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History and Evolution of Shipbuilding Oriented CAD Tools 
 

Rodrigo Perez Fernandez, SENER, Madrid/Spain, rodrigo.fernandez@sener.es 
Carlos Gonzalez Lopez, SENER, Madrid/Spain, carlos.gonzalez@sener.es 

 
Abstract 
 
This paper traces the history of ship design since Roman times, when ship designers began to use 
curves for drawing frames, through the Venetian techniques (XIII-XVI centuries) reusing templates, to 
the most modern methods for ship design with FORAN. The FORAN software offers a comprehensive 
process for the design and construction of ships, offshore platforms and submarines, with the help of 
computers. It was conceived as an advanced engineering technique for improving the design and 
reducing the construction period of a vessel. This paper traces the history of this CAD system, since 
its organization was differentiated into two stages: design (modules from F.1 to F.7) and production 
(F.8 to F.22); until the recent advances in integration with Product Lifecycle Managements, Virtual 
Reality and the near future where all the ship product information will be accessible in electronic 
devices, allowing paper-less design. 
 
1. Introduction to CAD systems 
 
Computer-Aided Design (CAD) Systems help engineers and designers in various industries, designing 
and building 3D models of airplanes, cars, bridges, digital cameras ... and of course, ships, submarines 
and floating structures. There are other acronyms that are usually accompanying the acronym CAD, 
such as Computer-Aided Manufacturing (CAM), Computer-Aided Engineering (CAE), and Computer 
Integrated Manufacturing (CIM), including instructions to Computer Numerical Control (CNC) ma-
chines. One could claim that these CAD/CAM/CAE Systems had their origin around the year 350 BC, 
with the mathematician Euclid of Alexandria. Many of the postulates and axioms used by today’s 
CAD systems are based on Euclidean geometry. Some 2300 years later, many see the birth of 3D 
CAD with the work of Pierre Bezier, a French engineer working at the Arts et Métiers ParisTech. 
After his mathematical work concerning surfaces, he developed UNISURF, between 1966 and 1968, 
to ease the design of parts and tools for the automotive industry. Then, UNISURF became the work-
ing base for the following generations of CAD software. Only onee decade later, CAD systems were 
introduced in academic courses. The real breakthrough in CAD systems came, logically, with the 
development of computers; and during the 1980s the application of CAD systems matured to a similar 
stage as known today. 
 
CAD tools are usually divided into 2D drawing and 3D modelling programs. The drawing tools are 
based on 2D vector geometric entities such as points, lines, arcs and polygons. In 3D modellers, solids 
and surfaces are created. In the early stages of the development of CAD systems, the software was 
running on mainframes, which limited use of CAD systems for manufacturing. With the arrival of 
workstations and PCs came then widespread use of CAD systems in engineering on a daily base.  
 
2. Shipbuilding CAD system History 
 
The shipbuilding industry has varied widely throughout history. One could argue that the first ship-
builders were the Egyptians, due to evidence of bundle rafts and big planked boats, first using sewn 
joints on the Cheops Ship around 2600 BC. All Mediterranean civilizations (Greeks, Carthaginians 
and Romans) were subsequently improving their fleets, as they were established as naval and military 
powers. Certainly, the increasing dominance of Rome over the Mediterranean World, defeating 
Greece and Carthage at the end of the first millennium BC, influenced quantity and quality of the 
ships built at this time. In those days, shapes and sizes of vessels changed, but also the construction 
processes. Leon and Domingo (1992) mention that the oldest assembly system known, the mortises-
and-tenon edge-joining, was used in Greco-Roman ships. 
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During the first century BC, the increasing demand for cargo space required more strength to the hull 
structure and integrity, requiring thicker planking or hull structures with inner and outer planking with 
wool or other fabrics saturated in wax in between. These Romans techniques were perfected by the 
Venetians from the 13th to the 16th century. The Venetian Arsenal became one of the earliest large-
scale industrial enterprises in history using the concept of production chain. 
 
The Venetians began to define the form of the frames 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. The ‘San Pedro de Orellana’ in the 16th century, Fig.1, 
used frames (a.k.a. ribs), i.e. transverse structural members running from the keel up to the rails. The 
plating was attached to the frames to form the outside skin of the ship. 
 

 
Fig.1: Shipwrights from Francisco de Orellana’s expedition building the small brigantine ‘San Pedro’,  
           to be used for searching for food, 1541 (Wikipedia) 
 
Drawings to define a ship hull became popular only in the 17th century in England. The earliest exist-
ing mention of a spline, a wooden beam used to draw smooth curves, seems to be from the 18th centu-
ry. The birth of classical splines is believed to come from shipbuilding, e.g. Nowacki (2000). So prob-
ably, shipbuilding was the earliest industry to use constructive geometry to define free-form shapes. 
In the late 19th and early 20th centuries the frames of a steel ship were stood up on the keel like those 
of a wooden ship, and the plates attached later. Frames had to be shaped to match the curves of the 
hull design. Each one was heated in a forge and then hammered or jacked to match the shape of its 
template. In late 19th century, it was not easy fairing the hull. Flexible sticks called battens, were used 
for fairing the lines, i.e. checking the measurements against the lofting and making sure they looked 
fair with no kinks or irregularities. Finally, the lines were transferred onto full-sized moulds (patters) 
sawn from thin wood. These were traced to shape the timbers for the ships, much as a dressmaker 
uses paper patterns to cut cloth for a garment. Loftsmen cut the mould stock (thin pine boards) to 
shape using a band-saw. Each pattern was marked to indicate which piece of the frame it was. The 
patterns could be stencilled with the hull number to keep track of the sets. Often two or three sets of 
moulds were made: one to mark and cut the timbers, and one or two up in case the originals were 
damaged. Ship designers in the design office, Fig.2, drew up construction details and compiled tables 
of offsets, or measurements, for the full-scale hulls. At some shipyards, drawn plans were used instead 
of, or in addition to, a half-model. In some shipyards, carving a half-hull model was the first step in 
designing a new boat. Drawing on both tradition and experience, shipbuilders carved hull forms that 
had been proven seaworthy and economical. Half-models were carved from layers (or lifts) of wood. 
Sometimes contrasting wood types indicated design features like the waterline. Old shipyards used 
models with the lifts glued together, taking measurements from the outside of the model. 
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Fig.2: Percy & Small Shipyard old mould loft floor 

 
Throughout the first half of the 20th century, ships were getting bigger; so it was necessary to work on 
larger scales. The templates allowed working on different scales, such as widely used 1:10 scale. But 
with growing ship size, the moment came it was no longer practical to use templates. This happened 
at a time when the first computers came to our industry, promoting the development of ship design 
CAD systems. From a historical perspective, Fig.3 shows the evolution of the different CAD system 
in the last 50 years. 
 

 
Fig.3: Historical CAD systems timeline 

 
Computer-aided design of outfitting systems (pipes, machinery, HVAC...) is much more recent than 
hull form design or structural design. Outfitters used plastic models until the late 20th century. It was 
only then that CAD systems expanded the application range, covering all project stages, thanks to the 
evolution of graphics environments. 
 
Traditionally, most shipbuilding CAD systems focused on hull form definition, naval architecture 
calculations and structural design. This changed when new challenges in shipbuilding, demanding 
closer coordination between hull structure and outfitting, obliged marine suppliers to devote special 
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attention to this matter. Some marine CAD systems (as FORAN) started the development of particular 
outfitting tools, others limited tried to find a closer integration with existing plant design oriented 
systems. The development of a particular outfitting design tool in FORAN was based on the fact that 
the actual requirements for outfitting design are not limited to a close integration with the structural 
design. Problems to be solved, regulations, working procedures, nomenclature, production infor-
mation, etc. are so particular to ship design that it is convenient to have a dedicated tool rather than try 
to adapt an existing one. As time went by, outfitting tools have been increasing the scope of support. 
Today, tools usually include particular environments for equipment modelling and layout, piping and 
HVAC ducts routing, definition of auxiliary structures (foundations, gratings, ladders ...), and defini-
tion of distributor supports and hangers. In some cases also electrical and accommodation aspects are 
considered. Particularities of outfitting design require to work in a pure 3D environment and with a 
friendly and suitable user interface, but new developments in outfitting tools have been always handi-
capped by the available technology (hardware, graphic possibilities...). Nowadays it is commonly 
assumed that outfitting tools should be able to work in a solid visualization method, with huge 
amounts of information on the scene being dynamically handled. 
 
3. Origin and evolution of FORAN 
 
FORAN, Fig.4, has probably the longest tradition among the shipbuilding software currently in the 
market. Half a century since José Manuel Sendagorta conceived it as a tool for marine design projects 
at SENER, FORAN has become a complete CAD tool for design, construction and engineering of all 
kinds of ships and marine units. Its multiple applications and constant improvements have made it one 
of the most advanced CAD system for global shipbuilding, and a milestone in Spanish engineering. 
 

 
Fig. 4: From top left to bottom right: heavy patrol boat, 80 m tuna fishing boat, 154000 DWT bulk- 
            carrier and a fore tank of LPG Carrier in 1969  
 
The creation of FORAN was, to a certain extent, due to the innovative spirit of SENER’s founders, 
brothers Enrique and José Manuel Sendagorta. It was the 1960s, SENER, then purely a ship design 
office, could not find computing tools to boost the efficiency of its projects. In 1964, FORAN started 
out as an initiative driven by José Manuel, a Doctor in Aeronautical Engineering who had studied 
combustion aerodynamics at the Spanish National Institute for Aerospace Technology (INTA). Ap-
plying this knowledge to the marine sector, he developed an interest in using mathematical formulas 
to represent the underwater hull in a System structured on modules. A small research team was 
formed with naval architects and students with special interest in computer science. This combination 
of experience and skills within the team proved to be extremely fertile and was subsequently main-
tained as a desirable requirement for successful development.  
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Soon it was realized that mathematical descriptions of ship hull forms could be used not only to repre-
sent or fair existing hull forms, but also to generate new hull forms starting from a set of main ship 
dimensions and coefficients. 
 
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 objective of this module was to obtain 
an approximate hull form sufficient for qualitative appearance and hydrostatics. Another FORAN 
module, FORMF, was used to fit (and optionally fair) an existing hull form defined by a table of off-
sets or by lines drawing, by means of bi-arc and splines techniques. The module can be used to modi-
fy 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. 
 
In 1965, the first version was launched (just for internal use) under the name of FORAN, a Spanish 
acronym of FORmas ANalíticas (ANalytic FORms), Fig.5. It was soon realized that this system could 
be marketed and exported to other technical offices and shipyards. At that time, SENER’s marine 
activities were focused on contract and classification designs (a.k.a. basic engineering). The next step 
was to develop an integrated tool for all design and production activities of the vessel. 
 

 
Fig. 5: FORAN advertisement in the early 1980s  

 

 
Fig. 6: Some photographs from the early moments of SENER and FORAN (1956-1967) 
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For historical reasons, we mention some FORAN milestones shown in Fig.6. In the bottom right and 
left images, Manuel Sendagorta and Jaime Torroja, aeronautical and naval architect respectively, 
made a presentation to the press of FORAN. This presentation was attended also by the Spanish Min-
ister of Industry, José María López Letona, in the top centre image. Enrique Sendagorta, founder of 
SENER, is shown in the top right image, in the offices then in Bilbao at 1956. 
 
The new system was conceived with all ship design disciplines (hull form generation, hull fairing, 
naval architecture calculations, design and production of structure) coordinated, with ultimate goal 
obtaining ship production in the shortest and cheapest way. The first commercial demand for the use 
of FORAN was a contract by Litton Industries Inc. (USA) in late 1965, to develop a mathematically 
hull forms fair for the Fast Deployment Logistics Ship (FDLS). The result of the work of SENER was 
considered highly satisfactory and was incorporated in the proposal that Litton sent to the US Navy. 
While the US Congress did not authorize the funds for the FDLS project and the ship was never built, 
the development of FORAN was unstoppable. 
 
