-service (non-functional) requirements are usually detailed statements of the conditions 
under which the solution must remain effective, qualities that the solution must have, or constraints 
within which it must operate. These requirements include among others Reliability, Testability, 
Maintainability and Availability. In our case these requirements are important as they are part of the 
maintenance concept and cost influencing the cost and the performance of the ship. Maintenance of 
the ships can be viewed in different ways and one way to look at maintenance as a central part and 
process of keeping the production system, in our case the ships, working and well performing is given 
by, Tsang (2002), Fig.3. 
 
Implementation (transition) requirements 
Implementation (transition) requirements are usually detailed statements of capabilities or behaviour 
required only enabling transition from the current state of the enterprise to the desired future state of 
the enterprise that will thereafter no longer be required. In our case the transition from the 
maintenance concept of today to the future maintenance concept for autonomous unmanned shipping 
requires some processes. Examples of such processes include: recruitment, role changes, education 
and migration of data from one system to another. 
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Fig. 3: Input-output model for enterprise system, Tsang (2002)  

 
To test the feasibility of the new concept the FURPS requirements developed by Hewlett Packard for 
software requirements can be useful control and test mechanism while developing any concept, also 
the autonomous unmanned ship and the maintenance concept for this ship. In short the FURPS 
requirements shall ensure that following are satisfactory for the concept: Functionality, Usability, 
Reliability, Performance and Supportability. 
 
4. Step 2: System selection and definition of unmanned engine room 
 
The system selection and definition for a maintenance concept for an unmanned engine room where 
no human are available to access the engine room for several weeks during voyages will much be 
concerned with the "Quality-of-service (non-functional) requirements" and the "Functional (solution) 
requirements." 
 
First of all, the maintenance concept for the machinery must rely on reliability, supportability and 
contingency for the ship and in our case the unmanned engine room system. 
 
The main engine in the unmanned engine room system is a two stroke slow speed turbocharged 
crosshead Diesel engine (electronically controlled engine) with a directly coupled fixed pitch 
propeller and an auxiliary engine plant with medium speed trunk piston diesel engines, Wehner and 
Schmidt (2013a). There has also been performed a task analysis for an existing manned ship, Wehner 
et al. (2013). The result shows that some maintenance tasks today is also performed at sea trials. In 
order to meet the requirements for an unmanned ship and the current tasks for the unmanned engine 
room must be redesigned.  
 

 
Fig.4: Unmanned engine room system, Wehner et al. (2013) 

 



 

283 

As a further approach for performing a redesign, the unmanned engine room system where defined 
and are outlined in Fig.4, Wehner et al. (2013). The unmanned engine room is outlined in this figure 
with a system boundary and comprises smokestack, casing, steering gear, rudder, propeller, stern tube.  

 
 Fig.5: Architecture for AEMC, Fentzahn and Schmidt (2013)  

 
All maintenance tasks performed by on-board personnel in engine room during operation today must 
be changed so that there is no need for people on-board, this requires among others: 
 

• There should be no need for human work on-board during operation for the maintenance tasks 
and that requires better performing components with respect to more reliability for 
components and reliability in systems setups due to redundancy. 

• Some critical components can be automatically maintained, e.g. filters for heavy fuel oil can 
be cleaned and switched between automatically when needed. 
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• System selection and fuel selection can be made to reduce the need for maintenance, e.g. 
operating on lighter fuels than heavy fuel oil. 

• There is need for a shore side maintenance organisation that ensures ship support for 
maintenance in all respects, globally. This demands proper information regarding the ships' 
performance and condition. 

• Performance and condition systems for ships will have more sensors for reliable readings and 
to report the condition and performance of the ships to the systems for the shore organisation 
for maintenance planning. 

• To get proper maintenance management planning well working information systems are 
required for information transactions. 

 
In addition to the unmanned engine room, the maintenance system includes a logic unit on board 
called Autonomous Engine Monitoring and Control (AEMC), satellite communication from ship to 
shore, shore control centre and maintenance support points, Fentzahn and Schmidt (2013), Fig.5. The 
instrument layer represents all the instruments and hardware installed on-board. Further the process 
layer performs the necessary calculations with automatic systems Engine Automation System (EAS), 
Bridge Automation System (BAS) and Advanced Sensor Set (ASS).  
 
5. Step 3: Analysis of existing maintenance concepts 
 
5.1. Generic maintenance concept 
 
When starting with a maintenance concept, it is proposed to start with a generic concept that is not 
"locked" to one industry branch with respect to applicability. A proposed maintenance management 
framework is inspired by the quality cycle of Deming with the PLAN-DO-CHECK-ACT processes 
that result in continuous improvement. The processes for continuous improvement is elaborated in 
ISO 9000 (ISO, 2005) and applied as maintenance frameworks, both at a generic level, Marquez et al. 
(2009), Tsang (2002), and in specific industry branches such as Oil & Gas industry, Oljedirektoratet 
(1998), and aviation industry, CEN (2010a). The proposed framework is therefore inspired by these 
sources, Fig.6. Furthermore, the proposed framework is also inspired by the maintenance processes 
elaborated in standard for dependability management, IEC (2004). 
 

 
Fig.6: Maintenance management framework  

 
The framework starts with resources requirements, which are transferred into results in terms of 
production performance and safety. In order to achieve this result, it is necessary to perform work 
processes within maintenance management. By having a closed loop, the work processes will ensure 
continuous improvement of resource requirement, work processes or the results.  
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5.2. Maintenance aspects 
 
In order to ensure a high standard for this maintenance management framework, it is necessary to 
evaluate certain strategic aspects of maintenance management. Such aspects are elaborated by Tsang 
(2002) and are further proposed in this paper. The strategic maintenance aspects are assessment of in-
house/outsource evaluations (1), organisation of maintenance functions (2), analytical maintenance 
methods (3) and maintenance support (4). Further in this chapter, each of these perspectives is 
evaluated. 
  
5.2.1. In-house/outsource evaluations 
 
This strategic dimension is elaborated by Tsang (2002) and reflects on what is considered to be the 
core competencies in the company. For maintenance management this means that maintenance 
activities that have neither a strategic nor a special capability are prime candidates to be outsourced. 
For the unmanned ship, the ship owner must assess following questions regarding maintenance 
management and outsourcing: 
 

1. What should not be outsourced? 
2. What type of relationship with the external service supplier should be adopted? 
3. How should the risks of outsourcing be managed? 

 
In today ship maintenance, tasks performed on-board during deep sea is not outsourced, but carried 
out by crews on-board. However, when evaluating maintenance tasks performed during berthing time, 
several maintenance activities are performed by suppliers. In addition the suppliers also supply spare 
parts.  
 
5.2.2. Organisation of the maintenance functions 
 
This dimension comprises several aspects in a maintenance organisation such as plant specialisation, 
workforce location and flexibility of workforce, Tsang (2002). The term maintenance level is also 
used for this description, CEN (2010b). The maintenance level is defined to be the maintenance task 
categorisation by complexity and has following levels: 
 

• Level 1: Simple actions carried out with minimal training. 
• Level 2: Basic actions which should be carried out by qualified personnel using detailed 

procedures. 
• Level 3: Complex actions carried out by qualified technical personnel using detailed 

procedures. 
• Level 4: Actions which imply the know-how of a technique or a technology and carried out 

by specialized technical personnel. 
 
For an existing bulk ship, all these levels are present where level 1 and level 2 is performed on-board 
while level 3 and 4 is performed by other experts and suppliers during maintenance inspection at port. 
On todays ship minor maintenance including checks, adjustments and changing filters are performed 
by crew during deep sea, Kuiken (2008). In addition, tasks like withdrawal of piston are also 
performed during deep sea. These tasks are then considered to be in-house maintenance activities. 
  
5.2.3. Analytical maintenance methods 
 
For analytical maintenance methods there are some examples that should be evaluated. A recognized 
maintenance method is Reliability Centred Maintenance (RCM), Rausand (1998). This concept has 
been implemented and regarded as an important maintenance concept in aviation industry, Kinnison 
and Siddiqui (2013), Ahmadi (2010). The essence for RCM method is to apply reliability engineering 
assessment for a specific system and tailor suitable maintenance actions for the system. The RCM 
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method comprises well recognized reliability methods such as Failure Mode Effect Criticality 
Analysis (FMECA) and categorisation of maintenance tasks with following maintenance task 
categorisation IEC (2009): 

• Condition monitoring and inspection 
• Failure finding 
• Scheduled restoration 
• Scheduled replacement 
• Immediate maintenance 
• Deferred maintenance 
 

A categorisation of maintenance strategies is made by Tsang (2002), Pintelon and Gelders (1992): 
• Failure-based maintenance (FBM) 
• Use-based maintenance (UBM) 
• Condition-based maintenance (CBM) 
• Opportunity-based maintenance (OBM) 
• Design-out maintenance (OBM) 

 
Analytical use of Key Performance Indicators (KPIs) is also one essential maintenance method 
applied in maintenance management. In fact, an own standard for maintenance KPIs has been 
developed CEN (2007). In this standard, indicator is defined as "measured characteristic (or a set of 
characteristics) of a phenomenon, according to a given formula, which assess the evolution". KPIs are 
included in maintenance framework in Fig.6 aligned with the maintenance objectives. The purpose of 
maintenance KPIs is several including measuring status, evaluating and comparing performance, 
control the progress and initiate continuous improvement.   
 
Finally a well-suited CMMS system should be implemented as maintenance method, Prasad Mishra 
et al. (2007). The purpose for this system is to systemize data relevant for maintenance and improve 
the maintenance planning process. An example of such maintenance systems for ship is "Star 
Information & Planning System". 
 
For today’s shipping, studies have shown that planned maintenance is performed based on the RCM 
method, Algelin (2010). There has also been considered implementation of Condition Monitoring and 
Condition Based Maintenance (CBM). However, the ship owners have shown a certain resistance to 
this strategy. At the same time the suppliers of CM claim the benefits for this strategy in terms of 
better quality, better trend and data analyses functionality.    

 
5.2.4. Maintenance support 
 
The key elements for this dimension are: 

• Participation and autonomy, Tsang (2002). 
• Hierarchy and communication, Tsang (2002). 
• Education and training, Tsang (2002), Prasad Mishra et al. (2007). 
• Reward and recognition, Tsang (2002). 

 
6. Step 4: Identify gap 
 
Based on the previous analysis it is clear that there are some issues that must be considered when 
developing a new maintenance concept. When performing a fully RCM method for the MUNIN 
vessel, the technique FEMCA has been carried out. The purpose of FMECA is to identify, prioritize, 
and respond to potential failures of the system described in step 2. There could be several failure 
mechanisms for this system with unacceptable criticality, such as: 

• Carry water overflow 
• Water in fuel 
• Clogging of filters 
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Hence it is a requirement to implement suitable countermeasures in the maintenance management 
programme in order to have an unmanned engine room with acceptable technical condition. Also 
when considering condition monitoring there are some challenges that should be considered as a gap 
Prajapati et al. (2012). Firstly, it is not possible to perform human maintenance activity of the engine 
on-board during deep-sea. Secondly, CBM can have problems for real-time prognostics if the failure 
mechanisms are not well known. Thirdly, it can be a challenge to transfer the data from ship to shore 
for further analysis due to restricted data-transfer through satellite.  
 
When considering outsourcing evaluations, organisation of the maintenance function, and 
maintenance support, there are some elements that should be addressed. Firstly, the maintenance skills 
applied on board will be removed since this is not ensured in the MUNIN vessel. This is regarded to 
be maintenance activities at level 1 and level 2 in the organisation of the maintenance function. 
Regarding maintenance support, there is a need for more education and training of new maintenance 
roles where use of ICT tools is essential.  
 
7. Step 5: Develop new concept (TO-BE) 
 
We expect that future shipping companies will focus more and more on business management and 
utilization of the fleet. This means that the companies will hand over more maintenance 
responsibilities to system suppliers and shipyards. This trend has been around a long time in aviation, 
and we can largely say that both bus companies and large land-based transport companies have gone 
in the same direction. The future ship navigation and movement during sea-passages will be 
performed without crew on-board with automation and remote control monitoring that all systems on 
board are functioning satisfactorily. The journey will be monitored and supported by land-based 
"traffic exchanges". Control systems and regular manual inspections on-board will secure that 
unsatisfactory conditions on board do not develop as they request maintenance personnel and actions 
when needed. To keep maintenance time low to be cost efficient with little time loss in operations the 
system functions will be made up of modular units for quick retrofit and reconditioning on-shore of 
units when applicable. We will also see more and more retrofit of modules which used for a 
comprehensive system upgrades. Modules will have their own operating history, and we will see that 
standardized modules will walk from ship to ship. 
 
There have also been proposed maintenance techniques for the autonomous engine room, Wehner and 
Schmidt (2013b).  The recommended techniques were as follows: 

• Exchange of units. By improving the maintainability of the system components are more 
standardized with modular design and reduce the Mean Time To Repair (MTTR) during 
berthing times. 

• Redundancies. Based on risk consideration there should be installed redundant components 
for some sub-systems. 

• Reactive maintenance. If there are an economical justification of redundant components such 
as pumps and filters, it should be possible to have "run-to-failure" strategy. 

 
Some failure mechanisms should also be monitored continually through applicable condition 
monitoring techniques. Such an example is condition monitoring of the piston ring.   
 
The proposed maintenance framework is presented in Fig.7. The hub in this framework is the Shore 
Control Centre (SCC) and is inspired by the Maintenance Control Centre (MCC) established in the 
aviation industry, Kinnison and Siddiqui (2013). For this industry Production Planning and Control 
(PP&C) is regarded to be one key element in maintenance management. One essential role for SCC is 
therefore to coordinate the maintenance plans together with the condition monitoring data from the 
fleet.    
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Fig.7: Maintenance management framework for unmanned vessel 

 
8. Step 6: Evaluate concept 
 
Following aspects should be reflected and evaluated upon in this part: 

• Requirements should be tested for real ship owners, e.g. FURPS. 
• Not all possible aspects have been thoroughly assessed, e.g. FMECA. 
• However, we believe this concept is a first stage in right direction. 
• The next step should be to construct a mock-up of the Shore Control Centre. 
• Maintenance plans may affect the route plan. These plans should therefore be structured into 

Integrated Planning (IPL) where several organisations and disciplines plan and decide the 
coverage of their needs in a common plan. 

 
9. Conclusion 
 
This paper has proposed a maintenance framework for unmanned engine room. Even though this 
framework does not develop new technology within instrumentation or communication, it is believed 
that the hub with Shore Control Centre will enable new work practice that supports smarter and faster 
maintenance decisions than today. This framework will trigger the needs for more reliable condition 
and performance assessment of the fleet. In addition, the framework will also provide better 
maintenance planning and enable IPL. Further research should involve ship owners and engine 
manufacturers for improving the proposed approach for maintenance management concept. In 
addition, maintenance concepts are at some extent regarded as generic. Hence the shipping industry 
should share experience with other branches such as the aviation industry and manufacturing industry. 
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Abstract 

 
This paper presents an ICT architecture for an unmanned merchant ship. This architecture is a 
specialisation of a previously described Maritime Intelligent Transport System architecture. The 
architecture includes semantic, functional and data model components in addition to the more 
conventional software framework. This is necessary to capture all aspects of system internal and 
external communication as well as the higher level functional considerations that, e.g. divide 
responsibilities between the unmanned ship and a shore control centre. An unmanned merchant ship 
is a form of an "industrial autonomous system" with strict requirements to reliability and cost, that 
needs a systematic, but pragmatic approach to overall design. 

 
1. Introduction  
 
The MUNIN project (www.unmanned-ship.org) is developing a concept for an unmanned merchant 
ship of Handymax size. The concept will include new sensor systems, new technical operation and 
maintenance procedures, autonomous navigation functions as well as a new shore control centre and 
other components, Rødseth and Burmeister (2012). A less visible, but still important part of the 
project is to develop a system architecture. The physical incarnation of the architecture will supply 
mechanisms to interconnect all the new modules while catering for important physical constraints 
which are mainly related to the overall safety and security of the system as well as highly variable 
quality of service (QoS) for ship to shore communication channels. The architecture will also be 
instrumental in the design process, catering for a systematic approach to risk assessment, autonomy 
levels and process designs for interactions with shore control centre. 
 
2. Method and structure of paper 
 
The research question underlying this paper is: "An unmanned ship is a very distinct type of 
autonomous system and has its own specific operational and technical constraints. How should the 
system architecture be adapted to these constraints?" The baseline architecture used in this paper is 
the MITS architecture described in Rødseth (2011). The method employed is to adapt this architecture 
to the constraints particular to the unmanned ships based on established system design approaches. 
The proposed architectural pattern will also be compared to other approaches documented in relevant 
literature. 
 
3. Architecture overview 
 
Architecture is a concept that is used with somewhat different meanings within the information 
technology domain. According to ISO 10746-2 (1996), an information technology architecture is a set 
of rules to define the structure of a system and the interrelationships between its parts. This leads to 
physical communication architectures such as the service oriented architecture SOA, OASIS (2008), 
or the intelligent transport system architecture, EN 302665 (2010). Another incarnation is more 
general interoperability architectures for specific operational domains, such as for inter-modal 
transport where focus is mainly on semantics and data modelling, e.g. ARKTRANS, Natvig et al. 
(2009). 
 
For MUNIN, the MITS architecture has been selected as baseline. This is a proposed architecture 
pattern for information exchange in merchant shipping that includes elements from both the 
International Maritime Organization's e-Navigation strategy, IMO (2013) and the European Union's e-
Maritime proposal, Rødseth (2009). The architecture components are shown in Fig. 1. 
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Fig.1: Components of the MITS system architecture 

 
This architecture fits in between the two main types as it puts emphasis both on the high level 
semantic definitions as well as on the physical communication functionality. This paper will mainly 
focus on the top two levels and the transport level. At time of writing, information models and 
services have not yet been completed. 
 
4. Domain and semantics layer 
 
The purpose of the domain and semantics layer is to unambiguously define concepts and objects that 
are important in the implementation of the system. This would typically consist of the overall domain 
of the architecture, the parties' responsibilities and roles as well as important external artefacts that 
have impact on the function of the system. This section will discuss the most important domain 
components for MUNIN. 
 
4.1 Definition of autonomy and levels of autonomy – industrial autonomous system 
 
For MUNIN an important component is the definition of "autonomy". In a general form it can be 
defined as follows: An autonomous agent is a system situated within and a part of an environment that 
senses that environment and acts on it, over time, in pursuit of its own agenda and so as to affect what 
it senses in the future, Franklin and Graesser (1997). This definition is useful as it captures both the 
ability to sense and to react according to sensor information and own agenda. However, it does not 
cover the degree of autonomy as both a simple thermostat and a human is covered by the definition. 
 
MUNIN is what can be termed an "industrial autonomous system", i.e. a system where an underlying 
cost-benefit analysis limits the complexity and degree of autonomy one wants the system to have: The 
ship and cargo has a very high value and any unintentional actions can cause serious and costly 
consequences for the ship and the environment. For MUNIN this means that the ship's autonomy must 
be limited as follows: 
 

• The ship shall be monitored by a shore control centre (SCC). An operator is always available 
for monitoring or intervention when necessary. 

• To minimize operator load, the ship shall be able to operate autonomously without operator 
guidance for most of the time.  

• The freedom of choice for the ship shall be limited by an "operational envelope" outside 
which the control system is not allowed to take the ship. This can be, e.g. a maximum cross-
track error from specified plan. The envelope may vary over time and external conditions. 

• Any situation that cannot be safely handled without eventually breaking the envelope shall 
cause the operator to be notified and to assume remote control. 

• If the operator cannot take control, e.g. due to communication problems, the ship shall assume 
a safe state. The safe state depends on situation and could, e.g. be to go dead in water. 

 
The ship and the SCC synchronously will go through a number of different states, each with a 
different degree of autonomy, Fig. 2. This is a limited form of autonomy that would probably qualify 
as level 5 to 6 according to the ALFUS (Autonomy levels for unmanned systems), Huang et al. 
(2005) or Sheridan, Sheridan and Verplank (1978), taxonomies. For MUNIN, these classification 
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schemes are of limited interest as they focus more on perceived autonomy from an outside observer 
than the actual design requirements. Thus, a simplified classification scheme has been developed for 
the autonomy at any one time exhibited by the system. The autonomy levels are listed in Table I. 
Indirect remote control represents a control mode where the SCC operator gives high level 
commands, e.g. changes waypoints while the ship takes necessary actions to achieve goals. 
 

 
Fig.2: States of the unmanned ship and shore control centre 

 
Table I: Autonomy levels used in MUNIN 

Ship SCC Description 
Autonomous execution Monitoring/Lost connection Ship taking actions within envelope 
Autonomous control Monitoring/Lost connection Ship following preplanned instructions 
Indirect remote control Indirect remote control Goal based remote control 
Direct remote control Direct remote control Direct remote control 
Fail to safe Direct remote control Ship fails to safe, SCC assuming control 
Fail to safe Lost connection Ship control and monitoring lost 

 
4.2 Voyage phases 
 
The MUNIN project has also done a feasibility analysis that shows that the voyages phases from port 
to the "full ahead on passage" (FAOP) as well as from "end of sea passage" (EOSP) to port should be 
undertaken with a crew on board. This is to avoid technical and operational problems in very 
congested waters as well as problem with unmanned ships in relation to port state legislation. 
 

 
Fig.3: Voyage phases 

 
An on-board control team (OCT) will be on board during the port approach and departure to perform 
normal ship crew duties. Similarly, an emergency control team (ECT) may be needed during passage, 
if serious problems occur. Teams can board and disembark from shuttle boats or from helicopters. 
This operation is in the following called a "rendezvous". 
 
4.3 Context and domain definition 
 
The limited degree of autonomy, the need for the SCC and the specific voyage phases contribute to 
defining the context for the autonomous ship, Fig.4. VTS is Vessel Traffic Services (shore monitoring 
and guidance services), here grouped with mandatory ship reporting centres. The dashed lines 
illustrate that there may be direct contact between the SCC and parties. 
 
The coordination link is between SCC and the ship. The SCC will continuously monitor the ship and 
is ready to intervene if problems occur. The OCT is used when the vehicle is operated in complex or 
dense traffic areas. The hand-over of control between SCC and OCT will need to be coordinated 
through the rendezvous process, including entering and leaving the unmanned ship. The ship must 
also consider and interact with other ships. Advanced sensor systems are used to monitor the ship's 
environment. 
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Fig.4: Illustration of unmanned ship context 

 
5. Functional and processes layer 
 
The functional level will provide definitions of the functions and processes that are necessary to 
implement the autonomous ship.  
 
5.1 Function groups 
 
The first tier of this layer is a definition of general function groups for the ship. The groups are listed 
in Table II and have been developed for all ships. Only headings are included, more details can be 
found in Rødseth (2013). 
 

Table II: Function groups used in MUNIN 
Group Description 
1. Voyage High level voyage planning, execution and monitoring 
2. Sailing Manoeuvring, avoidance, communication 
3. Observations Environment, objects, ships 
4. Safety, emergencies Other ships, own ship, environment 
5. Security Antipiracy, ISPS, access control and lock-down 
6. Crew, passenger Not applicable to unmanned ship 
7. Cargo, stability, strength Ship stability, hull integrity, cargo monitoring 
8. Technical Power generation and distribution, emissions to air / water 
9. Special functions Not applicable to bulk carriers (tugs, offshore ...) 
10. Administration Log keeping, operational communication, reporting 

 
The purpose of this classification system is to create a standard framework to analyse functionality 
and functional requirements. It can, e.g., be used as basis in a Hazard Identification (HazId) exercise 
to systemize the search for dangerous situations or risks. It can also be used as basis for analysing 
SCC interaction requirements for the different tasks that the ship needs to be able to perform. As an 
example, many functions in the Voyage group must be performed by the SCC as the ship has limited 
freedom to plan its own actions. 
 
5.2 Operational constraints 
 
The functions under each function group may have to be performed under different operational 
constraints. Each of these constraints needs to be considered when the functional groups are analysed 
for risks or necessary SCC interaction. The main constraints identified in MUNIN are listed below. 
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Table III: Operational constraints for MUNIN functions 

Constraint Description 
Heavy weather Heavy ship movements, difficult to manoeuvre 

Visibility Fog, rain, night 

Cold Danger of collision with ice, icing on superstructure 

Traffic Several other ships or objects in the ship's vicinity 

Emergency Assistance other ship, search and rescue operation 

Restricted Operating in areas with legal restrictions, traffic separation, emission etc. 

Propulsion Reduced capacity for speed and/or manoeuvring 

Sensors Reduced capability of some sensor systems 

Communication Loss of satellite link – reduced or loss of capacity 

 
5.3 Scenarios, use cases and sequence diagrams 
 
The MUNIN project has made extensive use of UML and scenario based modelling to develop the 
descriptions of functionality that is required in the system. The descriptions are mainly done in use 
case and sequence diagram notation (http://www.mits-forum.org/processes.html). They were based on 
initial brainstorming on the most relevant or interesting use cases for the autonomous ship. A later 
Hazards and Operability Analysis (HazOp), based on the functional grouping and constraints 
described above, confirmed that most important cases were covered. However, it also identified a few 
missing cases that will be included. These are, e.g. some cases of operations in limited visibility or 
harsh weather. 
 
The collection of these descriptions is the basis for the design of new system functions, data 
interfaces, safety analysis, analysis of communication requirements and the overall cost-benefit 
analysis. 
 
6. Information model layer 
 
The purpose of the information model layer is to define the different information elements that are 
needed to exchange information and to ensure interoperability between the components of the 
autonomous ship systems. The model will define the exact meaning of the element as well as 
technical issues such as allowable values, required precision etc. The model will not necessarily 
specify representation or encoding. 
 
In general, the information model is independent on how information is transported. The purpose of 
the information model is to ensure well defined semantics independently of how the different modules 
decides to exchange information. As an example, the autonomous ship will have to rely on 
information exchanges over on-board data networks, over satellite data channels as well as over 
dedicated line of sight systems such as AIS. Message structures and information representation will 
generally be different in all these cases. 
 
However, and as will be discussed in the next section, the shipping community normally uses 
communication standards that effectively integrate the information model, service and transport 
layers. To stay compatible with other ship systems, MUNIN will have to adopt the same standards 
and may not be able to operate with specific layers in this area. None the less, it will be useful to 
address the information models separately as the IMO e-Navigation concept puts great emphasis on 
the "Common Maritime Data Structure". This should be done by extracting a "meta-model" from the 
different available specifications. Some examples of standards organisations that develop 
specifications in this area are: 
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• International Telecommunication Union (ITU) defines standards for equipment such as safety 
communication equipment, AIS and others. These specifications contain definitions of data 
elements that indirectly also defines a data model. 

• International Hydrographic Office (IHO) defines standard for electronic charts including 
information elements used in such. 

• International Association of Aids to Navigation and Lighthouse Authorities (IALA) defines 
standards related to VTS systems and recently also other e-Navigation systems. 

• International Electrotechnical Commission (IEC) is responsible for bridge data network 
standards and corresponding data models. IEC also develops some standards used in 
automation and safety systems. 

• International Standards Organization (ISO) defines some standard for ship to shore reporting, 
e.g., for electronic port clearance. 

 
This is only a small selection of the different organizations that work with ship systems 
interoperability. To avoid increasing the confusion, IMO has now decided to adopt the IHO S-100 
system, Ward et al. (2009), for developing the e-Navigation data model. This data model is also called 
CMDS: Common Maritime Data Structure and was originally proposed by IALA. MUNIN has not yet 
started the data modelling work and this activity will wait until more work has been done on the S-
100 framework. 
 

 
Fig. 5: General ship data network architecture 

 
7. Service and transport layer 
 
An unmanned merchant ship should aim at using established standards from the maritime domain and 
in particular standards that are used in approved equipment that is already onboard. In general, a ship 
data network and its connection to shore can be illustrated as in Fig. 5, Rødseth et al. (2011). This 
figure shows the network as a layered architecture, with fast real-time networks at the bottom and 
increasingly higher levels of integration as one move up. 
 
7.1 Navigational networks on board 
 
Navigational data network standards are mainly limited to the standards developed by IEC 
TC80/WG6. International Electrotechnical Committee, Technical Committee 80 - Maritime 
navigation and radiocommunication equipment and systems – Work Group 6 – Digital interfaces, also 
known as IEC TC80/WG6, has developed a number of standards that are used on ships.  
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The navigational data communication standard is the IEC 61162 series. This emerged from IEC 
61162-1, IEC (2010), which was an IEC version of NMEA 0183, NMEA (2008). This is a serial line 
standard with a nominal speed of 4800 bits per second (bps). IEC 61162-2 is a specification that 
allows higher transmission speeds, up to 38400 bps (38.4 kbps). IEC 61162-3 is an IEC version of 
NMEA 2000, a CAN based bus standard operating on 250 kbps, ISO (2007). CAN (Controller Area 
Network) is a real-time priority based bus standard that is much used in the car and agricultural 
industry. 
 
IEC 61162-4 is a series of standards supporting Ethernet interconnections. It currently consists of IEC 
61162-450, IEC (2011), which is a basic encapsulation mechanism for sending IEC 61162-1 text 
telegram as multicast messages. Safety and security in a typical navigational network is handled by 
only allowing controlled access to hardware. Firewalls and gateways are only allowed through 
application level interfaces. This defines a sufficiently secure and safe network, but complicates 
implementation of redundant systems and standard interfaces to other systems. 
 
At time of writing this standard is being extended with IEC 61162-460, IEC (2013), which will 
provide functionality for safe connections to entities outside the controlled network as well as support 
redundancy and to increase reliability in the network itself. This includes mandatory traffic 
monitoring and filtering functions to avoid network overload as well as technical features to create a 
certain level of redundancy by interconnecting routers in a reconfigurable ring or by interconnecting 
several networks. In terms of data format in messages it uses the same format as IEC 61162-450. 
 
7.2 Automation and safety networks on board 
 
Each automation system tends to be delivered as one system from one specific manufacturer. This 
means that there has been less pressure towards standardization and different manufacturers of 
different types of automation tend to use different protocols. Table IV gives an overview of systems 
that may need to be integrated into the MUNIN system.  

 
Table IV: Overview of some common automation and safety systems 
System Relevance 
Engine and energy automation High 
Cargo and ballast control High 
Cargo monitoring Medium 
Fire alarm High 
Fire doors and dampers, extinguishing system High 
Watertight doors, shell doors Low for bulker 
Void space flooding Low for bulker 
Public address, general alarm Low 
CCTV High 
Heat, Ventilation and Air Conditioning (HVAC) Low 

 
Although there is a lack of standards, interfacing is manageable. Often, there is only one automation 
system provider, using the same interface for most of the systems and many of the safety systems may 
already be interfaced to either the navigation or the automation system. Modbus (www.modbus.org/) 
is also an easy to implement protocol which is used for external interfacing by many system and 
equipment manufacturers.  
 
Some systems may also be able to transfer information via the OPC standard, IEC (2010b). The new 
OPC Unified Architecture (UA) promises to provide open interconnectivity for all kinds of systems. 
However, OPC is in limited use in the shipping community and will normally not be suitable for real 
time interfacing. 
 
The automation and safety networks will also be "controlled networks" in the IEC 61162-460 
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terminology and can be interfaced directly into an IEC 61162-460 compliant autonomous control 
system network with a 460-Proxy or application level interface. 
 
7.3 Line of sight (LOS) networks 
 
LOS communication can be used for controlling the ship near the coast or for rendezvous operations 
when crew are entering or leaving the ship. MUNIN focuses on deep sea autonomous voyages and 
LOS is not very relevant for general control purposes, but will be needed for rendezvous operations. 
Many different LOS systems exist, but the new proposed VDES specification is of particular interest. 
VHF Data Exchange System (VDES) is the new term used by IALA for the proposed new 
combination of AIS and VHF Data Exchange channels, CEPT (2013). The proposal is to allocate a 
number of VHF voice channels to a new digital transmission format as shown in Table V. 

 
Table V: Proposed new digital VDES channels 

Channel Frequency kbps Comment 
ASM 1 161.950 / 25 43.2 AIS messages 6, 7, 8,12,13,14 + ASM 
ASM 2 162.000 / 25 43.2 AIS messages 6, 7, 8,12,13,14 + ASM 
VDE 1 
 

157.200 / 100 
161.800 / 100 

307.2  New higher bandwidth merged channel. 
Two simplex channels. 

VDE 2 
 

157.300 / 50 
161.900 / 50 

153.6 New higher bandwidth merged channel. 
Two simplex channels. 

 
The table shows the proposed new channels, the starting frequency (MHz), channel size (kHz) as well 
as capacity in kilo-bits per second. Protocols are not yet defined, but it is expected that they will be 
linked to the e-Navigation initiative and S-100 in some way. 
 
7.4 Ship to shore networks 
 
The ship will be dependent on a highly reliable communication link to the shore control centre. This 
will have to be based on satellite communication. To ensure high reliability we assume that the ship 
needs to have two independent communication channels, preferably based on different frequencies 
and systems. Table VI gives an overview of the most relevant alternatives. 
 

Table VI: Most relevant satellite services 
System Band Frequency Bandwidth 
Inmarsat L-band 1.3 to 1.7GHz 450 kbps (Fleet 77) 
Iridium L-band 1.6 GHz 128 kbps (Pilot) 
VSAT Ku-band 10.7 to 12.75 GHz 128-> kbps 
VSAT Ka-band 26.5 to 40 GHz 128-> kbps 

 
The assumption is that a combination of a low cost and high capacity VSAT (Very small aperture) 
service for use in most cases and an alternative service in the L-band is most appropriate. L-band is 
less susceptible to rain fading and Inmarsat is in any case a part of the global maritime distress and 
safety service (GMDSS). Iridium is an alternative to Inmarsat, but our tests have shown a generally 
lower performance and reliability than Inmarsat. 
 
There are several VSAT services available and cost as well as performance is dependent on 
geographic area. On the high seas there are not necessarily a large number of customers to satellite 
communication services, so available services and capacity tend to be limited in certain areas.  
 
Investigations in MUNIN indicate that communication requirements may be on the order of about 5 
mega-byte per 24 hours unless something very extraordinarily happens, Rødseth (2014). In the latter 
case it would be useful to have access to high bandwidth, on the order of 1 mega-bit per second, to be 
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able to use live video and other sensor systems on the ship. In almost all other cases, a bandwidth of 
128 kbps seems to be sufficient. However, later tests in the project will determine the communication 
requirements more accurately. 
 
7.5 Wireless protocols 
 
Message formatting on the wireless networks (LOS or Satellite) has not been determined yet, but it is 
assumed that the e-Navigation activities will come up with a suitable protocol at some time, probably 
based on S-100. In the MUNIN trials a simple XML format will be used. 
 
8. Using the system architecture 
 
There are different types of ICT architectures as illustrated in Fig.6. The figure represents a reference 
model that identifies three types of architectures. 
 

 
Fig. 6: A reference model for ICT architectures, OASIS (2006) 

 
The three types of architectures are: 
 
1. The Reference Architecture is an architectural design pattern that shows how an abstract set of 

mechanisms and relationships realizes a set of requirements, OASIS (2008). 
2. The Architecture itself is a set of rules to define the structure of a system and the 

interrelationships between its parts. The architecture is to varying degrees composed of published 
protocols, profiles and other standards, ISO (1996). 

3. The Architecture Implementation is one specific implementation of the Architecture. The 
implementation will use the standards and protocols defined in the architecture. 

 
The architecture work in MUNIN can to some degree be viewed as a contribution to all the three 
types of architectures. It can be used as a design pattern for other types of autonomous systems, it is to 
a large extent a definition of standards and specifications for the MUNIN system, and it will also 
eventually be realized as an actual physical implementation of the specifications. 
 
8.1 In system design 
 
The reference architecture is intended as a blue-print for architecture designs, in this case for 
autonomous system. The reference architecture will define a basic structure for the autonomous 
system and will provide many of the design elements one needs. It will also be easier to reuse physical 
components from other architectures that are derived from the same reference. The structure of the 
architecture fits modern system design and development methods and UML is normally the language 
of choice for the different components of the architecture. The use of the architecture pattern also fits 
commonly used design methods, such as waterfall, the V-model or even agile methods such as scrum. 
It is more a system for maintaining and linking specifications than a method in itself. 
 
A common reference architecture can also be very useful in developing interoperability components 
when different types of autonomous systems needs to communicate and cooperate. In such a case, the 
common reference architecture can specify the specific domains of the systems and in particular the 
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domain overlaps. Common elements can be further developed in the different layers of the reference 
model while the more specific individual architectures define corresponding elements for the domain 
specific parts. This will greatly assist in ensuring that exchanged information is understood the same 
way in both systems. It has also been some attempts on bridging the gap between the reference 
architecture and the specific architectures by developing integrated frameworks, Pedersen (2011). A 
problem with this approach is the increasing domain complexity as more and more details from 
different domains that are only loosely related need to be integrated into one holistic system. More 
research is needed to see if this is at all feasible. 
 
8.2 In system performance analysis 
 
Industrial autonomous systems have some specific challenges in addition to complex sensor and 
decision making components. These are related to defining the appropriate level of autonomy and 
how the cooperation with the remote control centre should be established. As mentioned in section 
4.1, autonomy is a means and not a goal: One will usually want to minimize autonomy to reduce 
complexity and uncertainty in missions. On the other hand, manning a remote control centre is costly 
and one will also want to maximize independence of the human operator when the situation allows it. 
In addition, most autonomous systems and unmanned ships in particular, will be dependent on using 
communication channels to the control centre that cannot be assumed to give 100% availability or a 
known and constant quality of service. This also means that the system must be designed to cater for 
variance in the service quality and this has an impact on the required level of autonomy. 
 
The cost of satellite communication as well as the available bandwidth is also an issue for ships at 
high seas. In certain remote areas one may have to rely on very costly services that can be priced at up 
to USD 5 per Megabyte. 
 
To establish the “correct” level of autonomy one needs a systematic approach, both to identifying the 
situations where autonomy is needed and what consequences the variable communication service has 
on the reliability of the system in these cases. The development of methods to do this is ongoing in the 
MUNIN and other projects and this will be reported on when they have matured sufficiently. So far it 
has been found very useful to have the framework architecture as a starting point for this work. 
 
The definition of autonomy and the voyage phases have been developed to define a clearly delimited 
domain for the autonomous ship. This has been iterated over through development of use cases and 
identification of complexity that can be avoided by changing the domain slightly. One example on 
this is to limit autonomous phases to high sea only.  
 
The functional framework specification, consisting of functional areas and constraints (see 5.1 and 
5.2), has been used as basis in a hazard and operability type hazard identification process where 
critical use cases have been defined. The use cases have been developed iteratively with the domain 
specification as discussed above. 
 
The scenarios are described both as use cases and sequence diagrams. The further plan is that 
sequence diagrams will also be the basis for simulations and analysis of communication requirements. 
A static analysis will be able to give an upper ceiling on communication requirements while 
simulations will be used to analyse the distribution of the communication requirements as well as 
consequences of reduced communication quality. 
 
8.3 In system implementation 
 
A main purpose of the architectures is to provide a framework for implementation of autonomous 
systems, mainly with a view to reuse already existing specifications and standards where these exist. 
This has already been discussed in section 7 and it is obvious that one both has a need for and can 
benefit from the use of these standards. The work so far done on the MITS architecture, Rødseth 
(2011), has been reused to a large extent. 
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9. Conclusions 
 
This paper has presented an overview of the system architecture for an unmanned ship developed in 
the MUNIN project.  The architecture is based on the MITS system architecture and adapted to the 
case of the unmanned bulk ship. 
 
The concept of an ICT architecture has so far been beneficial to the specification and development 
work in MUNIN. Systemizing specification components in the different layers of the architecture and 
easy comparison with similar concept from the more general Maritime Intelligent Transport System 
domain has proven very useful. 
 
For the further development of better methods for design and verification of autonomous systems it is 
believed that the structure of the ICT architecture will be important. It provides a useful framework 
for systemizing design components and also provides a holistic and consistent framework for 
information management. 
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Abstract 

 
Safe and efficient navigation of vessels is currently ensured by the vessel’s on-board crew. For 
unmanned vessels, a respective concept is aimed to be developed in the collaborative research project 
MUNIN. Based on an as-is-process analysis and a comparison of current weather routing systems, 
this paper presents an approach and architecture to avoid unfavourable weather conditions and 
optimize route waypoints on such a vessel. Besides weather forecasts great importance is attached to 
weather sensor data to monitor and predict ship responses. Consequently, the paper will provide an 
integrated approach on how strategic and operational routing can be automatically connected to 
achieve safe and efficient navigation. 

 
1. Introduction  
 
Within the last decade, a rising tendency of autonomous capabilities in transportation systems can be 
observed across all different modes of transport. While autonomous intralogistic vehicles or 
unmanned metro systems are already state-of-the-art, the development towards an unmanned and 
autonomous merchant vessel is still ongoing. In 2012, the MUNIN project (www.unmanned-ship.org) 
started, which investigates the feasibility of operating a dry bulk carrier unmanned during an 
intercontinental voyage on the high seas only monitored from a shore control centre. This research 
development towards the “autonomous vessel” is seen as one of the key exploitation outcomes by the 
European Waterborne Technology Platform to ensure sustainability, competitiveness and growth of 
the European Maritime Industry, www.waterborne-tp.org. Thus, those vessels might be an enabler to 
further decrease maritime greenhouse gas emissions, as an unmanned dry bulk carrier could combine 
the environmental and economic advantages of slow steaming vessels with the amenities of a shore-
based job for the nautical and technical personnel operating the vessel, Rødseth and Burmeister 
(2012). An additional rationale behind the development towards unmanned vessels might also be an 
expected increase in safety due to less direct human control, Porathe et al. (2013). Ensuring a safety 
level equal or above the current state of manned vessels is a prerequisite for unmanned vessels to be 
successful. However, just taking the crew off the vessel will not rule out human error in maritime 
accidents, Porathe et al. (2014). 
 
Due to the reduced availability of high capacity communication links on the high seas, the concept 
developed in MUNIN envisages an unmanned vessel only during deep-sea voyage between pilot 
points. The vessel follows a given high level voyage plan, but can autonomously make decisions 
within a certain operational envelope while being monitored from nautical and technical officers 
ashore. Hence, the vessel is usually operating in an autonomous mode and only in seldom cases 
remote control will be executed from the shore control centre. This requires the development of an 
on-board Autonomous Navigation System (ANS) ensuring safe ship operation under normal 
conditions, but also ensuring the cooperation with the personnel ashore in case of unintended 
situations, Rødseth et al. (2013). 
 
Apart from the issue of avoiding collisions with other ships or objects, harsh weather is one of the 
main hazards for vessels underway as it can lead to unfavourable ship responses, and thus reduce 
stability and compromise safety. Consequently, routing and operating an unmanned vessel with 
regards to weather is one of the tasks that needs to be performed by the ANS, Burmeister et al. 
(2014). In order to develop a safe and efficient weather navigation module for the ANS, a first step is 
to analyse the requirements of an autonomous vessel in comparison to a manned one. Not only are the 
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applicability of existing weather routing systems but also the processes and information requirements 
of an autonomous vessel of importance. In contrast to a manned vessel, the unmanned one has to 
decide independently on how to react to the current weather as well as forecasted unfavourable 
weather conditions. Sensors on board the vessel can provide real-time information on the weather 
conditions in the proximity of the vessel and on the induced ship responses. This sensor data needs to 
be combined with weather forecasts provided from shore to optimize route waypoints for short- and 
long-term planning. Consequently, the aim of the paper is to develop an integrated approach on how 
strategic and operational weather routing can be automatically connected to achieve safe and efficient 
navigation. 
 
2. The navigational process 
 
On board of manned vessels, conducting the process of navigation is the main responsibility of the 
captain and the officer of the watch OOW, ICS (1998), IMO (2011a). The process is supported by 
various technical means and can itself be divided into several cluster activities, e.g.: 
 

- Voyage planning, 
- Lookout, 
- Bridge watch, 
- Manoeuvring, 
- Communication and 
- Administration. 

 
In the as-is-situation, the OOW acts as both information provider and decision maker. Thus, he or she 
still is the sole system integrator in the navigational process, Bruhn and Burmeister (2013). It is now 
essential to take into account the OOW’s current responsibilities, but also state-of-the-art technologies 
as well as the legal framework when redesigning the navigational process for unmanned vessels.  
 
2.1 Design of an Autonomous Navigation System 
 
Within the MUNIN concept, the process of navigation has been adapted to the requirement that no 
person is on board the vessel during deep sea transit. Consequently, the tasks and activities elaborated 
in a RASCI chart in Bruhn and Burmeister (2013) have been re-assigned either to an on-board 
autonomous system or to an on-shore monitoring entity. During the process redesign and based on 
existing structures, the following system architecture consisting of four core modules has been 
developed, Rødseth (2014): 
 

- Advanced Sensor Module (ASM): Processes the data received from the different sensor 
systems and fuses them to high-quality information objects and streams 

- Autonomous Navigation System (ANS): Conducts navigational tasks within a certain 
operational envelope of freedom 

- Autonomous Engine Monitoring and Control (AEMC): Ensures proper maintenance and 
optimizes the energy efficiency of the technical ship systems 

- Shore Control Centre (SCC): Monitors the operations of the ship, sets threshold limits for the 
shipboard systems and can take remote control, if necessary 

 
The first three are designed as on-board modules to enable autonomous and unmanned deep-sea 
navigation, while the fourth one is an on-shore supervisory body enabling human interaction, Fig.1. 
The overall procedural layout stipulates that the ASM conducts lookout duties with regards to the 
weather and traffic situation and is also able to detect small objects and distress signals. Furthermore, 
conventional navigational data such as position, heading and speed as well as ship motion data is 
generated. This information is fused to produce a thorough perception of the surrounding and the 
status of the ship, which is then forwarded to the ANS. Combined with the data sets from the AEMC 
module about the machinery and engine room status, this data represents the decision basis for 
navigational measures. These include the determination of the predominant ship dynamics and 
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stability conditions. The two essential functionalities for autonomous weather routing (WR) and 
collision avoidance (CA) represent the centrepieces of the ANS and self-reliantly conduct their 
respective tasks. The SCC as a land-based and manned module receives periodic and event-driven 
information updates but can also query additional information for ship monitoring and remote control, 
if required. It is the human operator’s obligation to define threshold values for the unmanned ship to 
operate within. This set-up shall facilitate ample intervention possibilities. 
 

 
Fig.1: The Autonomous Navigation System 

 
2.2 Nautical information for autonomous navigation 
 
To compensate for the cognitive tasks of the officer of the watch during the envisioned unmanned 
operation in deep-sea, the bridge automation is dependent on the provision of reliable data. Therefore, 
Table I summarizes all on-board sensors and navigational devices of conventional ships in contrast to 
those required on unmanned and autonomous ships. 
 

Table I: On-board sensors and navigational devices 
Conventional Ship Unmanned and Autonomous Ship 
AIS AIS 
Compass 
(Gyro, Magnetic) 

Compass 
(Gyro, Magnetic, Fibre-optic) 

- 
CCTV camera system 
(Daylight, Infrared, Searchlight) 

DSC 
(MF, HF, VHF) 

DSC 
(MF, HF, VHF) 

Echo Sounder Echo Sounder 
ECDIS ECDIS 
EPIRB EPIRB 
GPS GPS 
Inclinometer Motion Reference Unit 
Inmarsat Inmarsat 
NAVTEX NAVTEX 
Radar 
(X-Band, S-Band, ARPA) 

Radar 
(X-Band, S-Band, ARPA, Sea Surface 
Monitoring System) 

SART SART 
Speed Log Speed Log 
VSAT VSAT 
Weather Sensors, mostly manual 
(Air humidity, pressure and temperature, wind 
speed and direction) 

Weather Sensors, fully automated 
(Air humidity, pressure and temperature, wind 
speed and direction, precipitation and visibility) 

Advanced
Sensor 

Module (ASM)

Autonomous Ship Controller (ASC)

Collision
Avoidance (CA)

Weather
Routing (WA)

Shore Control 
Centre (SCC)

Autonomous Engine Monitoring and Control
(AEMC)

Autonomous Navigation System (ANS)
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The high demand for information on unmanned ships has to be met by the on-board sensors as well as 
the navigational devices and must be processed by the system architecture, in particular the ANS. 
This data is provided by the ASM. Apart from those sensors already mandatory for conventional ship 
operation and a CCTV camera system, it consists of an automated weather station, a motion reference 
unit and a sea surface radar. All three systems have been proven suitable through application in 
specialist shipping, e.g. in the offshore or research sector, but have not been widely employed in 
merchant shipping, yet. Data exchange interfaces between the shipboard modules are designed via a 
local area network. Information exchange between ship and shore will be established using satellite 
links via VSAT or Inmarsat connections. 
 
2.3 Autonomous navigation with regards to weather 
 
Navigation comprises more than just guiding the vessel safely through different weather conditions. 
Evaluating the effects of current, wind and waves plays an important role in the assessment of ship 
safety and evaluating the visibility is an important factor to follow COLREG Part B appropriately, 
IMO (2002). Also further weather characteristics, like sub-zero temperatures as an indicator for ice, 
have an effect on the navigation of a vessel, even though this paper will mainly limit itself to the 
effects of current, wind and waves. 
 
On today’s conventional ships it is the obligation of the navigational officers to ensure safe weather 
routing. IMO has published guidelines defining minimum safety requirements in order to avoid 
dangerous situations in adverse weather and sea conditions valid for all types of merchant ships in 
MSC.1/Circ. 1228, IMO (2007). Accordingly, adverse weather conditions include wind induced 
waves and heavy swell. Dangerous phenomena include: 
 

- Surf-riding and broaching-to, 
- Reduction of intact stability when riding a wave crest amidships, 
- Synchronous rolling motion and 
- Parametric roll motion. 

 
The circumvention of these threats is part of the watchkeeping duties of the officer of the watch. It is 
under his or her obligation to monitor the environmental conditions and assess their impact on the 
ship. Operational countermeasures can be the alternation of course and/or speed, intending to reduce 
possibly harmful effects of the prevailing weather to an acceptable degree.  
 
In the MUNIN concept, the avoidance of dangerous situations now has to be ensured by the ANS, in 
particular the weather routing module, which takes into account the weather conditions during the 
voyage. Analysing the strength and direction of wind, wind waves, swell and surface current in the 
area within the ship’s range during the forecast period is crucial to avoid unfavourable weather 
conditions. Unfavourable wind loads, wave lengths, wave heights or angles of encounter can cause 
large roll angles and accelerations, slamming, loss of stability, shift of cargo or result even in 
capsizing of the ship. 
 
It is important, though, to differentiate this operational watchkeeping duty from the strategic aim to 
optimize the ship’s route already prior to the ship departing the harbour. Based on meteorological 
forecasts this weather routing is part of the voyage planning process targeting to reduce fuel 
consumption and to bypass areas of adverse weather in the first place. Safe navigation and avoidance 
of dangerous situations is addressed by the IMO in SOLAS Chapter V Regulation 34, IMO (2009). 
Accordingly, voyage planning shall be conducted based on appropriate nautical charts and 
publications, IMO guidelines and recommendations, relevant ships' routing systems, navigational 
hazards and adverse weather conditions as well as marine environmental protection measures to 
ensure a safe passage of the ship throughout the voyage. Nowadays, weather routing systems assist 
the officer of the watch in executing this operation, but these can also be used as a baseline for 
weather routing of autonomous vessels. 
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3. Overview of weather routing systems 
 
Generally, weather routing systems aim to find the optimal route of a vessel concerning fuel 
efficiency, ship safety and duration of the voyage under consideration of the weather conditions, 
Adegeest (2008), Böttner (2007), Shao et al. (2012). As indicated in SOLAS, voyage planning can be 
supported by weather routing systems. The main state-of-the-art systems and their capabilities are 
analysed and compared in Table II: 
 

- Bon Voyage 7.0 by Applied Weather Technology, www.awtworldwide.com 
- Seaware 7 by StormGeo, www.stormgeo.com 
- Vessel and Voyage Optimization Solution (VVOS) by Jeppesen 

ww1.jeppesen.com/marine/commercial/vvos/commercial-marine-product.jsp 
- Ship Performance and Optimisation System 8 (SPOS) by MeteoGroup, 

www.meteogroup.com/en/gb/sectors/marine/shipping/spos.html 
 

Table II: Data used by the weather routing systems 
 Bon Voyage Seaware VVOS SPOS 

Weather Data 
Global/local 

model 
GFS ECMWF 

WRF 
ECMWF 
NCEP 
UKMO 

ECMWF 
UKMO 
NCEP 
WRF 

Wave model WWIII ECMWF WWIII Not specified 
Local hurricane 

forecasts 
x x x x 

Routing Optimization 
Method Computational Computational Computational Manual Input 
Basis Speed reduction 

curves 
Speed reduction 
curves / CFD / 

ROA 

CFD / ROA Manual edited 
speed reduction 

curve 
Trim effect - x x - 
Draft effect x x x - 

Ship Stability 
Basis  Length, breadth, 

speed, GM 
ROAs, draft, GM ROAs, draft, GM Length, breadth, 

draft, GM 
Roll damping x x x x 
Sensor data - (x) (x) (x) 

Ship Motions 
Resonance tool x x x x 
Motion sensors - (x) (x) - 

Wave radar - - x - 
Real-time 

assessment of 
seaworthiness 

- (x) (x) - 

Route Planning 
Consideration of 
route restrictions 

x (x) Not specified Only landmass 

ECDIS interface - (x) x x 
 
The basis of all weather-routing systems is meteorological data. Using short- (0-72h) and medium-
term forecasts (up to 10 days), Bott (2012) and ship data, such as polar diagrams relating the ship's 
speed to wind and seaway conditions, weather routing systems suggest optimized routes in terms of 
fuel consumption, safety (such as max. significant wave heights or resonance) and duration. Weather 
forecasts are mostly based on numerical calculations for each grid point in the considered area, Bott 
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(2012).  Measured data amongst others from weather stations, buoys or satellites is used. In this re-
gard, a low resolution aims to reduce calculation time in global models, while local models use rather 
high resolution calculation models and grids.  
 
Weather forecasts are produced by national centres based on different models, such as the GFS and 
WRF by the National Oceanic and Atmospheric Administration (NOAA) in the USA, 
www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-system-gfs, and its Na-
tional Weather Service (NWS) and National Center for Environmental Prediction (NCEP). The ac-
cording wave model is called Wavewatch III (WWIII). The European Centre for Medium-Range 
Weather Forecasts (ECMWF) provides mid-term forecasts and a wave model used by many national 
weather services, www.ecmwf.int/about/overview. The UK MetOffice (UKMO) provides weather 
forecasts used by SPOS, http://research.metoffice.gov.uk/research/nwp/numerical/operational. Except 
Bon Voyage, the systems use several sources of weather forecasts to compare and combine local and 
global models to achieve best results including e.g. hurricanes. All four compared weather routing 
systems, though, provide the possibility to display the weather parameters on a chart up to the maxi-
mum forecast period of 15 days. Moreover, all systems except SPOS, which does not include speed 
optimization, enable route optimization referring to fuel consumption, time or speed. Shore-based 
routing, 24/7 availability and data exchange via email are ensured.  
 
Apart from the weather forecasts the route optimization method is important for the program’s 
resulting route suggestion. The optimal route depends on the one hand on ship specific constructional 
data, such as the main particulars, and on the other hand on variable data, such as the ship’s 
resistance, the loading condition and ship motions. The degree of detail with which these variable 
parameters are considered by the weather routing system determines the quality of the optimized 
route. Apart from SPOS, which uses manual inputs, all systems include computer-generated route 
optimization. It is either based on speed reduction curves resulting from the added resistance due to, 
amongst others, wind and waves, on CFD-calculations or Response Amplitude Operators (RAOs). 
Concerning RAOs, the added mass and damping coefficients are computed and used to solve the 
equation of motion on the basis of hull geometry and loading condition, Chen (2013). The loading 
condition is considered by trim and draft particularly by Seaware and VVOS, but none of the systems 
is connected to the on-board loading computer. In addition to the main particulars, the loading 
condition also has an impact on the metacentric height GM and the RAOs. These influence the ship’s 
stability including its roll motion and damping as well as resonances due to unfavourable interactions 
of the ship’s hull with waves, which are taken into account by all systems. Monitoring these motions 
by sensors, and thus the real-time assessment of the seaworthiness, though, is only optional and incurs 
extra costs in Seaware and VVOS. Furthermore, VVOS is the only system able to be combined with 
X-Band wave radar giving the possibility to detect dangerous situations beforehand.  
 
In route planning, route restrictions and an ECDIS interface are important. Bon Voyage is the only 
system integrating all route restrictions, such as traffic separation schemes and islands, in the 
automated route optimization. However, it is not able to import the suggested routes in the on-board 
ECDIS in contrast to the other systems. StormGeo participates in an according research project with 
the aim to “merge enhanced weather routing services with a new ECDIS platform including an ENC 
service”, Forskningsrådet (2014).  
 
The analysis of the main state-of-the-art weather routing systems shows that the requirements 
particularly of autonomous vessels cannot be completely met by any of the available systems. The 
requirements particularly refer to complete sensor data including motion sensors and wave radar, the 
connection to the on-board loading computer as well as an ECDIS interface. Apart from that, the 
focus of existing weather routing systems lies on the strategic level, while operational monitoring is 
only conducted in certain systems as an additional service. However, the monitoring is basically 
considering stability detection and is rather not providing advanced decision-support functionalities to 
operational ship handling. Keeping the research activities in relation to these topics in mind, an 
integrated approach for safe and efficient navigation with regards to weather on autonomous ships is 
developed in the MUNIN project. 
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4. Approach 
 
On the basis of the process and information analysis of autonomous ships in combination with the 
analysis of state-of-the-art weather routing systems and their capabilities, a concept can be derived for 
an unmanned and autonomous ship. A distinction between strategic and operational weather routing 
is necessary in order to ensure safe and efficient routing in the long-term as well as the short-term.  
 
4.1 Strategic routing 
 
Very similar to conventional shipping today and existing weather routing systems, strategic weather 
routing is conducted using weather forecasts. Taking into account the ship’s main particulars, its route 
and the provided weather forecasts, the route can be optimized with regards to duration and/or fuel 
consumption under consideration of the ship’s safety. In general, hence, the ship’s speed (��) and 
course (�) need to be optimized under the restrictions given by the ship’s safety requirements and 
restrictions on the route. The target function refers to minimizing or meeting a specified passage time 
and/or minimizing fuel consumption, Adegeest (2008), Böttner (2007), Shao et al. (2012). 
 
4.2 Operational routing 
 
Different from the long-term approach of strategic weather routing, operational weather routing 
focusses on short-term navigation and deals with the current meteorological conditions at the ship’s 
position. Aiming to reduce negative impacts of environmental forces towards ship and cargo it is 
today mainly dependent on the cognitive senses of the navigator and his subjective sensing. On 
present day’s merchant ships, only very few sensors exist as decision support for the watchkeeping 
officer. This leaves him or her totally reliant on own experience and knowledge about the ship, but 
with barely any sound information.  
 
Through the enhanced sensor capabilities on board, the ASM is able to provide real-time information 
on the weather conditions in the proximity of the vessel and on the induced ship responses. Data from 
the different sources is collected and evaluated to produce a thorough perception of the surrounding 
of the ship. Dependent on the prevailing external conditions and also accounting for the limitations 
imposed by the ship’s specific characteristics and by the SCC, it enables the ANS to follow an 
optimized route within those set boundaries. 
 
5. Architecture 
 
The identified approach integrates strategic and operational routing. Thus, the architecture of the 
weather routing module as part of the ANS needs to consider both with adequate input data. The 
resulting concept including input and output data is illustrated in Fig.2. The weather routing module 
(WR) collects static information on the ship’s characteristics and general safety requirements as well 
as voyage related information on the loading condition and the planned route characteristics. As to 
strategic routing, environmental forecasts are considered in the module. Operational routing in 
contrast requires apart from the general static and voyage related data operationally relevant 
information via the ASM and the SCC.  
 
The output of the module can be categorized in documentation, strategic and operational. The 
documentation related output refers to logging and monitoring all measured and received data as well 
as sending status messages to the SCC. While the strategic output comprises the resulting voyage plan 
and estimated fuel consumption, the operational one includes the commanded rudder angle, speed and 
next waypoint. 
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Fig.2: Concept of the Weather Routing Module 

 
5.1. Static input 
 
The static information is relevant for both, strategic as well as operational routing. It comprises data 
on the ship’s characteristics and hydrodynamics as well as general safety requirements. 
 
5.1.1. Ship characteristics and hydrodynamics 
 
The ship’s response to environmental impacts and severe weather conditions strongly depends on the 
specific ship’s characteristics, such as the ship size and speed, its hull geometry as well as the actual 
stability parameters, IMO (2007). Therefore, the main particulars of the exemplary bulk carrier used 
in MUNIN are summarized in Table III.  
 

Table III: Ship’s Main Particulars, Rødseth (2012) 
Characteristic Symbol Value Units 

Type - Bulk Carrier - 
Length over all ��� 225 s 

Breadth � 32.26 m 
Depth � 10 m 
Speed �� 15.4 kn 

Displacement ∆ 57500 t 
Wind area lateral 
� 2304 m² 
Wind area frontal 
� 648 m 

 
In order to derive ship responses due to the interaction of the ship’s hull with the surrounding 
environment a hydrodynamic model is required. This takes into account the resistance of a ship, 
which can be divided in still water resistance and added resistance due to amongst others wind and 
waves, Journée and Meijers (1980). A common approach to estimate the still water resistance has 
been developed by Holtrop based on an analytical regression, Shao et al. (2012). The added resistance 
due to waves can for example be estimated by a simple, well-known method from the water pressure 
on the hull proposed by Boese (1970), Hinnenthal (2007). Another method developed by Kwon 
estimates a speed reduction coefficient depending on weather conditions, ship type, displacement, 
block coefficient, speed and loading condition assuming constant engine output in different weather 
conditions, Shao et al. (2012). Here, no complex hydrodynamic calculations are required in contrast 
to an approach using Response Amplitude Operators (RAO). Both methods are used in current 
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weather routing systems. Concerning RAOs, the added mass and damping coefficients are computed 
and used to solve the equation of motion on the basis of hull geometry and loading condition, Chen 
(2013). The loading condition determines the trim and the actual draft at bow and stern. The actual 
speed can be obtained from the GPS signal, Rathje et al. (2003). 
 
The ship’s resistance combined with the speed is directly related to the delivered power, and thus to 
the fuel consumption. Taking into account the propeller characteristics including thrust, torque, 
propeller advance velocity and advance ratio the delivered power can be estimated, Shao et al. 
(2012). In this context, it should be ensured that engine overload is avoided, which is quite likely for 
ships nowadays designed only for one service speed, Chen (2013). 
 
5.1.2. Safety requirements 
 
Concerning ship safety it is essential to take into account current regulations, as mentioned above. 
The guidance in MSC.1/Circ. 1228 in order to avoid dangerous situations, particularly in following 
and quartering seas, is summarized in Table IV, IMO (2007). 
 

Table IV: Guidance according to MSC.1/Circ. 1228, IMO (2007) 
Condition Critical when Action 

Surf-riding and broaching to 135° � � � 225°  
and 

�� �
�.�����

��������� 
 [kn] 

Speed and/or course outside 
dangerous region as in Fig.3 

Wave crest amidships 0.6	�$$ � % � 2.3	�$$ Avoid according wave lengths 
Successive high-wave-attack % & 0.8	�$$ 

(�/* & 0.04	�$$ 
,- . 1.8…3.0 ∙ ,1 

Speed and/or course outside 
dangerous region as in Fig.4 

Synchronous rolling and 
parametric rolling motions 

,- . ,2 
or 

,- . 0.5 ∙ ,2 

In following, quartering, head, 
bow or beam seas adjust 

course and speed adequately 
 
The symbols used in the guidance are wave period ,1 in seconds, wave length % in meters, 
significant wave height (�/* in meters, encounter period with waves ,- in seconds, angle of 
encounter � (� = 0° in head sea, � = 90° for sea from starboard side), ship’s speed �� in knots, ship’s 
natural period of roll ,2 in seconds and length of ship between perpendiculars �$$ in meters. 
 

Fig.3: Risk of surf-riding in following or 
quartering seas 

Fig.4: Risk of successive high wave attack in 
following and quartering seas 

 
In general, it is recommended to reduce the ship’s speed, if it is in the marginal zone (regarding 
encounter period). However, a minimum speed in order to maintain course control of the ship should 
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be ensured, IMO (1995). Nevertheless and although the IMO guidance is used to increase safety on-
board ships, it does not include amongst others slamming, shallow water effects, or collision and 
stranding risks, IMO (2007). The risk of collision of the unmanned or autonomous vessel with any 
kind of target is approached by the development of a collision avoidance module. Other dangerous 
situations such as slamming can potentially be avoided by installing motion and stress sensors at 
critical positions at the bow or by letting the SCC set limits, take certain actions or remotely control 
the ship. Moreover, the development of new generation intact stability criteria in SLF 54/INF.10 
refers to dangerous situations due to parametric rolling, and thus heavy rolling motions, in head seas 
and at slow speed. This situation has been traditionally considered as rather safe and suitable to ride 
out a severe storm. Recent accidents with large container ships, yet, have shown the opposite, such as 
on the CMV CCMI GUAYA off Hong Kong and on the CMV FRISIA LISSABON off Borkum on 
the Westerems in 2009, IMO (2011b). Even though the ship used in MUNIN is a bulk carrier, it has to 
be kept in mind, that critical situations might occur in situations considered to be rather safe. Hence, 
logging and close monitoring is essential on an autonomous vessel.  
 
5.2. Voyage related input 
 
The voyage related input is like the static input relevant for both strategic and operational routing. It 
refers to the ship’s loading condition during the voyage as well as to the ECDIS and planned route. 
 
5.2.1. Loading condition 
 
The loading condition of the ship, and thus trim, draft, centre of gravity and metacentric height, may 
vary during the voyage in line with fuel consumption and tank filling levels. Tank filling levels and 
free surfaces in tanks influence the ship’s stability, and consequently its behaviour with regards to 
weather. Most accurate information on the required values can be obtained directly from the loading 
computer including mass distribution, hydrostatic properties as well as a reduced metacentric height 
resulting from free surface effects, Rathje et al. (2003). 
 
5.2.2. Route characteristics and ECDIS 
 
The route information refers to a less detailed route from departure to arrival, including ETD and 
ETA as well as according positions. Routing restrictions are given by the ECDIS, which may include:  
 

- Water depth restrictions (incl. rocks, wrecks, obstructions) 
- Offshore installations (incl. constructions, cables, pipelines) 
- Tracks and routes (incl. traffic separation schemes) 
- Area restrictions (incl. prohibited areas, anchorages, dumping grounds) 
- Height restrictions (incl. bridges, overhead power cables) 
- Services and aids to navigation 

 
5.3. Strategic input 
 
Most importance with regard to the input for strategic weather routing is attached to weather 
forecasts. As on conventional ships environmental forecasts are used. Available weather forecasts 
have already been mentioned in context with current weather routing systems. The data is provided as 
GRIB data. Gridded Binary or General Regularly-distributed Information in Binary form is a 
mathematically concise data format commonly used in meteorology to store forecast weather data. 
The code is mainly favoured due to its “self-description, flexibility and expandability, which are 
fundamental in times of fast scientific and technical evolution” as well as the offered condensation 
(packing), WMO (2003). In addition, different from manned vessels, unmanned ones will 
continuously and automatically conduct thorough meteorological observations throughout the voyage 
of the ship. This produces highly reliable data sets that can be applied as corrective factors to external 
predictions, thus considerably enhancing the quality of information for strategic weather routing. 
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5.4. Operational input 
 
For an autonomous ship not only weather forecasts are crucial for weather routing but particularly 
weather sensor data. This can provide the basis to monitor and predict ship responses more accurately 
for short-term operation. In this regard, limits, e.g. for accelerations, can be set by the SCC to avoid 
dangerous situations. 
 
5.4.1. Ship sensor data 
 
Through the enhanced sensor capabilities on board, the autonomous bridge system is able to sense the 
ship’s pose as well as the velocities and accelerations of the hull. In addition to that, an additional X-
band radar processor will be mounted on board, allowing the monitoring of sea state and surface 
current in the vicinity. The data streams from the sensor module to the navigation module, which are 
relevant for weather routing, can be divided into ship conditions and environmental conditions. The 
former defines the pose of the ship, namely its position and rotation, including error estimation. The 
motion thresholds can be set for velocities as well as for accelerations in all six degrees of freedom. 
Fig.5 shows the information items included in ship conditions. Particularly the close observation of 
the ship’s natural roll period is important in addition to the wave period, as it is rather difficult to re-
check the securing of cargo and equipment on-board autonomous ships, IMO (2007). Roll motions of 
the ship can be monitored by the installed motion reference unit (MRU). 
 

 
Fig.5: Measured Ship Data 

 
The environmental conditions cover general meteorological as well as oceanographic data, Fig.6. 
 

 
Fig.6: Measured Environmental Data 
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The general meteorological data refers to atmospheric pressure and humidity, air temperature, wind 
direction, speed and specific wind characteristics as well as visibility and precipitation. Also included 
is oceanographic data related to wave height, direction, period and length, current speed and direction 
as well as water density and salinity. Most important, though, to avoid dangerous situations and 
ensure the ship’s safety regarding ship responses is wave data. Wave observation, in particular of the 
wave period, is recommended by the IMO (2007): The “wave length λ is determined either by visual 
observation in comparison with the ship length or by reading the mean distance between successive 
wave crests on the radar images of waves.” For this purpose, the wave radar is used on an 
autonomous vessel. In addition, it is possible to observe waves from the SCC using the on-board 
camera system, if necessary. The accuracy, range and resolution of measured waves and surface 
current data provided by the on-board sensor system are given in Table VI. 
 

Table VI: Wave and Surface Current Data, www.oceanwaves.de 
Wave data 

Wave parameters Accuracy Range / resolution 
Significant wave height (H1/3): +/- 10% or +/- 0.5 m 0.5 - 20 m / 0.1 m 

Peak wave direction (p): +/- 2° 0 - 360° / 1° 
Peak wave period (Tp): +/- 0.5 s 3 - 18 s / 0.1 
Peak wave length (λp): +/- 10 % 15 - 600 m / 1 m 

Surface current data 
Current parameters Accuracy Range / resolution 

Current speed (U) +/- 0.2 m/s 0 - 40 m/s / 0.001 m/s 
Current direction (θu) +/- 2° 0 - 360° / 1° 

 
Regarding COLREG’s rule 19 certain navigational provisions have to be taken by vessels navigating 
in or near an area of restricted visibility. The rules do not state a specific visibility range to be 
considered as either restricted or unrestricted, but international jurisdiction generally demands at least 
engines to be ready for immediate manoeuvres for ranges of less than five nautical miles. If visibility 
decreases further, alteration of speed is required to avoid close-quarters situations. This is generally 
anticipated at a range of two nautical miles and is derived from the general luminous and audible 
range for light and sound signals enforced by COLREGs, IMO (2002). The continuous determination 
of the actual visibility range will be conducted by the ASM, while the setting of navigational 
thresholds lies within the responsibility of the shore control operator. 
 
5.4.2. SCC requirements 
 
Restrictions cannot only be implemented in the weather routing module itself based on guidance such 
as given by the IMO (2007), but can also be set by the SCC in less severe but potentially dangerous 
situations. On manned ships this is subject to the assessment and experience of the crew. On 
autonomous ships, however, the ANS needs to identify conditions, in which it is necessary to take 
actions. Information is sent regularly to the SCC. In addition, it is possible to observe waves from the 
SCC using the on-board camera system, even though this is not considered to be a very likely 
operation. Thus, in case a situation occurs, in which the action to be taken is not certain, the SCC can 
set threshold limits for the shipboard systems or can take remote control, if necessary. Restrictions 
can refer to a maximum or minimum speed, to maximum accelerations or routing restrictions. 
 
5.5. Documentation 
 
The output of the weather routing module related to documentation refers to logging and monitoring 
all data as well as sending status messages to the SCC. As mentioned above, especially for actions 
required to be taken by the SCC it is crucial to log all measured, received and evaluated data. This is 
also the basis for monitoring that e.g. all values are within the restrictions and actions are taken 
according to the safety requirements or to optimize the route. In this context, messages are sent to the 
SCC. It can be distinguished between regular, action and warning messages. Regular messages refer 
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to the current status and are sent in regular intervals. Action messages in contrast provide information 
on actions taken, such as changes in speed and course, thus propeller revolutions and rudder angle. In 
case measured values reach marginal zones and an action should be taken soon the SCC is informed 
by a warning message. 
 
5.6. Strategic output 
 
The strategic output refers to the resulting voyage plan and fuel consumption. The voyage plan 
comprises all waypoints as well as the estimated time of arrival ETA. Depending on the weather 
forecasts the voyage plan is adjusted. In line with the voyage plan, the speed profile, the voyage 
duration and the fuel consumption for the planned route can be estimated.  
 
5.7. Operational output 
 
The operational output refers, in contrast to the strategic one, to short-term commands rather than to 
strategic planning. In view of that, it comprises the commanded rudder angle, the speed or engine 
order telegraph command as well as the next waypoint. 
 
6. Conclusions 
 
In conclusion, safe and efficient navigation on autonomous vessels with regards to weather requires 
the integration of strategic and operational weather routing. In comparison to existing weather routing 
systems on conventional manned ships, great importance is attached to the sensor system in MUNIN. 
The measured sensor data is a crucial input to ensure safe operation. It further needs to be integrated 
with data from the on-board loading computer as well as the ECDIS. In combination with the 
processing of weather forecasts by the weather routing module, strategic and operational routing can 
be automatically connected to achieve safe and efficient navigation throughout and at every point in 
time and at every position of the whole voyage. 
 
Further efforts in the MUNIN project now need to focus on the implementation of an appropriate 
routing and optimization algorithm with an integrated ship’s hydrodynamic model and a robust 
controller for the operations in harsh weather. The final weather routing module, moreover, needs to 
be integrated together with the collision avoidance module in the ANS. The functionality of the 
implementation will subsequently be ensured defining a test scenario. The scenario will be based on 
the above mentioned bulk carrier on a transatlantic route in deep seas. It is aimed to assess the 
advantages of an unmanned vessel concerning economically and ecologically sustainable transport by 
slow steaming, more efficient ship operation and a reduction of bunker costs. 
 
Acknowledgement 
 
The research leading to these results has received funding from the European Union 7th Framework 
Programme under the agreement SCP2-GA-2012-314286. 
 
References 
 
ADEGEEST, L.J.M. (2008), Response based weather-routing and operation planning of heavy 
transport vessels, RINA Conf. Marine Heavy Transport & Lift II, London 
 
BOESE, P. (1970), Eine einfache Methode zur Berechnung der Widerstandserhöhung eines Schiffes 
im Seegang, IFS-Bericht Nr. 258, Institut für Schiffbau, Universität Hamburg 
 
BÖTTNER, C.U. (2007), Weather routing for ships in degraded condition, Int. Symp. Safety, Securi-
ty and Environmental Protection, Athens 
 
BOTT, A. (2012),  Synoptische Meteorologie/Methoden der Wetteranalyse und –prognose, Springer 



 316

BRUHN, W.; BURMEISTER, H.C. (2013), D5.2: Process map for autonomous navigation, 
www.unmanned-ship.org 
 
BURMEISTER, H.-C.; BRUHN, W.; RØDSETH, Ø.J.; PORATHE, T. (2014), Can unmanned ships 
improve navigational safety?, Transport Research Arena 2014, Paris 
 
CHEN, H. (2013), Weather routing vs voyage optimisation, Digital Ship, Jan./Feb., pp. 26-27 
 
FORSKNINGSRADET (2014), Green and safe transport in commercial shipping,  
http://www.forskningsradet.no/servlet/Satellite?c=Prosjekt&cid=1253973133350&pagename=maroff
/Hovedsidemal&p=1228296528829 
 
HINNENTHAL, J. (2007), Robust pareto-optimum routing of ships utilizing deterministic and en-
semble weather forecasts, PhD Thesis, TU Berlin, Berlin 
 
ICS (1998), Bridge procedures guide, Marisec Publ. 
 
IMO (1995), Guidance to the master for avoiding dangerous situations in following and quartering 
seas, MSC/Circ. 707, Int. Maritime Org., London 
 
IMO (2002), COLREG Convention on the International Regulations for Preventing Collisions at Sea, 
1972 Consolidated Edition 2002, Halstan, ISBN 92-801-5138-X 
 
IMO (2007), Revised guidance to the Master for avoiding dangerous situations in adverse weather 
and sea conditions, MSC.1/Circ.1228, Int. Maritime Org., London. 
 
IMO (2009), SOLAS Consolidated Edition 2009, ISBN 978-92-801-1505-5 
 
IMO (2011a), International convention on standards of training, certification and watchkeeping for 
seafarers STCW. Including 2010 Manila Amendments, STCW Convention and STCW Code. Int. 
Maritime Org., London 
 
IMO (2011b), Development of New Generation Intact Stability Criteria, SLF 54/INF.10, Int. Mari-
time Org., London 
 
JOURNÉE, J.M.J.; MEIJERS, J.H.C. (1980), Ship routeing for optimum performance, Trans. IME 
21, pp.12-21 
 
PORATHE, T.; BURMEISTER, H.C; RØDSETH Ø.J. (2013), Maritime unmanned navigation 
through intelligence in networks: The MUNIN Project, COMPIT, Cortona 
 
PORATHE, T.; PRISON, J.; MAN, Y. (2014), Situation awareness in remote control centres for 
unmanned ships, Human Factors in Ship Design & Operation, London 
 
RATHJE, H.; DRAKOGIANNOPOULOS, J.; ADEGEEST, L. (2003), Concept and implementation 
of an innovative shipboard routing assistance system, RINA Conf. Design & Operation of Container 
ships, London 
 
RØDSETH Ø.J. (2012), D4.2 General framework and methodology, www.unmanned-ship.org 
 
RØDSETH Ø.J.; BURMEISTER, H.C. (2012), Developments towards the unmanned ship, ISIS, 
Hamburg 
 
RØDSETH, Ø. J.; KVAMSTAD, B.; PORATHE T.; BURMEISTER H.C. (2013), Communication 
architecture for an unmanned merchant ship, OCEANS, Bergen 



317 

RØDSETH Ø.J. Ed. (2014), MUNIN Deliverable D4.6: Final interface specification, 
www.unmanned-ship.org 
 
SHAO, W.; ZHOU, P.; THONG, S. K. (2012), Development of a novel forward dynamic program-
ming method for weather routing, J. Marine Science and Technology 14/2, pp. 239-251 
 
WMO (2003), Introduction to GRIB Edition1 and GRIB Edition, Geneva 
 



 

 318

Introduction of AR Applications for Shop Floor in Shipbuilding 
 

Kohei Matsuo, National Maritime Research Institute, Tokyo/Japan, kohei@nmri.go.jp 
Koichiro Shiraishi, National Maritime Research Institute, Tokyo/Japan, shiraishi@nmri.go.jp 

 
Abstract 

 
The paper focuses on how to use AR technologies to shipbuilding industry, and introduces our 
activities on AR application developments for shipbuilding. Authors already have developed some AR 
applications for support shipbuilding works in the shop floor, and the AR application for support 
sheet metal forming works is explained as our first application. This AR application can guide 
workers where and how to do press work or gas heating work for getting the objective shape in the 
shop floor by an intuitive way. Some demonstration of the application held in actual shipyard is also 
introduced, and it shows how the AR application works effectively for the workers. Secondly, the AR 
application developed for support drawing pipes in the shop floor is explained. Some pieces of pipes 
are not designed beforehand in design process, as they contain uncertainty caused by pipe production 
and assembling in a factory. These pipes are usually designed individually in the shop floor by the 
method that is far from be digitalized. The our developed AR application finds the location of both 
ends of the pipe, automatically draws suitable shape of the pipe, and effectively illustrates graphics of 
the pipe as AR once the worker holds a tablet PC to the direction he wants to fix the pipe. The paper 
explains details of above AR applications, including those system diagrams, and shows some results 
of demonstration for easy understanding how they work. The paper also describes our perspective for 
future development of an AR application which augments workers ability especially for shipbuilding. 