FORAN was continuously improved and used as an internal tool at SENER, supporting high-quality 
projects within unusual response time. In 1969, the Spanish company, Bazan (now known as Navan-
tia) expressed interest in using it. This led to the first FORAN license agreement. Since then, SENER 
has granted license to use the System to more than 150 shipyards and marine engineering technical 
offices in more than 30 countries. 
 

Table I: Other important milestones in the FORAN history, indicated by year 

YEAR OTHER IMPORTANT MILESTONES IN THE FORAN HISTORY 

1972 First ship built with shell development information generated solely with the FORAN System 

1975 
The FORAN V6 includes a complete group of Hull Structure modules working on main frames 
(IBM, CDC, UNIVAC). Outputs drawing and CNC information are obtained in punched paper 

tapes to be processed in plotters 

1978 
The FORAN V10 adds lines fairing as alternative and complementing the hull forms generation. 
This version is considered the first interactive FORAN version and it worked on mini-computers 

(PRIME) using graphic terminals like Tektronix and Westward 

1982 A drafting subsystem is incorporated (F25) 

1984 
The FORAN V20 includes one of the aspects that will initiate the future evolution of the System, 

introducing the concept of Database, as the unique repository that contains all the ship information 

1986 The System is implemented in VAX computers 

1991 
The FORAN V30 incorporates the Machinery and Outfitting Production Subsystem, another mile-
stone to include for first time, a 3D environment, integrating both design disciplines (structure and 

outfitting) 

1993 The System is adapted to computers running on Unix (HP and others) 

1994 First version of the Virtual Reality module 

1995 First version of the Electrical Subsystem 

1997 
The FORAN V40 introduces a huge improve with respect its competitors, to become the first Ship-

building CAD system working under Windows (NT) 
1999 A new module for accommodation is included in the System 

2001 
The FORAN V50 incorporates three major innovations: Surface description by NURBS, new ORA-

CLE Database and a new advanced kernel 
2003 A new drafting module is incorporated (FDESIGN) 

2005 
The FORAN V60 incorporates a new development environment (FDE) allowing advance users to 
program their own functionalities. Improvement in several aspects related to collaborative design 

(local, remote and improvements in data interchange tools) 

2010 
The FORAN V70 adds a new solution related with the internationalization (treatment of multi-byte 

languages) and incorporates the first integration with PLM Systems 
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From 1970s, FORAN’s functionalities were expanded (structure, machinery, piping, electrical and 
beyond). This evolution ran parallel to the course of computers, from large computers operated with 
punching cards, modules running on mainframes only available for the largest shipyards, through the 
mini-computers like PRIME or VAX with monochrome graphical screens, then the UNIX operating 
system, moving forward for working on PCs, with amazing graphics and great computing capabilities. 
Other significant milestones in the FORAN history are highlighted in Table I. 
 
4. Design Phases in Shipbuilding using CAD systems 
 
Ship design follows a series of stages, Fig.7. These stages are commonly denoted as conceptual de-
sign, contractual design, basic design, detail design, manufacture or production and maintenance:  
 
• Initial design, concept design: CAD systems incorporate solutions for arbitrary hull forms and for 

converting forms generated in third-party software. FORAN offers an innovative approach for the 
definition of the general arrangement of the ship, allowing the user to set the most important 
spaces and volumes intuitively. All the naval architecture calculations can be done at this stage. 
The main output is the General Arrangement plan, and information for the contract phase. 

• Basic design, class design: CAD systems work in 2D or 3D environments. FORAN generates ship 
3D models at early design stages in short time. Using the same software from the beginning of the 
project yields significant time and cost savings. FORAN allows defining ship structures with only 
the primary elements and positioning the main equipment in its final position. This eliminates 
unnecessary errors and costs and makes material and weight calculations very accurate. 

• Detail design: A CAD system is a great tool for defining the detail model of the ship, including 
information of structure, outfitting and electrical design. Whether we already have a 3D model 
generated in FORAN or the 3D model starts at this stage, FORAN provides many advanced, 
automatic and intuitive features to define all the structural elements, equipment, HVAC, supports, 
auxiliary structures, electrical design, electronics, etc. 

• Manufacturing, assembly and operation: CAD systems allow extracting all the information 
necessary for manufacture and assembly, completely adapted to the production practices of the 
shipyard. Later in the life-cycle, the CAD model is very useful in conversions, repairs, etc. 

 
The use of new technologies in different ship design stages will be a great benefit for ship design 
offices, shipyards and ship-owners and will improve hugely the production process. 

 
 

 
Fig. 7: Ship design phases with a CAD system database oriented 
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5. Shipbuilding CAD systems - Present 
 
The FORAN System, since its creation, was differentiated into two stages, Fig.8: design (modules 
from F.1 to F.7) and hull production (F.8 to F.22). This modular organisation has proven to be very 
beneficial. All recent CAD integrated shipbuilding tools use modular organisation, subdividing 
normally into five major groups: Hull Forms, Naval Architecture, Primary Structure, 
Outfitting/Machinery and Electrical Subsystem. 
 

 
Fig. 8: Ship design phases with a database oriented CAD system 

 
5.1 Surface definition 
 
One of the first tasks in CAD is the definition of hull forms, including external hull, decks, bulkheads, 
appendages and superstructures. In FORAN, the geometrical representation for all these surfaces is 
based on trimmed NURBS patches, Bezier patches, ruled surfaces and implicit surfaces as planes, 
cylinders, spheres and cones. The surfaces can be imported from files using different generic formats 
such as IGES and AP-216 of STEP. 
 
In the CAD system market, there are two complementary tools for surface definition. The traditional 
tool permits defining the hull surface, either conventional or special forms, such as non-symmetrical 
ones, multi-hull and platforms. The traditional tool includes advanced fitting and fairing options and 
allows several transformations of the hull forms (based on block coefficient, longitudinal position of 
the centre of buoyancy, quadratic). Operations like lengthening or shortening of a ship can be easily 
performed. More recently, some CAD systems (like FORAN) have incorporated an additional func-
tionality based on the latest-generation of mechanical design that can be used for improving hull 
forms, by means of target driven deformation for improving design creativity and final shape quality, 
implementing thus parametric design and global surface modelling. 
 
5.2 Main structure definition 
 
In the hull structure definition, there are several approaches, according to the philosophy of each CAD 
system. There are mechanical, parametrical and topological ones. 



 16

Despite the capabilities of the 2D or 3D structure modelling, an important aspect refers to the design-
for-production concept, which is based on the definition of build strategy. Thus the CAD system must 
be able to establish and organize a project in accordance with the manufacturing and assembly pro-
cesses taking place in the shipyard. In FORAN, the build strategy is defined by arranging a hierar-
chical tree describing the structure of the ship, Fig.9. The full product model is organized into a hier-
archy of intermediate products and may create alternative build strategies, providing for the creation 
of interactive intermediates functions, allocation of parts, the possibility of classifying using configu-
rable attributes for each type and the definition of the assembly sequence, so that drawings and inter-
mediates lists can be generated automatically. 
 

 
Fig. 9: Some characteristic elements in the structure design 

 
Currently CAD systems can automatically calculate welding lengths and welding type classification 
according to various criteria (position and assembly interim level), yielding welding reports and draw-
ings. The CAD systems generally provide solutions to produce nested plates and profiles according to 
the standards of the yard, their means of production and manufacturing methods. FORAN can be used 
to calculate the material take-off as well as to generate information for CNC machines, cutting pat-
terns and statistics during the detailed design phase raw material. 
 
5.3. Outfitting & electrical design process and cost 
 
In shipbuilding, normally only few units of a particular project are actually constructed (very often 
only one). Due to this, shipyards and design offices try to re-use previous designs. In the case of out-
fitting/electrical, it is traditional to re-use data regarding standards, materials, specifications, equip-
ment models, etc. Sometimes, complete or partial outfitting/electrical designs may be used in another 
project. The CAD system should be able to support this practice. Data must be transferred between 
different systems, by zone, by module, by block and even by interim product, at user decision, includ-
ing attributes, geometry and layout. Transferred data could be handled in the new project as any other 
data defined directly on it, capable of modifications and updates. The trends towards modular outfit-
ting makes the re-use of data even more useful, not only from a single previous project, but from sev-
eral ones. 
 
The trend in shipbuilding towards pre-outfitting of blocks and sections to the highest possible level 
makes it compulsory that outfitting design must be fully coordinated with the rest of the design. All 
aspects of the design become small pieces of the puzzle called vessel, and failure in one of them could 
produce failure in others. The earlier failures occur, the more serious the consequences are. Thus it is 
essential to have a complete control of the design. This control is even more important for outfitting 



 17 

design. Here, modifications impact all the stages, due normally to early starting of activities when the 
design is still immature. Changes (due to class society comments, changing owner requirements, 
availability of equipment, production subcontracting, feedback from previous projects, etc.) are com-
mon. This obliges outfitting design change management to be very efficient. 
 
Although there are large variations due to ship type, on average 50% of the total design cost is related 
to outfitting tasks (piping, equipment, HVAC ducts, auxiliary structures, etc.), 40% to hull structure, 
and the remaining 10% to electrical. Based on these numbers, and assuming 7-10% of the total price 
of the ship are attributed to design, we have outfitting design accounting for 3-5% of the total cost of 
the ship. But not only this. An efficient outfitting design means also a good project, and this has direct 
impact in the cost of the overall construction. Considering that of the total cost of the construction 
40% is related to outfitting tasks, we have that decisions taken during the outfitting design phase im-
pact more than 35% of the total cost of the ship. So, an efficient outfitting design is an opportunity to 
dramatically reduce costs and improve productivity. 
 
Achieving 100% valid production information requires an interference-free design. It is thus neces-
sary to detect interferences between all the elements of the 3D model directly when an element is 
added or modified in the 3D model. This detection must take into account not only elements visible, 
but any element stored in the database, including those insulation, operating spaces, escape routes, etc. 
The CAD system must provide tools to classify the detected interferences (soft or hard), to eventually 
approve them, and to generate detailed reports. On top of that, suitable tools must solve interferences 
detected also in an on-line regime. Interference detection algorithms must be optimised to avoid nega-
tive effects on performance and response time of the system due to the on-line calculation process. 
 
During the design process, when creating the 3D model, it is necessary to consider already the fabri-
cation and assembly phases, adapting the design to the actual production methods and devices of the 
shipyard. Among others, the following aspects must be considered: 
 

• Maximum length for pipes considering the straight pipes supplied to the shipyard. 
• Handling of fixed angles for elbows, for optimization of materials. 
• Bending machines and restrictions for bending of pipes (clamping, collisions, allowable nom-

inal diameters ...), Fig.10. 
• Size of pots for galvanizing and other treatments for pipes. 
• Availability of automatic flange welding machine. 
• Gross plates used for development of HVAC ducts. 
• Standard plates and profiles used in auxiliary structures. 
• Use of standard support and hangers. 

 
It is necessary to complete the production-oriented design by assigning outfitting elements to interim 
products, reproducing the actual build strategy according to which the ship would be built and allow-
ing the pre-outfitting of blocks and sections. 
 
In addition, all production and assembly information must be generated mostly automatically. Due to 
the common modifications that appear during the design process, the system must maintain an auto-
matic control of the production information and the 3D model, providing warnings when the changes 
affect already generated production information. 
 