 
1. Introduction - Objectives to utilize AR Applications in the Shop Floor - 
 
Shipbuilding Enterprises are highly forced to improve their development and production processes 
regarding time and quality. Digital supported methods are the substantial enabler to achieve 
improvements in this area, Stark et al. (2010). Also Digital Manufacturing is getting to be familiar in 
a research field and a practical use in a shipbuilding industry which is characterized as a small batch 
production, hand working-dependent and to be done under special condition that a ship not fully 
designated and planned before starting its production. 
 
Although various approaches can be considered to digital manufacturing in the shipyard’s shop floor, 
important approaches could be pointed out for digital manufacturing as follows: 
 
• Advanced utilization of 3D information; 

This is the approach how to utilize 3D information (e.g., 3D CAD model) as 3D information. 3D 
information should be qualitatively different from the conventional 2D information, and we 
should restructure the representation and the handling manner of information according to 
dimensional expansion of information. Some previous studies introduce examples to apply the 
3D CAD model to digital manufacturing in a shipyard, and those are mainly related to a 3D 
model viewing in the shop floor, a control of NC machines or various robots, and production 
simulation. Virtual reality technologies are a new way especially for production simulation by 
feeling in an immersive environment; 

• Effective provision of construction information to the shop floor. 
This is the approach about the concept of a ‘3D drawing’. It should be natural desire to see the 
original 3D image while building a 3D object, and many shipyards is already working to utilize 
3D CAD data, including additional information on construction, in the shop floor as worker’s 
reference. Recent mobile devices such as the google glass may change this situation dramatically. 
In the near future, further NUI (Natural User Interface) devices such as a holography or a haptic 
device may be became widely used in a shipyard. 

• Easy access to ship data even from the shop floor; 
The concept is not only to refer to construction information but also to make ship data from the 
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shop floor. As recent mobile devices realize easy access to ship data which is usually prepared in 
a design division, they also help us to create or edit ship data from outside the design division. In 
the near future, the new manner might be proposed to be designed in front of the real thing in the 
shop floor rather than in a dedicated design room. 

 
Even there exist several proposals to use 3D model for digital manufacturing, new demands are 
emerging about a further utilization of the 3D CAD model in the shop floor or a building dock. AR 
(Augmented Reality) technologies would answer this need. By introducing this technology, there 
would be expectations not only to watch the 3D view directly on the real object, but also to create new 
paradigms which change the way to use information around the shipyard. Concepts of a 3D drawing 
sheet with AR or an interactive information exchange between the shop floor and the design division 
would be one of example which may cause paradigm change in shipyards. 
 
For this reason, we have been interested in this technology and have developed an application of AR 
technologies for sheet metal forming works and pipe drawing works which are regarded as a typical 
example of a skilled work operation in shipbuilding, Matsuo et al. (2013). 
 
2. Development of AR applications to help Workers in the Shop Floor 
 
In case of labour-intensive work which it is inevitable to depend on individual skills such as 
shipbuilding, the new technology such as the AR plays important role to communicate information 
effectively. AR technologies realize following advantages: 
 

• Provision of process related information, which are otherwise not visible are available; 
• Transfer design information (e.g., 3D CAD information) directly as the natural 3D object on 

the object in real space. This means realization of a 3D drawing sheet with a tablet PC or an 
electronic paper in future, and 3D information is transferred as the 3D information without 
passing the 2D drawing;  

• Worker are be able communicate interactively; 
 

Besides the AR application introduced in this paper, many other tasks within the entire shipbuilding 
work process would benefit from introduction of AR technologies: 
 

• 3D drawings with an instinctive viewing (e.g., for sheet metal forming work, block assembly, 
pipe fitting, maintenance, etc); 

• Visualization for factory management (e.g., part number, processing status, etc.) or physical 
properties (weight, temperature, etc.); 

• Interactive communication between the design department and the shop floor(e.g., drawing at 
the shop floor, control of NC machines or welding robots); 

• Educational tool for inexperienced worker; 
• Platform as a measurement instrument (e.g., template in sheet metal forming, etc.); 

 
2.1. AR application to support workers on Sheet Metal Forming Works 
 
2.1.1. Sheet Metal Forming Works in Japanese Shipyards 
 
Surface of a ship consists of many pieces of a steel plate which has thickness of nearly 10 – 30 mm. 
Fore and aft part of the ship are usually dominated by elliptical surface and hyperbolical surface, and 
those curved plates are formed to the designated shape by pressing and gas heating. This sheet metal 
forming works can be regarded as a typical example of a skilled work operation in shipbuilding 
because of the following reasons as illustrated in Fig. 1: 
 

• Difficulty in imagining an accurate 3D shape; 
• Difficulty in judging the geometric forming procedure; 
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• Difficulty in processing to the objective surface, especially in the gas heating process; 
• Difficulty in confirming the shape by traditional way; 

 
To facilitate these complex tasks as described before, AR technologies would be efficient to support 
workers by providing intuitive information in real time and directly. Following AR application are 
proposed to get imagination and quantitative information directly and intuitively: 
 

• Provision of intuitive imagination of a 3D shape and a work procedure; 
• Indication of the status of work procedure while execution; 
• Support for confirmation of the resulting shape without templates; 

 

 
Fig.1: Sheet metal forming in Japanese shipyards and its difficulties 

 
2.1.2. Development of the AR Application for Sheet Metal Forming Works 
 
The main characteristic of these application scenarios using the AR is to provide capability to see 
information directly on the plate in real world through a mobile device such as a tablet PC or a smart 
phone. For satisfying this, AR applications are composed of a series of functions which are developed 
specially for this study. 
 
Fig.2 shows the structure of the AR application which is dedicated to a shape confirmation of a sheet 
metal. The application is mainly composed of 2 functions. The one is for evaluating the shape of a 
plate (see right side of Fig.2), and the other is for indicating the result through a mobile device (see 
left side of Fig.2). After measuring the present shape in some way, Augmented Reality is realized to 
indicate the result from the evaluation on the shape on the actual plate through a mobile device. The 
AR application is developed by utilizing “ARToolkit” which is a software library for building AR 
applications, www.hitl.washington.edu/artoolkit/. “ARToolKit” is able to perform camera tracking in 
real time, objects recognizing by finding a marker, and ensuring that a virtual object always appear 
overlaid on the tracking markers. 
 
In the system, a marker should be put on the sheet metal. This marker is dedicated to identify the 
position and the orientation of the sheet metal plate which is work in process. Explaining detail from 
the aspect of system, the application generates a coordinate system which has the origin at the centre 
of the marker and the Z axis perpendicular to the marker. The coordinate system has important 
characteristic for AR that the orthogonal coordinate system generated in the system is correspondent 
with that of real space, for the system know the size of a marker beforehand. Eventually, the principle 
to put 3D CG objects correctly on an actual object in a scene captured by camera can be summarized 
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that 3D CG objects should be arranged along the coordinate generated by using a marker, and the 
locational relation to real space is also designated and registered beforehand. 
 
With respect to a measurement of the shape of a sheet metal plate, although there are several methods 
to measure the shape, a laser scanning system is introduced in this study. This is because of necessity 
for enough accuracy to measure. In case of a laser scanning system, it is certainly difficult to maintain 
instantaneous performance for measuring. But this weakness does not cause critical inconvenient in 
case of sheet metal forming works, because the forming work usually progress gradually. This means 
that necessary speed can be kept as equal for both operational side and systematic side even if a laser 
scanning system is utilized in this case. 
 
Concerning how to operate the AR application in a shipyard, the assumed procedure is as follows: 
 

• When a worker needs to verify present shape of a sheet metal plate in front of him; 
• He starts a laser scanning system. The laser scanning system measures the shape of the plate. 

Necessary data processing particular to a laser scanning is also conducted by the system; 
• Then, he prepares his mobile device. He imports the measurement data to the device at first; 
• If he holds the mobile device over the plate, he can see CG objects superposed on the actual 

plate. CG objects intuitively tell him information for example where and how to do for next 
process; 

 
Fig.3 is the snapshot when the AR system is verified in shipyard. To recognize the shape of a curved 
surface with high accuracy, a laser scanning system is connected to the AR application. By utilizing 
point data which is measured by the laser scanner, quantitative amount of gap between the present 
shape and the target shape is acquired with high accuracy. The system also guides workers where and 
how should do for next process.  
 
The picture shows how the AR application will work in shipyards. It is easy to get a visual 
imagination about a 3D shape by watching the 3D CG object from arbitrary eyesight. A confirmation 
of the shape for the entire area of the plate with quantitative analysis is also possible. This removes 
constraint to use traditional templates, and contributes to save time and money to use traditional 
templates. 
 

 
 

Fig.2: System structure of the AR application for a shape confirmation 
 
Additionally mention a series of calculation inside sheet metal forming works, the AR system is 
connected to the specific system dedicated for calculation of sheet metal forming works. The system 
has been developed as independent system, and it analyses sheet metal forming works by a geometric 
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approach that uses a set of lines of curvature on a curved plate, Matsuo et al. (2010). There are lattice-
like lines on a sheet metal plate in Fig.3, those are lines of curvature. A series of calculation for 
example on next work process is mainly derived from the analysis of deformation of lines of 
curvature on the plate. 
 

   
Fig.3: Snapshot of the AR application in the shipyard 

 
2.2. AR application to support workers on Pipe Drawing Works  
 
2.2.1. Pipe Drawing and Installation Works in Shipyards 
 
In most of cases, a ship is constructed by block assembling in Japanese shipyards. This is the way to 
assemble blocks continuously which are fabricated beforehand in the shop floor. As it is quite difficult 
to control and estimate the accuracy of block assembling, the final shape of the pipe which should 
exist between each blocks is usually defined by measuring the locational relation after assembling 
those blocks. There are over several hundreds of pipes which need to be measured, designed and 
fabricated after fixing blocks around pipes. This work is also regarded as the typical example of 
difficult works in shipbuilding, and some approach has been required to help workers with easy 
handling or to improve work efficiency. 
 
The work procedure for the pipe drawing and installation is as follows: 
 

• Measurement of the relative location of both ends of pipe; 
• Design of the shape of the pipe with avoiding obstacles; 
• Fabrication of the pipe in the shop floor; 
• Bringing the pipe into the ship and its installation; 

 
To facilitate these complex tasks as described before, AR technologies would be efficient to support 
workers by providing intuitive information. Following AR applications are proposed to get easy 
measurement of the location and automatic pipe drawing: 
 

• Accurate measurement of the relative location between pipes by easy operation; 
• Automatic suitable pipe design within acceptable time; 
• Intuitive indication and adjustment of the pipe with AR; 
• Automatic preparation of the 2D drawing paper or transfer to the design department; 

 
2.2.2. Development of the AR Application for Pipe Drawing Works 
 
Some pieces of pipes are not designed beforehand in their design process, as they contain uncertainty 
caused by pipe production and block assembling in a factory. These pipes are usually designed 
individually in the shop floor by the method that is far from be digitalized. The AR application which 
is developed in this study finds the location of both ends of the pipe, automatically draws suitable 
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shape of the pipe, and effectively illustrates graphics of the pipe as AR once the worker holds a tablet 
PC to the direction he wants to fix the pipe. Fig.4 shows the composition of the AR application. 
 

 
Fig.4: Composition of the AR Application for Pipe Drawing Works 

 
(1) Location measurement 
At the beginning of the installation of a pipe, it is necessary to measure the location of both ends of 
the pipe. Traditionally, this measurement was conducted with a measuring rod, it was difficult to keep 
the accuracy and time-consuming process. In this study, the image processing method is introduced to 
solve this problem. Makers which become a target for the image processing are put on both ends of 
flanges with which the objective pipe should be attached. The procedure to measure the relative 
location of both ends of the pipe is as follows: 
 

• Set markers on both ends of flanges; 
• Start a mobile device which carries a camera. Set the mobile device to the direction of both 

markers; 
• Once the camera can see both markers, location measurement is carried out for a given length 

of time; 
• Final result on the relative location is required by averaging the series of continuous observed 

location data; 
 
Quantitative verification was carried out in our laboratory to verify the accuracy of the measurement. 
Test markers are put arbitrarily in space, and the marker tracking and the relative location 
measurement is checked by the image processing after identifying the exact relative location by using 
a measuring scale. Fig.5 shows some examples of results of the image processing by the AR system. 
The left one is obtained under the condition which keeps 1.0 m in length between the camera and the 
marker, and the corresponding length of the right one is 1.5 m. The X, Y and Z in Fig.5 indicate the 
distance between two markers along horizontal, vertical and depth direction relatively, and those are 
obtained by averaging series of observed data for 10 s. In this case, X, Y and Z are set to 500 mm 
relatively. By considering the result, the image processing achieves good performance on the 
measurement accuracy that error is under few mm. Although the accuracy becomes worse while the 
distance is getting longer, the system maintains enough performance on the accuracy to use in the 
shop floor, as the required accuracy is around a few mm in an actual shipyard. 
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Fig.5: Results of the Location Measurement by the Image Processing 
(Distance between the camera and the marker: Left 1.0 m, Right 1.5 m) 

 
(2) Automatic pipe design 
Automatic pipe design is performed in order to tie the two ends of flanges those location is obtained 
by the method described above. The pipe routing software which is introduced in the AR system is 
developed by Kimura, Ando and Kimura (2013), and the algorithm is based on the method by grid 
partitioning in space. This pipe design can be performed with free dimensions that are independent of 
the pipe diameter. In addition, the system is capable of not only elbow bent at a right angle but also 
complicate bent such as S-shaped to be taken into account. Further, this program has the ability to 
automatically avoid obstacles, and it is possible to perform designing plural pipes at a time. 
 
(3) Verification of design proposal of pipe with AR technology 
Design review is performed on the AR, and the result by the automatic pipe design is superposed on 
real scene through a tablet PC or a wearable device. Superposing of the design proposal with AR 
technology has been generated by ARToolkit, and pipes have been drawn by OpenGL. Flow to 
display the pipe design proposal using the AR is as follows: 
 

• Set markers on both ends of flanges; 
• Start a mobile device which carries a camera. Point the camera at the direction of both 

markers; 
• Once the AR system is generated, the design proposal of the pipe is displayed with AR after 

recognition of both markers; 
 
The application development is currently underway to add following functions: 
 

• Automatic preparation of the correspondent 2D drawing paper of the designed pipe or transfer 
them to the design department; 

• Manual adjustment of the design proposal obtained the automatic function by controlling with 
a touch panel operation; 

 
We regard above two new features as vital roles to introduce AR technology to shipbuilding from the 
point of view of listed below: 
 

• An AR technology shall support shipyards to promote 3D data based design and construction. 
The pipe drawing supporting AR application developed in the paper designs objective pipes 
with the 3D model and complements ship 3D data fully with them regardless of whether 
workers are explicitly conscious to do this manner. 

• An AR technology shall change fundamental way of information handling in a shipyard. 
Workers can be involved in ship design together by using the AR application. This may cause 
a paradigm shift to the common sense who designs the ship in a shipyard. An AR technology 
also promotes interactive communication between the design department and the shop floor in 
a shipyard.  
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Fig.6: Snapshot of the AR application in the shipyard 

 
3. Conclusion 
 
The paper discusses an application of AR technologies to the shop floor in a shipyard. Our philosophy 
on this subject is described at the beginning of the paper: 
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• Digital manufacturing is the substantial enabler to achieve improvements in the shop floor in 

a shipyard. 
• We can summarize digital manufacturing as following three approaches: Advanced utilization 

of 3D information; Effective provision of construction information to the shop floor; Easy 
access to ship data even from the shop floor; 

• AR (Augmented Reality) technologies are suitable example to meet above approaches. We 
will be able not only to watch the 3D view directly on the real object, but also to enter new 
paradigms which change the way to use information around the shipyard by utilizing AR 
applications. 

 
Secondary, two concrete AR applications are explained. Regarding the AR application for sheet metal 
forming works, the study can be summarized as follows: 
 

• The AR application measures the present shape of the plate, and analyses the shape 
geometrically. The application also calculates next procedure on where and how to press or 
gas heating for best practice. 

• Those results can be seen intuitively with user-friendly graphics through a tablet PC. 
• Laser scanning system is introduced for the shape measurement in order to keep enough 

accuracy. 
 
Regarding the AR application for pipe drawing works, the study can be summarized as follows: 
 

• The AR application measures both sides of the objective pipe by image processing. We can 
easily measure the relative location of the pipe just to put markers on the flange which the 
pipe is attached. 

• The AR application automatically designs the shape of the pipe. The design proposal can be 
superposed as 3D graphics in real scene through a tablet PC. 

• Further developments are currently carried out for the practical usage in shipyards. Those 
developments are to make the correspondent 2D drawing paper for the designed pipe and to 
adjust the design proposal directly on the tablet PC. 
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Abstract 
 

Information created during the engineering of a vessel can be leveraged elsewhere in the shipbuilding 
process but varying representations of the data are required for different software applications and 
business processes. Unfortunately, overcoming that challenge is usually costly and cumbersome. 
Therefore, to streamline the process by which information is re-used, an automated method of 
integration must be found that is non-disruptive and consistent, yet flexible. Accordingly, this paper 
presents examples of automated methods for sharing CAD data within an engineering department, 
then from engineering to production planning, and also from engineering to production machines. 

 
1. Introduction 
 
There is an enormous wealth of information created during the engineering of a vessel and this 
information is necessary for various downstream processes and applications. Citing Larkins and 
Roberts (2011): “CAD systems, as the originators of much of the data about a project, are by 
definition data rich environments. A CAD system is initially where all the individual ship parts and 
components are brought to life in a data rich “virtual world” as it will one day be represented as a 
tangible / physical object onboard a constructed and delivered ship. A large amount of technical 
information is gathered from vender furnished information, drawings, catalogue cut sheets, operations 
manuals and contained within a CAD system. CAD systems are also the most “current” place for data 
to be captured and contained in an as designed state.” 
 
Unfortunately, a problem occurs when the wealth of information described above gets transferred. 
This becomes evident when one repeatedly observes digital information that was created in a CAD 
application being manually re-entered into another computer program or production machine. This 
manual duplication leads to inefficiencies and costly errors. Furthermore, due to the challenges of 
transferring data, it can also lead to a lack of perspective and understanding regarding key issues 
related to ship design and production. 
 
These difficulties were analysed in detail by us in Morais et al. (2013) and we also talked about the 
numerous challenges related to customizing programs to create truly integrated and automated 
solutions. The chief difficulty is that even though different systems and processes require the same 
information, they all require different representations of the data. 
  
Therefore, to solve that problem and to streamline the process by which data is re-used, cost-effective 
methods of automated integration that maintains data integrity are required. SSI has created several 
solutions that meet these criteria and below can be found three examples and explanations regarding 
how they work. There are several other cases of leveraging CAD data that could be mentioned but the 
three ones highlighted illustrate general principles that would apply in multiple situations. 
 
2. Sharing CAD Data within Engineering 
 
The first example involves sharing data between a CAD program and a CAE application. It is 
particularly relevant because this example relates to a couple of common topics of conversation in the 
CAD/CAE community. There has been a lot of discussion lately regarding unifying designers’ and 
engineers’ job functions and some of that talk focuses on enabling designers to have sophisticated yet 
simple tools to conduct a preliminary check of their designs using Finite Element Analysis (FEA) 
methods. Other times, one hears talk about keeping the disciplines as distinct entities, but even with 
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that perspective, it is seen as desirable to improve the information exchange between the two 
disciplines so that it is more seamless and retains data fidelity. 
 
Whatever one’s feelings, the need to work on the same up-to-date information is unquestionably 
important but unfortunately there are several challenges when CAD users and CAE users try to utilize 
the same data. The main problem is that both groups need to use an application that is created to 
complete certain tasks and not others. In fact, the programs even require different types of 
information. For example, CAE applications need Poisson ratios, Shear modulus, and Young modulus 
etc. but CAD programs do not. 
 
Having said that, there is still a lot in common regarding the information utilized in the two types of 
programs with the main commonality being the geometric representation and attributes tied to those 
objects. Therefore, to pass information between a CAD and CAE application, it is necessary to focus 
on how to share those items. Below are two ways to accomplish that task. 
 
First of all, in SSI’s ShipConstructor CAD application, one could generate a version of the model to 
be imported into an FEA program. This model could then be easily imported because ShipConstructor 
is based on an AutoCAD foundation which natively uses the common DWG file format—a format 
importable into almost any application. This procedure would be a good start but it would still involve 
some manual effort because not all data (e.g. object material properties such as density) contained in 
ShipConstructor’s Marine Information Model (MIM) are accessible by an FEA application. To get 
that, some manual effort would be required from a CAE engineer to transfer the required data into the 
tool that they were using. 
 
Fortunately, a second, more automated integration exists via an application called AutoFEM Analysis 
created by AutoFEM Software. AutoFEM is a ShipConstructor Developer Network (SCDN) partner 
that has created a smooth and efficient way to perform FEA without leaving the familiar 
ShipConstructor/AutoCAD environment. This is because like ShipConstructor, AutoFEM also has an 
AutoCAD foundation which allows the program to easily re-use the CAD data within a Ship-
Constructor drawing. ShipConstructor’s open architecture API was also used to extract and utilize the 
information associated to the parts needed for the program’s calculations. 
 
The result is a seamless way to do FEA with absolutely no need to manually exchange files or part 
attribute data. There is also no need to create an FEA compatible mesh. This means that a designer or 
engineer can do the analysis required, alter the model and verify results in what seems to be the same 
application. A screenshot of the program is shown in Fig.1. 
 
The key benefit of utilizing this software solution is that there is now a tighter integration between the 
two engineering disciplines, CAD and CAE, and this can significantly improve productivity and 
quality when verifying a design. 
 
Therefore, the above example brings us back to the point discussed at the beginning of this section 
regarding the interaction between the two disciplines and how increased integration and automation 
can be of benefit. This is because often designs are verified using FEA in the initial design phase 
using preliminary, basic, generic and undetailed model information. It is true that initial verification 
can give a reasonable amount of information as to whether or not a vessel or components will meet 
requirements. However, as a more detailed model is being constructed, verifying the results done in 
the preliminary steps can significantly reduce costly errors and effort downstream.  
 
With AutoFEM utilizing the same data model as ShipConstructor, there is no additional cost of 
preparing and exchanging data. This allows many types of analyses that were previously not done 
because there was too much extra effort required. This is a great example of how automation and 
integration can improve the exchange of information within an engineering department. 
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Fig.1: Example of sharing data between ShipConstructor (CAD) and AutoFEM (CAE application) 

 
3. Sharing Data between Engineering and Production Planning 
 
In a similar vein, the flow of information can be improved between disparate departments such as 
Engineering and Production Planning, though it is not just automation that offers avenues for 
increased efficiency and effectiveness. Too often, the focus in organizations is on streamlining 
existing workflows when, actually, technology can reduce or eliminate old ways of accomplishing 
tasks. Below is an example of how leveraging CAD data can lead to better business processes. 
 
3.1 Disconnected Departments and Differing Tools 
 
The root of the challenge in this case starts with the fact that Production Planning and Engineering are 
different departments that operate in isolation from each other with different tools. In many 
companies, the production planning team usually starts planning the build sequence well before the 
model is even started. In fairness, they have reasonable grounds for doing so because though they lack 
enough detail to completely build a ship, the planning is usually based on some good historical 
information (a previous similar type of vessel) as well as an understanding of the yard’s capabilities 
and limitations. Therefore, at the beginning, the information they have is good enough to start a 
preliminary schedule of the production plan. 
 
The plans will have to change as the project progresses but leaving that aside for the moment, the first 
thing to pay attention to is the tools being used. Production planning uses applications such as 
Primavera, Microsoft Project or even Microsoft Excel which are quite different from the programs 
used by the engineering team creating the 3D model. The engineers use a product such as AutoCAD 
based ShipConstructor. 
 
If one follows the workflow and interaction between the departments, one sees that there is a handoff 
of information and then, (if using ShipConstructor) the preliminary schedule is input into the 
ProductHierarchy product. Next, as the model becomes more detailed, data is handed back as the 
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production planning team requires the information captured in ShipConstructor so that they can refine 
plans and ensure that assumptions used in creating the preliminary schedule are still correct. 
 
From this overview, a number of problems are evident but the first thing to note is that there is a 
disconnection due to the fact that the exchange of information is static and is created by taking a 
snapshot in time of the project. That means that the data is out-of-date right after it is captured and the 
problem is compounded by the fact that when the production planning team receives this already out-
of-date information, they need to manually and laboriously enter it into the software that they are 
using. That is not only inefficient, it leads to errors. 
 
3.2 Improving the Exchange of Information 
 
Shipyards have realized that this is a problem. There are two ways they might use to handle it. In a 
ShipConstructor context, the first way involves having the production planning group use 
ShipConstructor to manage build sequencing. The advantage of this is that both teams can access the 
same source of information so that everyone is working on the current version of the project. There is 
no need to transfer information so this reduces errors. 
 
However, ShipConstructor lacks much of the functionality of software designed for production 
planning. So often both sets of tools are retained though some sort of rudimentary integration method 
is implemented. In fact, sometimes it is as simple as automatically populating an Excel file using 
industry standard ODBC. These more integrated and automated approaches are a great start but 
actually there is so much more that can be done to improve communication between departments with 
very little additional effort.  
 

 
Fig.2: ShipConstructor ProductHierarchy 

 
3.3 The Supplementary Elite Approach  
 
A supplementary “elite approach” implemented by sharp engineering teams incorporates both of the 
methods above and then adds an extra benefit. It lets a production planning team visualize an 
animation of the build sequence using the 3D product model geometry. Technically, these simulations 
do not provide any more information than other methods but that does not matter. The key point is 
that an animated simulation presents the information in a much more intuitive visual way. This allows 
the build sequence to be understood faster and more accurately. 
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Fig.3: Simulation using Autodesk Navisworks (via ShipConstructor and MS Project) 

 
If a shipyard is currently using ShipConstructor to do production planning, they may already be using 
the ProductHierarchy product to turn on and off assemblies to see how a vessel is planned to be built. 
Animation is simply an extension of this idea. 
 
All the information needed to create a simulation/animation of a build sequence is already available in 
ShipConstructor so a user just needs to know how to incorporate it into his workflow. Using this 
approach may not negate other processes and procedures but it can certainly reduce the amount of 
time needed to create and validate a build sequence. More importantly, it is substantially better for 
quality control. This is because it is much easier to identify issues via simulation than through 
interpreting spreadsheets and Gantt charts. On the occasions when SSI has animated build sequences 
of clients’ projects, production problems have jumped out after only a casual viewing. One might 
wonder why these were not caught but it is no mystery if one realizes that the shipyards were not 
using animations, they were relying on looking at unintuitive charts. 
 
3.3.1 Implementation 
 
Due to the large benefit, there is little reason not to use animations in an Autodesk/ShipConstructor 
environment. This is especially true because animations are painlessly created using built-in 
ShipConstructor functionalities. The only additional products required are MS Project and Autodesk’s 
Virtual Reality Program Navisworks.  
 
In summary form, the process for creating animations works as follows (each step takes just one or 
two mouse clicks): 
 

1. Create a Navisworks Selection Set from Build Sequence in ShipConstructor 
2. Export Build Sequence (takes a few seconds) 
3. Create MS Project File from ShipConstructor (30 sec. to 5 min. depending on size) 
4. Create a 3D Model in Navisworks (multiple methods) 
5. Open up Navisworks Model 
6. Import Selection Sets 
7. Import MS Project File 
8. Create Selection Set from Build Sequence as defined in ShipConstructor 
9. Open up ProductHierarchy in ShipConstructor 
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10. Adjust a few settings 
11. Map Selection Sets to Tasks 
12. Run simulation 

 
Total Time: approximately 8 minutes. 
 
Once the animation is running, the user can pause, zoom and rotate etc. using standard Navisworks 
visualization and navigation tools. This functionality further adds to the ability to quickly 
communicate information. 
 
Another benefit is that the issue of relying on static information is dealt with using this solution 
because if the ShipConstructor product model changes, the Navisworks model updates with the latest 
geometry. Additionally, MS Project can be updated with a single mouse click. Therefore, this is an 
example of how leveraging information from the 3D CAD model from Engineering to Production 
Planning is a way to increase quality.  
 
4. Sharing Information between Engineering and Production Machines 
 
The benefits of sharing 3D CAD data can also extend down onto the shop floor to promote enhanced 
productivity and problem prevention. For instance, currently, many of the machines which create, 
form or fabricate products are manually controlled by a human operator who on many occasions has 
to manually translate the information extracted from the 3D CAD product model into a format 
understood by the machine. 
 
As with any manual process, this leads to inefficiencies and costly errors so it is a prime candidate for 
streamlining and automation. Below is an illustration of this concept. 
 
4.1 Connecting a CNC Profiler 
 
The example involves CNC profiling machines. These have been around for a long time but have 
recently been installed by shipyards around the world in increasing numbers. There is an economic 
reason behind this trend because with the exception of planar plates, profiles (stiffeners & faceplates) 
are the most common type of part within a ship. In fact, though the percentage of profiles depends on 
the ship type and other factors, profiles can easily account for 40% of the number of parts within a 
project. Anything that can be done to increase efficiency in this area would therefore be significant. 
So analysing different CNC profiling strategies is the first thing required to generate improvements. 
For instance, two approaches can be contrasted, mostly manual methods vs. methods that are 
automated. These are shown in the flowcharts below. 
 
4.1.1 Manual vs. Automated Approaches in Production 
 
Following the workflow in the mostly manual method at the top of Fig.4, an operator receives some 
printed documents (either a spreadsheet or a profile plot) which contain information regarding the 
profiles to be cut, marked, and bent. The operator manually enters the information into the machine 
and then executes the cut on the profile. 
 
A contrasting workflow is the automated method at the bottom of Fig.4. Here the operator simply 
loads a file into the CNC profiling machine and then executes the cut. 
 
(There are some common steps not shown on the diagram, e.g. handling and setup of the profiles 
before and after cut execution, but they have been omitted because they would confuse rather than 
clarify the differences between the methods.) 
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Fig.4: Manual vs. automated CNC profiling workflows (Production Floor) 

 
It is obvious which of the two strategies is more efficient for the operator - the automated one. Of 
even greater significance is that this efficiency gain is even more apparent when one looks at the 
organization as a whole. This becomes clearer when one analyses then compares the differing effort 
and artefacts required to support the contrasting strategies. The automation of CNC profiling is a 
dramatic boost to productivity from an organizational perspective. Fig.5 illustrates why this is the 
case. 

 

 
Fig.5: Manual vs. automated CNC profiling workflows (Engineering) 

 
4.1.2 Manual vs. Automated Approaches in Engineering 
 
Look at all the steps eliminated with automation (top vs. bottom of diagram). Here is an explanation. 
We can assume that exactly the same 3D product model is required for either strategy but to support 
the manual process there needs to be some sort of documentation generated to communicate with the 
operator the design intent of each profile part. This is usually done via a profile plot. Many modern 
shipbuilding software packages support the creation of these drawings automatically from the 3D 
mode. However, there is additional management for creating and managing these files. Even though 
these production documents are created automatically, there is usually some manual manipulation 
required for them to adhere to yard standards. In the concurrent environment that most organizations 
are practicing, these drawings must be updated several times before being released to the shop floor. 
Most of the time, these updates are minor but there are cases where more effort is required. In any 
case, all of this creation and updating takes time for the engineering team to provide production 
workers with documentation containing enough info to prepare a profile part. 
 
Then, there is all the logistics of printing out the documentation, making sure the profile operator has 
it when the profile is ready to be cut, as well as the very costly workflow when a change happens after 
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the production package has been sent out. All of these steps and many more are required to support a 
manual CNC profiling station. 
 
Another point is that once it is time for an operator to cut the profile, they need to find the 
documentation that represents the profile (while hoping it is the latest version), translate the 
information provided (hoping all the information is available and understood properly), and then 
execute the cut. It is not uncommon at this stage for the operator to have to contact Engineering to 
clarify the profile characteristics, or in some cases make a guesstimate of what the design intent was. 
Either of these situations can have a significant cost to the project. Automation solves the problem 
because all the information required by a CNC profile machine is contained in a 3D product data 
model. Therefore, the exchange of information requires virtually no user intervention. When a 
production package is generated, so are the files which are read by the CNC profiling machine. 
 
4.1.1 Summary of Benefits of Automated Workflow 
 
An automated workflow eliminates all the preparation of the production documents which is a 
significant amount of time and effort. Not only does automation make the production floor more 
efficient, it enhances productivity in engineering, too. 
 

 
Fig.6: Production documentation for CNC cutting generated by ShipConstructor 

 
4.2 Disadvantages of Automation: Customization Costs 
 
Even with all these advantages, there is a level of integration needed between the 3D CAD/CAM tool 
and the CNC machine. If the CAD/CAM software does not support this type of integration, custom 
development is necessary and this is an expense that some companies do not wish to incur. 
Compounding the problem is the fact that changes to the CAD software entail additional outlays of 
money to ensure that the custom integrations support the latest release of the software. These changes 
then need to be tested at the yard and that too adds to the cost. Another factor to consider is that 
shipyard staff members are not necessarily programmers and may lack the skills and resources to 
create and maintain this custom integration. To overcome this challenge, SSI has developed a new 
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product called SSI EnterprisePlatform. The product can be used with multiple different tools and 
programs but one recent project specifically involves the use of EnterprisePlatform in the context of 
CNC cutting. The solution would be applicable to any brand because it has a generic interface which 
allows future integrations with other vendors but in this case, EnterprisePlatform was used to integrate 
with CNC cutters from HGG. 
 
5. HGG Integration Goal 
 
The goal of the integration with HGG was to be able to pass to the CNC machine all the information 
required to produce a profile so that there would be as little user involvement as possible. This 
included involvement from the engineering team as well as the operator on the shop floor. 
 
5.1. Supported Information 
 
Passing information was an interesting challenge because profiles can be rather complex when you 
consider those with a curved path along the hull and the various ways they can be detailed (parametric 
endcuts, user defined trims, cut-outs, etc.). SSI added features not commonly found in integrations 
with CNC machines. The following information was supported, many of which can be seen in Fig.7: 

• Endcuts 
• Cut-outs / penetrations 
• Trims 
• Edge preparation beveling 
• Inverse Bending lines 
• Accuracy Control Marks 
• Piecemark marking 

 
Fig.7 Profile 

 
 

 

Fig.8: Edge Prep Beveling 
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5.1.1 Edge Prep Beveling 
 
Of note is the support for edge prep beveling. This is especially important for HP (Bulb) profiles yet 
due to the complexity, this type of bevelling is not often supported in typical integrations that 
shipyards have normally done. Fig.8 shows examples of this concept. 
 
5.1.2 Accuracy Control Marks 
 
There is another atypical feature of SSI’s integration which is an added bonus and that is the support 
for Accuracy Control Marks. These are used to deal with the fact that aligning profiles on plates can 
be time consuming and a source of several fabrication challenges. Accuracy control marks are used 
prevalently in Japan where they have been demonstrated to reduce man hours and improve quality. As 
shown in Fig.9, accuracy control marks are placed on the profile and the plate perpendicular to the 
markline. They then allow the workman to align the profiles on the plate with significantly more 
accuracy and in less time. 
 
Another use is in cases when one loads a cartridge of profiles which are to be inserted on a panel in 
another location of the yard. This means that a method is needed to align the profiles on the cartridge 
exactly the way they will be inserted on a plate. This is easy when all profiles are the same length but 
if they are different, accuracy control marks are required. 
 
Both these cases are excellent examples of how information can be shared with not only production 
machines but with production workers as well to improve efficiency and quality. Accuracy control 
marks are therefore another demonstration of how engineering improvements can result in new and 
better ways of accomplishing tasks. 
 

 
Fig.9: Accuracy control marks in ShipConstructor 

 
 

5.2. Workflow 
 
The integration works as follows. There are two different workflows where information needs to be 
exchanged between ShipConstructor and HGG. 



 

337 

1. Publish (Push) 
This is the workflow where the information is generated by the engineering team and 
included in their work package. 
 

2. Consume (Pull) 
This is the situation where the operator pulls the information from the live ShipConstructor 
project for their current work task. This reduces the chance of the operator having out of date 
information due to the constant change which happens in the model. 

To support both situations, as part of EnterprisePlatform, SSI created a very intuitive Graphical User 
Interface (GUI) called the “Publisher” which requires no knowledge of the ShipConstructor product. 
Through this interface, users simply select the profiles they need to process by various different 
methods. It does not matter if it is a push or pull scenario since the system can be easily configured to 
push/pull all profiles which belong to a particular package. 
 
5.3. Results 
 
The results of this project have been a success. SSI already has had clients validate the integration and 
they are using the functionality in their production facility, using all features supported. Because of 
this success, SSI is continuing to work with other clients who also want to integrate ShipConstructor 
and HGG. 
 
At the same time, because EnterprisePlatform is so flexible, SSI is also working with a client who is 
integrating ShipConstructor with a CNC profile machine from another vendor. That client is using a 
subset of the features currently supported however the results are positive. This is proof that SSI’s 
strategy of creating a generic reusable interface works since the exchange of information was 
successful with absolutely no changes to our product. Therefore, this is a successful illustration of 
how technology can make the cost effective leveraging of engineering information possible all the 
way down to the production floor. 
 
6. Conclusion 
 
The examples shown in this paper demonstrate how engineering information created in a CAD 
program such as ShipConstructor can be efficiently utilized throughout the shipbuilding process. By 
having the right technology and utilizing it well, data can be easily transferred within the engineering 
department, to other departments such as Production Planning, and even to machines and workers 
down in the yard. This is what SSI calls empowered engineering. 
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Abstract 
 
This paper will look into several conditions that can appear in a weight control project and where all 
of them need calculation of weight and center of gravity as a variant of the standard lightweight cal-
culation at point of completion. Requirements and wishes for a weight control system to handle these 
conditions will be discussed and addressed against methods and solutions.  
 
1 Introduction 
 
1.1 Weight Estimation 
 
It is critical to estimate the correct weight and center of gravity to successfully design and build a 
project with the correct properties. This is perhaps especially true for projects designed to move, float, 
fly or be launched into space, like vehicles, vessels, platforms, air- or spacecraft, both commercial and 
military. We will use the term “project” to describe the many types of things for which weight and 
center of gravity are critical during design and construction. 
 
If the project will carry load, a higher weight than estimated will in most cases result in less loading 
capacity than anticipated, which can result in reduced payment or, in a worst case scenario, cancella-
tion of the project from the contractor. 
 
A weight increase on a project will also usually increase the building costs, in addition to reducing the 
load capacity. This is not just due to the design changes a weight increase will impose, but also be-
cause weight is a good (perhaps the best) indicator on material quantity and man-hours needed to 
build the project. Weight is often used as a main parameter for estimating the project’s cost, and forms 
the basis of the quotation from the builder. This means that estimating a weight that is too low can 
result in a cost overrun and financial loss, while estimating a weight that is too high can lead to being 
less competitive for the job.  
 
In early design, the weight is often estimated based upon parametric scaling or other high level meth-
ods, while later in the detailed engineering, weight and center of gravity is often calculated based 
upon automatic calculation from 3D models in combination with manual calculations of details. Dur-
ing the construction, the weight calculation will include more and more weighed weights as the con-
struction is progressing. But in large projects, the weight database will always include a portion of 
weight items that are estimated, because it is not practical to get detailed calculations or to weigh all 
items. 
 
1.2 Weight Control System 
 
To control weights, center of gravity, and other information about the project, a dedicated weight 
database for the project is good practice. A weight database, along with a graphical user interface for 
input, editing, and reporting of data is called a weight control system. There are various commercial 
weight control systems for different industries, and some more generic cross-industry ones. Calcula-
tion of weight can also be part of an Enterprise Resource Planning (ERP) or Computer Aided Design 
(CAD) system, but for complex projects these will not be complete. A dedicated system for weight 
control is therefore usually required; however this system may very well import data from systems 
like ERP and CAD. It is also common for companies to develop in-house weight control system. Rea-
sons for this might be specific needs not covered by commercial tools, or legacy systems that were 
developed prior to the entrance of commercial tools on the market. 
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1.3 Databases 
 
Most commercial weight control systems uses different forms of relational databases, such as SQL 
Server, Oracle or MS Access, but older systems can also be found. The most used in-house tool for 
weight control is spreadsheet software such as MS Excel, although this is not a proper database and 
may also lack the structure to be called a system. Still, some people have put a lot of effort into devel-
oping spreadsheets to a level of maturity that work quite well, at least until the day the developer of 
the spreadsheet leaves the company. 
 
1.3.1 Database Structure 
 
In the weight control database the data is often organized to store different categories of weight in-
formation in different tables. One reason for this is that different types of information may be relevant 
for different types of weight items, like bulk weights and equipment weights. Typically you will find 
the following information assigned to weight item in a weight database: 
 

• Unique identification of the weight 
• Description of the weight item 
• User and date information for registration/update of the item 
• Weight, center of gravity, quantity, and extension of the item 
• Various additional information tagged to the item 

 
1.4 Challenges 
 
The aim of a weight database is to contain the most accurate weight information possible on all items 
that make up the construction represented in the database. How detailed this information is depends 
on which phase the project is in. In an early design phase, a weight database may only have a few 
dozen estimated weights representing areas and/or systems of the project. At the end of construction 
this may have grown to hundreds of thousands parts in the database. 
 
For reasons to be discussed in the next section, there could be a need to know not only what the final 
weight of the project will be, but also to be able to tell weight and center of gravity at milestones dur-
ing construction as well as in future conditions after construction and delivery. 
 
Further, we have the case that a weight item does not necessarily have a constant weight and center of 
gravity during construction or the lifetime of the item. The weight of an equipment item is often light-
er during mounting than at a later stage when fluids and various fittings are added. Some items may 
also have a temporary position during construction prior to its final mounting. During the life-cycle of 
a project, items may be added, removed, or change position. Many projects have moving parts, like 
drilling towers, cranes, wings, solar panels, etc., which can all change position during operation. 
 
These various conditions make it a challenge to summarize items and calculate the weight and center 
of gravity for all required situations. The main goal of this paper is to provide guidance on how to set 
up a weight database that makes it possible to store, handle, and make summaries for the variety of 
conditions and situations that are required. 
 
1.5 Various Conditions Requiring Weight Calculations 

 
1.5.1 Design 
 
In the design phase, various weight and center of gravity estimations are needed. First and foremost, 
the weight and center of gravity of the project at delivery is needed, but often estimations of weight 
and center of gravity for various loading conditions and operations are required as well. 
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• Loading Conditions 
A loading condition is usually defined by variable loads carried by the project, but sometimes 
items that are a permanent part of the project can change position and/or weight in a particular 
loading condition. Examples of this are a drill rig that moves around on a fixed platform for 
oil and gas, a large crane unfolding or turn on a vessel, a wing unfolding on an aircraft, and a 
solar panel being deployed on a satellite. 

• Concept and Design Evaluation 
In an early design phase, several design choices affecting the end result will be made, and an 
analysis of the consequences related to these various options is needed. Weight and center of 
gravity for these options are often largely determining the cost, capacity, and other project-
crucial parameters for the design, and as such are an important quantity for the decision basis. 
In the variation of solutions, many weight items will be shared, while others will be relevant 
only to one or a few of the solutions. 

• Optimization and What-If Analyzes 
Especially for projects that move, the combination of weight, center of gravity, and extension 
for the items must be the best possible to achieve an optimized construction.  Different 
equipment in different positions must be tested and the impact on the total result checked. 
As an example, picture the case of designing a vessel to obtain a particular moment of inertia 
in order to get a favorable rolling period to avoid sea-sickness during operation. By moving 
large items further away from the global center of gravity, moment of inertia will increase and 
thus the rolling period will increase. 

• Configurations 
In a series production, the design is often modified to get variations of the same base design. 
This can be changing to newer version of the same equipment to modernize the same design, 
but it can also be to alter the design to make variations to fit special operations. 
 

1.5.2 Construction 
 
Large projects like oil offshore platforms and large vessels and airplanes will likely be assembled 
from construction units that are built separately. A lot of lifting and transportation activities follow 
from this, and weight and center of gravity calculations to support this must be carried out many times 
during the building of the project. 
 

• Building Phases 
The construction period for larger projects are often divided into different building phases or 
milestones, and the weight and center of gravity of a construction unit will vary through these 
phases since they will represent different stages of completion. In addition to the weight 
change due to adding more equipment to the unit, temporary weights will also increase 
through these phases until the point is reached where temporary weights are removed prior to 
completion. Tools, containers, packaging, and scaffolding are examples of such temporary 
weights. These weights must be included in the estimation of weight and center of gravity for 
the phases where such weights exist.  

• Series Production: Evolution and Modifications 
In a series production that sustains over time, equipment and parts will often be changed 
through modifications or replacements during the production time, and a weight database 
must be able to handle this. This can be relevant for vessels, vehicles, and aircraft production. 
In addition to this type of production change, type modifications can also be relevant. 

• Cost and Quantities 
Weight is an important parameter when estimating the cost of a project. Some building con-
tracts use weights and other quantities as determining factors for calculating the payment 
milestones of the construction. This means weight is used to determine the quantity of in-
stalled material and the work that is associated with this, and therefore weight is used for cal-
culation of the payment to the builder. An example of this is a contract where a shipyard is 
paid for the constructed steel hull of a vessel using a price per kilo of steel delivered. This 
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means that the weight of the finished steel hull is determining the price directly. But also more 
complex deliveries, like construction units to an oil platform, the quantity of material deliv-
ered is used as basis for payment. This applies to new buildings, but also for modifications 
contracts. In the case of a modification contract it is very important that the weight database 
also handles information about the items that are removed, as well as items that are added, 
since payment is related to the gross weights handled and not the net weight change on the 
project. 
 

1.5.3 Operation 
 
In the operation phase of a vessel or construction it can be important to know the weight and center of 
gravity at any point in time. But, for planning of future operations, relevant weight, center of gravity 
and weight distribution should also be calculated. 
 
Smaller projects like vehicles and airplanes can be weighed on scales to find weight and center of 
gravity (sometimes combined with a swing pendulum rig to get the vertical center of gravity deter-
mined). Inclining experiments and displacement test can be done to find weight and center of gravity 
on vessels and most floating projects, however for really large floating oil offshore platforms, such 
tests are not applicable once these projects are operating; therefore an up-to-date weight database of 
good quality needs to be maintained. 
 

• Loading Conditions 
The number of loading conditions relevant for a vessel is highly variable, and for the most 
part it will only be the variable load that changes from one condition to the next. But for many 
vessels, weight and center of gravity for permanent parts of the project change from one con-
dition to the next. 

• Modifications 
Modification contracts will often imply payment calculated from weight and quantity changes 
to the project and not from a fixed price. A contract may specify a price per meter of piping 
installed to cover both man-hours and material associated with the work. Since the amount of 
pipe is not known precisely when entering a contract, and design changes will occur at later 
stages, measuring and keeping account of the quantities delivered forms the basis for payment 
compensation. These types of contracts are common, for example, on modification works on 
oil offshore contracts and therefore strict requirements for the quality and reliability of the 
weight database are imposed. 

• Re-analyze 
Projects like vessels and offshore platforms are normally classified to operate for a certain 
number of years, and strength calculations are carried out according to this expected life. If 
the lifetime of a project is going to be extended beyond the original intent, a re-classification 
is needed, which again implies new strength calculations. In these cases it is necessary to have 
an updated weight database of the project to get correct and approved calculations. The 
weight database needs to have a level of detail that makes it possible to limit weight and cen-
ter of gravity to relevant areas and load points on the project. Items that are not needed or 
cannot be supported by the project due to reduced strength must be considered removed or re-
placed by newer components in these cases. The weight database must be able to handle dif-
ferent scenarios and perform calculations relevant to the situation for all or parts of the con-
struction. 

• Material Handling 
When equipment or parts of the project need to be moved or replaced, weight and center of 
gravity information is needed to plan lifting and moving. In a weight database, an item may 
be represented two times in the same weight database. It might be included in a weight for an 
equipment arrangement that is supported by a common self-supporting skid, but the parts of 
this arrangement can also be included as isolated items. These items, when summarized, will 
not make up total weight of the equipment arrangement since they will lack minor compo-
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nents, pipes, fittings, etc., however they are often included since there is a need to know these 
weights in case of replacements or removal of equipment items. The weight database must 
handle this situation as well. 

• Weight Change over Time 
On maritime constructions, marine growth on hull and structure in contact with the sea in-
creases the weight over time. It is also known that there is a tendency for tools and various 
equipment to accumulate in spaces and stores. A lot of these items are normally defined as 
loads, but some of it may be defined as the lightweight of the project, especially if mounted. 
Other sources of weight which change over time are corrosion and new layers of paint and 
corrosion protection. 

• Scrapping 
When a large project is to be scrapped, completely or partially, it is a challenge to plan the 
work and also to get enough documentation to price the work. To be able to distinguish be-
tween different types of materials is a good help in these cases, since some materials have a 
high second hand value, while handling other materials may only represent a cost. 
 

1.5.4 Conditions 
 
What is common to all of the situations described in this chapter is that there is a need to perform 
certain selection of data, including handling different weight and/or center of gravity for the same 
item, to calculating the correct weight and center of gravity for the situation. For all of the cases 
above, we will refer to them as ‘conditions’ for the rest of this paper. The structure of the weight data-
base and selection method applied will determine the flexibility, user friendliness, and efficiency of 
the weight control system, as well as the amount of data to be handled and kept up to date. 
 
1.6 Requirements and Wishes for the Weight Control System 
 
Requirements and wishes for a good and efficient weight control system are plentiful, but in this paper 
we will focus on the areas related to handling of the various conditions. 
 
1.6.1 Avoid Having to Update the Same Data Twice 
 
Even though weight and/or center of gravity for an item will change depending on time and situation, 
in other words in different conditions, an optimal solution will prescribe that all information that does 
not change will only need to be defined and updated once. This can be harder to obtain than it may 
seem, and often a copy of all data is made for each condition needed. 
 
1.6.2 Lessen the Amount of Data 
 
As far as maintaining a good overview, control, and auditability, it is an advantage if the amount of 
data is as small as possible. To the extent that a large amount of data is required to handle the various 
conditions and level of details needed, this must be accepted. However, unnecessary data will always 
reduce system response on editing, calculations, and reporting, as well as increase the likelihood of an 
error in the database; therefore one should strive to have no more data in the weight database than 
strictly needed. 
 
1.6.3 Maintain Overview and Simplify Administration of Da ta 
 
It is important to organize the data in such a way that it is easy to maintain an overview of the infor-
mation and simplify the administration of the data. The location and storing of data, in terms of how 
databases, tables, and fields are organized, will to largely determine if this will be achieved or not. 
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1.6.4 Fast Response 
 
When editing, calculating, and reporting weight data, a fast response from the weight database is of 
course of great importance for an efficient weight control system. The amount of data and the organiz-
ing of data, as well as the programming methodology for handling the data is the most important fac-
tors for the response. 
 
1.6.5 Flexibility and Scalability 
 
The different types of conditions require different way of sorting and filtering of weight items to cal-
culate the weight and center of gravity that is relevant for the condition. A weight database for a pro-
ject may need to cope with more than one type of condition, and there will most likely be more than 
one condition within each type of condition relevant for the project. This calls for a system that has 
the flexibility to handle different types of conditions, perhaps across different industries. A weight 
system where only one field can be used to account for conditions would be a less flexible weight 
control system. 
 
1.6.6 Easy Database Administration 
 
The structure of a database can be changed to include new information needed for a specific type of 
conditions. But in the case of a client application running on top of the database, changes to the data-
base may imply changes to the client application as well, and this is not necessarily a trivial operation. 
Changes to the database structure will in many cases also involve IT personnel apart from the user. 
The database ought to be organized in such a way that the weight control system is flexible enough to 
handle the various conditions without needing changes on the database level, and the setup of the 
changes can be done by the user. 
 
2 Solutions 
 
Based upon the various conditions where weight and center of gravity calculations are needed, com-
bined with the requirements and wishes for the weight control system, this section will discuss solu-
tions with regards to the organizing of data, but also to filtering and selection. 
 
2.1 Multiple Databases 
 
A kind of "brute force” solution to handle conditions is to have one database for each condition. This 
may be workable for a project that would require only two or three conditions, but it does not take too 
much imagination to see that you can easily get in trouble if the number of conditions increases, and 
the more conditions the worse you will be off with regards to updating of data (same data will be 
stored many places), and the amount of data (especially if the initial database is large). Maintaining 
the data will be difficult and you also may end up losing the control of the data. 
 
2.2 Single Indicator Field for Conditions  
 
A simple way to handle conditions is to have a single indicator field common for all conditions. This 
is a simple way to flag whether an item in the database belongs to a particular condition, and this can 
be combined with data selection to retrieve only data relevant for the condition to be calculated. This 
is better than using multiple databases since items shared by many conditions only need to be stored 
once; however, data that is shared by more than one condition cannot be shared (if an item is in more 
than one condition, it must be in the database multiple times, once for each condition in which it ap-
pears) and will face the same disadvantages as for multiple databases in terms of updating, storing, 
and maintaining of the project. Sample of condition IDs could be A, B, C, D etc. and to filter for the 
conditions A, B and D a wildcard [ABD] can be applied.  
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Fig.1: Multiple Database Configuration 

 

 
Fig.2: Single Indicator Solution 

 
2.3 Dedicated Indicator Fields for Each Condition 
 
One solution is to have one field in the weight database dedicated for each condition needed and then 
flag the field corresponding to each condition in which the item is to be included. If the number of 
conditions is limited, this is a preferred solution by many. The items are only needed once, which 
reduces problems related to updating and storing to a minimum, and this makes the database relatively 
easy to maintain. However, it requires a system that is capable of handling the number of fields re-
quired for each condition. If the number of conditions gets too large, you will eventually run into 
problems on the database side for storing and maintaining all the columns. 
 
A series production in which every single product would need to be considered as a condition would 
represent a case where this method would fail, as you may find yourself needing hundreds of col-
umns. 
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Fig.3: Dedicated Indicator Fields Solution 

 
2.4 Phase Codes 
 
A phase code method is defined as a single indicator field that is combined with a “timeline.” The 
timeline can represent the building period or a series production. In the case of the timeline represent-
ing the building phase period, the point in time of start (usually set to 0) represents the construction 
start, and the endpoint in time (usually set to 100) often represents the delivery of the project. Various 
phases are defined to range from any start-point to endpoint on the time scale, and items tagged to a 
certain phase means that they are to be included in the calculation of weight and center of gravity 
throughout the period of time defined for the phase they are tagged to. Items that would be included 
from the very start until the delivery of the construction would in this case be tagged to a phase that 
would stretch throughout the whole timescale (in example from 0 to 100, given 0 to be the start and 
100 to be time of delivery). Temporary items to be included only in the first part of the building may 
range from, for example, 10 to 50, while items included only in the last part of the building time may 
be tagged to a phase defined to range from 30 to 90, in case of temporary items, or from 70 to 100 in 
case of permanent items. 
 

 
Fig.4: Example of Phase Code Definition 

 
Using this method for series production, the “timeline” may represent production units (vehicles, ves-
sels, or aircraft), and for a series production of 100 units stretch from 1 (the first unit) to 100 (last 
unit). Phases would be defined to represent the range of units a particular item would be valid for. 
Items to be included in every unit would be tagged to a phase ranging from 1 to 100. Items that would 
only be presents in units 20 to 70 would be tagged to a phase that would range from 20 to 70. 

Code Time In Time Out

Phase AD 0 30

Phase CH 20 70

Phase BF 10 50

Phase DJ 30 90

Phase HZ 70 100

Phase AZ 0 100
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Fig.5: Graphical Representation of the Phase Code Solution 

 
In both cases (building period and series production), the weight and center of gravity for a particular 
point in time (for a series production this would represent a particular unit) is calculated by adding up 
all items that are tagged to phases where that particular point in time would be included in the phase’s 
range. 
 
The advantage of this method is that items are only needed once in the database regardless of the 
number of the phases. It is very easy to deploy the weight items to a range of units or to stretch over a 
certain period of building time, and it is also a solution that is very scalable in terms of extending the 
timeline and updating the items. 
 

 
Fig.6: Table Setup for Phase Codes 

 
2.5 Mapping table 
 
As an alternative to flagging conditions for an item directly in a weight table, another approach is to 
store the relationship between an item and one or more conditions in a separate table. Fig.7 shows a 
data structure without a mapping table and the use of two fields for conditions. Fig.8 shows use of a 
mapping table. 

Timeline

0 10 20 30 40 50 60 70 80 90 100

Phase AD

Phase CH

Phase BF

Phase DJ

Phase HZ

Phase AZ

Filter: Weight at time: 55



347 

   
Fig.7: Two Dedicated Fields     Fig.8: Mapping Table Setup 
   
The advantage with this solution is that it is very flexible in terms of how many types of conditions 
you want to establish. The solution is also good as far as efficient storage (normalized data storing). 
The disadvantage is that this solution demands a more complicated user interface to provide a good 
overview. You cannot simply look up an item in the weight table to check which conditions the item 
is part of, as is the case with the solutions in sections Error! Reference source not found. and Er-
ror! Reference source not found.. 
 
2.6 Inheritance (Parent – Child) 
 
Another way of handling conditions is through inheritance; that is, to maintain all items that are par-
ticular to a specific condition in a separate database similar to a separate project, and then assemble 
the various parts to build up the complete set of data by referencing the various parts needed in a spe-
cific condition. 
 

 
Fig.9: Inheritance Table Setup 

 

 
Fig.10: Graphical Display of Parent-Child Method 

 

Items are inherited

by the children from

the parent project

Calculations and output from the children are items from parents combined with unique items for each child

PARENT

CHILD CHILD CHILD
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In its most simple application this would be represented in a “Parent-Child” relationship, where any 
“Child” project will “inherit” all data from the “Parent.” The end result will then be the combined data 
from the “Parent” and “Child.” A “Parent” can have any number of “Children” and the “Children” 
will represent items that are specific to the condition the “Child” represents. Of course, more compli-
cated relations can be set up as well. 
 
This method has the advantage of less updating, efficient storage of data, and can in some cases pro-
vide a good way to do What-If scenarios and concept evaluation. But, if the relationships become too 
complicated it may be difficult to maintain a good control of the data. 
 
3 Evaluation of Methods and Solutions 
 
To evaluate which method and solution is best for a particular project, a matrix of conditions and so-
lutions can be set up and points given on a scale from 1 to 6, where 1 represents a poor fit and 6 repre-
sents the best fit. 
 

Table I: Conditions versus Method and Solutions 

 
 
Similarly, a matrix can be set up of conditions and requirement and again points given on a scale from 
1 to 6, where 1 represents a poor fit and 6 represents the best fit. 
 

Table II: Requirement and Wishes against Method and Solutions 

 
 
4 Conclusion 
 
Weight and center of gravity are critical values in the successful design, bidding, construction, and 
operation of many different types of projects. Most projects are not just a simple list of items, with 
their weight and center of gravity; some projects are a series production, with items that are updated 
during the series run. Others have items that are only included during certain phases of production or 
operation, or may change locations over time. Yet others have items which deploy and change their 

Condition

Multiple 

Databases

Single Indicator 

Field

Dedicated 

Indicator Fields

Phase 

Codes

Mapping 

Table Inheritance

Design

Concept and Design Evaluation 3 2 5 2 5 4

Optimization and What-If scenarios 1 3 4 3 4 5

Loading Conditions 1 3 4 2 4 3

Configurations 2 4 4 2 5 5

Building

Building phases 1 4 4 6 5 2

Series productions, evolutions and modifications 2 3 4 5 4 3

Cost and Quantities 1 2 3 5 4 3

Operation

Loading Conditions 2 3 4 3 4 3

Weight Change Over Time 3 4 4 5 4 3

Materialhandling 4 2 3 5 4 3

Modification 2 3 4 5 4 3

Reanalyzing 2 3 4 5 5 5

Scrapping 2 3 4 5 5 5

Sum 26 39 51 53 57 47

Requirements and Wishes

Multiple 

Databases

Single Indicator 

Field

Dedicated 

Indicator Fields

Phase 

Codes

Mapping 

Table Inheritance

Avoid Update of Same Data 1 4 4 4 6 4

Lessen the Amount of Data 1 4 4 4 6 4

Maintain Overview and Simple Administration 1 3 4 5 4 5

Fast Response 5 5 5 4 4 3

Flexibility and Scalability 2 3 4 5 5 5

Database administration 2 5 5 5 2 4

Sum 12 24 26 27 27 25
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center of gravity, or have a different weight during operation than when originally installed. In all of 
these cases, a proper weight control system is required to deal with the complexity of the situation. 
Ideally, it would be flexible enough to handle the various situations with the most appropriate ap-
proach, to simplify the entry, storage, maintenance, and reporting of the data. 
 
This paper has highlighted some of the methods that can be used to handle various conditions that 
needs weight and center of gravity calculations, and looked into pros and cons of the methods against 
various conditions, challenges, requirements and wishes. The chosen solution for an individual project 
will always be a subjective decisions made from the constraints and properties belonging to the par-
ticular project, but from the results in Section 3 we can draw the conclusions as a general guidance 
that multiple databases should be avoided, and that phase codes and mapping table in many cases will 
come out as the most favorable solution. 
 

Table III: Terminology 
Term Definition 
Bulk Component or arrangement of components de-

fined as stock materials or of low complexity. 
Typically cabling, piping, painting, plating etc. 

CAD Computer Aided Design 

Center of gravity The average location of the weight of an item or 
construction 

CG Short for center of gravity 
CoG Short for center of gravity 
Component A part of complex categorized either as bulk or 

equipment 
Condition A state or mode for a construction during build-

ing og operation 
Construction A structure such as a building, a vessel, a vehi-

cle or an offshore platform consisting of many 
components 

Equipment Component or arrangement of components, built for 
specific function(s). Typically engines, pumps, 
control cabinets etc. 

ERP Enterprise Resource Planning 

Estimate Determination based on previous experience 
Horizontal center of gravity Center of gravity in the XY-plane 
Item A component 
Loading condition A specific configuration of load on a vehicle or 

vessel 
Vertical center of gravity Center of gravity in the Z (upward) direction 
Weight A measured heaviness for an item 
Weight distribution The apportioning of weight for a construction 

along a certain direction (axis) on a certain plane 
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Abstract 
 
In this paper, we introduce the preliminary results, obtained by exploiting the tool “Ship Energy 
Sustainability Analytics for Predicting fuel consumption” (SESAP), able to model on-board main 
actors involved in the different energy processes, such as auxiliary engines, Diesel Generators, 
mechanical and electrical loads: vessel fuel consumption are estimated through advanced state-of-
the-art Sustainability Analytics methods, allowing to enable information extraction from non-trivial 
asset modelling. The tool is general-purpose and, in this working prototype version, has been tested in 
the use case of ballast operations of a Very Large Crude Carrier (VLCC). 

 
1. Introduction 
 
Sustainability is one of the keywords in the transportation sector, Litman (2011): it encompasses 
remarkable multi-dimensional cross-sectorial efforts to formulate the best decisions to undertake from 
the point of view of reflecting the desire to create a positive and durable legacy with the need of 
making business and/or limiting operating costs, Gleason (2010). Sustainability, in this sense, can be 
seen as an integrated approach towards fulfilling the needs to coordinate decisions among different 
actors and jurisdictions, defining long-term agendas within which local and/or short-term policies can 
be effectively and straightforwardly integrated, Litman (2011). As a consequence, vision must be 
switched from a “good decision” making approach to a “best decision” making principle: in this 
sense, the capability of data analytics to build effective modelling of transportation assets enables 
appealing perspectives, for example related to optimization of operational parameters and conditions 
or to Return-Of-Investment (ROI) estimation of decisions concerning refitting and upgrading of 
assets, Deloitte (2010). 
 
Nevertheless, sustainability has no unique definitions, Litman (2011), as several can be found 
throughout literature, such as: “Sustainability is equity and harmony extended into the future, a 
careful journey without an endpoint, a continuous striving for the harmonious co-evolution of 
environmental, economic and socio-cultural goals.”, Mega et al. (1988). In this definition, the multi-
facet nature of sustainability emerges. It is possible to identify four sustainability aspects, Goodland 
(2002): Human, Social, Economic, and Environmental sustainability, also identified by the acronym 
HSE2. These facets are remarkably correlated one to each other, and can be inflated, in the 
transportation domain, with reference to the definition of sustainable transportation, NN (2005): 
 
“A sustainable transportation system is one that: 
• Allows the basic access needs of individuals and societies to be met safely and in a manner 

consistent with human and ecosystem health, and with equity within and between generations. 
• Is affordable, operates efficiently, offers choice of transport mode, and supports a vibrant 

economy. 
• Limits emissions and waste within the planet’s ability to absorb them, minimizes consumption of 

non-renewable resources, limits consumption of renewable resources to the sustainable yield 
level, reuses and recycles its components, and minimizes the use of land and the production of 
noise.” 
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One of the recurring concepts is related to the minimization and optimization of the usage of non-
renewable resources. Conventionally, this led to the well-known 3Rs principle – Reduce, Reuse, and 
Recycle (e.g. http://www.recycling-guide.org.uk/rrr.html). More ideas have been recently proposed to 
enhance such pillars: Reconsider, Recover, Repair and Restore can be seen as keywords, suitable for 
transportation domains, as worldwide crisis limited budgets, http://www.gdrc.org/sustbiz/green/doc-
proc_guidelines.html. As a matter of fact, economics deal only with scarcities, Goodland (2002), 
meaning that aspects mostly coping with social and environmental capital can be instantly projected 
onto the economic facet of sustainability, and vice-versa. In this sense, HSE2 sustainability can be 
seen not only as a way to impact operations, but also as bottom line savings and consequent 
improvements to transportation multi-facet efficiency, Gleason (2010). In a hierarchical vision, this 
can be mapped into a modification of habits and policies towards favouring and fostering people and 
freight movements through more sustainable transportation systems, which, in turn, should be made 
more HSE2 efficient and sustainable. 
 
In this sense, sea shipping is a relatively environmentally friendly mean of transport when compared 
to others modes. However, it is still an important source of air pollutants, mainly due to exhaust 
emissions of sulphur dioxide (SO2), carbon dioxide (CO2) and nitrogen oxides (NOX). The impacts on 
the environment represent an increasing concern in coastal areas and harbours with heavy traffic: the 
potential extension of Emission Control Areas (ECAs) to other important commercial scenarios, like 
the Mediterranean Sea, causes strong relationship and links between environmental and economic 
aspects to be forced. As a matter of fact, the reduction of ship harmful emissions into the air is both a 
constant challenge for all interested parties and an increasingly dominant policy driver. On the other 
hand, alternative fuels, which could be used to decrease pollutants emissions, are either too expensive 
or require that challenging investments are undertaken to upgrade engine technologies, Miola et al. 
(2009), which are unfeasible with the current worldwide market situation. The International Maritime 
Organization (IMO) has introduced greenhouse gas (GHG) emission reduction in its agenda since 
1995, but in recent years the effort to reduce emissions from the shipping sector has strengthened, 
mostly due to the boost given by green(er) economies and sustainability targets, IMO (2013). Many 
studies about CO2 emission demonstrated that, for many goods, shipping is the most efficient way of 
transport. Despite this, large rooms for improvement certainly exist and IMO is thrusting the maritime 
sector toward a more rational approach to ship energy and GHG emissions management. 
 
In a very broad sense, one of the main issues related to fostering sustainability, especially (though not 
solely) on the transportation domain, is related to the difficulties in contemplating some measures and 
performance indicators in decision making: in other words, decisions are often taken by focussing on 
easy-to-measure goals and impacts, while more complex indicators are neglected, Litman (2006). 
Sustainable decision-making thus aims at considering measures and quantities, regardless of the 
difficulty in computing or gathering them, by eventually being assisted by state-of-the-art data 
processing approaches. In this framework, IMO is developing some technical and economical 
instruments in order to introduce an emission regulation for the global fleet, IMO (2009a), IMO 
(2009b), IMO (2009c). As far as technical tools are concerned, two different emission indexes for 
vessels are proposed and already in use for some vessels: the Energy Efficiency Design Index (EEDI) 
and the Energy Efficiency Operational Indicator (EEOI). The former is used to assess the design of 
the vessel, the latter is adopted to evaluate the vessel in operation. Both indexes are measured by the 
ratio between emissions, in mass of CO2, and the transported cargo quantity per sailed distance. 
 
Currently, MARPOL Annex VI contains the ‘baseline’ values for three ship types (general cargo, bulk 
and tankers) while an important debate is focusing on the definition of the ‘baseline’ values for other 
ship categories, like ferry and cruise. Ship efficiency has always been a commitment for ship 
designers, but in the past its formal evaluation and eventual optimization were usually addressed 
qualitatively: this approach clearly does not fit any more sustainability targets, which must be 
thoroughly supported by the capability of performing informed decision-making and 
design/improvement of maritime assets. Thus, though only very recently, due to the concurrent 
situation of high bunker costs and IMO CO2 cap approach, ship efficiency has been raised to be the 
primary driver of ship design and operation and, as a consequence, more detailed calculation 
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procedures need to be adopted. The increasing sensorization in the maritime domain enables effective 
data gathering, Polanowsky (2011): nevertheless, although data are increasing in both quantity and 
quality, conventionally exploited statistical tools (e.g. spreadsheets) are not able to satisfy the 
requirements of effective decision making towards fostering HSE2 sustainability. In this sense, the 
development of Sustainability Analytics methods, i.e. data analytics approaches focussed on the 
sustainability framework, Deloitte (2010,2012)), represent a quantum leap to extract more complex 
and, often, useful measures, to plan activities, to monitor fuel consumption, and to undertake 
decisions concerning assets refactoring or upgrading. 
 
In this framework, the Department of Electrical, Electronic, Telecommunications Engineering, and 
Naval Architecture (DITEN) of the University of Genova has a long time experience in ship 
propulsion simulation, optimization techniques and emission reduction procedures. By marrying 
competences on data analytics in the department, the main aim of this work is to present a MATLAB® 
tool, namely “Ship Energy Sustainability Analytics for Predicting fuel consumption” (SESAP), able 
to model on-board main actors involved in the different energy processes, such as auxiliary engines, 
Diesel Generators, mechanical and electrical loads, in order to estimate vessel fuel consumption 
through advanced state-of-the-art Sustainability Analytics methods, allowing to enable information 
extraction from non-trivial asset modelling. Though SESAP is a general-purpose tool, that is able to 
model fuel consumption for a whole layout diagram of a diesel engine, we currently focused, in these 
first phases of the tool implementation, on the ballast scenario: during this phase (lasting 
approximately for 24 hours), the vessel unloads crude oil and embarks ballast water. The fuel 
consumption and pollutants emissions in this phase weigh on the “greenness” of the vessel, in 
addition to having important economic fallouts. In particular, we focussed on auxiliary systems of a 
Very Large Crude Carrier (VLCC), by modelling in SESAP the Induction Motor (IM) driving the 
ballast pump, the Synchronous Generator (SG), the Diesel Engine (DE) and the Electrical Load (EL). 
The proposed model grounds its roots back on a first tool, developed by the authors in the framework 
of the EU research project “REFRESH – Green retrofitting of existing ships”, able to evaluate the fuel 
consumption and the exhaust emissions of a ship in a seaway both in steady state and in transient 
conditions, Coraddu et al. (2013). However, the models exploited so far allowed to identify a good 
agreement between measured and simulated data only when operational conditions are close to 
nominal values: a more uniform optimization of working conditions of the asset can lead, instead, to 
remarkable economic and environmental advantages. In order to extend the descriptive capabilities of 
the model, we propose to use state-of-the-art Sustainability Analytics techniques, able to extract a 
reliable and accurate estimation of fuel consumption profile from a set of available data related to the 
engine.  
 
However, manufacturers usually supply only few measurements in terms of Specific Fuel Oil 
Consumption (SFOC): as a consequence, modelling the whole fuel consumption profile is a tough 
task. However, manufacturers’ information can be put aside to some test bench experiments, for 
which fuel consumption is known, in order to derive a set of Power / Speed / Consumption triples. 
Then such points are exploit to derive an accurate model of the diesel engine at different working 
conditions through Analytics approaches. In particular, some experiments have been conducted in the 
framework of verifying and validating SESAP, starting from data collected on board of the above-
cited tanker. As shown in this work, the SESAP tool allows modelling the electrical network, from the 
diesel-generators to the main auxiliary loads, in order to estimate the performance of the engine and 
consequently offering a platform for supporting informed decisions towards profiling the real 
behaviour of the system and maximizing both economic (in terms of fuel saving) and human, social 
and environmental (in terms of pollutants emission sparing) sustainability. 
 
The potential impact of the application of data analytics approaches towards improving sustainability, 
inflated according to the considered scenario, is endorsed by the real-world application of the 
preliminary studies that served as ground for developing SESAP, to the case study of the Italian 
aircraft carrier “Cavour”. In this case, part of the effort was devoted to optimizing the propulsion 
control system with respect to minimum fuel consumption, Figari et al. (2007), Soares et al. (2009). 
Analogously, the approach is being adopted to optimize the Italian frigate FREMM propulsion 
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system, Altosole et al. (2010). The analysis of the various aspects affecting the carbon footprint of 
ships, in lieu of the recent MARPOL requirements, has also been carried out for two Italian shipping 
companies, and improvements of fleet energy management techniques has been investigated, Figari et 
al. (2011), Coraddu et al. (2012a), Coraddu et al. (2012b). These preliminary studies are planned to 
be enriched and improved through the exploitation of the here-presented SESAP tool. 
 
2. Model Description 
 
2.1. Introduction 
 
The electrical power network of a generic ship can be represented by a set of Diesel Generators (DGs) 
feeding electrical loads (rotating machines or other electrical subsystems) through power transformer 
units and distribution cables. Once the behaviour of the mechanical load at each motor shaft (resistant 
torque) and the (active and reactive) power required by the other electrical subsystems are known, an 
integrated analysis should be carried out to estimate the power demand at the bus‐bars of each Diesel 
Generator in steady state conditions. Assuming load request and regulated voltage at DG bus‐bars to 
be known (from a mechanical or electrical point of view), a typical non‐linear problem must be 
solved. Line current for each electrical item is a function of its feeding voltage, which is in turn a 
function of the absorbed current. Such a problem becomes non-trivial if the behaviour of the network 
has to be studied, by taking into account model and mutual interactions of the electrical items. 
 
A simplified analysis, based on the assumption that each electrical item is fed at the rated voltage at 
the connection point, avoids the management of non‐linear constraints. A preliminary study, carried 
out by the authors, has demonstrated that such simplifications brings an acceptable error (a few 
percent) on the estimate of fuel consumption whenever distribution lines are correctly sized and 
taking into account daily operating conditions. The proposed approach can be effectively exploited to 
solve any kind of electrical network lay‐out by suitably interfacing different machine models. 
 
The Marine Technology team of DITEN has developed a simulator consisting of a set of routines that 
represent the various elements of the ship electrical power network, namely Diesel engine, 
Synchronous Generator, Induction Motor, Transformer and Distribution line. The implementation of 
the numerical code has been made in MATLAB-SIMULINK® software environment, a wide used 
platform for system simulation. This tool represents the basis for the deployment of the SESAP tool, 
which builds on these first achievements by integrating advanced Sustainability Analytics approaches, 
introduced in the next section, to ignite the added value of the generated results. 
 
Electrical items are modelled through conventional single phase equivalent circuits in steady state 
conditions. For instance, the Induction Motor equivalent model allows computing the active and 
reactive power absorbed by stator windings once known mechanical load torque. 
 
2.2. Sustainability Analytics 
 
As highlighted in the paper’s introduction, one of the main objectives when targeting the 
improvement of HSE2 sustainability in the maritime transportation is based on the optimization of 
working conditions of on-board systems, to spare fuel (and limit emissions). In this regard, a fine 
estimation of engine consumption models, based on mechanical brake power (�) and rotational speed 
(�), is of fundamental importance: Sustainability Analytics approaches, with particular reference to 
Descriptive Analytics methods, play a central role in extracting non-trivial information from amounts 
of raw data, collected from sensors and heterogeneous inputs and concerning the monitored asset. The 
learning process for Analytics methods usually consist of two phases: 
 
1. During the training phase, a set of data is used to induce a model that best fits them, according to 

some criteria; 
2. Then, the trained model is set in motion into the real application during the feed-forward phase. 
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With reference to enhancing the analytics capabilities of SESAP, the purpose is to estimate SFOC 
based on speed and power, so to reconstruct a complete layout for the considered engine. Generally  
speaking, this is the standard regression problem, Vapnik (1998), Cristianini et al. (2000), Lee et al. 
(1998), where analytics methods are used to induce an approximation function based on a set of 

training data �� = ��	
, �
, ⋯ , �	�, ���, where 	� = ���
��� ∈ ℜ� 	�� = 1, … , � are the inputs and 

�� ∈ ℜ the corresponding outputs. In the considered application, � = 2, as speed and power values 
are exploited as inputs, and the output �� corresponds to the value of SFOC. As we are targeting 
Descriptive Analytics approaches, a function (or regressor) ℎ�	, such that ℎ:	ℜ� → ℜ, is learnt by 
inducing the relationship between inputs and outputs. The accuracy in representing the real 
(unknown) relationship between inputs and outputs is measured throughout the training phase 
according to a loss function ℓ�ℎ�	, � such that ℓ: ℜ → ℜ. In particular, the empirical error 
computes the average discrepancy per sample, reported by a model on the training patterns: 

#$��ℎ 	 = 	 1% & ℓ�ℎ�	�, ��
�

�'

 (1.1) 

A simple criterion for selecting the final model during the training phase could then consist in simply 
choosing the approximating function that minimizes the empirical error #$�ℎ, Lugosi et al. (1995): 
this approach is known as Empirical Risk Minimization (ERM). However, ERM is usually avoided in 
Analytics methods as it leads to severe overfitting of the model on the training dataset: as a matter of 
fact, in this case the training process chooses a model, complicated enough to perfectly describe all 
the training samples (including noise, which afflicts them). In other words, ERM implies 
memorization of data rather than learning from them. A more effective approach is represented by 
minimizing a cost function, where the trade-off between accuracy on the training data and a measure 
of the complexity of the selected approximating function is implemented, Tikhonov et al. (1979), Engl 
et al. (1996). 