CAD systems must provide NC data for feeding machines and devices of the shipyard such as bend-
ing machines, welding machines, etc. Thus it is necessary to customise formats in order to match each 
shipyard’s specific machines. 
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Fig. 10: Automatic bending checking when routing pipes in FORAN 

 
6. Shipbuilding CAD systems - Future 
 
There are several fields where CAD systems could improve in the near future. However, here the 
focus is on functionalities that are being improved right now. E.g. in hull forms fairing, the global 
shape modelling or the advance continuity and capping could transform complex surfaces with excel-
lent results, less interaction, high accuracy, and full control. These techniques shorten dramatically the 
design time, from days to minutes while obtaining excellent results. 
 
Another area of improvement concerns one of the most time-consuming tasks in outfitting design, the 
routing of pipes, HVAC ducts and cable trays. Automatic routing options minimise this time, but 
without reducing the robustness of the design. Automatic routing provides simple solutions, with op-
timisation of material, and several algorithms exist. But the matter is not only to consider existing 
elements for future routings; it is also necessary to assign priorities, and eventually handle automatic 
modifications of existing elements as a consequence of new ones. The complexity of the problem 
explains that there is not yet fully satisfactory solution for the automatic routing in practice. Current 
solutions provided by CAD systems solve partial problems, offering already significant support. 
 

 
Fig. 11: Marine design future, information in each stage of the ship in electronic devices 
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Another area where the CAD companies are active is Virtual Reality. The objective is to create a user-
friendly environment in order to review, audit, obtain metrics such as the progress of a project, etc. 
This type of review process of the model does not need to use tools for designing, just a simplified 
tool allowing easy access (“viewer”). In Fig.11, a 3D visualization model is reviewed in a tablet, 
where the authorized designers/engineers could have all the project information. These navigators 
allow access for reading 3D information in order to load the component tree of any customer project 
to obtain information about any item. Other basic tools available in these programs have different 
modes, allowing navigation commands to take action such as measuring distances or angles, creating 
sections to access internal components, etc. The interface with the program is via a mouse, but Virtual 
Reality opens windows of opportunities, with globes, glasses or helmets. 
 
Advanced browsers allow incorporating human models in order to study ergonomic aspects, creating 
highlights and textures for advanced renders, movements of components to perform simulations, etc. 
Browsers can connect to the database of a project in order to access information in real time. Some-
times there is a need to take information from an on-line database and if there is an Ethernet network 
through the shipyard, it is possible to implement a shared computer with a viewer that allows connect-
ing to a project. If there is not an accessible database, viewers should be able to read files with the 
project information required for 3D modelling of the product and component data with optimal per-
formance. So far it was prevalent to implement viewers on laptops, because laptops are usually 
equipped with processor and graphics cards that allow navigating through the entire project. In recent 
years there has been a breakthrough in mobile devices like tablets or smartphones. This hardware 
progressively incorporates new processors that enable enhanced graphics. On the software side, oper-
ating systems have been developed specially adapted for such devices (such as Android or IOS) al-
lowing interfacing naturally by touch gestures. 
 
The widespread use of these devices nowadays has precipitated its use by software companies. Soft-
ware developers have taken their time preparing oriented solutions and among those that allow us to 
have project plans or 3D models on tablets or others electronic displays. In modern projects, there is 
the need, for technicians, to carry these devices to work better, with a quickly access the 3D model of 
the project, with all parts information and construction drawings needed. A wi-fi connection would 
allow connecting to an information server to be updating the information needed, mainly in files, as 
for example: 3D models, classification or production drawings, between others. Another advantage of 
mobile devices is that the user interface might interact with the project model or parts using gestures 
just as everybody does every day with smartphones. One develop line of navigator’s evolution would 
incorporate augmented reality technology. It would be helpful for production technicians to scroll 
through the project and pointing the camera of their mobile device to a particular component to obtain 
information from it and have the actual image of the same 3D design model displayed. This is possi-
ble through the use of markers that help the device to position itself within the project and also for the 
use of QR codes. 
 
CAD systems must handle the information necessary for creating a collision-free design and for gen-
erating all production and assembly information, but not only this. The 3D model information is, at 
the same time, necessary for other activities and other departments involved in the construction of the 
ship, as planning, purchasing, subcontracting, accounting, etc. It is common that several design agents 
collaborate in the same project; so it is necessary that 3D model information should be shared be-
tween them to serve as reference. The paradigm of this problem appears when two or more design 
agents collaborate in the same project, using different CAD tools. In this case, the CAD systems must 
provide data exchange between them, leading to different degrees of integration, like visualization, 
spatial integration and cross manufacturing, depending on the characteristics and size of 3D model 
information transferred. At least, it should be geometry and key attributes. A worldwide format for 
data transfer has not yet been found. Despite recognised international standards, in most cases we see 
dedicated formats or particular adaptations from standard ones. Transfer of 3D model information 
could produce loss of performance due to different geometrical approaches to represent elements in 
both CAD systems. In this case, special solutions must be adopted in order to minimise this impact. 
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Another recent milestone is the integration between different CAD systems and Product Lifecycle 
Management (PLM) tools, e.g. the FORAN Product Lifecycle Management (FPLM) tool with a neu-
tral architecture. In this case, all the information generated in FORAN may be transferred to a PLM 
and may be subject to all processes: control, configuration and releases lifecycle and process man-
agement. FPLM consists of a series of tools and features that enable bidirectional integration between 
different modules of FORAN and PLM tools. The solution is based on standards such as XML, Web 
Services and Common Object Request Broker Architecture (CORBA). Fig.12 shows an example of 
tool integration. The colours highlight parts or elements that are or are not to be transferred to PLM. 
 

 
Fig. 12: Integration between FORAN and a Project Lifecycle Management tool 

 
There are many advantages of using CAD in shipbuilding: ease of design, speed of construction, use 
and reuse of information, etc. It is expected that in the future CAD tools will advance further and 
allow greater information management and virtual access through smart devices. In general, CAD 
systems provide tangible benefits while the process is optimized, reducing design time and 
production, and therefore costs. 
 
As a summary, there are several scenarios of improvements for the next years. Some of these 
improvements may seem unrealistic in the short term, but reality often exceeds expectations in any 
field, and probably more in technology. 
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Abstract 

 
Wave, tidal current and wind are considered as the most important factors for safe and economic ship 
navigation. Estimating meteorology in coastal sea areas is especially difficult because of the complex 
geography of land and islands. This paper looks at numerical ship navigation affected by the 
combined effects of these factors using detailed estimation of meteorology in coastal sea areas. 
Comparing simulated track lines of a sailing ship with dead reckoning tracks, it is found that the 
effects of wind and waves on a running ship are large.  

 
1. Introduction  
 
Global warming and other changed meteorology conditions are leading to more high-wave areas in 
the ocean. This increases risks for navigation. Weather routing may mitigate these risks. For coastal 
areas, weather routing is particularly challenging due to complex topography and higher ship density.  
 
Weather and ocean can produce forces on a ship, e.g. side forces due to wind or added resistance due 
to waves. For given wind, waves and current, ship motions and forces can be numerically estimated. 
But this requires then a numerical forecast of the ocean waves, ocean currents and winds over the sea.  
 
The east part of the Seto Inland Sea (ESIS) of Japan is a busy shipping area and often attacked by 
typhoons. Thus a need for high-resolution information on wind, wave and current has been brought to 
the attention of scientists and engineers. To conduct the first step for the construction of a numerical 
weather routing system, a representative typhoon was analysed to make a scenario for ship navigation 
simulation. The water in the ESIS area is shallow with several small islands inside, Fig. 1. Three 
narrow straits contribute to a complex current situation in this area. Therefore, it is necessary to obtain 
detailed met-ocean data and ship position.  

 
Fig.1: Topography of the ESIS area 
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Modern weather and ocean models are used to get high-resolution environmental data. The mesoscale 
meteorological model of WRF-ARW version 3.4 was used to generate high-resolution wind data, 
which was then put into SWAN, http:/www.swan.tudelft.nl, and POM to get high-resolution wave and 
tidal current data. Then the numerical simulation data of wind, wave and current was applied to the 
navigational simulation. The accurate estimation of the ship's position is very important for safety and 
economics. For such estimations, the hydrodynamic model MMG (widely used for ship manoeuvring 
predictions) was adopted. 
 
2. Model description 
 
2.1. Weather Research & Forecasting Model 
 
The large gradients in wind velocity and the rapidly varying wind directions of a typhoon vortex can 
generate very complex ocean wave fields. In this paper, the wind was simulated by WRF-ARW, 
which has been widely used for operational forecasts as well as for realistic and idealized research 
experiments. It can predict three-dimensional wind momentum components, surface pressure, dew 
point, precipitation, surface-sensible and latent heat fluxes, relative humidity, and air temperature on a 
sigma-pressure vertical coordinate grid. The equation set for WRF-ARW is fully compressible, 
Eulerian, and non-hydrostatic with a run-time hydrostatic option. The time integration in the model 
uses the third-order Runge-Kutta scheme; the spatial discretization employs 2nd to 6th order schemes. 
 
As boundary data, GFS-FNL data was used. The GFS (Global Forecast System) is operationally run 
four times a day in near-real time at NCEP. GFS-FNL (Final) Operational Global Analysis data are on 
1.0x1.0 degree grids every 6 hours. 
 
2.2. Princeton Ocean Model 
 
The Princeton Ocean Model was used to simulate the tidal current affected by the low pressure. As a 
three-dimensional primitive equation ocean model, it includes thermodynamics and the level-2.5 
Mellor-Yamada turbulence closure and uses a sigma coordinate in the vertical to resolve the variation 
of bottom topography, Blumberg and Mellor (1987), Mellor (1998). The basic equations to calculate 
the tidal current are the continuity equation and the Navier-Stokes equation: 
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       (1) 

 
U and V are the components of the horizontal velocity of tidal current, ω	the velocity component of 
the normal direction to the σ plain, f the Coriolis coefficient, g the gravity acceleration, F) and F.	the 
horizontal viscosity diffusion coefficients, and K2 the frictional coefficient of the sea bottom. 
 
2.3. Simulating Waves Near-shore 
 
As a numerical model for simulating waves, the third-generation wave model SWAN was used. 
Implemented with the wave spectrum method, it can accurately compute random, short-crested wind-
generated waves in coastal regions and inland waters. The SWAN model is used to solve the spectral 
action balance equation without any prior restriction on the spectrum for the effects of spatial 
propagation, refraction, reflection, shoaling, generation, dissipation, and nonlinear wave-wave 
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interactions. Validated against with field measurements, Holthuijsen et al. (1997), Booij et al. (1998), 
it is considered as an ideal candidate for a reliable simulating model of typhoon waves in coastal 
waters once a typhoon's cyclonic wind fields have been determined. 
 
Consequently, the SWAN model is suitable for estimating waves in bay areas with shallow water and 
ambient currents. Information about the sea surface is contained in the wave variance spectrum or 
energy density E(σ,θ). Wave energy is distributed over frequencies θ, and propagation directions  σ. σ 
is observed in a frame of reference moving with the current velocity, and θ is the direction normal to 
the wave crest of each spectral component. The expressions for these propagation speeds are taken 
from linear wave theory, e.g. Whitham (1974), Dingemans (1997), while diffraction is not considered 
in the model. The action balance equation of the SWAN model in Cartesian coordinates is as follows: 
 ��) c)N+ ��. c.N+ ��! c!N+ ��5 c5N = 6!          (2) 

 
The right-hand side contains the source/sink term S, which represents all physical processes which 
generate, dissipate, or redistribute wave energy. The equation of S is as follows: 
 S = S89 + S:;,= + S:;,> + S:;,>? + S9@A + S9@B   (3) 
 S89 is the term for the transferring wind energy to the waves, Komen et al. (1984). S:;,= is the term for 
the energy of white-capping, Komen et al. (1984). S:;,> is the term for the energy of bottom friction of 
Hasselmann et al. (1973). S:;,>? is the term for the energy of depth-induced breaking. 
 
2.4. Mathematical Maneuvering Group 
 
The MMG (Mathematical Maneuvering Group) model, widely used to describe a ship’s maneuvering 
motion, was adopted for the estimation of a ship’s location by simulation. The primary features of the 
MMG model are the division of all hydrodynamic forces and moments working on the vessel’s hull, 
rudder, propeller, and other categories, as well as the analysis of their interaction. 
 

 
Fig.2. Body-fixed coordinate system of MMG 

 
Two coordinate systems are used in ship maneuverability research: space-fixed and body-fixed. The 
latter (G-x,y,z) moves together with the ship and is used in the MMG model. In this coordinate system, 
Fig. 2, G is the center of gravity of the ship, the x-axis in the direction of the ship’s heading, the y-axis 
perpendicular to the x-axis on the right-hand side, and the z-axis vertically downward through G. 
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The equation of the ship’s motion in the body-fixed coordinate system is written as: 
 

CDm+ m)Fu − Hm+ m.Ivr = XHm+ m.Iv + Dm + m)Fur = YDIOO + JOOFr = N                (4) 

 m  is the mass, m)	and m.  the added mass, and u  and v  the components of the velocity in the 
directions of the x-axis and the y-axis, respectively. r is the angular acceleration. IOO and JOO are the 
moment of inertia and the added moment of inertia around G, respectively. X  and Y  are the 
hydrodynamic forces. N is the moment around the z-axis. 
 
The hydrodynamic forces and the moment in the above equation can be written as: 
 

Q X = XR + XS + XT + XU + XV + XW + XXY = YR + YS + YT + YU + YV + YW + YXN = NR + NS + NT + NU + NV + NW + NX	     (5) 

 
The subscripts H, P, R, T, A, W, and E denote the hydrodynamic force or moment induced by the hull, 
propeller, rudder, thruster, air, wave, and external forces, respectively. 
 
The hydrodynamic forces caused by wind, wave and current are respectively defined in Eqs. (6), (7) 
and (8). 
 

��
� XV = �YZ VVZAUC]VDθVFYV = �YZ VVZA_C`VDθVFNV = �YZ VVZLA_CbVDθVF                       (6) 

 ρV is the density of air, θV the relative wind direction, VV the relative wind velocity, A_ and AU the 
frontal projected area and the lateral projected area, respectively. C]V, C`V and CbV are the wind force 
coefficients. In this paper these coefficients were estimated by the method of Fujiwara et al. (1998).. 
 

CXW = ρghZBZ LC]WffffffDU, T
, ℵ − φ*F⁄YW = ρghZBZ LC`WffffffDω*, ℵ − φ*F⁄NW = ρghZBZ LCbWffffffDω*, ℵ − φ*F⁄              (7) 

 ρ is the density of seawater, h the amplitude of significant wave height, B the ship’s breadth, L the 
ship’s length. C]Wffffff, C`Wffffff and CbWffffff are averages of short-term estimated coefficients. 
 
For the simulations in this paper, a straight-heading direction was used for less than one hour, and the 
hydrodynamic forces as well as external forces were simplified. Only the advance, drift, and rotation 
motions in smooth water are considered. 
 
3. Model Simulation and Results Analysis  
 
3.1. Wind Simulation 
 
The simulation period is from 2 September 00:00 UTC to 8 September 00:00 UTC of 2004. The 
starting time is 5 days before the studied period. Fig. 3 shows the weather charts when the low 
pressure was closest to the ESIS area, with strong south wind. Three areas for nesting were calculated 
in each case to simulate winds more accurately, Fig. 4. In both cases, the vertical grid is 28 from top 
pressure to ground pressure. Table I details information about the various parameters calculated by 
WRF-ARW. 
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Fig.3. Weather chart of simulated typhoon 

 

Fig.4: WRF simulation domains Fig.5: Surface wind distributions 
 

Table I: Conditions for calculation by WRF 
 Parameter settings 

d01 d02 d03 
Dimension 100x98x28 88x88x28 76x73x28 
Mesh size 12.5(km) 4.17(km) 1.39(km) 
Time step 60(s) 20(s) 6.6(s) 
Start time 2004-09-02-00:00:00 UTC 
End time 2004-09-08-00:00:00 UTC 

 

  
Fig. 6: Comparison of wind speed and direction 



27 

Strong south wind blew when the typhoon was closest to ESIS area, Fig. 5. The calculated wind 
velocity and direction were compared with the observation data of Iejima Island (shown as a star in 
Fig.1) from JMA (Japan Meteorological Agency) in Fig.6. The complicated topography like the 
mountains located around as well as the artificial islands along the coastline may contribute to the 
difference. 
 
3.2. Current Calculation 
 
The wind calculated from WRF was put into the tidal simulation of POM. Here the grid used regular 
spacing in x and y and a sigma coordinate system in z. In this case, the grid number is 168 x 120 in 
the x-y axis with ∆x = ∆y = 750 m, while the vertical sigma coordinate contains 5 levels from sea 
surface (0) to bottom (-1). The calculation time interval is 2 s. 
 
Fig. 6 shows the velocity distributions of the surface tidal current when the low pressure was closest. 
Fig. 7 compares the sea level height between observation and POM calculation near Komatsu Island 
(shown as a circle in Fig.1). The change of surface current distribution was dramatic, which is the 
main factor affecting ship navigation. Obvious influence of typhoon on the tidal current can be found 
at the same time period. 
 

 
Low tide 

 
High tide 

Fig.6. Surface tidal distributions of tidal current 
 
3.3. Wave Calculation 
 
Wind-induced high waves were simulated using the SWAN model. The water depth of the regular 
grid interval of ∆x and ∆y is 150 m. The mesh size is about 0.5 km and the calculated time step is 5 s. 
The calculated significant wave height was verified by Wilson’s (1965) equation, Fig. 7: 

 �Rkl�� = 0.30 o1 −［1 + 0.004Drs/uZFv/Z］wZx  (8) 

�UklZy� = 1.37 o1 −［1 + 0.008Drs/uZFv/B］w|x  (9) 

 Hkl is the significant wave height, s	the fetch, and the u the wind speed affected on surface wave. For 

given wind speed 25 m/s and fetch 80km (when the low pressure was closest), the significant wave 
height is 4 m and the period 6 s calculated by the Wilson formula. This agrees exactly with the 
simulation results. Fig. 8 shows the results of the wave distributions including significant wave height 
at the same time.  
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Fig.7: Wilson Curve of significant wave height (left) and period (right) 

 

 
Fig.8: Significant wave height (m) 

 
3.4.   Ship Maneuvering Simulation 
 
Before applying the MMG model, short-term predictions of added resistance, wave-induced steady 
lateral force and yaw moment in regular waves were obtained using the RIOS (Research Initiative on 
Oceangoing Ships) system, http://133.1.7.5/usrdata/acint7233/index.html. The MMG simulations 
were based on the characteristics of a container ship SR108, Table II. The data of the hull lines and 
main characteristics of this ship were used for the calculation. The numerical navigation was carried 
out in fixed propeller revolution for 23 kn in smooth water. For all of these simulations, a straight-
heading direction was used for about one hour of course 045. Hydrodynamic and external forces were 
simplified. Only the advance, drift, and rotation motions in smooth water were considered. In all 
cases, an autopilot was used. 
 

Table II: Principal Properties of the SR108 
 

 
 
 
 
 
 
 
Fig. 9 shows the ship’s tracks in the numerical simulation on the effects of the wind-wave, tidal 
current, wind-wave-current and set course. The coordinate system is longitude (E) and latitude (N).  
The enlarged version of the last simulation period which magnifies the rectangular area of the above 
illustration is also given to help find the difference more clearly. Obvious influence by these factors 
can be found by noting the difference of coordinate intervals of longitude (E) and the latitude (N). 

Length (P.P) 175.00 m LCG relative to amidships -2.48 m 
Length (W.L) 178.21 m Displaced volume 24,801 t 
Beam 25.40 m Wetted surface 5,499 m2 

Draught 9.50 m Diameter of propeller 6.507 m 
Block coefficient 0.572 Ratio of propeller pitch 0.7348 

  AR  ( m
2) 32.46m2 
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Fig. 9: Numerical simulations of ship navigation 

 
4. Comparison of results and discussion 
 
Simulated weather and ocean data agree well with the observations indicating that the models can be 
applied to acquire high-resolution data, at least for coastal ship navigation.  
 
Comparing the real tracks affected by the low pressure in the virtual course, we can find that the 
strong south wind has significant influence on moving the ship northward. In following waves, the 
ship has a tendency to move a longer distance than normal, but moving in head wave can make the 
distance shorter. 
 
Wind has a big effect on the drift distance; current affects more the drift angle. When the ship moves 
in lateral waves, the lateral displacements are relatively larger. The tidal current had a bigger effect on 
the ship than waves and wind. 
 
5. Conclusion 
 
Several simulations were performed in the study for a numerical navigation of an ocean-going ship in 
coastal areas, aiming to evaluate the effectiveness of different models in the simulation of weather, as 
well as the effects of various factors on the ship navigation. The conclusions are as follows:  
 

1. Combining the numerical models of WRF, SWAN and POM, effective high-resolution data 
of wind, wave and current can be generated. 

 
2. Calculated data can be applied on numerical ship navigation. The influence of wind, wave 

and current on an ocean-going vessel was large. 
 

3. The largest effect on the drift angle results from tidal current; the wind has the biggest effect 
on the drift distance. 

 
It is possible to achieve an optimum route by a numerical simulation if information on wind, waves 
and tidal current can be forecast accurately in advance. The next step of our research is a numerical 
ship simulation combined with the accurate and effective weather and ocean forecast in ocean areas. 
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Abstract 

 
This paper proposes a productivity analysis of a new bay plan design which intends to be faster 
during loading and unloading at container terminals. The operational efficiency of a container 
terminal is investigated for various conditions and its effect on berthing time is reviewed. A fully 
parametrical Discrete Event Simulation (DES) model is created and calibrated based on a 7 months’ 
statistical data set of a real container terminal. The uncertainties are implemented using semi-random 
numbers. Finally, the results concerning efficiency of a new bay plan were obtained, where high/low 
tide, higher/lower crane speeds and multiple crane usage conditions are considered. 
 
1. Introduction 
 
Container transportation has increased dramatically over the past decades across the globe leading to 
concerns regarding the efficiency of container ships and terminals. The annual global container 
throughput is presumed to reach 840 million TEUs by 2018, a 100% increase compared to 2004, 
Drewry Maritime Research (2014). As a consequence, container terminals get congested; Brett 
(2014) reported Asian ports facing the worst congestion in two decades. 
 
Additionally, after the downturn of the global economy in 2008, energy efficiency has become a key 
concern for maritime operations. Especially in the container shipping sector, decreasing freight rates 
and increasing bunker, lube oil, manning, maintenance costs induced ship owners to find ways to re-
duce operational costs. As the single biggest cost factor in merchant shipping, solutions regarding fuel 
consumptions were considered, Wiesmann (2010). The simplest way to reduce this cost is to reduce 
ship speed (“slow steaming”). 
 
Considering the two problems stated above, a solution can be offered by improving container terminal 
efficiency. This increases the service capacity of the terminals (addressing congestion) and reduces 
time in port (addressing operational expenses).  Like other aspects, operational efficiency should also 
be considered already in the design of a container ship. For life-cycle costs, bay configurations which 
are faster to load and unload can provide a significant improvement. 
 