ℎ∗:			)*+	,-%.∈ℋ 	#0��ℎ + 2	∁�ℎ (1.2) 

Thus the best approximating function ℎ∗ is chosen as the one that is complicated enough to learn from 
data without overfitting them. In particular, ∁�ℎ is a complexity measure: depending on the exploited 
Analytics approach, different measures are realized, Wolpert et al. (1997). Instead, 2 is a 
hyperparameter, that must be aprioristically set and is not obtained as an output of the optimization 
procedure: it regulates the trade-off between the overfitting tendency, related to the minimization of 
the empirical error, and the underfitting tendency, related to the minimization of ∁�ℎ. The optimal 
value for 2 is problem-dependent, and tuning this hyperparameter is a non-trivial task: the authors will 
devote a particular attention to this problem in the following. In this particular application, we employ 
the Regularized Least Squares (RLS), Györfi (2002), Pollard (1990), Caponnetto et al. (2007). In 
RLS the regressors are defined as: 

ℎ�	 = 45Φ�	 (1.3) 

where a nonlinear mapping Φ ∶ ℜ� → ℜ8 with d ≪ D is applied in such a way non-linearity is 
pursued while still coping with linear models. The complexity ∁�ℎ	of the approximation function is 
measured as: 

∁�ℎ = ‖4‖== (1.4) 

i.e. the Euclidean norm of the set of weights describing the regressor, which is a quite standard 
complexity measure in Analytics approaches (e.g., Vapnik (1998)). Regarding the loss function, the 
Mean Squared Error (MSE) loss is adopted: 

#$��ℎ 	 = 	 1% & ℓ�ℎ�	�, ��
�

�'

= 1

% &>ℎ�	� − ��@=
�

�'

 (1.5) 

Consequently, Equation (1.2) is reformulated as: 

4∗: )*+	,-%A = 1
% &>45B�	� − ��@= + 2‖4‖==

�

�'

 (1.6) 
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By exploiting the Representer Theorem, Schölkopf et al. (2001), the solution ℎ∗ of Equation (1.6) can 
be expressed as a linear combination of the samples projected in the space defined by Φ: 

ℎ∗�	 = & C�B5�	�B�	
�

�'

 (1.7) 

According to the kernel trick, Cristianini et al. (2000), Schölkopf (2001), it is possible to reformulate 
ℎ∗�	 without an explicit knowledge of Φ by using a proper kernel function Κ�	�, 	 =
Φ5�	�Φ�	: 

ℎ∗�	 = & C�E�	�, 	
�

�'

 (1.8) 

Several kernel functions can be retrieved in literature Cristianini et al. (2000), Schölkopf (2001), but 
the Gaussian Kernel (GK) and the Polynomial Kernel (PK) functions are among the most widespread 
functions: 

E�	� , 	F = GHIJKLHKMJN
N
 (1.9) 

E�	�, 	F = O	�5	F + PQR
 (1.10) 

where S and T are hyperparameters, that must be aprioristically tuned (analogously to 2). In 
particular, for small values of S and T, simpler functions are realized (for S, T → 0, a linear regressor 
is realized); instead, if large values of S and T are employed, more complicated functions can be 
depicted. 
 
Let us define � = >�
, ⋯ , ��@5, α = >α
, ⋯ , α�@5, the matrix Κ such that Κ�F = Κ�	�, 	F, and the 
Identity matrix Ι ∈ ℜ�×�, a matrix-based formulation with kernels of Eq. (1.6) can be obtained: 

C∗:			)*+	,-%Y 	1% ‖EC − �‖== + 2	C5EC (1.11) 

By setting equal to zero the derivative with respect to α, the latter can be found as: 

�K + n	2	Ι	α∗ = � (1.12) 

This is a linear system for which effective solvers have been developed throughout the years, allowing 
coping with very large sets of training data, Young (2003). A proper fine-tuning of the hyper-
parameters 2,	S and T is nonetheless an open problem. Several methods exist for this purpose: out–of–
sample methods, like the k–Fold Cross Validation (KCV) approach, Kohavi et al. (1995), represent 
the state-of-the-art model selection techniques when targeting several applications, Anguita et al. 
(2012a). In KCV, the original dataset �� is split into k independent subsets (namely, the folds), each 
one consisting of n/k samples: (k − 1) parts are used, in turn, as a training set, and the remaining fold 
is exploited as a validation set, Kohavi et al. (1995), Anguita et al. (2009), Dietterich (1998), Bradley 
(1979). The procedure is iterated k times. In practice, k = 5, 10 or 20 represent feasible choices in the 
largest part of applications, Anguita et al. (2012b), Hsu et al. (2009). 
The KCV procedure for RLS is presented in Algorithm 1. Given a training set ��, a fixed number of 
folds k, and a grid of values (i.e. a grid for 2 and S in the case of GK, and 2 and T for PK), the original 
dataset is split into k folds, as a first step. Let \ = �1, ⋯ , %� be the set of indexes of the samples in ��; 
then, k sets of indexes \], ^	 = 1, ⋯ , � are created. These subsets are such that: 

_ \] = \		⋁		a \] = 0
�

]'


�

]'

 (1.13) 

The best error for the KCV procedure is initialized to #bcd∗ = 	 +∞. Then, for every possible set of 
values in the grid for the hyperparameters tuple, (2, S) for  GK or (	2, T) for PK, a KCV stage is run. 
At the t-th KCV step, the patterns in the validation set are indexed by \], while the training set 
consists of the remaining samples, whose indexes are \\\]. A model is then induced from the training 
set and its performance is verified on the validation patterns by computing the empirical error 



356 

	#$]�/��ℎ] = 	 1
%/� & ℓ�ℎ]�	�, ��

�∈ij
 (1.14) 

After the k KCV steps are over, the estimated generalization error for the hyperparameters tuple can 
be computed by averaging the t empirical errors on the validation sets: 

#bcd = 		 & #$]�/��ℎ]
�

]	'

 (1.15) 

If the obtained error is lower than the best #bcd∗  reported so far, the hyperparameters tuple is saved as 
potential best configuration for the learning procedure.  
 
Finally, in the framework of the KCV procedure, k models are created at every step. Once the best 
tuple is found, the final model is trained on the whole set �� by running the learning procedure where 
hyperparameters are set to the identified best values. 
 
Algorithm 1  The k-Fold Cross Validation (KCV) model selection procedure for RLS. 
Require: 	, �, a grid of hyperparameter 2, S or T 
 

1: #bcd∗ = +∞ 
2: �2∗, S∗ = �+∞, −∞ 
3: \] = split	\, ^ = 1, ⋯ , � 
4: for all  2, S or T do 

5:  Let O2�p, S�pQ		q*	O2�p, T�pQ be the current hyperparameters tuple 
6:  #cbd = 0 
7:  for ^ = 1	 → � do 

8:   
Train ℎ] with RLS Equation (1.12) on the set of data indexed by \ ∖ \], by using the hyperparameter tuple 
O2�p, S�pQ		q*	O2�p, T�pQ 

9:   Compute #$]�/��ℎ] according to Equation (1.14) 

10:  end for 
11: 	 Compute #bcd according to Equation (1.15)	
12:  if #bcd < 	 #bcd∗  then 
13:   #bcd∗ = #bcd 
14:   �2∗, S∗	q*	�2∗, T∗ = O2�p, S�pQ		q*	O2�p, T�pQ 
15:  end if 
16: end for 
17: Train ℎ∗ with RLS Equation (1.12) by using the whole set 	 and the tuple �2∗, S∗	q*	�2∗, T∗ 
18: return ℎ∗ 

 

 
Fig.1: Schematic layout of the electrical plant 
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3. Case Study 
 
The case study, on which the SESAP tool has been first applied and validated, refers to a VLCC 
tanker. The behaviour of the electrical plant of the vessel has been studied over a 24-hour time 
window in a ballast framework, in which operations are mostly devoted to discharging operations. 
Fig.1 shows a schematic layout of the electrical plant . Due to the aim of this analysis, in the figure, 
only the two Diesel Generators and the two Induction Motors of the ballast pumps are clearly 
identified as single items, being the remaining electrical loads grouped into “Base Load” blocks. For 
electrical generation, each group is composed of a 1280 kW Wärtsilä Diesel Engine coupled with a 
1500 kVA TAIYO 3 – phase brushless Synchronous Generator. Table I gives main data of Diesel 
generators. Table II gives plate data of TAIYO Induction Motors utilized to drive ballast pumps. 

 
Table I: Plate Data of Diesel Generator 

AC Synchronous Generator  Diesel Engine 

Variable Symbol Value  Variable Symbol Value 

Rated Power tu 1500 kVA  Rated Power �v 1280 kW 

Rated Voltage wu 450 V  Rated Speed %u 900 rpm 

Rated Current xu 1925 A  Cylinder number %p 8 

Number of poles � 8  Cylinder bore y 200 mm 

Rated Frequency zu 60 Hz  Stroke { 280 mm 

Rated Speed %u 900 rpm  Compression ratio |} 15 

Rated power factor Tzu 0.8  Mean effective pressure T~� 24.3 bar 

 
Table II: Plate data of ballast pump 3–phase Induction Motor 

Variable Symbol Value 

Rated Power tu 380 kW 

Rated Voltage wu 440 V 

Rated Current xu 610 A 

Number of poles � 6 

Rated Frequency zu 60 Hz 

Rated Speed %u 1170 rpm 

Rated Torque �u 3100 Nm 

 
3.1. Diesel Engine Modelling 
 
In order to induce the relationship between �, � and SFOC, the Sustainability Analytics regression 
approaches described in Section 2.1 have been applied. In the considered scenario, the training set is 
composed of data supplied by two main sources. On the one side, data are supplied by the 
manufacturer, which give some diesel engine working condition in terms of �, �	 and SFOC. The 
values of N and �	are referred to 100% of their rated value %u and �v respectively, Table I. The data 
supplied by the manufacturer are inserted in a training subset #��, composed of %� = 12 samples. The 
second subset of training data are gathered in the framework of an energy audit performed on-board, 
in the framework of the EU FP7 REFRESH project: the samples are expressed in terms of �, �	and 
SFOC. These data constitute a dataset ��� 	composed on %5 = 4 samples. The overall training set �� 
is then simply derived by merging #�� and ���. 
 
Given the considered ballast framework, it is possible to consider two different scenarios: namely, the 
Synchronous Speed Scenarios (SSS) and the General Speed Scenarios (GSS). Fig.2 shows the datasets 
#�� (solid circles) and ��� (empty circles) together with the DE layout (continuous line) and DE 
maximum overload curve (dashed lines). 
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Fig.2: Datasets representation in Diesel Engine Layout 

 

  
Fig.3: Synchronous speed scenarios: Gaussian (left) and Polynomial (right) Kernels 

 
 

3.1.1. Synchronous Speed Scenarios 
 
Synchronous Speed Scenarios (SSS) are built by considering a fixed speed case, representing a DG 
machinery operating at synchronous speed. In this case, the regression problem is simplified, since 
only � varies and � is fixed to 100% of the synchronous speed. With Algorithm 1, one obtains the 
results shown in Fig.3 (left) when GK functions are exploited and Fig.3 (right) by using KP functions. 
Fig.3 shows also data limited to the case of �=100%: in particular #�� (solid circle) and ��� (empty 
circle). There is a general good agreement between prediction and measured data. The GK better suits 
the needs of the considered application scenario. 
 
3.1.2. General Speed Scenarios 
 
In General Speed Scenarios (GSS), authors aim to investigate the entire behaviour of the SFOC in the 
DE layout. This task is not strictly linked to the problem under exam in this paper, since the DG 
works at constant speed (synchronous speed) in ballast operations: however, the analyses carried out 
for GSS allow to demonstrate the general purpose nature of SESAP, which is key to enable a 
comprehensive numerical tool for simulating, predicting and analysing the overall energy 
consumption profile of a ship. Moreover, from an analytical point of view, learning the entire profile 
surface (GSS) instead of the single SSS allows to exploit other experimental and manufacturer data, 
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which should enable to improve the prediction in the SSS case in a virtuous feedback loop 
perspective. In order to learn the entire profile surface, authors performed the same analysis carried 
out for the SSS. In particular, all data reported in Fig.2 has been exploited and the procedure 
described in Section 2.1 has been applied. In Fig.4, the results of the learning phase are reported, 
where GK functions have been used. Fig.4 (left) shows the contour line of the learned SFOC surface 
projected on the �, � space. Fig.4 (right) shows the SFOC at � = 100%, analogously to Fig.3 for the 
SSS case. 
 

  
Fig.4: General speed scenarios: Gaussian Kernel 

 
Analogously to Fig.4,  Fig.5 shows the results obtained where PK functions are used. Also in the 
general case, Gaussian Kernels lead to more realistic and reasonable results (with reference to 
physical behaviour of a DE) than the values derived with Polynomial Kernels, whose usage leads, in 
turn, to inaccurate representation of the DE behaviour. 
 
 Fig.6 compares the results obtained in the GSS (solid line) and SSS (dashed line) scenarios, when 
Gaussian (left) and Polynomial (right) Kernels are exploited. For GK, the results obtained in GSS are 
comparable to the one obtained in the SSS: thus, with a small further effort, the SESAP tool is able to 
derive a general representation of the relationship between SFOC, � and � without compromising the 
performance in the SSS case. For what concerns PK, instead, the general representation allows to 
improve also the SSS case, as the curve converges to the results obtained with GK. 
 

  
 Fig.5: General speed scenarios: Polynomial Kernel 
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 Fig.6: Comparison between the GSS (continuous line) and SSS (dash line) approach in the case of 

synchronous speed for Gaussian (left) and Polynomial (right) Kernels 

3.2. Simulation 
 
In order to test the results obtained in Section 3.1.2, the authors implemented a first working prototype 
of SESAP by plugging the learned surface into the simulation MATLAB tool, so to exploit the value 
of main electrical quantities at Diesel Generators bus-bars recorded during the energy audit and 
representing a complete ballast scenario.  Fig.7 shows the time behaviour of the acquired active and 
reactive power for both Diesel Generators. Here reactive power always refers to the request of items 
whose impedance is characterized by a phase lag. Starting from the total active and reactive power 
request ( Fig.7), the authors have estimated the power request of the Induction Motors driving the 
ballast pumps (when operating). Assuming the induction motors are running at a constant speed 
during operation, it has been assumed each of them is absorbing an active power of 190 kW and a 
reactive power of 85 kVAR (phase lag), providing a shaft torque of 1420 Nm at 1186 rpm. As a 
consequence, total active and reactive power request at the bus-bars of the two Diesel Generators can 
be assumed equal to the request of two electrical base loads, plus a continuous request of 380 kW and 
170 kVAR in the following times windows �
 = �^ ∈ >0, 7870@�, �= = �^ ∈ >64880, 70000	@�, 
�� = �^ ∈ >82100, 86220	@�, assuming t = 0 s represents the start of the recording. 
 

 Fig.7: Time behaviour of active (right) and reactive power (left) at Diesel Generator bus-bars 
 
Once the architecture of the electrical plant and the operating characteristics have been identified, the 
simulations has been set up taking into account only the best results of the Sustainability Analytics 
module. In particular in the Diesel Engine SIMULINK® block ( Fig.8), the learned surface (in the 
GSS framework) obtained using GK functions has been exploited. The overall SIMULINK® model of 
the electrical plant (for one line) is depicted in  Fig.8 and mainly consists of one Diesel Generator 
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(Synchronous Generator and Diesel Engine models) and one Induction Motor. As far as the Induction 
Motor is concerned, the model has been parameterized thanks to a procedure defined by the authors 
starting from the plate data reported in Table II. 

 
 Fig.8: Ship Energy Sustainability Analytics for Predicting fuel consumption (SESAP) SIMULINK® 

overall model 
 
In this operating point, the reactive power absorbed by the motor would equal 139 kVAR (phase lag): 
for this reason, the SIMULINK® model contemplates a node, where the reactive power of the Induc-
tion Motor is summed to the reactive power of a three-phase capacitor bank absorbing 54 kVAR 
(phase lead). This allows modelling a total reactive power request of 85 kVAR (phase lag). Such a 
modelling approach implies that an identical behaviour of the two electrical lines can be depicted to 
equally distribute the reactive power: in other words, the same power request for each DG is consid-
ered. In the analysed case study, this simplification turns out to be acceptable (at least in the frame-
work of the analysis and given its purpose) if the recorded behaviour of active power of each DG is 
considered. The results of the simulation are reported in  Fig.9, where time behaviour of SFOC for DE 
No. 1 is depicted. As expected, in the time windows when the ballast pumps are running (�
, �=, ��), 
the electrical load increases, consequently the working point in the DE layout is characterized by a 
contour line of the learned SFOC surface projected on the �, � space at lower SFOC value. 
 

 
 Fig.9: Time behaviour of SFOC (right) for Diesel Generator No. 1 

 
Finally, in  Fig.10, the time behaviour of total Fuel Flow Rate is reported. To quantify overall con-
sumption over the considered 24-hour operations, total Fuel Flow Rate ( Fig.10) has been integrated 
in the time domain. The outcome of this analysis has been 6941 kg for the simulated consumption. 
Given the possibility of estimating the fuel usage and, proportionally, the emissions, SESAP positions 
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as a key tool to foster sustainability, as it enables the possibility of optimising the engine exploitation 
layout depending on the tasks and operations to be carried out in the scenario. 
 

 
 Fig.10: Time behaviour of total Fuel Flow Rate 

 
4. Conclusions 
 
New requirements introduced by IMO will force maritime community to adopt design and 
management approaches, aimed at reducing worldwide greenhouse gas emission. This will have a 
direct positive impact on the reduction of fuel consumption and consequently on the amount of 
emissions and operating costs. In this paper, a simulation tool, powered by Sustainability Analytics 
capabilities, has been presented, which is key to evaluate fuel consumption of a vessel. To this aim, 
the authors have modelled the electrical network, from the Diesel Generators to the Induction Motors 
driving ballast pumps and main auxiliary loads. A simulation of a 24-hour time window, mainly 
devoted to discharging and ballast operation, has been performed. The SESAP tool represents a 
working prototype for performing the energetic analysis of a vessel. In order to allow the whole 
energy optimization of the vessel, we plan to integrate such tool with other components, representing 
the ship propulsion and eventually other major on-board consumers. 
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Abstract 
 
Early stage marine design contains high uncertainty while affording designers flexibility to alter the 
design. An ideal early-stage optimization approach should investigate the design space, while concur-
rently learning problem structure and variable dependencies. The Bayesian Optimization Algorithm 
(BOA) applies Bayesian learning in an optimization process to develop a network representing the 
design variable space. Network analysis is then conducted to determine information about the varia-
bles, objective function and constraints shaping the design space. The optimizer is demonstrated on a 
notional US Navy TCraft midship section. Results are analyzed and discussed to highlight the learn-
ing potential of the BOA. 
 
1.  Introduction 
 
Engineers constantly require rigorous methods to design solutions to complex problems. Based on the 
varied topologies, size, scales and objectives of these design problems many unique processes have 
arisen to efficiently confront unique aspects of each problem. Marine design problems have continual-
ly pushed boundaries of size and scale in design and optimization due to the wicked nature and large 
scope of the problem. As the dimensions of problems have grown in both objective function and inde-
pendent variable spaces, optimization techniques have arisen to best solve these niche problems. In 
marine structural design and optimization, the massive number of scantlings and discrete nature of 
fabrication favors the use of heuristic optimization routines. These optimization routines are often 
numerically intensive simulations in order to robustly sample a design variable space. In many opti-
mizers a large number of evaluations are discarded while highly fit points are used to determine a 
single robust preferred design which is considered optimal. However the entire sample space is gov-
erned by a series of relationships and interactions that may or may not be known to designers at the 
time of the optimization. A strategy to counter this uncertainty involves learning within the optimiza-
tion loop to capture the information provided by selected design points. The Bayesian Optimization 
Algorithm (BOA) provides a framework to conduct Bayesian inference and learning on a network 
representing the interactions between design variables, Pelikan et al. (1999). This network may then 
be analyzed in order to determine relevant relationships, dependencies, or responses of the design 
variables and functions. By capturing local interactions between variables in such a network, the BOA 
has been shown to be very good in solving decomposable problems – those in which the constraints or 
objectives are individually strongly correlated to only a few design variables. In addition to develop-
ing a current optimal design, this network can help naval architects understand how the design may 
respond to changing parameters and design constraints. 
 
1.1 Heuristic Optimization in Marine Structural Design 
 
Marine structural design has a rich background in the use of heuristic optimizers to determine appro-
priate scantlings satisfying a range of objective functions, Hughes et al. (1980). Methods such as a 
particle swarm optimizers Diez and Peri (2010), Hart and Vlahopoulos (2010), Pinto et al. (2007), or 
Genetic Algorithms, Klanac and Jelovica (2009), Sekulski (2010) have shown excellent ability to 
analyze complex, discontinuous spaces and produce highly preferred design points given single or 
multiple objectives and a set of constraints. Some of these optimizers rely on natural or evolutionary 
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processes to advance the fitness of a single population pool. Various techniques are applied to best 
suit the niche problem as characterized by Fieldsend (2013). This however often lacks the ability to 
identify the underlying design drivers forcing the solution to the identified preferred variable vector. 
The designer would be better served to instead understand why the evolution prefers certain designs 
and to concretely characterize these relationships. 
 
In earlier structural designs this may have been accomplished through rules of thumb or experienced 
designers.  These designers intuitively understood these relationships and could predict the response 
of the design to early stage changes and adjust accordingly. More modern designs however often in-
corporate an intractable number of variables for a single designer to conceptualize and interpret. Addi-
tionally, new and innovative designs may lack the traditional knowledge needed to make such as-
sessments. Therefore a mechanism which could return some of this knowledge back into the design 
process would be an invaluable early stage tool. The BOA shows the potential to do this through the 
construction of a Bayesian network and learning of conditional probabilities within the variable set. 
 
Modern marine structural design may be classified as a design problem of nearly decomposable na-
ture with respect to objective function and constraint evaluation. That is to say that for a large majori-
ty of evaluations only a very small subset of design variables are needed to accurately assess function 
values and constraint violations. There are however few non-decomposable functions and evaluations 
that require the entire design variable vector to assess function values and constraint violations. The 
BOA is uniquely suited to address this design niche due to its utilization of Bayes Theorem. It can 
efficiently solve the decomposable portions of the design in an efficient manner. The best possible 
network representation of a nearly decomposable problem should in some way identify the smaller 
decomposable portions of the problems as communities, with edge connections between the commu-
nities to satisfy non-decomposable portions of the problem. 
 
1.2 Learning & Bayesian Networks 
 
Many heuristic optimization routines create a model of the design problem and use this model to con-
duct optimization. A more recent push has been made to learn problem structure or characteristics 
during the stages of optimization, e.g. Deb et al. (2014). Niche specific learning strategies are used 
depending on problem type and composition. Bayesian networks show great promise in their ability to 
describe complex relationships for a large number of variables. By coupling a graphical representation 
to a systematic learning strategy, a given data set can be represented in a Bayesian network. The BOA 
combines the evolutionary advancement of a single design candidate population with Bayesian learn-
ing metrics to solve a given problem. As the population advances, a Bayesian network is constructed 
to describe a selected highly fit subset of population members in each generation. This network crea-
tion and refinement process is combined within an evolutionary optimizer to form the BOA. To sup-
plement each successive population, the refined conditional probabilities are propagated from root to 
leaf, forming a new population which follows the previously encoded distribution. In this way, the 
optimizer simultaneously selects intelligent search locations for highly fit candidates while also de-
scribing dependencies between nodes.  
 
When done iteratively design knowledge is captured in the learned network structure and conditional 
probability distribution in each network node. This differs from other evolutionary schemes in that 
often design information is only captured by the high level of fitness of an individual. Instead the 
structure and probability distributions have the potential to dictate problem composition. The task 
then becomes extracting relevant information through the use of simplistic network analysis methods. 
To be applicable to a wide variety of design cases, simplistic network metrics are more favorable in-
dicators to consider. Ideally, a simple analysis of the network identifies critical variables and/or condi-
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tional dependencies that the designer can then document and investigate as the preliminary design 
becomes more complete and complex. 
 

 
Fig. 1: Flowchart of the Bayesian optimization algorithm 

 
2.  Methodology 
 
2.1 Structural Test Case 
 
In order to test the optimizer a test case was developed. The BOA was previously vetted on an initial 
structural optimization, Devine and Collette (2013). Initial tests sought to quantify the BOA's compu-
tational efficiency on a structural problem characterized as nearly decomposable. The computational 
simulation has been revised to provide insight into the network creation of the BOA. Using a similar, 
but more simplistic approach as that proposed by Rahman and Caldwell (1992), a midship half-
section was developed. The idealized midship section was subjected to primary vertical bending re-
sponse. The US Navy Tcraft is used as an example midship half section for simulation. The Tcraft 
was a notional surface effect ship (SES). This class of craft was previously studied by Jang et al. 
(1996). The Tcraft was designated to be used in the littoral region rapidly transporting troops and 
equipment on cushion, while loitering or transiting in a displacement state. The hull geometry is 
unique and with a lack of predefined structure, lends itself well to early design exploration. A simplis-
tic hull geometry is defined by a series of 6 grillages. 
 
Grillage size and orientation were arranged so as to mimic a surface effect ship. The corresponding 
structure would represent the primary longitudinal load carrying members, but the level of detail cor-
responds most closely to a very early stage design. The grillages are designated into functional areas 
with corresponding pressure values and required strength thresholds. Each individual grillage is de-
fined by a characteristic stiffened T-panel. The T-panel is thus defined by a series of 3 variables, plate 
thickness ��, Stiffener Type �� and plate span which is determined by number of stiffeners per grillage �. In this implementation all variables are given 8 discrete possible states. Therefore 6 grillages with 3 
unique design variables yield a total of 18 variables. 
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Fig.2: Idealized TCraft midship section. Identifies 6 unique grillages within the half-section,  
          providing dimensions and functional areas for application of the ABS HSNC Rules 
 

 
Fig.3: Geometric representation of the stiffened TPanel element 

 
The design midship half-section is singularly optimized for cost. The cost estimation function is taken 
from previous work by Rahman and Caldwell (1995) and has been further investigated by Rigterink et 
al. (2013). The cost of each grillage is estimated prior to constraint investigation and the total cost of 
each grillage is added to form a preliminary structural cost. 
 ��� � �	 
 �� 
 �� 
 � 
 �� 
 
In this manner, the objective function is nearly decomposable. The cost of each grillage additively 
contributes to the overall cost. 
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The non-decomposable portion of the design enters through the application of constraints. Two types 
of constraints were applied to the structure, derived from the ABS High Speed Naval Craft rules, ABS 
(2007). Due to the level of fidelity of the idealization, only a smaller subset of the entire rules was 
used to constrain the design space. A global constraint on the minimum section moment of inertia was 
applied according to hypothetical ship particulars. 
 ��: �������� ≥ ���� 
 
This is the critical non-decomposable constraint within the optimization formulation. Every piece of 
structure within the section will contribute towards the required moment of inertia, thus the entire 
design variable vector is needed for evaluation. Two further local constraints were applied to each 
grillage. The plate thickness �� was required to meet a specified minimum thickness, which was de-
pendent on the pressure, the functional location requirement, and the resulting span. 
 

��: �� ≥ �	� �� 1000	#$ 

 
Finally the moment of inertia of the stiffener was constrained to affect the failure mode of the struc-
ture. 

�%: ����&& ≥ 260� ��)%*+,  

 
Constraints �� and �% are decomposable in nature. They require a small subset of the much larger 
variable vector to check violation. To assess constraint violation, external penalty functions were ap-
plied to make infeasible designs less desirable to the optimizer. 
 

����	 �-.��� 
	-/0�1��
12� 34

�2�  

 �1 is the normalized penalty violation and /0 is a multiplicative scaling constant. Thus the optimiza-
tion may be stated as: 56�67689: ����:;<=	>?@A9BC	CD:	�<:;<= 
 
2.2 BOA Implementation 
 
In the BOA, a Bayesian network is created where each node corresponds to a design variable. These 
nodes are connected through a series of initially-unknown edges to form a directed acyclic graph 
(DAG). Each node has a series of potential states, that when combined with its parent nodes form a 
series of representative conditional probability bins. Discrete probability values of occurrence are 
attached to each bin such that the cumulative probability of occurrence sums to one across all bins of 
a given discrete node state. Initially, the bins are assigned a uniform probability value spanning in the 
entire range of states for the variable. Additionally, all nodes are unconnected; thus the initial popula-
tion represents a sample from an uninformative distribution over the entire independent variable 
space. After defining the network and probabilities, population individuals are generated. Beginning 
at true root nodes, bin states are selected corresponding to the probability within the bin. Propagation 
continues root to leaf until the entire variable vector has been selected. This process is repeated until 
an entire population is assembled. 
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The mechanism of the BOA is evolutionary nature. Once fitness values are determined and penalties 
are applied, a subset of the highly fit members is selected to be used in learning the network. . Both 
network structure (the connection of nodes by edges) and the corresponding conditional probability 
tables must be learned. These are treated as separate learning steps. Structure may be learned through 
a series of simplistic edge operations, adding an edge, removing an edge or reversing an edge provid-
ed the edge change does not violate the principles of a DAG. The quality of the network is then as-
sessed against the selected data subset. 
 
There are many ways of measuring network quality though a Bayesian Dirichlet (BD) metric is most 
often used Heckerman et al. (1995). 
 

�:E, G= � �:E=HH ΓJK�1L MΓJK�1L 
K�1MHΓJK�10L 
K�10MΓJK�10L M
�N
02�

�N
12�

�
�2�  

 
The probability of the structure B representing the data set D is calculated by performing a product 
over all nodes n. Each node ;� with a list of states O� potentially has parents P� with a list of possible 
predecessor combinations Q�. N denotes the number of observed data points matching the state combi-
nation while KL corresponds to the prior. By making further common simplifying assumptions, the 
BD metric is simplified to a K2 metric, Cooper and Herskovits (1992). 
 

�:E, G= � �:E=HH :O� − 1=!JK�1 
 O� − 1M!HK�10!
�N
02�
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12�
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�2�  

 
The K2 score is assumed to correlate to the goodness of the network representation, with a high K2 
score more appropriately correlated to the given data set. 
 
Network structure refinement is optimized through a local greedy algorithm. In each iteration of the 
network structure learning process, the highest possible K2 gain for a single edge operation is con-
ducted. The network is continually refined until the local greedy algorithm reaches a maximum score. 
Determining the truly optimal representation is a computationally difficult task Chickering (1996). To 
control the complexity of the network and to limit computational time requirements, a maximum in-
coming edge limit per node is imposed. The structure learning process terminates when the network 
no longer has an allowable edge operation that improves the K2 score. 
 
Once a structure has been selected, the discrete bin values are set to best represent the statistical sam-
ple of the potential designs. Bin probability values are set to correspond to the selected subset of data. 
An individual bin value for a given bin i of variable x may be stated as: 
 

�:;�= � ∑ ;��N02�∑ P��N12�  

 
This formulation will have the ability to set certain bin values to zero if the selected population subset 
contains no instances of a given bins variable representation. If the bin value is set to zero, it will nev-
er be further explored in future generations. This may be desirable for certain implementations of the 
BOA, while others desire to maintain the ability to re-introduce the bin at a future point. For this 
study, bin values are corrected such that no bin is every set to zero by introducing a probability equiv-
alent to one hundredth of a single occurrence in the current population. 
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Upon completion of both learning processes, a new population is generated. Using the conditional 
probabilities, node state selections occur from root nodes to leaf nodes, specifying a selected design 
variable vector. The new population repeats the evolutionary process until a stopping criteria is met. 
This may be set to any number of thresholds, percent uniformity in a population, lack of objective 
function increase, or simply generations for example. The final result is both an optimal individual 
design and a network with structure and conditional probabilities best representing the considered 
design problem. Further initial studies of the BOA, its parameters and its processes were investigated 
in Pelikan (2002). It then becomes a challenge for a designer to best interpret the results to gather the 
useful information for future changes or evolutions of the design. 
 
After previous simulations of more simplistic verification problems, it became clear that any discus-
sion of network structure or probability values will be entirely dependent on the generation of the 
algorithm and its nearness to completion. It was hypothesized that the differing stages would have 
different yet useful results that a designer could then rework into subsequent iterations of the design. 
 
3.  Simulation 
 
To explore the types of networks created by the BOA on a marine-type structural design problem, the 
design of the longitudinally-effective structure of the Tcraft test case described in Section 2.1 above 
was used as a base problem. These simulations optimized for the single objective, cost. In order to 
apply the constraints, ship particulars shown in Table I were selected to be used for rule based thresh-
old requirements. 
 
Table I: Key principle characteristics of the notional study T-Craft. Parameters listed are critical in 

both the calculation of production cost and the required strength constraints. 
Principle Characteristic Value 
Length 100 m 
Beam 20 m 
Vehicle Deck Height 4 m 
Sustained Speed 20 kts 
Displacement 1000 tons 

 
In the design variable space, each variable was given 8 discrete states it could potentially take. Plate 
thicknesses were divided in increments of 5 mm ranging from 5 to 40 mm. T stiffeners were applied 
from a given catalogue of stiffeners, Table II. 
 

Table II: Library of selected discrete aluminum T-stiffeners. All dimensions in mm. 
Stiffener Number Web Thickness Web Height Flange Thickness Flange Breadth 

1 3 45.5 4.5 30 
2 3.5 54.9 5.1 35 
3 4 63.8 6.1 40 
4 4.5 73.8 6.2 45 
5 5 93.6 6.4 50 
6 5.5 113.3 7.7 55 
7 6 132.2 8.7 60 
8 6.5 159.7 10.3 65 

 
By selecting a given stiffener number, all relevant dimensions are fixed. The number of stiffeners was 
set from 1-8 on a given grillage. This enforces that every panel must be reinforced longitudinally. In 
the transverse direction, the frame spacing was assumed to be 2 m. A single transverse frame was 
applied to each grillage, corresponding to the largest T-stiffener in the catalogue. 
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As previously mentioned, the cost model employed a version proposed earlier by Rahman and Cald-
well. Cost coefficient values were set to correspond to an all-aluminum vessel constructed within a 
US shipyard. Table III records the cost coefficient values. 
 
Table III: Critical cost model parameters. Selected values represent the construction of an all-
aluminum vessel constructed in the USA. Only longitudinal structure considered in cost calculation. 

Cost Model Parameter Value 
Material Cost ($/ton) 2000.0 
Material Density (ton/m3)  2.72 
Stiffener cost Coefficient 1.05 
Labor Rate ($/hr) 27.00 
Weld rate (m/hr) 1.2 
Fabrication rate (m/hr) 1.5 
Electric Utilization rate (m/hr) 0.9 

 
The resulting cost corresponds to a section of midship structure 2 m in length. It is important to note 
that the cost value does not correspond to a likely real world value. It is instead valuable for compari-
sons within the optimization process. Barring radical changes to the fundamental mathematics of the 
objective function, a highly fit structure with this version of the model should also be highly fit with 
an updated cost model. 
 
For this simulation of the BOA, a 4 member tournament selection process was used. This doubles the 
effective search power of the algorithm for each subset selection. Additionally, it does allow some 
less fit members of the overall population to enter the subset, injecting genetic diversity. A selection 
pressure of 50% was applied to subset selection. This parameter value balances speed of network 
convergence with rigor of population search. The BOA captures every generated individual chromo-
some, the corresponding normalized and penalized objective function as well as the constraint viola-
tion terms. Furthermore, the network was also captured at each generation for analysis. Due to the 
heuristic nature of the BOA, multiple numerical optimization and network constructions were run 
with different starting random number seeds. A total of ten random seeds were run through the BOA. 
 
4.  Results 
 
Initial attempts to analyze the results focused on tracking nodes by the in and out degree of the nodes. 
In degree and out degree correspond to the number of edges entering or leaving a given node. Nodes 
with high in degree are conditionally dependent on a large number of other variables. For a designer, 
these nodes are less critical, as there are so many ways they may be manipulated through their prede-
cessor nodes. If a designer successfully chooses good nodes preceding it in the network, the condi-
tional dependencies will drive the node to a desired value. Conversely nodes with high out degree are 
highly critical to determining the fitness of the design. With multiple successors, a decision at those 
nodes will ripple through multiple other variables in the design. By expending resources to best 
choose high out degree nodes, the designer predisposes the whole design to a higher level of fitness. 
Therefore, nodes with high out degree in a majority of networks for a given generation were identified 
by investigating the networks created by the BOA. It was believed that early generation high out de-
gree measures would identify design drivers independent of the randomness of the generated popula-
tion. 
 
For this problem, the grillage plate thicknesses largely influence constraint satisfaction. Each plate 
thickness value has an impact on the local decomposable constraints as well as the global non-
decomposable constraint. Upon examining the constraint violation (Table IV) of the initial population, 
it became clear that variables P1 and P6 must be properly selected for the design to rapidly move 
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from the infeasible domain to the feasible domain. Due to the large length dimension, 9 and 10 m 
respectively, and distant location with respect to the neutral axis, they have the largest impact on sec-
tion neutral axis moment of inertia. The global section moment of inertia constraint is violated in 
54.1% of the initial randomly generated points. Local grillage constraint violation ranges from 55-
70%. As a result, the bins with higher values of plate thicknesses are exclusively selected for the high 
fitness learning subset (Table VI). In contrast, the smaller grillages in the sidewall of the SES have a 
far lower rate of constraint violation. Even a randomly generated population violates grillage 3 or 4 
constraints less than 20% of time. This allows the variables P3 and P4 to pass a more random statisti-
cal sample to the highly fit subset for learning. These local differences cause variables P1 and P6 to 
appear closer or at the root of the DAG, while P3 and P4 appear near or at the leaves. 
 

Table IV: Sample of constraint violation in the initial G0 population for grillages 1,3,4,and 6 

Constraint 
Global 
NA �UU 

GR1 
plate 

GR1 
Stiffener 

GR6 
Plate 

GR6 
Stiffener 

GR 3 
Plate 

GR3 
Stiffener 

GR4 
Plate 

GR4 
Stiffener 

G0 Viola-
tion Per-
centage 

54.1 56.1 67.9 69.9 70.5 4.5 19.1 4.8 20.0 

 
Table V presents the initial generation out degree for the plating nodes in grillages 1, 2, 5, and 6 for 
all ten runs of the BOA with different random seeds. Additionally, the final (last generation) optimal 
structural cost number is listed, indicating how successful the BOA was in reducing the cost. In a 
majority of the BOA runs, variable P6 held the highest out degree, with an average value of 15.6. As 
there are only 18 total nodes in the network, this indicates that the selection of almost all other struc-
tural dimensions is predicated on choosing the plating for grillage 6. In other words, the optimizer 
forces the design variable vector to be conditionally dependent on the selection of the strength deck 
plate thickness. Furthermore, the least elite final solution, simulation 8, fails to form a network with 
high out degree on P6 at the early stages of the design. This predisposes the simulation to a subopti-
mal region of the design space. This evidence critically supports the idea that the quality of the net-
work at an initial stage is directly correlated to the quality of the final solution. If the optimizer fails to 
identify nodes best suited to drive the design, the results will be poor. 
 
Table V: Cost Simulation results and initial (generation 0 post-learning) out degree of select plate  
                variables 
Sim. Number 1 2 3 4 5 6 7 8 9 10 
Structural Cost 
(10%USD) 

430.4 457.1 408.1 404.9 532.8 434.3 408.9 506.8 455.3 377.6 

G0 Out degree P6 17 17 17 17 3 17 17 17 17 17 
G0 Out Degree P1 15 1 0 0 14 0 16 16 16 15 
G0 Out Degree P2 0 14 16 15 16 0 0 0 0 1 
G0 Out Degree P5 1 1 0 1 0 1 0 0 0 0 
 
An ideal network structure would show the decomposable constraints in edges between ���, ��,	and ��. 
In some manner, two local grillage variables would conditionally vary based on the selection of one 
more dominant one. After reviewing the data, the dominant variable in the local structure appears to 
be plate thickness. At the global level, edges would exist between variables capable of driving the 
global neutral axis moment of inertia to meet the non-decomposable constraint. Instead, the simula-
tions demonstrate that the decomposable constraints have been addressed through modification of the 
probability bins rather than through the structure of the network. 
 
For an individual run of the optimizer, examining the changes made to bin probability values provide 
a sense of the optimizer’s response to the objective function and constraints. Tables VI-VII show con-
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dition probability table representations for both the independent node P6 and conditionally dependent 
node P2 within the best simulation conducted. From the data in table VI, it is clear that the uninforma-
tive prior is transformed in a short number of generations to favor the highest three values of plate 
thickness, before selecting a thickness of 40 mm for the optimal space. This conditional response 
shows the optimizer responding to constraint activity in the local grillage 6 constraints as well as the 
global non-decomposable constraint. As the thinner plate thicknesses become unfavored, the percent-
age of candidate members violating any one constraint falls dramatically. This is particularly clear in 
the drop from generation 2 to generation 4.  
 
Examining node P2, which is conditionally dependent only on node P6, it is clear the effect condi-
tional dependence has on the design solution. In Table VII, after learning is completed in generation 
0, some of the driving constraints have impacted the conditional probability bin values. An unin-
formed representation should generate roughly identical probability values for each row element, with 
every row summing to a cumulative probability of occurrence of 1. For thinner plate thickness values 
of the parent P6, thicker plate thickness values of P2 are highly preferred and the probability bins are 
skewed such. This is a response to the low P6 value failing to properly contribute to the non-
decomposable constraint. P2 values attempt to adjust the violation by adding more aluminum in the 
sidewall. As the thickness of the strength deck is increased, the probability bins for P2 move closer 
towards a random sample representation in the initial generation. 
 
After four generations, the conditional probability table looks vastly different. A clear demarcation 
develops between the thinner and thicker plates denoted by the shaded region in Table VIII. The pre-
decessor, P6 highly prefers solutions with thickness values of 30mm or 40mm (Table VI). In fact 
candidates with P6 thickness values of 5-25mm have been removed from the learning subset. There-
fore, P2 probability bins corresponding to these parents have returned to a random representation, 
since no parents were observed. In the highly preferred predecessor bins, there are vastly different 
responses. Individuals with P6 values of 30 mm highly prefer P2 values of 35 mm. The thinner P6 
value necessitates that P2 remain thicker to satisfy the non-decomposable constraint. Meanwhile indi-
viduals with P6 values of 40 mm are less focused preferring P2 values ranging from 20-35 mm. More 
diversity exists because P2 is less critical to constraint satisfaction. Both designs are simultaneously 
captured and stored within the network structure and probability. In a scenario where the non-
decomposable constraint is relaxed, a designer can utilize the conditional probability tables and un-
derstand that the response may favor a change in the scantlings. 
 
Table VI: Conditional probability table evolution for variable P6 in simulation 10 with percentage of  
                 total population penalized by at least one constraint 

Plate thickness (mm) 5 10 15 20 25 30 35 40 Percent  
Penalized 

Generation 0  
(pre-learning) 

0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 99.2 

Generation 0  
(post learning) 

0.022 0.072 0.114 0.088 0.15 0.14 0.21 0.204 99.2 

Generation 2 1E-5 1E-5 0.054 0.006 0.072 0.242 0.014 0.358 89.4 
Generation 4 1E-5 1E-5 1E-5 1E-5 1E-5 0.33 0.106 0.564 34.8 
Generation 5 1E-5 1E-5 1E-5 1E-5 1E-5 0.222 0.014 0.764 11.3 
Generation 6 1E-5 1E-5 1E-5 1E-5 1E-5 0.03 0.004 0.966 12.9 
Generation 7 1E-5 1E-5 1E-5 1E-5 1E-5 1E-5 1E-5 1.0 14.6 

  
Network structure does have the potential to move a candidate population from highly fit to elite. By 
examining edges of highly successful network at later stages of the evolution, differences, guiding the 
most elite simulations should be apparent. After visual inspection of the resulting networks from a 
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generational standpoint, it becomes clear that a majority of the most elite simulations (3,4,10) allow 
either P2 or P5 to remain as a predecessor to P1. In particular simulations 3 and 4 are interesting in 
that they choose to make variable P1 a leaf node within the network. Instead the networks rely heavily 
on P2 to determine conditional dependencies after P6. This topological difference seems to maintain 
diversity in the 2nd and 5th grillages. These grillages have intermediate lengths, which can become 
relevant as objective function improvements become incrementally smaller between generations. This 
allows elite fitness values to be reached at the final generations prior to convergence. 
 

 

Fig.3: Network Visualizations. Left: network average structure; right: best (simulation 10) network.  
           Nodes P6 and P1 are totally connected to the remaining nodes implying that these nodes are  
           predecessors to all variables within the box. 
 
Table VII: Conditional Probability table for node P2 in simulation 10 at Generation 0, post learning 
  Plate Thickness (mm) Grillage 2, P2 
  5 10 15 20 25 30 35 40 

P
la

te
 

T
hi

ck
ne

ss
 

(m
m

) 
G

ril
la

ge
 6

 P
6 5 9.09E-2 1.0E-5 9.09E-2 1.82E-1 1.0E-5 7.14E-2 3.63E-1 2.73E-1 

10 1.11E-1 2.78E-2 1.67E-1 8.33E-2 1.39E-1 1.94E-1 5.56E-2 2.22E-1 
15 1.05E-1 3.51E-2 7.02E-2 2.63E-1 7.02E-2 1.23E-1 1.40E-1 1.93E-1 
20 9.09E-2 2.95E-1 1.36E-1 6.82E-2 2.05E-1 2.27E-2 1.14E-1 6.82E-2 
25 1.73E-1 1.07E-1 6.67E-2 8.00E-2 2.00E-1 1.20E-1 1.07E-1 1.47E-1 
30 7.14E-2 1.57E-1 1.29E-1 1.14E-2 8.57E-2 1.29E-1 1.86E-1 1.29E-1 
35 3.81E-2 1.14E-1 1.81E-1 1.33E-1 9.52E-2 1.91E-1 9.52E-2 1.52E-1 
40 1.67E-1 1.08E-1 1.37E-1 9.80E-2 1.47E-1 1.08E-1 1.17E-1 1.18E-1 

 
Table VIII: Conditional Probability table for node P2 in simulation 10 at Generation 4, post learning.  
                   Highlighted cells are probably based on conditional dependency and parent probability. 
  Plate Thickness (mm) Grillage 2, P2 
  5 10 15 20 25 30 35 40 

P
la

te
 

T
hi

ck
ne

ss
 

(m
m

) 
G

ril
la

ge
 6

 P
6 5  0.125  0.125  0.125  0.125  0.125  0.125  0.125  0.125 

10  0.125  0.125  0.125  0.125  0.125  0.125  0.125  0.125 
15  0.125  0.125  0.125  0.125  0.125  0.125  0.125  0.125 
20  0.125  0.125  0.125  0.125  0.125  0.125  0.125  0.125 
25  0.125  0.125  0.125  0.125  0.125  0.125  0.125  0.125 
30 0.0909 1.0E-5 1.0E-5 6.06E-3 1.0E-5 0.0121 0.873 0.0182 
35 1.0E-5 0.226 0.283 0.264 0.0943 0.0189 0.113 1.0E-5 
40 0.145 7.09E-3 1.0E-5 0.0142 0.145 0.0213 0.262 0.104 
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5.  Conclusions & Future Work 
 
The BOA presents a novel approach to the optimization of marine structures. Due to the nearly de-
composable nature of many structural optimization problems, and the unique learning processes of the 
BOA, the BOA offers an opportunity to learn about the structure of the design problem as the optimal 
design is generated. Analysis of the network showed the BOA correctly identified critical variables 
within the optimization and responded by placing these node at or near the root of the resulting DAG. 
Simultaneously, it generationally adjusts the conditional probability values such that the design space 
may be more efficiently and completely searched. Results of the simulations also showed that minor 
differences in edge connection can differentiate between good fitness evaluations and elite fitness 
evaluations. 
 
Perhaps the most interesting aspect of potential future application of the BOA concerns the initial 
network sample and formulation. The statistical significance and diversity of the population has the 
most direct impact on the quality of the result achieved. Future simulations should seek methods to 
modify the initial network formation to learn about potential strengths that exist. Another interesting 
potential area of work would be to bias the population towards bins with greater probability of suc-
cess, especially in nodes that have high out degree. This should refocus the optimizer away from re-
moving bins that are unfit when unbiased, and move it towards solving the more complex and condi-
tionally dependent portions of the design. Furthermore, the use of Bayesian inference has yet to be 
explored. The network structure formed by the BOA for this test case contains numerous edge struc-
tures conducive to Bayesian inference. Additional studies should quantify the effect of multiple non-
decomposable constraints on the performance of the optimizer. Finally, adjustments should be made 
to the topology and discrete variable values so that the constraint violation percentage in an initial 
population is more balanced. This will affect the BOA’s predisposition to make certain nodes roots 
and thus will change the resulting structure and probabilities. 
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Abstract 

 
The precise position information is of paramount importance for a fleet of autonomous vehicles to 
operate cooperatively in subsea environment. The problem of Optimal Sensor Placement becomes 
more important, aiming to find a constellation of sensors/agents that is optimal in some sense. We 
investigate the observability properties for different sensor suites measuring distances to a moving 
target by using the Empirical Gramians. We show that the scenario referred to as single beacon 
navigation, where the target measures the distance to the reference objects and some of its own state 
variables, yields the best observability performance. 

 
1. Introduction 
 
There is a widespread interest in the development of multiple autonomous underwater vehicles (AUV) 
capable of roaming the ocean space freely and acquiring scientific and commercial data at 
unprecedented scales. The success of a mission hinges upon the availability of a cost effective and 
reliable system that is capable of yielding an accurate estimate of position underwater. Among the 
other navigation methods such as inertial and geophysical, acoustic based navigation methods gaining 
a growing importance as it is cost effective. Hence, there is the need for a better understanding of 
Optimal Sensor Placement related to the positions of the robots relative to each other. This issue is 
intrinsically related the observability problem. In this paper, we study the tracking of a moving target 
by varying a number of reference objects (ROs) capable of performing acoustic range measurements. 
We employ the theory of the Empirical Gramians, Lall et al. (1999), Hahn and Edgar (2002), to 
evaluate different scenarios, in terms of the target states to be estimated or to be directly measured, 
and their influence on the observability properties. We will show that the scenario commonly referred 
to as single beacon navigation, that is, the target is able to measure the distance to the ROs as well as 
some of its own state variables, yields the best observability performance. 
 
In the European research project MORPH, Kalwa et al. (2013), a group of European experts in marine 
robotics aim for the creation of a MORPH Supra-Vehicle (MSV) that consist of several autonomous 
marine robots, referred as nodes. Being not physically, but logically linked, these nodes are equipped 
with heterogeneous sensors and are expected to gain new abilities, like the cooperative mapping of 
vertical and overhanging cliff walls, Fig.1. The requirements within MORPH, like different marine 
robots operating in close vicinity and the need to geo-reference mappings that are recorded over 
unstructured terrain, are driving our efforts to develop new strategies for cooperative navigation and 
to improve our knowledge on possible navigation procedures.  
 
To start our explanation, we will discuss methods of performing the navigation of a single underwater 
target by measuring the distance to a specific number of ROs that have access to a global navigation 
system like GPS. In the marine environment, range measurements are usually performed acoustically, 
by exchanging data via acoustic modems and measuring the Times of Arrival or the Time Difference 
of Arrival. See Alcocoer (2009) and references therein for a more detailed overview. The extra-
polation of that work led to a diver assistant system where a human diver, equipped with an acoustic 
modem, was located by a number of Autonomous Surface Vehicles (ASVs) which successfully 
accomplished the role as ROs, Glotzbach et al. (2012). This work gives rise to an important question: 
If one can actively control the ROs, how should they be placed with respect to the target to perform an 
optimal localisation? How does the number of ROs influence the precision of the localisation? Which 
states of the target system can be estimated with which quality in terms of accuracy? 
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Fig. 1: The overall concept of MORPH 

 
In the literature, this research topic is known as Optimal Sensor Placement (OSP). It is by now quite 
extensive and defies a simple summary. For static targets, methods based on the Maximum Likeli-
hood and the Cramer-Rao-Lower Bound have been employed, Martínez and Bullo (2006), for in-
stance. For moving targets, the analysis of observability is an adequate method. It proves which of the 
model states can be estimated from the system’s measurement. To this extent, we will employ the 
Empirical Gramians to perform an observability analyses. This methodology is able to close a gap in 
the analyses of non-linear systems (which are common in the modelling of marine robots): So far, 
using the Herman-Krener rank condition, Hermann and Krener (1977), it is possible to evaluate the 
local weak observability. However, this result is local in nature. It is not possible to compare the level 
of observability for several given scenarios; hence it is not possible to formulate a problem that can be 
optimised in a mathematical way to find an optimal configuration. The introduction of the Gramian 
matrix quantifies the generalized energy transfer from the initial state to the output within an infinite 
time horizon for LTI-systems. For non-linear systems, the Empirical Gramian can be employed which 
approximates the original Gramian based on computations of the output in a numerical experiment. 
More details will be given in section 4. 
 
In our analyses we will evaluate the properties by computing the singular values of the Empirical 
Gramian for different scenarios in terms of available ROs and movements of the target. The largest 
singular value rates the energy transfer from one of the states with the best possible observability. On 
the other hand, the smallest singular value quantifies the energy transfer from the least observable 
state to the outputs. It characterizes the ‘bottleneck’ of observability and will be considered in the 
following. A system is unobservable, if the smallest singular value of the Empirical Gramian is zero. 
For most of the practical purpose, we assume that a system is observable, if the energy transfer from 
the least observable state does not drop below a certain level with respect to the largest eigenvalue; 
otherwise, the signal noise ratio might be too small for a reliable state estimation. 
 
2. Mission Scenario and Modelling 
 
The analyses we performed was based on a target modelled as the Random Walk with Constant 
Turning Rate (RWCTR), as described in Alcocer (2009). Consider the planar discrete-time kinematic 
model described by 
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The state vector x contains five state variables, namely, the instantaneous position of the target in a 
global coordinate system, x and y, magnitude v and angle Ψ of the linear velocity vector in the xy-
frame, and the rate of change of the latter one, r. The disturbance vector ξξξξ contains system noises for 
the velocity, the movement direction and its gradient, which are assumed to be Gaussian. They 
represent the control option of the underwater target (changing course and velocity), which are 
unknown to the observers and therefore have to be treated as disturbances. Note that the model has no 
explicit inputs, as the inputs have to be known by the observer, which is not considered in the scenario 
described here. The usage of this model allows for a wide range of possible target movements, like 
moving on a line, an arc, a spline, completely randomly, or any combination thereof.  
 
For the sake of simplicity, as we perform an observability analyses, we set the standard deviation for 
the process noise to zero. Also, we void to use a complex measurement model, as it was necessary for 
scenarios where a highly accurate estimator is supposed to be developed. In these cases, aspects need 
to be considered like the runtime of the acoustic signals, the delays caused by modems, the relatively 
high error rate as well as the fact that a dynamic target moves during the runtime of the acoustic 
signal, hence at arrival of the signal at a RO, the available measurement is already outdated. Methods 
to deal with these circumstances are explained in Glotzbach et al. (2012), for instance. At this point, 
we will simplify the measurement model as much as possible, as our emphasis is on the observability 
analyses. We will assume that after every time instance tstep, a range measurement between target and 
ROs is performed and is immediately available at the ROs. We assume there are n Reference Objects 

(ROs). For each { }ni ,...,1∈ , let [ ]Tiii yxp = denote the position of the i th RO. Further let 

 
 ( ) ( ) ( )( ) ( ) ( )( )22 kykykxkxky iii −+−=  (2) 

 
be the measurement (obtained at the i th RO) of the distance between its position pi and the target at 
position [ ]Tyx . Again, we do not introduce a measurement noise, as we plan to perform an 
observability analyses. 
 
3. On the importance of Optimal Sensor Placement 
 
In a nutshell, the essence of optimal sensor placement problem is to find an optimal sensor 
configuration for several parameters by using the measurements between one or more targets using 
different sensor suites (all objects might be stationary or dynamical). 
 
The configuration shall be optimal in some sense, which requires the formulation of a mathematically 
traceable problem. Parameters to be optimized could be the numbers of sensors (Reference Objects) 
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and its position or trajectory as well as parameters of the target. In several scenarios, there might be 
no access to the target, but if the target is, for example, an Autonomous Underwater Vehicle (AUV), 
and the practitioner of the vehicle wants to perform a continuous position estimation and therefore 
also employ the ROs, the practitioner might also be interested in suggestions a target trajectory that 
allows for an estimation approach with higher accuracy. 
 
The optimal placement solution is a function of the actual measurement setup, the measurement 
model, and the actual position of the target. It is for that reason that sometimes the practical relevance 
of OSP is questioned. This is due to the fact that the position of the target must be known in advance 
in order to find optimal sensor configurations to estimate the target position. At this point, we will 
discuss this issue and give reasons why we think that the research on OSP is also of a big practical use 
and can contribute to the development of new navigation methods. We want to introduce the 
following issues: 
 

1. The overall process is a first step into the general topic and is supposed to create a better 
understanding of the dependencies between the different parameters that can be settled. 
 

2. In real sea trials, several severe problems must be faced, like the less frequent and error prone 
acoustic communication, due to intermittent failures, outliers, and multipath propagation 
effects. In a situation like this, it is reasonable to set up a configuration that is designed to be 
optimized in terms of information that can be retrieved, to make up for the mentioned 
difficulties. 
 

3. Especially in real application, the estimation can be realized as an iterative process. From a 
first set-up, a rough position estimation is performed that can then be used to calculate a better 
set-up. This can lead to a better position estimation in several steps. 
 

4. In terms of cooperative vehicles, the task of tracking moving targets might require the ROs to 
move also. It is desirable if they move on optimal trajectories, even if the optimization is only 
based on the current best available position estimation. 
 

5. Finally, in later applications a situation is thinkable where only rough information about the 
target position is available, e.g. in terms of a probability density function, and such a scenario 
was investigated by Isaacs et al. (2009). 

 
4. Observability Analysis by Empirical Gramians 
 
The theory of observability of linear time-invariant systems is well known, e.g. Rugh (1996). This 
method cannot be directly extended to nonlinear systems, as the unobservable space depends on the 
initial state and the actuator-sensor-configuration. The only existing result for the evaluation of local 
weak observability is the Herman-Krener rank condition, Hermann and Krener (1977). However, this 
is a sufficient condition, and it fails to provide any insight when the rank condition fails, and hence it 
requires further investigation. We resort to the method of the Empirical Gramian in order to evaluate 
its usability to explore trajectories for RO that are rich in some sense for marine robot navigation. 
 
Observability analysis proves which of the model states in x can be estimated from the system’s 
measurement y. To this effect, we use the Gramian observability matrix WO, which quantifies the 
generalized energy transfer EO from the initial state x(0) to the output within an infinite time horizon: 
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For the case of a nonlinear system as defined in Eq.(2), WO can be approximated by the empirical 
observability matrix, as suggested from Lall et al. (1999) and Hahn and Edgar (2002). For that 
purpose the output trajectory y(t) has to be determined in a kind of numerical experiment. 
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First of all, a nominal reference output trajectory y0(t) is determined. For this purpose, we find the 
trajectory of dynamical system for the initial condition nom0 xx = by numerical integration and the 
corresponding nominal output is given by y0(t), which serves as a reference. Next, for each i = 1, . . . , 
imax , the initial condition is perturbed by small perturbation ∆xi, that is, 
 
 ii xxx ∆+= nom,0  (4) 

 
and the corresponding output trajectories yi(t) are determined again numerically. The perturbations are 
composed as: 
 
 T

ii c tSx ⋅⋅=∆  (5) 
 
with S = diag(xmax), where the scalar constant c∈[0,1] is used to scale the amplitude within the 
maximum range specified by the diagonal matrix S that comprises the maximum value of each state. 
For small perturbations around the reference trajectory, e.g., c = 0.1 can be a good choice. The row 
vector T

it  of the length n is made up of combination of the elements −1 and +1. In order to cover all 
possible imax = 2n combination in the sense of a full-factorial experimental design we choose 
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such that  
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is an orthonormal matrix and ITT =T , see Geffen et al. (2008). The Gramian observability matrix 
WO characterizes the energy transfer from initial states x0,i(t) to the outputs yi(t) in a neighbourhood of 
the nominal trajectory y0(t) within an infinite time horizon: 
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For a linear time invariant system the output trajectory yi(t) can be obtained analytically as the 
solution of the linear state space equation, while in case of nonlinear systems it has to be obtained by 
numerical integration of the dynamical system. 
 
In total, the observability Gramian WO is obtained from the superposition of the complete 
experimental design with i, j = 1,…, imax. For a sampled system with t = ∆T k of an finite horizon tfinal 
= T0 kmax the empirical observability Gramian is 
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For nonlinear systems observability is not only a system property, but it also depends the initial 
condition and the actuator sensor configurations. 
 
A singular value decomposition of the empirical observability Gramian )( OWλ  allows assessing 

observability. The largest singular value λ  rates the energy transfer from a single state with the best 
possible observability. On the other hand, the smallest singular value λ quantifies the energy transfer 
from the least observable state to the outputs. It characterizes the “bottleneck” of observability and 
will be considered in the following. A system is unobservable, if λ is zero. We assume that a system is 
practically observable, if the energy transfer from the least observable state does not drop below 10%. 
If λ is less than 0.1 for the normalized system, the signal noise ratio might be too small for a reliable 
state estimation. 
 
In a complex system, not all states may be observable from measurement. But, this is not necessary. 
Only those states in x that are uncertain due to distortion or due to unknown initial conditions and 
those states that are corrected by the measurement have to be estimated. These states are summarized 
in xE. To analyse the observability corresponding to the state subset in xE the rows and columns in WO 
corresponding to those states not included in xE are removed. By this way, the observability of 
different state selections xE can be analysed until the best subset is found. 
 

 
Fig. 2: Trajectory of the target and positions of the Reference Objects 

 
5. Simulations and Results 
 
In this section, we describe some selected results about the observability analyses that we performed, 
Kästner (2013). To this extent, we assume that the target vehicle moves on a circular trajectory, 
employing two P-controllers for velocity and heading to the system model according to Eq. (1) as 
shown in Fig. 2. The vehicle starts from the origin and performs one round in counter clockwise 
direction. In the edges, the small circles mark the possible positions of up to four Reference Objects. 
In different simulations, the radius of the circle and the number of ROs have been changed. 
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For these variations, the Empirical Gramians and its eigenvalues have been computed. The smallest 
eigenvalue has the biggest influence, as it describes the bottleneck of the observation process. The 
values for different set-ups are shown in Fig. 3. The smallest eigenvalue grows with the radius of the 
circular trajectory with the exception of one case where there is only one RO, which is not observable. 

 

 

Fig. 3: Variation of the smallest eigenvalue of WO with trajectory radius and number of ROs 

 
In order to gain a concrete insight, we consider four ROs and a radius of 5 m for the trajectory circle. 
In 25 simulations, we measure some of the state variables and hence these state variables need not to 
be estimated. Therefore, they were excluded from the observability analyses. The results are shown in 
Table I. The first column of Table I shows the state variables that were measured in the particular 
simulation, while the second column represents the state variables for which observability was 
checked. In the first row, the results are displayed for the case as discussed so far (none of the system 
states is directly measureable, all have to be estimated using the range measurements). For this case, 
the smallest eigenvalue is 50, Fig. 3, while the maximum eigenvalue is 8.69·105. 
 
The ratio between the maximum and the minimum eigenvalue must be taken into consideration. If the 
smallest eigenvalue is very low with respect to the maximum one, that means that the state which 
generated the minimum eigenvalue delivered only a small amount of the energy that was transferred 
to the output and hence features a bad observability. The ratio of the minimum and the maximum 
eigenvalue was therefore calculated and is displayed in the fifth column of Table I. We assumed a 
ratio of 0.1 as a reasonable value to assume observability. This is marked with a ‘+’ sign of 
observable set-ups or a ‘-‘ sign otherwise in the last column. It is remarkable that especially the direct 
access to the gradient of the movement direction, r, increase the observability considerably. The best 
option is given for the subset in the last row where only the positions are assumed to be unknown, 
while the remaining three states can be measured by the target, using a compass and a Doppler 
Velocity Log, for instance. A scenario like this in the literature is widely referred as Single Beacon 
Navigation, e.g. Larson (2001). The analyses with the Empirical Gramians resulted in the best 
evaluation for a system that is widely used in marine robotics, hinting that the Gramian analyses can 
further be exploited within this area. 
 
6. Conclusions 
 
The employment of Empirical Gramians can be useful in the area of Optimal Sensor Placement for 
navigation of underwater robots. We discussed the meaning of Optimal Sensor Placement in general 
and showed how the usage of Empirical Gramians can contribute. Future research activities will aim 
at getting more benefits out of the Empirical Gramians, e.g. in terms of Optimal Trajectory Planning 
for a single Reference Objects. First Results of these activities will be presented in Glotzbach et al. 
(2014). We believe that the results can further be used to develop optimal control strategies for 
multiple vehicle teams in order to optimize the navigation information that can be gained. 
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Table I: Influence of system states on the observability properties with for four ROs 

Case checked EWmin EWmax EWmin/EWmax observable 

Whole System x,y,v,phi,r 50 8.69E+05 6.E-05 - 

without x y,v,phi,r 1.46E+02 8.69E+05 1.68E-04 - 

without y x,v,phi,r 5.57E+01 8.69E+05 6.41579E-05 - 

without v x,y,phi,r 56 8.68E+05 6.48076E-05 - 

without phi x,y,v,r 148.8367 8.65E+05 0.000172153 - 

without r x,y,v,phi 151.415 1.56E+04 0.009716055 + 

without x,y v,phi,r 2.48E+03 8.69E+05 0.002856765 - 

without x,v y,phi,r 2.25E+02 8.68E+05 0.000259676 - 

without x,phi y,v,r 1.49E+02 8.65E+05 0.000172248 - 

without x,r y,v,phi 1.51E+02 15.424 0.00981687 + 

without y,v x,phi,r 93.8926 8.68E+05 0.000108226 - 

without y,phi x,v,r 315.703 8.65E+05 0.000365186 - 

without y,r x,v,phi 156.3355 1.56E+04 0.010031795 + 

without v,phi x,y,r 252.2873 8.64E+05 0.000292128 - 

without v,r x,y,phi 156.3252 1.56E+04 0.010031134 + 

without phi,r x,y,v 151.4224 4.02E+03 0.037659769 + 

without x,y,v phi,r 1.14E+04 8.68E+05 0.013156439 + 

without x,y,phi v,r 2.92E+03 8.64E+05 0.003374475 - 

without x,y,r v,phi 3.86E+03 1.54E+04 0.250129668 + 

without x,v,phi y,r 252.4939 8.64E+05 0.000292367 - 

without x,v,r y,phi 313.8182 1.54E+04 0.020346097 + 

without x,phi,r y,v 151.5684 4.02E+03 0.037697018 + 

without y,v,phi x,r 316.2655 8.64E+05 0.000366239 - 

without y,v,r x,phi 156.5691 1.56E+04 0.01004743 + 

without y,phi,r x,v 316.29 3.86E+03 0.081974394 + 

without v,phi,r x,y 314.041 316.4724 0.992317182 + 
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Abstract 
 
This paper describes approaches to generate high-quality CAD models for propellers starting from 
common geometry sources, such as 3D offsets, 2D drawings, and existing CAD models. An overview 
of a typical propeller design will be discussed using HydroComp PropCad®, a propeller-specific 
geometric design tool. Techniques and procedures used to produce models that behave well in CAD 
will be reviewed. Typical problems encountered when reproducing a design will be discussed. Topics 
include several specific design techniques, including selecting an appropriate distribution of radial 
positions, loft-friendly tip section shapes, different section stacking methods, and CAD-to-CAM 
migration considerations, giving “best practices” recommendations.  

 
1. Introduction 
 
A marine propeller is a complicated hydrodynamic surface that is often represented using 3D CAD 
models to supplement 2D drawings. Accurate models are critical to the success of a propeller design. 
CAD models are integral to the manufacturing process for propellers, where the casting mold or the 
propeller itself requires the generation of CNC toolpaths. Propeller models in CAD are also used for 
performance analysis, such as simulations in CFD or strength calculations in FEA. The helical nature 
and blade shape of marine propeller surfaces presents unique challenges to CAD representation. Many 
techniques can aide in creating propeller geometry that behaves well in a CAD environment. 
 
Propeller designs are communicated using a variety of methods, including XYZ offsets, 3D CAD 
models, and 2D drawings. Often, marine engineers and naval architects are presented with the 
propeller information in one of these forms, and may have to derive others. Ensuring the data is 
consistently modeled between 2D and 3D versions can be problematic if care is not taken. Is the true 
blade shape represented by the chosen offsets? Since the characteristics vary dramatically along the 
length of the blade from root to tip, can it be accurately recreated using the sections described in a 
drawing? With a little consideration, both answers are “yes.” 

 

 

 
 Piecewise cubic spline HydroComp spline (with linear sections) 
 

Fig.1: Surface accuracy of splines and problematic undulations that naturally occur in piece-wise 
cubic splines and NURBS surfaces. 
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To illustrate the problem of representing a surface accurately with select data points, 2D splines will 
be examined for simplicity. Since CAD surfaces are primarily comprised of NURBS surface patches, 
the idea of surface accuracy in 3D can be demonstrated in 2D with the same mathematics. Fig.1 
shows the results of a piece-wise cubic spline segment of an actual foil shape. The actual data points 
of the spline are shown with markers. The unmodified surface (without nose radius) is shown in grey. 
As you can see, piece-wise cubic splines can naturally undulate when resolving these types of curved 
surfaces. The spline still evaluates properly at all data points, but in between has un-desirable 
inflections. This problem can be solved by increasing the point density, but what if raw data is 
limited, as is often the case when entering data from an offset report or drawing? 
 
HydroComp has created a propriety set of splining routines that search and maintain linear segments, 
which are popular in propeller design for practical manufacturing and inspection purposes. This 
specialized splining routine ensures that the 2D and 3D shapes accurately represent the surfaces, at 
each data point and more importantly in between each data points. 
 
2. Typical Design Process 
 
The distribution of parameters (e.g. pitch, chord, thickness, skew, and rake) are defined at specific 
radial positions, a practice well-established by the marine propeller community. Common propeller 
design problems can be avoided or mitigated by intelligently utilizing these radial distributions and 
understanding how the sections integrate into the full blade shape. An overview of a typical propeller 
design will be discussed using HydroComp PropCad to generate examples. 

 
The propeller in Fig.2 is a well-known design - the Wageningen B-series. This particular variant is a 
4-bladed, 20x20 inch fixed-pitch propeller with 0.7 BAR and 1.5 inches of skew at the tip, which is 
the B-series standard. Propeller designs are rapidly created in HydroComp PropCad by selecting 
published, standardized distributions from common propeller styles such as B-series, Kaplan, and 
Gawn (some of the published distributions have been mathematically smoothed). The distributions are 
non-dimensionalized and re-scaled to meet design targets, such as blade area in the case of the outline, 
and skew at tip in the case of skew. 
 
The propeller design “assembly” process in PropCad is analogous to following your favorite cooking 
recipe – except the ingredients are distributions and the amount of each propeller attribute is specified 
by the design targets. To get the final propeller, PropCad internally splines and interrogates the 
requested library distributions as needed to calculate the properties and section offsets at each radial 
section. The result is the ability to quickly mix and match desired characteristics from multiple library 
propeller sources. Fig.3 shows the PropCad builder “recipe” for the B-series propeller shown 
previously. 

 
Fig.2: Sample propeller drawing from HydroComp PropCad 
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It is clear that the blade is designed from hydrodynamic foil shapes at specific radial positions, which 
are integrated into a “lofted” surface from root to tip in a CAD tool. What is not clear, however, is the 
importance of the selection r/R positions based on these distributions. 

 
3. Radial Section Distribution 
 
The curvature of the blade outline can have an important influence on the required radial sections to 
maintain the integrity of the desired blade shape. In general, it can be said that the greater the change 
between consecutive section distribution parameters (chord, thickness, rake, skew), the more sections 
should be inserted. In the specific case of the blade outline, which is primarily effected by chord and 
skew, the problem is more apparent because rapid changes in chord lengths are combined with rapid 
changes in skew position. As an aside, the cleaver style blade is a “worst-case” for outline curvature, 
because the curvature from skew is entirely on the leading edge of the propeller, instead of being 
shared by the leading and trailing edges. The problem is apparent with this B-series propeller in Fig.4. 
The addition of the 0.975 and 0.9875 r/R positions improves the resolution of the tip. This 
demonstrates the importance of appropriately selecting radial positions based on the desired outline. 
 

 
Fig.4: Illustration of loss in outline integrity near blade tip due to r/R selection 

 
Fig.3: The HydroComp PropCad builder “recipe” for the previously shown propeller drawing 
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The selection of radial positions also affects the thickness distribution of the propeller tip. This is due 
to the local influence of the control points for each lofted section, and the differences between the 
spacing between r/R positions. The cleaver style propeller shown in Fig.5 illustrates the effect of 
increasing section r/R density at the tip. This style was chosen because the maximum thickness is 
close to the trailing edge, which allows for the effect on thickness to visualized; however, this 
problem occurs on all propeller styles. When fewer sections are included, the intermediate thickness 
in the transition between the last section becomes thinner. This region is rapidly changing in chord 
length, thickness, and section shape, and therefore the propeller tip should always be reviewed to 
ensure that the integrity of the shape is preserved. If too few sections are included, large interpolations 
lead to unforeseen foil shapes in this hydrodynamically sensitive region. 

 

 
Fig.5: Illustration of loss in section thickness integrity near tip due to r/R selection. The propeller is a 
cleaver-style blade, so that the effect of thickness can be more easily visualized on the trailing edge. 

 
4. Tip Considerations for CAD 
 
There are further shape characteristics that must be considered at the tip region. Rounded tip 
propellers have “zero” nominal tip chord, and may have “zero” thickness (depending on how the LE 
and TE edges are maintained at the tip section). These nominal conditions are difficult to model 
correctly in a CAD loft without creating a problem at the tip. The mathematics behind NURBS 
surfaces do not allow an entire row of data points to be drawn together at the same location (e.g. to be 
coincident), and such occurrences in models are known as continuity singularities. The solution is to 
use a tip section with a finite chord length and thickness. 
 
For series-based propeller sections (which are the basis of many design that utilize PropCad’s 
Builder), it is intuitive to use a foil section for the tip section. Fig.6 is a propeller with a rounded-
profile, Gawn-type sections with supplemental camber, and a finite foil section at the tip. This foil 
shape is described by the offsets of the Gawn series.  
 
There are a few problems, geometrically and hydrodynamically. There are severe changes in 
curvature on the face and back surfaces as they transition to the tip section. The curvature on the back 
surface near the tip is concentrated near the maximum thickness of the section. The sections are 
stacked about the generating line (GL) by using the face-pitch line (baseline stacking). As a result of 
the added camber, this stacking is creating a severe “scooped” or cupped-like geometry near the tip. 
This scooped geometry orients the face surface away from tip, causing the curvature transition to the 
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tip to become even more severe than the equivalent propeller without the added camber. This cupping 
of the propeller tip has an unintentional result that may have unknown hydrodynamic effects, but 
certainly has effects of the behavior of the surface. 
 

 
Fig.6: Curvature visualization of propeller with foil shape as tip section. Note the severity and 
localization of the curvature, as well as the “scooped” edge of the face near the tip. Gradient shading 
is used to represent relative changes in curvature. 
 
HydroComp has studied propeller tip geometry for rounded-profiles in order to create a CAD-friendly 
correction for the tip section within our PropCad software. In order to achieve tip geometry that 
behaves well in the CAD lofting of NURBS surfaces, the corrections to the tip section involve 
modifying the maximum thickness, its aspect ratio (chord-to-thickness ratio), the section shape, and 
the stacking of the section about the generating line. HydroComp’s approach is to set the tip section 
thickness to be one half the nominal design tip thickness specified in the PropCad builder. Reducing 
the thickness of the tip section allows the face and back surfaces to better distribute the curvature and 
reduce the magnitude of local curvature around the tip section. After the thickness correction, Hydro-
Comp’s algorithm checks the chord-to-thickness ratio. Testing has shown that aspect ratios less than 
2.0 can lead to severe localized curvature near the maximum thickness of the section. Testing has also 
shown that an aspect ratio of 5.0 is effective in greatly reducing these sharp changes. As a result, if the 
aspect ratio is less than 2.0, the chord will be recalculated for to achieve an aspect ratio of 5.0. This 
correction typically results in small changes in chord length, because the magnitude of the thickness 
(and corresponding tip chord length) is quite small. Remember, the chord distribution of most round 
profiles lead to a “zero” chord length at the tip. Expanding this chord length by a small amount does 
not affect the outline shape significantly, but greatly improves the integrity and prevents singularities 
at the tip. This is shown in Fig.7. 
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Fig.7: Illustration of how aspect ratio of the tip section can reduce the severity of curvature transitions 
near the maximum thickness of the tip section on the back surface. Gradient shading is used to 
represent relative changes in curvature. 

 
The shape of the tip section is also important, even when the chord length is finite. The surface 
isocurves are converging to a small region, resulting in a very dense region of local curvature. To 
obtain smooth transitions, the tip section shape should be as friendly to incoming curvature as 
possible. The previously mentioned minimum aspect ratio helps to ensure that the isocurves are not 
too dense near the tip. If the isocurves are too dense, then rapid changes in curvature occurs over a 
smaller distance. The result is tighter local curvature, which can adversely affect the quality and 
behavior of the CAD model. 
 
Increasing the chord-to-thickness ratio at the tip can alleviate the local curvature, but the shape of the 
section also has a significant influence on the quality and behavior of the model. Foil shapes tend to 
have wide variations in curvature. For blades with rounded-profiles, special tip shapes can be used 
that result in improved model integrity, reduced tip curvature, and elimination of singularities. For an 
in-house research project, HydroComp PropCad was used to investigate several special section 
geometries for “CAD-friendliness”. These tip sections must be scalable to any maximum thickness, 
leading edge thickness, and trailing edge thickness. These sections should also be able to 
accommodate no leading or trailing edge thickness, since some propellers have fully rounded edges. 
The investigated profiles are referred to as follows: foil, flat, bullet, arc, ellipse, and the fully 
corrected ellipse. An example of each section type is shown in Fig.8. 
 
The Foil shape is the section shape specified by the propeller section series offsets, and therefore 
cannot be considered an improvement. While the Bullet and Flat sections are appropriate when there 
are finite edge thicknesses, they cannot accommodate situations where those edges are rounded 
without a finite thickness. An Ogive section is only useful when both leading and trailing edges are 
sharp. The Ellipse has several advantages, but the primary advantage is that the elliptical curvature 
allows the isocurves of the blade surface to have continuously smooth changes in curvature. 
Additionally, the ends of the ellipse can be truncated to accommodate leading and trailing edge 
thickness. Half of the ellipse can be used in the case of a flat-faced propeller, such as a Gawn style. 

 
The last correction for HydroComp’s CAD-friendly tip is referred to as a stacking correction. In 
typical propeller designs, the sections are stacked in reference to a generating line (GL). Each section 
is offset from the GL axially by rake and along the pitch helix by skew. Skewing a section actually 
induces an axial shift (known as “skew-induced rake”) due to the propeller section also shifting 
axially as it is skewed along the pitch helix.  
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Fig.8: Tip section shapes investigated by HydroComp to improve CAD surface behavior 

 

 
Fig.9: Illustration of the importance of section stacking for reducing the artificial “scoop” created by 

cambered sections near the tip in rounded profiles 
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If one considers the helical surface made by the reference pitch line of each section, the actual offsets 
that create the section can exist anywhere relative to this pitch line. For example, Gawn and B-series 
sections are commonly referenced along a face pitch line, so the offsets are defined above the 
reference pitch line. Contemporary NACA-style sections are typically defined by a nose-tail pitch 
line, and therefore the offsets are defined both above and below the reference pitch line. HydroComp 
refers to this concept as section stacking, and provides algorithms for stacking the sections relative to 
many positions: baseline (face), mid-thickness, camber-line, nose-tail line, neutral axis, and area 
centroid. Fig.9 compares baseline stacking and camber-line stacking for a Gawn style propeller with a 
constant added camber of 3% (f/c). 
 
For HydroComp’s CAD-friendly tip correction, the tip section will always be stacked using camber-
line stacking, so that the point of maximum camber of the tip ellipse section always lies on the point 
of maximum camber for the previous section. This is essential for eliminating the “scoop” effect, 
which can cause surface lofts to fail or misbehave as the face surface transitions from the leading 
edge, to the tip, to the trailing edge. The stacking shift allows the isocurves to more gradually change 
curvature on the face of the blade. Whereas baseline stacking causes most of the curvature transition 
to occur on the back surface, camber-line stacking shares the curvature transition equally between the 
face and the back surfaces, Fig.10. 
 
The complete CAD-friendly correction is helpful for rounded profiles with nominally zero chord 
length at the tip. It is especially important for highly skewed propellers and for blade-sets with added 
camber. The corrections to thickness, chord-length, shape and position all help to reduce troublesome 
areas of concentrated or severe curvature. In general, the behavior of propeller NURBS surfaces in 
CAD is greatly improved when these curvature singularities are reduced. Smoother surfaces are also 
important for manufacturability of the design for CNC toolpath generation for propellers and casting 
molds. (It is interesting to speculate whether local improvements in tip curvature might also reduce 
velocity hotspots, local cavitation, or tip vortexes.) 

 

 
Fig.10: Reduced severity of tip curvature for CAD corrected tip section. Gradient shading is used to 

represent relative changes in curvature. 
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5. Leading Edge Radius  
 
Another region of significant change in curvature is at the edges (leading and trailing) of the propeller. 
Certain design objectives, such as ice-class, require edges thicker than standard. The published offsets 
for systematic propeller series indicate a shape that does not necessarily accommodate different edge 
thickness or edge radii for the nose and the tail. PropCad's integrated Builder has algorithms to 
modify the section offsets to include different edge thickness and edge radii, including independent 
face and back edge radii. Any modifications to the native section shape should have smooth curvature 
continuity and tangency to the existing offsets. A true circular arc radius can easily be superimposed – 
but what happens when the it is less than the specified edge thickness? Is it appropriate to leave a flat 
in the middle of the edge between the radii like a fillet? Or is it proper to fully round the edge and 
somehow fair the resulting thickness into the rest of the foil? While a true circular arc can be faired, 
HydroComp has found that an elliptical shape allows both an accurate dimensional radius at the nose 
or tail and the capability to mathematically fair the changes into the foil. The ellipse has the advantage 
of smooth changes in curvature, whereas a true edge radius or fillet (of a circular arc) has constant 
curvature followed by attachment to a spline of substantially different curvature. 
 
The section shapes are first modified for edge thickness by positioning and scaling the different 
quadrants of the section. The known quantity for the nose radius can be used as the focal radius of the 
ellipse, and then the ellipse can be superimposed onto the section shape, with camber removed. The 
face and back offsets can be modified independently. The solution for the minor axis is bounded. The 
lower limit is the edge thickness, the upper limit is the maximum thickness of the section. The major 
axis of the ellipse in the chord-wise direction should not exceed the minor axis in the thickness 
direction in order to maintain the appropriate aspect ratio and orientation of the ellipse. In other 
words, the major axis of the ellipse must always be the chord-wise direction of the section. This 
concept has proven its tremendously valuable for creating custom section shapes with faired leading 
edge radii. Fig.11 shows the results of modifying with an elliptical edge. 

 

 
A universal algorithm, as was developed for HydroComp PropCad, automates the search for the 
solution using an iterative computational approach to solve within a tolerance window. The algorithm 
preserves the curvature and thickness characteristics of the parent foil while simultaneously ensuring 
the design targets for edge thickness and nose radii are achieved. Fig.12 shows a few, including the 
un-modified section shape. The algorithm has been adapted within PropCad to successful handle 
cambered sections as well. 
 

 
Fig.11: Example of how to graphically superimpose an ellipse onto a section to achieve a desired nose 

radius and leading edge thickness on a foil with no camber 
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Fig.12: Examples of different nose radii implemented using HydroComp PropCad and the elliptical 

nose algorithm. Edge thickness of this foil is 0.07. 
 
6. Conclusions 
 
Propeller’s surfaces feature complex curvature created by the section offsets in the chordwise 
direction, but also by the lofting of the sections into a surface in the radial direction. In CAD, these 
surfaces are typically represented by a NURBS surface patch, derived from a limited number of offset 
points. While the mathematics of piece-wise cubic splines ensure that the source data points will be 
matched, the spline may undulate in some cases between data points. This can induce undesirable 
waves into the surfaces, so care should be taken when selecting a spline algorithm and lofting 
algorithm within any propeller design software.  
 
The typical design process of a propeller dictates representation using limited data. The blade is not a 
point cloud, but rather discrete section slices that are integrated into the full shape. These sections 
often come from published systematic propeller series, such as can be found in the HydroComp 
PropCad Builder. Blades with rounded outlines, high skew, or added camber often require careful 
consideration for the number and distribution of radial sections. When section data is sparse, 
especially near regions of rapid curvature such as the tip of the blade, detrimental simplification of 
thickness and blade outline occur and the integrity of the shape of the tip is decreased. 
 
There are several techniques for improving the integrity of the surfaces near the tip. HydroComp 
PropCad uses a CAD friendly tip algorithm, which was developed using qualitative curvature 
comparisons to improve the behaviour and accuracy of the tip geometry in CAD. This algorithm 
modifies the thickness, chord-to-thickness aspect ratio, section shape, and section stacking position to 
achieve a tip section that is friendly to the surface curvature on both the face and back. Camber 
stacking can be a very effective method for positioning sections, since it reduces the “scoop” effect 
that is produced by camber at the blade tip in baseline (face) stacked profile. 
 
Lastly, a special edge radius modification for the leading and trailing edges of the 2D section 
demonstrates that an elliptical shape is capable of fairing an edge radius into a foil shape while also 
being able to accommodate different edge thicknesses. A universal algorithm, as implemented in 
HydroComp PropCad, shows how the edge thickness and edge radii can be independently controlled. 
 
Propeller performance is largely driven by the influence of surface curvature on the flow of the water. 
The surface curvature must avoid unintended singularities, severe curvature localizations, and spline 
undulations between data points are present. A dedicated tool, such as HydroComp PropCad, allows 
users to visualize, correct, or prevent these common propeller pitfalls – but when working in CAD 
packages, it is important to keep these CAD-friendly concepts in mind to maintain an accurate and 
well-behaved model – and avoid a propeller “CAD-tastrophy”. 
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Abstract 

 
This paper describes a holistic approach to improve ship energy efficiency by using a ship energy 
flow simulator tool. We present a case study on a bulk carrier vessel. The ship machinery and its 
operation profile were modelled in a way that the model is simple and usable for ship designers but it 
includes the relevant characteristics of all major energy processes. This approach allowed us to 
examine different variables and evaluate their potential for energy efficiency improvement. In the 
case study, we improved the waste heat recovery efficiency of the ship and optimized the main sea 
water cooling system.  
 
1. Introduction 
 
Optimal design and operation of ship machinery have a significant impact on the total cost of 
ownership and emissions over life-cycle. Major reasons for inefficient ship operation are due to the 
dimensioning the ship machinery to cover a wide range of different extreme operation conditions 
whereas operating conditions realised may differ from the extreme design conditions. These design 
conditions, meaning often certain environmental conditions assumed, combining one loading 
condition of the vessel and a chosen speed of the vessel, are not necessarily describing the actual 
average operation conditions of the vessel.  
 
Deltamarin has lately analysed much data regarding bulk carrier vessels operational speed and loading 
condition, and the result of this analysis is that the so-called design conditions are presenting poorly 
the average conditions of the vessels. Bulk carriers are operated mostly at maximum draft, and at 
lower speed than they are designed for. As the operating route and requirements for transporting cargo 
with the ship, as well as the changing weather conditions are affecting on the actual operation profile 
of single vessels, it is clear that the ship should not be optimized for one single operation point. 
Instead, the varying conditions should already be considered in the design phase of the ship. 
 
Traditionally, static energy balance calculations have been performed using Excel-based static tools 
for simulating the operation conditions of the ship. These can be practical and fast design tools, 
especially when presenting average conditions and simple interactions between the various variables 
in design. Fast and practical design tools for ship designers are often equal to tools that enable as fast 
and efficient as possible, but at the same time transparent modelling of the system. The transparency 
is required, for instance, for ensuring quality of the design work and also for being able to explain the 
solution, step by step. Excel is a common platform for creating these kinds of design tools, such as the 
energy balance calculations.  However, once the interactions between the various energy balance 
components become complicated, the static tools are not necessarily filling the definition of a 
practical and fast design tool.  
 
For meeting the needs of more advanced energy balance simulation, ABB, Deltamarin and VTT have 
been developing a general energy flow simulation tool, Tammi et al. (2010), Zou et al. (2012), by 
utilizing Matlab, Simscape from Mathworks as the software platform. The purpose of the multi-
domain simulation tool is to represent all relevant ship processes at a system level. The energy 
distribution between various processes and their influence in the total energy efficiency and, 
eventually, fuel consumption can be studied. The first ship energy flow simulators have been 
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developed and partially validated with a case cruise ship, Zou et al. (2012), Zou et al. (2013) and a 
case container ship, Zou et al (2014). Both of these cases are utilizing data from reference ship 
automation system.  
 
We wanted to apply the developed simulation tool also for a ship with more simple operative data, 
and to approach the model building from a designer perspective. Bulk carrier B Delta 37, a 
Deltamarin’s product was chosen as the case ship for creating a next generation energy balance tool, 
where the best practices of both, traditional and new, ways of energy balance modelling would be 
combined. The simulation model developed was also tested for dimensioning certain key components 
in the ship machinery. 
 
2. Application 
 
2.1 Case ship and simulation model 
 
The case ship is a handy-size bulk carrier with a traditional propulsion system, Table I. Electric power 
is produced with three diesel generators and heat energy with an oil fired boiler and an exhaust gas 
boiler attached to the main engine. An evaporator is connected to the high temperature (HT) circuit. 
 

Table I: Main particulars of the case vessel 

Length Overall 179.99 m 

Breadth 30.00 m 

Depth 15.00 m 

Design Draft 9.50 m 

Design Speed 14 kn 

HT Pump Capacity 260 m3/h 

LT Pump Capacity 425 m3/h 

SW Pump Capacity 530 m3/h 

SW Pump Nominal Power 57 kW 

Main Engine Rated Power 6050 kW 

Diesel Generators Rated Power 3 x 740 kW 

Evaporator Power 500 kW 

Exhaust Gas Boiler Heat Energy at 75 % load at ISO cond. 189.1 kW 
 
For maximum usability and transparency of the model, all variables, used for running the model, were 
inserted within one input file. The file includes machinery specifications, operation conditions, speed-
power curves, as well as the estimated heat and electric load. The machinery specifications include 
main engine data such as specific fuel oil consumption, heat dissipations to high- and low-temperature 
cooling water circuits, exhaust gas temperatures and mass flow. All these were inserted as a function 
of engine load, and they depend on the ambient condition also inserted as a variable in the model. 
Other machinery specifications included evaporator power, waste heat recovery boiler specifications, 
oil-fired boiler power and auxiliary engine data. All the information was acquired from project guides 
from engine makers or manufacturers data sheets.  
 
The power required by the ship can be mechanical power for propulsion, or electrical and heat power 
for various ship processes. The power requirements for the ship were obtained from the model tests of 
the ship. They are depending on different loading conditions i.e. different drafts of the ship. These 
loading conditions are usually ballast, design and scantling drafts. The ship’s heat load was obtained 
from the heat balance. Furthermore, the heat load is given as a sum of the main consumers for certain 
ambient temperature.  
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Fig. 1: Bulk carrier simplified energy distribution processes 

 

 
Fig. 2: Bulk carrier simulation model, top level 
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These temperatures determined the heat load conditions, utilized in the model that include ISO, 
summer and winter conditions. Finally, the electric load was obtained from the electric balance design 
document. Electric load is given as a sum of the main consumers for different operating modes that 
include harbour, cargo loading condition, manoeuvring and operation at sea. All these loads, 
mechanical power for propulsion and heat and electrical loads were used later in an operation profile 
setup. The operation profile setup gathered all the data from the input file together to a holistic 
operation profile as a function of time. The inputs required were timescale, operating condition, 
ballast condition and speed at that certain time. 
 
The simulation model gathered together the various input data, and the interactions between certain 
processes. Also the results from the simulation model were gathered together in one output file. This 
enabled efficient distribution and handling the results outside the simulation model. Fig.1 shows the 
main components and variables in the ship machinery that were included in the simulation model. 
Fig.2 shows the model in Simscape. 
 
2.2 Simulation results 
 
A two week operation profile for the vessel was defined. The definition included two harbour visits 
with cargo loading/unloading. Fig.3 below presents the power requirements of the different consumer 
groups as a function of time. 
 

 
Fig.3: Operation profile of the ship 

 
As a base case without any additional modifications, the simulation tool was tested with some 
parameters such as assuming ISO conditions for the main engine, with a setpoint for the low-
temperature cooling water temperature as +32 ºC. There was no speed control assumed for the cooling 
circuit pumps, and the boilers were assumed to generate 7 bar steam for the consumers. 
 
The results acquired from the simulation include for example total fuel consumption, transient fuel 
consumption, fuel energy utilization, diesel generator loading, total heat loading and produced exhaust 
gas boiler energy. Some of the main results are presented below in Figs 4 and 5. 
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Fig.4: Total fuel consumption in 7 bar steam system. 

 

 
Fig.5: Fuel energy utilization with 7bar steam 

 
3. Machinery investigations 
 
3.1 Optimal boiler dimensioning 
 
The simulation model was first applied on dimensioning the main engine waste heat recovery boiler 
correctly. Since the efficient main engine produces little waste heat in exhaust gases, the aim was to 
collect as much heat in the boilers as practically possible. If there is not enough steam available from 
the main- or auxiliary engines’ heat recovery boilers, additional heat must be produced with the oil 
fired boiler. Two alternatives for boilers were studied: 7 bar steam producing boiler and 6 bar steam 
producing boiler. With the 6 bar steam producing boiler the steam temperature is lower than in the 7 
bar system. The usage of the 6 bar boiler enables lower exhaust gas temperatures after the boiler and 
therefore higher theoretical steam production rate. Boiler manufacturer was contacted for receiving 
the estimated data of the steam production with the different boilers, and this information was inserted 
in the simulation model simply via the input file. 
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The results of this study are shown below in Figs. 6 and 7. În the specified conditions for the vessel, 
the 6 bar steam system generates savings from the reduced oil fired boiler utilization approximately 
1 t oil during the two week operation time. If assuming the same operation profile over one year, the 
annual fuel savings are approximately 26 t of oil with the 6 bar steam system.  
 

 
Fig.6: Comparison between the two boiler options for main engine as a function of time 

 

 
Fig.7: Difference in additional heat production in the oil fired boiler during the two week operation  
           with the two boiler options to be studied 
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3.2 Central cooler optimization 
 
The second case example was the optimisation of the cooling water circuits. This was seen a potential 
spot for savings as there is significant interaction between the various components in the cooling 
circuit. The main sea water cooling pump is usually one of the largest single consumers in ship 
machinery auxiliaries. The cooler arrangement in the case vessel type is usually such that there is only 
one sea water cooling pump running constantly in the sea water cooling loop, with a similar standby 
pump installed in parallel for back up purposes. Since all the equipment in the cooling circuit is 
dimensioned for maximum load of the equipment and in the maximum specified conditions, there is 
usually significant potential for creating savings in this circuit. 
 

 
Fig.8: Cooling water circuits included in the simulation model 

 
The first item to be studied was to find out the theoretical potential for lowering the sea water cooling 
pump speed from the design conditions, described in chapter 2.2. It was considered in the model 
building that the ship sea water cooling pump could be realized also with a setup of three pumps, all 
dimensioned for 50% flow of the maximum. This way, one or two pumps can be run in parallel, with 
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the third pump as back-up. A practical limit for lowering the flow through the pump was assumed to 
be 50% of the maximum flow. Finally, further saving potential in the cooling water circuit was 
studied, by lowering the cooling water temperature in the low-temperature (LT) cooling water circuit 
for the engines and auxiliaries. This has a positive effect on the main engine specific fuel oil 
consumption, which was considered in the model input definition. This was found a very interesting 
target for simulation, since changes in the cooling circuit are affecting many subsystems of the 
simulation. The main variables in these three different scenarios are presented below in table II. with 
“control status” referring to the pump speed control and LT setpoint referring to the LT-cooling 
circuit temperature. 
 

Table II: Definition of the different cases tested with the simulation model 

Setting Case1 Case2 Case3 

Steam System 7 bar 7 bar 7 bar 

SW Pump No Control Controlled Controlled 

LT Setpoint +32 C +32 C +25 C 

ME-Update due to LT Setpoint No No Yes 

 
Fig.9 shows the differences in the sea water flow through the pump with the three case setups, 
presented in Table II. It is clear that the speed-controlled sea water cooling pump has an effect to the 
required flow, compared to the one-speed pump, and therefore also fuel savings are generated.  
 
However, we can notice that changing the LT-setpoint from higher temperature to a lower one, the 
flow through the pump is increased. This is due to the definition of the pump control that aims for 
creating a maximal temperature difference over the central cooler. Once the LT-cooling water 
temperature is lowered on the hot side of the central cooler, the theoretical temperature difference 
over the cooler is lower than in the previous case, and according to the energy conservation equations 
in the heat exchanger, the mass flow through the pump and the heat exchanger must be lifted. 
Nevertheless, lowering the LT-setpoint brings savings in the improved main engine specific fuel 
consumption figures, and this effect is presented in Fig.10.  
 

 
Fig.9: Differences in water flow through main sea water cooling pump with different cases simulated 
 
The comparison between the three simulated cases and their effect on the ship total fuel consumption 
is presented in Fig.11. The benefits of speed-controlled pump are estimated to be approximately 6.5 t 
during the two-week operation. During one year of operation, the savings could be almost 170 t fuel. 
Interestingly, the benefit of lowered LT-setpoint would not seem to generate much additional savings 
compared to the case 2. However, there are additional benefits of lower temperature in the LT-cooling 
water for the various processes, such as possibly increased efficiency of the water-cooled electrical 
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equipment or auxiliary engines that are also combined to this cooling circuit. This effect could also be 
modelled with the tool. 
 

 

Fig.10: Effect of theoretical changes in main engine SFOC for LT-setpoint lowered from design  
            conditions 
 

 

Fig.11: Summarized ship total fuel consumption for two-week operation profile, once all variables for  
             the simulated cases are considered 
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4. Conclusions 
 
For ship designers the initial data for forming an energy balance calculation is usually a combination 
of tabularized design values for various components and processes from product manufacturers and 
from the different disciplines of ship design. The physics and interactions between these processes 
are, then, described and the relevant results of the calculation can be presented for supporting the 
design. For simple, and especially early-phase ship energy balance calculation Excel is often the 
preferred solution, since it is a well-known tool and commonly available among designers. However, 
even with very simple initial data for the energy balance, the interactions between different processes 
in ship machinery form relatively complex equations. In this case, modelling these interactions with 
multi-domain simulation tool brings a valuable dimension to the energy balance analysis. 
 
The case examples described in this article showed that the simulation tool of a ship can be very 
useful for modelling the various processes, and for understanding the consequences that single 
processes have for a larger entity. Model building requires, however, good understanding of all the 
ship energy flow model components. Nevertheless, with the developed model for the bulk carrier 
vessel, the model end users are not required to be experts in ship machinery or in simulation model 
building, once the user interface to the input values and results is arranged separately. Depending on 
the sophistication of the model, the model itself can be used for also illustrating the processes and the 
process flows. 
 
Based on the project results so far, the approach of utilizing multi-domain simulation together with a 
pre-processed input file enables ship designers to build new kind of energy balance tools. These 
energy balance models can include dimensioning of certain key components, designing and testing 
process control and even forming a preliminary Ship Energy Efficiency Management Plan (SEEMP) 
for the vessel. The key benefit with this approach is, that the model user can take advantage of both 
the benefits of simple and light Excel-type calculations, and also of modelling the more complex 
entities with a suitable tool for this purposes. In other words, minimum amount of work is required for 
producing and processing the necessary input data for the model with the standardised form, while all 
development efforts can be concentrated on the simulation model definition.  
 
For bulk carrier model, the next steps of modelling development would include validating the model 
functionality with actual operating data of a similar type of vessel. Also the similar approach could be 
utilized for other ship types. Moreover, in order to find the actual development potential in the system, 
advanced method for the energy flow analysis is required. Lampinen and Wikstén (2006) presented a 
general method of presenting the thermodynamic power loss of single components in the studied 
system, by defining the effective heat absorbing and heat emitting temperatures on the boundary of 
the system during the transformation processes and applied this method for analysis on combustion 
processes, Lampinen et al. (2010). By combining this method to the entropy generation model of the 
ship energy balance components, Elg (2007), it is possible to find the processes that should be 
improved. This analysis method can guide the ship designer in choosing the correct targets, and for 
prioritising various targets for energy efficiency improvements in the system that is studied.  
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Abstract 
 
In order to find possible ways to improve ship overall energy efficiency, a system-level energy flow 
simulator of a container ship has been developed using multi-domain energy flow simulation method 
within Matlab/Simscape environment. The simulator is then validated with the ship measurement 
data, and further utilized as a baseline model to evaluate two well-known energy-saving scenarios for 
container ships, namely shaft generator system and waste heat recovery system. The evaluation 
results show that, when the main engine is running with a real ship operating profile, the two energy-
saving systems could in total harvest about 4 – 13% of main engine nominal power with respect to its 
load change. 

 
1. Introduction 
 
Ship energy efficiency has recently become essential and crucial to global shipping industries due to 
strict regulations, increasing operation cost and fierce competition. Especially, starting from 1st Jan 
2013, the International Maritime Organization (IMO) has enforced new regulations on the energy 
efficiency of international shipping to all ships of 400 gross tonnages and above, IMO (2011). From 
then onwards, newly-built ships must attain strict energy-efficiency levels defined by the Energy 
Efficiency Design Index (EEDI). The targeted CO2 reduction level for the first phase (Phase 0) is set 
to 10% and will be tightened every five years, starting from 2015, to keep pace with the technological 
developments of new efficiency and reduction measures, Fig. 1, LR (2012). Furthermore, all ships are 
required to install on-board a specific Ship Energy Efficiency Management Plan (SEEMP) system, 
aiming to establish a mechanism to improve the ship energy efficiency in a cost-effective manner.  
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 Fig. 1: EEDI reference figure of new-building ships enforced by IMO 
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In addition, the Energy Efficiency Operational Indicator (EEOI) has also been suggested to monitor 
the ship operation and hence find possible ways to improve the ship efficiency performance during 
operation. 
 
An increasingly high fuel price is the other main reason for improving ship energy efficiency, 
especially for container ships. Depending on ship specifications, the fuel consumption could account 
for up to 70% of the total operating cost, highest among all the ship types. Meanwhile, even the most 
energy-efficient container ships could utilize only about half of the fuel energy. Another more than 
half of the fuel energy is taken away by engine exhaust gas, engine HT cooling water, and engine LT 
cooling water during the combustion process, and finally emitted into air and sea. 
 
Practically, there are many ways to improve ship energy efficiency and reduce the operating cost, 
such as speed optimization, weather routing, new technology implementation, efficient operation and 
power management. One traditional way is to lower operating cost per unit by increasing ship 
capacities. The capacity of biggest container ships has been increased over five times from 3400 TEU 
to 18000 TEU in the last three decades, Fig.2, Rodrigue (2013). Consequently, ship power plants are 
getting larger and more complex, including more sophisticated mechanical, electrical, hydraulic and 
thermo-hydraulic systems. This posts big challenges for ship designers and operators to find more 
effective ways to improve ship overall efficiency to meet the IMO regulations while still making 
substantial profit. As a result, new technologies and innovative solutions have been widely applied to 
ship designing, building, retrofitting and operation processes in the last decades, which, however, 
rarely results in expected energy efficiency increases in practice due to lack of system-level 
consideration. How to assure the new technology solutions to achieve the designed performances at a 
ship level is still a big challenge. 

 
Fig. 2: The capacity evolution of the biggest container ships during the last 4 decades 

 
To meet the need, we have previously developed a ship energy flow simulation platform using multi-
domain simulation method, which has proven to be very useful and effective to thoroughly 
understand and manage the energy distribution and consumption of a ship power plant, Zou et al. 
(2013). In this paper, we will employ the simulation platform to utilize new energy-saving 
technologies to improve the overall energy efficiency of a container ship.  
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2. The case container ship 
 
The to-be-investigated case ship is one of the most recent and largest container ships in the world. 
Fig.3 shows a simplified diagram of the case ship main energy systems. A two-stroke main diesel 
engine (ME) rotates the shaft directly connected to a propeller. Five auxiliary diesel generator (Aux. 
DG) sets supply the other energy systems and different electric consumers through main switch 
boards (M.S.Bs), such as bow thruster, lighting, cargo loading, batteries and engine rooms. The water 
cooling systems are designed to take away the wasted heat energy from the engines to guarantee the 
working safety and also the best working efficiency of the engines. Besides, a conventional steam 
system, including exhaust gas economizer (EGE), oil fired boiler (OFB) and steam consumers is also 
implemented.  

 
2. Ship energy flow simulation 
 
Modern large ships have very sophisticated onboard energy systems, including complex interactions 
within different physical subsystems. In order to thoroughly understand how fuel energy is distributed 
and consumed within a ship, we assume the fuel energy is in a form of ‘energy flow’ running through 
the entire ship energy systems. Due to the involvement of different physical subsystems, a multi-
domain simulation method is needed to develop a system-level simulation platform to represent ship 
energy systems in a simple but effective way. The developed simulation platform can be easily 
adopted to model the energy systems of the case ship, which is further utilized as a baseline model for 
energy-saving scenario implementation and evaluation. 
 
2.1. Multi-domain simulation platform 
 
The energy flow simulation platform is to be developed using model-based simulation method within 
the well-known simulation software platform, Matlab/Simulink/Simscape. Simscape™ software 
extends the Simulink® product line with tools for modelling and simulating multi-domain physical 
systems, such as those with mechanical, hydraulic, pneumatic, thermal, electrical, and electro-
magnetic components. Unlike other Simulink blocks, which represent mathematical operations or 

 
Fig.3: A simplified diagram of the case ship main energy systems 
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operate on signals, Simscape blocks represent physical components or relationships directly, 
Mathworks (2013). 
 
As a general simulation tool for ship energy systems, the simulation platform is not to be developed 
to represent every detail of the ship energy systems. Instead, it is to be modelled at a system level and 
to be built as simple but feasible as possible to facilitate the interactions among different energy 
subsystems. Typically, there are a lot of interactions involved within different systems and quite a 
many different components included in each system. For simplification, ship energy systems are 
hierarchically separated as different subsystems with necessary interactions. Straightforwardly, the 
developed simulator is to be modelled with different main energy subsystems, including power 
generating systems, electrical systems, cooling water systems and steam powered systems. 
 
2.2. Energy flow simulator of the case container ship 
 
Using the multi-domain simulation platform, a ship energy flow simulator has been developed to 
systematically represent the energy systems of the case ship, shown as a block diagram in Fig.4. The 
modelling details are extracted from the system diagrams. It includes five different types of 
subsystems: an ME subsystem modelled from engine project guide (yellow block in the figure), an 
Aux. DG subsystem including five subsystems of DG sets (orange block in the figure), an ME steam 
subsystem (green block in the figure), an electric AC subsystem (red block in the figure), a block of 
fixed-pitch propeller (grey block), and the ship water cooling subsystems including an ME high 
temperature (HT) cooling water system (cyan block), a central fresh water cooling system (light-blue 
block), a sea water cooling system (blue block) and another cooling water system including other low 
temperature (LT) coolers (dark-green block). Those subsystems are interacted with each other and 
hence networked as the main parts of the ship energy flow system. 
 

 
Fig. 4: An upper-level block diagram of the developed energy flow simulator of a container ship 

 
2.3. Validation of the energy flow simulator 
 
Model validation is vital for the developed ship energy flow simulator due to the large simplification 
of the complex physical interactions among ship energy systems during the modelling process. The 
measurement data was gathered onboard the case ship during its real operation for validating the 
developed simulator. Part of the gathered data is used as model inputs and the rest is used to compare 
with the simulation results and hence to calibrate the model according to the discrepancies to improve 
the model accuracy to an acceptable level. 
 
As an example, Fig. 5 shows how the fuel energy is distributed after the main engine. During the 
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selected cruising period, only about 40% of fuel energy is transferred to shaft power (mechanical 
energy) after the combustion process. The rest of the fuel energy is dissipated as a form of waste heat 
energy, including about 30% to exhaust gas, about 17% to LT cooling water and about 10% to HT 
cooling water. 
 

 
Fig. 5: The dynamic energy distribution after main engine 

 
3. Ship energy saving scenarios 
 
Since over 50% of fuel energy is dissipated to the environment during the combustion process, waste 
heat recovery (WHR) technologies have been very promising to improve ship energy efficiency by 
recovering wasted heat energy from ME exhaust gas and its fresh water cooling systems. The most 
common ways for WHR include 
 

• heat exchangers to recover heat from fresh water cooling systems for fresh water generation 
or for steam co-generation, 

• power turbine (PT) to recover heat energy from exhaust gas for electricity generation, 
especially for big engines with exhaust gas by-pass function, and 

• exhaust gas economizers (EGE) to recover heat from exhaust gas for steam production. The 
generated steam is available for steam consumers or can be transferred to electricity via steam 
turbine (ST). 

 
Considering the case container ship, all the three options are combined together specifically for 
electricity generation so as to lower the usage of the auxiliary DG sets. Besides, a shaft generator 
(SG) system has also been utilized for balancing the electric energy usage, which operates at a motor 
or generator mode according to the propeller load and the electrical power needed by other systems. 
 
The scenario implementation has been highlighted in Fig. 6. The SG system (highlighted in orange in 
the figure) is introduced between the propeller and M/E shaft output. The WHR system (highlighted 
in yellow in the figure) is implemented to recover the heat energy from ME exhaust gas and from its 
fresh water cooling systems. Specifically, a power turbine (PT) system is employed to recover heat 
energy from ME by-pass exhaust gas and  an advanced dual-pressure EGE is in conjunction with a 2-
stage steam turbine to guarantee a better heat recovery from ME exhaust gas. The combined 
implementation could utilize the ship energy consumption at its highest efficiency. 
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Fig. 6: Schematic diagram of main energy systems of a container ship and two to-be-implemented  
            energy saving scenarios 
 
3. Energy saving scenario implementation 
 
Fig.7 shows the developed ship energy flow simulator diagram with the implemented energy-saving 
scenarios, an SG subsystem (dark green colour block) and a WHR subsystem (green colour block), 
which frames are highlighted in red colour. As indicated in the diagram, the WHR subsystem will be 
enabled when the ME load percentage is equal to or larger than 50%. 
 

 
Fig.7: A block diagram of the energy flow simulator with implemented energy-saving scenarios 

 
The implemented SG system is a direct connection of an electrical machine to the propeller shaft. The 
SG system starts working when ME’s RPM is equal to or larger than the RPM reference (40% of its 
nominal RPM). The transmitted power is calculated and limited by both the absolute power difference 
(between the propeller shaft power and the ME admissible power reference as of its RPM) and SG’s 
power as of ME’s RPM. The SG system is working at generator mode when the power difference is 
positive, otherwise working at motoring mode. 
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The implemented WHR system utilizes the ME exhaust gas system and fresh water cooling systems 
together when the ME load is larger than 50% of its nominal power. Depending on the engine load, 
the exhaust gas flow by-passed to the power turbine system varies between 5 – 15%. An advanced 4-
stage dual-pressure EGE, instead of normal one-stage EGE, is installed together with a 2-stage steam 
turbine to guarantee a better heat recovery from ME exhaust gas. Heat exchangers are also used to 
recover heat energy from ME’s HT fresh water cooling system and its scavenge air system to pre-heat 
the WHR water circuit before entering the EGE system. Using this implementation, more than 5% of 
fuel energy could be recovered from the exhaust gas for electricity generation. 
 
Furthermore, an advanced power management system is implemented to utilize the energy harvested 
by the SG and WHR systems together with the ME, propeller, Aux.DG and electrical network to 
achieve a better energy balance at a ship level. Specifically, the SG could work either at the motor 
mode when the WHR energy is larger than electrical load or at the generator mode when the WHR 
recovery could not satisfy the electrical needs. In this way, we could achieve dynamic energy balance 
among the different energy sources and consumers, and hence improve the overall energy efficiency 
of the container ship. 
 
3.2. Evaluation of the implemented scenario 
 
Using the developed simulator, we can easily evaluate the new energy saving technologies with 
different ship operating profiles, either specified by ship owners/operators or recorded on-board ships 
during operation, to check how effective and beneficial the scenarios practically are under different 
working conditions. This enables the simulator to virtually “recap” the real-time performances of the 
new solutions without installing the real systems. For comparison, the implemented energy-saving 
scenarios are evaluated using the same onboard measurement data as the data used for the baseline 
model validation. During the selected time span, the case container ship is running at different RPM 
and load conditions on its normal trips, which makes the scenario evaluations more realistic.  
 

 
Fig. 8: The ME load range diagram of the container ship with implemented energy-saving scenarios 

 
Fig. 8 shows the ME load diagram during the run-up of the ship energy systems with the energy-
saving scenarios implemented. The purple curve represents the propeller load curve under the original 
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installation and the blue curve represents the simulation results of the ship energy systems with the 
implemented scenarios. Both curves are well located within the red-dashed limit area specified by 
engine manufacturers. In some cases, especially when the ship is operated in shallow water, heavy 
weather and during acceleration, the blue curve might exceed the limit curves and hence the SG 
system must adapt to the situations and harvest less power from the ME shaft and even starts the 
motoring mode instead of the generating mode. 
 
As shown in Fig. 8, the SG system is running solely in the generator mode before the WHR system 
started working at around 77% of the ME’s rated RPM (revolution per minute). After that, the SG 
system works in parallel with the WHR system, and the SG system gradually reduces its power output 
and eventually reaches at a balance point (at around 82% of the ME’s rated RPM, the red arrow in the 
figure) where the WHR energy recovery can satisfy the electrical need. When the ME’s RPM is 
further increasing, the SG system starts running at the motor mode to utilize parts of the WHR energy 
to supply the propeller need to lower the ME’s load, which indicates in the figure that the ME load 
curve (blue) is lower than the propeller curve (magenta) when the ME’s RPM is larger than the 
balance point. 
 
To further indicate the feasibility and effectiveness of the implemented energy-saving scenarios, the 
energy recovered by the WHR system and the total energy harvested by the SG and WHR system are 
shown in Fig. 9 and Fig. 10, respectively. Fig. 9 shows the recovered heat energy by WHR with 
respect to the ME’s load change. Depending on the ME’s operating condition, the WHR system could 
harvest about 5 – 7% of the ME’s nominal power during the 50 – 90% ME’s load range. Fig. 10 
shows the total energy saving by the implement scenarios with respect to the ME’s RPM change. As 
indicated by the red curve, when main engine is in heavy running condition, the two energy-saving 
systems could in total harvest over 13% of ME nominal power. 

 
Fig. 9: Energy recovered by the implemented WHR scenario, as a percentage of ME nominal power  
          with respect to its load change 
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Fig. 10: Energy harvested by the implemented scenarios (SG+WHR), as a percentage of ME nominal  
            power with respect to its RPM change. 
 
4. Conclusions 
 
In order to improve ship energy efficiency, a simplified energy flow simulator of a case container ship 
was firstly developed as a baseline model to understand the dynamic energy distribution within the 
ship energy systems. Due to the involvement of different physical systems on-board the ship, multi-
domain energy flow simulation method is adopted to facilitate the simulation interactions among 
different physical systems in a simple but feasibly way. Based the developed baseline model, two 
energy saving scenarios, namely shaft generator system and waste heat recovery system, are further 
implemented into the case ship energy systems to evaluate their technological feasibility suitability 
and practical effectiveness on ship energy efficiency optimization. As a result, when the main engine 
is running with a real ship operating profile, the two energy-saving systems could in total harvest 
about 4 – 13% of main engine nominal power with respect to its load change. 
 
In comparison to the traditional evaluation tools, the multi-domain energy flow simulator can serve as 
a more useful platform to evaluate and virtually “recap” the real-time performances of the new 
technological solutions without installing the real systems so as to find promising ways to improve 
the energy efficiency of both the existing and new-building ships. More importantly, the simulator 
could support ship owners and managers in their business-critical decisions by providing specific 
scenario analysis. In this way, it could lower the risk of their investments and improve the 
competitiveness of customers and their partners in the booming market. 
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Abstract 

 
Fire simulation has become a normal procedure in modern ship design process, especially when 
bigger passenger vessels, warships and offshore platforms are considered.  Nowadays a vast variety 
of reliable and generally accepted tools exist for different numerical simulations, also for 
phenomenon as complex as fire and smoke spread. However, building up and maintaining the used 
simulation models with the pace of the actual design process may still appear to be the bottleneck of 
risk based design from the fire safety perspective. 

 
1. Introduction 
 
“If you are in a boat, fear fire more than water” - historically, fire has been the most feared hazard on 
board ships of every kind and precautions against it are taken already in the design phase. With the 
modern fire suppression systems this risk is manageable, yet it still has the naval architects faced with 
various contradicting challenges. Although modern extinguishing systems are powerful and usually 
with ample supply of water, extensive use of sprinklers may have adverse effect on ship's stability, 
especially when small vessels or vessels with large full-width decks are considered. Since the most 
common construction material for ships nowadays is steel, usually the structures can't ignite. 
However, high temperatures related with intense fires degrade material strength, thus the fire induced 
softening can lead to loss of structural integrity. 
 
This paper depicts a work flow for integrating advanced numerical fire simulation into ordinary ship 
design process, making the mentioned challenges easier to approach. Traditionally, the first bottleneck 
on this path has been the creation of the fire simulation model. The use of ship's actual product model 
as the base for fire simulation model helps the designer to ensure that related geometries including the 
non-trivial shapes, but also material properties, both construction and insulation, are correct. When 
changes are made, the fire simulation model can be re-created within seconds. 
 
The herein presented integration of the two models also enables further assessment of the fire 
scenarios, namely the simulation results interesting from ship perspective can be imported back to the 
product model environment. To highlight these possibilities, the effect of the water released by the 
ship's fire extinguishing system on ship's stability and the effect of increased temperatures on ship's 
longitudinal strength are assessed in this paper. 
 
The developed method introduced in this paper uses NAPA as the product model environment and 
FDS as the fire simulation software. The presented visualizations of FDS are done using Smokeview, 
version 6.1.5 and the presented simulations using Fire Dynamics Simulator (FDS) version 6. This 
approach is introduced by assessing an engine room fire in a small offshore patrol vessel. The 
presented simulations are examples for demonstration purposes only. Finally considerations for 
further development are given and the observations of the whole process are summarized. 
 
2. Fire simulations with FDS 
 
Fire Dynamic Simulator (FDS) is a software tool that applies computational fluid dynamics (CFD) on 
fire-driven flow. In principle the simulation is based on solving Navier-Stokes equations with 
numerical calculation. FDS has been developed by the NIST (National Institute of Standards and 
Technology) and VTT (Technical Research Centre of Finland), McGrattan et al. (2013). FDS-
Smokeview is widely used in the industry. However, since FDS is only a solver and Smokeview a 
mere visualization software, there is a need for sophisticated methods for building up the simulations 
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models. In this paper the focus is on model creation and the detailed calculation features of FDS are 
not discussed. 
 
2.1. FDS model in general 
 
FDS model is a text-based dataset that holds all information regarding the simulated geometry and the 
phenomena related to the spread and development of fire. For a complex model, this file can have an 
exhausting number of lines, which can be difficult to manage and update. The model can be roughly 
divided into following sections: 
 

• Calculation meshes, output parameters and simulation options 
• Definition of the fire reactions 
• Definition of the species and particles 
• Definition of devices 
• Definition of materials and surfaces 
• Definition of geometric features 

 
The calculation domain, i.e. the mesh, is rectilinear and all geometric features have to be described as 
rectangular volumes. For modeling of a ship, this generates problems that will be discussed later on. 
Geometric features, such as holes on obstructions, can be added. Different material properties can be 
imposed on the obstructions by using surface and material definitions. The species and particles 
introduced in the simulation have to be defined. If the simulated compartment is equipped with fire 
extinguishing system, locations of the nozzles and all other system characteristics have to be defined 
in the FDS model. 
 
The approach introduced in this paper eases the FDS model generation in two ways: by automatically 
fetching data from the existing ship product model and by offering tools for managing FDS input 
parameters using libraries saved with the ship product model.  
 
2.2 The example case 
 
In this paper the model integration and model generation process is demonstrated using the engine 
room of a small offshore patrol vessel.  The length of the ship is less than 40 meters and the design 
draught is little over two meters. The location of the example compartment is presented in Figure 1 
below. Because of the small size, the vessel will be sensitive to addition of weight such as water from 
the extinguishing system. As the volume of the selected compartment is less than 200 m3, the size of 
the simulation mesh could be kept moderate, which decreased the required computational time.  
 

 
Fig.1: Location of the example compartment 

 
Fig.2 presents the FDS geometry model of the compartment which was created based on the NAPA 
ship product model. Transverse bulkheads are omitted from the figure in order to preserve clarity. 
Different materials were assigned for the side shell and the deck, illustrated with different colors. Two 
openings, retrieved from the structural arrangement of the vessel, were punched through the deck. The 
steps necessary for transferring the ship product model into functioning fire simulation model are 
discussed in the following chapters. 
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Fig.2: FDS geometry model presenting the engine room of a small offshore patrol vessel,  

bulkheads are omitted from the visualization. 
 
3. Fire simulations with FDS 
 
The fundamental basis of the integration between ship's product model and fire simulation model is in 
vault-like thinking. As the product model database already contains information about the ship 
geometry, structural arrangements and equipment components, it is therefore a natural location for 
storing and retrieving all ship related information. In the ship design process, the product model 
serves as the core source when generating production information for shipyard, and statutory 
calculations concerning, for example, ship stability are also done using the product model. 
 

 
Fig.3: Integration of fire simulation and ship product model 
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The information included in the ship product model can be summarized as follows: 
 

• Compartment geometry, ship general arrangement and information related to compartment, 
such as compartment purposes. 

• Structural arrangement of the vessel, holes and openings in hull structures as well as on decks 
and bulkheads.  

• Material properties of different structural members, both construction and insulation.  
• Location and key properties of equipment on board, including fire extinguishing system and 

primary components, such as main engines. 
 
By using the product model as the source for generating simulation models for other purposes, the risk 
of losing information and ending up having different models depicting the same ship can be 
minimized. In practice this will result in increased reliability of the simulations and tremendous saves 
in amount of work hours as the model generation can be automated to high level degree. The 
integration between NAPA and FDS, fire simulation and ship design, is shown in Fig.3 as a flowchart. 
Once the numerical fire simulation results are imported back to NAPA, and linked with the product 
model, they are available to be used in comprehensive assessment of the response of the vessel.  
 
3.1. Transfer of geometry and material properties 
 
Undoubtedly the biggest advantage that can be gained by the model integration is automated transfer 
of the model geometry including special features such as openings and material definitions. The 
challenge in the model generation process is the significant difference between geometry 
representations in the programs. NAPA uses continues surface representation, which captures well the 
challenging shapes of a ship, especially the curved hull surface area. In FDS the basis of geometry 
representation is a rectilinear mesh and all the geometric features are defined as rectangular box-
shaped obstructions, McGrattan et al. (2013).  
 
The difference between the two representations can be seen in Fig.4. Fig.4(A) presents the engine 
room as a NAPA surface, Fig.4(B,C) the FDS representations. To enable the fetching of geometric 
data from the product model, an advanced method for processing the NAPA geometry was developed. 
 

 
   

A) NAPA surface B) FDS surface, coarse mesh C) FDS surface, fine mesh 
Fig.4: Comparison of NAPA and FDS surface representations 

 
In order to successfully represent a NAPA-origin geometry in FDS, all shapes that are either curved, 
or are not parallel to the coordinate axes, have to be modified. This was done using 3D-rectilinear 
modeling grid approach. The method transforms non-planar and non-orthogonal shapes to discretized 
surface representation and replaces all surfaces with rectilinear modeling grid. This grid can then be 
interpreted as the basis for FDS obstruction definition. Transformation of the geometry is fast, 
effective and automatic, removing the modeling phase that was the former bottleneck of the process. 
 
Although the above presented example compartment has a relatively easy geometry apart from the 
curved hull surface, ship's compartments usually have a number of reductions and additions that make 
them irregularly-shaped. With the described geometry transfer, all these parts can be included in the 
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fire simulation model just the way they are in the actual ship product model as is presented in Fig.5. If 
required, geometric details, such as holes and openings, can be retrieved directly from NAPA Steel, 
the structural module of NAPA. Provided that the material parameters have been defined in NAPA 
Steel, these parameters can be included in the generated FDS obstruction definition. If these 
definitions have not been made, the designer may assign materials for desired sections of the 
compartment by using the developed tools. 
 

 
 

 

A) General arrangement presenting the 
compartment, viewed from above 

B) FDS model of the compartment, only walls 
showed 

Fig.5: Transferring irregularly-shaped geometry from NAPA to FDS 
 
The mesh cell size division has to be chosen in accordance with the dimensions of the obstructions. If 
the obstructions are too thin, they are ignored, McGrattan et al. (2013). The cell division should be 
chosen based on the dimensions of the model and characteristics of the fire, McGrattan et al. (2013), 
and then checked by visually inspecting the generated model. 
 
3.2. Sprinkler nozzles, thermometers and other devices and equipment 
 
Different types of equipment, which are part of the actual ship, have location on board and have 
equipment specific properties can be modeled in NAPA using a module called NAPA Outfit. Usually 
only large components having weight and space implications on the ship, such as main engines, big 
pump units and HVAC machinery are modeled with NAPA Outfit. However, the flexibility of the 
Outfit module enables its usage also for other purposes, like modeling of sprinkler nozzles, 
thermometers and similar equipment components, relevant from the fire simulation perspective. 
 
The locations of thermometers and other measuring points can be easily defined in NAPA. The 
definitions can be done simply in ship coordinate system and, if desired, an algorithm that places the 
measuring points at certain distances with respect to the geometry, can be used.  
 
In addition to the locations of the equipment, also the essential equipment and system parameters can 
be saved in NAPA as an equipment library. Having the data saved and linked with the product model 
also supports the vault-like thinking, easing the management of different types of equipment on board. 
This feature can also be used for making sure that the equipment properties, such as sprinkler system 
flow rate and system setpoint, are the same for all similar components. If the equipment parameters 
have to be changed, the alterations are automatically applied to all components of the same type 
ensuring that the simulations models are up-to-date. 
 
4. Effects on ship 
 
As mentioned in the beginning, fire and firefighting bring a handful of contradicting challenges to the 
naval architects table. Even though effective sprinkler systems are today more or less a part of the 
standard outfitting of almost every vessel, their extensive use has the potential of endangering the 
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stability of the ship. This is the case especially with small vessels but also with respect to larger ships 
having big continuous full-width decks and relatively small initial metacentric height, such as RO-RO 
vessels and passenger cruise vessels. 
 
On the other hand, prolonged fire associated with intensive heat release increases the internal 
temperatures in ship's structures and yields in degrading strength of construction materials. Depending 
on the location and the actual materials used, this 'softening' may lead to loss of structural integrity, 
i.e. to collapse of decks and bulkheads, but can also compromise the ship's longitudinal strength. 
 
Since the successful assessment of both of these hazards evidently requires naval architectural 
calculations to be performed, it seems a natural step to try and get the fire simulation results back into 
ship design environment. In the following two examples, the simulation results from two different fire 
scenarios have been imported back into NAPA system and processed there to yield appropriate data, 
which is then utilized as input for normal damage stability and longitudinal strength analysis. 
 
4.1. Water on deck 
 
To observe the effect of water released by a typical fire extinguishing system with sea water 
sprinklers, the engine room fire was simulated for 246 s with six sprinklers having the flow rate of 
180 l/min and activation temperature of 74 °C. In Fig.6 these results can be seen as three curves, one 
showing the accumulated amount of water from sprinklers and the other two indicating temperature 
histories outside the structures and in inner wall structure respectively from selected measuring points. 

 
Fig.6: Histories of accumulated water and temperatures outside and inside structures 

 
The total amount of accumulated water in this simulation was quite moderate, yielding only 1484 
liters. When the fire simulation terminated, this data was read into NAPA system from an ordinary 
csv file, and formatted to comprise a normal damage stability calculation case. Also this data 
exchange between the programs was automated by writing it in a NAPA macro. 
 
Even if the amount of water from this simulation does not threaten the ship stability wise, the changed 
state can be seen in damage stability calculations. A floating position plot and listed results from 
NAPA are shown in Fig.7 A) and simulated action of sprinklers in FDS in Fig.7 B). 
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A)  

 
B)  

Fig.7: Sprinkled water in the ship 
 
4.2. Heat on structures 
 
To observe the effect of increased temperature on structures, another scenario of the engine room fire 
was simulated for 370 s with no sprinklers acting and the temperatures outside as well as inside the 
structures were measured in several points, forming seven 'zones' in vertical direction. In Fig. these 
results can be seen as curves, those with label starting with 'C NW' showing the temperatures within 
the compartment yet outside the structures and those with label starting with 'C IW' indicating 
temperature histories from point inside the actual structures. 
 
The temperatures inside the structures increased well above 200 °C and stayed there for a period of 
tens of seconds, Fig.8. When the simulation terminated, the temperature histories were read into 
NAPA, and the averages of the maximum inner temperatures for the seven zones at different heights 
were calculated. For the assessment of this effect on longitudinal strength, a SECPRO model was 
generated in NAPA. This 2D FEM module enables the calculation of different properties of a cross 
section based on the NAPA Steel structural model, and yields the stresses acting in it. 
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Fig.8: Temperature histories outside and inside structures with no sprinklers acting 

 
To estimate the thermal effect on structural strength, a curve describing material behavior of steel 
with respect to increased temperature was adopted from Eurocode 3, EU (2005). The 'softening' of 
steel was then taken into account by a factor calculated for each zone from this curve and applying it 
as decreased plate thickness on the SECPRO model as no better way to realize this was found at the 
time of writing this paper. The results of the SECPRO analysis are visualized in Fig.9. Even though 
the increased stresses are not remarkably high in this particular case, the change is still noticable and 
shows that the fire has an impact also from structural point of view. 
 

 
Fig.9: Longitudinal strength assessment; left: initial state; right: fire affected structures 

 
5. Further considerations 
 
As always with new approaches, many details of the presented method need some tinkering and 
tailoring. Often the place for adjustment is only found with case studies in practice. Never the less, 
this chapter presents some ideas that have come up during the writing of this paper, which would 
make this approach even more usable in the future. 
 
There is room for improvement and fine tuning in the algorithms of the 3D-rectilinear modeling grid 
generation, especially when exceptional compartment geometries are concerned. 
 
Fire simulations are often incorporated with evacuation simulation and also for FDS an evacuation 
module EVAC is available. A natural step for further work would be to extend the presented 
integration procedure to comprise also evacuation aspects. 
 
The vault-like thinking introduced in this paper could be extended by improving the possibilities to 
transfer data between different design and simulation environments. For example, this could mean 
tools for transferring system and equipment data from dedicated design tools to NAPA environment. 
This would benefit fire simulation model creating as the equipment data is likely to concern the fire 
aspects as well. 
 
The analysis of the effects of fire and fire extinguishing on the ship could be extended towards more 



426 

comprehensive ship survivability assessment supporting the analysis of safe return to port 
requirements. The assessment could answer questions such as what are the functionalities lost due to 
fire and what is the operational capability of the vessel. 
 
6. Conclusions 
 
This paper has introduced a method for integrating the fire simulation to the ship design process. The 
approach is based on idea that the fire simulation model already exists within the ship product model 
and there is no need to re-create and re-model anything, only to transfer data between simulation and 
modeling environments. The presented method allows fetching of geometry and material properties as 
well as data of fire extinguishing system from the product model and facilitates solutions for fire 
simulation data management within the ship product model. Numerical simulation results can be 
imported back to NAPA ship design environment for assessing the ship's response in terms of stability 
and structural integrity. The developed method supports mastering the simulation data of different 
compartments centralized within the ship product model, thus enabling the incorporation of multiple 
simulations into the ship's overall response assessment. 
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Abstract 
 
An auxiliary drive is an electric machine and power electronic converter mounted in parallel with the 
main ship propulsion system. With a bidirectional electric drive system, Power Take In and Power 
Take Off are both possible, enabling hybrid operational modes. This gives the opportunity for slow 
speed motoring periods with improved prime mover operation and potentially lower emissions. 
Permanent magnet and induction machines are the two likely electrical machine choices. This paper 
presents an evaluation of the relative efficiencies of the two machine types when implemented on a 
shipboard auxiliary drive system. Depending on the operational strategy and the adopted propulsion 
system, the auxiliary drive is required to operate at various points in its operating envelope. By using 
a detailed computer model of an auxiliary drive system, the efficiencies at various operating 
conditions are calculated, showing how knowledge of the ship’s operational profile is essential in 
order to identify the configuration with the best efficiency. 

 
1. Introduction 
 
Hybrid vehicles combine two or more separate systems in order to meet a vehicle’s operational aims 
by exploiting each individual subsystem’s strengths to realise an improvement in the vehicle’s overall 
condition. Automotive hybrids are commonplace, combining the environmental benefits of an electric 
vehicle with the range and performance of an internal combustion engine. In the marine industry, 
hybrids have not generally included energy storage systems, chiefly because of the larger energy 
levels associated with marine propulsion systems. However the use of multiple systems to provide the 
required propulsive power from separate sources is highly suited for marine applications, especially 
ones which exhibit a highly fluctuating power demand. 
 
Especially in view of environmental regulations which are tightening emission levels, hybrid systems 
can help address periods when the main engine (typically running on Heavy Fuel Oil (HFO)) is 
operating at suboptimal conditions, such as during low speed transits. Alternative power can be 
sourced from the auxiliary power system which is generally supplied by auxiliary diesel generators 
running on cleaner diesel fuels (when compared to HFO). 
 
The linking of the auxiliary power system with the main propulsion system is achieved with the use of 
auxiliary drives, which in the scope of this paper is understood to refer to an electrical machine and 
bidirectional power electronic converter capable of operating in motoring as well as generating mode. 
Conceptually, this arrangement is shown in Fig.1, where the auxiliary drive is connected to the 
propeller shaft via the Main Reduction Gearbox (MRG), in this case showing a medium or high speed 
diesel engine. The electrical machine is connected to a Power Take-Off/Power Take-In (PTO/PTI), 
which is an additional geared shaft available for the connection of rotating equipment. This permits 
mechanical power to be delivered to the propulsion shaft from the auxiliary power system, or 
electrical power to be fed back to the onboard grid, Sciberras et al. (2013). 
 
The use of an electrical machine rated at higher speeds (as an auxiliary drive) results in smaller and 
lighter units compared to equivalently rated (in terms of power) slow-speed electric machines. This is 
a result of the reduced torque requirement which translates to a lower current rating and hence smaller 
required conductor area. Two types of electrical machines are compared in this work by means of 
computer simulations, namely a Permanent Magnet Synchronous Machine (PMSM) and an Induction 
Machine (IM). Fig.2 shows a simplified cross-section through the two machines, showing the main 
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differences on the rotor, namely the surface mounted permanent magnets compared to the solid bars 
on the induction machine’s rotor. 
 
 

 
Fig. 1: Auxiliary drive topology 

 
 

 
a) 

 
b) 

 
Fig. 2: Cross-sectional comparison of a) Permanent magnet and b) Induction machines

 
A permanent magnet synchronous machine uses permanent magnets mounted (typically) on the rotor 
to generate a magnetic field. When rotated, flux linkage with the stationary windings induces a 
voltage in the conductors and a current to flow. The benefit of PMSMs is that the magnetic field is set 
up without the need to supply any external energy, resulting in a higher level of efficiency of the 
machine. This permits higher torque densities to be achieved and PMSMs are generally more compact 
and lightweight than their equivalent conventional machines. However magnetic materials are 
expensive, raising significantly the cost of these machines. Furthermore, the magnets make the 
machine less robust, both in terms of thermal withstand capability as well as physical robustness 
(especially at assembly and maintenance stages), Gieras (2009). 
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Induction machines can be considered analogous to a rotating transformer. A rotating magnetic field 
is set up in the stator which induces currents to flow in the short-circuited rotor bars. These currents 
set up a magnetic field in opposition to the stator field, whose cross-coupling results in the 
development of an electro-magnetic torque, causing the rotor to rotate. Since some relative motion is 
always required to induce the currents in the rotor, the rotor does not rotate at the speed of the stator 
field, but lags behind by a small fraction known as the slip, Chapman (2012). By their construction, 
induction machines are simple, robust and cheap. However, their efficiency (compared to PMSMs) 
can be somewhat lower, Zhu and Howe (2007). 
 
In this study, a permanent magnet machine is compared to an induction machine to examine their 
relative efficiencies when used as part of a ship’s bidirectional auxiliary drive. Permanent magnet 
machines are inherently more efficient in their operation than induction machines, but for applications 
which require operation across a wide speed range, the choice of permanent magnet machines might 
result in higher system losses. In this analysis, the two machine types are compared for the same 
operating scenario based on a typical journey made by a RoRo vessel using computer models of the 
power electronic components and electrical machines that make up the auxiliary drive system. 
 
2. Auxiliary drive operating envelopes 
 
Modern power electronics and microprocessor-based control have facilitated fast and precise control 
of AC machines such that performance and characteristics similar to a separately excited DC machine 
are easily achieved. Fast microprocessor-control permits the action of the mechanical commutator on 
DC machines to be performed electronically, enabling the operational envelope of an AC machine to 
be maximised to encompass a broad power/speed region.  
 
A technique known as vector control achieves these requirements, mathematically transforming the 
three-phase rotating quantities (which are complex to control), to equivalent DC figures which take on 
meaningful and directly relatable quantities. Fundamentally, two orthogonal transformed currents are 
obtained, namely the direct current id, and the quadrature current iq. Their significance comes about 
since under decoupled conditions, the direct current id is termed the field forcing current, while the 
quadrature component iq is termed the torque producing current. This permits easy and straight-
forward control of an electric machine in all its operational quadrants. 
 
The operating envelope of an electric machine under vector control is illustrated in Fig.3, showing the 
torque and power characteristics as functions of shaft speed. Up to rated speed, the machine is able to 
develop power proportional to the shaft speed (with a corresponding flat torque characteristic) up to 
its rated power at the nominal design point. Beyond rated speed, operation is possible using a 
technique known as field weakening. This corresponds to a constant power region up to the machine’s 
maximum shaft speed, with a decreasing level of torque available from the machine. Simplistically, 
field weakening can be described as an intentional weakening of the magnetic field within the 
machine in order to reduce the back-EMF (Electro-Motive Force) which increases with shaft speed. 
This permits control over the machine to be maintained as otherwise, a limit is reached in terms of the 
drive’s capacity to control the current in the machine since it cannot impose sufficient voltage onto 
the stator. 
 
Fig.4 illustrates the auxiliary drive envelope superimposed on a theoretical propeller curve. At low 
ship speeds, the auxiliary drive is required to operate in motoring mode and provide the required 
propulsion power. This avoids having to run the main engine at low loading factors, which adversely 
affects engine life, emission characteristics and fuel consumption rates. At higher ship speeds, the 
auxiliary drive would be operating in generating mode. This avoids the need to run the onboard 
generators, and provides the onboard auxiliary power from the cheapest available source (main 
engine), Castles et al. (2009), Buckingham (2012). These two distinct operating points as highlighted 
in Fig.4 imply a requirement to size the drive to operate at (or close to) its rated condition (speed and 
power) when motoring, while then generating under field weakening at the higher speed point.  
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Fig. 3: Electrical machine operating envelopes 

 

 
Fig. 4: Operating envelopes of auxiliary drive, main engine and propeller curve. Operating point A 

corresponds to low speed propulsion, while operating point B is sailing at rated speed 
 
In a PMSM, the magnetic field is set up inherently by the rotor. Once the magnets have been 
assembled, no direct control of the magnetic field is possible. Under normal operation therefore, the 
field forcing current (id) is maintained at 0A for minimum copper losses. This is known as the 
maximal torque per Amp condition, as all available current is used for torque generation. For 
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operation beyond rated speed, the magnetic field set up by the magnets must be decreased. This is 
achieved by injecting a negative value of id such that a stator field opposing that set up by the magnets 
is created, de Doncker et al. (2011b). Care must be taken since irreversible demagnetisation can occur 
on the magnets if these are exposed to high levels of opposing flux. Machine designs such as those 
using interior mounting of the permanent magnets helps to avoid the risk of damage to the magnets, 
Zhu and Howe (2007). Furthermore, additional current (since previously id was zero) needs to be 
injected into the machine, increasing Ohmic losses. 
 
In an induction machine, the magnetic field must be set up using an external power source, leading to 
a non-zero value of id. Up to rated speed, the field forcing current is set to maintain rated flux levels in 
the machine. Beyond rated speed, in order to reduce the flux in the machine (in a simple 
implementation of field weakening), id is simply reduced proportionally, de Doncker et al. (2011a). 
Hence at higher speeds, less current is potentially required by an IM than a PMSM. A comparison of 
the two must therefore be performed in order analyse the trade-offs between a potentially higher 
overall efficiency due to the different operating modes. 
 
3. Computer Modelling 
 
For the case vessel being considered, two similarly rated machines (one IM and one PMSM) were 
selected from industrially available devices. Detailed models of the drives were built to be able to give 
quantitative comparisons between the two setups. Within the Matlab environment, Simulink provides 
a graphical simulation tool which greatly facilitates the setting up of complex models. 
SimPowerSystems is a toolbox which provides models for electrical components. This permits models 
of electro-mechanical systems to be built using building blocks of pre-assembled elements, 
http://www.mathworks.co.uk/products/simpower/. Two complete drive system models were set up, 
modelling the power electronic converter and electrical machine. The schematic of the simulation 
setup is shown as Fig.5, illustrating the various modules which make up the simulation. The two 
external inputs are the speed and torque setpoints. These define the operating point of the drive, with 
the direction of the external torque determining whether the machine is generating or motoring. 
 

 
Fig. 5: Auxiliary drive model overview 

 
The electrical drive model is composed of SimPowerSystems components, facilitating modelling of 
the electrical machine as well as power electronic inverter, in this case implemented using Insulated 
Gate Bipolar Transistors (IGBTs). The electrical machine model is replaced by the PMSM or IM 
model as required. The control algorithm and mathematical transformations are performed by a digital 
controller implemented as C-code. This emulates the microprocessor control of the auxiliary drive. 
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The desired value of id is determined by the digital controller according to the machine’s operating 
region, while iq is the output of a Proportional + Integral (PI) controller which adjusts the speed of the 
drive. 
 
3.1. Operational data 
 
This comparison was performed using data available for a RoRo vessel which typically operates with 
the operating profile of Table I. Within these conditions, propulsion is to be provided by the auxiliary 
drive for the manoeuvring periods, while the drive is to provide power to the onboard grid by 
operating as a shaft generator while at sea. The whole propulsion system is considered to be shut 
down while the vessel is berthed. Table II gives some salient characteristics of the RoRo vessel. 
 

Table I: Typical operating profile of vessel 
Operating condition Percentage of time 
At sea 75% 
Berthed 20% 
Manoeuvring  5% 

 
Table II: RoRo characteristics 

Propulsion arrangement CPP with medium speed diesel engine 
Engine speed at nominal operation 500 rpm 
Engine speed for manoeuvring condition 350rrpm 
Averaged propulsion power demand during manoeuvring 580 kW 

 
Two separate machines were selected from manufacturer catalogues, fitted to a PTO/PTI on the MRG 
(as in Fig.1), with an additional PTO gear ratio of 2.3. This gives electrical machine speeds of 800rpm 
and 1142rpm for the motoring and generation periods respectively. The parameters for the PMSM and 
IM are given as Table III and Table IV. These were used to simulate the auxiliary drives as outlined in 
the previous section, with the Simulink model for the PMSM drive shown as Fig.6. This shows the 
SimPowerSystems implementation of the model described in Fig.5 with the corresponding modules 
highlighted accordingly. The simulation was run until steady state was reached and the resultant 
efficiency determined at each operating point of interest. 
 

Table III: Specifications of selected Permanent Magnet Synchronous Machine 
Rated speed 800 rpm Rated torque 12 kNm 
Rated power 1005 kW Efficiency at rated condition 97.3% 

 

 
Fig. 6: Drive model set up in Simulink 
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Table IV: Specifications of selected Induction Machine 
Rated speed 744 rpm 
Rated power 970 kW 
Rated torque 12.5 kNm 
Efficiency at rated condition 95.4% 

 
Table V: Operating points specification 

Motoring condition 
Drive speed 800 rpm 
Power demand (mechanical) 580 kW 
Generating condition 
Drive speed 1143 rpm 
Auxiliary power demand (electrical) 400 kW 
Auxiliary load power factor 0.8 lagging 

 
4. Results 
 
An example of the simulation output is shown as Fig.7 which shows the step response of the auxiliary 
drive with a PMSM when motoring as defined in Table V. The direct axis current is maintained at 0A 
for minimum copper losses, while the quadrature current is clamped to rated value for maximum 
torque during acceleration. Once the desired speed has been reached, the current reduces to its steady 
state value. 
 
Fig.8 shows the corresponding characteristic when in generating mode. The motor is accelerated to 
the desired speed (under no load), with the direct current observed to take on a negative (non-zero) 
value in order to permit over speeding of the machine. The quadrature current is decreased as a 
function of the maximum permissible current in the stator in order to prevent overloading. A negative 
torque (mechanical power fed from the shaft) is applied at 1s, with the quadrature current then settling 
to a negative steady state value, indicating real power being fed back to the electric supply. 
Characteristics for the induction machine drive are similar, except that the direct current takes on a 
non-zero value and is decreased accordingly during field weakening. 
 

 
Fig. 7: Step response of PMSM drive when motoring 
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Fig. 8: Step response of PMSM drive in generating mode 

 
The steady-state results of the two drives are compared in Tables VI and VII highlighting the current 
values together with overall drive efficiency. While the PMSM drive shows a higher efficiency during 
motoring condition, the efficiency during the generating period is marginally lower than the IM drive. 
This comes about since a larger current magnitude is now injected into the drive to force field 
weakening, leading to higher losses. A typical journey of the RoRo in question (berth to berth) lasts 
around 28 h, and combining the averaged powers of Table V and the operational profile of Table I 
with the results obtained leads to the summarised losses of Table VIII. Clearly, though the PMSM 
drive shows a lower efficiency while generating at sea, when motoring an increased efficiency of 
around 31% can be realised. However, the greater proportion of time spent at sea implies that the 
energy lost will be greater. 
 

Table VI: Steady-state characteristics of PMSM drive. 
 Motoring mode Generating mode 
id (A) 0 −500 
iq (A) 565 −250 
Stator current (A) 565 559 
Efficiency 97% 92% 

 
Table VII: Steady-state characteristics of IM drive. 

 Motoring mode Generating mode 
id (A) 247 170 
iq (A) 695 −450 
Stator current (A) 737 481 
Efficiency 95% 93% 

 
Table VIII: Comparison of losses between drive types 

 Losses during manoeuvring period Losses at sea 
PMSM drive 39.26 kWh 851.35 kWh 
IM drive 56.98 kWh 790.32 kWh 
PMSM vs IM −31% 7.7% 
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Fundamentally, all energy on board a ship translates to an equivalent fuel cost. The losses at sea 
(when generating) are supplied by the main engine, while those during the manoeuvring period are 
supplied by the auxiliary generators. Based on the typical Specific Fuel Consumption (sfc) figures for 
these engine types, Cooper (2002), the fuel consumed to supply these losses, and the bunker cost, 
http://www.bunkerworld.com/prices/, is shown in Table IX. This illustrates how due to the lower cost 
of HFO used by the main engine, the economic savings due to the higher (generating) efficiency of 
the IM drive are much smaller since they are offset by the higher cost of the fuel used in the auxiliary 
generators, but when considering the total losses due to the operating profile, an overall improvement 
is seen with the IM drive. The resultant losses/savings will therefore be determined based on the 
particular operating profile, highlighting the importance of considering the actual design conditions 
for which the system is to be designed, Buckingham (2012), Sciberras and Norman (2012). 
 

Table IX. Economic comparison of losses due to different auxiliary drives. 
 Equivalent fuel loss 

during manoeuvring 
(MGO) 

Equivalent fuel loss 
during at sea period 
(HFO) 

Total equivalent 
cost of fuel to 
supply losses 

PMSM drive 8.52kg 181.34kg €79.75 
IM drive 12.36kg 168.34kg €76.76 
PMSM vs IM −31% +7.7% +3.8% 

 
5. Conclusions 
 
Auxiliary drives give the potential for improvement of prime mover operation by providing low speed 
propulsion power via the auxiliary power system. While the vessel is sailing, the auxiliary drive is 
able to operate as a shaft generator when coupled to a bidirectional power converter, providing the 
onboard auxiliary power demand from the most economical source available. Two possible electric 
machines for application as an auxiliary drive are an induction machine or a permanent magnet 
machine. 
 
In this work, a detailed drive model of the two machines was built in order to analyse their operation 
at the various operating points, taking the operation of a particular RoRo vessel as an example. Based 
on the characteristics of the vessel, a wide operating speed range is required of the auxiliary drive, 
requiring field weakening control of the electrical machines. This leads to different efficiencies for the 
machines at the various operating points such that the resultant improvement in overall operation must 
be considered according to the operational profile. 
 
It was seen how an auxiliary drive using an induction machine shows a lower efficiency while 
motoring when compared to one with a permanent magnet machine. Conversely, when generating in 
this particular set up, the induction machine shows an overall higher efficiency. This must be 
considered in conjunction with the cost of fuel since each operating mode sources power from a 
different system, and the resultant costs will be determined by the amount of time spent in each 
condition. For this particular scenario, an auxiliary drive with an induction machine will realise 
(slightly) higher economic savings, mainly due to the length of time spent sailing at rated, when 
compared to the brief period in manoeuvring. When considering the capital costs of the machines 
involved, this weighs heavily in favour of the cheaper induction machine system. 
 
The design of hybridised systems must therefore be carefully analysed based on the vessel’s 
operational profile since the resultant operating points will determine the overall effectiveness of the 
system. Thus a vessel with a larger proportion of time in manoeuvring condition will benefit more by 
having higher efficiency while motoring. Similarly, vessels with a significant portion of time spent in 
off-design conditions will benefit from hybrid drives since overall operating costs can be improved. 
This also reflects in emission reductions by operation of the auxiliary system rather than the main 
propulsion engine at low loadings. 
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The availability of computer-based simulation models permits quick and easy evaluation of different 
technologies and components. With a detailed model such as the one used in this paper taking into 
account the switching behaviour of the power electronics, as well as the dynamic response of the 
electrical machine, a realistic estimate of the total losses in the drive can be obtained at the various 
operating conditions. This availability of detailed simulations permits complex electro-mechanical 
systems to be easily simulated at the design stage such that optimal configurations can be identified. 
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Abstract 
  
The paper illustrates the way that fleet owners and major oil companies can exploit the 3D model 
used for the design and the production of floaters and platforms for the purpose of crew education 
and training in everyday operations, periodical maintenance or emergency situations. Striving to use 
the latest state of art technology to ensure maximum safety for people and the environment, 3DPACT 
software has been engaged to simulate the application of the rules to be followed in case of 
emergency on a typical offshore platform designed with Smart3D.  
  
1. Introduction  
 
Offshore units and specialized ships dedicated to the transport of hydrocarbons have to deal with 
dangerous materials because of their toxicity and/or with operational hazards due to temperatures and 
pressures. Facilities come with massive equipment, requiring large amounts of energy in areas that 
often need human presence. Properly trained staff is of paramount importance to ensure safe and 
sustainable operations and is one of the most critical elements in Process Safety Management 
standards such as OSHA 29 CFR1910 119 (2000), BOEMRE (30 CFR Part 250 Subpart S, 2011), 
and others.  
Because offshore workers can come into contact with a wide variety of substances and have to work 
with many different pieces of equipment, training in the real environment has to be handled with ex-
treme care. The main cause of accidents in the power, process and marine industry today is still hu-
man error. Statistics are also indicating that owner operators must tackle another challenge; the cur-
rent generation of facility workers is aging and approaching the end of their working careers while a 
younger generation of new employees enters the plant workforce. This not only implies that the need 
for, and volume, of staff training is rapidly increasing but also that the approach and methods used for 
training have to be adapted to the audience to ensure good learning results. The younger generation of 
plant staff belongs to the computer-savvy gaming generation, Gee (2003), why not leverage their 
knowledge of computers and gaming for training simulation in the marine and industrial plant envi-
ronment?  
 
The draw-back of the gaming industry experience it is the time and the effort dedicated to the 
preparation of the environment, of the characters and of the ‘exercises’ to be performed in order to 
reach the goals (training certificates, validation simulations, etc.). This is the main focus of the paper. 
How can the time and resources needed to recreate an environment suitable for training simulations 
out of a purely virtual 3D (CAD) model or a comprehensively laser-scanned 3D model of the facility 
be reduced to a minimum? Which tools can best be used for an efficient preparation of the training 
and simulation scenarios? Information and pictures are taken from real cases studies. 
 
2. About the adopted solution 
 
Samahnzi’s 3D PACT is a 3D-based training simulation solution that provides a highly immersive 
and interactive training experience for a variety of industrial plants belonging to process, power or 
marine industry branches; it leverages the 3D plant/ship models imported from authoring tools 
(Smart3D by Intergraph) or based on laser scanned point-clouds (as in photorealistic TruView by 
Leica). The solution can typically be used first by plant instructors and then by operators, engineers, 
maintenance staff, inspectors, planners etc. In the case of a 3D model, the environment provided to 
the trainee is a freely navigable virtual plant/ship, fully interactive, realistic and physics-aware.  
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Besides the risk-free practice in a potentially dangerous environment and allowing to simulate and 
plan numerous production support tasks (including the possibility to be coupled to high-fidelity 
training simulators), the solution also provides the means for managing the evaluation of the trainees 
and the issuing of certifications. In the following we discuss the primary application areas for the 
solution.  
 
2.1 System Identification Training 
 
Providing that the PBS has been correctly imported from the authoring tool, Fig.1; the solution allows 
to “trace&walk” the systems to identify them on the plant and view interconnections and 
dependencies between components and possibly processes. It allows various options to highlight and 
identify specific systems and equipment, down to the component level. 
 

 
Fig.1: Virtual 3D model and PBS as defined in the authoring tool (Smart3D) 

 
2.2 Operations Training 
 
Perform operating sequences on the plant/ship, as an individual or a crew, providing trainees with an  
in-depth view and insight into equipment dynamics under normal and abnormal operating conditions. 
Dynamic animations include particle effects (can be coupled with external, third party simulation 
support) to generate the virtual environment in support of field operation, control room operations, 
commissioning, start-ups and shut-downs, abnormal/infrequent operations, emergency operations, 
and handling emergency situations including evacuations. 
 