1.1 State of the art 
 
Container terminal simulations have been performed for almost 45 years now, becoming increasingly 
powerful with the advance in computer technology. As a starting point, one of the oldest papers in the 
field is by Nehrling (1970). It concerns container ship handling operations and the simulation, 
performed on IBM’s General Purpose Simulation System (GPSS), where the mathematical modelling 
of a general container handling system is taken into account. 
 
Rizzoli et al. (1999) model a container terminal simulation using a stochastic approach to evaluate the 
effect of new operation policies using simulations on container terminals in decision-making and 
management activities. The study mainly concentrates on the performance of the terminal in general, 
not any specific ship or loading condition.  
 
Carteni (2009) suggests Discrete Event Simulation (DES) to estimate the performance of a container 
terminal. Different elements of a container terminal are surveyed stochastically, wherein the simula-
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tion model for the terminal is created and calibrated. As Rizzoli et al. (1999), this study is not focused 
on quayside activities and performance of any specific ship. 
 
Ambrosino and Tanfani (2012) look at operational decision-making problems of a maritime container 
terminal. Their primary concern lies in the seaside area of operations. They propose a DES for crane 
assignment. As the papers presented before, they are not involved in performance of new bay plan 
design of a container ship. 
 
Harries et al. (2013) perform terminal efficiency calculations with a statistical approach. Our paper 
builds on this approach, now analysing the efficiency of the new bay plan design stochastically using 
a DES model. The aim is to produce more precise results and examine the effects of various 
conditions on operational time of the new container ship. One of the main differences from Harries et 
al. (2013) is that several uncertainties are considered that directly influence berthing time of the ship. 
Harries et al. compared the port efficiency of three container ships (Panamax ship (4250 TEU) and 
two 3700 TEU ships). All had distinct bay plan configurations with aim to reduce time in port. In a 
statistical approach, different numbers of containers distributed over the vessels and operational times 
were calculated for different number of cranes for each case. Crane speeds were considered as 
constant except in hatches where different crane speeds were used. No accelerations were applied and 
similarly, hatch cover handling was taken as a constant time, (900 s per bay). Uncertainties (e.g. 
delays, defects, etc.) were not considered. 
 
Taking Harries et al. (2013) as an initial reference and using the 4250 TEU ship with one specific 
loading condition, we apply the DES approach with a stochastic methodology. Uncertainties are 
implemented by delay distributions to produce more realistic results. In addition, crane acceleration 
and speeds are implemented. Hatch covers are handled like container handling, which is the case for 
current operation. Moreover, FEU incorporation into the stowage plan is included in this study. 
 
1.2 Methodology 
 
Even though container terminal operations can be highly automated, operational times still cannot be 
planned very accurately, due to many complexities such as the human factor, different equipment’s 
delays and defects, weather conditions, etc. By using DES, these complexities and the fundamental 
characteristics of a container terminal can be incorporated into simulations, e.g. to analyse the 
performance of a bay plan design. This allows to see the general behaviour of the container terminal 
for different operational cases. 
 
The main advantage of DES is the consideration of random factors that affects operation of the 
system. It provides a stochastic modelling, where the uncertainties on each of the processes are 
considered by use of different semi-random numbers trough the seeds. For a container terminal, 
human, equipment and climate-related randomness can be introduced by using statistical data thus 
allowing a system model to obtain accurate results. 
 
DES has several advantages compared to other simulation methods. First, it considers the simulated 
system in dynamics, considering its evolution through time. In addition, DES allows users to 
understand the attributes of the observed system better. It gives clear results about the bottlenecks of 
the operation to improve quality. Moreover, it allows users to test different strategies. Users can 
identify the best way to allocate resources (e.g. machines, work force or cranes). DES also allows 
monitoring the effect of changing input (e.g. higher/lower crane speeds, high/low tide). 
 
1.3 Assumptions and Simplifications 
 

• Crane speed in hold does not differ from crane speed over deck. Harries et al. (2013) took 
crane speed in hold as 0.7 m/s and 1 m/s over deck. 

• Crane loaded speed and empty speed are taken to be equal. 
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• Delay distributions are created and a distribution-fitting test is performed. However, distribu-
tions do not satisfy the test due to lack of data. Therefore, the closest suggestion of distribu-
tions is chosen. 

• Vessel is steady during the operation. Loading and unloading containers does not change 
draft. 

• Weather conditions (wind, waves) are not taken into account. 
• Load case studied is feasible regarding stability, strength, regulations and economic factors. 
• Dangerous, reefer, or special size/type containers are not taken into account. 
• Container weight or size does not affect the speed of crane. 
• Sequence of container handling is not studied. Containers are handled starting from highest to 

lowest tier. 
• Bridge of ship is taken as one FEU bay length. 
• Each crane is equal in terms of speed, acceleration and delay distributions. 
• Reallocation of containers from one bay to another bay is not studied. 
 

2. Data Analysis 
 

To understanding the dynamics of a container terminal, some general characteristics of the surveyed 
terminal are given in this section. The data received from a container terminal was studied from 
several perspectives. The data contained 500 crane operations to serve 197 ship-berthing cases, where 
78180 containers were handled from 1 January 2014 to 6 August 2014. 
 
55% of all the operations performed in the terminal were unloading operations. It is an advantage to 
investigate a terminal where most operations are unloading, because the chosen stowage case for the 
simulations concerns mainly unloading. 53% of all containers were FEUs, 43% TEUs. This rate is 
used during the conversion process of containers for a different simulation case described below. 
 
2.1 Delays 
 
Delays in a container terminal are idle times where the crane is not operating. Delays are the most 
important factor affecting gross crane productivity. During the crane productivity calculations, not all 
idle times are considered as delays, according to Brazilian Association of Public Use of Container 
Terminals rules (ABRATEC). Therefore, we grouped the delays in three main categories: 
 

• Delays due to truck and container waiting, 
• Delays due to defect of crane or spreader, 
• Other delays. 

 
The data recorded by the terminal gives the sum of each specific delay occurred during one operation 
of ship. There is no information on the frequency or duration of these delays happening during one 
operation. If, e.g., “Delay due to truck and container waiting” happens several times during one ship 
berthing, only the total time of “Delay due to truck and container waiting” is known. 
 
To implement such delays in the simulation software, distributions of delay groups should be 
introduced into the simulation. In order to create these distributions, we decided to calculate average 
delays for each ship operation. For all ship operations, the number of cranes used, the total number of 
containers handled and total duration of these delay groups were available. We applied these delays 
just before the spreader engages and disengages every single container, which is the most convenient 
way to implement delays in the simulation software. Thus, distributions for all three delay groups 
were created, based on the 197 samples in the ship berthing case studied. 
 
“Delays due to truck and container waiting” occur if an empty trailer arrives late during an unloading 
operation from ship to trailer (delays due to truck) or when a trailer with a container arrives late 



34 

during a loading operation to the ship (delays due to container). The probability of such delays 
depends on the number of cranes used in the operation, crane workload, traffic congestion, and 
several managing problems, Goussiatiner (2009). The distribution is determined as two-parameter 
Weibull distribution with shape 1.059 and scale 1.538. Fig. 1 shows the histogram for 0.5 s intervals. 
 
“Delays due to defect of crane or spreader” occur when the operation stops because of a technical 
problem on the crane or spreader. The best fitting distribution is an exponential distribution. The 
distribution is set with 0.7488 mean value, Fig. 2. 
 
“Other delays” are computed as log-normal distribution, Fig. 3. Delays due to ship passage, 
putting/removing OOG cargo device (Out Of Gauge), due to manoeuvring of crane, due to waiting for 
safety inspections, due to bad weather conditions and due to accidents are added in this distribution. 
 

 
Fig. 1: Delays due to truck and container waiting - Weibull distribution  

 

 
Fig. 2: Delays due to defect of crane or spreaders - Exponential distribution 

 

 
Fig. 3: Delays due to other waiting reasons – Log-normal distribution 
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The input data which contains the new bay plan and a specific stowage condition is obtained from 
Harries et al. (2013). One of the container ship studied at his research is obtained from him and 
implemented into the simulation model. We refer Harries et al. (2013) for details on the input data 
creation process. A 4250 TEU Panamax container ship is studied, with 2196 TEU to be left, 1200 
TEU to be moved and 92 TEU to be moved off and on, due to hatch. 15 hatch covers are loaded and 
unloaded. Ship contains 17 bays, 13 rows and 14 tiers. 
 
3. Simulation 
 
The DES software has a Graphical User Interface (GUI) for building the simulation model, Fig. 4. 
However, the GUI does not support advanced specifications for exceptional cases. Moreover, large 
amount of data should be implemented into our simulations and this is not practically feasible through 
the GUI. Hence, the simulation model was generated by using a Simulation Control Language (SCL). 
 

 
Fig. 4: Graphical User Interface of the DES with five cranes in operation 

 
Implementing hatch covers into the simulation is an improvement of previous research. For Panamax 
ships, hatch covers are generally opened and closed by quayside cranes. They are basically handled 
with the spreader and they are located on the shore until the operation inside of hatches finishes. In 
some sources, hatch cover handling time is evaluated as a delay, Goussiatiner (2009). However, we 
followed the ABRATEC rules to evaluate this operation. Harries et al. (2013) took the hatch cover 
removal duration constant as 900 s. However, DES allows treating hatch covers in the same manner 
as containers. The hatch covers are designed for the bays where an operation under hatches will be 
performed. Considering the row number and the dimensions of hatch covers for ships of similar 
beam, we decided that three hatch covers can be placed per bay. 
 
Harries et al. (2013) considered only TEU containers and afterwards abstracted towards reasonable 
TEU-to-FEU ratios. Based on the data obtained from the container terminal, 53% of the all handled 
containers were converted into FEU containers. Two TEU containers located in the same bay to be 
unloaded or two TEU containers to be loaded to the same bay were transformed into one FEU 
container, by using this ratio. The location of these containers were chosen randomly, but are 
distributed as uniformly as possible. 
 
In earlier study, containers were loaded and unloaded from ground level. However, in reality the 
containers are loaded and unloaded from/to trailers, with level 1 m to 1.6 m above ground. We 
considered this in our simulation. 
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Crane productivity calculations used ABRATEC as reference. Crane productivity can be 
distinguished in literature in two main ways: “gross crane productivity” and “net crane productivity”. 
Gross crane productivity is the total number of crane movements during total operational hour, 
between first and last lifting. It means that the idle times are also counted in this calculation. Net 
crane productivity is the total number of crane movements during net operational time. 
 
3.1. Simulation Calibration 
 
Simulation calibration is a vital process to secure simulation reliability. A simulation case was created 
based on observed operation in the studied container terminal. Three cranes were allocated, all for the 
same bays as in the real operation case. In the operation report, uneven crane allocation is observed: 
Crane 1 performed 164 moves, Crane 2 and Crane 3 each 305 moves. Nevertheless, Crane 1 
determined the time the ship needed to stay at port due to the longest operational time. During an 
operation planning of a container terminal, crane moves are generally distributed evenly, unless the 
cranes are unequal. Therefore, Crane 1 was declared as an outlier. 
 
Table I: Simulation calibration result and operation report; total and net operational times, total crane  
             moves, gross and net crane productivities  

 
 
As the aim of the study is not to replicate a container terminal but to extract general terminal 
behaviour to assess the performance of a bay plan design, Crane 1 was not used for the calibration 
case. Several simulations ensured same average net operational time of two cranes, in simulation and 
in reality. During calculation of net operational time of the simulation, delays were not applied. Thus 
that there was no stochastic variable applied to the simulation. Therefore, the same results were 
obtained for each iteration, unless crane speeds and accelerations were altered. Table I compares 
net/total operational time, net/gross crane productivities, total number of crane moves for the real 
operation case and simulation. 
 