2.3 Equipment Operations Training 
 
The full model and all equipment in the model are searchable to enable the user to find equipment 
based on their tag names/IDs and automatically navigate to the applicable equipment, as well as 
quickly find a tag name when clicking on any piece of equipment while navigating the virtual model. 
If high detail mechanical 3D models of equipment are available then these can be included to provide 
assembly/disassembly scenarios as well. For educational purposes it is possible to view and navigate 
the internals of equipment; to explore areas and spaces which are impossible to access on the actual 
facility when in service, such as the internals of boilers, turbines, and generators. 
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Fig.2: Internals of Equipment to View and Navigate 

 
2.4 Inspection and Condition Monitoring Training and Planning  
 
Through a remote database connection the employees can monitor real-time plant/ship status and 
operational data and perform planning and preparation for inspections, gathering from a comfortable 
desk position visual feedback of equipment’s real status. Not only does this save time, but it offers a 
risk-free environment for workers to practice and gain confidence to perform inspections and condi-
tion-monitoring tests. 
 
2.5 Maintenance Training and Planning  
 
The solution can train and evaluate staff on a wide range of maintenance tasks and activities. 
Complex and time-critical maintenance tasks can be planned to be performed as safely and quickly as 
possible to keep downtime and production loss to a minimum. Once again 3D PACT allows this to 
happen on a PC instead of on the actual plant/ship, saving time and providing a risk-free environment 
for workers to practice before performing tasks in reality. For this purpose the system includes 
detailed instructions, visualization and evaluation of disassembling/assembling equipment, including 
tools and PPE to be used. 
 
In addition there are crane/hoist movement and space management; markers/props to be placed in  
the scene at points where tasks need to be performed and specific actions can be associated to each of 
these. When necessary ladders or scaffolding can also be introduced in planning the activity (scaffold-
ing volumes can be inserted into virtual models like using Lego™ bricks). In most plants/ships, scaf-
folding, harnesses, and other safety equipment are required. The system can ensure that staff is aware 
of the correct protective gear and safety procedures. Trainees need to equip and are evaluated on us-
ing the correct personal protective equipment and safety gear for operational and maintenance tasks. 
During an evaluation, as a prerequisite to actions being performed, the trainee needs to wear correct 
PPE and use the correct tools. 
 
2.6 Legislative and Procedural Training  
 
Ensure that staff can execute lock-out/tag-out procedures and render equipment safe to begin work. 
The equipment isolation procedures can be efficiently trained, reviewed, and evaluated before 
executing such isolations and working on the actual plant/ship. The process to register a 
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defect/deficiency, implement modifications, fill out check sheets/reports, and update drawings can 
also be incorporated 
 
2.7 Construction and Maintenance Project Tracking  
 
Visually track time, cost, and quality parameters for new constructions or erections or equipment 
maintenance by updating project schedules and plans imported e.g. from Microsoft® Project. 
Incorporate the schedule as part of training to ensure critical path awareness, indicating the status of 
the project at any given date or time and simulating project progress over time. Compare updated 
project plans with the base plan and visually follow the changes.  
 

 
Fig.3: View of the offshore platform model as exported in 3D PACT 

 
2.8 Engineering and Logistics 
 
Evaluate the designs of new or modified systems in a plant/ship to ensure the design is logistically  
feasible and maintainable, making use of the ability to import objects from various authoring tools 
(typically MCAD), render them, and quickly navigate them. 
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2.9 Emergency Response Training 
 
Train and evaluate staff on the effective handling of emergency situations. Create awareness for 
potential threats or unsafe situations, including workers making dangerous actions or performing 
work in an unsafe manner. Evaluate whether emergency response personnel know which equipment 
to use and which procedures and routes to follow during emergencies. 
 
3.  Creating the Virtual Representation 
 
To start, an Intergraph or third-party 3D CAD model, or a set of Leica TruViews, is imported into 3D 
PACT to set up the 3D/virtual representation of the plant/ship that needs to be covered for training. 
Once a 3D model is imported, the model is immediately physics-aware – meaning that equipment, 
facility structures, and human characters interact with each other as they do in the real world. This 
enhances realism in training scenarios and ensures effective emergency response training. For even 
more realism, 3D PACT offers the application of materials/textures to equipment, various 
configurable particle effects and the addition of lighting/shadow effects. 
 
Instrumentation such as transmitters can be represented either realistically or by a tag hot spot and 
mapped to relevant electronic copies of P&IDs or other drawings/documents, such as operating 
procedures, maintenance procedures, inspection procedures, emergency response procedures. 
Links created are persistent, enabling administrators to directly link data and documents to equipment 
in the 3D/Virtual Training Package user interface. All other users can use and view the links.  
 
Specific systems and equipment, following the imported PBS or Hardware Breakdown Structure as it 
is called in 3D PACT, all the way down to the component level, can be highlighted in different colors. 
Process flows and system dependencies can be animated to highlight process operations. 
 
Users can also create and add photorealistic custom-made equipment into the 3D/virtual 
representation. Examples of custom equipment may include welding machines, lock-out/tag-out 
signs, locks, electrical switchgear cubicles, switches, gauges, transmitters, markers or generic 
supporting objects such as scaffolding. All these custom-made and placed objects immediately 
become part of the facility and are available to use in the configuration of training scenarios. 
 
As mentioned, to add realism in the scenario the software makes available configurable dynamic 
animation system and particle effects system, which supports illustrative effects for a more immersive 
training experience, such as fire, smoke, steam, water, foam, sparks, bubbles. 
 
The trainee is represented in the software by a realistic-looking human character (avatar) that is fully 
controllable by the user to crawl/crouch/walk/jump/run around the plant/ship and perform actions in a 
physically realistic way. The user can select either a male or female avatar of different ethnicities and 
can also dress the avatar in suitable clothing and equip suitable Personal Protective Equipment (PPE), 
depending on which tasks the user needs to perform as part of configured training scenarios. The 
trainer can add independent male and female characters and configure them to perform actions and 
interact with the trainee and environment to help or hinder the trainee from performing tasks as part 
of a training scenario. 
 
To upgrade the described 3D/virtual representation the solution can import updated 3D models or 
point-clouds and digital images (from Leica TruView) at any time without losing configured training 
modules or customizations made to layout and equipment. 
 
Administrators can assign access levels to users in terms of the content and functionality available.  
This prevents unauthorized users from making configuration changes. It also ensures that a trainee  
only has access to relevant training content. 
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In our case study we imported the virtual model of a fixed platform into 3D PACT as it was defined 
with Smart3D during an early design phase. The first part of the task was to re-use as much as 
possible of what was already defined in the virtual 3D model i.e. not only the typical business objects 
as equipment and components but also the definition of the escape-ways that are an important part of 
the earliest platform Plot-Plan. The escape-ways had already been checked in Smart3D against design 
rules and against objects that can obstruct the escape path volume with a dedicated run of the check-
interferences routine. In 3D PACT the escape-ways are visualized as transparent volumes but it might 
be a good improvement for the future to get also the representation of the escape-path specific 
texture/painting, Fig.4.  
 

 
Fig.4: Representation of the escape-ways 

 
4.0 Creating the Training Scenarios 
 
3D PACT provides a user-friendly way to develop procedures in an MS-Excel type interface; no 
programming or scripting is required to compile or execute procedures. For each procedure, the user 
simply lists the objectives of the procedure and the steps/actions required to achieve each objective. 
Through the unique ‘Challenge’ engine, the procedure instantly becomes an interactive, dynamic 
scenario that can be executed in Tutorial (instructional) or Test (evaluation) mode. The software 
therefore both teaches and tests a trainee’s competence to execute the procedure in the field. Each 
step of a procedure can consist of one or a combination of the following: 
 

- Identify Equipment. 
- Perform any action on equipment (i.e. Start Pump, Open Valve, Install Lock etc.). 
- Target locations (e.g. Locate Equipment, Define Evacuation Areas, Routes/Paths to follow)  
- Restricted/Unauthorized areas. 
- Define triggers for particle effects and physics-driven effects as well as actions by other 

workers on the facility to assist or interfere with the trainee’s objectives. 
- Define and interact with other workers in the facility. 
- Define required Personal Protective Equipment (PPE) to be worn to perform an action i.e. us-

er representation by Avatar which need to be correctly clothed and equipped for every task. 
- Exert and visualize damage to the trainee as well as other workers as a result of incorrect ac-

tions or events triggered, e.g. visual feedback when a worker was burned or injured.  
- Configure tasks to be executed in parallel, as well as unforeseen events to occur at any stage 

while a Trainee executes a procedure to Test decision-making and reaction-under-pressure 
ability. 



443 

- Define detailed informative or instructional messages that depend on whether the scenario is 
executed in Test or Tutorial mode. 

- Multiple-choice questions (build a question library that can be re-used across procedures).  
- Animate equipment based on trainee actions and/or simulation interface. 
- Define time limit for reacting and completing an objective in a certain time. 
- Flexible, automated or manual scoring per step or action. 
- Hidden objectives, time steps allowing sequenced animations and delays, i.e. allowing the 

creation of training videos, etc. 
 
In our case study the second part of the task was to verify whether the solution was providing all the 
elements necessary to train the staff reacting properly in case of a serious emergency, such that the 
plant/ship might have to be evacuated, Fig.5.  
 

 
Fig.5: Creating the scenario for correct behaviour in emergency situations 

 
Some initially missing elements in the scenario were added while implementing the story–case; e.g. 
there was no life-jacket among the available PPE objects and there was no combined visual and sound 
alarm signal.  
 
5.  The Training Experience 
 
The ‘Challenge’ engine presents the user with an attractive, game-based user interface where 
they can execute a scenario in either Test or Tutorial mode; irrespective of whether the 
procedure is configured on a purely virtual 3D model or as the result of laser scans of a real 
(as-built) model. The trainees constantly receive clear instructions and feedback on 
objectives and progress, and have easy access to all the functionality and actions they need to 
take to execute a procedure successfully. 
 
Fig.6 shows dedicated screen areas for both Test (left) and Tutorial (right) modes of 
execution; the execution interface shows always these elements that can be arranged to better 
suit trainee’s preferences. 
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Fig.6: User Interface to monitor Test and Tutorial training experience 

 
1. Objectives: the current one is highlighted and previous are listed (with results) 
2. Score: user’s score will add up as they execute the scenario (as % of completion)  
3. Action Panel: the user can select and decide which action to perform next 
4. Message Log: all run-time messages are logged and progress is reported 
5. Run-time Messages: customized messages appear in the Information area 
6. Compass: guides the user to the next area of importance or action 

 
When a trainee executes a training scenario in Test mode, a detailed report is generated for the in-
structor to review the trainee’s performance for every action taken. This report is secure and protected 
and cannot be edited or modified. 

 
In our story-case the template set of visual and sound signals in Fig.7 has been considered in order to 
trigger the reaction of the trainee.  
 

 
Fig.7: Creating the scenario for correct behaviour in emergency situations 

 
6.  Trainee Management and Reporting (TMR) 
 
The Trainee Management and Reporting (TMR) system provided by the 3D PACT allows instructors 
and Subject Matter Experts (SME’s) to create training programs (by grouping relevant procedures 
together), assign training programs to trainees and track trainees’ progress and performance fully 
online i.e.: 

- Access via a standard web browser 
- Assign Training Programs to Trainees 
- Monitor Trainee Progress via a standard web browser 
- Create Secure Evaluation Sessions 
- Create Detailed or Summary Reports for one or more Trainees 
- Integrate with other/existing company LMS (Learning Management System). 
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7.  Simulation Experience 
 
3D models of hoists and cranes can be configured based on design criteria to allow the trainee to 
activate standard hoists/cranes that are present in a 3D model to simulate the removal or the insertion 
of equipment or perform other operations related to these devices. 
 
A crane operation is typically used to simulate the transportation of equipment from one position to 
another but it might also be a simple action to move equipment manually to a designated area; the 
software can integrate with any third-party simulation system via OPC or a proprietary interface to 
drive dynamic animations, in which case the values are updated bi-directionally. In our case study the 
task was to verify whether the solution was providing all the elements necessary to simulate the 
luffing of a life-boat and the actions to perform to control the davit. 
 

 
Fig.8: Simulation of life-boat luffing 

 
8. Conclusions 
 
The proposed solution of 3D PACT as training simulation software in combination with sophisticated 
authoring tools for the modeling of the plant/ship (Smart3D) allows for fast and reliable compilation 
and testing of new operating/maintenance/inspection/emergency procedures for new-build facilities. 
In case of maintenance, repair or conversion of existing facilities the TruView should be also part of 
the solution. The solution includes powerful, user-friendly features and functionality to visualize 
plant/ship operations and create scenarios to immerse trainees in a highly realistic training experience, 
including a physics-aware environment where objects react dynamically according to gravity, wind, 
etc. or incidents that occurred on the facility to train and evaluate trainee’s responses. 
 
The benefits of the described solution are multifaceted: 
 
For the owner and operators: 

- re-use of the design effort to build a realistic and reliable training environment 
- faster, safer and better staff training results at lower cost 
- easy customizations to incorporate company rules, naming conventions and best-practices 
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For the instructors and supervisors:  
- can train and evaluate staff more efficiently and effectively 
- together with Subject Matter Experts can easily translate plant procedures into training 

scenarios without the need for any programming or cumbersome scripting 
- can quickly determine staff proficiency and identify where skills need to be improved 
- the results of training evaluations are securely held within reports in a secure database for 

auditing purposes 
 
For the trainees: 

- quicker and more accessible navigation around the facility compared with walking around the 
physical unit 

- experience an enjoyable, highly immersive and engaging training experience  
- can easily and frequently visit areas of the facility that may be physically or logistically 

difficult to get to (due to heat, noise, poor access/egress, etc.)  
- an interactive ‘Challenge’ environment where a single trainee or a group is not only 

watching, but participating in both learning (Tutorial) and evaluation (Test) modes; scored 
based on rules, boundaries, and time constraints specified by the instructor or supervisor 
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Abstract 
 
This paper presents a new method, implemented in a tool, for systems design in concept ship design. 
The approach uses re-usable descriptions of systems where waste (exhaust gasses, sewage, etc.), re-
sources (electric power, weight, etc.), weight and size are a function of operational input and output 
(contribution to functional requirement(s)). The tool balances the system’s integrated operational 
output to the initial- and system requirements using a Matlab matrix. The results are balances of elec-
tric power, heat, weight etc. The tool can be used for requirement elucidation and analyzing design 
alternatives by altering requirements or systems independently in a structure of systems to explore 
consequences. The method is most beneficial for the designing of complex specials, a proof of concept 
is made for a small OPV. 

 
1. Introduction 
 
Designing a ship involves choosing the systems that will allow it to perform its intended tasks and 
determining the size of these systems as well as configuring these systems in a way that makes for a 
successful vessel. Much research is being done into the configuration of systems, Andrews et al. 
(2012), van Oers (2011). This paper explains a method that aids in finding and sizing the systems of a 
vessel. 
 
The choices made in the early stages of design are very influential, but the designer has very little in-
formation to base these choices on Andrews (1986). In those early stages of design the naval architect 
needs at least an estimate of the weight and spaces that are required to allocate systems such as a pow-
er plant, auxiliary systems but also accommodation and operational areas. Currently systems are cho-
sen and sizes estimated based mostly on experience and earlier designs. This leaves much to be de-
sired because the choice for, and size of any system is driven by complex interdependencies as each 
system influences many others. The choice for and size of any system is also influenced by many dif-
ferent considerations, many of which are non-technical or unquantifiable and can therefore not be op-
timized by a computer application alone. For instance a designer might choose a larger, heavier power 
plant over a lighter one because of an existing maintenance contract. Such considerations are similar to 
what has been referred to as style in earlier research, Pawling et al. (2013). Even the requirements of 
the vessel as a whole, which drive the need for particular systems, may change under influence of de-
sign choices, Andrews (2010) or by changing circumstances. 
 
To make responsible design choices which make for a well-functioning vessel the designer needs in-
sight in the consequences of choosing one system over another taking the interdependencies between 
systems into account. Erroneous estimates of weight or space for a system could result in costly altera-
tions to the design in a later stage. To prevent this, the designer wants keep track of the sizing of sys-
tems as they are influenced by other systems. The designer wants to be able to implement changing 
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requirements if they arise during the design process. And he wants to know the consequences those 
changes may have on his design. 
 
The method explained her provides for the above, it allows the designer to create a flexible model of 
the ships interdependent systems. Within this model he can add subtract and change systems and re-
quirements. The size of individual systems as well as their production and required resources will 
change accordingly. 
 
The steps involved in this method are explained in the second chapter. It shows which information is 
used and provided by the method and how the computer application supports the method. The third 
chapter explains the benefits of this method over conventional methods of choosing and sizing sys-
tems. The fourth chapter elaborates on the proof of concept done as part of this research and the fifth 
chapter concludes this paper and advises on possibilities for further research. 
 
2. Outline of the modeling method and tool 
 
The method explained here regards a complex vessel as a structure of separate but interdependent sys-
tems working together to perform the tasks of the vessel as a whole. This method will allow the de-
signer to model this structure of systems. The designer provides separate system descriptions, a com-
puter application matches the interdependent systems and sizes systems so all systems’ requirements 
are met. The output consists of listed parameters such as size and weight but also used resources and 
produced output for the systems. Easy creation and evaluation of this quantified output for alternative 
design choices will help the designer make the non-quantifiable design choices. 
 
The computer application has been made in Matlab. It captures parameters of systems in a matrix. The 
values in the matrix follow from system descriptions in separate scripts which can be saved and ex-
changed. An example is used alongside a visual representation to show the operations done by the 
computer as well as the designer’s input and considerations.  
 
A diagram of the steps involved in the method is shown in Fig.1. The steps are explained individually 
in the following paragraphs supported by the example. The example is fictional and only serves to 
illustrate some of the more abstract constructs of the method. 
 
2.1. Mission statement 
 
The mission statement comprises of any and all information provided by the client to describe his re-
quirements and wishes. It can be very abstract, for an OPV a mission might be “safe trade routes near 
the Somalian coast” for instance. Or the client might provide very particular demands, such as that the 
ship must accommodate 35 persons other than the regular crew. 
 
2.2. Requirements determination 
 
Requirements determination is the process of creating clear quantifiable requirements. This is done by 
the designer and the client and initially based on the client’s mission statement. The structure of sys-
tems after modeling may show reasons to change the initially used requirements; the client might de-
sire a cheaper or more capable alternative. This is the requirement elucidation process and it is repre-
sented by the feedback loop which into the requirement determination construct in Fig.2.  
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Fig. 1: Method constructs 
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Requirements determination includes the designer’s consideration of unquantifiable matters such as 
legal issues or esthetics, which influence design choices.  Unquantifiable matters can’t be optimized 
by a computer. This method aims to have the computer do the quantifiable work so the designer can 
focus his time and effort on reviewing alternative structures of systems in the light of these unquantifi-
able considerations.  
 
The visual representation of the example at this point shows one requirement which needs to be met 
and no system which provides it. A capacity for 35 passengers needs to be provided, Fig.2. 

 
Fig. 2: Requirements determination 

 
The output of the requirement determination process is contained in two documents, the operational 
requirement document and the system requirement document. 
 
2.3. Operational requirements document 
 
The operational requirements document contains the quantifiable requirements of the final design that 
cannot be met by any one particular system but do influence the parameters of systems. Examples are 
ship speed, range or environmental conditions. They are set by the client or follow from the designer’s 
experience and may be changed in a later stage of design. In the computer application the operational 
requirement document takes the form of a script specifying constants for each of the operational re-
quirements. Operational requirements can be defined for different load cases, such as cruising, opera-
tional and maneuvering. 
 
2.3.1. System requirement document 
 
The system requirement document lists requirements that can be met by a particular system. System 
requirements are described as a flow of material, energy or signal, Pahl et al. (1988). This method also 
allows requirements in the form of capacities or capabilities. These last two are a more crude descrip-
tion than the first but will often be sufficiently detailed for the naval architect’s purposes. The example 
starts with a required capacity for 35 passengers. That capacity could be broken down to the mass, 
energy and signals required by these passengers but that is deemed unnecessary. 
 
In the computer application the system requirement document is a script where the quantified require-
ments are specified. It creates a row in the matrix and a column for each required capability, capacity 
or flow of material, energy or signal that has been specified. System requirements can be defined for 
different load cases, such as cruising, operational and maneuvering. The tool stores that information as 
shown below in Table I. The negative value in the matrix shows it is a requirement. 
 

Table I: Requirements determination 
Project name Passenger capacity 
Requirement -35 

Total -35 
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2.4. Requirement system modeling 
 
At this point the designer needs to model a system, or choose one from his library, which can produce 
one or more of the required capacities, capabilities or flows. A system’s useful production comes at a 
cost. Cost consists of required resources and the waste. The designer provides the tool with a system 
description which explains what the system produces and expresses the systems cost as a function of 
the production. Therefore each system has production and resulting costs in the form of capacities, 
capabilities or flows of matter, energy or signal. 
 
In the example a simplified system description for an accommodation which produces a capacity for 
passengers is added to the model: 
 
Accommodation: 
- Produces:  passenger capacity 
- Costs:  - electric power (kW) = 1 kW/# passenger  
   - cooling (kW) = 2 kW/# passenger  
   - weight  (mT) = 1,5mT/# passenger+10 mT 
 
In the Matlab application this system description is an independent script which can be copied, altered, 
saved and exchanged. It adds the necessary rows and columns to the matrix automatically. The visual 
and matrix representation of the modeled structure of systems is shown in Fig. 3 and Table II. 

 
Fig. 3: Requirement system modeling 

 
Table II: Requirement system modeling 

Project name  Passenger capacity  Electric power  Cooling  Weight  

Requirement  -35  0  0  0  

Accommodation  35  -35  -70  -62.5  

Total  0  -35  -70  -62.5  

 
Both Fig. 3 and Table II show that the initial requirement for passenger capacity is met, but support 
requirements have arisen. In the case of the example those are electric power, cooling and weight. 
Creating a good system description may require estimates such as efficiencies, the space needed for a 
system or other parameters. These estimates are made in conventional methods as well, the system 
descriptions are only making them explicit. This allows the designer to improve on them when more 
knowledge becomes available. 
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2.5. Support system modeling and adding detail 
 
The support requirements that have arisen require support systems in the same way as the initial re-
quirements led to the initial set of systems. In the case of the example the designer describes a simpli-
fied power generation system, the example disregards fuel and cooling etc. and a crude estimate has 
been made to include added construction weight. The system meets the electric power requirement 
using the following functions: 
 
Power generator: 
- Produces:  Electric power (kW) 
- Costs:   - Weight (mT)  = 3 (mT) for 10(kW) < electric power ≤ 20 (kW) 
     = 5 (mT) for 20(kW) < electric power ≤ 40 (kW) 
     = 6 (mT) for 40(kW) < electric power ≤ 60 (kW) 
 
This results in the following matrix representation shown in Table III. 
 

Table III: Support system modeling power 
Project name  Passenger capaci-

ty  
Electric power  Cooling  Weight  

Requirement  -35  0  0  0  
Accommodation  35  -35  -70  -62,5  
Power generator  0  35 0  -5 
Total  0  0  0  -67,5 
 
After this a second support system is described, the Heating Ventilation and Air Conditioning  
 (HVAC) system. 
 
HVAC system: 
- Supplies:  cooling (kW) 
- Costs:  - electric power (kW) = 0,2 kW/cooled kW   

  - weight  (mT) = cooled kW/20+1 (mT)  
 
The above results in the visual and matrix representation shown in Fig.4 and Table IV. 
 

Table IV: Support system modeling HVAC 
Project name  Passenger capacity  Electric power  Cooling  Weight  

Requirement  -35 0 0 0 

Accommodation  35 -35 -70 -62,5 

HVAC system  0 -7 70 -4,5 

Power generator  0 35 0 -5 

Total  0 -7 0 -72 

 
It can be seen that the parameters of the power generator are not yet correctly sized. The sum of the 
required and produced electric power in Table IV is negative even though all necessary systems have 
been described. This will be solved by the equalizing loop in the following paragraph. 
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Fig.4: Support system modeling 

 
In a more complex structure of systems the support systems are likely to have their own requirements. 
That will be solved in the same way as the other support requirements, and after a few steps the only 
requirements left will be those that are provided to the ship from outside such as fuel and supplies and 
the only waste will be the waste that leaves the ship such as exhaust gasses and sewage. 
 
2.6. Equalizing loop 
 
When all the necessary systems are described the tool can size the systems´ parameters. It matches 
systems’ productions to requirements by making the sum of each column in the matrix zero or the 
smallest possible positive in an automated iterative process. This process resolves interdependencies 
when all required systems have been described. In the case of the example the power generator is 
resized to account for the power requirement of both the HVAC system and the accommodation as 
shown in  Fig.5 and Table V: 
 

Table V: Equalizing loop 
Project name  Passenger capacity  Electric power  Cooling  Weight  

Requirement  -35  0  0  0  

Accommodation  35  -35  -70  -62,5  

HVAC system  0  -7  70  -4,5  

Power generator  0  42  0  -6  

Total  0  0  0  -73  
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Fig.5: Equalizing loop 

 
2.6.1. Adding detail 
 
When a system’s costs cannot easily be described as a function of its production or when more detail 
is needed the designer can describe a system as a set of subsystems. Such a system defines each of its 
subsystems. Those in turn are then each described separately in the same manner as any other system. 
The tool will size these subsystems as any other system and their combined production and cost will 
be the production and cost of the system. 
 
In the example it may be the case that a more detailed breakdown of the electric power requirement of 
the accommodation is desired. In that case the existing system description is replaced by a system of 
subsystems:  
 
Accommodation subsystems:  
Cabins 
-    Produce: passenger capacity  
-  cost:   - electric power 

- cooling 
- weight 
- galley capacity  
 

Galley 
-   Produce: galley capacity  
-   Cost:  - electric power 

- cooling, weight 
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This creates a sub-matrix in the Matlab application such as Table VI in case of this example. The total 
in Table VI describes the combined production and requirements for the accommodation as seen in 
Table V. This sub matrix and the subsystem descriptions will replace the earlier system description 
containing the functions for the accommodation’s cost and production. 
 

Table VI: Sub-systems 
Accommodation  
subsystems  

Passenger capac-
ity  

Electric 
power  

Cooling  Weight  Galley ca-
pacity  

Cabins  35 -15 -35 -40 -35 

Galley  0 -20 -35 -22,5 35 

Accommodation  35 -35 -70 -62,5 0 
 
Each system can be created of subsystems, including subsystems themselves. The computer applica-
tion can create endless sublevels. 
 
2.7. Ordering data 
 
When all systems are sized all the systems’ parameters have been captured in a large matrix. In this 
step of the method the computer application makes that data available in a more practical manner. By 
isolating one specific column the tool creates a balance document which can be used by the designer. 
For instance, isolating the electric power creates an E-load balance and isolating weight creates a 
weight calculation. The designer has defined beforehand which data he desires. 
  
2.8. Balance documents and feedback loop 
 
The output of the tool consists of the aforementioned balance documents. These are Excel documents 
listing how much each system produces or uses of a specific capacity, capability or flow of mass, en-
ergy or signal. It can also be specified for weight or size and it can contain the parameters for different 
load cases in one document.  
 
The designer can use these documents to evaluate design choices. He can model a structure of sys-
tems, change one or more systems and make a new set of resized balance documents. Each balance 
document can also be presented with all its values expressed as a percentage of the parameter for an 
alternative structure. This makes comparison of alternatives easier. Based on these documents the ini-
tial requirements may also be adjusted when the client desires a cheaper or more capable design. This 
is the feedback shown in Fig.1. 
 
3. Benefits 
 
This method will save time and effort when changes are made during the design process without hav-
ing to ignore interdependencies because the sizes of system parameters are automatically altered for 
every change. This is relevant when the client changes requirements but also when the designer is 
exploring alternative design solutions. 
 
Secondly the system descriptions are reusable. This aids knowledge capturing because the scripts can 
be saved and implemented in other designs. These saved system descriptions can be exchanged and 
they can be made by naval architects but also by the suppliers of systems. This will save time and ef-
fort when a designer’s library of described systems grows. When a supplier has a new innovative sys-
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tem he will benefit from making his system description available so naval architects can quickly mod-
el a structure using his innovation. 
 
Thirdly, the designer gains certainty in the design choices he makes. He can review more alternatives 
because the flexible structure of systems makes it is easy to create and compare alternatives. If a sys-
tem has to be changed during the design process, because the client changes requirements for instance, 
it is easy to gain insight in the consequences for other systems and account for those consequences. 
 
The system descriptions are separate but interdependent. Therefore the designer does not have to esti-
mate size and other parameters of separate systems when not all interdependencies are known. For 
instance, he can describe the size of a ventilation system early in the design process based on produced 
air flow without knowing the number and size of the air users. Because of this the designer no longer 
has to base estimated systems on estimated systems at the risk cumulative errors.  Also, this means he 
can start the system description of systems he knows without having to wait until all the information is 
available without the risk of having to redo that system description. 
 
The designer is free to vary the level of detail within the design. When at a certain stage of design he 
wants more insight in one system or he cannot continue on another because he is waiting for data he 
can spend more effort on another system. Of course the quantified parameters are only reliable when 
all systems specified to sufficient detail. But insight is gained and no effort is wasted because all pa-
rameters readjust with any future changes.  
 
These benefits are expected to compensate the initial extra effort of creating the system descriptions. 
This is especially true when the designer expects to create more designs by altering an existing struc-
ture of systems. 
 
4. Proof of concept 
 
The method has been applied in a proof of concept (PoC).  This involved an existing concept design   
for an Offshore Patrol Vessel (OPV) by Nevesbu. The OPV serves several different tasks which in-
volve many different systems. The cost and complexity of the vessel are driven by the systems and 
less so by its size and construction. Therefore the OPV is regarded as a good example of a complex 
vessel. For the PoC the method was used to estimate size, weight and power requirement of a highly 
interdependent system. The HVAC system was used as an example of such a system which would be 
hard to size based on the information available in the earliest design stages.  
 
The method used a set of initial requirements such as were met by the existing design, the require-
ments were based on the General Naval Specification and regarded amongst other things the capability 
to launch and receive an interceptor boat and a helicopter, capacity for 35 persons outside of the regu-
lar crew and the regular capabilities such as propulsion, maneuvering and mooring. The operational 
requirements described given climate limits, range and speed of the vessel. 
 
From that starting point system descriptions were provided according to the method. System descrip-
tions were based on existing systems and used different methods of description, tables, mathematical 
functions etc. The HVAC system and the accommodation, the largest influence on the HVAC system, 
have been modeled as systems of subsystems. The model functions, resizes when systems and re-
quirements are changed and creates output in a useful form.  
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The PoC has shown that a structure of interdependent systems can be created from independent system 
descriptions. Fig.6 shows the systems and several levels of sub systems of the PoC. Table VII shows 
an example of the output as provided by the computer application. Similar tables are provided for 
weight size or any flow or capability transferring between systems within the vessel. This shows the 
application can size the parameters of interdependent systems based on initial requirements. And that 
it can present the data in a form that is practical for the design of ships. The PoC also shows that the 
method supports a systematic approach to specifying required support systems. The PoC has used 
crude system descriptions. To obtain reliable quantified parameters the designer must use reliable sys-
tem descriptions.  
 

TableVII: PoC E-load balance 
NFCSV balance docu-

ment  

electric power (kW)  

28-aug-13    

    

System emergency cruising manoeuvring 

Galley -27,8 -55,5 -55,5 

Cabins -8,0 -16,0 -16,0 

Dayspace -0,9 -1,8 -1,8 

troop space -14,0 -28,0 -28,0 

Stores -10,4 -10,4 -10,4 

AHU -10,0 -15,7 -15,7 

AC fan -1,1 -1,1 -1,1 

Ducting 0,0 0,0 0,0 

cooling water system -11,6 -17,4 -12,0 

engine room ventilation -8,8 -13,2 -8,8 

waste system -2,5 -2,5 -2,5 

sewage (m3/h) system -2,5 -2,5 -2,5 

Bilge & Ballast system -11,7 -7,8 -7,8 

Exhaust system 0,0 0,0 0,0 

propulsion system -45,0 -89,0 -45,0 

sensory systems -5,0 -10,0 -10,0 

ship handling systems -70,0 -140,0 -210,0 

Requirement 0,0 0,0 0,0 

 
The PoC has shown the method can be supported by a computer application, in this case made in 
Matlab. It has shown that a structure of systems can be modeled using only three types of script, a start 
script from where the model is run, a system description script and a system of subsystems script. 
Each of the systems in the structure is described in one of the latter two types. The tool can keep track 
of their interdependencies as long as the designer is consistent in naming the produced and required 
capacities, capabilities and flows of energy, mass or signal. 
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Fig.6: PoC systems 

 
5. Conclusion and future possibilities 
 
It can be concluded that a complex structure of interdependent systems, such as found in a complex 
vessel, can be modeled by providing independent system descriptions as input to a computer tool. This 
method gives the designer the flexibility to add subtract and change systems which aids in requirement 
elucidation and analyzing design alternatives. When the naval architect has modeled his structure of 
systems he is more flexible in dealing with changing requirements or systems during the design pro-
cess and he has more insight in the consequences of changes. The method allows the naval architect to 
build a library of system descriptions which will save time and effort in the design process as his li-
brary grows. 
 
It is important to use reliable system descriptions and it takes some extra effort to create these. How-
ever, the method the effort and time saved with reuse of system descriptions and when designs change 
is expected to compensate for this. The method would benefit from further experience in creating the 
system descriptions. 
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Further research should aim for integration with existing and developing configuration based design 
tools, Andrews et al. (2012). The spatial configuration of systems and distances between interdepend-
ent systems should influence their parameters. And vice versa, the variations in size weight and trans-
ported flows between systems should influence configuration decisions. Such an approach will help 
the designer by automating the iterative work of designing a ship so the naval architect can focus on 
making the crucial design choices. 
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Abstract 

 
This paper presents work in progress within the MUNIN unmanned ship project. It will briefly discuss 
some points in a basic framework of design criteria for the Human-Machine Interface (HMI) of the 
Shore Control Centre where operators monitor, and have the ability to remotely control the 
unmanned vessels. The starting point will be the notion that unmanned ships might reduce human 
error. It also presents some example of simple interactive screens based on this framework. A 
prototype HMI for the Shore Control Centre will later this year be tested with users in a simulator 
based set up at Chalmers University of Technology. 
 
1. Introduction  
 
In March 2013 the executive vice president of the newly merged Det Norske Veritas and 
Germanischer Lloyd (DNV GL), Bjorn Haugland, wrote that unmanned ships was a potential game 
changer calling it “Unmanned vessels – the trump card”. He linked unmanned ships to potentials of 
lower operational costs, elimination of on-board crew cost, risk associated with human error and 
threats to crew safety: 
 
“Unmanned ships will revolutionize supply chain logistics and there will be no restriction on how 
much time a vessel can spend at sea, as there are no humans affected. Ships that do not carry time 
sensitive cargoes, such as perishable goods could, in theory, drift with sea currents, to move as energy 
efficiently as possible,” Haugland (2014). 
 
Unmanned ships will rely on automation and remote control and it is an interesting question if is 
possible to reduce accidents due to human error by automation. This paper will discuss some of the 
human factors issues concerning remote control of unmanned ships. First a brief introduction to the 
MUNIN unmanned ship project. 
 
1.1. Maritime unmanned navigation though intelligence in networks 
 
Maritime Unmanned Navigation though Intelligence in Networks (MUNIN), is a 3-year project in the 
European 7th framework program. The objective of the MUNIN project is to show the feasibility of 
unmanned, autonomous merchant ships. The ship will be under control of on-board crew approaching 
and leaving a harbour. The goal is that the ship will be autonomous and unmanned from pilot drop-off 
point to pilot pick-up point. However there might be maintenance teams or other personal on-board if 
necessary. The goal is also that the ship will be under autonomous control during the main part of the 
ocean voyage, remotely monitored from the SCC. Only in exceptional cases the shore control centre 
is expected to have to actually remote control the ship. 
 
The consortium consists of different industry or research partners who work with different parts of the 
concept: data architecture, autonomous navigation, autonomous engine control, advanced sensor 
systems, and legal implications. The Department of Shipping and Marine Technology at Chalmers 
University of Technology is responsible for the Shore Control Centre. 
 
In the Shore Control Centre a number of operators will monitor a number of unmanned vessels. We 
assume that one operator will be able monitor more than one vessel. How many is one of the points to 
be determined and much depends on the human-machine interfaces of the shore centre. An operator 
monitoring several ships will have to rely on automatic systems alerting him or her on irregularities of 
the operation. So the question is how much manual control we will actually have?  



461 

1.2. Autonomy and manual control 
 
At one end of the spectrum we have the wave-goodbye-and-forget-call-if-you-have-any-problems 
type of unmanned system. This kind of system will need a very reliable technology that can cope with 
all eventualities and call for help if needed. In such a system the ship would be assigned a destination 
port and a set arrival time and would then be left to solve the task by its own. Should there be any 
problems, the vessel would call and report its whereabouts and the nature of the problem (and what 
kind of help it required). 
 
At the other end of the spectrum we would have a ship system where each ship had a land based 
bridge team remotely controlling of the ship, just as had the bridge be lifted off the hull and placed on 
land and all the wiring prolonged by satellite links. The simplest (but also technically most difficult) 
would be to just copy the bridge ashore, and then stream all on-board information in real-time to that 
bridge: the vision through the wheelhouse windows via video cameras, the motions by a hydraulic 
system, etc. Done in this way the difference of control between unmanned and manned shipping 
would be small. There would still be an officer of the watch and a lookout/helmsman at the bridge of 
each ship. The technical challenge would be safe and secure transfer of very large data quantities, to 
cope with latency and to pay the satellite communication bill. (We have to some extent kept this idea 
is in the concept of the emergency “situation room.”) 
   
The concept investigated in the MUNIN project is one of autonomy and different levels of remote 
control if the autonomous system calls for help. We will rely on what we believe will be a robust 
autonomous system, once mature; meaning that we would expect human intervention to be an 
exceptional case in the trans-oceanic phase of the voyage.  The hypothesis being that one operator can 
safely monitor several ships, given the right kind of integrated human-machine interface. 
 
2. Human error  
 
From many studies we know that the number of accidents caused (in part) by “human error” is in the 
range of 70-95%, e.g. Sanquist (1992), Blanding (1987), Rothblum (n.d.). We all know from own 
experience that humans make mistakes. We forget, we misunderstand, our thoughts can go astray, and 
we might even fall asleep when we are not supposed to. This is all part of the human condition. And 
this is also what can causes accidents. And frequently does. This has been the case ever since man 
appeared. In a complex technical society, humans need help to cope. That is why we have 
continuously worked on technical systems supporting the human decision-making.  And successfully 
so, because accident rates do improve. 
  
To provide perspective: In the three years 1833-1835, on average 563 ships per year were reported 
wrecked or lost in United Kingdom alone, Crosbie (2006). Today the total number of tankers, bulk 
carriers, containerships and multipurpose ships in the world fleet has risen from about 12,000 in 1996 
to 30,000 in 2012. In the same time the number of ships totally lost per year (ships over 500 Gross 
Tons) declined from 225 in the year 1980, to 150 in 1996 and less than 60 in 2012 according to The 
International Union of Marine Insurance – and this worldwide. www.iumi.com/images/gillian/ 
Spring2013/IUMI%20Casualty%20and%20World%20Fleet%20Statistics%20Jan%202013.pdf. We 
can assume that much of this safety improvement has to do with improvements in technical 
reliability. But we can also assume that this to some extent has to do with improvements in 
automation systems supporting human monitoring and decision-making. Within commercial air 
industry, automation has improved safety, Billings (1997), Pritchett (2009), Wiener (1988). We can 
assume that the same is true for the shipping domain. 
 
2.1. Human error and automation 
 
Automation can, if designed carefully, remove a lot of mental workload for the human operator. Just 
compare position fixing on the open sea using sextant and sun tables in the days before the global 
navigation satellite systems. Still automation may invite new types of errors into the work 
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environment. Like automation bias. 
 
Mosier and Skitka (1996), p. 205, defined automation bias as “a heuristic replacement for vigilant 
information seeking and processing”. Meaning that if we know an automatic process is going to look 
for deviations, we will stop looking ourselves. Further we can look at the specific errors of omission 
and errors of commission, Skitka (2000), where omission errors are when the human operator fails to 
respond to system irregularities because the automatic system fails to detect or indicate them, and 
commission errors are the human operator incorrectly follows an automatic advice or directive 
because they do not check and verify against other sources of information. 
 
On the other hand, Norman (1990) already said that the problem was not one of automation, but one 
of inappropriate design of automation. He claimed that automatic systems instead of giving 
appropriate feedback tended to overuse alarms. He gave the example of the airplane captain that 
turned on the autopilot. When one of the engines then slowly lost power, the autopilot silently kept 
compensating for the unbalanced trust until it had nothing more to give and the plane rolled and went 
into a dive. He compared that to the captain that handed the controls over to the co-pilot, which, from 
the captain’s point of view, was the same thing as handing the controls over to the autopilot. The co-
pilot would then be expected to comment on the unbalanced power of the engine thrust long before it 
became a serious problem. He would say something like: “I seem to be correcting this thing more and 
more, I wonder what's happening?”, Norman (1990), p. 589, meaning that to keep the operator in the 
loop the automation needs to be more communicative, which is easier said than done. People form 
mental models of systems with which they interacts. The model is formed by the system image that 
the information displays of the system offers, Norman (1986). If the information displays are not 
communicative, the operator will not know what is going on; he will be out-of-the-loop. Norman 
(1990), p. 591, concludes: “To give the appropriate kind of feedback requires a higher level of 
sophistication in automation than currently exists.”  The question is: have we gotten any further since 
1990? 
 
From the maritime domain we hear the same thing: Automation is often used to help the bridge crews 
in complex tasks. But automation is risky as well. “It has been shown that operators will monitor less 
effectively when automation is installed, and even more so if the automation has been operating 
acceptably for a long period,” Lützhöft and Dekker (2002). Automation creates new human weak-
nesses and amplifies existing ones. The question is how to turn automatic systems into effective team 
players? Feedback from the automation is important and Lützhöft and Dekker suggest that 
representations of automation behavior will have to be: 
 

• Event-based: Representations need to highlight changes and events in a way that the current 
generation of state-oriented displays do not; 

• Future-oriented: in addition to historical, human operators in dynamic systems need support 
for anticipating changes and knowing what to expect and where to look next; 

• Pattern-based: operators must be able to quickly scan displays and pick up possible 
abnormalities without having to engage in difficult cognitive work (calculations, integrations, 
extrapolations of disparate pieces of data). By relying on pattern-based or form-based 
representations, automation has an enormous potential to convert arduous mental tasks into 
straightforward perceptual ones, Lützhöft and Dekker (2002), p. 95. 

 
3. Design framework 
 
Hutchins et al. (1986) talked about interfaces built as a model world, as a metaphor for the real world, 
or the real system to be controlled. By having the user acting directly on the model world which in 
turn is connected to the real worlds and show the responses of the real world, a sensation of direct 
manipulation, Schneiderman (1983), and direct perception, Flach and Vicente ( 1989), is achieved. 
The goal was to make the psychological distance as short as possible. A conceptual model for such an 
interface framework is depicted in Fig.1. 
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Fig.1: The three sets of behavioural-shaping constraints in a socio-technical system conceptualised as 

a tight fit between the three pieces of the puzzle; adapted from Bennet and Flach (2011) 
 
Reducing psychological distance means improving the match between the structure in the real world 
(the pattern and the regularities in ship operation) and the belief structures (mental models) of the 
remote operators. The limited space does not allow us to go any deeper into this but to say that this is 
the real challenge for the development of the human-machine interface of the shore control centre. In 
the following a number of example interface prototypes will be show. These prototypes will be 
further developed and finally tested in simulations within the MUNIN project. 
 
4. Design prototypes 
 
The prototypes show below is some examples of the interfaces that must convey situation awareness 
to the monitoring operator of the shore control centre. We are now only looking at the monitoring 
interfaces. The interfaces for control are something else. The monitoring screens must afford both 
overview and detailed resolution. The traditional interface will be the map view. 
 
4.1. The spatial overview 
 
On-board ships the Electronic Charts Display and Information System (ECDIS) is the modern 
standard equipment allowing the bridge officer easy access to spatial information. It is natural that an 
ECDIS-like system also is available for the remote operator, Fig.2.  
 

  
Fig.2: For spatial overview, traditional electronic chart is the natural interface. Left: zoomed out for 
overview; right: zoomed in for close vicinity of unmanned ship. Green box: planned position of ship 
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4.2. Temporal overview 
 
To allow the operator to overlook the whole voyage from a time perspective a temporal view showing 
different activities both in the ship time zone and in the shore centre time zone is offered. This view 
also affords event markers. These signify tasks the operator will have to attend to, e.g. send a mail to 
the pilot about next day’s arrival time, or report to the Vessel Traffic Centre, Fig.3.  
 

 
Fig.3: For temporal overview, a slot diagram is suggested, breaking down the voyage into days, and if 
zoomed in, into hours. The difference in time zones, showing day and night at the ships location and 
shifts in the shore control centre. Different coloured event markers (displayed both in the time view 
and on the chart) contain planned events, e.g. to email the pilot about arrival. 
 
The allocation and notification of tasks also allows for an aggregated notification service that 
responds if two tasks of two different ships with the same operator collides, e.g. the pilot is stepping 
off one ship at the same time as another pilot is climbing on-board another ship under the same 
operators control.   
 
4.3. Ship status indicator 
 
From an operational point of view it is important for many stakeholders to know if the unmanned 
vessel is in good condition and that all systems probably will survive a long unmanned voyage. 
Insurance companies will be particularly interested. 
 
Ship status can be aggregated from a very low, detailed level where every component and every pipe 
joint is assessed according to how many hours of expected life time remains until next maintenance 
session. Components, e.g. a fuel filter, can this way be aggregated to machine level, e.g. a generator, 
and then to higher system levels, e.g. the power system, and finally to the whole ship level. For very 
critical components where life-time assessments have proven difficult, redundancy has to be secured. 
Fig.4 shows an interface suggestion for such a ship status interface. It compares assessed remaining 
life-time until next service with remaining hours to destination and possible repair points. It also 
depicts redundancy levels, where yellow and red indicates lack of redundancy. The illustration shows 
the top, ship status, level. By clicking the status bar, lower system levels will be shown. Status 
assessments feeding information into the Status indicator display will be an important task not only 
during port visits, but probably also daily during the voyage by monitoring sensors of condition based 
maintenance. 
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Fig.4: The Ship status indicator screen allows the operator to make an at a glance assessment of the 
ships present status, remaining life time compared to time to destination or port of repair. The picture 
shows the top, ship level. By clicking the bar, the operator can open lower levels all the way down to 
the individual components of the whole ship. 
 
4.4. Trend lines 
 
The use of trend lines is an important tool to allow the operator to see what is going on, but also to 
compare with what went on in the past and then to possibly extrapolate it into the future. Fig.5 shows 
an online weather application as a simple illustration of how a trend line display might look like. 
 

 
Fig.5: Use of trend lines in a weather screen. The red vertical line represents present time, curves to 
the left of that line is made up of real measurements stored into an historical archive, and to the right 
of that line is a prognosis of how the weather is going to be some days into the future. Example from 
http://www.smhi.se/vadret/vadret-i-sverige/land?pp=http://www.smhi.se/produktportal-1.0//chart.do&geonameid=2692633 
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This type of trend line diagrams can be used for a lot of parameters of the unmanned ship, particularly 
in relation to technical installations and engines. 
 
4.5 Top level indications 
  
On the top level, a dashboard screen alerts the monitoring operator about the condition of the 
unmanned vessel. All information sent from the ship to the shore control is accessible under the nine 
tiles in the square. They are clustered in a standardised way into 1. Voyage, 2. Sailing, 3. 
Observations, 4. Safety and emergencies, 5. Security, 6. Cargo, stability and strength, 7. Technical, 8. 
Shore control centre, and 9. Administration. If any of the parameters under each tile breaches a 
yellow or red alert level, the tile will change colour and the Top flag in the middle of the large circle 
will also change colour, alerting the operator about that something on that vessel is calling for his/hers 
attention, Fig.6. 

 
Fig.6: This dashboard shows the top level indicators alerting the monitoring operator if something is 
wrong on the unmanned vessel. Under each of the nine tiles of the square all information sent from 
the ship to shore can be found. The circle contains the top indicator light (green, yellow or red) as 
well as the mode indicators, signifying in which mode the vessel presently is in (manual, autonomous, 
remote or fail-to-safe). 

 
There are more screens in the human-machine interface of the shore control centre which later will be 
presented in the deliverables of the MUNIN project. Particularly screens merging operational status 
of several ships into a simple interface for a single operator will be a challenge. 
 
5. Conclusions 
 
This paper has presented work by Chalmers University of Technology in the MUNIN unmanned ship 
project. This work concerns the display interface between the unmanned vessels on the high seas and 
the operator monitoring the ship’s progress and status from ashore. Challenges such as human error 
and automation have been discussed as well as a design framework for the interface development. 
Finally some example screens have been shown. The development now continues and a first iteration 
of user tests will be conducted later this year and finally presented in a project report that later can be 
found at the MUNIN site http://www.unmanned-ship.org/munin/  
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Abstract 
 

This paper presents a unique platform developed for collaborative design of complex ships and 
offshore structures. It enables two or more parties involved in structure lifecycle to work simul-
taneously during the whole process (i.e. ship-owner, fleet managers, designer, class society, shipyard 
etc. with one or more of its representatives). This paper presents the lifecycle capabilities of the 
software through a step by step collaborative design of an Ice Class Tanker using the enhanced and 
simplified man-model interaction. Advanced design system functions enable the designer to move 
beyond conceptual design and progress to the era of conceptual engineering. 
 
1. Introduction  
 
Since the early years of shipbuilding, ships are considered as complex structures. This complexity has 
driven designers to divide their work, even from the initial stages, into smaller modules and try to im-
plement concurrent design approaches. The collaboration procedure in the design of modern ships and 
the development of concurrent tools for CAD/CAE platforms is a widely research and analyzed field. 
The main effort is to put towards managing the data of the models and maintaining synchronization 
and consistency of data between involved parties. An instance of such large complex structures can 
usually give representations of different aspects of the design or engineering problem, which distrib-
uted within a design company, shipyard, ship-owner or classification society and other supply chain 
partners. The advent and implementation of sophisticated CAD/CAE and PLM software in the ship-
building industry has caused a tremendous increase in information and knowledge flows, not forget-
ting the challenging market requirements of our times (cost and regulatory pressure). 
 
Rather than identifying interdependencies and associated problems/risks in the design process we are 
proposing a framework that minimizes them and provides the designer with autonomy and flexibility 
while he can still communicate and share his work over simple synchronized cloud storage services 
without the need of complex procedures or infrastructure. A structured approach of modules and sub-
modules’ ownership and properties is paramount to effective cost and time management as well as an 
overall optimized design. Further to the collaborative design process we are also considering here the 
idea of group design, where different parties communicate on the same design with real-time data, 
make design decisions and consider requests from all involved parties in the design process (design-
ers, producers, buyers, suppliers etc.). It is thus evident that companies utilizing collaborative design 
processes have the ability to best use their resources on a project and at the same time involve in an 
innovative loop. Benefits envisaged by such processes include: 
 

- Real-time communication between the parties (information flow of the design) 
- Monitoring of project progress by various parties 
- Detection of errors and real-time corrective actions, commenting and suggestions 
- Shorter design process due to simultaneous work on different part of the structure 
- Re-work of model parts, design preferences and knowledge preservation 

 
2. Design Platform and Processes  
 
2.1. Import of Data and Hull Modelling 
 
Starting from a basis or even existing design the naval architect must always have the ability to import 
the hull geometry from other software in various extensions (dxf, iges, step, stl etc.). The most simple 
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and common output found in every software that design offices, shipyards and classification societies 
have is the *.dxf output, however CAFE framework support a wide variety of imports from widely 
used CAD and CAE software. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: Import of Existing Hull Lines or Data in various formats 
 
BVB CAFE gives the opportunity to the designer to define interactive rulers that will assist him 
during the design process. The rulers are used here for the rapid generation of the structure by 
defining the frame spacing of the ship and the various deck levels. User is able to define appropriate 
label for his rulers as well as ID and step that will be replicated according to sequence of the input 
data table. Rulers can also be used to add guided quickly at a specific frame or at specific deck level. 
 
 
 
 
 
 
 
 
 
 

Fig.2: Definition of Rules x,y,z and use of guiding planes 
 
The imported dxf lines (either as polylines, splines or NURBS curves) can be filtered so that all 
unnecessary vertices are removed resulting in a cleaner and lighter model to work with. By splitting 
the imported lines in the appropriate positions relative to the hull shape the user can derive the entire 
hull surface within a few minutes of modeling with the aid of loft surfaces. Once the half body surface 
is complete a simple mirror of selected surfaces will give us the complete hull geometry. 
 
Having our final hull definition the user can quickly calculate the displacement at a given draft or 
even check hydrostatic values. These values are the actual identity of the hull-form we modeled and it 
thus quite important to be able to evaluate them, either for checking correctness of our re-modeled 
hull or for defining our concepts’ properties. An additional function allows importing existing 
hydrostatic values and automatically evaluating deviation from the calculated ones according to the 
margins specified by the Classification Societies. Further details on the hydrostatic analysis are given 
in Section 3. 
 
2.2. Rapid definition of main structural components  
 
Following the quick definition of the hull shape the second design stage would be to create the main 
structural components of our design, meaning, main transverse and longitudinal bulkheads, double-
bottom, double hull and decks. Whether we are working with an existing design or a new concept an 
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innovative function makes such definitions very quick and easy. This is the definition of planes by the 
intersection of guides and their surrounding geometry. In our case a guide is positioned in a Frame 
value or at Deck level and by selecting the surrounding hull geometry we apply a polygon strake that 
defines the longitudinal or transverse bulkhead. Further to x, y and z plane guides, w guides allow the 
definition or arbitrary planes. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3: Rapid definition of bulkheads 
 
Following that principle user can define in a few steps the main structural components of the ship. 
When modeling is carried out based on existing drawings the use of appropriate rulers can expedite 
the process, but when modeling a concept design system also provides the ability to carry out real 
time calculation of masses and position of the structural centre of gravity while the designer can use 
the interactive guiding planes to instantly move decks and bulkheads in order to achieve the desired 
centre of gravity location.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4: Modeling of main structural arrangement and definition of groups 
 
While modeling the structural arrangement the design can be separated into different Models and 
Model Groups. The designer is free to create as many Models he want and Model Groups within them 
naming them according to his standards. This is quite important for the design process as well as for 
the collaborative functionalities of the platform. Model groups can be switched off or on in terms of 
visibility, allow different render and colour properties (i.e. for transparent entities), moving and 
copying of entities and also define collaborative manners, such as Ownership of Group.  
 
2.3. Parametric Structural Entities  
 
Parametric structural entities play an important role in the modeling process when using BVB CAFE, 
such definitions are described below: 
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• Stiffened Panel  
The stiffened panel feature is one of the most important functionalities to rapidly define ship 
structures which mainly consist of large flat or curved steel panels reinforced with the aid of 
ordinary stiffeners (i.e. bulb flats, L or T profiles). When defining a stiffened panel, the user 
shall determine the type of stiffener he wants to use (from a preloaded Profiles database 
which can be customized), the number of stiffeners on the selected plate or a predefined 
spacing between them. Further to that there are various options that define the stiffeners 
angle, ending and offset as well as rules that specify the distribution behaviour of the 
Stiffened Panel. Lastly for very rapid generation of concept designs, there is a feature 
defining a Stiffener Grid, consisting of both secondary and primary stiffeners of different 
profile and different orientations (i.e. longitudinal and vertical defining a complete Deck 
Grillage). Where needed the user can delete or replace stiffeners on a stiffened panel and the 
system will automatically turn that into a rule for the specific Stiffened panel ID stored in the 
Data table.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5: Stiffened Panel Data Table  
 

Once a plate is assigned with a stiffened panel as a property all operations take that into 
consideration. Such as, if resizing the panel stiffener distribution will be automatically re-
arranged, calculating the weight will take stiffeners into consideration and lastly meshing with 
incorporate them into the FE model. A set of additional function allow the user to shift 
stiffeners orientation or flip their normal according to the design they wish to produce. 
 

 
 
 
 
 
 
 
 
 

 
 

Fig.6: Two sets of stiffened panels to define a double bottom section 

ID: Panel’s unique ID number. 
 
Description: User can enter description of the panel to pro-
vide more information. CAFE will automatically generate 
description based on the Panel’s profile, spacing etc. 
 
NumOfStiffs: Number of stiffeners used on the panel. 
 
StiProfile: ID of the profile used for the stiffeners. 
 
StiSpacing: Distance between stiffeners. Note: this parameter 
has precedence over Number of Stiffeners property for a giv-
en width of a panel. 
 
Stiffeners: If arbitrary profiles and spacing is to be applied 
Note: this parameter has precedence over previous two. 
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• Openings  
The definition of opening is also of prime concern even in the conceptual phase of the design. 
Nowadays, the implementation of FEM analysis as well as the need to minimize weight and 
provide access for maintenance to all possible spaces has enabled a more extensive use of 
openings in ship structures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7: Openings panel data table 
 

Openings once applies on a plate can be moved interactively and copied with a defined offset  
direction. Further, the system takes into consideration openings when calculating the weight 
of structures and also when creating the FE model. According to the element size user can 
apply rule to neglected openings when meshing.  

 
 
 
 
 
 
 
 
 
 
 

Fig.8: Application of different size manholes on complex part 
 

• Beams and Brackets  
There are also two other functions relative to structural details in BVB CAFE. Beams are 
essentially. Beams are separate entities that are also defined through the profile data base 
imported into the system or user defined profiles. They can be applied on flat and curved 
surfaces with all functionalities of flipping and shifting orientation. During the design process 
beams are used when we want to design particular stiffeners on a specific position. They are 
particularly usefully in designing inclined flat bar stiffeners or flanges. In a similar way 
Brackets are also stand-alone entities, however a Bracket Panel with appropriate Data table 
allows the user to define specific bracket design based on specific parametric values.   

 
3. Design Functions and Numerical Analysis 
 
Since BVB CAFE is designed as software for initial design of ships and offshore structures except to 
modeling functionalities a lots of attention we paid to different tools that user can need during that 
process. These are: 

ID: Opening’s unique ID number. 
 
Description: User can enter description of the opening to 
provide more information. CAFE will automatically generate 
description based on the opening’s type and number of points 
in case of general polygon opening. 
 
A, B: Principal dimensions for standard openings, no meaning 
for general polygon opening. 
 
Angle: Local rotation of standard opening. 
 
Projection: Projection direction if opening is drawn in plane 
and needs to be projected onto curved surface. 
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• weight and surface calculations, 
• hydro (displacement, volume etc.) calculation, 
• strength calculation, 
• lighting distribution, 
• costs calculation (including piping and electric installation) and 
• initial classification society drawings 

 
3.0. Weight and Surface Calculations 
 
BVB CAFE as it is designed use surface based modeling and visualization what means that thickness 
is defined as parameter as well as some other values for complex shapes, for example stiffener 
section/length properties. On the other hand we tried to be exact as much as we can in defining 
principle dimensions of model. For example in case of stiffener we are trying to model length exactly 
while weight per length we are taking as parameter for weight calculation. Similar situation is with 
surface objects where thickness is multiplied by surface area in order to get weight (when openings 
exists these are taken into account through triangulation algorithm which defines surface). 
 
If external CAD defined equipment models are imported into project their weight is added as it is 
defined in its property table together with all effects coming from difference of equipment CG and 
position point. If not CAD model for equipment exists it can be added as concentrated mass at its 
center of gravity. 
 
3.1. Hydro Calculations 
 
Once when vessel outer shell is defined one can start calculation of basic hydrostatic properties like 
displacement, position of buoyancy etc. In addition to it panel mesh can be created for CFD 
calculation either by panel or potential flow methods. If Navier-Stokes based CFD calculations are to 
be performed *.stl or any other standard geometry export of outer shell can be created which is later 
on used to define volume mesh around vessel. Fig.9 shows symmetrically outer shell and panel mesh. 
Chart shows displacement along the ship while detail shows automatically generated panel mesh 
before mesh repair is applied (it can be done using predefined repair algorithms or manually). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9: Hull outer shell – Surface and Panel meshed model 
 



 474

3.2. Strength Calculations 
 
During the design process user have few calculation options which enables her/him to check design 
based on simplified rule based approach (e.g. minimum cross section area at given frame, minimum 
section modulus etc.) or using direct finite element calculation with external third party solvers 
(system supports export to general NASTRAN *.dat file, LS-DYNA, post processing using *.pch file 
is enabled) or build in open source OOFEM software adapted for shipbuilding. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.10: Perspective view at frame 65 during section properties calculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.11: Hydrostatic and wave pressure distribution for global FE model 
 
BVB CAFE supports forces, pressure and gravity loads. Pressure load can be imported from third 
party software (e.g. Bureau Veristar HYDROSTAR, MARIN FATIMA – developed during EU 
TULCS project) as well as directly defined either as constant pressure, hydrostatic pressure (wave 
shape is taken into account), wave pressure according to user defined formula. Hydrostatic loads in 
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tanks are calculated automatically based on tank fill percentage (over pressure is defined separately in 
load table). 

 
Fig.12 Strength calculation of deck under patch load (displacement scale is 100) 

 
Thanks to parametric model of stiffened plates and fast automatic meshing algorithm multiple variants 
of structural parts can be analyzed during the design process almost without additional modeling time. 
Fig.12 shows fully automatically meshed deck segment under patch load analyzed using NX 
NASTRAN solver. Without limit to number of models one can keep all models within the same 
project file. Analysis results are loaded only during the post processing from external sources thus 
reducing memory load. 
 

 
Fig.13: Fine mesh model for collision analysis using LS-DYNA 

 
For automatic meshing algorithm only mesh size is needed. Based on stiffeners size they are meshed 
as beams or as combination of plate for web and rod element for flange. In order to mesh stiffener’s 
flange as plate stiffeners mesh option must be defined as All Plates. Same principle is used for 
openings where depending on side of element compared to openings main dimensions these are 
meshed or neglected. Mesh refinement algorithm can be used for local analysis of structural details. 
Input parameter for that function is number of transient elements. Refinement can be applied on 
elements but also around particular node. 
 
3.3. Lighting Distribution 
 
By putting lighting element in your model and turning it on if in shaded view one can see effect of it 
onto surrounding elements. Number of lights in model is not limited but at the same time only seven 
of them can be turned on. 
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3.4. Costs Calculation 
 
During the very first phase of ship lifecycle what is usually prior to contract it is important to know 
total costs as close as it is possible compared to real once. If one doesn’t have similar projects and 
very large experience it is extremely difficult especially if we take into account that price of steel and 
equipment is nowadays changed very frequently. BVB CAFE enables user to export to Microsoft 
EXCEL tables with physical properties of built in elements. By sorting them and adding appropriate 
price to each of them and including additional related costs like forming, cutting, transporting etc., it 
is very easy to get total price of designed object. It is also important to note here that EXCEL is more 
appropriate software for economists involved in ship design process then complex ship design tool 
and vice a versa, running economic calculation for ship designer sometimes can be difficult. 
 

 
Fig.14: Model statistics table in excel for cost calculation 

 
3.5. Preparation of Drawings for Class Approval 
 
Although BVB CAFE itself doesn’t have built in drafting module to generate 2D drawings out of 3D 
model it is suitable for generation of drawings using AutoCAD. Integration is done on operating 
system level. It means that one has to start AutoCAD from BVB CAFE thus letting it know actual 
instance of AutoCAD where plot needs to be draw. After that just by selecting elements from 3D 
drawing we want to plot into AutoCAD and running appropriate file menu, for example 
“Drawings/Draw Top View”. Such created drawing will have all information about thicknesses, 
openings, stiffeners etc. on it and can be used for further drafting. If there is an equipment model 
inserted from other CAD systems into BVB CAFE model (engines, mooring equipment, pumps etc.) 
it will be inserted into drawing as an appropriate top/side view defined in equipment database. In case 
that there is no appropriate side view in database system will draw crossed square with size of 
equipment maximal dimension in appropriate view. This is especially useful when General 
arrangement drawings are prepared. 
 
Once when some changes from model have to be applied procedure of drawing update is such that 
user has to open existing drawing and manually delete part of drawing that is changed. After that by 
selecting only changed part in BVB CAFE model and repeating draw procedure changed part will be 
drawn into running AutoCAD. Most of line types and marks used in drawings are based on ISO 
standard for shipbuilding. 



477 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.15: AutoCAD drawing automatically generated by BVB CAFE 
 
3.6. Hull Cycle Management 
 
Based on OpenHCM (Hull Condition Monitoring) standard for ships and offshore structures and 
Bureau Veritas HCM one can export/import BVB CAFE model for further processing. Fig.16 shows 
segment of ice class tanker vessel modeled by CAFE and imported into Bureau Veritas Veristar HLC 
software. For that purpose we extended our library to support HCM Stiffener and arbitrary polygon 
with openings and mesh (in order to show curved surfaces). This development is done in cooperation 
with Bureau Veritas class society. 
 

 
 

 
 
 
 
 
 
 
 
 

 
Fig.16: BV Hull Cycle Management 

 
4. Collaborative Design Functionalities 
 
4.1. Basic Ideas 
 
When designing such a complex structure like a ship, collaboration between parties involved is not a 
question. Reason that more persons work on the same project simultaneously is not only the 
complexity of design but also relatively short period they have during the initial phase. 
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Nowadays when information technology is involved in our life significantly through the Internet, TV 
and mobile communications it looks like it is not helping us in everyday work more than it was case 
when personal computers era came in eighties. One of the reasons for is that basic ideas driving 
current ship design software is from that time. It was improved only through the technology progress 
like more CPU cores, higher performances and more HDD space. 
 
When designing BVB CAFE and mathematical modeling framework it resides on we were looking 
for a new ideas on how to utilize state of the art technology in complex ship design. For that reason 
we introduce following novel postulate in software design: 

• no relation database should be used for storing data, 
• balance between data stored and those needed to regenerate project should exists so that either 

storage or CPU/GPU is a bottle neck, 
• user specific data should be separated from the model specific data, 
• data blocks size that can be treated as a separate unit during the one user action on it should 

be in a such correspondence with time needed to transfer it to remote location using Internet 
that doesn’t create a bottle neck in operation (e.g. transfer time for outer shell between two 
designers should not take more than time needed to make some relevant change on it). 

 
After taking into account all those postulates we end up with software having: 

• two databases, one permanent which is stored on HDD and one active only when software is 
running keeping data related to current user actions, 

• unlimited number of no relational (from IT point of view) models, 
• Tools capable to replace lack of relation between models/model data (like magnetic vertices 

and snap to surface tools). 
 
4.2. How it works 
 
When one starts a new project and creates first model and model group she/he is ready to start 
collaboration with someone other who will join her/him in design process. In order to do it so he/she 
has to turn on collaboration and define where collaboration folder path is. In this paper we will use 
Microsoft SkyDrive technology to share data (Local Network Drive, Google drive, Dropbox etc. can 
be used without limitations). 
 

 
Fig.17: Model and collaboration tree view when collaborating 
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Collaboration is performed on Model Group level what means that one particular model group can be 
either private or shared. Switching between those two states is done through menu “Shift Private 
State” showing it in gray if it is private and in blue if it is shared. If shared, then we are not owner of 
shared model group, in addition to model group name MS Windows user name of person who is 
sharing model group will appear at the end. If other user model group that we are collaborating has 
changed since last time, then synchronization is done and it will be colored red. 
 
When user wants to add someone’s model group to her/his model groups tree she/he has to go to 
Collaboration tree. There are listed all groups that persons are sharing. User have to select particular 
group and click on “Add to Collaboration”. After that group will appear in his/her model group tree 
showing owner information. 
 
It is important to note that user can do any changes to groups that she/he is collaboration on but those 
changes will affect others only if he/she is owner of particular group. It is interesting because 
sometimes we can use other user’s model groups to create something new etc. Once when system 
recognize that some model group we are collaborating on is changed (label becomes red) we can click 
on “Update” menu and see it will be reloaded in our project as it was changed by model group owner. 
 
If user wants to remove some group from collaboration he can simply delete it from the model group 
tree. On the other hand if he wants to stop sharing some group he needs to switch its state to private 
(label becomes gray). 
 
Finally, he can take ownership of someone’s model group it is done using “Reset Group Owner” 
menu. 
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Development of Parametric Planing Hull Design Features 
 

Andrew Orvieto, Brunswick Boat Group, Merritt Island/USA, Andrew.Orvieto@searay.com 
 
Abstract 
 
This paper introduces the development of parametric features that improve the quality of planing hull 
models in preliminary design. These features are intended to improve the transition between 
parametric and manual design and thereby accelerate the preliminary design phase. Currently 
parametric hull models must be refined manually before a production quality surface is achieved. The 
features described herein reduce the duration of this refinement process. Strakes and propeller 
tunnels were selected based on their impact to design development and analysis. When used in 
conjunction with a parametric hull model, these features allow the naval architect to more quickly 
and thoroughly explore a design space. 
 
1. Introduction 
 
Currently a transition exists between parametric design and manual design. A parametric model has 
inherent limitations and its outputs typically must be manually modified to achieve a satisfactory final 
result. This transition occurs in the early stages of a project and must be managed as efficiently as 
possible, as the greatest opportunity for reducing labor and cost in a project exist in the early stages. 
Calkins et al. (2001) estimates that as much as 70% of a project’s costs are fixed in the concept design 
phase. It is therefore critical to focus on improving the processes involved in this phase of a project to 
see the significant benefits downstream. Effectively managing the transition between parametric and 
manual design requires a thorough understanding of the steps involved and a prioritization of which 
features must be included in the parametric model(s). The designer must decide what parameters are 
necessary in the preliminary stages in a project to ensure that the results will be useful. There are often 
different details and levels of definition required for each situation or analysis method, and it is these 
parameters that the designer should focus on. In the case of planing hulls, lifting strakes and propeller 
tunnels have been identified as the most critical refinement features in preliminary design.  
 
This paper discusses the development of components to improve upon the BBGHull program (patent 
pending) for generating parametric planing hulls, Orvieto (2013). BBGHull produces hull models that 
have proven useful in preliminary design for initial analysis. For more detailed analysis and 
comparison studies, however, further resolution and definition in the models is required. Models from 
BBGHull require an initial level of refinement in the preliminary design phase. New components were 
developed to reduce the time and effort required in the refinement process, and thereby further reduce 
the duration of preliminary design. These components add strakes and propeller tunnels to BBGHull 
models. With BBGHull and these new components, the designer has a set of tools that can be used to 
quickly and reliably generate parametric planing hull models with the most essential features.  
 
2. Preliminary Design Process 
 
At the outset of a design project, the naval architect is tasked with creating an initial hull form that 
will meet the project requirements. The requirements typically include performance targets, passenger 
capacity, stability criteria, etc. Key parameters such as length, beam, and draft are often fixed within a 
specified range. The naval architect begins by drafting a set of 2D lines, and subsequently develops a 
3D hull model from these lines. Once the initial hull model is created, the naval architect can begin 
hydrostatics and performance analyses, as well as preliminary packaging studies.  
 
At Brunswick Boat Group’s (BBG) Product Development and Engineering facility, BBGHull is used 
to develop an initial hull model based on the project requirements. The hull models produced by 
BBGHull are quite useful for preliminary layouts, comparison studies, and hydrostatics analyses. The 
primary limitation of BBGHull models is their lack of critical features that have a profound effect on 
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performance, such as strakes and propeller tunnels. As a result, preliminary performance analysis is 
usually limited to 2D methods. 
 
2.1. Computational Fluid Dynamics 
 
The use of computational fluid dynamics (CFD) is becoming more prevalent as the quality of 
commercial codes continues to improve. There is a growing desire to conduct more CFD simulations 
and use the results to drive design earlier on in a project. While CFD simulations are often complex 
and time-intensive, simplified simulations can still be run with reasonable results. These can be 
particularly useful for comparison studies between different design variants. Currently, models from 
BBGHull do not provide enough resolution to achieve satisfactory results from a CFD simulation. 
Therefore it was necessary to develop components that would create parametric hull models with 
enough resolution to allow CFD simulations to be run successfully.  
 
2.2. Hull Refinement 
 
In the current process at BBG, after the lines are set for the hull model, the hull is subjected to a 
refinement phase. This phase includes the addition of strakes and propeller tunnels (if required). 
These features are typically roughed out by the naval architect, and then manually modelled into the 
hull by a skilled free-form modeler. If changes are made to the hull, the added refinement features 
must be remodeled to align with the new model. 
 
The hull refinement phase also includes the addition of radii, flats, and detailed surface blends. These 
features are quite variable in their location and size depending on the particulars of the hull, and are 
typically the last features added to a hull model before it is ready for production. Their variability 
makes them particularly difficult to define mathematically with robustness and consistency. These 
features also contribute relatively little to the results of analyses conducted in the preliminary design 
phase. For these reasons, these features remain in the refinement phase rather than parametric design.  
 
2.3. Hull Refinement Features 
 
Currently, the hull refinement phase is entirely manual. Substantial improvements can therefore be 
made if tasks in this phase were made parametric. Focus was given to features that most affect the 
various analyses that take place in the preliminary design phase. The features that have the most 
impact at BBG are strakes and propeller tunnels. Strakes significantly increase the time and labor 
required to finalize hull models.  Because propeller tunnels strongly affect buoyancy and dynamic lift, 
they are critical for both hydrostatic and hydrodynamic analyses. These features also lend themselves 
very well to robust mathematical definition, making them ideal candidates for parameterization. 
 
The goal of the features discussed in this paper is to accelerate the hull refinement phase to in turn 
reduce the duration of preliminary design. This goal is achieved by creating parametric strakes and 
propeller tunnels using BBGHull models. By using these parametric tools, the naval architect can 
create a hull which incorporates these important features and requires minimal refinement to achieve a 
production-ready model. Incorporating these features early on in a project improves the naval 
architect’s ability to evaluate potential designs due to the maturity of the models and the speed with 
which they can be created and modified. 
 
2.4. Hull Refinement Components 
 
Parametric features must provide enough resolution to allow for more detailed analysis of the result-
ing hull form, but must not become so complicated that the parametric nature of the model is com-
promised. Considerable effort was spent to build both features into separate components; Strakes and 
Propeller Tunnels. With these individual components, the naval architect can pick and choose if and 
when to add these features based on the specific requirements of a project. This divide-and-conquer 
approach can be quite beneficial when dealing with a complex design problem, Bole and Lee (2003). 
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3. BBGHull 
 
BBGHull is a computer program that generates parametric hard-chine planing hull models from user 
inputs, Orvieto (2013). The program was written to expedite the preliminary design process and is 
currently in use at Brunswick Boat Group’s Product Development and Engineering facility. Hulls are 
developed using a curve structure from which all surfaces are created. The program has proven its 
ability to accurately represent production hull forms and has undergone extensive validation at BBG.  
 

 

Fig.1: Hull model output from BBGHull 
 
Brunswick Boat Group uses an eleven station (0-10) system to create and analyze hulls, Orvieto 
(2013). The stations are section curves evenly spaced over a hull’s chine length. Station 0 corresponds 
to the transom/keel intersection, and Station 10 corresponds to the chine/stem intersection. BBGHull 
utilizes Station 0, Station 5, and Station 9, as the basis for its curve structure. From these station 
curves, a sheerline curve, inner and outer chine curves, and a keel curve are developed. The resulting 
hull surface is created from this complete curve structure. Fig.2 shows the BBGHull curve structure 
for surface generation. 
 

 
Fig.2: BBGHull curve structure 

 
3.1. Grasshopper 
 
Grasshopper is a free algorithm creation plug-in for the NURBS-based 3D modelling software Rhino-
ceros. Grasshopper allows developers to create their own programs and package them into stand-alone 
components which can execute any Rhinoceros or Grasshopper function. The strake and propeller 
tunnel programs discussed in this paper are custom Grasshopper components. Developing programs in 
Grasshopper allows developers to use the existing user-interface.  
 
Grasshopper components are modular such that multiple instances of the same component can exist 
within a single file. A user can add multiple components and work on several different design 
iterations at once. At any point in the process, the user can bring a Grasshopper model into 
Rhinoceros for analysis or manual design development. Any changes made to a Grasshopper model 
are instantly visualized in the Rhinoceros viewport. 
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3.2. Component Workflow 
 
In Grasshopper, the user develops an algorithm by connecting inputs with the corresponding inputs on 
components. In the case of the Strakes and Propeller Tunnels components, the user connects the Hull 
output from BBGHull to the Hull input of each of these two components. The user can then begin 
designing the strakes and tunnels by manipulating the components’ inputs. The dimensional inputs 
can be adjusted using number sliders or numerical input. The sliders allow a user to see the effects of 
changing values in real-time, while the numerical input allows for more precise control.  
 
Both the Strakes and Tunnels components output a hull with the corresponding features as defined by 
the user. Though linked to the BBGHull model, these models are independent and can be brought into 
Rhinoceros individually without affecting the original hull. The user still maintains control over both 
the tunnels themselves and the original BBGHull model. Any changes to the BBGHull model will be 
reflected in the final hull generated by the Propeller Tunnels or Strakes components so long as they 
remain connected to BBGHull in Grasshopper. Fig.3 shows the workflow between the components in 
Grasshopper. 
 

 
Fig. 3: Component workflow 

 
4. Strakes 
 
Strakes, also known as spray rails, are quite common on planing hulls. Their primary purposes are to 
provide lift and reduce wetted surface by preventing water and spray from attaching to the hull 
surface, Yousefi et al. (2013). Strakes typically have a sharp, triangular cross section whose bottom 
face is parallel to the water surface to ensure clean flow separation away from the hull. Strakes can 
come in many different forms depending on the needs of the hull. Two distinct styles are most 
common; longitudinal and tapered. Longitudinal strakes follow the buttock lines of the hull, running 
longitudinally for their entire length before terminating at or near the chine. Tapered strakes run 
longitudinally before tapering inwards and terminating near the stem.  
 
Strakes typically have a negligible impact on vessel hydrostatics and static stability but do provide 
additional dynamic stability. Because they must conform to the running surface, strakes are typically 
not modeled until the running surface is finalized. Fig.4 shows an example of longitudinal and tapered 
strakes. 
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Fig.4: Longitudinal strakes and tapered strakes 
 
4.1. Strakes Component 
 
In the Strakes component, the user sets the number, width, and style (longitudinal or tapered) of 
strakes that will be created. The width input corresponds to the width of the strakes at their aft-most 
point. The strakes carry this width through nearly their entire length, before tapering to zero at their 
endpoints. The base curve of each strake is offset laterally by the desired width. With regards to style, 
the user can choose between longitudinal and tapered strakes. The strakes are then generated from a 
set of guide curves. Fig.5 shows longitudinal strakes and tapered strakes output from the Strakes 
component. 
 