For the total operational time, the accumulative average of 400 iterations was calculated. Simulation 
results for Crane 1 were dramatically lower than in reality, confirming it as an outlier. The average of 
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net operational time of Crane 2 and Crane 3 was calculated as 8 hours and 27 minutes, only 8 minutes 
different from the average operational time of Crane 2 and Crane 3. The simulation could thus be 
considered as calibrated. 
 
Waiting times for truck and container were calculated as 3% and 4% respectively. According to the 
container terminal, waiting time for truck takes 1% and waiting time for container 3% of average total 
operational time on port. The very similar simulation results confirm that the distributions are well 
defined and realistic. 
 
Fig. 5 shows the histogram of total operational time results of Crane 2. As expected, the results show 
a normal behaviour. Total operational time of Crane 2 was calculated as 8.322 h, corresponding to 8 h 
20 min. The standard deviation was 0.0075 h = 27 s. Fig. 6 shows the convergence. All simulation 
cases were run for 400 iterations. 
 

 
Fig. 5: Normal distribution of results of 400 iterations of Crane 2 

 

 
Fig. 6: Convergence of accumulated average of total operational time 

 
After calibration, the simulation cases were defined. In Case 1, some physical changes made on the 
port and on cranes were compared, such as positive or negative change in the crane hoist and spreader 
speeds (+-10%), high or low tide (+-0.5m). Finally, to compare with reality, FEU transmission was 
added to this case. Only one crane was used for Case 1. Case 2 examined the importance of the crane 
number for operational strategy. The cranes were allocated to different bays to perform similar 
numbers of moves during one operation. Total operational time was determined by the crane which 
finished its operation last. Up to five cranes were implemented. Case 3 was similar to Case 2 except 
that considered the use of FEU and TEU. 
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The cranes were allocated taking into account operational concerns and the similarity in number of 
moves performed by each crane. Therefore, different bays were assigned to each crane and operation 
was carried through the same direction to prevent collisions. As an operational concern, at least one 
bay of distance was provided for all neighbouring cranes. 
 
4. Results 
 
Results obtained are presented for three main cases. Every simulation case presented before was run 
for 400 iterations and all solutions reached convergence. Computational times depended on the 
number of cranes and the number of containers handled. One crane with all TEU containers took 2 h 
48 min, while five cranes with 53% FEU containers took only 17 min for 400 iterations with Intel i7-
3630CM 2.4 GHz GPU 12 GB RAM. In Table II, all the times provided are in hours. In each 
simulation, operational lead-time was calculated picking up the first container to disengaging the last 
container. In multiple crane operations, the operational time was defined according to the crane that 
had the longest operational time. All operational times used in the multiple crane simulations were 
compared and the operational time of the crane, which operated the longest, was taken as the total 
operational lead-time. 
 
Table II: Case 1 – Results on physical changes and FEU implemented stowing plan, where µ repre- 
               sents mean, σ standard deviation 

 
 

 
4.1 Case 1 - Examining physical changes and FEU implemented stowing plan 
 
Table II states the simulation results for Case 1, which examined some physical changes on the 
system were examined. Only one crane was used to perform the analysis. The table provides data 
regarding total operational time, total waiting time for truck and container, delays for other reasons, 
delays due to crane or spreader defect, total moves performed by crane, gross crane productivity and 
net crane productivity. In the first row, the main model used in the Harries’ approach is reviewed as 
reference case. All time related results are given with accumulated average of all iterations as well as 
standard deviation. 
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Fig. 7 shows the results of total operational times for different cases. A dramatic alteration in time can 
be observed, when the speeds were changed. Increasing speeds by 10% provides an additional 9.32% 
in crane movements per gross hour; decreasing speeds by 10% reduces gross crane productivity by a 
rate of 9.44%. High tide & low tide have only minor effects. The gross crane productivity increased 
by 1.79% for high tide and decreased by 0.88% for low tide. FEU implementation created a 
significant variance in the dataset, decreasing the total operational time by 24.37%. 
 

Fig. 7: Total operational time for different cases 
 
4.2 Case 2 – Examining multiple number of crane usage on port efficiency 
 
The crane number used in an operation depends on the infrastructure and equipment of the terminal, 
the number of containers to be moved, the size of the ship, the availability of resources (berth, crane, 
trucks, operators, etc.), the timing of the current operation and the planned date of a future operation. 
Case 2 examines the effect of the crane number used in the operation on total operating time to 
determine the most suitable solution for such a problem. Table III gives the results. 
 

Table III: Case 2 – Multiple number of crane usage results; µ = mean, σ = standard deviation 
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Crane productivities did not change considerably due to the fact that operational times and total 
moves were also changing. Waiting times decreased consistently after each additional crane was 
enrolled into the simulation. This is a natural result: Since the total operational time decreased, the 
occurrence of delays in time was reduced. In reality the situation can be more complex. Using more 
cranes means using more resources of the container terminal; this could in turn increase the 
probability of delays and defects. Terminal interface performance for five crane operations rather than 
one crane operations could have a distinct effect on the outcome of the operation. Organization of 
container/truck supply for these cases would be completely different - the congestion of quayside, 
yard and storage area would be more hectic than in a one crane operation. DES is also a suitable tool 
to analyse such situations. 
 
Fig. 8 demonstrates that for increasing number of cranes the total operational time decreases exponen-
tially. This may help a container terminal in deciding how many cranes to use for a specific operation 
case. For this instance, a difference of only 2.5 h exists between a four crane and a five crane 
operation. This variation is relatively trivial compared to other time differences. Thus for a ship and 
operation case of this kind, the fifth crane can be redundant. 
 

 
Fig. 8: Total operational time for different number of cranes 

 
4.3 DES approach and Harries’ approach results 
 
Fig. 9 compares the results obtained by different approaches for the same cases. As expected, for two 
and three crane simulations, total operational times attained was longer than in Harries’ approach. 
However, in a four Crane simulation, the DES result was shorter by ~1 h 10 min. This difference may 
be explained by various reasons. 
 
First, the different approaches on hatch cover handling process can create a significant variance. In 
Harries’ approach, hatch cover handling for all bays is taken as 900 s. In the reference case here, the 
average cycle time of a crane for one movement was 111 s per move (44 h/1428 moves). By adding 
the ABRATEC definition, counting hatch cover handling process as 1.5 moves, unloading all three 
hatches at one bay takes 500 s. This difference of 400 s occurs on each handling activity, i.e. loading 
and unloading. In this simulation, the crane which defines the operational time handles two neighbour 
bays where hatch covers are defined. This circumstance alone can create a 1600 s (27 min) difference 
between the two approaches. 
 
Secondly, the crane allocation made in the DES approach can be more efficient than in Harries’ 
approach, which directly affects the total duration of the operational time. During the crane allocation 
process in this study, several different possibilities of allocation were observed from GUI, the results 
were examined and the most feasible allocation was taken into consideration.  
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Fig. 9: DES approach & Harries’ approach 

 
Another possible reason of this time variance can be the different spreader speeds in the hold. In our 
study, the maximum speed of a spreader is assigned as 1 m/s on deck or in hold; in Harries’ approach 
it is 1 m/s on deck and 0.7 m/s in hold. In our study the crane spreader movements were upgraded as 
curvy movements on quay side. This movement shortens the spreader travel leading to a time 
advantage on each move of a crane. Trailer height prescribed in the simulation is yet another 
argument for the shortened time span of the simulation. 
 
4.4  Case 3 – Examining multiple number of crane usage on port efficiency of FEU implemented 
stowage plan 
 
The last case studied was dedicated to the multiple crane effect on the 53% FEU implemented 
stowage condition. Because of this transformation, this study presents more realistic results which can 
be used to define the total berthing time of the ship. Cranes were allocated for the same number of 
bays, as in Case 2. However, the total moves performed by cranes were different than for Case 2, as a 
result of the conversion. Table IV summarizes the results. 
 
FEU implementation does not affect the crane productivities severely. However, a significant 
decrease was seen on delays. This can be explained by the total number of crane movements. The 
fewer movements there are, the fewer delays occur on the crane. 
 

 
Fig. 10: Total operational time for different number of cranes 

 
Fig. 10 compares the total operational times for multiple crane simulation. Similar to Case 2, an 
exponential decrease was observed, where one crane operation took 33 h 17 min, 2 cranes operation 
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took 16 h 40 min, 3 cranes operation took 12 h 52 min, 4 cranes operation took 9 h 29 min and 
5 cranes operation took 7 h 14 min. These values were the closest outcomes to the reality, for the 
observed bay plan and stowing case. 
 
Table IV: Examining multiple number of crane usage on port efficiency of FEU implemented stow- 
                age plan, µ = mean, σ = standard deviation 

 
 
5. Conclusions 
 
The paper examines the port efficiency of a new bay plan design by using a stochastic approach. A 
fully parametric DES model was created, wherein various specifications regarding a container 
terminal were implemented. A real container terminal was statistically analysed, different reasons 
causing operational delays were discussed and finally implemented into the simulation. Simulation 
calibration process was performed in comparison to a real operational report, where mainly unloading 
operations were examined, similarly to the studied stowing plan. In the simulation, same net 
operational times were obtained as in the operational report and then delays were incorporated into 
the simulation to compare gross operational times. 
 
Different simulation cases were studied to observe the effect of physical differences and different 
number of crane usage. A 10% speed increase of crane elements reduced the operation time by 
8.52%; a 10% decrease in speed of crane elements increased the operation time by 10.42%. High tide 
or low tide did not affect port time significantly.  
 
Operations of up to five cranes were simulated to examine the effects on berthing time of the ship. 
Total operational time of the ship was determined by the crane which completed operational 
execution the latest. As in the reference case, the total operational time to perform 1428 crane moves 
with a single crane was calculated to be 44 h, while 2, 3, 4 and 5 crane operations took 22 h 51 min, 
16 h 38 min, 12 h 14 min and 9 h 43 min, respectively. For more realistic berthing time predictions, 
53% of all containers were converted to FEUs and the case was studied with up to five crane 
operations. For a single crane simulation, a 24% decline was observed in total operational time. For 
multiple crane simulations, the rates obtained were similar to all TEU multiple crane analyses. 
 
In summary, DES is a reliable tool to inspect port efficiency of a new bay plan design. Our studies  
contribute to the operational efficiency evaluation of new bay plan designs for container ships, as well 
as productivity assessment and port management on maritime container terminals. 
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Our simulation model focused on the quayside operations for a container terminal to analyse 
performance of a new bay plan design. This study it is not an end but a start for a new horizon of 
container ship optimization. Besides hydrodynamics and structural performance, design should also 
consider operational efficiency. Ultimately, an optimization engine could be coupled with DES 
software and other software to find optimally balanced designs. 
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Abstract
 
Emerging ship control paradigms, including e-navigation and unmanned ships, rely more and more 
on digital communication between ships and between ship and shore. This paper gives an overview of 
communication needs for these emerging systems. Dependence on communication links may be 
abused by hostile or negligent parties through interference with communicated data or by jamming 
radio links. The paper also looks at these threats. Finally, the paper will discuss some of the remedies 
that are available to reduce threats, including new international standards for communication 
equipment and networks. 
 
1. Introduction 
 
Concepts for partly or fully unmanned ships appear on the horizon and remote monitoring and 
maintenance of technical systems on the ships is now common. The e-Navigation implementation 
plan has been approved and new applications for improved coordination between ships and between 
ship and shore are emerging. All these applications rely on transferring information to and from the 
ship and these connections are possible entry points for hostile parties to interfere with the ship’s 
operation. 
 