 
 

Fig.5: Longitudinal strakes and tapered strakes output from strakes component 
 
4.1.1. Longitudinal Strakes 
 
The creation of longitudinal strakes is driven by the buttock curves, or longitudinal sections of the 
hull. The deadrise curve at the transom is divided into equal length segments corresponding to the 
desired number of strakes per side and points are created at each division. These points serve as the 
construction origins of each of the strakes. Buttock curves are then generated by intersecting the 
running surface with local YZ planes oriented at each point. These buttock curves are divided evenly 
based on their length, and points are created at each division. The number of points used depends on 
the curve’s length. NURBS interpolate curves are then created from select points. The interpolate 
points are selected such that the offset curve does not intersect the base curve anywhere except the 
endpoint. Fig.6 depicts the strategy for creating longitudinal strakes, including the guide curve 
division points and the offset curve interpolate points. The number of division and interpolate points 
in the figure has been reduced for simplicity. 

 
Fig.6: Longitudinal strakes creation 
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4.1.2. Tapered Strakes 
 
When creating tapered strakes, each strake curve is made by domain-mapping points on the chine 
curve to new domains on the running surface. The process involves the deadrise curve at the transom, 
the inner chine curve, and the keel curve. These curves are used as guides for the interpolation that 
creates the strakes. The deadrise curve at the transom is divided into equal length segments 
corresponding to the desired number of strakes per side and points as created at each division. The 
inner chine curve and keel curve are also each divided into a prescribed number of equal-length 
segments. Points are created at the end of each of these divisions. The division points on the inner 
chine curve are then mapped from their individual 3D domains to the new domains bound by the 
intersection points. The strake curves are then created as NURBS interpolate curves from these 
mapped division points. Finally, the curves are projected from the YZ Plane (essentially a body plan 
view) onto the running surface. This method produces strakes that conform well to the running 
surface and maintain good fairness. Fig.7 depicts the strategy for creating tapered strakes, including 
the guide curve division points and the mapped interpolate points. The number of division and 
interpolate points in the figure has been reduced for simplicity. 

 
Fig.7: Tapered Strakes Creation 

 
5. Propeller Tunnels 
 
Propeller tunnels are quite common on inboard shaft-driven boats. Propeller tunnels allow the naval 
architect to reduce the static draft of a vessel without reducing propeller diameter, Subramanian and 
Subramanyam (2005). Tunnels do, however, significantly affect a hull’s buoyancy and dynamic lift, 
Blount (1997). This must be taken into consideration as early as possible in the design of the vessel 
and the effects must somehow be compensated for. 
 
For inboard shaft-driven boats, propeller tunnels must be developed to properly interface with the 
running gear for optimal performance. The design of propeller tunnels is driven primarily by the 
propeller diameter and running gear arrangement. Location and arrangement of engines and running 
gear currently takes place separately from hull design. The hull design is developed first, and 
subsequently the engines and running gear are placed. The hull model typically requires significant 
modifications to accommodate the running gear. The creation of parametric propeller tunnels allows 
the running gear to be sized using initial estimates and placed approximately within a hull. The 
tunnels can then be parametrically modified to match the running gear as needed. The model can be 
quickly adjusted as the design develops. 
 
In an extremely competitive recreational boat market, it is desirable to give the consumer a choice of 
different propulsion options. In particular, there exist numerous models that offer both inboard shaft 
drive and stern drive options. The naval architect must be able to create hull forms that will work well 
for both of these propulsion systems to allow for this choice. Being able to create an effective hull 
early in a design project can pay tremendous dividends to the overall project. Development of 
machinery layouts for both systems can begin earlier in the project, in parallel with performance and 
hydrostatics analyses. 
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5.1. Propeller Tunnels Component 
 
Because not all hull models require propeller tunnels, generation of propeller tunnels was developed 
into a separate component. As with the Strakes component, the Propeller Tunnels component uses a 
BBGHull model as its primary input. The user builds the initial hull model with BBGHull and then 
can begin designing the propeller tunnels. The Propeller Tunnels component constructs the tunnels 
based on the user inputs and the input hull geometry, and then joins all of the surfaces into a single, 
open polysurface. Fig.8 shows a BBGHull model with propeller tunnels as output by the Propeller 
Tunnels component. 
 

 
Fig.8: BBGHull Model with Propeller Tunnels 

 
The user locates the propeller with the engine spacing and height above deadrise inputs. The tunnels 
are then built around the propeller. The propeller tunnels are created from a section curve and a 
longitudinal profile curve. The section curve is defined by the propeller diameter, flat roof width, 
height above the deadrise surface, and engine spacing. The longitudinal profile curve is defined by the 
entry angle and tunnel roof length.  
 
5.1.1. Tunnel Cross Section 
 
The size of the tunnel cross section is based on the propeller diameter and desired tip clearance. The 
tip clearance is the distance from the propeller blade tips to the tunnel surface. The tunnel should 
provide sufficient tip clearance to prevent vibration issues without compromising performance. 
Typically, 15-20% of the propeller diameter is a safe tip clearance to use to avoid unwanted vibrations 
while maintaining good performance, Gerr (2001).  
 
The shape of the cross section is dependent upon the wall angle and the flat roof width. A typical 
cross section for a propeller tunnel is a flat roof with corner radii, Blount (1997). For a flat roof 
section, the corners are automatically rounded to evenly blend the angled walls into the flat roof. 
Circular roof sections are also quite common. These sections can be created by setting the flat roof 
width input to zero. The cross-section throughout the tunnel is consistent to ensure undisturbed flow 
to the propeller. A diagram of the tunnel cross section can be seen in Fig.9.  
 

 
Fig. 9: Propeller tunnel cross section 
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5.1.2. Tunnel Longitudinal Profile 
 
The longitudinal shape of the tunnel is critical, as flow around planing hulls typically follows the 
buttock lines, Blount (1997). Of particular importance are the transitions between the running surface 
and the tunnel entry and between the tunnel entry and propeller region. These transitions must be 
smooth to avoid disturbing the flow as it moves towards the propeller. To manage these transitions, 
the user has control over the entry angle and the length of the tunnel roof. Surface blends are created 
automatically as needed based on the user inputs and resulting geometry.  
 
The longitudinal profile curve is defined by the entry angle and tunnel roof length. The entrance angle 
should be fairly shallow (typically < 15°), so as to minimize disturbance of the flow, Blount (1997). In 
addition, the roof is the primary source of lift in the tunnels, so the roof length must be selected to 
achieve the desired stern lift. A diagram of the longitudinal profile curve can be seen in Fig.10. 
 

 
Fig. 10: Propeller Tunnel Longitudinal Profile 

 
6. Conclusions 
 
This paper introduces the development of parametric strakes and propeller tunnels to aid the 
preliminary design process of planing hulls. When coupled with the BBGHull component, these 
features afford the designer significant parametric control over the design of hard-chine planing hulls. 
The components are used in conjunction with BBGHull to create planing hull models that are more 
detailed and thereby reduce the time needed to refine them manually. This reduction in refinement 
time leads to reduction in the duration of the preliminary design phase, which allows for more 
thorough analysis to be conducted. The group of components allows for a much more thorough 
analysis and development of a given design, due to the decrease in the total time required to create 
and evaluate a single design or condition. The naval architect is able to create and evaluate a number 
of different designs in a fraction of the time it would typically take to evaluate a single one. 
  

 
 

 Fig. 10: BBGHull Output with Propeller Tunnels and Strakes 
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Abstract 
 

In one-of-a-kind production a large share of time is spent for information gathering. Electronic 
devices featuring Augmented Reality can help reducing this share as information can be supplied 
selectively and in a more comprehensible way in comparison to conventional paper drawings. This 
paper explores which information is required, categorizes it by frequency of use and explores how 
different categories should be displayed on electronic devices. Based on the results a user interface is 
presented that provides fast access to all required information. An evaluation with workmen in the 
ship assembly proves the user interface to be suited for practical use. 
 
1. Introduction 
 
To sustain competitiveness, shipyards have to ensure a high productivity in the ship assembly. Work-
sampling studies, Tietze and Lödding (2014), among multiple shipyards in the equipment phase show 
that in average workmen are engaged in information related activities for one third of their working 
hours. Thus, reducing this share is a powerful lever to increase the proportion of other, more value-
generating activities. However, to exploit this potential one has to have a closer look at what 
information related activities are and how their large share can be explained.  
 
The process of information gathering in one-of-a-kind production such as shipbuilding differs 
substantially from batch or serial production. As every product is unique, there are nearly no identical 
tasks that occur periodically, making it necessary for workmen to acquire specific information for 
each individual step that they perform. This leads to a large amount of time being spent in 
information related activities like examining design drawings, discussing tasks that have to be 
performed with co-workers or foremen as well as resolving ambiguities with the help of stationary 
installed 3D CAD terminals or by consulting engineers or planners. A significant part of this time 
originates from drawbacks that are innate to the common distribution of information through paper 
drawings: lack in currentness of data, a complex two-dimensional representation of three-dimensional 
geometry, restricted space for a vast amount of information, manual measuring in drawings and 
numerous additional documents that might contain relevant information. 
 
Electronic devices such as tablet computers are well suited to solve those problems: Obsolete 
information can be updated easily, an interactive three-dimensional presentation of the CAD model 
can help to comprehend assembly steps and geometrical information faster and parts can be displayed 
selectively reducing search time for relevant information. Further, automatically generated 
dimensioning can be displayed directly, and access to additional documents can be accelerated by 
linking them to their corresponding parts. 
 
Augmented Reality – displaying additional information within the real environment – that is 
supported by most mobile devices adds another benefit: The fusion between already assembled 
components and to-be installed parts makes it easier for workmen to understand how both fit together. 
Nevertheless, an Augmented Reality aided system that supports workmen in information gathering 
has to be designed in such a way that it does not simply shift time shares from the above mentioned 
paper related activities to tedious software interaction but provides the necessary information to a 
workman at the correct time enabling him to grasp those information effortlessly. 
 
This poses some challenges: The necessary amount of information and the point in time of its 
relevance has to be determined, prerequisites for Augmented Reality like tracking – determining 
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position and orientation of the AR device – or geometry preparation have to be fulfilled, and a user 
interface has to be developed that displays the relevant information at the right time and allows 
targeted user interaction.  
 
2. Information Gathering in Shipbuilding 
 
The process of mounting a part in the ship assembly can be divided into five generic stages, Tietze 
and Lödding (2013): information, material allocation, component preparation, execution and post 
processing. These stages form a generic work cycle that allows comparable measurements and 
repeatable improvements. In theory, during the information phase a workman gathers all required 
information that he needs to mount the current part. During the material allocation stage he collects 
material, tools and if necessary other resources. He then sets up machines, prepares the part and aligns 
it in the correct position (component preparation), before finally mounting it (execution). Afterwards, 
he verifies that the part is mounted correctly and clears up the workspace. In reality, most workmen 
don't traverse the cycle in strict order but jump back to the information stage several times before 
proceeding with the current one. Rather than acquiring all information at once before advancing to 
subsequent stages, information is acquired piecewise in each stage.  
 
This leads to two conclusions: 1) Different pieces of information are relevant during distinct stages. 
2) It is difficult to acquire all information at once and then keep it in memory throughout the whole 
cycle. To give an example: When installing a pipe workmen normally need information on its part 
number, rough mounting position, measurements to reference points and the orientation of the pipe. 
Though it is clearly possible to look up all required information first and then install the pipe an easier 
and far less error-prone method is to look up information right before using it. Hence, a workman first 
reads the part number and the corresponding rough position which he carries the pipe to. Not until 
then he looks up further information on how to mount the pipe. To account for this when supplying 
workmen with information on an electronic device it needs to be determined what information is 
required in which stage. 
 
2.1. A Typical Workflow in Ship Equipment 
 
The generic work cycle is slightly modified to incorporate the conclusions drawn above. As shown in 
Fig. 1, the information stage is substituted for a stage named planning, in which a workman only 
gains an overview that helps him to plan the upcoming task. He then acquires the necessary detail 
information in each of the subsequent stages.  
 

 
Fig.1: Current work process with mandatory (top) and optional information (bottom) 

 
Planning: Normally a two-dimensional drawing along with a part list is used to gain an overview of 
first the whole work package and then to determine which part has to be mounted next. The workman 
orients himself and may search for part numbers in the drawing that correspond to those on the part 
list. If the assembly order is irrelevant, the workman might as well pick an arbitrary part.  
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Material allocation:  In the material allocation stage a workman has to physically find the part to be 
mounted and locate its rough mounting position. This also comprises comparing numbers printed on 
parts to their corresponding qualifier on the paper drawing or part list. 
 
Component preparation: To prepare parts and equipment, various detail information on dimensions 
is necessary. First, the workman has to identify if and how the part has to be cut or otherwise be 
prepared before the installation and then determine its distances to reference points (e.g. walls, the 
floor or other components) and its orientation. These measurements may either be obtained from the 
drawing using a scaled ruler or directly read off if engineers or planers integrated dimensioning. 
During this stage additional information e.g. three-dimensional plots from CAD to comprehend 
complex geometry, further installation information as tightening torque or welding standards for the 
current compartment may be requested. If parts have to be installed that are either not constructed – 
as for example brackets – or do not appear in the drawing the workman has to have a look at the final 
state of the environment to preclude mounting the part in a place that is reserved for later installed 
components. 
 
Execution: The execution stage solely consists of physical activities as welding, soldering or 
screwing, that can be accomplished without acquiring further information. Nevertheless, the workman 
may divide the execution into subtasks and go back to component preparation in between for 
information. 
 
Post processing: After the execution, the workman verifies if he has done his job properly. Again he 
may look into the two-dimensional drawing for dimensioning and part orientation or into a three-
dimensional plot. 
 
2.2. Sources of Information 
 
As shown in Fig.1, most of the information is of geometrical nature and thus, answering the question 
of where a specific part has to be mounted. Far less information is used that has specifying character, 
telling the workman in which manner an action has to be conducted (e.g. tightening torque or welding 
standards). Almost no instructing information is needed to explain work steps or procedures. This 
emphasizes two points: 1) The high qualification of workmen in the ship assembly allows them to 
carry out their work without needing many instructions but only pure data. 2) As workmen also have 
a high degree of autonomy they can choose the order of their tasks or the parts they have to mount. 
 
On the one hand each piece of information has a different probability to be of relevance to carry out a 
task. For example, workmen nearly always have to gain an overview or read part numbers or 
dimensioning in a drawing whereas the final state of the environment is not always of interest. 
Moreover, additional information like welding standards is required far less often. Information is 
obtained from essentially three main sources: paper, computer terminals accessing CAD or databases 
and communication with co-workers or supervisors. None of these sources are available without 
limits: One paper drawing is easy to carry around, all paper drawings that may be of relevance are 
not. Using the nearest computer terminal might mean a walk of several minutes. Co-workers or 
supervisors as well as engineers or planners may not always be reachable. 
 
Both factors determine how much time is spent in total to obtain specific information and thus, the 
potential of distributing it in more efficient way. Fig. 2 sets the probability that a piece of information 
is required in relation to the effort to obtain it. The farther away from the origin a piece of information 
is the more it is impairing productivity as information gathering is a non-value-generating activity. 
Thus, improving the distribution of frequently used information that at the moment is difficult to 
obtain has an especially high potential to increase productivity. As the rating on both scales is based 
on interviews with workmen, foremen and planners of multiple shipyards, the diagram has mostly 
qualitative character rather than claiming completeness or high accuracy. Some information is already 
fairly easy to acquire (part list or an overview) or is accessed seldom (installation information or 
standards). But improving the distribution of other information such as three-dimensional views, 
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dimensioning, part numbers – that have to be located within the drawing –, the final state or clearance 
areas (i.e. areas that will not be occupied by later on installed components) is a promising lever to 
decrease the time that is spent in information related activities. 
 

 
Fig.2: Probability that a piece of information becomes relevant vs. the effort to obtain it 

 
2.3 Problems originating from paper-based information gathering 
 
A large share of the high amount of total time that is spent gathering those pieces of information finds 
its origin in characteristic flaws of distributing most information on paper: 
 
Currentness of data: Engineering, planning and assembly of ships often take place in parallel. This 
induces a problem of paper based information gathering: If design changes are made while the 
assembly is already in progress, it is complicated to notify workmen of those changes in time. 
Moreover all outdated paper drawings have to be found, collected and replaced with new ones. This 
problem is more of general nature as it merely impairs productivity through an inefficient way of 
distributing single pieces of information but holds the risk of building obsolete designs which then 
have to be reworked later on.  
 
Plurality of additional documents: Information concerning parts or assembly groups provided by 
subcontractors or global information regarding standards (e.g. for bracket positions) is often kept in 
binders that can neither be carried around nor be efficiently searched through. The result is a high 
search time for the relevant piece of information.  
 
Two-dimensional presentation: While simple parts are recognizable in two-dimensional drawings, 
the geometry of complex or multiple stacked parts is often non-transparent. Workmen then have to 
interrupt their current task to resolve ambiguities by consulting a computer terminal or a superior with 
access to the three-dimensional model for help. 
 
Restricted space for information: The amount of displayable information on a drawing is limited by 
the space on the paper. Normally, for one work package there is more information available than fits 
onto one sheet of paper. Therefore, information (e.g. dimensioning or the final state) is left out for 
legibility resulting in overhead time that is spent retrieving the information (e.g. measuring in 
drawings or estimating pipe diameters) and can as well lead to mistakes (e.g. mounting a part within 
an area that is reserved for other components to be installed later on). 
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All-information-at-once strategy: The information for multiple hours of work is depicted in one 
drawing. Hence, workmen always have more information than they actually need. This entails high 
search times for information like part numbers or the location of a part. Moreover, it is usually 
impossible to grasp the desired piece of information at one glance. Electronic devices have a great 
advantage over paper-based information supply: As information can be displayed dynamically, it can 
be presented to workmen selectively. Thus, the display only shows information that he actually needs 
at a specific moment in time. Augmented Reality further helps to reduce the amount of superfluous 
information by filtering it based on the workmen's location. 
 
2.4 Goal formulation for Augmented Reality supported information gathering 
 
Each of the above named problems can be tackled by utilizing electronic devices for information 
gathering. The goal is to decrease the effort for workmen to obtain their information. When having a 
look at Fig.2 again, this means shifting especially those pieces of information that have a high 
probability of relevance to the left hand side of the diagram. Research has shown Augmented Reality 
to be a viable technology for this purpose. In Baird and Barfield (1999) a productivity gain of 100% 
could be achieved by substituting paper based instructions with Augmented Reality. At the same time 
the number of mistakes decreased by 50%. 
 
3. Augmented Reality 
 
Augmented Reality is the integration of virtual content within a real environment. Although – in 
theory – Augmented Reality can appeal to almost all senses, for example through virtual sounds, 
smells or haptics, this paper solely focuses on visual content. Various electronic devices, ranging 
from video projectors over see-through head mounted displays (HMDs) to notebooks, can be used to 
enable Augmented Reality. Halata et al. (2014) present a systematic approach to select the most 
suitable device for a given Augmented Reality project. Given the constraints of industrial 
environments such as shipyards and the current state of technology this paper employs tablet 
computers to display virtual content and allow for user interaction. To demarcate Augmented Reality 
from other visual systems as CAD, Virtual Reality or computer animated movies, Azuma (1997) 
proposes three attributes: Augmented Reality combines real and virtual, is interactive in real time and 
registered in 3D. While the first two attributes are pretty straightforward, the next two paragraphs will 
shed some light on the registration between reality and virtuality and explain how to cope with the 
often missing but crucial three-dimensional perception of the real environment. 
 
3.1 Three-Step Localization and Tracking 
 
When superimposing virtual information – especially geometrical one – on a real environment it 
always is a challenge to establish and maintain the correct alignment between the two worlds. So 
called tracking methods determine the point of view from which the environment is seen. This is for 
example the position and orientation of the camera in whose image additional information should be 
displayed. Various approaches exist to tackle this problem but most of them require special 
equipment that has first to be installed and calibrated time-consumingly, which makes an efficient use 
in shipbuilding hardly possible. For these reasons, this paper solely focuses on visual tracking 
methods that use the 2D camera built into essentially every Augmented Reality device. Mainly there 
are three alternatives: 
 
Fiducial Markers: Fiducial markers, Fiala (2005), are placed within the environment at distinct, 
known positions. Markers are then recognized in the camera image, and the relative viewpoint is 
calculated from their size and distortion. If the image doesn’t contain any or only obscured markers 
the tracking is lost. Therefore, a large amount of fiducials is necessary for a stable continuous 
tracking. 
 
Edge Tracking: Edges in the camera image are compared to edges of a three-dimensional CAD 
model, NN (2007). The viewpoint is then calculated from corresponding edges. This method is less 



 

 494

prone to occlusion but computationally highly expensive. Thus, only a small part of the CAD model 
can be used as a reference. The method is therefore not feasible to determine the initial viewpoint if it 
is not at least roughly known. 
 
Feature Tracking: Based on features – points in the camera image that stick out and thus, are 
recognizable in consecutive images – the camera movement is calculated, Nister et al. (2004). As 
reality and virtuality are glued together at multiple points rather than a single one, this method is more 
stable than fiducial tracking. Nevertheless, it demands for an initial viewpoint to be set to determine 
not only the relative but absolute position and orientation within the environment. Moreover it cannot 
cover large areas as over distance small errors in computing the relative movement accumulate to a 
large deviation. 
 
In summary, none of the tracking methods described above permits a continuous ad-hoc tracking 
alone. Therefore, a combined three-step localization and tracking approach is chosen in this paper 
reaping the benefits of all three methods: 
 
Step 1: A rough initial guess of the position is made using a fiducial marker. This is particularly 
straightforward as parts that have to be mounted are usually tagged with a fiducial (e.g. a QR- or 
barcode). The position of the part known from CAD functions as an initial guess. 
 
Step 2: As the search space is narrowed down to a small part of the environment, edge tracking can 
now be used to refine the position and establish the link between reality and virtuality. 
 
Step 3: To maintain the tracking, the feature-based approach is used. If tracking is lost it can be 
recovered going back to the previous step using the last known position as an initial guess. 
 
Fig.3 illustrates the first two steps as well as the result once the continuous tracking is established. 
 

 
Fig.3: (a) QR-code on a part, (b) initialization of edge tracking, (c) augmented pipe 

 
3.2 Occlusion Geometry 
 
When using a two-dimensional camera image of the environment either just for tracking purposes and 
in combination with an optical see-through device or by overlaying it directly with information, 
another problem arises: The absence of depth information on the environment renders it impossible to 
determine if the to-be displayed augmented geometry is in front of the environment, and thus visible, 
or behind and therefore occluded by the environment. The standard and only reasonable method is to 
always assume the augmentation in front of the environment which sometimes leads to misarranged 
scenes that bear a strong resemblance to works of artist M.C. Escher, Ernst (2007), famous for his of 
seemingly realistic, albeit geometrically impossible drawings. 
 
To avoid this problem, the depth information of the existing environment has to be retrieved from a 
3D CAD model. For that purpose, the already existing geometry – i.e. all parts that are already 
mounted – are brought into the scene as so called occlusion geometry, Fiala (2006). The occlusion 
geometry itself is invisible but occludes those parts of the to-be displayed new geometry that lie 
behind existing objects. Hence, the geometrical relations behind and in front of between reality and 
virtuality are restored and the scene is displayed correctly. 
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Nevertheless, to declare the right parts of the CAD model as occlusion geometry, it is indispensable 
to know which parts are already mounted. Therefore, the user has to give feedback after mounting 
each part. This procedure not only permits displaying geometry in a correct way but is advantageous 
for other branches of a shipyard as well: Automatically generated degrees of processing can enhance 
planning; quality control is improved as not yet mounted parts can be detected. 
 

 
Fig.4: AR without (a) and with occlusion geometry (b) 

 
4. Concept for Selective Information Supply and Targeted User Interaction 
 
Distributing information using electronic devices featuring Augmented Reality has some major 
advantages over paper drawings that can be a solution to the above named problems. As electronic 
devices have almost unlimited capacity, it becomes possible for workmen to carry around all 
information they could possibly need. At the same time information overflow is avoided since the 
data is structured in a way that allows a selective supply of information resulting in decreased search 
times within the display area. A linkage between parts and documents helps workmen to find required 
documents containing additional information eliminating lengthy browsing in binders. 
 
Electronic devices allow for a three-dimensional presentation of parts and the environment that is 
easier to comprehend and thus, on the one hand reduces time that is spent pondering about in which 
orientation a part has to be mounted and on the other hand eliminates long walks to CAD terminals or 
a supervisor. In addition, Augmented Reality helps to see how a part fits into the environment while 
the computational capacity allows displaying information like automatically generated dimensioning 
or clearance areas into the field of view.  Finally, if constructional changes are made, a fast update 
can be delivered to the electronic devices in time and thus, prevent workmen from building an 
obsolete design. 
 
In the following, those capabilities are transferred into an Augmented Reality application that aims to 
support workmen in the ship assembly. The focus is thereby put on the user interface which is 
essential to use the application in a productive way as well as to achieve a high degree of acceptance 
among workmen. 
 
4.1. Probability of Relevance Tiers 
 
To enhance information gathering in shipbuilding, information has to be made accessible in an easier, 
faster way, Fig.2. However, it is neither possible nor eligible to make all information equally fast and 
simple to access. This would either lead to a fraught user interface – in case each piece of information 
would be accessible via a simple button – or to users having to learn a tremendous variety of 
shortcuts, e.g. gestures. In both cases the result would be an unusable and demanding interface. 
Instead, information has to be prioritized in a manner that allows fast access to consistently used 
information while access to seldom used information may involve some – still non-sophisticated – 
user interaction. This is done using Probability of Relevance Tiers, PORTs, Fig.5.  
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Fig.5: Probability of Relevance Tiers (PORTs) and target area for effort 

 
Based on the data that underlies Fig. 2 information that has to be made available to workmen is 
categorized in either one of the following three PORTs: 
 
PORT I:  Information that is needed throughout or at least multiple times during an entire work cycle. 
Either this information is visible all the time or the device anticipates its relevance at the moment in 
time and presents the information to the workman. For example, if a workman uses the device to scan 
the barcode of a part whose mounting position is within a larger distance of his current position an 
overview of the area with the part highlighted should be displayed. 
 
PORT II:  Information that is optional but still used relatively often has to be accessible using simple 
user interaction and is then displayed within the augmented image of the environment. Hence, PORT 
II information has to be processed to make it available for Augmented Reality. Clearance areas for 
example can be displayed in this fashion. 
 
PORT III:  Information that isn’t accessed very often and thus, can take some time for the user to 
look up. It can be available for example as textual information or as drawings that are displayed to 
workmen in a reader window. Users can search those documents efficiently but have to process the 
information contained themselves. 
 
4.2. Target Process for Augmented Reality Based Information Gathering 
 
A typical workflow with the Augmented Reality Based application for information gathering is 
depicted in Fig. 6. To start his work, a workman has to login at the system first to identify himself 
(step 1). This is done using either a personal QR-code that he scans with the integrated camera of the 
electronic device or a username/password combination. Where applicable, the login can also be 
supported utilizing modern technologies like face recognition or fingerprint sensors. After logging in, 
a list of available work packages is shown to the user who has to select one of them (step 2). The list 
may already be filtered by his supervisor and should only contain suitable work packages. 
 
An overview of the content of the selected work package is shown in CAD (step 3). At this point the 
actual workflow begins. The user selects the part he wishes to mount next, either by scanning a 
barcode on the part (step 3.1) or by selecting a part directly from the part list within the user interface. 
It is possible to select more than one part at once. Next, the selected parts are highlighted within the 
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CAD overview (step 4). Once the user switches to Augmented Reality mode to display them within 
the environment, the tracking initialization – described in section 3.1 – is started using the position of 
the selected part(s) as an initial guess (step 5). When stable tracking is established, the selected parts 
together with further PORT I and PORT II information are shown in an Augmented Reality view 
(step 6). If tracking is lost (e.g. because the device is put down) the application switches back to step 
5. The workman can either install the part and acknowledge it as mounted or issue an error report if 
he encounters unsolvable difficulties (step 6.1). For simplicity, in Fig 6. the user feedback about 
failure or success when mounting parts is solely depicted in step 6. Nevertheless, to provide flexibility 
this is also possible in step 4. After all selected parts have been mounted or reported as not mountable 
the application decides if further parts have to be installed in the surrounding area and it can remain in 
Augmented Reality mode or if it should switch back to the CAD overview. 
 

 
Fig.6: Target process for an Augmented Reality application in ship building 

 
4.3. Augmented Reality Based User Interface 
 
For evaluation purposes the user interface and the aforementioned workflow for Augmented Reality 
supported information gathering has been implemented as a software prototype. It is based on the 
Metaio Software Development Kit 5.1, http://www.metaio.com/SDK/, and runs on Android tablet 
computers. Its capabilities for information supply and user feedback are described in the following 
paragraphs. 
 
A screenshot of the application together with annotation is shown in Fig. 7. The main area of the user 
interface is occupied by the Augmented Reality view. To increase the size of the Augmented Reality 
scene, all other parts of the user interface are superimposed semi-transparently. In the top right corner 
a work package summary informs the user about the essentials of his work content. Displaying this 
information permanently also reduces the chance of confusing the device with those of co-workers. 
The work package summary also grants access to PORT III information that is of global character. 
Guidelines and standards can be accessed, constructing engineers or planners can be contacted if 
unsolvable questions inhibit a workman to execute his task. 
 
As in most shipyards the detail of sequence planning extends only to work package level, the 
sequence of the parts contained is ultimately determined by the workmen. Normally, parts are 
mounted in an implicit order: Pipes may be started at a wall and then be laid in their corresponding 
direction; other parts might be mounted in a fashion that reduces the total time spent walking to the 
next building site. To account for this, the order in which the application suggests the next part to the 
user can be configured using the part sequence button. Parts can be sorted by their position (e.g. port 
to bow side or from bottom to top) or by other attributes as for example their part number. If the user 
wishes to mount the parts in a custom order he can configure the application to use the barcode 
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scanner to select each next part. Optionally, the next part can be guessed by the application: The user 
first chooses the first part to be mounted. Henceforth the application selects the geometrically nearest 
part automatically. This is particularly useful when mounting pipes as the next part is always adjacent 
to the previous one. Nevertheless, if in the future planning is broken down to part level, the 
application can adhere to a predefined sequence of parts. 
 

 
Fig.7: Screenshot of the application in Augmented Reality mode visualizing a pipe mounting scenario 
 
A part list is located below the summary. It displays all the parts the work package contains and 
shows their current state (mounted, faulty, not yet installed). To increase legibility, parts are displayed 
in two different ways: The standard view only features a part icon describing the type of part as well 
as its number and state whereas the extended view is used only for selected parts that are currently 
being mounted. In addition, it shows interaction buttons and an information button. 
 
As workmen may want to put the device aside but still see the last content of the Augmented Reality 
view or show a specific view to their co-workers, it is necessary to provide a functionality to 
temporarily decouple the view from tracking. This is done using the hold button which freezes the 
current tracking position together with the background image of the environment. User interaction, 
especially the content panel explained hereafter, is still functional in hold mode. 
 
4.4. Augmented Content 
 
The content panel on the left edge of the display area enables workmen to select PORT II information 
that is overlaid in the Augmented Reality view. Moreover PORT I information can be de- or 
reselected if necessary. To preserve enough space for the Augmented Reality view, the content panel 
is minimized by default displaying only icons, Fig.7, but can be expanded to full mode to show the 
corresponding labelling as well by pressing the content button, Fig.8. The following PORT II 
information can be accessed using the content panel: 
 
Work package: In certain situations geometrical information about other parts of the current work 
package is required. A workman may for example need to decide which part to mount next based on 
the geometry of other parts or have a look at how the next piece of a pipe connects to the current one. 
If the work package content is activated, all parts of the work package are displayed. 
 
Final state: To determine where parts not contained in the work package are installed later, the final 
state of the environment can be displayed. This is particularly useful when workmen have to chose 
where to mount parts that appear on the part list but whose position inside the CAD model is not 
specified (e.g. brackets or stands). 
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Clearance areas: As mentioned before, to mount parts which are not included in the CAD model 
only in allowed positions so they don't cause collisions later on requires knowledge of the final state 
of the environment. Moreover guidelines may exist for some of those parts that further constrain their 
possible positions. Clearance areas combine those criteria and visualize valid positions for such parts 
directly. The example in Fig. 8 shows clearance areas for brackets that support the pipe to be 
mounted. Within each green (light grey) area a bracket has to be installed whereas red (dark grey) 
areas have to be kept clear. 
 

 
Fig.8: Screenshot of the application displaying further geometry and clearance areas for brackets 

 
Custom: In few situations it may be required to select three-dimensional content in a way that is not 
covered by the aforementioned functionality, for example to display a single part that should have 
been mounted the day before. Thus, a custom selection for parts is provided that allows the user to 
browse the model tree directly. As this feature is not essential to everyday use, it can be enabled for 
foremen or supervisors only. The following PORT I information is displayed automatically but can be 
deselected if necessary: 
 
Dimensioning: Measurements to reference points, Fig.7, are shown by default as soon as the 
Augmented Reality mode is entered. Reference points are usually walls, vertical frames, the floor or 
the ceiling. If components are declared as reference points, distances between selected parts and the 
nearest reference points can be generated automatically.  
 
Part:  The geometry of the selected parts is also displayed by default. It may be necessary to hide the 
geometry to have a better look at other information such as clearance areas or dimensioning. 
 
4.5. CAD Mode 
 
In some cases displaying the to-be installed parts in Augmented Reality is not sufficient. Workmen 
may want to have a look at their work content while outside the building site or components may 
simply be too large to display them within the Augmented Reality view. A CAD mode is required in 
which workmen can view the three-dimensional model. A screenshot with annotations is shown in 
Fig.9. In contrast to Augmented Reality mode the model can't be aligned with the environment using 
tracking but has to be positioned by the user. Therefore, the CAD mode includes predefined views as 
well as touch gestures, depicted in Fig.10, for rotation, translation and zoom that have to be 
performed inside the CAD view area to change the view onto the model: 
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View panel: The view panel allows workmen to rotate the model to predefined views (top, bottom or 
looking from front, aft, port or bow side), providing fast access to commonly used view angles.  
 
Rotation gesture: To rotate the model, the common one finger panning gesture has to be used, i.e. 
touching the model and dragging it into the direction it should rotate to. For simplicity, rotation 
around the roll axis is suppressed. This prevents a change of view corresponding to tilting ones head 
sideward which is hardly required and might lead to unwanted behaviour. 
 
Translation gesture: The model can be moved translational using the two finger panning gesture. 
Again, the model is touched and then dragged into the direction it should move to. 
 
Zoom gesture: Zooming is done via the two-finger pinching gesture. Users have to increase the 
distance between both fingers to zoom out and decrease the distance to zoom in. For fast operation, 
both, zoom and translation gesture can be used simultaneously.  
 

 
Fig.9: Screenshot of the application displaying an overview in CAD mode 

 
Fig.10: Touch gestures to modify the view of the CAD model 

 
4.6. Feedback 
 
It is indispensable to know which parts are installed yet to allow for a correct overlay of geometry. 
Thus, workmen have to report parts as mounted. But not only does information on the status of parts 
enable Augmented Reality, moreover it improves quality control as on the one hand it is less likely 
that parts are forgotten and on the other hand knowing who installed a part incorrectly can help to 
provide feedback or give additional instructions. 
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Nevertheless, constantly having to report parts may impair productivity as well as the willingness to 
use electronic devices. Hence, reporting a part as mounted has to be as easy as possible. This is 
achieved with a single press of a mounted button. In addition – and to save one step of interaction – 
reporting a part as mounted triggers the application to automatically move forward to the next part. 
 
If a workman encounters problems when installing a part, he can immediately report an error using 
the error button that is followed by an error form. Since there are typical errors such as collisions 
between parts, faulty 3D models or missing parts, a workman can select one of the predefined errors. 
He can then add a comment about the error, take a photograph of the scene with the integrated camera 
which is then attached to the error message or include barcodes of other parts that cause the problem. 
 
5. Validation 
 
For validation purposes and to get practical feedback from the target group of users, the application 
was presented to seven workmen, foremen and planners, some of which had advanced from 
previously being workmen or foremen. This was done in a structured process: 
 
During a 20-minutes-presentation the participants were introduced to the project and informed about 
its objective. They also received an explanation of the user interfaces' features and the functionalities 
of buttons. In a live demonstration a supervisor then showed the user interface to the participants 
using a predefined pipe mounting scenario. The Augmented Reality mode was emulated using a 
simple 1/7 model of the building site. All participants were encouraged to try out the application and 
all of its features unassistedly to get an impression about its user-friendliness. 
 
The participants were then asked to fill in a questionnaire containing ten statements about the user 
interface itself on the one hand and about digital information gathering in general on the other. All 
statements had to be rated on a Likert scale, Likert (1932), that comprised the possible answers agree, 
rather agree, rather disagree and disagree. Thus, utilizing the method of Forced Choice, Likert (1932), 
(i.e. providing an even number of possible answers) participants had to commit to either a positive or 
a negative opinion. To glean further feedback and suggestions for possible enhancements of the user 
interface, a round table discussion followed the evaluation. 
 
5.1. Results of the Questionnaire 
 
The results of the questionnaire are vastly positive. Nevertheless it has to be mentioned that due to the 
small number of participants the survey is non-representative. Fig. 11 shows the overall opinion about 
the application and digital information gathering in general.  
 

 
Fig.11: Results of the questionnaire 
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Statement

The user interface is easy to use.

The layout is clearly arranged.

The user interface contains too many buttons

Three-dimensional views help mounting parts.

Electronic devices for information gathering can help to locate information faster.

Electronic devices for information gathering are suitet to support workmen.

Electronic devices for information gathering are suitet to support foremen.

Electronic devices for information gathering are suitet to support supervisors.

Electronic devices for information gathering can replace paper drawings.

I can imagine participating in future test regarding digital information gathering.

          agree        disagree

all participants corresponding target group onlysupervisors only
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All answers on the Likert scale were given discrete values (1 for agree, 0.5 for rather agree, -0.5 for 
rather disagree and -1 for disagree) which were then averaged per statement, yielding values between 
1 and -1. 
 
The statement if electronic devices could support workmen directly was seen controversially and later 
on lead to a discussion about whether all workmen should be given an electronic device or if only 
foremen or supervisors should carry one with them which then could be used on demand. During the 
discussion the opinion prevailed that equipping each crew with a device should be sufficient to 
provide the fast access to information the application is intended for.  
 
Intriguingly, when filtering the results by the three possible target groups (i.e. counting only votes 
from members of group X for each statement "Electronic devices [...] are suited to support X.") both 
workmen and foremen fully agree. This is especially appealing as earlier discussions with executives 
about whether or not electronic devices are suitable to support workmen revealed a slightly negative 
bias. The recurrent counter-argument that workmen were not able to use complicated electronic 
devices was immediately dismissed during the discussion, particularly by workmen themselves, 
which also reflects in their answers to the first statement if the user interface was easy to use. 
 
Responses to the statement if electronic devices could fully replace paper drawings were more 
ambivalent. Again, supervisors were more biased then workmen and foremen who argued during the 
discussion that having drawings on a tablet computer or a smart phone would be a large progress 
already. From this the conclusion can be drawn, that notwithstanding the additional benefit of a three-
dimensional presentation, access to conventional technical drawings is still demanded and could also 
be simplified using electronic devices. 
 
5.2. Further Suggestions 
 
During the round table discussion some ideas emerged that could further improve the user interface. 
Workmen suggested a custom measuring function that could help them to determine distances not 
only to reference points but also between arbitrary objects. Distances were regarded to as the 
minimum distance along one of the coordinate axes. An option to group parts in especially large work 
packages was requested to improve the structure of the part list. Participant suggested to pool parts by 
their description, part number or position. Both suggestions are considered when revising the 
application for further evaluation in a field test. 
 
6. Conclusion 
 
In this paper an application for Augmented Reality devices was presented that provides fast access to 
information and can display them within the real environment as well as in a conventional CAD 
mode. The user interface is designed in a universal way that permits its operation in various fields of a 
shipyard. Information is categorized in three so called Probability of Relevance Tiers, PORTs that 
determine in which way information is displayed to the user. As required information may vary 
depending on the field of a shipyard, information can be categorized into different PORTs. Pre 
equipping workmen for example may require more geometrical information whereas the equipment 
of machinery demands more data on specifications.  
 
The user interface was presented to workmen, foremen and supervisors. A great majority of the 
participants considered Augmented Reality, the user interface and electronic devices as a medium for 
information supply in general as useful. To further evaluate the application and to quantify the 
amount of time that can actually be saved with Augmented Reality supported information gathering, 
field tests in the equipment of ship sections will follow. Nevertheless, supplying information on 
electronic devices poses further challenges. Since sensitive data such as CAD models is stored or at 
least accessible on mobile devices, a strategy to prevent theft regarding both hardware and data has to 
be developed. 
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Virtual Reality Simulation Training for Underwater Operations 
 

Uwe Katzky, szenaris GmbH, Bremen/Germany, uwe.katzky@szenaris.com 
 

Abstract 
 
Thanks to state-of-the-art technology, new training possibilities are opening up – for almost everyone 
– that would have been unimaginable a few years ago. It's anything but child's play though, even with 
today's technology. This paper presents, beside the advantages of Virtual Reality (VR), two of the 
latest developments of szenaris in the field of underwater operations using e-learning and VR. The 
first one is the VR Simulation for the training of operators of remote operated Unmanned Underwater 
Vehicles (UUVs), the second one is the VR Simulation for submarine crew training. In this paper, 
both projects are illustrated according to the following criteria:Customer requirements for the 
training, educational background, Implementation, and use in the context of training. 

 
1. Introduction  
 
Training on a live object involves a lot of risks, and practice on remote-controlled vehicles on land, in 
the water or in the air is time-consuming and places heavy demands on equipment. There is little 
margin for error, not to mention the costs that errors incur. With to-day's PC technology, vehicles can 
be simulated highly efficiently using virtual reality – with no risk at all to people and equipment. 
 
The Bremen-based software specialist szenaris GmbH in the past has often demonstrated the whole 
new world of possibilities opened up by training systems based on VR. The company has developed 
training systems for numerous customers, ranging from remote operated diving robots (known as 
Unmanned Underwater Vehicles, UUV) and land vehicles (Unmanned Land Vehicles, ULV) to 
complete team training systems with virtual reality. 
 
VR offers clear advantages: 
 

- Training is free of danger and risk for people and equipment. 
- Environmental parameters such as weather and visibility can be controlled independently of 

the real conditions. 
- Instructors can configure in advance the scenario that the trainees have to deal with – and can 

set it up exactly as they wish and with different levels of difficulty. 
- Almost any objects, terrains, vehicles, other scenarios, workstations etc. can be added to the 

training systems. 
- Simulation offers an ideal transition to real-life situations (but cannot replace them). 
- Mistakes can be made and corrected without loss. 
- No real vehicles are required for basic training. 
- Avoiding damage to original device during training. 
- The failure rate for original vehicles is limited to real use. 

 
Taking this and state-of-the-art technologies into account, modern VR training implementations are 
actually a fantastic and cost saving addition to training. 
 
To get an understanding and an idea of the advantages of VR in the training for underwater 
operations, two examples for the Training for Underwater Operations are illustrated on the following 
pages: 
 

- Special Forces use UUVs for survey and operations under water. These UUVs are connected 
to the remote control on the mother ship via a supply cable. For UUV operators, szenaris 
developed a virtual reality application. As in reality, one display shows the camera view and 
the second one displays the sonar screen. Training sessions can be configured via the ‘Control 
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Center’. Parameters are: scenario selection (airplane wreck, ship wreck, pipeline and sea 
cavern), view under water, current, type of gripper arm, sonar installed or not and 
malfunctions that can occur. The high-end visualisation, the realistic physical behaviour of 
the UUV including the gripper functionality and the sonar display with depth information, 
displayed in colour, constitute the highlights of the program. 

- In the project ‘Virtual Reality Simulation for submarine crew training’ for ThyssenKrupp 
Marine Systems in Kiel (TKMS, former Howaldtswerke-Deutsche Werft GmbH, HDW), a 
3D-model of the submarine ‘U212 A’ was designed to provide the opportunity to walk 
through the submarine and to operate the different settings as realistically as possible. 

 
2. Training for operators of Unmanned Underwater Vehicles (UUVs) 
 
This VR simulation was developed and delivered in 2012. The simulation system can be used to 
provide training in operating the UUV “Seaeye Falcon” to vehicle operators at any time and 
anywhere. 
 
2.1. Customer requirements for the training 
 
In the initial project phase, the customer’s request contained no detailed instructions or specifications. 
The development team had only an operating manual to go on. The requirements for the 
commissioned simulation were nonetheless quickly apparent: the UUV “Seaeye Falcon” was to be 
realistically simulated in all its functionalities and in its behaviour under water; the application was to 
be multilingual and include several scenarios. 
 
In projects of this kind it has frequently been necessary to involve experienced operators of the UUV 
in development in order to acquire all the information needed for the physicalisation. The physical 
parameters determine the dynamic behaviour of the UUV. The behaviours of the real and the virtual 
model are repeatedly compared in order to optimise these parameters. The aim is that experienced 
operators have “the feeling” they are controlling the real device. To achieve this, a vast number of 
different situations have to be repeatedly played through in combination with various vehicle 
configurations.  
 
 

Fig. 1: Left and right screen, two joysticks (Reference: szenaris GmbH) 
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The customer stipulated that instead of the original operating console, the project should use 
commercial off-the-shelf (COTS) components. It was therefore necessary to search the market for 
suitable joysticks including the necessary controllers and keys. The vehicle and the gripper are 
controlled via the two joysticks; the two screens show the camera view and the sonar image. The 
system configuration thus corresponds to the original in all major functionalities and displays. The 
advantage of the selected Human Machine Interface (HMI) is that the hardware configuration is 
entirely independent of the real device. 
 
2.2. Educational background 
 
The educational requirements on the other hand were clear from the start: the training was to on the 
one hand familiarise future operators with the UUV and on the other hand also give experienced 
operators the opportunity to manoeuvre the UUV in difficult terrain such as aircraft wreckage. 
 
A further educational requirement was that the instructor should have the option to configure 
scenarios. The Graphic User Interface (GUI) was to be as simple as possible but nonetheless offer a 
wide range of setting options. This requirement lead to the development of the “Control Center”. 
 
The Control Center allows configuration of one or more operator workstations, so lecture theatre use 
is already integrated. This project was delivered in a configuration with one instructor workstation and 
two operator workstations. 
 

 
Fig. 2: Control Center ‘Seaeye Falcon’ (Reference: szenaris GmbH) 
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2.3. Implementation 
 
Once the first fundamental information had been provided, we drafted concepts for creating the 3-D 
model, for the functionalities and behaviour of the UUV, for the design and range of functionalities of 
the underwater scenarios and for the functionalities of the Control Center.  
 
These were then implemented in various parallel steps: 
 

- Designing the 3-D model 
- Designing the scenarios (airplane wreck, shipwreck, pipeline and sea cavern) 
- Physicalisation of the 3-D model 
- VR integration 
- Connecting the joysticks and optimising the control functions 
- Creating the Control Center 
- Optimising the overall system 
- Hardware procurement 
- Configuring the complete package 
- Drawing up the documentation 
- Quality assurance 
- Delivery 
- Instructor training 

 
To complete these tasks we put together a project team of experienced systems analysts, information 
architects, designers and software developers who completed and delivered the simulation within four 
months. Thanks to our experienced team and their professional approach within the project we were 
able to provide our customer with a high-quality simulation at a very economic price.  
 
2.4. Use in the context of training 
 
The simulation was installed in a training centre and is accordingly integrated into a training context. 
The simulation is used to introduce new operators to the UUV and keep experienced operators in 
practice without having to use the original device. 
 
3. Training for submarine crews 
 
The second project in this paper presents the training for the crew of the most modern conventional 
submarine currently in existence: the U212 A for the German Navy, developed and built by 
ThyssenKrupp Marine Systems in Kiel (TKMS, former Howaldtswerke-Deutsche Werft (HDW)). 
 

 
Fig. 3: U212 A (photograph) (Reference: AZU) 
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Fig. 4: U212 A (3d model) (Reference: szenaris GmbH) 

 
3.1. Customer requirements for the training 
 
The end customer, the German Navy, has been using e-learning applications and VR simulations in its 
training for years to accommodate ever-decreasing budgets while maintaining high standards of 
training. The project is handled by the submarine training centre Ausbildungszentrum Uboote (AZU) 
in Eckernförde near Kiel. The Navy is thus following the rising trend of training crews using 
electronic media as training tools. 
 
In all, approximately 100 e-learning teaching units and a VR simulation for training emergency 
procedures were created for submarine Lots 1 and 2. To conclude the project, szenaris is currently 
converting 80 teaching units from Lot 1 in order to arrive at a unified and technically accurate 
learning software.  
 
The end customer’s main requirements were: 

- Crew training to begin even before the first submarine is delivered 
- Adherence to Navy standards  
- High levels of expertise among involved staff 
- Agile software development to enable fast responses to change requests 

 
3.2. Educational background 
 
To enable training to begin before the submarines were delivered it was necessary to develop the e-
learning application based on submarines that were still under construction and documentation that 
did not yet exist. This was a major challenge for the development team both on the customer and on 
the contractor side. Ensuring final technical accuracy will be the decisive phase in successfully 
concluding the project. This step will be completed in 2014. 
 
The learning software and the VR simulation are integrated into the training concepts at the AZU. 
During the currently ongoing revision of the learning software, instructors are available as specialists 
for each subject area and are contributing the experience they have gained in training to the learning 
software. The aim is to produce tailor-made training tools to deliver successful high-quality training 
that has been designed by the instructors and thus has a high level of acceptance. 
 
The VR simulation shown here is based on the CryENGINE (game engine). The purpose of the 
training course is to teach the emergency procedures required should the operating consoles fail.  



509 

 
Fig. 5: 3d interior view U212 A (Reference: szenaris GmbH) 

 
3.3. Implementation 
 
The VR simulation was developed in the following steps: 
 

- Conceptual design of the scenarios and tasks (procedures) that have to be worked through, in 
close cooperation with TKMS and the AZU 

- Designing the 3-D model (CAD data transfer and optimisation for VR use) 
- Integrating the logic and 3-D models into the ‘Virtual Ship Training and Information System 

(ViSTIS®)’ platform by ThyssenKrupp Marine Systems in Hamburg (TKMS, formerly 
Blohm & Voss) 

 

 
Fig. 6: 3d interior view U212 A (Reference: szenaris GmbH) 

 
The concept was developed and optimised in cooperation with experts from TKMS and AZU, 
ensuring that both technical accuracy and operations-related aspects were taken into consideration. 
The experts conducted a final evaluation of the beta version, the results of which were integrated into 
the creation of the final version.  
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3.4. Use in the context of training in the AZU 
 
The e-learning course and the VR simulation were integrated into the training via an overall concept 
in such a way that complete training can be provided for Lot 1 and Lot 2: 

- Classroom training for the systems and equipment  
- Training equipment (E-Learning and VR simulation) to enable the German Navy to conduct 

the follow-on training 
- Live Training on-board (on-board familiarisation and systems training) 

 
In this three-level scenario the individual levels build on each other, ensuring that crews can be 
introduced step by step to the conditions and peculiarities of the submarine in both lots. 
 
The highlight of the training on land is the VR simulation that allows users to explore the entire 
submarine and operate the virtual submarine. Manual operation is necessary in order to, for example, 
manually bring the submarine to surface e.g. if the automatic control system fails. Learners can train 
under time pressure in order to practice how to perform these tasks quickly and accurately. They can 
access various aids such as schematics, or have the next element they need to operate, e.g. a valve or a 
keypad, highlighted if the instructor has enabled this add-on in the scenario configuration. Other 
overlays on the operating and display units supply information to support navigation in the virtual 
world.  
 

 
Fig. 7: Screenshot from VR simulation (Reference: szenaris GmbH) 

 
The e-learning application and the VR simulation are partly still in development; we intend to 
complete and deliver these by the end of 2014. 
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Abstract 
 
The paper presents a method to optimize hull girder cross section scantlings based on stiffened panel 
ultimate limit states. A single frame spacing of the hull girder is modeled using plate and beam ele-
ments. A set of stiffened panels is then automatically defined based on the strong supports of the struc-
ture. The finite element model is loaded with multiple load cases, including end moments, external 
hydrostatic pressure, and internal tank pressure. The working stresses of a stiffened panel, which are 
used for the panel’s ultimate limit states assessment, are obtained by 3D finite element analysis. Each 
stiffened panel is then optimized using multi-objective genetic algorithms for its weight and safety. An 
iterative procedure is used to ensure the convergence of the working stresses. The hull girder ultimate 
strength is then obtained by nonlinear progressive hull girder strength analyses, such as ALPS/HULL. 
The result shows that the hull girder ultimate strength can be indirectly improved by optimizing local 
panel scantlings. An example of optimizing a cross section of a 200,000 ton oil tanker is presented. 
The numerical results show that the proposed method is very useful to perform ultimate strength based 
ship structural optimization with multi-objectives, namely minimization of the structural weight and 
cost and maximization of structural safety. 
 
1. Introduction 
 
As the demand for modern ships grows to meet greater reliability, efficiency, and economy, the inter-
est in optimal ship structural design has also increased. At a ship conceptual design stage, once the 
general characteristics, principal dimensions and coefficients of form of a ship design have been es-
tablished, midship structural design becomes a logical succeeding consideration. Standard practice 
dictates that design of a midship section be worked out as a basic and initial structural problem. Once 
this midship section has been specified, the major part of the hull design will follow logically from the 
pattern thus established. Since the bending moments and shear loads are greatest between the quarter 
points of the hull, the scantlings toward each end of the ship need only be given as modifications to 
the midship section. In ships of usual form, the midship section design is controlling enough to be 
commonly used in making estimates of hull weight and for purposes of bidding.  
 
The optimization of a midship structural section involves a large number of variables such as (contin-
uous) plate thickness, scantlings of stiffeners, and the (discrete) number of stiffeners. Further compli-
cation arises when the plates and stiffeners are constrained by yielding and buckling under various 
load conditions and subject to practical design rules. Although ship cross section design can be rather 
complicated, the attempts of structural scantling optimization have been plentiful and various strate-
gies have been proposed. In terms of the optimization methods, there are basically two main types of 
optimization algorithms: the mathematical approaches (deterministic or gradient) and the heuristic or 
stochastic approaches including concepts inspired by natural biological systems. The main difficulties 
related to the use of gradient methods are that they can be trapped at points of local optimum and that 
the discrete variables have to be approximated as continuous variables. Because the objective func-
tions and constraints are often highly nonlinear, the problems are usually either sequentially linearized 
and solved with linear programming, Hughes et al. (1980), or separated into a series of convex prob-
lems and solved accordingly with the non-linear gradient based method, Rigo and Fleury (2001). In 
contrast, heuristic methods offer the possibility of handling discrete variables as well as of providing 
global optimization capabilities. The heuristic methods have been growing in popularity over the last 
few years as more and more researchers discover the benefits of its adaptive search. Genetic Algo-
rithm (GA) is one of the popular heuristic methods. Many papers now exist describing a multitude of 
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different types of genetic algorithm, theoretical and practical analyses of GAs and huge numbers of 
applications, Coello (1999), Konak et al. (2006). 
 
The genetic algorithm is an optimization technique that simulates the phenomenon of evolution in 
nature. The process of the GA starts by preferring chromosomes with high fitness. The chromosomes 
evolve through successive iterations, called generations. During each generation the chromosomes are 
evaluated, using some measure of fitness. To create the next generation, new chromosomes, called 
offspring, are formulated by using some operators called crossover and mutation. Thus, a new genera-
tion will be created by selecting the best chromosomes (parents) from the previous generation and the 
best chromosomes from the offspring. With single objective problems the genetic algorithm stores a 
single fitness value for every solution in the current population of solutions. This value denotes how 
well its corresponding solution satisfies the objective of the problem. By allocating the fitter members 
of the population a higher chance of producing more offspring than the less fit members, the GA can 
create the next generation of (usually better) solutions. For multiple objective problems, it is common 
practice to use a weighted sum to combine multiple objectives into a single objective. For example:  

min � =�����	
��
���  (1) 

where ��	
�� is the normalized objective function and �� ≥ 0 are the weighting coefficients repre-
senting the relative importance of the n objective functions. It is usually assumed that ∑ �� = 1��� . 
Solving a problem with the objective function (1) for a given weighting vector Λ = ���, ��, … , �� 
yields a single solution, and if multiple solutions are desired, the problem must be solved multiple 
times with different weighting coefficient combinations. A pseudo-code for a simple Random weight-
based genetic algorithm (RBGA) process is given in Table I.  
 

Table I: Pseudo-code of the RBGA algorithm 

1. Generate a set of random weight vectors λ� = �λ��, l = 1,2, … , N!,	where ∑ λ� = 	1�  
2. Generate a random population.  
3. Assign a fitness value to each solution x ∈ S as z = ∑ λ'z'	
x�('��  
4. Crossover: Generate an offspring population as follows: Choose two solutions x and y 

from Sk based on the fitness values. Using a crossover operator, generate offspring and 
add them to the next generation set Sk+1. 

5. Mutation: Mutate each solution x ∈ S with a predefined mutation rate. 
6. Rank the population and update the fittest solution to the non-dominated set M. 
7. Repeat steps 3~7 until the stopping criterion is satisfied 
8. Repeat steps 1~8 for next set of weight vector. 

 
The main strengths of this method are its simplicity, efficiency, and suitability to generate a strongly 
non-dominated solution that can be used as an initial solution for other techniques. Its main weakness 
is the difficulty to determine the appropriate weights that can appropriately scale the objectives. 
 
2. Limit state based structural optimization 
 
In the field of ship structural optimization, a majority of applications use simple empirical constraints, 
such as scantling rules and stress limits specified by class societies, to size the structural scantlings. 
Today, it is well known that limit state is a better basis for the design and assessment of large thin-
wall structures than allowable working stress. There are two ways to evaluate the limit states of a 
stiffened panel. One is to use full-blown nonlinear finite element analysis methods, and the other is to 
use semi-analytical approximate methods. Although general finite element tools are widely available 
and provide reliable results for structure instability analysis, their application can be prohibitive due to 
the computational time. This justifies the interest for more time-effective strategies, for which the 
main idea is to replace the finite element method with approximation techniques. The use of an ana-
lytical or semi-analytical approach results in an attractive strategy due to its effectiveness in terms of 
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computational time, especially if compared with conventional numerical procedures such as the finite 
element method. This aspect becomes even more important when dealing with highly nonlinear anal-
yses and in the context of optimization procedures, in which repeated analyses are required. Several 
closed-form solutions and semi-analytical approaches can be found in the literature for predicting the 
limit state of stiffened panels, Paik and Seo (2009). Among them, the ALPS/ULSAP method accounts 
for a wide range of loads and initial conditions, including combined in-plane longitudinal, transvers 
and shear loads, lateral pressure, initial deflection of plate and stiffeners, residual stress, structural 
dents, plate openings, impact pressure, corrosion, etc. The primary modes of overall failure for a stiff-
ened panel or a grillage under predominately compressive loads can be categorized into the following 
six types, Paik and Thayamballi (2003), Hughes and Paik (2010):  

 
• Mode I: overall collapse after overall buckling  
• Mode II: collapse of the plating between stiffeners without the failure of stiffeners  
• Mode III: beam-column type collapse of a stiffener with attached plating  
• Mode IV: local buckling of stiffener web (after buckling collapse of attached plating)  
• Mode V: lateral-torsional buckling (tripping) of a stiffener  
• Mode VI: gross yielding  

 
To effectively assess limit states of a stiffened panel, the structural response and working stress have 
to be known. Today, one of the most reliable methods to obtain structural response and stress is 
through finite element analyses. However, due to the nature of the repeated calculation in optimiza-
tion, few approaches have attempted to directly integrate the finite element methods into optimization 
schemes. LBR5 uses an analytical method (based on differential equations of stiffened plates) to com-
pute the overall response of the hull structure, Rigo (2005). This method is a direct analysis of the 
stress and strain of the prismatic part of the ship or a cargo hold. OCTOPUS, Zanic et al. (2009) uses 
customized super-element finite element method to compute the structural response of 2.5D segment.  
 

 
Fig.1: Iterative procedure 
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To leverage widely available generic finite element models, Ma et al. (2013) proposed a two-step 
heuristic based approach to optimize ship structures. The structural response is calculated using stand-
ard finite element models without any special modification. In the first step, the multi-objective opti-
mization is performed at single stiffened panel level, assuming the applied load is constant. The semi-
analytical ultimate limit state criteria, ALPS/ULSAP, are used to assess the panel’s safety. Once a 
collection of stiffened panels are optimized, a complete finite element analysis is performed to obtain 
the structural response of the optimized structure. The applied loads of stiffened panels are then up-
dated. The optimization becomes an iterative process with a limited number of FEM response calcula-
tions. The overall iterative process employed is shown in Fig.1. 
 
3. Objective functions and constraints 
 
As indicated in the previous section, the multi-objective optimization is executed at the stiffened panel 
level. A typical stiffened panel is shown in Fig.2. 

 
Fig.2 Typical stiffened panel structure 

 
There are three objective functions for the problem. The first is the panel structural weight W: 

 
where ρp, ρsx, and ρsy are the plate density, longitudinal stiffener density, and transverse frame density 
respectively. B and L are the panel width and length. tp is the plate thickness. Nx and Ny are the number 
of the longitudinal stiffeners and transverse frames respectively. bf, tf, hw and tw are the stiffener (or 
frame) flange width, flange thickness, web height and web thickness of the longitudinal stiffener or 
transverse frame. 
 
The second objective function is the fabrication cost C, which is mainly welding. For a grillage the 
cost is ) = *+�,-. + ,01! (3) 

where cf is the welding cost per length of stiffener. 
  
The third objective function is the safety measure for the panel or grillage η:  

2 = )343 (4) 

where Cd and Dd are the characteristic values of capacity and demand. 
 
The optimization problem is to determine the optimum values of the variables (tp, bfx, tfx, hwx, twx, Nx, 
bfy, tfy, hwy, twy, Ny) which minimize the weight and cost while having a maximum safety measure. 
Without loss of generality, the multi-objective optimization assumes the form: 
 

5 = 67871. + 69-,-.�:+-8+- + ℎ<-8<-! + 690,01�:+08+0 + ℎ<08<0! (2) 
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=min	
��� = 5�,- , :+-, 8+- , ℎ<-, 8<-, ,0 , :+0, 8+0, ℎ<0, 8<0, 87!max	
��� = 2�,- , :+-, 8+- , ℎ<-, 8<-, ,0, :+0, 8+0, ℎ<0, 8<0!min	
�?� = )�,- , ,0, ., 1!  (5) 

 
For genetic algorithm approach, the goal is to maximize the fitness on the design space of all possible 
configurations. The aggregated fitness function f can be expressed as 
 @ = ��5A5 + �� 1

B2A2 + ∑ *�C��� D�
��E + �? 	
)A)  

(6) 

 
where W0 and 2A are the nominal initial design value of a stiffened panel weight and safety measure 
respectively, gi(x) is the constraint penalty function, and ci is the coefficient of the penalty function. ci 
is 0 if the design variables satisfy the constraints, and is 1 if they violate the constraints.  
 
Upper and lower bound of the plate and stiffener scantlings can be prescribed by the users based on 
their design experience, technological preferences and the structure local safety requirements, 
 

FG
GGH
GGG
I 87� ≤ 87 ≤ 87�:+-� ≤ :+- ≤ :+-�8+-� ≤ 8+- ≤ 8+-�ℎ<-� ≤ ℎ<- ≤ ℎ<-�8<-� ≤ 8<- ≤ 8<-�:+0� ≤ :+0 ≤ :+0�8+0� ≤ 8+0 ≤ 8+0�ℎ<0� ≤ ℎ<0 ≤ ℎ<0�8<0� ≤ 8<0 ≤ 8<0�

 (7) 

 
The number of the stiffeners can be limited as 

 

K,-� ≤ ,- ≤ ,-�,0� ≤ ,0 ≤ ,0� (8) 

Manufacturing related constraints are: 

FGG
GGH
GGG
GI :+- ≤ :-/
,- + 1�:+- ≤ ℎ<-:+0 ≤ :0/
,0 + 1�:+0 ≤ ℎ<0M+-� ≤ :+- 8+-⁄ ≤ M+-�M<-� ≤ ℎ<- 8<-⁄ ≤ M<-�M+0� ≤ :+0 8+0⁄ ≤ M+0�M<0� ≤ ℎ<0 8<0⁄ ≤ M<0�M7� ≤ 8< 87⁄ ≤ M7�

 (9) 

 
4. Application to midship structural design 
 
To illustrate the procedure of the optimization, a midship cross section of a 200,000 t double-hull oil 
tanker, Fig.3(a), Table II, is given in this section. The finite element model of the tanker has 121,368 
nodes and 513,076 elements. The model is a generic Nastran finite element model. No special model-
ing modification is needed. The tanker has 6 cargo tanks and 6 ballast tanks, Fig.3(c) and 3(d). For the 
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full load case, all cargo tanks are loaded with a total deadweight of 169,000 t. For the ballast load case, 
all ballast tanks are loaded with a weight of 52,000 t.  

 
Table II: Main particulars of the oil tanker 

Length between perpendiculars 264.00 m Displacement 200,000 t 
Breadth  48.00 m Deadweight 169,000 t 
Depth 23.20 m Block coefficient (Cb) 0.843 
Draught 19.20 m   

 

    
(a) Full Ship (b) Finite element model (c) Cargo tanks (d) Ballast tanks 

Fig.3: Suezmax class double-hull oil tanker 
 
Wave induced extreme hogging and sagging bending moment, as well as the design envelope, are 
obtained by the CSR empirical formula, IACS (2012): O<PQR,STU = @7VTW0.19@<PQRZQ)<PQR.9S�7�19S�7)W (10) 

O<PQR,9PU = [@7VTW0.11@<PQRZQ)<PQR.9S�7�19S�7
)W + 0.7� (11) 

where fwave-v is the distribution factor for vertical wave bending moment along the vessel length, 
fprob=1, and Cwave is the wave coefficient, 

)<PQR = 10.75 [ ^?AAZ_`abc�AA def  when 150<Lship<300 

To optimize the structural scantling of the midship section, a segment between 2 frames is extracted 
from the full ship model using MAESTRO’s group feature. The extracted finite element model, Fig.4, 
has four elements lengthwise. In total, there are 5090 elements and 1477 nodes. 

 

 

 
Fig.4: Midship section model  

 
Using Eqs.(10) and (11), the vertical sagging moment and hogging moment are 1.11·106 m*t and 
1.152·106 m*t, respectively. To apply the vertical bending moments to the model, two rigid elements 
(RBE2) are automatically added to the ends, Fig.5.  

 
Fig.5 Midship section model with two end rigid elements 
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The midship section model is loaded with 3 load cases; full load, ballast load and port side load, as 
shown in Fig.6. In addition to the tank loads, the full load case has a sagging end moment of 
1.111·106 m*t, and a hydrostatic load with 19.2 m draft; the ballast load case has a hogging end mo-
ment of 1.152·106 m*t, and a hydrostatic load with 7.26 m draft. 
 

Full load Ballast load Port side load 
Fig.6 Midship section model tank loads 

 

  
Evaluation Patches Design Clusters 

Fig.7 Evaluation panels and design clusters  
 

The safety factors for buckling and yielding are 1.5 and 1.25, respectively. The values of upper and 
lower bound constraints are given as 

FGH
GI 8	hh ≤ 87 ≤ 40	hh100	hh ≤ :+9 ≤ 500	hh8	hh ≤ 8+9 ≤ 35	hh120	hh	 ≤ ℎ<9 ≤ 1000	hh8	hh ≤ 8<9 ≤ 35	hh

 

 

This example is an especially severe test of the optimization method presented in Section 2. This ship 
was originally designed using high-tensile steel in some regions. The owners subsequently decided to 
use only mild steel. In this optimization, the initial scantlings are those for the mild steel design, and 
consequently they are very inadequate. As shown in Fig.8, a full 46% of the structure was severely 
inadequate, with adequacy parameters as low as -0.371. In spite of this relatively weak initial design, 
the optimization converged in 7 design cycles. Because of the many inadequacies the optimization 
had to increase many of the scantlings, but it managed to find enough cases of overdesign to achieve a 
2.1% weight savings (from 270.4 t to 264.6 t). The minimum adequacy parameter was improved from 
-0.371 to 0.006. The percentage of failed structure was reduced from 46% to 0%. Fig.8 shows the 
design history for structural weight, minimum adequacy parameter and percentage of inadequate 
structure for 7 design cycles. The optimization stops when there is no weight improvement in the next 
5 cycles. 

The cross section layouts before and after the optimization are illustrated in Fig.9. A comparison of 
the hull girder properties, such as cross section moment of inertia and hull girder ultimate strength, is 
listed in Table III. 
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Fig.8 Comparing structural weight, min. adequacy parameter, and percentage of inadequate structure 
 

The hull girder ultimate strength is calculated by progressive hull collapse analysis using 
ALPS/HULL (MAESTRO version 11, 2014) in sagging and hogging conditions. ALPS/HULL is a 
computer program for the special purpose of the progressive hull girder collapse analysis using the 
intelligent super-size finite element method. The program is fully integrated into the MAESTRO tool-
set. The accuracy of the ALPS/HULL computations in progressive hull girder collapse analysis has 
been demonstrated in Paik et al. (2008), by a comparison with nonlinear finite element method anal-
yses. The cross sectional moment of inertia and hull girder ultimate strength are not the objectives of 
the optimization. The objectives of the optimization are the structural weight and the stiffened panel 
local ultimate strength. The example shows that optimizing panel local strength can also improve the 
global hull girder ultimate strength. 

 

Before After 
Fig.9 Midship cross section scantling layout before and after optimization  

 
Table III: Cross section ultimate strength comparison  

 Before After Improvement 
Section Weight (4.8 m) 270.4 t 264.6 t 2.1% 
Cross Section Moment of Inertia (mm4) 5.98E+14 7.10E+14 18.7% 
Ultimate Hogging Moment(N*mm) 1.07E+13 1.14E+13 7% 
Ultimate Sagging Moment(N*mm) 9.64E+12 1.21E+13 25.5% 
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Sagging Hogging 

Fig.10 Hull girder ultimate strength 
 

5. Conclusions 
 
A random based genetic algorithm (RBGA) has successfully been used to optimize the midship sec-
tion structural design of a 200,000 t tanker. To accurately determine the midship cross section load 
capacity at each design cycle, standard finite element analysis method is used. The objectives of the 
optimization are the structural weight and the ultimate local panel strength. The paper demonstrated 
that the hull girder ultimate strength can be significantly improved by optimizing panel local strength. 
Based on the examples, the proposed approach is capable of generating better midship section designs 
within reasonable search times. Given their flexibility and ease of implementation, the proposed mul-
ti-objective methods can be viewed as a valuable and attractive tool for structural optimization.  
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Abstract 

 
By reviewing some recent applications of numerical modelling to ship and marine applications it is 
observed that there is a significant trend towards the use of coupled models and automatic 
optimization of design parameters. Furthermore efficient optimization often involves a multi-step 
process, using a combination of numerical methods, before a final optimum design can be achieved. 
The success of automatic optimization strategies depends on choosing the right parametric variations, 
appropriate and efficient numerical methods and a suitable optimization algorithm. 

 
1. Introduction 
 
Computational Fluid Dynamics (CFD) and boundary element methods are now well established 
approaches to the numerical modelling of ships and marine structures in general. As the simulation of 
fluid dynamics becomes faster, and more accurate and reliable, the challenge to the numerical 
modelers is now to automate the design of marine structures, such as ship hulls and appendages, to 
optimize performance. As a developer of fluid dynamics and structural analysis software, ANSYS has 
long advocated the use of optimization methods and has developed the Workbench platform to 
facilitate optimization and multi-physics coupling. In this paper, some recent developments in the 
optimization of ship hulls, propulsors and offshore structures are reviewed and conclusions drawn. 
 
Optimization usually begins by choosing input and output parameters and constraints, and then 
generating a Design of Experiments (DOE) sampling set of results. After sampling, a meta-model is 
selected to represent the simulation results as a response surface. An optimization algorithm is then 
applied to identify candidate designs and plot sensitivity and trade-off plots to examine the robustness 
of the solution, i.e. whether the performance will be maintained for small variations of the input 
parameters, such as wave height, speed, etc. 
 
2. Ship Hull Design 
 
Mesh morphing techniques have developed in sophistication in recent years to a point where smooth 
changes in hull shape can be obtained, with exact conformity to known constraints. In a recent study, 
Pranzitelli and Caridi (2012) used ANSYS FLUENT and RBF-Morph to reduce the drag of a Series 
60 CB = 0.6 hull form for a Froude number of 0.316, Toda et al. (1992), Longo et al. (1993).  
 
The workflow procedure that was adopted is shown in Fig.1. Prior to optimization, a baseline case is 
run for steady advance in calm waters and fixed sink and trim angles. The CFD method is described 
by Pranzitelli et al. (2011). A set of eight geometrical parameters were selected as input to the mesh 
morphing software, RBF-Morph. This module uses radial basis functions to define the mesh 
displacement at any point in space: 
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where ( ) zyxh 431x ββββ +++= . 

 
The radial basis functions, ( )rφ , can be power law, logarithmic, multi-quadric (( )21 r+ ), inverse 

multi-quadric, inverse quadratic (( )211 r+ ) or Gaussian. The advantages of RBF-Morph are that the 
constraint of constant displaced volume can be imposed exactly and the mesh is morphed, not the 
geometry, so remeshing is not required. 
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Fig.1: Workflow of automated geometry optimization within ANSYS Workbench 
 
The baseline results for total resistance coefficient CT for three levels of mesh refinement are shown 
in Table I. The wave profile along the hull and the surface height are compared with experiments in 
Figs.2 and 3. Although the finest mesh gives the best agreement with experiment, the authors selected 
the coarse mesh for their subsequent optimization study as it gave the best compromise between 
accuracy and efficiency. 
 
Table I: Predicted total resistance coefficient CT on three different meshes compared with towing tank 
experiments (http://www.iihr.uiowa.edu/shiphydro/efd-data/series-60-steady-flow/) 

 
 

 
Fig.2: Wave profile for baseline case 
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Fig.3: Wave pattern from fine mesh calculation compared with experiment 

 
The optimization parameters were chosen to be the width of the hull at eight cross-sections, Fig.4. A 
goal-driven optimization was then performed in ANSYS Workbench: the aim being to reduce the 
resistance while maintaining a constant displaced volume. Three candidate designs were identified 
and the sensitivity of the resistance to parameter variation was examined before a final selection was 
made. The calculated force of 6.83 N for the baseline case was reduced by 7.9% to 6.29 N for the 
optimized hull shape. The two hull shapes are compared in Fig.5. The reduction of resistance was due 
to a reduction on the wave height near the bow and stern, Fig.6. 

 
Fig.4: Cross-sections selected for hull shape optimization parameters 

 
 

   
Fig.5: Baseline and optimized hull forms 

 

 
Fig.6: Wave patterns for baseline and optimized hull forms 
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The response surface and sensitivity plot for the optimized solution are shown in Figs. 7 and 8. These 
provide information on the variation local to a candidate solution so that the robustness of the solution 
can be assessed. Pranzitelli and Caridi found that this study took one day to human effort and 2 days 
of computing time on an Intel® i7 quad-core 2.8 GHz processor. They estimated a similar manual 
study would take about 15 days of human effort. 
 

 
Fig.7: Response surface showing resistance force as a function of two input parameters 

 

 
Fig.8: Sensitivity of output parameters to changes in the input parameters, i.e. the cross-section  
          widths numbered from bow to stern 
 
3. Multi-Component Propulsor 
 
A more complex optimization process was used by Abdel-Maksoud et al. (2010) to design a propulsor 
consisting of rotor, stator and duct, Fig.9. Their aim was to maximize the efficiency at a given thrust 
while, at the same time, minimizing the hydro-acoustic impact due to cavitation. Parameters to be 
optimized included the rotor and stator blade shape, the inlet-to-outlet area ratio of the duct and its 
diameter at the propeller plane. 
 
The authors coupled an optimization routine based on evolutionary algorithms, with a 3-D boundary 
element method called ISThydro to predict the potential flow and ANSYS CFX to quantify viscous 
effects using CFD RANSE modeling. As up to 21 input variables were required to fully parameterize 
the design, the two-step optimization procedure in Fig.10 was adopted to reduce the computational 
effort required. 
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Fig.9: Sample geometry of the propulsor investigated by Abdel-Maksoud et al. (2010) 

 

 
Fig.10: Two-step design procedure for multi-component propulsor 

 
In the pre-optimization stage the duct-hub and the rotor-stator systems were optimized separately 
using the RANSE and potential models respectively. This was followed by fine optimization, where a 
RANSE model of the whole propulsor was used to ‘fine tune’ the parameters to obtain a final design. 
In general the most influential parameters should be determined first, so a first approximation for the 
duct shape was the starting point. This was based on the streamline passing through the blade tip from 
a single RANSE axisymmetric calculation for an actuator disc with a constant radial load and the 
desired operating conditions. Then potential theory was applied to optimize the rotor and stator 
geometries for a fixed duct shape. Following this, the duct and hub shapes were optimized for the 
optimum rotor-stator arrangement, again using an axisymmetric RANSE model with a body force 
approximation of the thrust from the rotor and stator. This process was iterated for the new duct and 
hub shape until the design parameters converged. 
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The evolutionary algorithm works on the basis of random numbers initialized from a seed value. 
Different seeds therefore lead to different evolutionary paths during optimization as can be seen in 
Fig.11, where the green line gives the best reduction. When using such algorithms it is important to 
try many different seeds, even if it looks like many seeds are giving almost the same minimum. 
 

 
Fig.11: Reduction in target value as a function of iteration for different initial seeds 

 
After the pre-optimized design has been determined, it is further optimized using full 3-D RANSE 
calculations with explicit modeling of the rotor and stator blades, meshed using ANSYS TurboGrid. 
All the design parameters were allowed to vary but only over a narrow range. Considerable care was 
taken over the geometry parameterization to ensure an efficient and reliable optimization process. The 
final geometry and its associated pressure distribution are shown in Fig.12. This second optimization 
step resulted in a significant reduction in cavitation and a 2% increase in efficiency. 

 
Fig.12: Surface pressure for final optimized geometry 

 
4. Tension Leg Platform 
 
Adam et al. (2012) developed and refined a floating support platform for offshore wind turbines 
known as a Tension Leg Platform (TLP). Three and four outrigger structures were considered and 
both diagonal and vertical tethers are used to provide the necessary high degree of stability of the 
platform. One of the designs investigated is shown in Fig.13. 
 
The expected wave loading of the structure was calculated using ANSYS Aqwa Hydrodynamic 
Diffraction linked to an ANSYS Mechanical finite element model to provide the structural analysis. 
The structural response was calculated in the time domain. 
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Fig.13: Design concept for a Tension Leg Platform to support an offshore wind turbine 

 
For a 1:25 scale model of the design illustrated in Fig.13, the predicted and measured accelerations at 
the top of the tower are plotted in Fig.14 as a function of time. At times 75 and 154 s the acceleration 
is over-predicted due to the increase axial cable stiffness with extension in the experiment. However, 
the predictions are still within the safe working limits. The authors expect that automatic optimization 
will be undertaken in future. 
 

 
Fig.14: Acceleration predicted at top of wind turbine tower compared with measurements 

 
5. Conclusions 
 
From this short review of recent applications of the ANSYS software, it is seen that marine 
engineering simulation has matured to the point where the combination of fluid and structural models, 
or boundary element and CFD methods is being exploited. Coupling models makes it possible to 
analyze the complete system to allow for multi-physics processes such as fluid-structure interaction. 
Furthermore, coupling different methods of modeling the same physics can result in large savings of 
computational effort, particularly where automatic optimization is being applied. 

Safe Limit 

Safe Limit 

Prediction 
Measurement 
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Automatic optimization has been applied for many years in structural analysis but is now being 
implemented in fluid flow simulations, such as ship hull, appendage and offshore structure design. 
Successful application of these techniques depends on the careful formulation of the optimization 
procedure, and the choice of geometry parameters and base functions. It is often useful to optimize a 
few important parameters first, at least approximately, before moving on to a full optimization of all 
the parameters. A wide variety of optimization algorithms is available, ranging from Design of 
Experiments (DOE) and six-sigma to evolutionary algorithms. The latter gives a relatively quick 
optimization when large numbers of parameters are involved but must be applied with care to avoid 
overlooking the true optimum. For a first application with less than ten parameters, DOE with a 
sensitivity analysis of the input parameters is generally recommended. 
 
References 
 
ABDEL-MAKSOUD, M.; STEDEN, M.; HUNDEMER, J. (2010), Design of a multi-component 
propulsor, 28th Symp. Naval Hydrodynamics, Pasadena 
 
ADAM, F.; DAHLHAUS, F.; GROSSMANN, J. (2012), Floating foundations for offshore wind 
turbines, Schiff & Hafen 9, pp.220-223 (in German) 
 
LONGO, J.; STERN, F.; TODA, Y. (1993), Mean-Flow measurements in the boundary layer and 
wake and wave field of a Series 60 Cs = 0.6 ship model – Part 2: Scale effects on near-field wave 
patterns and comparisons with inviscid theory, J. Ship Research 37/1, pp.16-24 
 
PRANZITELLI, A.; CARIDI, D. (2012), An optimization study of a ship hull,  
http://www.rbf-morph.com/images/download/ansys_webinar_leeds.pdf. 
 
PRANZITELLI, A.; De NICOLA, C.; MIRANDA, S., (2011), Steady-State calculations of free 
surface flow around ship hulls and resistance predictions, 9th HSMV, Naples 
 
TODA, Y.; STERN, F.; LONGO, J., (1992), Mean-Flow measurements in the boundary layer and 
wake and wave field of a Series 60 Cs = 0.6 ship model – Part 1: Froude numbers 0.16 and 0.316, J. 
Ship Research 36/4, pp.360-377 



529 

Integrating Performance Monitoring and other Onboard Software 
 

Risto-Juhani Kariranta , FORCE Technology, Copenhagen/Denmark, rjk@force.dk 
 

Abstract 
 

This paper presents a new approach of an onboard IT application for ship performance improvement. 
The approach is about integrating the means mentioned in SEEMP regulation like trim optimization, 
voyage planning, engine performance optimization and hull performance monitoring. The integrated 
onboard application utilizes the overall picture of the energy efficiency using most accurate 
knowledge available about ship’s performance characteristics. Utilization is made by application’s 
decision support features providing advices for trimming of the vessel, planning the voyage in an 
energy efficient way, optimizing hull cleaning intervals through hull fouling analysis and tuning the 
engine in order to reduce fuel consumption and emissions. The performance model used in the 
application is flexible in a way it can be used without any initial performance model or with full set of 
data including model test, CFD simulation and sea trial data. The on-board IT components include 
applications for trimming advice, voyage planning and centralized data collection for collecting data 
for engine and hull condition monitoring. The shore side system includes automated system for 
normalizing the performance data obtained from ships to be reported in a designated web portal. 

 
1. Introduction 
 
Performance monitoring and onboard decision support tools are essential measures in IMO’s SEEMP 
regulation that came into force January 2013, IMO (2012). The goal of these tools is to help to 
streamline the vessel’s operation and by utilizing computerized aids help vessel’s crew to reduce 
energy consumption on-board and thus also emissions of harmful gases such as CO2, NOx and SOx.  
 
The mentioned tools can be divided into 2 main categories based on if the decision’s made based on 
these tools are made onboard while actually operating the vessel or ashore side by for example the 
technical department of vessel operator. The first category includes typically decision support tools 
for the voyage execution like weather routing or trim optimization and the latter category for example 
decisions made for the hull cleaning interval made based on hull and propeller performance 
monitoring. 
 
Regardless of having these two different categories of decision support tools, all of these are based on 
performance modelling of the vessel. All support given to the decisions rely on understanding of the 
vessel’s performance characteristics in prevailing conditions, actual operational conditions and 
utilizing that knowledge in better decisions in vessel operation. The accuracy of the model has 
significant impact on the quality of advices and support for the decisions made for improving the 
vessel’s energy efficiency. 
 
A new holistic approach for computerized decision support systems is presented in this paper showing 
the different tools and how those are connected through comprehensive vessel performance model and 
additionally how the quality of the model is eventually improved through a automated feedback loop 
from performance monitoring. 
 
2. Data collection 
 
The data collection is important part of previously mentioned decision support tools. In the first hand 
the data collection is required for performance analysis such as hull and propeller performance 
monitoring and engine performance analysis. Secondly, the data collection can be utilized for 
improving the performance model accuracy when black- and grey box models are used. Thirdly the 
data collection can be used onboard for direct feedback for decision support by vessel operators. 
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The data collected daily includes usually the main performance values such as vessel’s speed, 
propulsion power, floating position characteristics and fuel consumptions. Additionally the data about 
the prevailing environmental conditions is collected from the ship of from the weather data providers. 
This kind of data collection is usually carried out either by manual inputs, like noon report based 
systems, or using automatic data collection, where interface between related sensors onboard and a 
data collection unit is established. 
 
Initial data collection is usually related to building physical part of the performance model, and 
includes model test reports, sea trial reports, engine’s shop test results, ship geometry information, 
hydrostatic characteristics and propeller characteristics. 
 
2.1. Manual data collection 
 
The manual data collection is based on performance related values collected by operators of the 
vessel. Some of the decision support tools are based on so called noon reports, which are usually daily 
routine onboard, for collecting and reporting out the main performance characteristics for the previous 
24 hours. The benefit of noon report data is that it is quite normal and consistent routine onboard, and 
therefore does not require so much training for the crew of the vessel. The disadvantage is that for 
example for the weather parameters and course information, 24 hour average is irrelevant and 
alternate methods are required while analyzing to handle these datasets. 
 

 
Fig.1: Manual data collection sheet 

 
The other common way of collecting performance related data onboard is conducting small 
performance tests or speed trials, where in suitable conditions the averages of main performance 
characteristics are collected and reported shore side. This requires usually vessel to operate in steady 
weather conditions and steady engine load or RPM for a selected time period. Usually commencing 
this kind of small, partially controlled test, improves the quality of the data similarly as filtering, but 
on the other hand requires additional set up for the test by the vessel’s operators. 
 
2.2. Automated data collection 
 
The automated data collection means that performance related values onboard are collected to some 
data collection unit without user intervention by establishing an interface between other centralized 
data collection units and/or directly the desired sensors. Usually the data is sent from the data 
collection unit to shore side for analysis, using vessel’s email system or direct data connection. 
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Compared to manual data collection, the automated data collection provides possibility to collect 
more performance data and do that with higher resolution. The vessel’s operators onboard have also 
reduced workload because they are not required to enter values manually to any systems. 
 
Automated data collection systems are complex and sensitive to sensor faults. Building a fully 
working automated data collection system onboard requires lot of vessel specific configuration work 
and sometimes additional cable laying which reduces the scalability of these kinds of systems 
significantly. Yet, provided with bigger datasets, the performance analysis usually has more accuracy 
if handled properly. 
 
2.3. Required data 
 
The data required for performance analysis consists of navigational signal collected from the bridge; 
machinery related signals usually collected from engine automation system, environmental 
information collected either onboard or through weather data provider and initial information for 
physical modelling, where the vessels documentation is used. 
 

• Navigational signals 
Navigational data includes commonly the basic signals sourcing at the bridge. The GPS 
usually provides the speed over ground, course over ground, accurate time stamp based on 
satellite time and geographic location. Speed log is the source for speed through water and 
gyro compass for the heading.   

 
• Machinery related signals 

The main signals obtained from machinery are propulsion power from torque meter, draft, 
trim, fuel flow, rpm and engine load. These are with new ships available from machinery 
automation systems, but in case some sensors are retro-fitted, direct interface might be 
required.  

 

 
Fig.2: Torque meter on shaft line 

 

 
Fig.3: High-resolution weather forecast for northern Atlantic 
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• Environmental data 
The environmental data usually used is water depth, wind speed and direction, significant 
wave height and period, significant swell height, direction and period, water temperature and 
salinity and current speed and direction. This data might be either collected from the vessel 
using ship’s sensors and wave radar or using weather hind casts from a weather company. 

 
3. Performance modelling 
 
The performance modelling is an essential part of any computerized decision support tool for vessel 
energy efficiency. The model is used for estimating the vessels power and/or fuel consumption on 
prevailing conditions during operation. Usually the initial information about vessel performance basis 
only on calm water conditions which is predicted during the design process of the vessel with generic 
modelling, model testing or CFD analysis. Traditionally it is verified before delivery of the vessel 
during sea trial. However, all of these initial predictions are for the calm sea conditions which rarely 
occur during normal operations where weather, current and varying loading condition cause offset 
from the calm sea prediction. 
 
The complete performance model should therefore also include the parts explaining the variations in 
power requirement caused by the differences in draft, wind, waves, current, trim and shallow water. 
For example the ISO standardized sea trial analysis includes some sub systems for calculating those 
effects in order to correct the measurements to calm sea conditions, but the test protocol has tight 
requirements for the weather conditions during the sea trial and those formulas are very limitedly 
verified against full scale measurements, ISO 15016 (2002). Therefore more and more attention is 
nowadays put on the full scale measurement analysis and verification.  
 

 
Fig.4: Vessel performance model 

 
Same applies also for engine part of the performance model which usually is based on engine’s shop 
test results that are carried out close to so called ISO conditions regarding temperature, load and fuel, 
ISO 3046-1 (2002). As with calm sea performance predictions, those conditions are rarely met in 
actual operations. 
 
A comprehensive performance model can be used for prediction and optimization of the ongoing 
voyage (voyage optimization, trim optimization) in order to optimize the fuel consumption in 
predicted environmental and ship conditions during the voyage. Another application is analysing the 
results of performance monitoring. There the model is used the other way around, for estimating how 
much deviation from the selected reference condition (such as calm sea, design draft condition or 
average operational condition) is caused by these varying factors. The aim in performance monitoring 
is then to normalize the actual measurements back to reference condition by using the performance 
model to calculate how much corrections for each variable should be carried out. 
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If a performance model is used only for evaluating the slowly developing phenomenon affecting 
vessels performance, such as hull and propeller fouling, or evaluating how well some energy saving 
measure affects to the baseline performance, there is also alternative to use pure filtering method 
instead of building a comprehensive performance model: there the idea is to filter out the points 
deviating too much from the reference condition and state that the evaluation is comparable because 
of the similar conditions, Logan (2011). This is also useful method when the ship is operating often in 
comparable conditions, but practically with majority of the vessels it is often so that it is challenging 
to collect enough measurements in enough close conditions to each other. So, often the filtering is 
used combined with more complex performance models. The problem with that kind of approach is 
that it is mainly useful only in the case of analysis happening afterwards, like hull and propeller 
performance monitoring, but provides only little help for real time operational optimization. 
 
Traditionally the performance models are divided to three categories each having their pros and cons. 
The categories are so called white-box models (sometimes called physical models or engineering 
models), black box models, that are based purely on statistical analysis of the measurements and grey 
box models that are basically combination of two previous models. Black box and grey box models 
are therefore so called system identifying models meaning that the model is built by identifying what 
are the mathematical dependencies of the prevailing conditions to the end result. 
  
3.1. White box models 
 
White box models on vessel performance modelling are by definition built on physical models 
explaining the performance of the vessel on varying conditions. These models are based on Newton 
equations and the calculating the forces which are presumed to add up. 
 
Generally the challenge of white box models is that those are usually very complex if all related 
phenomenon is desired to be taken into account. On the other hand the benefit of white box model is 
that it is working independently on the measurements meaning that the amount and quality of for 
example full scale measurements does not affect the accuracy of the prediction. 
 
One commonly known example of a white box model is ISO protocol for correcting sea trial results 
which presents a set of means for correcting the full scale measurements to the reference conditions, 
ISO 15026 (2002). These corrections are based on several formulas based on hydrodynamic principles 
and studies, such as Faltinsen method for correcting added wave resistance, which also requires 
information on vessels geometry (waterline shape). For some of the corrections are also preferred to 
have some initial test studies as for wind resistance corrections to have a wind tunnel tests carried out. 
Generic wind resistance tables are also available, if ship specific test results are not available, but that 
naturally reduces the accuracy. 
 
The biggest challenge with physical performance modelling for a vessel is related to the fact that it is 
based on Newtonian way of calculating and adding up forces. In steady sailing conditions the thrust 
force provided by the propeller is equal to the resistance of the vessel, where again all the deviations 
from the reference conditions are added up. The problem is that measuring the propulsion thrust force 
is very difficult. Usually the thrust force is then calculated by measuring the propellers torque and 
from that, using propellers open water coefficients the thrust is defined together with an estimation of 
thrust deduction and wake for defining the water streams speed of advance. This gives us two 
relatively rough estimates that are difficult to measure in full scale. The propeller’s open water 
coefficients are usually defined only in laboratory conditions and in model scale, but basically never 
verified in full scale which provides lot of uncertainty in full scale conditions. 
 
The same problem applies also for each separate component, such as added resistance of waves and 
wind resistance. As Logan (2011) states: “Because not all researchers include all components of 
resistance in their work, the power prediction results are inconsistent. Typically, a separate model is 
developed for each resistance component and component interaction effects are largely ignored.” 
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Based on the previous consideration the white box modelling in vessel performance is good 
alternative in cases where limited full scale measurements are available, such as noon report based 
methods. 
   
3.2. Black box models 
 
The black box models have become more popular in vessel performance modelling after development 
of sensor- and data collection technologies for the vessels. With a big performance database a 
statistical analysis is carried out, usually with some filtering included, and one or several statistical 
analysis methods suitable for modelling is used for building the model. 
 
The used statistical models vary a lot and so far final conclusion on which method is most suitable for 
vessel performance is declared. Research is done for example for using neural networks, Gaussian 
process, Pedersen (2013) and additive regression model. It appears that more extensive study and 
comparison is required before stronger conclusions about the method selection can be defined. 
 

 
Fig.5: Structure of artificial neural network 

 
In practice the black box modelling includes varying amount of inputs, such as wind, waves, 
propulsion power, speed over ground, draft etc. Based on the inputs the models usually explain each 
inputs relation to the speed and power. 
 
The benefit of black box model is that it does not require any initial knowledge on vessel 
characteristics. With enough data to base the analysis the prediction is usually relatively accurate. The 
downsides of black box models are that they mostly require long data collection period from very 
varying conditions in order to be applicable in all conditions. Therefore these methods in general are 
more useful for monitoring relative changes in propulsion power usage, for example in a case of hull 
fouling. 
 
3.3. Grey box models 
 
Grey box models are combinations of the previous. In these models a generic physical model is 
created for the initial performance prediction and usually calculation of some or all resistance 
components are adjusted by the statistical analysis of the full scale measurements. 
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The benefit of such model is that it is as accurate as the selected physical model from the very 
beginning and it gets even more accurate when more performance data is collected. The disadvantage 
of a grey box model in vessel performance modelling is that it is the most complex model of these all 
and requires both initial information about the vessel and large performance database for correcting 
the resistance component calculations, Vesterinen (2012). 
 
4. Decision support tools for improving vessel’s energy efficiency 
 
In distinction to technical improvements for vessel’s energy efficiency, such as re-designed bulbous 
bows and propeller ducts, the decision support tools for can be categorized to tools that help the 
vessel’s operators make decisions in their hands, in order to improve energy efficiency of the vessel. 
Furthermore these decision support tools can be divided to systems helping the vessel’s crew onboard 
to make efficient decisions and tools for the vessel supporting organization ashore. 
 
4.1. Voyage optimization 
 
Voyage optimization usually includes two main approaches. The first one is weather based route 
optimization where the most efficient route from port to port is evaluated based on predicted weather 
conditions during the voyage and by using optimization algorithms for finding the optimal route in 
given constraints, such as schedule, charter party speed or total economy of the voyage. This approach 
is mainly used in longer voyages for example crossing oceans providing the sufficient space for 
altering the route based on weather conditions. 
 

Fig.6: Rhumb line, Great circle and optimized route on Atlantic crossing voyage 
 
The other aspect is speed optimization which is more typical in liner traffic and with vessels having 
several engines providing also possibility for doing the optimization based on engine modes in order 
to keep the engine loads in an optimal level throughout the voyage. 
 
Naturally combinations of these approaches are possible. For example in ferry traffic there might be 
some options for route selection even though the operation is in navigationally restricted. There 
combination of route selection and speed optimization is very efficient tool when deciding how to 
execute the following voyage. 
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4.2. Trim optimization 
 
Trim- or floating position optimization highly based on hydrodynamic characteristics of the vessel. 
The idea of trim optimization is that before or during the voyage, the trim of the vessel is adjusted so 
that the hull creates least possible amount of resistance on service speed. The trim usually affects 
mostly to the wave making resistance of the vessel but it might also have some effect to the additional 
resistance of waver. 
 
Trim optimization systems are usually based on initial testing, such as model tests and CFD studies or 
system identification based performance data analysis. The initial testing based methods usually 
provide the decision support for the static trim that should be achieved with vessels actual 
displacement by moving either cargo position or ballasting, in order to reduce the resistance of the 
vessel. 
 
The system identification based solutions are usually relying on vessel’s dynamic trim, which is 
differs from the static trim of the vessel as a function of speed. This approach requires that the trim is 
actively measured during the voyage with an inclinometer. 
 
Typically the trim optimization provides savings in energy consumption of 0-3%, depending on the 
comparison baseline selected. The best practice is usually to try to avoid adding ballast for the 
trimming because that also increases the vessels displacement, which on most cases increases also the 
overall resistance of the vessel. Therefore taking the trim optimization into account in load planning 
provides usually best results if the optimal trim can be reached easily by positioning the cargo. 
 

 
Fig.7: Trim optimization decision support tool 

 
4.3. Engine’s performance and optimization 
 
Engine performance monitoring is relatively complex task where several key parameters related to 
engine’s performance are being monitored and compared to benchmark values. The long time trends 
are also useful to monitor in order to notify the slowly weakening phenomenon such as corrosion 
effects in pipes and turbo charger efficiency losses. 
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Fig.8: Benchmark comparison for a 2-stroke engine 

 
The main benefits from the engine performance monitoring are achieved when a thorough analysis by 
an expert is carried out for all the relevant parameters of the engine. The main followed parameters 
are the trends of specific fuel oil consumption, specific lube oil consumption and turbo charger 
efficiency. If these values are highly off set further analysis is usually saving lot of unintended fuel 
waste on the engine. 
 
4.4. Hull and propeller performance monitoring 
 
Hull and propeller performance monitoring is a useful tool for keeping continuous look on the 
technical performance of the vessel. The main idea of the methods used in this are to first of all collect 
performance related data for longer period, normalize and possibly filter the data and finally index the 
normalized values in way that the end result gives clear picture of the level of hull and propeller 
condition. 
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Fig.9: Turbo charger efficiency graph 

 
4.4. Hull and propeller performance monitoring 
 
Hull and propeller performance monitoring is a useful tool for keeping continuous look on the 
technical performance of the vessel. The main idea of the methods used in this are to first of all collect 
performance related data for longer period, normalize and possibly filter the data and finally index the 
normalized values in way that the end result gives clear picture of the level of hull and propeller 
condition. 
 

 
Fig.10: Speed index due to Fouling of hull & propeller 

 
Usually the indexing is done against speed and power, where the monitored index is more precisely 
the relative change on propulsion power usage due to increase in hull resistance and propeller fouling. 
This indexing is often used for hull fouling analysis and for analyzing of the improvements on the 
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technical performance after applying fuel savings devices such as propeller ducts, low friction paints 
and other mechanical fuel saving devices on the hull. 
 
5. Conclusions 
 
Integration of performance analysis and other onboard software is complex. Increasing 
automatic data collection provides clear benefits on accuracy of performance modelling, but 
also requires a lot more from the system development and installation of the actual toolset. 
 
Making selection of the data collection methods and actual modelling part is also based on the 
customer group for which the decision support tools are aimed for. Decision support tools based on 
manual data inputs are regardless of the lesser model accuracy, useful tools when aiming for energy 
efficiency. Making selection of the data collection methods and actual modelling part is therefore 
based on the customer group for which the decision support tools are aimed for.  
 
For example a chartered vessel is seldom the goal of massive investment programs and there a 
simpler, manual data collection based system is justified solution, whereas new and well equipped 
owner-operated vessels can get more benefit from more extensive systems based on automated data 
logging and grey box modelled performance prediction. 
 
Therefore the conclusion for a company planning such integrated systems, aiming for covering both 
mentioned customer groups, is to develop a modular solution, which can be used both with limited 
data collection and extensive auto logging and statistical analysis, 
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Abstract 

 
The sea transportation by ships covers most of trade volume, and the technologies to make fuel 
efficiency better and to reduce carbon-dioxide emissions are key research topics for future. One of the 
technical issues to improve fuel efficiency of ships is how to prevent the marine biofouling to the ship 
hulls and remove organisms from ships. In general, the cleaning of ship hull is carried out during the 
ship inspection in dockyard or by divers in harbour. Frequent cleaning of ship walls is desirable to 
keep good fuel efficiency, however, the ship inspection on dock is done once a year and the cleaning 
by divers is high-cost and involves high risk. One of the solutions for the problem is to introduce 
underwater robots with the function of cleaning ship surfaces. In this paper, an underwater robot for 
ship hull cleaning is proposed and examined through ship hull cleaning experiments.   

 
1. Introduction 
 
Recent rapid change of global environment, which comes from global warming and so on, is one of 
big worldwide issues. The global warming makes huge effect to oceans, and the acidification of ocean 
causes the decrease of creatures such as coral reefs and the change of balance of creatures, IPCC 
(2007). The scientific investigation of ocean, which covers 70% of earth surface, is getting more and 
more important, and reduction of greenhouse gases like CO2 has been required. In the Japanese 
transportation, maritime transportation using ships occupies 99.8% of import and export of Japanese 
trade and the CO2 production is estimated 7300 ton/year, Kameyama (2004).  
 
On the surface of ship hull, marine biofouling occurs and makes the fuel efficiency of ship 
transportation less and less especially while the ship is berthed at the port. The cleaning of ship hull is 
performed in the dockyard when the ship has the official inspection each year or by divers under 
water while the ship docks at the ports. However, the cleaning by divers has the risk of accidents and 
is not inexpensive. Though the regular or intermediate inspections take places every year, it is 
desirable to have frequent ship hull cleaning in order to keep good condition of fuel efficiency. If 
frequent ship hull cleaning is possible while ships dock at seaports with ease, ships can keep good fuel 
efficiency that makes the transportation costs and CO2 production less.  
 
By realizing the ship hull cleaning system using underwater robots at seaport, we can show the 
possibility of a new market using underwater robots. On the other hand, underwater environment is 
one of the extreme environments because of high pressure, viscosity, low visibility from darkness and 
marine snows, low communication density from radio wave attenuation, Ura (1989). Moreover, the 
operation time and areas of divers are limited to avoid divers’ disease and accidents, underwater 
robots are expected as new tools for underwater operations. Recently underwater robots are applied to 
various missions such as observations of underwater structures oil-well drilling rig on Deep Ocean, 
bridge piers, discovery of unknown creatures, ecology investigations, maintenance of underwater 
cables, investigation of hydro-thermal vents and underwater volcanoes, Obara et al. (1997), Ura 
(2005), Ura et al. (2006),Ura (2007), Miyake et al. (2005), Suzuki (2004), Ito and Kimura (2004).  
 
In this paper, an underwater robot which cleans the ship hulls using suction device to ship hull is 
proposed and evaluated through cleaning experiments using ships. 
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2. Development of Underwater Robot for Ship Hull Cleaning 
 
2.1. Design Concepts 
 
The design concept of ship hull cleaning underwater robot (hereafter, underwater robot) is illustrated 

in Fig.1. The underwater robot uses thrusters to move through water during observing the ship hull 

condition or cleaning with attaching to the ship hull. The design principles are the followings; 
 

- The users can control the robot by remote operation and observe the ship surface in real-time. 
- The robot size and weights are suitable for a few persons to launch and recovery the robot. 
- During cleaning operation, the robot moves along the ship hull with brushing surface and 

generating the suction force to the ship surface. 
- Center of gravity (CG) and center of buoyancy (CB) are as close as possible to have arbitrary 

attitude of robot 
- Robot keeps the same attitude when the control command is not given.  
- Robot has the front and rear cameras to record images before and after cleaning. 

 

  
Fig.1: Design concept of ship hull cleaning underwater robot 

 
The structure of developed robot is shown in Fig.2. The robot is 1.1 m in length, 0.5 m in width, 0.8 m 

in height, and weighs around 40 kg. The robots consists of a main-cylinder including control circuits 

and communication devices, 6 thrusters, 2 brush units for cleaning, 2 cameras, 4 wheels working as 

dampers, and frames to keep these components. And the index numbers are; (1)-(6): Thrusters, (7),(8): 

Brush units, (9): Front camera, (10),(11): Passive wheels to attach ship hull, (12): CG adjustment de-

vice, (13): Springs for passive wheels. 
 

 
Fig.2 Structure of ship hull cleaning underwater robot 
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2.2. Components of Underwater Robot 
 

The computer system of underwater robot consists of the low-level control board inside cylinder and a 
host PC of support system. The role of low-level control system is to measure sensor data, control 
thrusters and brush units and communicate to the host PC. The host PC is for high-level control to 
decide the robot behavior and the video camera control. Users operate a joystick and send commands 
such as go forward, go backward, up, down, rotate, and brush start. The measured sensor data are dis-
played on the monitor(s). And the network cameras record the video image of ship hull and have 
pan/tile/zoom functions, which are also controlled from the host PC.  
 

(i) Low-level control system 
As the low-level control system, two 6-axis-motordriver-control boards has been developed 
and mounted in the pressure cylinder. One board (master board) handles the control of 6 
thrusters, sensor data acquisition, and the other (slave board) does the control of 2 brush 
units. The communication between two boards is I2C communication protocol and that be-
tween master board and the host PC is based on RS232 signals, which is converted into fiber 
optic transmission. The board has a Microchip dsPIC (dsPIC30F6014) which has 16ch-12bit 
ADC of which 6 ch are used for current sensors of motors and 1 ch for depth sensor, 4-ch 
timer, 8-ch PWM of which 6 ch are for motor speed control, 2 uart serial communication 
ports of which 1 uart for PC communication and 1 for the attitude sensor (PNI TCM-XB), 
and I2C commutation. 

 
(ii)  Host PC 

The behavior of robot is decided based on calculation of the host PC. The joystick for re-
mote control of underwater robot is connected to the PC and the manipulate signals to mo-
tors are calculated and sent to the master board. The obtained sensor data (roll, pitch, head-
ing, depth, electric currents, target values) are shown on the GUI on PC. The images of 2 
network cameras are stored on a PC on the network, and camera parameters such as zoom, 
pan and tilt are also controlled from any remote PCs.  

 
(iii)  Pressure cylinder and frame 

The main pressure cylinder is composed of 2 cylinders and a housing part in the middle of 
cylinders. The diameter, length and thickness are decided based on mounted device sizes, 
the positions of CG, CB and neutral buoyancy balance. The thickness of cylinders is calcu-
lated based on reference Ito 2004, under the condition of maximum depth: 50 m, material: 
aluminum, safety factor: 2, therefore design pressure is 1 MPa. The minimum thickness is 1 
mm, and considering manufacturing 4 mm is selected. As sensory system, an attitude sensor: 
PNI TCM-XB to measure roll, pitch and heading, a depth sensor: YOKOGAWA FP101A 
and 2 network cameras: CANON VB-40. TCM-XB sends the binary data to the master 
board by RS232 serial communication every 0.2 ms. TCM-XB detects the magnetic field di-
rection and calculates heading direction, so magnetic distortion is one of problem when the 
robot is under ship bottoms. 

 
(iv) Sensory system 

As sensory system, an attitude sensor: PNI TCM-XB to measure roll, pitch and heading, a 
depth sensor: YOKOGAWA FP101A and 2 network cameras: CANON VB-40. TCM-XB 
sends the binary data to the master board by RS232 serial communication every 0.2 ms. 
TCM-XB detects the magnetic field direction and calculates heading direction, so magnetic 
distortion is one of problem when the robot is under ship bottoms. 

 
(v) Power system 

AC 200 V is provided to the underwater robot through the tethered cable, and AC 200 V is 
converted to DC 24 V, 12 V and 5 V. DC 24 V is given to thrusters and actuators, 12 and 5 V 
are for sensory system and isolated from 24 V to prevent noises from actuators. 
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2.3. Features of Underwater Robot 
 
The features of underwater robot are as follows: 
 

- The robot has passive wheels in the front and rear of robot, Fig.2 (10), (11). The wheels keep 

the same distance from the ship hull to clean the ship hull, and also work as bumpers and pro-

tect the ship hull damage and the robot body. The suspension mechanism in Fig.2 (13) makes 

possible to adapt to round surfaces. 
 

- The brush units (7) and (8) in Fig.2 have both cleaning and thruster function, and they are sur-

rounded by cover. The length of cover is arranged to have tip of cover touch to ship hull. The 

brush unit generates suction force to ship hull direction using water flow caused by propeller 

behind brush. 
 

- The robot is equipped with even number of brushes, Fig.2 (7), (8). The brushes rotate in re-

verse direction each other to cancel the reaction moment, e.g., the brush (7) rotate in CW to 

have suction force and (8) in CCW. Therefore, the propeller pitch behind brush is opposite. 

The developed underwater robot is shown in Fig.3. 
 

  
(a) Prototype robot ver.1 (b) Cleaning motion in water 

Fig.3: The developed ship hull cleaning robot 
 
3. Experimental Results 
 
3.1. Brush Unit Performance 
 
The structure of brush unit is shown in Fig.4(a). The brush unit has a brush, a propeller in the same 

axis, and a cowl. At the same time of cleaning, the brush unit introduces water inside cowl and makes 

suction force to the ship hull. The underwater robot goes along the ship hull keeping the robot at-

tached to the ship hull using the suction force. 
 

  
(a) Structure of brush unit (b) Suction force vs wall plate distance 

Fig.4: Results of brush unit evaluation. The suction force increases as distance to wall plate is closer.  

(15)
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To evaluate the suction force, we measured the force by changing the motor current 0 to 5 A and the 

distance between the tip of brush hair and the plain plate. The experimental results are shown in 

Fig.4(b). As the current given to motor, that is, motor torque increasing, the suction force going up 

almost proportionally. When 5 A is given to motor and the distance is 20 cm, the measured force 

comes from propeller thrust, 16 N. In the case of the distance around 0 cm, the force is 52 N. The dif-

ference 36 N is caused by the water flow. Therefore, the robot gets close to the ship hull, the suction 

force to ship hull gets large. 
 
3.2. Performance Tests Using Ships 
 
We had ship hull cleaning experiments using ships with collaboration of Sanyu Plant Service Inc. and 

Japan Coast Guard. In the experiments, the robot showed stable motion along the ship hull by attach-

ing to the ship with suction force. The cleaning width is 0.8 m, and the robot runs with speed 0.4 m/s, 

also up and down motion. The scenery of experiments is shown in Fig.3, and some of obtained ship 

surface images before and after cleaning are shown in Fig.5. Soft underwater creatures are removed 

from surface. However, shell-like creatures were hard to remove.  
 

  
(a) Left side cleaned, right side not cleaned (b) Upper area cleaned 

Fig.5: Results of ship hull cleaning experiments 
 

  
Fig.6: The new ship hull cleaning robot 

 
4. Summary 
 
In this paper, an underwater robot, which cleans the ship hulls using suction device to ship hull, has 

been proposed and developed.is proposed and evaluated through cleaning experiments using ships. 

The robot can be controlled by remote operation and the users can observe the ship surface in real-
time using the front and rear cameras to record images before and after cleaning. The performance has 

been evaluated through basic motion control experiments and cleaning experiments using ships, and 

the surface of ship hull is cleaned by the developed underwater robot. The robot has been proven to 

have good possibility to pioneer the new service market. We have developed a new ship hull cleaning 
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robot, Fig.6, aiming at more compact and handy operation. The weight of robot is 30 kg in air to be 
handled by two persons, and currently, we are applying to ship cleaning tests. 

 
References 
 
IPCC (2007), 4th assessment report, Intergovernmental Panel on Climate Change, Geneva 
http://www.ipcc.ch/pdf/assessment-report/ar4/syr/ar4_syr.pdf 
 
ITO, T.; KIMURA, M. (2004), Development of small under water vehicle, J. Robotics Soc. Japan 
22/6, pp.702-705 
 
KAMEYAMA, M. (2004), Emission of air-pollution substance by air and ship transportation of trade 
goods, Report PS-37, National Maritime Research Institute (NMRI), Tokyo 
 
MIYAKE, H.; KUBODERA, T.; OKUTANI, T. (2005), Cephalopods observed from submersibles 
and ROV-II. A gigantic squid in Sagami Bay, Chiribotan 36/2, pp.38-41 
 
OBARA, T.; et. al. (1997), Autonomous underwater robot “R-One Robot”, J. Japan Soc. Mech. Eng. 
100/943, pp.665 
 
SUZUKI, M. (2004), Development of remote operated vehicles for underwater inspection in nuclear 
power plants, J. Robotics Soc. Japan 22/6, pp.697-701 
 
URA, T.: et. al. (2007), Dives of AUV “r2D4” to rift valley central Indian mid-ocean ridge system, 
OCEANS’07, Aberdeen 
 
URA, T. (1989), Free swimming vehicle PTEROA for deep sea survey, ROV’89, pp. 263-268 
 
URA T.; NAGAHASHI, K. ; ASADA, A. ; OKAMURA, K. ; TAMAKI, K. ; SAKAMAKI, T. ; 
IIZASA, K. (2006), Dive into Myojin-sho underwater caldera, OCEANS’06 Asia, Singapore 
 
URA, T. (2005), Two series of diving for observation by AUVs-r2D4 to Rota underwater volcano and 
Tri-Dog 1 to Caissons at Kamaishi Bay, Int. Workshop on Underwater Robotics, Genoa, pp.31-39 
 
URA, T., et. al. (2006), Experimental result of AUV-based acoustic tracking system of sperm whales, 
OCEANS’06 Asia, Singapore 
 



 546

Effects of Hull Deformation on the Static Shaft Alignment Characteristics 
of VLCCs: A Case Study 

 
George Korbetis, BETA CAE Systems S.A., Thessaloniki/Greece, ansa@beta-cae.gr 

Orestis Vlachos, Anastasios G. Charitopoulos, Christos I. Papadopoulos, NTUA, Athens/Greece 
 
Abstract 
 
A typical VLCC driven by a two-stroke Diesel engine is studied. A detailed finite element model of the 
hull structure is generated. The propulsion shaft of the ship is modelled as a statically indeterminate 
multi-supported beam. First, a reference shaft alignment plan is assumed, and the static equilibrium 
of the shaft is calculated using matrix analysis. Next, different loading conditions (laden/ballast) of 
the ship are assessed. For each loading condition (a) hydrostatic equilibrium of the ship is computed, 
(b) the corresponding hull deformations are calculated using Finite Element Analysis, (c) the relative 
vertical displacements at the bearing locations are determined and (d) the static shaft equilibrium is 
re-evaluated. The computed bearing loads are compared to those of the reference case. 
 
1. Introduction 
 
The propulsion system of conventional cargo ships typically consists of a two-stroke Diesel engine, 
and a shafting system, which transmits the engine power to the propeller, Fig.1. Radial shaft loads 
(propeller/shaft/engine weights) are supported by journal bearings (stern tube bearings, line bearings, 
crankshaft bearings). Proper design, installation and alignment of the shafting system of a ship is cru-
cial for stable, efficient and reliable operation, ABS (2004), NKK (2006). Primarily, shaft alignment is 
concerned with the determination of proper longitudinal and vertical bearing positions, aiming at 
equi-distribution of bearing loads. The successful application of a static shaft alignment plan is essen-
tial for trouble-free dynamic operation of the propulsion system, aiding in decreasing bearing wear, 
increasing bearing expected lifetime and decreasing maintenance and replacement costs.  
 

 
Fig.1: Typical arrangement of a ship shafting system 

 
In operation, shaft alignment may be considerably influenced by hull deflections, due to different 
loading and environmental conditions. The effect of hull deflections on shaft alignment is more pro-
nounced in very long ships, with relatively flexible hulls and stiff shafts. In such cases, the robustness 
of shaft alignment at different loading conditions of the ship, taking hull deflections into account, 
should be carefully assessed. In this respect, the use of detailed Finite Element Analyses for the calcu-
lation of hull deflections is imperative. 
 
Recently, the subject of shaft alignment has gained increasing attention. Devanney and Kennedy 
(2003) underlined the drastic deterioration of tanker newbuilding standards in the last decade, and the 
corresponding effect on the reliability of the shafting system. Specifically, emphasis was put on the 
severity of stern tube bearing failures in modern VLCCs and ULCCs, which may lead to loss of pro-
pulsion and vessel immobilization. The authors claimed that the main reason of this failure is the de-
sign of propulsion shafts with decreased diameters, followed by improper shafting alignment. They 
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suggested that (a) hull deflections should be thoroughly taken into account for a range of loading con-
ditions of the ship, (b) the engine room structure should be reinforced, to minimize additional offset of 
the bearings, and (c) time varying loads on the stern tube bearing and heat dissipation in the lubricant 
domain should be taken into account.  
 
Šverko (2003) highlighted several design concerns in propulsion shafting, especially for VLCC and 
large bulk carrier vessels. In such vessels, shaft alignment is very sensitive to hull deflections; this 
behavior was attributed to the increased hull flexibility of such ships (due to scantling optimization 
and increased ship lengths) and to the increased stiffness of the propulsion shaft (due to the demand 
for higher propulsion power and, consequently, larger shaft diameters). If the hull deformations can be 
predicted accurately, an optimal set of bearing offsets for the vessel on even keel may exhibit a rea-
sonably good performance at other loading conditions of the vessel; however, since hull deflections 
cannot be easily calculated accurately, a practical solution could be to complete the alignment at dry 
dock conditions, and make provisions to correct (if needed) bearing vertical offsets when the reactions 
are verified afloat. Šverko (2006) addressed the problem of predicting hull deflections through analy-
sis of series of collected real life data. Hull deflections were estimated by measurement of shaft de-
flections using bending gauges. The goal of this study was to find appropriate dry dock bearing offsets 
that will result in acceptable alignment performance over a wide range of vessel loading conditions. 
Murawski (2005) also utilized a FEM model of a large containership, and introduced a new parameter 
to be considered: the stiffness characteristics of the bearing foundations. He concluded that, in a holis-
tic approach to the shaft alignment problem, bearing stiffness and oil film characteristics of each bear-
ing should be taken into account in the design stage. Dahler et al. (2004) reported the results of an 
joint industrial project between DNV, MAN B&W and DAEWOO concerned with the numerical and 
experimental study of shaft deflections and bearing loads in large ships propelled by two-stroke Die-
sel engines. They utilized a complete FEM model of the ship, which exhibited a fine mesh at the aft 
end of the ship hull (engine room). Focus was given on engine and crankshaft deflections and on the 
corresponding bearing loads. To this end, FEM analyses were performed taking into account the real 
crankshaft geometry, and the results were compared with simulations using simplified crankshaft 
models. Simulation results were also compared to experimental measurements. They concluded that 
FEM-hull analyses can capture the general trend of hull deflections reasonably well, but fail to ac-
count for local variations in the curvature of the shaft, leading to inaccurate predictions of bearing 
loads. Finally, they suggested that by applying the final shafting plan after vessel launch, possible er-
rors due to wrong estimation of hull deflections could be avoided. BV (2013) released Rule Note NR 
592, concerned with Elastic Shaft Alignment (ESA) of ships. The proposed methodology of shafting 
alignment calculations takes into account hull deformations, oil film characteristics and stiffness of 
the bearings’ foundation. The rule is mainly applicable to ships characterized by a propeller shaft di-
ameter greater than 750 mm, or between 600 mm and 750 mm, but with propeller weight greater than 
30 tones or a prime mover with power output greater than 20 MW. 
 
In the present work, a typical VLCC vessel, driven by a two-stroke Diesel engine, is studied. The ves-
sel has a propeller shaft diameter of 815 mm; therefore it is within the scope of the ESA Rule of BV. 
Here, a detailed finite element model of the hull structure of the ship, complying with the meshing 
requirements set by Classification Societies, is generated with the use of the ANSA pre-processor. 
The propulsion shaft of the ship is modeled as a statically indeterminate multi-supported beam; the 
bearing stiffness and clearance are taken into account, and the static equilibrium of the shaft is calcu-
lated using matrix analysis. Considering the undeformed hull of the vessel, a reference shaft align-
ment plan is assumed, and the static equilibrium of the shaft is calculated. Next, different loading 
conditions (laden/ballast) of the ship are assessed. For each loading condition (a) hydrostatic equilib-
rium of the ship is computed, (b) the corresponding hull deformations are calculated, (c) the relative 
vertical displacements at the bearing locations are determined and (d) the static shaft equilibrium is re-
evaluated. The computed bearing loads (reaction forces) are compared to those of the reference case.  
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2. Problem Definition 
 
2.1. Finite element analysis of the ship hull 
 
The main characteristics of the studied VLCC are presented in Table I. Finite Element Analysis is 
performed to calculate the hull deformations of the vessel, at different loading conditions. Of 
particular importance are the deformations at the bearing locations of the propulsion shafting system. 
The static analyses are conducted with the aid of the ANSA pre-processor the MSC/NASTRAN 
solver. Here, thermal loads from the engine or the environment are not taken into consideration. First, 
a FEM model of the ship structure is generated. The whole structure of the ship is represented by first-
order shell elements; at the stern tube region, solid tetrahedral elements are used. A coarse mesh is 
generated for the whole structure (element length of 0.95 m), except from the engine room floor, 
where finer mesh (element length of 0.2 m) ensures better accuracy results, Figs.2 and 3. 
 

Table I: Main characteristics of the VLCC vessel of the present study 
Type Crude Oil Tanker 
Deadweight 320000 t 
Length betw. Perp. LPP 320.00 m 
Breadth B 60.00 m 
Depth D 30.50 m 
Scantling draft T 22.50 m 
Service speed Vs  15.9 kn 
Main engine Wärtsilä 7RT-FLEX84T-D 
Keel laid April 2010 

 

 
Fig.2: Global FEM model of the vessel of the present study 

 

 
Fig.3: Detail of the generated FEM mesh at the engine room region of the vessel 
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Fig.4: Detail of the generated FE mesh at the stern tube region of the vessel 

 
The mesh generation is an automated process performed by the ANSA Batch Meshing Tool. Meshing 
parameters and quality criteria are defined in two meshing scenarios (fine mesh for the engine room 
floor and coarse mesh for the rest of the structure), Table II. Re-meshing algorithms act on areas with 
poor mesh quality until the predefined quality criteria are fulfilled. The final model comprises of 
about 402.000 shell elements, 143.000 beams and 17.000 solid tetrahedrals, Figs.2 to 4. 
 

Table II: Meshing parameters and quality criteria. 
Global Meshing Parameters (Scenario I) 
Element length 0.95 m 
Filling openings with diameter < 1m 
Engine room floor Meshing Parameters (Scenario II) 
Element length 0.2 
Filling openings with diameter < 0.5m 
Quality Criteria 
Skewness (Nastran) 30° 
Aspect ratio (Nastran) 3 
Angle (Quads)  45-135° 
Angle (Trias) 30-120° 
Minimum Element Length 0.01 m 
Maximum Element Length 1.5 m 

 

Stiffeners are represented by beam elements pasted on the shells. This method simplifies the model by 
avoiding the generation of very small shell elements. The properties of the beam elements are calcu-
lated in accordance with the cross section of each stiffener. 
 
Machinery, auxiliary structures and small constructions that do not contribute to ship strength are not 
modeled in the present FEM model. Their mass is applied to the model as non-structural mass. This 
mass is appropriately distributed over the FEM model, so as to reach the prescribed lightship weight 
and the corresponding center of gravity. The mass of the present structural model is 34442 t, while the 
lightship weight is 43938.7 t and its center of gravity L.C.G. at 151.338 m. Thus, 9496.7 t of lumped 
masses are appropriately distributed in holds, stern and bow by the automatic process of the ANSA 
Mass Balance Tool, Fig.5. The engine mass is represented by a lumped mass of 990 t distributed to 
the engine foundation positions by RBE3 elements. Bearing positions where measurements will take 
place are represented by single nodes on the bearing axis, connected to the engine room floor with 
RB2 elements, Fig.6.  

 
Fig.5: Distribution of non-structural mass in the present FEM model 
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Fig.6: Engine and bearings representation in the present FEM model 

 
Three representative loading conditions of the vessel, namely full-load departure, ballast arrival and 
departure with partial load, are considered in the present analysis, Fig.7. The contents of the tanks are 
represented by lumped mass connected to the each hold bottom with RBE3 elements. The ship is 
positioned on steel water considering the vessel’s total displacement and center of gravity. Buoyancy 
is applied as pressure at the hull underneath the waterline using PLOAD4 entities, Fig.8. Finally, the 
vessel is trimmed in order to achieve static equilibrium between weight and buoyancy, which makes 
the model able to run without the need of displacement constraints (SPCs), which would lead to high 
local stresses. A NASTRAN keyword for inertia relief (INREL) is added for this solution. 
 

Ballast arrival condition (L.C. 1) 
Displacement: 145647 tones 
Draft: 9.69 m 
Trim: 2.12 m 

Full-load departure condition (L.C. 2) 
Displacement: 364074 tones 
Draft: 22.52 m 
Trim: 0.11 m 

Departure with partial load (L.C. 3) 
Displacement: 229276 tones 
Draft: 14.78 m 
Trim: 3.05 m 

Fig.7: Representative loading conditions of the vessel 
 

 
Fig.8: Application of hydrostatic pressure due to buoyancy in the FEM model 
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2.2 Calculation of Static Shaft Alignment 
 
As noted in the introduction, a successful application of a static shaft alignment plan is important for 
trouble-free operation of the ship in the anticipated service conditions. The propulsion shaft of the 
ship is supported by the stern tube bearings, the line bearing(s) and the crankshaft bearings of the 
main engine. At first, a reference line can be defined as the one passing through the centers of the aft 
and fore stern tube bearings. Shaft alignment is concerned with the determination of the proper verti-
cal offset of the center of the remaining bearings from the reference line, that result in even pressure 
distribution amongst all of the bearings of the system. This should stand both for static and dynamic 
conditions of the vessel. 
 
In the static conditions of the vessel: 
 

• The main engine (M/E) is not running - i.e. it is in cold condition.  
• The eccentric thrust produced by the propeller is not considered and, likewise, any resulting 

bending moments are also not taken into account. The propeller contributes to the static load-
ing of the shaft by its gravitational force. 
 

2.2.1 Modeling of the shafting system 
 
In the present paper, the propulsion shaft is represented by an assembly of two-node beam elements 
subjected to purely flexural deformations. External loads and deformations are applied at the beam 
nodes. All internal loads (e.g. the distributed weight of a beam) can be expressed in terms of equiva-
lent nodal generalized loads, through the application of basic principles of mechanics, Hughes and 
Paik (2010). The degrees of freedom allowed for each node are three rotations about each axis of a 
Cartesian 3D coordinate system and three displacements along each axis of the same system. We 
shall, from now on, refer to all parameters related to each simple beam element as “local” parameters 
and similarly, we shall denote all parameters related to the whole assembly of beams as “global” pa-
rameters. 
 
For a single beam element, we may consider a vector f, containing the values of external and internal 
nodal loads of each of the six degrees of freedom (DOFs) of each node, and a vector u with the corre-
sponding generalized displacements (i.e. displacements and rotations). A linear relationship between 
the nodal generalized displacements and nodal forces is assumed, namely f = ku. Matrix k represents 
the stiffness of each beam; the elements of matrix k are a function of the geometric and material prop-
erties of the beam (length, moment of inertia, Young’s modulus). 
 
In Fig.9(a), a simple shaft consisting of four beam elements is presented. Using vectors f, u, and ma-
trix k of each beam element, a global linear relationship between generalized forces and displace-
ments of the system can be defined. To this end, vectors F and U are defined, which hold the values of 
all nodal DOFs, the total number of which evaluates to six times the number of the system nodes. The 
corresponding stiffness matrix of the system K (global stiffness matrix) is produced by appropriately 
utilizing the local stiffness matrix of each beam. The global problem can now be defined as F=KU, 
and can be solved for F or U, Hughes and Paik (2010). 
 
2.2.2 Modelling bearing supports 
 
The propulsion shaft of a ship can be modeled as a multi supported beam. A simple type of support is 
that presented in Fig.9(a), denoted as a small triangle below the constrained node of the beam. Those 
idealized supports allow zero displacements of the shaft in the radial direction. In practice, the shaft is 
supported by hydrodynamically lubricated journal bearings. Geometrically, a journal bearing is a hol-
low cylinder, which encloses a solid shaft that rotates about its axis. The radius of the bearing is 
slightly larger than that of the shaft; the difference between the bearing and the shaft radius is called 
clearance. Therefore, the shaft may undergo a small displacement before contact with the bearing sur-
face. Further, the journal bearing foundation is also deformable, therefore it will elastically deform 
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when a load is applied. The elasticity of the bearing foundation can be taken into account by introduc-
ing an appropriate bearing stiffness coefficient. In practice, several of the bearings of propulsion 
shafts will be deliberately shifted in the y direction by an appropriate vertical offset, described in the 
shafting plan of the vessel. Therefore, a predefined displacement of the shaft at the bearing position 
should be taken into account. The above concepts are presented in Fig.9(b). 
 
In summary, at bearing of the shafting system, an initial y-offset may be imposed (as displayed in 
Fig.9(b)); at equilibrium, the shaft will either “float” within the boundaries of the bearing clearance, 
without interacting with the bearing, or it will come into contact with the bearing upper or lower inner 
surface. In the latter case, the “spring-like” behavior of the bearing foundation will cause an additional 
deformation of the bearing support, to such a degree, that the resulting reaction force will balance the 
shaft weight that this bearing was meant to support. 
 
(a) (b) 

  
Fig.9: (a) Simplified model of a shafting system. (b) Sketch of a bearing; clearance, offset and  
           foundation stiffness.  
 
The above considerations become even more important as we examine the overall behavior of a given 
shafting system under different ship loading conditions. The deflections of the ship hull due to the 
action of load and buoyancy, directly affect the vertical position of the bearings, Fig.10. This addi-
tional disturbance can be taken into account through the application of an additional vertical offset to 
each bearing, relative to the reference line. 

 
Fig.10: Vertical offset of a bearing due to hull deflections 

 
2.3. Calculation of Static Shaft Alignment 
 
Fig.11 shows a model of the shafting system studied. The propeller shaft, the intermediate shaft and 
part of the crankshaft of the main engine are considered. The propeller shaft is supported by two stern 
tube bearings, the intermediate shaft by a line shaft bearing and the engine crankshaft by the 
crankshaft bearings (five of them are included in the present calculations). Bearing details are 
presented hereinafter: 
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• Stern tube bearings: Aft bearing: L/D =2.22, foundation stiffness of 4x109 N/m. Fore bearing: 
L/D=0.53, foundation stiffness of 5x109 N/m. Both bearings have a radial clearance of 
0.55 mm. 

• Line shaft bearing: L/D =0.78, radial clearance of 0.425 mm, foundation stiffness of 109 N/m. 
• M/E crankshaft bearings: Foundation stiffness of 6x109 N/m, radial clearance of 0.345 mm. 
• Density of the shaft material: 7850 kg/m3, Young’s modulus of elasticity: 2.06x1011 N/m2. 
• The shaft is discretized with 39 beam elements. The geometry of each beam and load details 

are presented in Table III.  
 

 
Fig.11: Model of the shafting system of the present study 

 
Initial static shaft alignment plan 
 
A reference line of the shafting system is defined as that passing through the centers of the aft and 
fore stern tube bearings. Initially, no hull deformations are considered (this case resembles dry-
docking conditions of the ship). The line shaft bearing and the engine crankshaft bearings are 
appropriately offset from the reference line. In Table IV, the corresponding vertical offsets of each 
bearing are presented, accompanied by the properties of each bearing and by the calculations of 
reaction forces at each bearing support location. 
 
Table IV: Initial shaft alignment plan: Bearing properties, vertical offsets and reaction forces. 

Bearing 
No. Bearing 

Radial 
Clearance 
(mm) 

Stiffness 
(N/m) L/D Offsets 

(mm) 
Reactions 
(kN) 

Mean 
Pressure 
(MPa) 

1 Aft S/T 0.550 4.0x109 2.221 -0.06 997 0.676 
2 For S/T 0.550 5.0 x 109 0.528  0.00   84.4 0.241 
3 Intermediate 0.425 1.0 x 109 0.780 -3.90 165 0.426 
4 M/E 1 0.345 6.0 x 109 - -6.60 181 - 
5 M/E 2 0.345 6.0 x 109 - -6.60 301 - 
6 M/E 3 0.345 6.0 x 109 - -6.60 406 - 
7 M/E 4 0.345 6.0 x 109 - -6.60 396 - 
8 M/E 5 0.345 6.0 x 109 - -6.60 161 - 
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Table III: Discretization details of the shafting system of the present study. 

Element Dist. to 
right 
end of 
element 
(m) 

Length 
(m) 

Diameter (m) 
External 
Load (N) 
  No. Type Left Right 

1   0.050 0.050 0.650 0.650   
2 Load at right end 0.375 0.325 1.035 1.035 6.99E+06 
3   0.405 0.030 0.650 0.650   
4 Load at right end 1.372 0.967 0.726 0.775 6.14E+05 
5   2.175 0.803 0.775 0.815   
6   2.505 0.330 0.815 0.815   
7   2.635 0.130 0.815 0.815   

8 
Bearing at right 
end 

2.907 0.272 0.815 0.815   

9   4.445 1.538 0.815 0.815   
10   7.835 3.390 0.815 0.815   
11   7.895 0.060 0.817 0.817   

12 
Bearing at right 
end 

8.110 0.215 0.817 0.817   

13   8.325 0.215 0.817 0.817   
14   8.505 0.180 0.817 0.817   
15   9.020 0.515 0.817 0.817   
16   9.120 0.100 0.817 0.817   
17   9.970 0.850 0.817 0.705   
18   10.105 0.135 1.320 1.320   
19   10.240 0.135 1.320 1.320   
20   12.555 2.315 0.705 0.705   
21   12.955 0.400 0.705 0.705   
22   13.130 0.175 0.710 0.710   

23 
Bearing at right 
end 

13.405 0.275 0.710 0.710   

24   13.680 0.275 0.710 0.710   
25   13.855 0.175 0.710 0.710   
26   17.655 3.800 0.710 0.710   
27   19.200 1.545 0.705 0.705   
28   19.335 0.135 1.458 1.458   
29 Load at right end 19.336 0.001 1.458 1.458 5.19E+04 
30   19.555 0.219 1.458 1.458   

31 
Bearing at right 
end 

20.205 0.650 0.980 0.980   

32 Load at right end 20.840 0.635 0.980 0.980 5.93E+04 

33 
Bearing at right 
end 

21.205 0.365 0.980 0.980   

34 Load at right end 21.955 0.750 0.552 0.552 3.51E+05 

35 
Bearing at right 
end 

22.705 0.750 0.552 0.552   

36 Load at right end 23.455 0.750 0.552 0.552 3.51E+05 

37 
Bearing at right 
end 

24.205 0.750 0.552 0.552   

38 Load at right end 24.955 0.750 0.552 0.552 3.51E+05 

39 
Bearing at right 
end 

25.705 0.750 0.552 0.552   



555 

3. Computational Results 
 
3.1. FEM analyses for different loading conditions 
 
Hull deformations have been computed for the three different loading conditions presented in Section 
2.1. For loading condition 1 (ballast arrival condition), the hull exhibits a hogging behaviour, which 
causes considerable displacements at the bearing positions. Figs 12 and 13 show distributions of Von 
Misses stresses at the ship hull and at the engine room region. For loading condition 2, the hull is 
bending towards the opposite direction (sagging), whereas for loading condition 3 a hogging at aft and 
sagging at fore behaviour is exhibited. In Table V and Fig.14, the bearing offsets from the reference 
line are presented for all loading conditions considered in the present study. 
 

 
Fig.12: Loading condition 1 (ballast arrival condition): Distribution of Von Misses stresses on hull. 

 

 
Fig.13: Loading condition 1 (ballast arrival condition): Distribution of Von Misses stresses at engine  
             room region. 
 
Table V: Bearing vertical offsets at different loading conditions of the ship (distance from a reference  
               line passing through the centers of the aft and fore stern tube bearings) 

Bearing Initial case 
(even keel) 

Loading 
Condition 1 

Loading 
Condition 2 

Loading 
Condition 3 

Aft S/T -0.06 -0.06 -0.06 -0.06 
For S/T 0.00 0.00 0.00 0.00 
Intermediate -3.9 -1.89 -4.66 -3.12 
M/E 1 -6.60 -2.27 -8.99 -2.44 
M/E 2 -6.60 -1.96 -9.32 -2.37 
M/E 3 -6.60 -1.50 -9.85 -2.28 
M/E 4 -6.60 -1.06 -10.44 -2.20 
M/E 5 -6.60 -0.63 -11.07 -2.14 
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Fig.14: Bearing vertical offsets at different loading conditions of the ship. 

 
3.2. Effects on shaft alignment 
 
In Table VI and Fig.15, the calculated bearing reaction forces are presented for the three different 
loading conditions studied in the present work.  
 

Table VI: Calculated bearing reaction forces for different loading conditions of the vessel 
Bearin
g No. 

Loading Condition 1 Loading Condition 2 Loading Condition 3 

Bear-
ing 
Offsets 
(mm) 

Reac-
tions 
(kN) 

Differ-
ence 
from 
Initial 
(%) 

Bear-
ing 
Offsets 
(mm) 

Reac-
tions 
(kN) 

Differ-
ence 
from 
Static 
(%) 

Bear-
ing 
Offsets 
(mm) 

Reac-
tions 
(kN) 

Differ-
ence 
from 
Static 
(%) 

1 -0.06 1030 3% -0.06 976 -2% -0.06 995 0% 
2 0 25.6 -70% 0 132 56% 0 138 64% 
3 -1.89 193 17% -4.66 127 -23% -3.12 28.3 -83% 
4 -2.27 185 2% -8.99 204 13% -2.44 468 159% 
5 -1.96 300 0% -9.32 295 -2% -2.37 180 -40% 
6 -1.50 407 0% -9.85 406 0% -2.28 326 -20% 
7 -1.06 402 2% -10.44 416 5% -2.20 397 0% 
8 -0.63 153 -5% -11.07 137 -15% -2.14 159 -1% 
 
 

 
Fig.15: Calculated bearing reaction forces for different loading conditions of the vessel 
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Overall, although the vertical offsets of certain bearings are of the order of 10 mm, the differences in 
bearing reaction forces are not very pronounced. In particular, the reaction force of the aft stern tube 
bearing ranges from 976 kN to 1030 kN (maximum deviation of approximately 5%). Bearing 4 (aft 
engine bearing) exhibits the maximum deviations in reaction forces, ranging from 181 kN (even keel 
condition) to 468 kN (L.C. 3). Bearings 7 and 8 display the least amount of deviation. 
 
4. Conclusions 
 
A preliminary study of shaft alignment in a typical VLCC vessel was conducted. A detailed finite 
element model of the hull structure of the ship was generated; a very fine mesh was utilized at the 
engine room region of the ship. The propulsion shaft of the ship was modeled as a statically 
indeterminate multi-supported beam and solved using matrix analysis. Bearing clearance and the 
stiffness of the bearing foundation were taken into account. First, considering the undeformed (even-
keel) hull of the vessel, a reference shaft alignment plan was assumed, and the static equilibrium of 
the shaft was calculated, yielding the reaction forces at the shaft bearings. Next, three representative 
loading conditions of the vessel, corresponding to full-load, partial load and ballast conditions were 
simulated. The corresponding hull deflections were computed, the offset of the bearings due to hull 
deflections were determined, and the bearing reaction forces were calculated.  
 
In general, the differences in bearing reaction forces at different loading conditions are not very 
pronounced. At the aft stern tube bearing, the reaction force exhibits a maximum deviation of 
approximately 5%. The bearing 4 (aft engine bearing) exhibits the most pronounced deviations in 
reaction forces. The results support, for this specific case and vessel, conclusions drawn by other 
researchers in recent literature: An appropriate even-keel shaft alignment plan exhibits reasonably 
good performance at other loading conditions of the vessel. This study could be further extended to 
account for (a) hot conditions of the engine / application of eccentric thrust loads, (b) the full range of 
loading conditions of the ship and (c) detailed behaviour of the oil film at each bearing (solution of 
the Reynolds equation in the lubricant domain).  
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Abstract

 
This paper takes an insight into a holistic performance management and optimization solution 
developed by ABB for any type of vessel. It not only takes in account energy efficiency but also the 
availability and safety of the vessel and fleet. ABB’s long experience working and providing for land 
based industry, such as power plants, pulp factories and paper mills, has produced expertise and a 
comprehensive optimization and monitoring framework for overall energy efficiency of basically any 
process. ABB’s Advisory Suite is the marine application of this already proven technology. The 
presented solution gives clear decision support both to the users onboard and also for the 
management ashore. 
 
1. Introduction 
 
Vessels have many and will in future have even more possibilities to affect the ship’s overall energy 
balance. These possibilities are enabled for example with diesel electric configurations, waste heat 
recovery units, trim variations, operational profiles, alternative fuels and hull cleaning schedules. 
Unfortunately, all this flexibility comes with certain problems as the system complexity grows beyond 
human understanding. Finding and especially operating constantly at the optimum point is 
significantly more challenging with all these variables. Even if one or two specific areas can be 
efficiently optimized by a dedicated chief engineer, the full potential of comprehensive optimization 
is often left unused.  
 
To improve the operations in any aspect, one first needs to look at the current way of working. To 
address the correct areas of processes and tools, one needs to fully analyze and understand the current 
level of performance. To understand the operations in a whole, fleet managers need to know and 
measure key performance indicators for all vessels in their fleet. This type of behavior forms an 
iterative benchmarking process often referred to as the “denim cycle”: Plan – Do – Check – Act, 
Ignatius (2008). The performance management solution studied in this paper consists of several 
products which are intended from the beginning to follow this benchmarking scheme, given 
simplified in Fig.1: 
 

1. First step is to measure from the operating vessel itself. This step naturally includes the 
Planning of the study, before executing it but in the end, the main point is to observe enough 
data from the present way of operations. This is done with a lightweight software solution 
which ABB offers, interfacing with the relevant existing systems onboard the vessel. 

 
2. Second step is to analyze the measured data. ABB’s mathematicians create a multi-

dimensional non-linear regression model of the measurement to reveal the real dependencies 
between different variables and e.g. vessel’s propulsion power to achieve a certain speed. 
With this mathematical model, a baseline of vessels performance is formed and this enables 
the last step in iteration. 

 
3. The third and final step in the iteration is to change something. This can be an advice of 

ABB’s decision support tool (e.g. speed advice or optimum heading for minimal motions) or 
anything else (e.g. new type of hull coating). 
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Fig.1: Benchmarking process with ABB’s Advisory Systems 

 
The tool ABB offers to complete all these tasks is called ABB’s Advisory Systems. It consists of 
onboard modules for energy and safety monitoring, analysis, optimization and decision support for 
both office and onboard users. All the modules are divided to two product lines based on their 
functionality; EMMA for energy and OCTOPUS for motions, Fig.2. 
 

 
Fig.2: Two product lines of ABB’s Advisory Systems 

 
EMMA is a complete energy monitoring and optimization tool and aims to look the vessel as a whole 
instead of providing separate decision support tools for different problem areas. Several modules are 
offered for various monitoring or optimization tasks and the correct ones are selected together with 
the customer for the vessel in question. OCTOPUS is a comprehensive vessel response monitoring 
and forecasting tool providing decision support tools for example to heavy weather conditions. 
Basically any vessel motion or seakeeping parameter can be accurately predicted using a combination 
of ship model, statistical information collected from the vessel and the weather forecast. 
 
2. Relationship to SEEMP 
 
MEPC (Marine Environment Protection Committee) describes SEEMP (Ship Energy Efficiency 
Management Plan) as a four step cycle of planning – implementation – monitoring – self-evaluation 
and Improvement, MEPC (2009). In combination with the presented energy management solution and 
possibly with the help of Energy Coaching services the shipping company can implement a full 
SEEMP which has been mandatory since of 1st of January 2013, MEPC (2011). This paper will follow 
the procedure described in the SEEMP guidelines describing how the energy manager application and 
ABB’s Energy Coaching services can help you fulfill this mandatory requirement, taking full 
advantage of the available measures starting from the beginning of SEEMP. 
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Fig.3: SEEMP process 

 
3. Planning 
 
First of all, the SEEMP required the ship and company specific measurements to be decided, MEPC 
(2009). EMMA has a good set of proposed Key Performance Indicators (KPIs) including EEOI 
(Energy Efficiency Operational Indicator), MEPC (2009/2), and with the expertise of ABB’s Energy 
Coaches even more can be selected to fit the operations in question. 
 
Naturally, the measures taken towards better energy efficiency need to be addressed as well. 
Depending on vessel type, the following measures can be selected to the implementation as a turn-key 
delivery. SEEMP suggests several measures thriving towards best practices, e.g. to problems such: 
 

• Optimum trim 
• Hull & propeller condition maintenance 
• Energy management 
• Waste heat recovery 
• Propulsion system 
• Speed management/planning 

 
There are several measures in addition to the proposed ones. One of the most obvious is hardware 
retrofitting for higher efficiency. Such is the deployment of Variable Frequency Drives (VFDs) can be 
used to get direct savings and very fast return-of-investment. 
 
The next step is a voluntary goal setting for the selected measures. MEPC states that the goal may 
take any form, fitting well with the various KPIs the ABB’s solution presents. Depending on the 
operational profile a suitable target setting is done either qualitatively or quantitatively. 
 
All the findings from the planning are documented to a ship specific SEEMP paper which the 
shipping company can include in the SMS (Safety Management System) and have onboard the vessel 
as the regulation states. 
 
3.1 Optimum Trim & Speed 
 
EMMA is based on the principle of “easy optimization for even the most complex onboard 
processes”. This principle requires smart algorithms and state-of-the-art user experience design. 
Dynamic Trim optimization is a very good example of such as we see from Fig.4 which visualizes the 



561 

dynamic trim decision support. Basically showing the current dynamic trim, the optimum and maybe 
some savings potential with some trend is enough. The operator can see from ten feet distance what 
the overall status is.  
 

 
Fig.4: Example of EMMA dynamic trim optimization screen 

 
In many cases, the officers cannot affect the trim due to loading condition or hull stress condition, or 
at least it is not feasible due to short voyage or any other reasons. For this reason ABB has selected to 
use target ranges, instead of an individual optimum point. If we study the situation visualized in Fig.4 
we see that if the first officer is able to trim the vessel to even keel by adding water to the front peak, 
the benefit would be almost 50 kg/h from the starting position.  
 
The algorithm used is basing on a statistical model of real, full scale, measurements instead of CFD or 
towing tank tests. This type of approach will find the optimum trim and speed for any given operating 
condition. The model uses data collected from several sources onboard, such as IAS (Integrated 
Automation System), navigation system, weather forecast and ABB attitude sensors that measure the 
ship movements in roll and pitch direction. Typically after installing the system onboard the 
measurements are recorded for 1-2 month time to ensure that the parameters of the optimization 
model gain enough statistical significance. If the draft, speed and trim do not vary enough during the 
measurement period, additional trim sweep tests can be performed with the help of ABB’s Energy 
Coach.  
 
The optimization model is based on state-of-the-art machine learning methods, and real-time sensor 
fusion algorithms, Nelles (2000), Ljung (1999), Bishop (2006). The model can be included with prior 
information about the vessel’s propeller’s properties, and the known relationships between certain key 
variables that affect the vessel’s resistance and propulsion power loss. The simplest example of 
inclusion prior information to the model is the widely used speed-power relationship. It is known that 
the vessel’s propulsion power in ideal operating conditions is approximately proportional to the third 
power of the vessel’s speed through water. Thus, one can include this known relationship in the model 
in order to reduce the number of free parameters that need to be learnt from the data. Once enough 
data are gathered, the optimization model learns the dependencies between the measured variables by 
using a self-learning algorithm developed by ABB.  
 
Speed (or RPM) advice is given to execute the planned voyage with the most optimum speed. 
Traditionally masters tend to build up buffer time by executing the first half of the voyage very fast, 
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and when they start to see that they reach the required ETA, they slow down. There are several 
reasons behind this, but maybe most importantly, the captains are missing a trustworthy decision 
support tool providing them with information of accurate ETA, since the relation between speed and 
RPM is not constant. EMMA can calculate the vessel’s real speed very accurately using the 
combination of ship model, statistical data and weather forecast. This way the end user can be 
provided with an even speed profile recommendation from day one of the voyage. 
 
Customer studies show that the combined savings potential of trim and speed optimization is up to 
seven percent of the propulsion power. About half of this potential comes from the dynamic trim and 
half from the minimized energy losses of fluctuating speed. 
 
3.2 Hull & propeller condition maintenance 
 
While the optimization model is built for power plant, trim and speed optimization, there are a 
number of other purposes the model can readily be used. This is because the model gives very 
accurate prediction of the propulsion power taking into account the operating conditions, such as 
wind, sea state, speed, currents, etc. Therefore, the model gives a benchmark for the propulsion 
system performance and the hull condition. Interesting side product of the normalized measurement is 
the hull maintenance planning aid.  
 
The typical problem in interpreting full scale speed-power measurements is clearly visible in Fig.5. 
The transparent surface indicates the raw measurements for an approximately two week long 
measurement period, as received from the automation and navigation systems. This raw measurement 
set has approximately 112000 measurements. The colored surface represent the measurement set once 
the obviously erroneous and low speed values are removed and the data is normalized for weather and 
floating positions effects using the EMMA method. When fitting to a curve the raw measurements 
have 0.706 as the coefficient of determination. The filtered and normalized values have 0.992 which 
is a remarkable improvement. 
 

 
Fig.5: Speed-Power curve as raw measurements and filtered & normalized (except trim) 

 
Calculating these normalized figures over time shows the hydrodynamic performance of the vessel. 
The effect of hull & propeller condition is evident from these figures and the shipping company can 
use this data in correctly timing the hull cleanings or even dry dockings. 
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3.3 Energy Management & Waste Heat Recovery 
 
Similar to the trim optimization, the Power Plant optimization uses a physical model (including e.g. 
Specific Fuel Oil Consumption curves) adjusted with statistical data of the real life measurements. 
This combination gives a definite advantage to a plain power plant physical modeling since any 
energy producer will not be the same for its life cycle. Decision Support for the user is given in a 
simple way, observing the power plant as a whole. This is very important especially with more 
complex configurations. The example in Fig.6 is from a cruise vessel with four diesel generators.  
 

 
Fig.6: Example of EMMA power plant optimization user interface 

 
Optimizing such power plant requires extensive knowledge and the number of possible combinations 
grow beyond possible real-time human interpretation. EMMA user interface (UI) clearly indicates the 
overall status as we see from Fig.6. Each energy producer is listed and the UI indicates with color 
codes the running status, current and optimum load as an advice for the user. The power plant 
optimizer is implemented onto the ABB Energy Manager, ABB (2010), platform that is designed for 
process industry and smart-grid type of applications. The technology has proven to be very efficient in 
process optimization in numerous applications.  
 
The optimizer allows the user to determine can change the required spinning reserve, as well as the 
operation limits for each power producer. Moreover, the user can exclude some power produces from 
the optimization model in real-time. The model is also able to take into account the maintenance 
cycles of the power producers. The optimization model can easily be equipped with possibly available 
forecast of the becoming power demand, which allows the system to use the MPC (Model Predictive 
Control) philosophy, Camacho and Bordon (2004). MPC is based on the idea that the optimization 
algorithm uses the existing model of the system, and the forecasts of the future inputs to simulate 
forward the consequences of the actions taken now. In a nonlinear dynamical system with constrained 
outputs and controls this typically improves the optimization results significantly. For example, if the 
power demand is forecasted to grow only for, say, fifteen minutes, and the currently running diesel 
generators can easily fulfill the demand, it is not profitable to start another diesel engine, even though 
the steady-state consumption by starting that engine and stopping the current one would be smaller.  
 

 
Fig.7: Example of EMMA power plant optimization – user interface detail 
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In Fig.7, diesel generator no. 1 is running, with the current load of 15 MW. The advice is to lower the 
load to 78% (increasing the load on the other engines). 
 
3.4 Propulsion System 
 
In case the vessel is equipped with two or more azipod propulsion units, ABB offers azipod dynamic 
optimization (ADO) tool for the towing angle of the azipods. This is also a problem of dynamic 
nature, and requires constant measurements of the real conditions. The system does not require any 
user interference and is totally automatic, providing constantly the most optimum thrust for the vessel. 
 
3.5 Hardware retrofitting 
 
Until recently, energy efficiency in auxiliary systems was not taken into account during the design 
process or construction of marine vessels. Due to this reason, the systems on existing ships are not 
energy efficient and have not been fully optimized for minimizing overall fuel consumption. The 
onboard ship systems most suitable for improving energy efficiency are systems with large pumps and 
fans, which are not required to run continuously and at full capacity. When applicable, electric motors 
could be fitted with Variable Frequency Drives (VFD) to operate pumps and fans more efficiently in 
partial loads during slower sailing speeds or with reduced ventilation requirements. The electric 
power consumption of a pump is related to the pump volumetric flow according to affinity laws. As 
an example, a reduction of the pump speed with 10% will save 27% of the consumed power.  
 
Pumps and Fans onboard vessels are often a vital application. If these are not working the vessel is not 
sailing. A common fact for pump applications is that they are very often over-dimensioned to the 
need. This is simply because the design criterion is set to meet the extreme conditions the vessel may 
operate in, as an example the sea water temperature for dimensioning is generally set above normal 
operating conditions. Although it is required for a ship to be able to operate in extreme cases and 
environments, every-day operations rarely come close to such conditions. 
 
By far the most commonly used flow control in pump applications is throttle control and by-pass 
loops to control the temperature. As a consequence pumps are running at 100% loads continuously, 
even though the requirement would be actually about 40% in average. In vessels built between years 
1988 to 2008 and still sailing, approximate 2% of the main sea water cooling systems have VFD 
control. By modifying these systems, which is a fairly simply thing to do, there is a substantial 
amount of reduced emissions and costs to achieve. Relatively small changes can have a major impact 
on consumption and thus emissions. 
 
3.6. Motion monitoring and forecasting 
 
Especially in heavy weather conditions, the OCTOPUS tool provides extremely valuable decision 
support advice for the operating crew. Whilst the complete advisory system is optimizing energy 
consumption, OCTOPUS is calculating and warning about any sea keeping attribute, such as rolling, 
slamming probability or parametric roll. OCTOPUS offers a simple user interface, Fig.7, advising the 
users on safe speeds, headings and operating windows. Originally developed as a tool for safe and 
economic navigation onboard container vessels,  the product has since evolved to a complete vessel 
motion monitoring and forecasting system offering tools for example to advice on DP capability, 
helideck or crane operational windows, offshore loading/discharging scenarios, speed losses due to 
weather and so on. 
 
3.7 Sloshing prevention 
 
The sloshing advisory function is an advanced extension within OCTOPUS. It provides warning for 
risk of sloshing in LNG-tanks; the crew is exactly informed how to stay within the set limits and 
avoid risk for sloshing and possible consequential damage. ABB works together with GTT in sloshing 
prevention. GTT specializes in designing and licensing the construction of cryogenic LNG storage 
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tanks for the shipbuilding industry. The risk for sloshing is calculated by combining the motion 
measurements or forecasts from OCTOPUS with GTT’s model tests results for determination of 
sloshing criteria.  The master of the vessel has a clear display on the bridge how to operate the vessel 
in a way that the risk for sloshing is minimized. 
 
3.8 DP Capability Forecasting 
 
For vessels equipped with a Dynamic Positioning system, OCTOPUS has a DP Capability function 
available. The DP Capability functionality gives offshore vessels the possibility to make optimum use 
of a safe time window for their weather-sensitive operations. A forecast is given if the vessel is 
capable of maintaining her position and heading in changing environmental and weather conditions, 
hours and days ahead. This leads to maximized workability and more productive hours during 
operations where the DP system is used. The calculations are based on the thruster properties, in 
combination with measured environmental conditions and on weather forecasts, which are an 
integrated part of OCTOPUS. 
 