The MUNIN project develops technical concepts for unmanned ships, Burmeister et al. (2014), and 
has investigated some of the problems related to communication security. Fig. 1 is a generalized 
diagram of the MUNIN ship, also showing the main communication channels for the unmanned ship. 
This is similar to what will be needed by the future e-Navigation enabled ship. Note in particular that 
the unmanned ship needs to be continuously monitored by a Shore Control Centre (SCC). This is 
necessary to ensure a sufficiently high safety and security level, including the ability to take over 
control or give guidance on short notice if anything unexpected happens to the ship. In e-Navigation, 
it is expected that the VTS or other institutions may be developed to have a similar function for 
manned ships. 
 

 
 

Fig. 1: Outline system diagram for MUNIN, Rødseth et al. (2013) 
 
The conventional modules on board are drawn as white. They are the normal ship control systems 
such as bridge systems, engine automation, cargo control etc. It also includes the line of sight (LOS) 
communication systems, including the Global Maritime Distress and Safety System (GMDSS). In 
addition, an autonomous ship controller system, including sensor data processing and technical 
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monitoring and maintenance, an independent rendezvous control unit (RCU) and the shore control 
centre are needed to implement the unmanned ship. The new modules are shaded. Table I lists the 
main communication channels. The table is not exhaustive, but covers most relevant services. 
 
The Automatic Identification System (AIS) is important for identification of radar and visual targets. 
Voice VHF will be relayed to the SCC for direct communication with other ships or VTS. Digital 
VHF will mainly be used for the Rendezvous service as described above, but is also relevant for 
future e-Navigation services as noted in the next row. GMDSS services are not directly used by the 
autonomous control functions, but are important to maintain general safety services for other sea-
farers and will have increased importance in e-Navigation as GMDSS bandwidth increases. In this 
context it may consist of medium frequency (MF) NAVTEX receiver, SafetyNet messages over 
Inmarsat, GMDSS emergency messages from Inmarsat or VHF and other mandatory services. The 
unmanned ship will be equipped with two digital satellite links: One primary with capacity around 
1000 kilo-bits per second (kbps) and a secondary link with capacity of at least 125 kbps. 
 

Table I: Main communication channels for unmanned ship and e-Navigation 
Channel Usage 
AIS Identification of and data on other ships 
Voice VHF Communication with other ships and VTS (via ship from SCC) 
Digital VHF Rendezvous control 
Digital VHF e-Navigation coordination with other ships and VTS (Future) 
GMDSS MF NAVTEX, EPIRB, emergency alerts etc. 
Primary SatCom High capacity carrier 
Secondary SatCom Lower capacity backup carrier  

 
E-Navigation requirements correspond to those of the unmanned ship, IMO (2014a). In e-Navigation, 
the digital VHF interface has already been tentatively named VDES (VHF Data Exchange System and 
while the specification is still being worked on, it will likely be able to provide several hundred kbps 
digital communication over maritime VHF bands, Norsworthy and Bober (2014). For future MF 
safety data transmissions, NAVTEX is likely to be extended with the NAVDATA service with a 
bandwidth of 20 to 40 kbps, ITU (2010). In e-Navigation, the SCC will probably be an extended 
traffic management system developing from today’s Vessel Traffic Services (VTS). 
 
2. Communication needs in next generation shipping 
 
The future e-Navigation communication requirements were analysed in Rødseth and Kvamstad 
(2009). Table II summarizes some of the results. Each row lists one group of services and estimated 
communication demands from that group.   
 

Table II: Estimated e-Navigation communication requirements, Rødseth and Kvamstad (2009) 
Type Mode Carrier Kbps Critical Latency 
1. Distress signalling OD GMDSS/SatCom 0,00 Urgent Medium 
2. Emergency coordination OD VDES/SatCom 21,33 Urgent RT-Medium 
3. Nautical reporting Pe SatCom 0,16 High Low 
4. Nautical cooperation OD VDES 1,11 Urgent Medium 
5. Voyage reporting Pe SatCom 0,05 High Medium 
6. Cargo reporting Pe SatCom 0,02 Medium Low 
7. Port operations OD VDES 0,03 Urgent RT 
8. Technical reporting Pe SatCom 0,01 Medium Low 
9. Crew infotainment Co SatCom 40,93 High RT 
10. Passenger infotainment Co SatCom 813,33 Medium RT 
11. Passenger billing Co SatCom 16,00 High RT 
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The table only covers digital communication and the shaded rows show probable new service groups 
in the e-Navigation domain: 
 
• Emergency coordination: New services for digital communication between ships on an 

emergency scene and the rescue coordination centre to provide better shared situation awareness. 
• Nautical cooperation: Services related to efficient and safe traffic management, including route 

exchanges, more extensive VTS advice, just in time arrival planning etc. 
• Port operations: These are services related to coordination between port actors, including lock 

passage, tug operations, pilot boarding and berthing. 
 

The columns are from left to right:  
 
• Type – Main group of function. Operation refers to data transfers related to control of ship 

movements while reporting refers to status updates to and from ship. 
• Mode – When data is transmitted: “OD” is on demand, “Pe” is periodic and “Co” is continuous. 
• Carrier – Specifies the communication system that is most likely to be used.  
• Kbps – Kilobits per second is estimated bandwidth over the period transmission period for OD 

type transmissions and mean bandwidth over 24 hours for all others. 
• Critical – Criticality of the exchange. 
• Latency – How important time is for successful communication. RT is “Real Time”, i.e. that 

communication takes less than a second, “medium” is on the order of minutes and “low” is on the 
order of several tens of minutes. 
 

This analysis was developed in the early days of e-Navigation and may need an update on some of the 
details. However, the groups of communication services and the tentative bandwidth needed are 
expected to be fairly correct. The exception is infotainment services for crew and passenger which are 
more a function of availability and price than of any absolute requirements. 
 
Most service groups listed will also be applicable for unmanned ships, but unmanned ships will 
require more extensive transmissions of status and other control and monitoring data between ship 
and shore control centre. Table III lists these requirements as estimated in Rødseth et al. (2013). The 
columns are from left to right type of data transfer, how often the situation arises that requires the data 
to be transferred, estimated duration of situation, typical image size, update rate during situation and 
the estimated compressed bandwidth required in kilobits per second. 
 

Table III: Unmanned ship communication requirements, Rødseth et al. (2013) 
Data contents Freq. 

(1/day) 
Duration 

(s) 
Image 
(kByte) 

Update 
rate (Hz) 

Bandwidth 
(kbit/s) 

A. Status flags 1/5 sec 5 0.2 0.2 0.1 
B. Voyage plan update 4 5 0.2  0.1 
-  Intervention Using data below 
C. Remote control 1 3600 5 0.2 1 
D. Rendezvous (VDES) 0.1 1800 1 0.2 0.2 
E. AIS (max raw data rate) 12 60   1 
F. Radar and AIS plot (1024x1024) 12 60 375 0.4 100 
G. IR camera (640x512) 2 120 330 1-10 300-1000 
G. Video (720x576)  2 120 415 1-10 300-1000 
G. HDTV (1920x1080) 2 120 2600 2 800-1500 
E. Automation (4000 tags) 24 30 12 0.1-1 1-10 
H. Voice communication to ship 6 600    8 

 
The figures presented here are preliminary and more concrete numbers are expected from the final 
concept tests being undertaken in spring of 2015. For the unmanned ship, most of this communication 
will normally be via satellite. The exceptions are groups D and E, rendezvous control and AIS 
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exchanges. However, even these channels will sometimes be relayed to the SCC via satellite. Entries 
marked A to F can be transferred over either primary or secondary satellite link. G marked signals 
will require the high capacity link, unless a significantly lower image update rate is used. 
 
3. Physical system structure and points of attack 
 
Attacks on the communication links between ships or between ship and shore can occur both on the 
links themselves and from inside the endpoints. As shown in Fig. 2, the most relevant endpoints are 
primarily the ships themselves and the SCC or the VTS. In some cases communication infrastructure, 
such as shore or earth station, may also be the object of attacks. Section 4.2 will discuss various forms 
of physical attacks on such objects. Section 4.3 discusses communication system threats.  
 
On the communication links, there are three main points of attack: 
 
• Ship uplink: Signals from satellite in particular, but also from AIS or VHF stations are weak and 

relatively easy to overpower if the attacker is located near the ship. This can be used to inhibit 
communication or to insert false data into the data stream. Directional antenna and a more vertical 
line of sight for satellite communication may make these more difficult to disturb. 

• Satellite uplink or shore station: Signals received from the ship are also weak and possible to 
overpower. Effects are the same as for the ship. 

• Internet: For signals going between the SCC (or other shore assets) and the satellite ground 
station, it is also possible to attack via the Internet. This is not normally possible for VHF signals 
as these data links are not generally carried on the open Internet. 
 

 
 

Fig. 2: Overview of different communication system topologies 
 
It is in principle possible to attack satellite down link or earth stations, but this is difficult as these are 
highly specialized systems with large antennas and often complex modulation that are difficult to 
overpower.   
 
All the data exchanges between the ship and other entities will be destined to and from different on-
board systems. Fig. 3 shows some of these systems and how they may be interconnected. This is a 
layered system with a number of fire walls and gateways (FW/GW) forming safety and security 
barriers between segments. 
 
The diagram also shows how VDES most probably will be connected directly to the Navigation sub-
network through, e.g. an Integrated Communication System (ICS). This will require bi-directional 
data exchanges through the fire walls to reach other parts of the ship systems. In this paper we will 
focus on the use of new IEC standards to provide ship system protection.  
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Fig. 3: Generalized on-board network architecture, Rødseth et al. (2011) 
 
4. Hazards, threats, events and consequences 
 
4.1 Bow-tie model and main threat groups 
 
In general, the propagation from a hazard to a consequence can be modelled in a bow-tie diagram as 
shown in Fig. 4. In our context, the hazards are the collection of threats that can cause disruption of 
communication. The top events are the generalized manifestation of the hazards or threats. This may, 
e.g. be infection by malware in ship systems or hijacking of the communication link between ship and 
shore. Outcomes are the final consequences of the communication problem and the corresponding top 
events. Consequences vary from catastrophic if hostile parties take over full control of the ship and 
use it to ram it into others, to a major nuisance if the ship must stop or slow down until the situation is 
corrected.  
 

 
 

Fig. 4: General bow-tie diagram 
 
It is difficult to assess all possible consequences of interference with the ship’s communication 
channels or systems. Likewise, the same hazards may directly or indirectly cause different top events. 
This is illustrated in Fig. 5 where the main groups of the threats (ovals) and corresponding top events 
(rectangles) are shown. All consequences are generalized to the right-most box: Interference with ship 
operations. The diagram is much simplified in terms of relationships, but is a good representation of 
the main issues. Ship data represents static and semi-static information on board as well as control 
commands or monitoring reports between ship and shore. 
 

 
 

Fig. 5: Main threat (oval) and top event (rectangle) groups 
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In the following we will mainly look at threats, top events and barriers for the communication 
systems, but consequences are too diverse to be discussed in detail here.  
 
4.2 Physical access threats and top events 
 
If hostile parties get direct physical access to ship systems, communication systems or shore assets, it 
is an obvious threat as it allows these parties to introduce malware or in other ways interfere with the 
systems. However, even trusted persons can be a threat, either because of negligence or because of a 
grudge against company or persons in the company. Even if the attacker or negligent user does not 
access the computer system directly, there are also indirect vectors that can introduce malware into 
the systems. The following list summarizes the main threat areas we have identified related to indirect 
physical access to systems or components. Some of these are also listed in a study on car security, 
Checkoway et al. (2011): 
 
• Networked peripheral devices: Networked peripheral devices such as public announcement (PA) 

speakers using voice over IP or external CCTV cameras using IP for transfer of data may offer 
access to network infrastructure, e.g. by removing the device and accessing the network cable. 
Ethernet interconnections of bridge devices may increase this problem (IEC 2011). 