4. Implementation 
 
MEPC guidelines state that the selected measures for energy management have to be implemented, by 
defining tasks and assigning them to qualified personnel, MEPC (2009). As mentioned, ABB can 
implement a project as a complete turn-key delivery, thus minimizing the shipping company’s risk 
and involvement in the possible installations and modifications. Naturally tasks to use and follow the 
measures are assigned to the personnel operating vessel. 
 
Depending on the selected measures, installation of some sensors might be required. E.g. dynamic 
trim optimization requires attitude sensors and propeller shaft torque measurement. Power plant 
optimization requires power measurements and as accurate fuel flow meters as possible. If such do 
not exist, and are required, ABB can package all required hardware in the same turn-key project. 
Some examples of typical sensors required in SEEMP are: 
 

• Shaft torque meter (Torductor) 
Torductor is a proven product for shaft torque measurement for any size of a propeller shaft. 
With already more than 100 marine applications, and much more on shore industry, it has 
shown remarkable accuracy and service/calibration free life cycle. The technology used bases 
on measurements of the magnetic characteristics of the shaft, which changes in a uniform way 
when the shaft is under torque. Being contactless improves error-free operation and the 
technology does not set any criteria on the mist in the measurement area as the laser based 
technologies do. Installation of Torductor can be done without dry dock. 

 
• Mass flow meter (CoriolisMaster) 

ABB portfolio includes a mass flow meter operating on the Coriolis principle. It can measure 
accurately mass flow, volume flow, density, temperature and concentration without moving 
parts guaranteeing no wear and no maintenance. 

 
• Attitude sensors 

For accurate dynamic trim measurements ABB uses highly accurate attitude sensors. 
Depending on the size of the vessel, two to three sensors are installed to measure the attitude. 
In addition to static trim and list, the sensors provide information about the dynamic behavior 
of the vessel, such as roll, heel and pitch, hull deformations, etc.  

 
• Draft radars 

The typically used draft sensors onboard the vessel provide accurate readings while in port 
and more or less in a static floating position. Whilst on way, these pressure based sensors will 
not work accurately enough. This is especially important for vessels of which operation 
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profile shows a lot of variation in displacement. For this reason a trim optimization solution is 
typically equipped with microwave draft radars .These radars are installed on the bridge 
wings, measuring down towards the water surface. Combining this with the attitude sensor 
information an extremely accurate information of floating position is obtained, for static and 
dynamic condition. 

 
5. Monitoring 
 
SEEMP guidelines state that the onboard monitoring should quantitative, be assisted by shore 
personnel, it should be consistent and continuous and it should involve the crew as little as possible. 
ABB’s Advisory Systems handles the monitoring automatically on two levels; onboard the vessel 
with automatic monitoring tools and for the office personnel with a cloud based fleet management 
tool. Please see details of these two distinct systems in the following chapters. 
 
5.1 On-board monitoring tool 
 
EMMA includes a fully automatic tool for onboard Key Performance Indicator (KPI) calculation, 
display and recording purposes. The user interface is heavily implemented on the “ten-feet-screen” 
ideology, which simply means that the overall status is visible from a distance without having to go to 
the details. See Fig.8 for an example of the main dashboard. 
 

 
Fig.8: Example of EMMA Fuel & Energy Management main dashboard 

 
The user interface in this example is divided into several segments presenting different type of KPIs: 
 

• First row: Auxiliary load, Propulsion power efficiency, Energy cost and Mile consumption 
• Second row: Trim optimization level, Total power production, Propulsion power, Hourly 

consumption and finally total Specific fuel oil consumption 
 
The large dials are visible from a long distance. If all the four segments are lit up, the vessel is 
performing very well (above the average) in the specific area with the current surrounding 
environmental conditions. The more segments are missing the more improvement is possible.  
 
It is worthwhile to notice that these KPIs are not compared against fixed targets. All the calculations 
and limits are dynamic, basing on the statistical model, giving realistic targets for the operating crew. 
Thus a vessel operating in heavy weather will not have all dials empty, if they operate well in that 
condition. The essential idea is that each variable shown as a trend or a number is always given a 
reference that takes into account the operating conditions affecting the variable. In performance 
evaluation systems the fundamental issue is to provide the user with information of the current state of 
the system, we well as a reference which evaluates the performance with respect to the operating 
conditions. It is very typical in marine applications that the performance of some equipment varies 
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significantly more with respect to the operating conditions than with respect to the poor operation. For 
example, on deep sea the greatest variation in the vessel’s propulsion power comes from the vessel’s 
speed as well as wind, weather and waves. These operating conditions need to be taken into account 
when evaluating the performance. This issue is solved by employing the ABB self-learning model to 
provide adaptive dynamic targets for each power producer. The model can learn the dependencies 
between a consumer and the operating conditions automatically during the operation without any 
human effort. Once the model can predict the consumer behavior to the extent that is considered 
necessary, the model starts to provide the adaptive dynamic KPI value for the consumer. By 
normalizing the effect of operating conditions from the consumer measurements the performance 
degradation due to equipment wear or poor operation can be spotted easily.  
 
5.2 Fleet Management tool 
 
All the data collected and calculated onboard is automatically transferred to EMMA Fleet Control, 
which is a modern business intelligence data discovery tool. EMMA Fleet Control is build to a high 
cyber security Azure Cloud service by Microsoft. This enables secure data access at any locations for 
the ship owner. This centralized database of EMMA is used to form baseline and ranking of the fleet 
performance. This benchmarking data is replicated back to the vessels so that the fleet wide 
performance is visible for the onboard users without a broadband connection. See Fig.9 for data 
transfer principles. 
 

 
Fig.9: EMMA data transfer principles 

 

 
Fig.9: Example of EMMA Fleet Control view 
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All collected and calculated figures are available for access in graphical and numerical way. One key 
driver of EMMA Fleet Control is predefined views for certain data. If the user, for example, wants to 
view speed profiles, the graph type is automatically a line graph. Weekly fuel oil consumption is 
visualized with bar charts, fleets position on an interactive map, Fig.10, and speed-power curve as a 
scatter chart with curve fitting. The user may toggle the numerical figures on/off and also choose to 
export the report to PDF-document or Excel Spreadsheet. 

 
6. Self-evaluation and Improvement 
 
As in any benchmarking process, the MEPC describes the last step of SEEMP as the step which 
“should produce meaningful feedback for the coming first stage, i.e. planning stage, of the next 
improvement cycle.” All the measures documented in the SEEMP together with ABB are documented 
and quantitatively recorded using the onboard and office tools. It actually is even advisable that all the 
possible measures are not included in the first implementation of SEEMP. Having the EMMA system 
implemented for couple of months provides excellent information of the vessels current status and 
additional measures can be chosen more wisely with this baseline. 
 
Also understanding the way EMMA operates reveals an interesting fact: With the adaptive model 
even more improvement can be achieved to the already selected energy management measure such as 
power plant optimization. In such case only the new goals are set for the next iterative cycle. 
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Abstract 
 
This paper focuses on data-driven documents (D3) examples applied to the conceptual ship design 
process, especially in how to effectively and quickly filter and present complex input, multilevel and 
multiclient interactions, associating into design knowledge. The traditional ship breakdown structure, 
with cost and subsystems elements, is encapsulated via analogous representations, such as tree 
layout, force layout, pack layout, sunburst layout, and Sankey diagrams. Large dependency matrixes 
are represented via interactive chord diagrams (dependency wheel and hierarchical edge bundling). 
A parametric design web application is used as example, to tie in a single structure knowledge 
representation. An overall discussion is presented, focusing on how this approach improves the 
expressiveness of data and interactions in an industrial ship design context, allowing the designer to 
better interact with a conceptual ship design dataset, as well as facilitating the presentation of the 
expectations of stakeholders involved. 

 
1. Knowledge in Conceptual Ship Design 
 
A good functional design description requires gathering conceptual ship design knowledge, that is, an 
efficient exploration of existing and related information. Even as the freedom to change the primary 
variables of the design decreases as a design progresses through phases, the engineer's knowledge of 
the problem and how the design could be adapted to the situation increases, Erikstad (1996), Brett 
(2012). In other words, as one goes to a more detailed part of the process, the decisions narrow toward 
a certain set of solutions. Ontologically, to make a decision means giving up other options, thus 
decreasing the freedom to modify the design parameters in future stages of the process. The idea of 
conflict between design knowledge and freedom to change is presented in Fig.1a. 
 
The objective of every design method during the conceptual phase is thus to create knowledge as 
early as possible, without compromising much of the freedom, as observed in the lighter line from 
Fig.1a. In other words, a designer would like to have as much flexibility as possible to improve vessel 
parameters while acquiring fast knowledge about her decisions, hopefully decreasing risk and 
uncertainty, PMBOK (2008). 
 

(a)          (b) 
Fig.1: Trade-off between freedom to change a design and the knowledge acquired during the process 

(a) and basic design process (b); based on Erikstad (1996) 
 
In addition, designers must seek elucidation of the requirements proposed by Andrews (2003,2011). 
The author contrasts fixed and straightforward approaches to a pre-established list of requirements, 
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that is, purely systematic requirement engineering, with collaborative elucidation of the requirements 
from the ship owners, cargo owners, operators, and designers. This multi-stakeholder dialogue in the 
early stages is an essential technique to verify and mature a reason to construct the ship, methods, and 
tools, and to select which conceptual solutions should be used. Andrews' (2011) analysis also 
elucidates the sequential and iterative process of the design as a recurrent theme, captured by Erikstad 
as four steps: generate, analyse, evaluate, and decide, Fig.2b. This concept exploration model relies on 
the nature of the search space: rather than a single ship generative model (i.e. design spiral method), a 
whole set of designs is explored. Recent methodologies, which explore this approach to ship design, 
are exemplified by the set based design method, Singer et al. (2009), and epoch-era analysis/ 
responsive systems comparison, Gaspar et al. (2011), Gaspar et al. (2012). 
 
Erikstad (2007) discusses acquisition of syntactic and interpretative knowledge, and suggests five 
common knowledge element groups in the conceptual ship design domain: previous design cases and 
existing vessel data, generalized design cases and templates, syntactic knowledge (vocabulary), rules 
and facts, and solution methods, strategies, and tactics. As part of addressing each element group, 
designers must consider data, methods, regulations, and economic factors of the environmental 
measures. In this context, the current literature reinforces the important role of acquiring correct data 
from the operational profile. Levander (2006) affirms that the starting point for ship design is to 
define its mission and related functions well. The design should focus on a ship that performs its 
mission according to the plan. 
 
We corroborated Erikstad's idea that knowledge is the most important actor in the design process. 
Knowledge, in a wider definition, may be viewed as the relevant information acquired from filtering 
and interpreting the available data, Aamodt (1991). This data, as noted by Ulstein and Brett (2012), is 
strongly connected to a critical systems thinking for the ship design process. The authors state that the 
desires of stakeholders in the design, their general level of accord, and the information they possess 
and expect to possess influence decision-making in a new shipbuilding development, noting that poor 
decisions in the early stages create more conflicts and problems later. Brett et al. (2006) suggests a 
modular procedural structure, and the use of both a communicational and a decision-making support 
tool among all the actors in the total decision-making process of a transport system at, named Ulstein 
Accelerated Business Development Process (ABD). 
 
With this context in mind, the rest of this paper will discuss how using D3 may assist the designer to 
extract knowledge from the data already available when describing and evaluating a design by means 
of a holistic procedure such as ABD. Rather than analysing the extensive (and too large) dimensions 
that knowledge in ship design can have, the paper will focus on aspects which are usually not 
represented in interactive/parametric graphical forms. In other words, we present here an exercise to 
investigate how D3 can create knowledge by visualizing available data which are usually computed 
(and perhaps forgotten) among a many others numbers, and, as stated by Hamming (1962), the 
purpose of computing is insight, not numbers. 
 
2. Visual Representation of Knowledge 
 
Most current engineering quantitative analyses are presented via a combination of numbers and 
graphs (for instance a bar, pie, scatter, and line charts). This is a standard approach, and consensus 
states that data graphs communicate more than tables, Few (2009). At their best, graphics are 
instruments for reasoning, by looking at pictures of the data and its relationships. 
 
A classical example is the data sets compiled by Anscombe (1973) in Fig.2, presenting a dataset where 
statistical analysis did not differentiate among but graphic representation makes their discrepancies 
clear. This example demonstrates that even the most skilled designer must use visual information to 
fully grasp knowledge from the data, Tufte (2001). 
 
Therefore, the immense amount of data handled during the design process, Fig.1b, can quickly 
become unmanageable and incoherent. As new simulations tools and technologies are constantly 
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being developed, there is also a dire need for new types of visualizations capable of capturing the 
importance of each key aspect, coupled with the ability of providing structured representations. 
Having such capabilities would directly benefit the designer by giving her the ability to include and 
incorporate information from the decision makers at the earliest possible stage, making the whole 
process more efficient, and subsequently increasing stakeholder value. 
 

Anscombe's quartet 
I II III IV 

x y x y x y x y 
10.0 8.04 10.0 9.14 10.0 7.46 8.0 6.58 
8.0 6.95 8.0 8.14 8.0 6.77 8.0 5.76 
13.0 7.58 13.0 8.74 13.0 12.74 8.0 7.71 
9.0 8.81 9.0 8.77 9.0 7.11 8.0 8.84 
11.0 8.33 11.0 9.26 11.0 7.81 8.0 8.47 
14.0 9.96 14.0 8.10 14.0 8.84 8.0 7.04 
6.0 7.24 6.0 6.13 6.0 6.08 8.0 5.25 
4.0 4.26 4.0 3.10 4.0 5.39 19.0 12.50 
12.0 10.84 12.0 9.13 12.0 8.15 8.0 5.56 
7.0 4.82 7.0 7.26 7.0 6.42 8.0 7.91 
5.0 5.68 5.0 4.74 5.0 5.73 8.0 6.89 

Fig.2: Anscombe's (1973) data sets, with a data representation via table (left) and graphically (right) 
 
Our impression is that the current industrial approach during early stages of ship design relies heavily 
on information concentrated, condensed, and processed via spreadsheet-like programs/outline specs 
dictate by the shipowner. Even more complex analyses, such as hydrodynamic and structural, are 
quickly transformed into a number in a cell, usually evaluated in relation to a list of internal and 
external criteria. Not surprisingly, this spreadsheet data is transformed into a large set of charts, which 
will feed the innumerous reports and presentations created during this process, Fig.3. 
 

    
Fig.3: Core of design data concentrated in spreadsheets, presentations, and reports 

 
Although essential, this process may be hiding other types of relevant information, which can be 
difficult to access due to the constraint of this MS Excel-Powerpoint-Word format. As criticized by 
Tufte (2006), many data visualizations are created to persuade rather than inform, with ideas 
disconnected from the context and squashed into unhelpfully simplistic tables, charts, and bullet 
points. How can a single stakeholder such as the shipowner, interact with the requirements and the 
extensive simulation data created for satisfying it, if usually results are presented to them as a picture 
set, within a folder containing a main .doc report with its many .ppt and .xls sources obscured? 
 
Moreover, spreadsheet users know how complicated it can be to understand, adapt, and use a 
spreadsheet created by others, which worsens if packed with simulation results. The fact that data is 
stored and handled in a row versus column format may also constrain how this data is presented and 
understood. The current selection of charts is, even if extensive, yet unable to represent some funda-
mental hierarchical elements found during design. Consequentially, this essential information is 
usually transformed into a static picture, created via the drawing application available in the software 
suite (for instance MS Visio or MS PowerPoint). 
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Our proposition is not that the spreadsheet-presentation-report procedure should be avoided, but rather 
that it should be extended into a more interactive and multi-stakeholder simulation opportunity 
environment. We believe that solely focusing on this procedure constrains the perception of relevant 
design information, and that a more web-based collective environment would contribute to the ship 
design process by: 
 

• Handling parametric data outside the row versus column format, allowing hierarchic 
presentation of the structural, temporal, and economic aspects of design. 

• Handling data in an open/readable format, keeping integration with proprietary/protected 
databases/spreadsheets. 

• Progress beyond the passive share of performance evaluation, allowing an effective design 
understanding and interaction with the knowledge behind the data. 

• Presenting a new type of graph, visualizing parametrically aspects previously handled as 
static figures. 

 
Currently there are diverse commercial software programs available that promise more efficient 
information handling, such as Qlikview, Tableau, and Spotfire, and research on how these tools can 
be applied to the ship design case must be studied. In this paper, we propose a more code-oriented 
approach, using the web browser directly as a graphic user interface, via the recent D3.js JavaScript 
library, which requires no special installation/configuration in any modern computer able to access a 
web page, and works even with mobile devices such as smartphones and tablets. 
 
3. Data Driven Documents (D3) 
 
3.1. Introduction to D3 
 
D3 is a novel and efficient way to handle, visualize, and interact with a large amount of information. 
It consists of a JavaScript library developed initially by the Stanford Visualization Group and today 
mainly developed by Michael Bostock under the BSD license, Bostock (2014). Bostock et al. (2011) 
states that D3 uses the full capabilities of modern browsers without the constraints of a proprietary 
framework, combining powerful visualization components and a data-driven approach to objects 
manipulation. The library uses digital data to create and control dynamic and interactive charts, 
running in most common web browsers, enabling: 
 

• A representation-transparent approach to visualization for the web. 
• Direct inspection and manipulation of text-like data. 
• Bind input data to HTML document elements. 
• Efficiency in quickly rendering and animating charts. 

 
While D3 is normally developed and used for web applications, its application can be extended to any 
kind of dataset that contains a hierarchized type of information, such as in ship design. Utilizing D3 
during conceptual design not only allows the user to interact with different visualisations, creating an 
increased understanding of different variables correlations with each other, but also provides a simple 
and aesthetically pleasant interface, making it substantially easier to separate important aspects from 
superficial ones. Ware (2012) states that visual displays provide the highest bandwidth channel from 
the computer to the human (...) we acquire more information through vision than through all of the 
other senses combined. This, combined with the sheer amount of information that can be rapidly 
interpreted through various forms of visualisation, serves as an undeniable potential source of value 
that has yet to be fully explored. 
 
The examples discussed in the rest of this paper are largely based on the extensive set of examples 
available online, mainly from D3.js, Bostock (2014), Dimple interface, Kiernander et al. (2014), and 
DependencyWheel interface, Zaninnoto (2014). 
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3.2 Basic Features 
 
The fundamentals of D3 are introduced by Bostock et al. (2011) and Bostock (2014). In summary, it 
works as an interpreter to select, modify, and transform plain data into web visual elements (scalable 
vector graphs). Moreover, a collection of application programming interfaces (APIs) is available to 
facilitate the process of creating regular graphs, such as bar, scatter, line, and area charts, Kiernander 
et al. (2014). Fig.4 presents a simple XY regression (a) and a multiple bar chart (b) created with D3. 
 

(a)    (b) 
Fig.4 – An XY regression (a); and a multiple bar chart (b) developed using D3. 

 
D3 advantages relate to a high level of customization and user interactivity. Mouse actions, for 
instance, can be customized for each element of the graph. Fig.4a shows a scatter plot with regression 
equation, which presents the coordinates when the mouse is over a point, pretty much as in modern 
spreadsheets’ charts. Fig.4b shows a multiple bar chart, where the mouse over action generates a pop-
out box containing design information about the data connected to each bar.  
 
Fig.5 presents a more advanced design-space plot, containing Utility A versus Utility B of four design 
sets plotted together. One more dimension is added, since the cost is proportional to the size of the 
circle. While in Fig.5a we are able to analyse all design sets, a click on the mouse filters the data into 
a single set, Fig.5b. 
 

(a)  (b) 
Fig.5: Utility plot of four design sets (a) and filtering of a single set (b), developed using D3 and 

Dimple API 
 
It is essential to refine and make better the understanding of the design set during the early stages by 
documenting the design and preparing a comprehensive scope of work containing product specifi-
cation, required standards, regulations, mission requirement, and client expectations. Although D3 can 
be used to produce spreadsheet-like charts, the real gain in knowledge is observed when we go 
beyond these functionalities, using this library to handle data that heretofore was considered static. 
More powerful visual techniques in early stages will enhance the possibility of producing a better 
grasp of design space, product mission, and performance objectives in a collaborative space, rather 
than just traditional visualization methods. 
 
In Section 4 we introduce visualisation examples that lie beyond this spreadsheet-like approach, 
focusing on structural, mapping, temporal, and economic aspects of concept ship design.  
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4. Extracting Ship Design Knowledge – Examples of Visualisations 
 
4.1 Structural Examples 
 
The structural aspect relates to arrangement and interrelationships of the physical parts in the ship. 
The structure/behavior pair derives from form-function mapping, aggregating information covered 
extensively in traditional model-based techniques. The structure is decomposed and encapsulated in 
subsystems and components, Gaspar et al. (2012). Current design methods, such as Levander (2006), 
decompose the design into ship and task related subsystems, presenting a functional breakdown of the 
system into semi-independent parts. A more modular approach, for example, is presented by Andrews 
and Pawling (2009), with building block as a design method, connecting this decomposition into the 
simulation of modular chunks performance. 
 

 
Fig.6: Static representation of OSV systems decomposition, Erikstad and Levander (2012) 

 
Table I: Data extracted from Fig.6, in form of a JavaScript object 

var Data_OSV_Systems = [ 
{ "name" : "OSV Systems", "parent":"null}, 
{ "name" : "Cargo Spaces", "parent":"Task Related Systems"}, 
{ "name" : "Dry cargo decks", "parent":"Cargo Spaces"}, 
{ "name" : "Liquid and dry cargo bulk", "parent":"Cargo Spaces"}, 
{ "name" : "Cargo handling equipment", "parent":"Cargo Spaces"}, 
{ "name" : "Anchor Handling and Towing", "parent":"Task Related Systems"}, 
{ "name" : "Winches and reels", "parent":"Anchor Handling and Towing}, 
{ "name" : "Rope and chain storage", "parent":"Anchor Handling and Towing"}, 
{ "name" : "Handling equipment", "parent":"Anchor Handling and Towing"}, 
{ "name" : "Offshore Construction", "parent":"Task Related Systems"}, 
{ "name" : "Lifting equipment", "parent":"Offshore Construction"}, 
{ "name" : "Construction equipment", "parent":"Offshore Construction"}, 
{ "name" : "Diving equipment", "parent":"Offshore Construction"}, 
{ "name" : "Spaces in accommodation", "parent":"Offshore Construction"}, 
{ "name" : "Ship Structure", "parent":"Ship Systems"}, 
{ "name" : "Hull", "parent":"Ship Structure"}, 
{ "name" : "Forecastle", "parent":"Ship Structure"}, 
{ "name" : "Deckhouse", "parent":"Ship Structure"}, 
{ "name" : "Ship Outfitting", "parent":"Ship Systems"}, 
{ "name" : "Offshore operation support", "parent":"Ship Outfitting"}, 
{ "name" : "Ship equipment", "parent":"Ship Outfitting"}, 
{ "name" : "Rescue and fire fighting", "parent":"Ship Outfitting"}, 
{ "name" : "Accommodation", "parent":"Ship Systems"}, 
{ "name" : "Crew and client spaces", "parent":"Accommodation"}, 
{ "name" : "Service spaces", "parent":"Accommodation"}, 
{ "name" : "Technical spaces in accom.", "parent":"Accommodation"}, 
{ "name" : "Machinery", "parent":"Ship Systems"}, 
{ "name" : "Machinery main components", "parent":"Machinery"}, 
{ "name" : "Machinery systems", "parent":"Machinery"}, 
{ "name" : "Ship systems", "parent":"Machinery"}, 
{ "name" : "Tanks and Voids", "parent":"Ship Systems"}, 
{ "name" : "Fuel and lube oil", "parent":"Tanks and Voids"}, 
{ "name" : "Water and sewage", "parent":"Tanks and Voids"}, 
{ "name" : "Ballast and void", "parent":"Tanks and Voids"}, 
{ "name" : "Ship Systems", "parent":"OSV Systems"}, 
{ "name" : "Task Related Systems", "parent":"OSV Systems"} 
]; 

 
For the sake of illustration, let’s consider Erikstad and Levander’s (2012) decomposition for offshore 
support vessels (OSVs) presented in Fig.6. This type of information is usually visualized statically, 
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with limited interaction and investigation of all the sub-levels that this breakdown can have. 
Translating this data into an object oriented-data, with each subsystem connected to a parent – as well 
as any other type of value or property – we obtain the type of object found in Table I. Table I data can 
be bound to a variety of D3 visualizations, exemplified in Fig.7 (tree layout), Fig.8 (sunburst layout), 
Fig.9 (pack layout), and Fig.10 (force layout). These visualisations are highly interactive, allowing the 
user to understanding and explore the many underlined properties of each subsystem, such as value in 
the form of a “bubble size,” and its connection with other elements. Data can also be connected to an 
external library, such as 3D software and classes with ship’s modules, blocks, and parts. 
 

(a)          (b) 
Fig.7: D3 Tree layout from Table I data; systems encapsulation (a) and decomposition (b) 

 

(a) (b) 
Fig.8: D3 sunburst layout from Table I data; systems encapsulation (a) and decomposition (b) 

 

   (a)          (b) 
Fig.9: D3 pack layout from Table 1 data; systems encapsulation (a) and decomposition (b) 
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(a) (b) 
Fig.10: D3 force layout from Table 1 data; systems encapsulation (a) and decomposition (b) 

 
4.2 Temporal Examples 
 
Representation of temporal knowledge is determined by the way in which time is specified and 
measured. Similarly, in conceptual ship design, the temporal aspect pertains to the dimensions and 
properties of a system over time, including potential contextual shifts and uncertainties. To take these 
traits into consideration during early stages has been extensively peripheral to systems engineering 
practice, but is particularly important because of the need for anticipatory analysis, which enables the 
identification of concept designs that perform well across multiple contexts, and inherently create 
higher value and utility margins for stakeholders. 
 
In order to fully understand the benefits of mitigating uncertainty inherent in temporal analysis, the 
input scope must also be presented. As an input variable and a significant contributor of complexity, 
the contextual aspect consists of external entities, interfaces, and other factors defining the systems 
behavior. This should be taken into account during early phase design because the vast amount of 
changing characteristics could serve as substantial hinders of future profitability if not dealt with 
accordingly. By defining scenarios subject to these types of constraints, a set of alternate futures can 
be modelled and visualized, ultimately giving the designer a better foundation on which to base 
governing decisions. 
 
It is reasonable to make assumptions regarding future operational scenarios in order to optimize a 
specific vessel’s design. However, correctly incorporating adequate contextual variables with the 
ability to capture the essence of future market uncertainties that are not susceptible to unreasonable 
fluctuations in connotation presents a gargantuan challenge. To illustrate, if a variable is incorporated 
that restricts the legal amount of NOX emissions, one may assume that future restrictions will be more 
stringent because of the political and humanitarian pressures to preserve the environment. Neverthe-
less, at one point in time some unknown factor may enter the picture, and as a result of drastic shifts 
in information or constraints, the variable could be rendered null and void. In other words, the 
variance of uncertainty increases substantially with the temporal range set beyond the present. 
 
To properly handle these contextual and temporal aspects, a similar structure explained in Section 4.1 
can be applied to temporal data. This structure calls for first organizing the design set in terms of its 
properties, Fig.11a, and later analyzing and envisaging each of the designs analyzed for each of the 
scenarios, Fig.11b. Besides tree layout, sunburst, pack, and force layouts can be similarly applied to 
represent similar temporal data. 
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(a)  (b) 
Fig.11: D3 tree layout for visualizing a design set (a) and a scenario set, with all designs analyzed for 

every scenario (b) 
 
4.3 Design Factors Relationship Mapping Examples 
 
Design factors relationship mapping is a structured process for creating the correct understanding of 
(and feel for) the final product in preliminary design stages. Design mapping methods are particularly 
useful for: Making informed design decisions, identifying areas of opportunity for developing new 
products, analyzing a competitive landscape, and analyzing complex, changing, and ambiguous 
design problems. 
 
Relationship mapping techniques have a significant role in demonstrating vessel required mission and 
objectives, as well as consequences of different design scenarios on final product performance, with 
its correlation among different design parameters, decision making techniques, and market based 
design solutions. A useful mapping visualization will make a better understanding of the product and 
an earlier agreement among stakeholders, leading to a more reliable design and, consequentially, 
lower changes in further product lifecycle phases. 
 
Fig.12a presents a typical three-leveled design mapping, connecting value with performance attrib-
utes, and performance with design characteristics (adapted from Brett (2014)). Such a relationship can 
also be transformed into an object-like data, allowing the interactive visualization from Fig.12b and 
the mouse filtering of Fig.12c. 
 

(a) (b) (c) 
Fig.12: D3 used to handle design mapping. The static connection from (a) can be transformed into the 

bundle diagram of (b) and mouse filtered as observed in (c) 
 
Another advantage of this approach is the plot of dependencies between two or more factors. For the 
sake of exemplification, let’s say that we are able to connect three missions of an OSV (anchor 
handling, supply, and towing) into each vessel capability. This data is exemplified in Table II. Fig.13 
introduces how a chord diagram can effectively contribute to the clarification of such complex data, 
with a dependency wheel able to efficiently present, Fig.13a, and filter, Fig.13b, the mission-
capabilities relationships.  
 



 578 

 
Table II: Mission – capability dependency 

 

Name Supply Towing Anchor 
Handling DWT 

Deck 
Cargo 
Area 

Deck 
Load 

Inst. 
power 

Bollard 
Pull Speed 

Deck 
Crane 
Cap. 

Accommodation Position 
Keeping Availability Build 

Cost 
Tank 

Capacity 
Fuel 

Efficiency 
Water 
Depth Automation 

Supply 0 0 0 80 50 10 30 0 90 10 33 20 33 30 60 80 0 10 
Towing 0 0 0 10 20 40 40 80 5 20 33 30 33 30 10 10 50 40 
Anchor 

Handling 0 0 0 10 30 40 30 20 5 70 33 50 33 40 20 10 50 50 

DWT 80 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Deck Cargo 

Area 50 20 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Deck Load 10 40 40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Inst. power 30 40 30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bollard Pull 0 80 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Speed 90 5 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Deck Crane 

Cap. 10 20 70 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Accommodation 33 33 33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Position 
Keeping 20 30 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Availability 33 33 33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Build Cost 30 30 40 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Tank Capacity 60 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Fuel Efficiency 80 10 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Water Depth 0 50 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Automation 10 40 50 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

 

 

 

(a)  (b) 
Fig.13: Chord diagram to represent (a) and filter (b) dependencies between mission and vessel 

capabilities 
 
4.4 Economic Examples 
 
Economic aspects are strongly connected to the physical parts of the system. Considering the data 
exemplified in Table I, we can assume that each subsystem of the vessel will have a certain material 
cost, which can be added as a property of that object, for instance “cost: value”.  
 
Therefore, we are also able to create the same range of examples provided in Section 4.1. Fig.14 
presents an interactive version of the sunburst, which represents in one chart the total material cost of 
a vessel, Fig.14a, while neatly identifying the cost of each subsystem with a mouse-over action, 
Fig.14b. 
 
If we consider another economic property linked to each subsystem, such as the man-hours used in 
that subsystem during the vessel construction, we may create a relationship between the material and 
man-hours cost. This diagram is statically represented by Levander (2006) in Fig.15a, which can be 
dynamically transformed (and updated) via a Sankey diagram using D3, observed in Fig.15b.  
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(a)  (b) 
 
Fig.14: Sunburst to represent material cost of a design (a) and a mouse-over filter to show the cost of 

a specific subsystem (b) 
 

(a) (b) 
Fig.15: Economic relationship between material and man-hours cost, statically illustrated by Levander 

(2006) (a) dynamically via D3 Sankey diagrams (b) 
 
5. Simple Parametric Model in HTML and JavaScript 
 
The objective of the parametric design procedure is to establish a consistent parametric description of 
the vessel in the early stages of design, starting from the basic design principle that a certain 
description of a vessel should be able to perform a given mission efficiently, Parsons (1999). The 
scope of the document is to present an entire but simplified iteration of the parametric design process 
applied to OSVs, starting from the mission parameters and extending to the final design 
characteristics, attributes, and criteria. 
 
The procedure presented here encompasses a very simple mission, composed by three operational 
profiles, each of them connected to an operational state. Another limitation is the absence of a time 
percentage in each of the operational states, precluding a proper evaluation of the operation revenue, 
converging to a static assessment of the ship performance. 
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The strategy for the parametric design consists of creating a preliminary methodology containing the 
aspects necessary to describe a vessel based on its operational requirements. The methodology must 
be flexible enough to incorporate more advanced methods, inputs and outputs, and for this reason is 
exemplified in its general terms in Fig.16. 
 

 
Fig.16: Parametric design methodology 

 
It receives as input information from the mission, with the required operational states, capabilities 
requirements, and other stakeholders’ expectations, as well as the parametric study, which includes 
the basis for the parametric equations, design assumptions, and other form-function information. 
Constraints outside the parametric study are also part of the model, consisting of structural and 
operational limitation, laws and regulations (e.g. from classification societies), and economic 
concerns. 
 
The general parametric design toolset should consist of at least four modules, Fig.16: i) mission 
information translated into requirements, connected to field variables (e.g. depth), vessel capabilities 
(e.g. cargo capacity) and operational attributes (e.g. powering); ii) the design solution database 
extracted from the empirical data plus parametric study, connecting the mission requirements with 
expected functionalities of the vessel, as well as these functionalities connected to the vessel main 
characteristics; iii) main design characteristics which include main parameters (e.g. L,B,D,T), ratios 
(e.g. B/L, D/B), coefficients (e.g. CB, CP, CM), and other structural information; iv) the performance 
evaluation which consists of checking if a vessel with the parameters decided in (iii) complies with 
the criteria and expectations. The last part generates a design description, with the main characteristics 
and attributes, via an early assessment of key performance indicators (KPIs), such as capital and 
operational cost, space allocation, main equipment, weights and centers, basic stability, powering 
checks, and other attributes able to be benchmarked. A more detailed framework is observed at the 
ABD methodology, Ulstein and Brett (2012). 
 
Our example consists of an OSV mission, decomposed in three operational profiles: anchor handling, 
supplying, and towing. Each of the operational states’ requirements is connected to three vessel 
capabilities: cargo deck area [m2], bollard pull [MT] and cargo volume [m3]. This data can be 
interacted in the form of a table, Fig.17a, and visualized by the equivalent D3 chord diagram of 
Fig.17b and filtered by the user, Fig.17c. 
 
The next step consists of linking the capabilities with the vessel parameters, via the design equations, 
and obtaining a minimum value for the capabilities installed. These values are used later as part of the 
criteria to evaluate the design. A set of concepts and assumptions is then defined, for the mapping 
between the design variables and design behavior. This process includes the knowledge intrinsic to 
the design process. In this example, only for illustrative purposes, our assumptions will be based 
under a regression analysis from similar designs. 
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(a) (b) (c) 
Fig.17: Mission requirements connected to vessel capabilities (a), visualized as chord diagram (b) and 

user filtered (c) 
 
 
The definition of the main vessel parameters is also obtained from the parametric equations. In this 
example, the hull is defined based on these equations, having the value of length (L) and block 
coefficient (CB) as user defined. The breadth/length (B/L), depth/breadth (D/B) and draft/depth (T/D) 
ratios are flexible within the range obtained at the parametric study. For the sake of illustration, an 
amount of extra powering and price per gross tonnage (kNOK/GT) can also be defined by the 
designer. This data is manipulated by the user according to the sliders of Fig.18a, and can be later 
compared to a set of criteria plotted via D3 in multiple bars, Fig.18b. The last step consists of 
checking the parameters with the criteria defined by the mission, evaluating the design, and a final 
design description is obtained at the end of the iterative process. 
 

(a) (b) 
Fig.18: Design parameters connected to parametric equations (a) and the equivalent design perfor-

mance plotted with the criteria (b) 
 
6. Discussion and Concluding Remarks 
 
In this paper we have demonstrated some of the early phase design visualizations and interactions by 
use of the D3.js library. The focus has largely been structural components, economic aspects, and 
especially hierarchical breakdowns. Even so, we have barely breached the limitations of today’s 
current static practice. Data-drive documentation is by no means limited to the representation of a 
vessel’s physical traits, but can also be used to visualize meteorological conditions such as ice density, 
wave height, temperature, and other vital pieces of information such as the boundaries of certain 
regulations when conceptualizing high level requirements into lower level capabilities. 
 
The approach’s advantages can be summarized as the ability to efficiently store and present non-
trivial data, such as hierarchical information, in an easy to share setting. Its high level of 
customization, although requiring JavaScript coding, allows intensive multi-platform interactivity, as 
well as association with proprietary simulations tools and design databases. 
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Moreover, the visualization of exorbitant amounts of information, whether obtained via experience or 
simulation database, is not just relevant in order to increase our limited ability to gain value through 
cognitively processing raw data, but also to uncover the value decreasing aspects. The identification 
of a parametric outlier could potentially increase the final product’s performance just as much as any 
recognised positive contributor, and may even be even harder to identify amongst the plethora of non-
prominent attributes. 
 
It is our belief that using data-driven documentation on a web based dynamic environment, during 
early ship design stages, will enhance the possibility of improving the design understanding, 
operational profiles, and performance objectives. This extension of the spreadsheet-like approach 
aligns with a more holistic design approach, such as in ABD, allowing an interactive empiric and 
simulation data exploration multi-stakeholder environment. 
 
There is however a known challenge associated with state of the art technological developments 
regarding the end user’s process of adaptation – a critical step towards qualification and acceptance. 
In general, demanding processes such as ship design will stick to proven solutions because the risk 
associated with trials of new solutions is simply too high. Getting key users to adopt these alternative 
methods is of the utmost importance in order to gain vital feedback so that the proposed solutions 
continually can be improved upon, and subsequently enable designers to save both time and money by 
eliminating faults and illuminating possibilities much earlier than previous practices. 
 
Disclaimer 
 
The models presented here are based on the examples made available online by Bostock (2014), 
Kiernander et al. (2014) and Zaninnoto (2014), and their uses and rights are stated by each specific 
library/API license. 
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Abstract 

 
This paper presents the results of computational fluid dynamics (CFD) into thruster-thruster 
interaction. The loss of thruster performance due to interaction and the impact of varying the azimuth 
angles, thruster separation, current, and thruster axis angle is investigated. The results are validated 
against model test data and scale effects are explored by repeating one condition at full scale. 

 
1. Introduction  
 
Thruster-thruster interaction is an important phenomenon affecting the operation of vessels and is still 
not fully understood. Mean thrust loss can jeopardise stationkeeping and dynamic positioning (DP) 
capabilities. Worse, thrusters operating in the wakes of other thrusters experience dynamic load 
fluctuations, which can be large and can lead to component failures. 
 
Transient computational fluid dynamics (CFD) simulations were performed for eight configurations 
of pairs of nozzle thrusters of an idealised semi-submersible drilling rig. The effects of azimuth 
angles, thruster separation, current, and thruster axis angle were all investigated at model scale in 
order to validate with model test data. Subsequently, scaling effects were explored by repetition of 
one of the conditions at full scale. 
 
All work was performed as part of the TRUST JIP, a worldwide joint industry project aimed at 
developing understanding of thruster-interaction effects through model testing and CFD simulation. 
This knowledge was used to develop analysis methods, and to apply these tools in the design and 
analysis of the DP vessel's stationkeeping capabilities in operational conditions.  
 
2. Background 
 
During DP operations, the effective force generated by the thrusters can be significantly smaller than 
what would be expected based on the thrusters' open water characteristics. This is a result of the 
interactions of the thrusters with the current, the vessel hull and the wake of neighbouring thrusters. 
The main question therefore is "How can you trust the thruster specification?", since it only tells part 
of the story.  
 
The understanding and quantification of thruster interaction (or thrust degradation) effects is essential 
for an accurate evaluation of the stationkeeping capabilities of any DP vessel. The TRUST JIP aimed 
to increase insight into the physical phenomena, quantifying thruster interaction effects and 
investigating possibilities for improvement. It combined dedicated thruster-interaction model tests and 
CFD calculations with existing data available from literature.  
 
The objectives of the TRUST JIP were to: 
 

• Increase the insight in the physics of thruster interaction effects, including thruster-hull, 
thruster-thruster and thruster-current interactions; 

• Deliver a DP capability and operational analysis tool, including extended and improved 
thruster interaction data bases; 

• Develop an analysis and design approach of combined CFD calculations and model tests to 
optimise thruster configurations. 
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3. Scope 
 
The arrangement of the two thrusters of the pontoon of the idealised semi-submersible drilling rig is 
shown in Fig.1. 
 

   
Fig. 1: Thruster arrangement (right) on semi-submersible (left) 

 
A set of eight configurations of the pair of thrusters were selected to provide insight into effects of the 
azimuth angle, thruster separation, current, and thruster axis angle on the performance degradation 
due to thruster interaction. These are shown in Table I. 
 

Table I: Simulation case matrix 

Case Scale Thruster Axis 
Thruster 1 Thruster 2 Thruster 

Separation 
Current 

(J) RPM Azimuth RPM Azimuth 

1 Model Horizontal 1059 β 0 β D 0 
2 Model Horizontal 1059 β 1059 β D 0 
3 Model Horizontal 1059 β 1059 β+5° D 0 
4 Model Horizontal 1059 β+5° 1059 β D 0 
5 Model Horizontal 1059 β 1059 β 0.75D 0 
6 Model Horizontal 1059 β 1059 β D 0.2 
7 Model Tilted (4°) 1066 β 1066 β D 0 
8 Full  Horizontal 167 β 167 β+5° D 0 

 
Cases 2, 4 and 7 were directly comparable to tests performed as part of the model testing programme, 
in which forces and moments were measured on the propeller blades, nozzle and the entire thruster 
unit or each thruster. Particle image velocimetry (PIV) measurements in the wakes of the thrusters 
were also performed. The full scale propeller diameter was 4.0m. A scale factor of 40 was used for the 
model tests leading to a model scale propeller diameter of 0.1m.  
 
4. Methodology 
 
All simulations were performed using the commercial finite-volume CFD code, STAR-CCM+. The 
water was modelled as an incompressible fluid with a density of 998 kg/m3 at model scale and 
1025 kg/m3 at ship scale, accurately representing both the fresh water employed in the model basin 
and the denser sea water. Waves were not considered and the free surface was not modelled explicitly, 
instead being assumed to be a flat, frictionless plane. Examination of the pressure field on this plane 
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confirmed that large free surface deformations around the semi-submersible would not occur and that 
the assumption of a flat water surface was therefore valid. The propeller motion in each case was 
modelled both using a steady-state moving reference frames (MRF) approximation, and subsequently 
using a fully transient rigid body motion (RBM) method. 
 
Turbulence was modelled using the k-ω SST (Menter) model, which is built into STAR-CCM+. The 
boundary layer was modelled using wall functions on the coarse meshes at both scales and on the fine 
mesh at full scale. On the fine mesh at model scale, the mesh resolution was sufficiently fine in the 
direction perpendicular to the wall for the boundary layer to be fully resolved. Second-order upwind 
discretisation schemes were used for the convective terms in the momentum and turbulence equations 
as well as for the transient term, where applicable. 
 
5. Meshing 
 
An initial steady-state solution was obtained on a coarse mesh of 3.0 million cells. This was then 
refined in those regions in which the flow was not properly resolved, predominantly in the wakes of 
the two thrusters and in the boundary layer mesh on the thruster; the resulting fine mesh comprised 
5.4 million cells. Both meshes were unstructured and comprised of polyhedral cells in the free stream 
and polygonal prisms in boundary layer close to the walls. A summary of the two meshes is shown in 
Table II. Cross-sections through the meshes are shown in Fig.2. The y+ at model scale is shown on 
both meshes in Fig.3. 
 

Table II: Mesh details 
 Coarse Fine 

Mesh type Polyhedral Polyhedral 
Cells in static region 1.8M 3.2M 
Cells in each rotating region 0.6M 1.1M 
Typical y+ on blades 35 (model), 300 (full) < 1 (model), 40 (full) 

 

 
Fig. 2: Cross-sections through coarse mesh (left) and fine mesh (right) 

 

 
Fig. 3: y+ at model scale on the coarse mesh (left) and the fine mesh (right) 
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6. Results and Discussion 
 
Presentation of the results is separated into two parts – starting with the steady-state (MRF) results 
and comparing these to the results obtained in the model tests. Following this, the impact of running 
the simulations using a fully transient rotating propeller (RBM) on the time-averaged forces and 
moments is assessed, and the dynamic components of the loads on the thrusters are examined. 
 
6.1. Comparison with model tests 
 
6.1.1 Steady-state (MRF) simulation results 
 
For both thrusters, the integral thrust for the propeller, nozzle and unit as a whole, along with the 
propeller torque, are compared to those measured in the model tests in Fig.4. The results demonstrate 
that, for the downstream thruster in particular, the coarse mesh was not capable of accurately 
predicting mean forces. The fine mesh, on the other hand, enables good prediction of the mean forces 
for all the thrust and torques measured. 
 

  
 

  
Fig. 4: Predicted (MRF) forces and moments and model test results on both meshes  

 
The predicted wake from the steady-state simulation on the fine mesh is compared in Fig.5 to the PIV 
measurements on three planes: one, two and five propeller diameters downstream of the plane of the 
downstream thruster. A good correlation between the simulation results and the measured wake is 
shown close to the downstream thruster but the similarity lessens as the plane is moved further 
downstream. Even though the steady state simulation is able to predict the core flow features 
accurately, the flow in the wake region is not captured with sufficient detail. 
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Fig. 5: Predicted (MRF) wake (left) and PIV measurements (right) 

 
6.1.2 Transient (RBM) simulation results 
 
On completion of steady state simulations, all the eight cases were re-run with transient RBM condi-
tions. Case 2 and 7 were compared with the model scale test results which are shown in Fig.6.  
 

  
Fig. 6: Predicted forces and moments and model test results 
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Bth the steady state and transient results for mean forces and moments are in good agreement with the 
experimental data for both upstream and downstream thrusters. Both the MRF and RBM methods are 
able to predict the mean forces and moments accurately for the cases discussed above. In fact, it is 
beneficial to employ MRF method for such calculations as it saves computational time and resources.  
 
Fig.7 shows the vorticity magnitude in the thruster wakes for both MRF and RBM cases. It is clear 
from the images that the transient RBM method is able to capture the complex flow interactions like 
turbulent eddies, vortices, and vortex shedding which is significant for analysis and understanding of 
thruster-thruster interaction effects. A steady state simulation will not be able to capture the transient 
flow phenomenon and hence there is a limit to its usage.  
 

Fig. 7: Example of vorticity in the thruster wakes for MRF (left) and RBM (right) analyses 
 
The predicted wake from the transient simulation is compared in Fig.8 to the PIV measurements on 
three planes: one, two and five propeller diameters downstream of the plane of the downstream 
thruster. A good correlation between the simulation results and the measured wake is shown close to 
the downstream thruster. It can be seen that the wake field is captured more accurately in the transient 
solutions when compared with the steady state PIV results shown in Fig.5. The slight differences arise 
due to the fact that the PIV measurements shown here are time averaged unlike the RBM results. 
 

 

 
 

 
 

 
Fig. 8: Predicted (RBM) wake (left) and PIV measurements (right) 
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6.2. Mean thruster loads 
 
This section describes the results from the various configurations that were studied to understand the 
thruster interaction. The effects of azimuth angles, thruster separation, and thruster axis angle are 
discussed below. 
 
6.2.1. Thruster azimuth angles 
 
Figs.9 and 10 show the results from Case 3 and Case 4 where the thrusters are aligned at different 
azimuth angles. Fig.9 shows the baseline case (left) where both the thrusters are aligned at the same 
angle and the modified case (right) where the downstream thruster is aligned at an angle of 5º higher 
than the upstream thruster. The nozzle thrust and the propeller thrust for the downstream thruster are 
higher for the case with the angled thruster. Similar behaviour is seen in Fig.10 where the upstream 
thruster is positioned at an angle higher than the downstream thruster.  
 

  

 
Fig. 9: Impact of change of downstream thruster azimuth angle on mean thrust and torque 

 

  

 
Fig. 10: Impact of change of upstream thruster azimuth angle on mean thrust and torque 

β    β+5°    
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An increase in mean forces is seen on both the cases as the flow is diverted in an efficient manner due 
to the angled position and is not impacting the downstream thruster directly as seen in the baseline 
case. The downstream thruster works more efficiently and has a higher percentage increase when the 
upstream thruster is at an angle. This is due to the fact that the incoming flow at an angle does not hit 
the downstream thruster blades and nozzle directly with large force and the flow is transferred in a 
more efficient manner that reduces any losses and improves the efficiency.  

 
6.2.2 Thruster axis angle 
 
Fig.11 shows the difference in flow phenomenon between normal baseline thruster configuration (left) 
and tilted thruster configuration (right). The percentage increase seen on the downstream thruster is 
the highest when compared to all other configurations. The upstream thruster tilted from the hull 
deters the flow from abruptly hitting the downstream thruster. As a result, the downstream thruster 
experiences lower shedding and flow from the upstream thruster which enables it to work more 
effectively and efficiently thereby leading to higher thruster forces. 
 

  

 
Fig. 11: Impact of change of thruster axis angle on mean thrust and torque 

 

 
When considering thruster separation itself, it was found that reducing the distance between the 
thrusters leads to poor efficiency of downstream thruster. The cases discussed above are modelled 
without any current in the flow. On including a current, the mean forces increase as expected due to 
the effect of higher velocity and higher momentum in the flow. Of all the other configurations, tilted 
thrusters operate in the most efficient manner with least possible losses and a higher percentage 
increase in the mean forces for the downstream thruster.  
 
6.2.3 Scale effects 
 
Fig.12 shows the propeller and duct thrust and torque coefficients for both model scale and full scale 
results compared with the experimental data. The full scale experimental data shown here are the 
scaled up results from model tests. Even though there is an overall agreement in the results, the CFD 
full scale results predict lower thrust and torque compared to the model scale results especially for the 
downstream thruster (N1).  
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Fig. 12: Scale effects in RBM results 

 
This raises the question which is more reliable, the full-scale CFD simulations or the model test data. 
One of the possible reasons for the discrepancy could be the very small size of the model scale 
thrusters. This could lead to the flow being mostly laminar on the blades of the model scale thrusters. 
To investigate this further, the flow features were compared between model and full scale, Fig.13.  
 

  

  
Fig. 13: Normalised velocity plot (top) and normalised turbulent kinetic energy (bottom) for model 

scale (left) and full scale (right) RBM calculations 
 
The top contour plots in Fig.13 show the normalised velocity for model scale (left) and full scale 
(right) results. A slight increase in the velocity is seen in the full scale underneath the strut very close 
to the downstream thruster just before the nozzle. The turbulent kinetic energy results shown in the 
bottom plots also show an increase in energy around this region where the flow is about to move into 
the downstream thruster region. This sudden increase in energy just before the blades could possibly 
lead to a lower generation of thrust. However, at this stage, this is not conclusive. Further work needs 
to be done where the thrust coefficients’ are compared in a transient manner over a period of time, to 
investigate how the flow is varying in the model scale and full scale.  
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6.3. Dynamic loads 
 
This section looks at the effects and results obtained for the dynamic loads calculations. The loads are 
investigated for each component of the thruster.  
 
6.3.1 Transient Blade loads 
 
Fig.14 shows the mean transient blade loads in the axial (X), side (Y) and vertical (Z) direction. The 
Blade Thrust X plot shows the mean thrust force for both upstream and downstream thrusters for all 7 
thruster configurations. The upstream thrust force remains around a value of 7N for all the cases and 
does not vary a lot. However, for the downstream thruster, Case 4 and Case 6 show an increase in the 
mean thrust force. Case 6 is the configuration with the current which leads to an obvious increase in 
the thrust force. Case 4 on the other hand is the case where the upstream thruster is at an angled 
position. This leads to a higher mean thrust force as discussed in section 6.2.1. 
 
 

   

   
Fig. 14: Mean transient blade forces (N) in longitudinal, lateral and vertical direction for all 7 cases  

 
The mean forces in the Y and Z direction (i.e. sideforce and vertical force) show an increase in the 
downstream thruster forces for Case 4 and Case 7. Both Case 4 and Case 7 are the configurations 
where the thrusters are in a different angular position. This leads to higher side forces and vertical 
forces, as the incoming flow is already at an angle and has a strong lateral/vertical component.  
 

 
  

Fig. 15: Mean Transient Blade forces for the downstream thruster with the fluctuations for each case 
 
Fig.15 shows the transient blade load fluctuations on the downstream thruster for all the cases. In the 
axial direction (X), the load fluctuation is not significant. However, for the Y and Z forces, the 
fluctuations on the cases are very high compared to their mean values. This confirms that even though 
the mean forces are low in some cases like Case 3 and Case 5, the blades are experiencing very high 
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fluctuating loads from time to time. This could lead to a cyclic fatigue situation with high stresses on 
the blades. 
 
6.3.2 Transient Hub and Strut loads 
 
Fig.16 shows the mean hub torque in Y and Z directions for the downstream thruster. In both plots, 
Case 4 and Case 7 generate the highest mean torque compared to other configurations. Case 6 has a 
current in the flow which leads to an increase in the mean forces and moments. Due to higher forces 
experienced in Case 4 and Case 7, Fig.14, the torque is also considerably higher for these cases. 
However, even though the mean torque is lower for other cases, the fluctuating loads are nevertheless 
very high as seen previously in Fig.15. 
 

  

 

Fig. 16: Mean hub torque for the downstream thruster with the torque fluctuations for each case 
 
The torque experienced on the strut is shown in Fig.17. It is interesting to see that Case 3 and Case 7 
encounter the lowest mean torque when compared to the other cases. This is primarily due to the fact 
the flow in both cases is at an angle and is not hitting the strut directly, consequently leading to lower 
forces and torque. However, the fluctuating loads are still very high for Case 3, which confirms that it 
is important to consider both mean and dynamic loads. These very high loads impacting the structure 
in a routine manner could lead to fatigue and failure of the structure.  
 

  

 

Fig. 17: Mean strut torque for the downstream thruster with the torque fluctuations for each case 
 
6.3.3 Frequency Analysis (Fast Fourier Transform) 
 
For the baseline case, a Fast Fourier Transform (FFT) analysis was conducted using the transient data. 
From the analysis, the corresponding frequency plots were generated for both upstream and 
downstream thruster as shown in Fig.18. The frequency plots shown here were generated from the 
model scale transient blade thrust data. It is to be noted that the frequencies were exactly the same for 
Y and Z forces and moments from the other components and were the same for all the various 
configurations. The peaks in both upstream and downstream cases are around the same frequencies. 
The first set of peaks is seen at 70Hz which corresponds to the blade passing frequency (1059 rpm ~ 
17Hz * 4 Blades ~ 70 Hz). The peak at 140Hz is the second harmonic of blade passing frequency. 
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Fig. 18: Frequency plots for upstream and downstream thrusters for the baseline model scale case 

 
There is another peak appearing at a low frequency of 4~5 Hz. To investigate the origins of this 
frequency, further analysis was conducted. Fig.19 shows the blade thrust variation for upstream and 
downstream thrusters for a period of ½ second. It can be seen that there is a low frequency oscillation 
occurring at every 0.2~0.25 s (~ 4-5Hz) in both thrusters. On monitoring a recorded video of the flow 
simulation, it was found that there was shedding occurring at every 0.2~0.25 s from the upstream to 
downstream thruster corresponding to the low frequency of 4-5 Hz.  
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Fig. 19: Blade thrust monitors showing the thrust variation for a period of half second 
 
The amplitude of oscillations in the downstream thruster is much higher than the amplitude of the 
upstream thruster. To further investigate the origin of the shedding, the Strouhal number was 
calculated and found to be 0.21 as shown below.  
 

Strouhal Number = Frequency * Hub diameter /Velocity = 5 * 0.03/0.7  = 0.21 
 
This indicates that the hub diameter might be a possible contributor to the origin of the low frequency 
shedding which impacts the downstream thruster in a cyclical manner. 
 
Whilst the theoretical temporal resolution of the thrust and torque measurements at model scale was 
sufficient to allow assessment of the dynamic loads and comparison with the CFD results, the model 
test data was found to contain many irregular high frequency oscillations that showed no correlation 
with either the blade passing or shedding frequencies described above.  
 
8. Conclusions 
 
Understanding the phenomenon of thruster-thruster interaction is important for the marine and 
offshore energy industries. This paper has shown that such problems can be modelled accurately using 
computational fluid dynamics (CFD) and revealed insights into how the interaction of thrusters affects 
their operation. Some of these, such as the degree of thrust loss when thrusters are oriented directly 
towards one another, were already well-established. Others, such as the large magnitude of the 
oscillatory forces endured by interacting thrusters, are less well understood. Future investigations in 
this field should focus on those areas that are least understood, namely the dynamic effects of thruster 
interaction. Particular attention should be paid to scale effects, which the present work suggests may 
be of concern when using very small model propellers. 
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Abstract 

 
Experimental results obtained with the Autonomous Underwater Vehicles developed in the 
“Thesaurus” project are reported. The Thesaurus AUVs, “Typhoon”, are low-cost torpedo-shaped 
300 m depth-rated vehicles implementing a distributed communication and localization scheme based 
on acoustic modems, one of them with Ultra Short Base Line (USBL) capabilities. Communication 
and localization results obtained in the experimentation of the Thesaurus project and the CMRE 
(NATO Ctr. Maritime Res. Exp.) cruise CommsNet13 show that the modem-based acoustic localiza-
tion has the capacity of correcting the navigation drift of low-cost inertial units even at the very low 
and time-varying communication rates encountered in experimental conditions.  

 
1. Introduction 
 
The Tuscan Archipelago (North Tyrrhenian Sea) has been one focal point of maritime activities and 
ship traffic since pre-roman times, up to these days. Naval battles and events have seen these waters 
as their theatre as well, including the medieval battles between the Maritime Republics of Genova and 
Pisa, to World War II events. It is then no surprise that the Tuscan Archipelago is also rich in 
underwater relicts and marine archaeological sites of the greatest historical importance, some of them 
unique founds. The Tuscan Superintendence on Cultural Heritage (SBAT – Soprintendenza dei Beni 
Archeologici della Toscana), the sole branch of the Ministry of Cultural Heritage responsible for the 
localization, exploration and preservation of such sites, has identified the currently known relicts 
mostly thanks to occasional indications of amateur divers, fishermen, etc. Only starting in the late 
‘90s SBAT has been able to start a program of systematic exploration of the marine areas of interest, 
in cooperation with the Italian Navy and research centres, as ISME, the Italian Interuniversity Res. 
Ctr. on Integrated Systems for the Marine Environment, to which the Authors belong. These searches, 
however, are quite expensive, requiring the availability of fully equipped ships, and have concentrated 
only on the shallow areas reachable by amateur diving (down to 60 – 70 m). The challenge is now to 
identify deeper water relicts that, while less frequent than shallow water ones, may lead to discoveries 
of completely preserved cargoes.  
 
With this background, the Tuscany Region has funded a research project (Thesaurus) aiming at the 
development of technologies and methodologies for the enrichment and preservation of the know-
ledge gained with underwater archaeological sites Caiti et al. (2013a). The project, that run for 30 
months from March 2011 to August 2013, was coordinated by Centro Piaggio, University of Pisa, and 
included partnership with the Dept. Industrial Engineering of the University of Florence, the Inst. of 
Information Science and Technology of the Italian National Research Council (ISTI-CNR), Pisa, the 
Laboratory for Cultural Heritage (LARTTE) of the Scuola Normale Superiore, Pisa. There were 
several specific objectives in the project, all concurring to its general goal, including the definition of 
a data base for use of SBAT, the creation of videos and materials for the dissemination of knowledge 
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on underwater sites to the public at large, etc. One of the biggest project efforts, however, consisted in 
the functional definition, design and test of a team of Autonomous Underwater Vehicles (AUVs) that 
can explore in autonomy the deeper seabed in the Tuscan Archipelago area.  
 
One of the key challenges of this objective consisted in designing AUVs keeping their costs limited, 
while guaranteeing the mission goal. This has been achieved as a combination of ingenious solutions 
in several of the AUV sub-systems (for instance, by designing efficient propellers and then realizing 
them with 3-D printer technology, Allotta et al. (2014)). The design trade-off between costs and 
system capabilities is particularly critical in the case of the navigation system. Inertial Navigation 
Systems (INS) of marine and navigation grade may have an horizontal drift as limited as less than 
2000 m per day, but at costs that can reach and overcome 1 Million €(un-aided INS are considered 
here, i.e., inertial systems without support from additional sensors) Vector Navigation Tech. (2014). 
On the other hand, a tactical grade INS, whose cost is in the range € 5,000 – € 30,000, has the same 
horizontal drift but within an hour. Industrial grade INS, at even lower costs, may lead you to typical 
horizontal drifts of 50 – 60 m per minute. Within Thesaurus, it has been decided to use the 
information exchanged by the AUVs in the team as an aid for inertial navigation. In this way, inertial 
instrumentation at the lower side of the tactical grade range can be afforded, greatly limiting the 
system navigation costs. The “information exchange” to which we have just made reference is related 
to the acoustic messaging that the AUV team has to establish among its members, in order to conduct 
the operation, and that acoustic messaging allows estimating at least range from the two-way travel 
time of the acoustic signals. Indeed, some commercially available acoustic modems have been 
modified to include an array of receivers so that also angle of arrival of the message can be 
determined, achieving a functionality equal to those of Ultra Short Base Line (USBL) localization 
systems Kebkal et al. (2012). The Thesaurus project concept has been that of using these localization-
enhanced acoustic modems so that one AUV at the surface could geo-reference the two below the 
surface, and then messaging to them the position, Fig.1.  
 

 
Fig.1: Concept of a team of 3 AUVs with acoustic messaging and localization capabilities: The sur- 
           face vehicles, able of reading GPS signals, gets the relative position of the underwater ones  
           through the USBL modem. Relative positions are translated into absolute (geo-referenced)  
           positions and retransmitted as a standard message to the underwater AUVs. 
 
Several questions rise from the operative point of view. In particular, will the mixed 
localization/communication scheme provide enough corrections, or corrections with fast enough rate, 
to maintain a sufficient accuracy in the navigation? As often happens in underwater acoustic related 
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problem, simulations may let the designer get useful insights, but the system performance must be 
evaluated in the field, since the ocean is a dynamic, time-variant environment.  
 
2. The Typhoon class AUV 
 
Specification for the vehicle functionalities came from the collaboration of the Thesaurus members 
with the Tuscan Superintendence. In particular, the team focused the mechanical vehicle design 
toward the requirement of reaching depth of 250 m, in open sea with potentially strong current, and 
offering high agility and manoeuvrability, including hovering. The designed vehicle class, named 
‘Typhoon’, is intermediate between shallow-water AUVs (as Remus100, Iver2) and deep-water 
AUVs (as Hugin), filling a gap in the existing AUV depth ranges, Martin (2013).  
 
2.1. Electromechanical characteristics and sensors 
 
The Typhoon is a fiberglass torpedo-shaped 3.70 m length, 0.35 m diameter, 150 – 170 kg weight in 
air vehicle. It has six independent propellers: two at the stern, aligned along the surge axis; two lateral 
(sway) thrusters, and two vertical (heave) thrusters. All the propellers are counter-rotating and 
realized through a 3-D printer after an optimized design. The thrusters are standard 200 W brushless 
motor fed by the 48 V provided by the batteries and controlled through an industrial CAN bus. In 
addition to the heave-aligned thrusters, pitch is controlled also by internal displacement of the battery 
pack. Steering is obtained by combination of both the surge and the sway thrusters. Overall, all 
vehicle degrees of freedom can be controlled, but the roll. Figs.2 and 3 illustrate the vehicle design, 
the propulsion system and the first realized vehicle at the end of the test phase.  
 
The sensors installed on board are here summarized: 
 

• Inertial Measurement Unit (IMU) Xsens MTi: device made up of a 3D gyroscope, 3D 
accelerometer and 3D magnetometer furnishing dynamic data at a maximum working 
frequency of 100 Hz. This is the sensor used for inertial navigation; 

• Doppler Velocity Log (DVL) Teledyne Explorer: sensor measuring the linear speed of the 
vehicle, with respect to the seabed or with respect to the water column beneath the vehicle. 
The DVL has been installed only on one of the three vehicles built during the project 

• Acoustic modems (single modem or USBL-enhanced) by Evologics: for the underwater 
communication and localization; 

• Echo Sounder Imagenex 852: single beam sensor, mounted in the bow of the vehicle and 
pointing forward. It is used as an obstacle avoidance sonar; 

• STS DTM depth sensor: digital pressure sensor for depth measurement; 
• PA500 echo-sounder, pointing downward, to measure the vehicle elevation from the seabed; 
• Tritech Side Scan Sonar (675 KHz)for acoustic survey of the seabed. 

 
Fig.2: CAD rendering of the Typhoon. The cylindrical central part is the dry part, with the  
          electronics, batteries, etc. The two parts at bow and stern are the wet parts. Toward the stern is  
          the side-scan sonar (port array).  
 



 600

 

 
 

Fig.3: Top: Distribution of the actuators, in the design and in the real vehicle.  
           Bottom: Thesaurus team at the wet test of the first Typhoon, Roffia Lake. The acoustic modem  
          and the radio/GPS antenna are visible on the bow section. 
 
The on-board integration utilizes MOOS (Mission Oriented Operating Suite) as software 
infrastructure. MOOS, Newman (2003), is an open-source publish/subscribe system for inter-process 
communication, which supports dynamic, asynchronous, and distributed communication. Its basic 
functioning relies on a dispatcher, for routing messages from publishers to subscribers. The messages 
are routed based on their topics, which is an information descriptor contained in the messages 
themselves. In MOOS the dispatcher is represented by a central database (the MOOSDB). 
 
By exchanging messages within the MOOS framework, the Typhoon(s) can communicate with each 
other or with any external compatible node or even network. To this aim, the vehicles establish a 
communication network based on a time-sharing bi-directional/broadcast communication scheme. 
The goal was to create a flexible structure capable of ensuring low-delay communication and the 
reliable transmission of specific messages necessary for the safety of the exploration missions. The 
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final network structure design includes few layers, avoiding most of the complexity typically present 
in terrestrial networks. Note that, with a limited number of layers, the network becomes less flexible 
and on the average less efficient: you cannot implement smart re-routing, re-scheduling algorithms, or 
network discovery algorithms, for instance. However, in underwater communication with few nodes, 
the efficiency is most of the time dependent on the physical layer, i.e., on how the channel transmit 
the signal. Since this is by far the predominant aspect, the absence of a more flexible structure does 
not compromise the network performance beyond what can be achieved due to the medium 
characteristics. Indeed, considering the case of a small and known in advance number of nodes in the 
network, adding layers can compromise robustness of the network without reward, ultimately 
decreasing the network performance. 
 
We have opted for a Time Division Multiple Access (TDMA) broadcast messaging scheme, with no 
multi-hop (hence routing) capability. In the implemented network architecture, the bottom layer is 
represented by commercial acoustic modem/USBL Kebkal et al. (2012), which manages the physical 
transmission of the signal into the water. The adopted communication mode provided by the modem, 
namely instant messaging, does not require connection establishment procedures, allows for broadcast 
messaging and permits a message maximum size of 64 bytes. The modem also implements collision 
avoidance techniques (Medium Access Control - MAC) and provides basic network functionalities, 
including an addressing system that can be exploited at the link layer. The medium access control is 
completed through a channel time division mechanism: time is divided into slots and each node is 
assigned a slot where it has to concentrate its entire communication burden. The network link layer is 
composed by a combination of the modem networking features and of MOOS services.  
 
To increase the throughput of the network and the probability that an important message is transmitted 
without unnecessary delays, messages are organized in a priority queue: four classes of messages have 
been identified, each of which associated with a decreasing priority; among them, the localization 
messages, periodically exchanged between the vehicles to have USBL updates or range measure-
ments, and relevant to the localization algorithm. To avoid indefinite growth of the queue, when an 
application generates data at a higher rate than the acoustic channel can support, at each step the 
messages are filtered on the basis of the time slot duration and those that cannot fit into the available 
time are discarded. Moreover, the organization of the queue is performed both during the non-
communication periods and the communication time slot available to the vehicle; this way, the 
network supports almost real-time data delivery, meaning that the data are produced, organized and 
then transmitted during the communication period of the node. Finally, in the network link layer an 
additional service has been include, namely the performance/network layer, used to adapt the requests 
coming from the application level to the constraints of the layers below it and of the acoustic channel. 
The highest layer, namely the application layer, utilizes MOOS as software infrastructure. Messages 
to be sent through the network are published by any process to the appropriate subscriber topic, and 
those processes that may need to receive messages from the network register as subscribers of the 
relevant topics. In this way, the network becomes completely transparent from the application point of 
view, and indeed, from the application stands, it is not even known whether the message will be 
transmitted acoustically or through radio-link, as it happens when (some of) the nodes are at the sea 
surface and can establish radio contact 
 
From the cooperative localization point of view, the Thesaurus scheme relies on the presence of one 
of the vehicles equipped with USBL-capable modem. The USBL vehicle can localize the others and 
update their absolute position at intervals, allowing a reset of the on-board navigation system. Indeed, 
the navigation system on board each vehicle relies on an Extended Kalman Filter (EKF) fusing 
together the on-board sensors (inertial and, if available, doppler velocimeters), the absolute 
positioning as communicated by the USBL vehicle, the range position from any other vehicle as 
measured from the acoustic messages. The EKF localization algorithm of the AUV team is described 
in detail by Caiti et al. (2013b).  
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3. Typhoon tests within Thesaurus and communication performance in very shallow water 
 
After a set of laboratory and pool tests, including pressure chamber tests to verify the hold of the dry 
part up to 300 dBar pressure, the first Typhoon underwent wet test in the Roffia Lake, conveniently 
located mid-way between the towns of Florence and Pisa, where the two working groups have their 
labs, in February 2013. The lake depth in the authorized area (2 – 3 m) prevents complex underwater 
navigation tests; nevertheless this testing was of paramount importance to tune many aspects of the 
implemented software. Moreover, using the other available modems in fixed position along the lake 
shore, it was possible to test communication architecture and to determine some network 
communication performance that will be reported later on in the paper. In May 2013 a second week of 
lake tests was performed with the same vehicle, and then in July the vehicle was put at sea for another 
week of engineering tests in Antignano, few miles south of Leghorn, at depths down to 25m. While 
the Typhoon no. 1 (“TifOne”) was being tested at sea, the second and third one were tested in the lake 
in July and August. By the end of August, Typhoon 1 was used in its first archaeological mission, 
operated by the underwater squad of the Leghorn Fire Brigade, under the supervision of the Tuscany 
Superintendence: Typhoon 1 identified through the side-scan sonar the relict of a World War II US 
ship sank about 1.5 miles off Leghorn harbour. The relict was known to the Superintendence that had 
already photographic documentation, and selected as a test case of the vehicle capacities, Fig.4. 
 

   

 
Fig.4: Top left: ‘TifOne’ in navigation during the archaeological test; Top middle: previous  
         documentation of the World War II relict; Top right: side-scan sonar view of relict. Bottom:  
        ‘TifOne’ deployed by Fire Brigade squad in Leghorn. (Images courtesy of Fire Brigade, Leghorn) 
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Right after the Leghorn field test, all three Typhoons, plus one additional shore-cable modem, were 
tested in the lake in particular as for the networking and communication capabilities, Fig.5). In order 
to evaluate the performance, the chosen metric is the packet loss percentage from one node to each 
other. Each packet is one message, so packet loss is equivalent to message loss. The relevant results 
are reported in Table I for one node as a source toward the others. Changing the source gives similar 
results. Nodes ranging goes from 50 m to few meters. While these results are obtained with all the 
sensors close to the water surface and in about 2 m of waters, i.e., in quite a challenging situation for 
acoustic communication, they indicate a quite important message loss probability. This loss 
percentage has an impact to the localization scheme, i.e., acoustic localization updates will reach the 
vehicles at an even slower rate than that imposed by the TDMA scheme. 
 

 
Fig.5: Three Typhoons plus one shore-cabled modem in the final lake test of networking communication:  
         4 nodes, 20 s time slot each (Roffia Lake, August 2013) 
 
Table I: Communication performance measured as packet loss percentage in Roffia Lake. Node 1 is the  
            source. Test # refers to different environmental conditions (morning / afternoon) 

Test # Node # Packet loss (%) 
1 2 46 
1 3 60 
1 4 79 
2 2 62 
2 3 60 
2 4 61 

 
4. Typhoon at CommsNet 13: Acoustic localization and underwater navigation 
 
Right after the end of the Thesaurus testing, the ISME groups of the Universities of Pisa and Florence 
jointly participated, bringing two Typhoons, to the activities of the CommsNet13 cruise that took 
place in the Gulf of La Spezia, Northern Tyrrhenian Sea, from September 9 to 22. The CommsNet13 
cruise was organized and scientifically led by the NATO Science & Technology Centre for Maritime 
Research and Experimentation (CMRE), and had the broad objective of testing and comparing 
methodologies for underwater communication, localization and networking. Several research 
institutions were invited to participate in the testing; the cruise was performed from on-board the R/V 
Alliance, and exploited the CMRE network of shore-cabled acoustic modem placed on the seabed in 
the experimental area, Alves et al. (2012). Being these modems compatible with those of the 
Typhoons, the communication and localization scheme devised for Thesaurus could be effortlessly 
transferred to the CommsNet13 situation. In particular, Typhoon no. 2, the one with USBL modem, 
was used during the experimentation. The tasks of the USBL Typhoon were as follows: 
 

- localize and geo-reference the sea-bed modem, interrogating them from the surface (i.e., 
exploiting its own geo-referenced position from GPS signal availability); 
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- use the geo-referenced position of the modem to get acoustic fixes during underwater 
navigation. 

 
The latter task implies the use and evaluation of the on-board EKF fusing the Inertial Measurement 
Unit with the acoustic fixes. Note that the combined performance of the communication system 
between the USBL vehicle and the modems, as well of the data fusion navigation system, is crucial to 
evaluate the possibility of using an acoustically aided low-cost inertial navigation system.  
 
In the following, we will report the results of both phases for one indicative day of the cruise, using a 
navigation track on the surface in which the GPS signal is only used to initialize the filter, but then not 
used in the navigation data algorithm. In this way we can use the measured GPS as ground truth 
against which compare the INS+acoustic navigation performance. Fig.6 shows some image of the 
experimental campaign. 
 
Fig.7 shows the experimental configuration for the day considered. The Typhoon was going to repeat 
a triangle route, indicated in yellow, while the seabed modems are nominally located in the position of 
the black dots. The effective localization of the sea-bed modem was obtained by the USBL Typhoon. 
The Typhoon was at the surface, going through the repeated triangle path and navigating with the 
GPS, while interrogating the various modems with the TDMA communication procedure. The 
interrogation allowed estimating the relative position of the modems with respect to the vehicle, and 
then the GPS vehicle position is used to geo-reference the modem. The geo-referenced modem 
position is taken as the average of the various measured positions, with outliers excluded. Standard 
deviation of the position estimate varies between 0.8 and 5.2 m. Note that there are 6 nodes in the 
network. The average packet loss during the day of the USBL Typhoon toward any other node has 
been of 38 % - water depth in the area was varying between 16 and 6 m. 
 

  

  
Fig.6: Images from the CommsNet 13 cruise. From top left, clockwise: the CMRE R/V Alliance  
          from the coast of Portovenere, Gulf of La Spezia; Typhoon no.2 in navigation; Typhoon no.2  
          and Alliance; the two Typhoons brought on board the Alliance for the cruise operations. 
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Fig.7: Experimental configuration for the CommsNet13 exercise reported. The black dots indicate  
         the seabed modem nominal positions; the yellow trinagle the nominal Typhoon route. Each  
         triangle side has a length of approximatedly 150 m. 
 
After the initial phase for the modem geo-localization, the USBL Typhoon started the runs over the 
nominal triangle route, staying at the surface and navigating with the GPS. As the experiment ran, the 
vehicle was interrogating the modems and receiving localization information, that could be used for 
its own geo-referencing thanks to the on-board presence of the USBL modem (i.e., no additional 
messaging was necessary in this case. Due to relatively large number of modems and to the packet 
loss, the USBL acoustic fixes were not too frequent. Fig.8 shows the effective vehicle route, 
according to the GPS, and the difference between the GPS position and the acoustic position as 
received from the USBL.  
 

 
Fig.8: Typhoon effective route according to GPS (thin line); GPS positions at the time of USBL  
          acoustic fixes (red triangle, pointing down); USBL acoustic fixes (black triangle, pointing up) 
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Table II reports the difference between the GPS and USBL position. Note that the data in Table II are 
interesting because they represent the inherent error of the acoustic correction that is then injected in 
the acoustic-aided inertial navigation filter. 
 

Table II: Difference between GPS and USBL position 
Fix # Error (m) Fix # Error (m) 

1 2.27 10 8.48 
2 3.38 11 2.15 
3 8.18 12 5.94 
4 3.04 13 8.44 
5 13.23 14 4.26 
6 2.91 15 9.83 
7 1.89 16 11.55 
8 3.11 17 1.32 
9 5.09 18 1.16 

 
Fig.9 shows the estimated navigation with the acoustically aided INS system compared with the GPS, 
assumed as ground truth. Fig.10 shows the error as a function of time, showing the instant in which 
the acoustic fix is injected in the filter. The INS drift can become quite consistent with the delays 
experienced in the experiment, but it has been always reset by the acoustic fix; the acoustic fix itself is 
not able, because of its inherent error, to reset the navigation error completely to zero. However, this 
level of accuracy is still compatible with the archaeological search which is the original motivation of 
the project. Note also that, using the network of seabed modem as acoustic pingers, i.e., not treating 
them as nodes in network capable of messaging, greatly reduces the time interval between one 
acoustic fix and the next. Depending on the application and situation, the system performance can be 
improved, but, we fear, not beyond the precision of the USBL system itself. 
 

 
Fig.9: GPS route (purple, asterisks), acoustically aided INS route (thin line), initialized with GPS.  
         Red diamonds indicate the GPS fixes. 
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Fig.10: Error vs. time between the GPS and the acoustically aided INS system. Green diamonds  
           correspond to the time of USBL fix arrival  
 
5. Conclusions 
 
The paper has reported some general features regarding the development of the Typhoon AUVs, 
developed for archaeological search in cooperative missions, and then has concentrated on the 
communication and localization capabilities of the developed system. In particular, the localization 
and navigation data shows that acoustic localization can indeed reset the navigation drift typical of 
low cost IMU, as those employed on board the Typhoons. However, an increase in the acoustic fixes 
rate could further improve the navigation performance. Such increase has to come out from a trade-off 
between message passing for mission management and acoustic pinging for localization only 
applications. 
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