• Diagnostic ports on equipment: No reports have been made on attacks through this vector for ship 
related equipment, but as equipment evolves, this may become more relevant. On cars, this port 
can be used to reprogram computer units and may cause severe problems if it is compromised. 

• Removable storage devices: USB sticks, CDs and DVDs are well known vectors for malware and 
are highly relevant also on ship related systems. However, any device that contains an USB driver 
may in theory transfer malware (Greenberg 2014). This could apply to mouse, keyboard or other 
USB devices. 

• Short range wireless: Blue-tooth, WiFi and other similar short range protocols are also well 
known vectors for attacks. 

• Optically readable codes, RFID or other removable identification units: This is perhaps an 
unlikely vector, but may be an issue in some cases. Dependent on application, embedded code 
content may contain malware.  This could also include Quick Response (QR) codes or other 
similar optically readable images. 
 

One may also include intentionally hidden backdoors in general communication equipment such as 
routers or gateways in this list. However, this is next to impossible to ascertain and may in any case be 
a limited security issue in the context of international shipping. As was shown in Fig. 2, these threats 
are not limited to the ship. These attacks can be made on shore control centres, VTS or communica-
tion infrastructure. The consequence of all these attacks may be that data or systems are compromised, 
with consequences ranging from minor to catastrophic. The most relevant and corresponding 
generalized top events are the following: 
 
• Overtaking or modifying system control: Directly or indirectly controlling ship. 
• Modification of system functions: Removing or modifying some system functionality, including 

protection from remote attacks or similar. 
• Modification of system data: Removing or modifying static or dynamic information. 
• Installing foreign functionality: This could be malware, backdoors or other hostile software. 
• Disclosure or use of information: This could be data from data files or technical data that can be 

used to predict or compromise system functions or plans. 
 

4.3 Generalized communication system threats and top events 
 
There is a number of ways to tamper with the communication links. As illustrated by simple 
experiments, some communication equipment such as AIS can be easily used for various cyber threats, 
Balduzzi et al. (2014). The basic threats are jamming (inhibiting communication) and spoofing (create 
false signals). The threats can manifest themselves as a number of generalized top level events: 
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• Omission: Part of the data disappears, e.g. due to jamming. 
• Delay: Different types of attacks can delay reception of data. A typical example is a jamming 

burst that creates an omission event that causes the sender to retransmit. A retransmitting protocol 
like TCP/IP would be susceptible to this. 

• Insertion: False data is inserted into the data stream. This could be a result of spoofing. 
• Duplication: A valid data package can be duplicated by a hostile sender by copying from 

incoming data. This will not invalidate electronic signatures. 
• Replacement: A part of a data stream is replaced. This could be combined with duplication to 

create a valid data insert. 
• Ordering: The ordering of the data stream is tampered with. 
• Eavesdropping: Hostile parties listen in on communication and retrieves information of a 

confidential nature.  
 

The severity of the events will depend on how the attack is organized and how much control the 
hostile party has over the data link. The consequences of the event can be from negligible to 
catastrophic, depending on the type of data. 
 
5. Barriers and recovery measures 
 
5.1 Physical barriers 
 
As was shown in Fig. 2, there are a number of attack points in the systems and all need to be protected 
sufficiently well. In particular, the SCC and similar functions for e-Navigation need to be protected 
against hostile attacks, physically as well as via remote channels. The MUNIN risk assessment 
identified terrorist hijacking of the unmanned ship as a worst case scenario, Rødseth et al. (2014), but 
it was also shown that this risk can be alleviated by good design of on board control systems and 
communication systems. The SCC is a potentially weak point in this scenario, unless properly 
protected. The same may apply to a traffic management centre in the context of e-Navigation. 
Likewise, physical attacks on critical communication infrastructure can allow terrorists or other 
hostile parties to directly take control over a ship and use it as a weapon. 
 
Protection of the SCC or traffic management centre will mainly require physical measures hindering 
access to the control systems. This is also true of the ship and infrastructure: Physical protection of all 
access points and strong authentication for getting access to control functions are important barriers. 
This includes fences, gates, access control and other obstacles that are beyond the scope of this paper. 
It also requires careful design to avoid other, less obvious attacks that are discussed in Section 4.2. 
Some suitable mechanisms are covered in the IEC 61162-460 standard that will be discussed in 
Section 6.1. 
 
5.2 Encryption and digital signatures 
 
Encryption of end-to-end communication, e.g. through the use of Virtual Private Networks (VPN) is 
another mechanism described in the IEC 61162-460 standard. This will provide a safe and efficient 
method for transmission of data between trusted parties. VPN provides protection against most of the 
top level events listed in Section 4.3. The exceptions may be omission and delay, which are very 
difficult to avoid in media that are susceptible to jamming or denial of service attacks, such as satellite 
links or the open Internet. 
 
However, for certain information sent between ships and from shore to ship, encryption is not a useful 
alternative. This applies to maritime safety information and navigational data that is meant for all 
ships in a certain area. This typically uses broadcast type transmissions to conserve bandwidth and to 
make it easy to receive the data. While the information is unencrypted, it may still be critical for the 
safety of operation and any hostile attacks as described in Section 4.3 may cause dangerous incidents.  
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Digital signatures can be used for authentication of the sender, but one should also consider using a 
serial number system to avoid duplication/insertion attacks. On the other hand, digital signatures are 
quite large compared to typical ship safety messages and available bandwidth may in some cases 
make it difficult to use them. Chang et al. (2012) proposes to use a 512 bit RSA key for short message 
signatures. This will require 64 bytes for the signature, regardless of length of the actual data package. 
Normally, 512 bits is considered too low for sufficient protection, but if the key is changed often 
enough, e.g. on a 10 minute basis, it should be sufficient. This requires a two key system, where the 
short key is local to each authority and is updated and transmitted on a short term basis, protected by a 
much more secure key that is distributed through official means and which remains valid on a long 
term basis. An alternative could be the Elliptic Curve Cryptography (ECC) which achieves same 
security level with significantly shorter key size compared to RSA. However, ECC requires more 
processing power to verify, Sinha et al. (2013). 
 
There is also a problem in management, distribution and safekeeping of encryption keys. For a one-to-
one relationship, which is the case for the control of unmanned ship, this is easily manageable. For 
public services from coastal and port states, which is the typical case for e-Navigation, this may be 
more complicated and international standards for key management are required. This will be 
discussed in Section 6.3. 
 
5.3 Data transmission protocols 
 
Data transmission protocols also play a role in securing communication. A connection oriented 
protocol will in general be safer than a message based protocol. This is because the protocol will have 
facilities to monitor and control the state of the two connection end points and have more 
opportunities to detect anomalies. If the protocol in addition is using strong encryption like VPN, the 
resulting communication system will be difficult to compromise. However, there are good reasons 
why VPN and similar protocols are not always a good solution: 
 
• Status transmissions from ship: Sending information about the operational status, e.g., AIS 

messages or safety related data is better done as unencrypted and broadcast messages. This 
enables all parties in the area to listen in and build a consistent picture of the situation.  

• Safety information updates to ship: Likewise, information from shore or coastal authorities to 
ships in the area should also be broadcast and unencrypted. This also includes advice to specific 
ships as this may be useful for others to understand the overall traffic situation. 
 

Other one to one exchanges should in principle use connection-oriented protocols and encryption, 
particularly when information exchanges are sensitive to the attacks listed in Section 4.3. This is 
mostly appropriate for direct monitoring and control of ships and will most likely be done over 
satellite or other high capacity data links. 
 
For data exchanges in the domain of e-Navigation one should in principle use open communication 
channels dedicated to maritime communication such as VDES. In this case it is probably not effective 
to use connection oriented protocols, even for one to one communication. However, as the 
information is safety related, it is still important to be able to be able to avoid the attacks listed in 
Section 4.3. Jamming and corresponding delays have to be addressed with link layer technology, i.e. 
transmission power, modulation and antennas. Oher attacks can be avoided by adding the following 
two mechanisms to the data messages: 
 
• Electronic signatures: This was discussed in the previous section and makes it difficult for hostile 

parties to create fake messages or to tamper with contents. 
• Message sequence identification: This can be a serial number, a time stamp or a maximum 

validity time for each message. This makes it difficult for hostile parties to reuse old messages. 
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6. Contributions from international standards 
 
International standards have recently started to take maritime information security into account and 
this section gives a brief overview of some of the relevant work. 
 
6.1 IEC 61162-460 – Bridge data network 
 
Newer ships require more complex bridge systems due to more complex operational scenarios, 
heavier use of remote diagnostics and maintenance or tighter integrations with other systems off-ship 
to support other external services, including e-Navigation. More external communication increases the 
vulnerability of the equipment and systems in the bridge network and requires provision of new safety 
and security mechanisms. For this reason the International Electrotechnical Commission (IEC) has 
adopted a new work item on safe and secure interconnection to ship’s bridge Ethernet networks, IEC 
(2014).  
 
The main objectives of IEC 61162-460 are to  
 

1) define new requirements and monitoring functions to allow safe design and operation of 
networks with high network loads in terms of overall bandwidth or message frequency;  

2) allow safe and secure interconnection to external data sources, including other ship networks, 
off-ship data sources and removable external data sources by providing more extensive 
requirements to the components and operation of the system; and  

3) define system monitoring functions to aid in early detection and diagnosis of developing 
problems related to errors or overload of the system.  

 
Fig. 6 illustrates the structure of IEC 61162-460 bridge networks. All traffic from external 
uncontrolled networks are passed or processed through the 460-Gateway or 460-Wireless gateway. 
The components in IEC 61162-460 networks are connected through security enabled switches (460-
Switch) and external safe network interfaces (460-Forwarder).  
 

 
 

Fig. 6: Overview of IEC 61162-460 Bridge networks 
 
The major functions defined in IEC 61162-460 for providing safety and security in the bridge data 
network are the following:  
 
• Access Control: Two types of access control function are defined: Device and network access 

control. Device access control is to physically authenticate a user before any changes in 
equipment can be made.  This is provided by user passwords.  Network access control is to pre-
vent any un-authorized equipment and traffic from accessing the network. These authorizations 
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are performed using ACL (Access Control List) in network infrastructure equipment. The 
network infrastructure devices themselves (460-Switch, 460-Forwarder) are authorized by their 
MAC address and data traffic in the network is authorized by originator IP address and UDP/TCP 
port number  

• Denial of Service: Protection from a Denial-of-Service (DoS) attack is a common safety and 
security function. To protect from DoS attacks, IEC 61162-460 defines two methods: The first 
method is to limit the maximum traffic volume for each data traffic stream using QoS (Quality-of-
Service) mechanisms. The other method is to provide prevention from ICMP and IGMP DoS 
attacks. Both methods are implemented by the network infrastructure devices. 

• Protection from Removable External Data Sources (REDS): Arguably, the most likely security 
threat for any control system is removable storage devices such as USB memory sticks. To protect 
from such threats, the number of connection points (USB ports, accessible disc drives, etc.) shall 
be limited to the absolute minimum required for lifetime maintenance and support.  All automatic 
execution at a 460-Node from REDS including USB auto-run shall be prohibited. Manual 
execution of any type of files from REDS shall only be possible after the device and its programs 
have passed an authentication check. The manual execution shall be possible only for the files 
which are verified before execution using digital signature or special keys. All non-executable 
data in REDS shall be verified before it is used in equipment. 

• Firewall: All traffic from uncontrolled networks shall be passed or processed through the gateway 
(460-Gateway or 460-Wireless gateway) which each includes two firewalls, one for the 
uncontrolled network and the other for the 460-Network. The firewalls permit or deny traffic 
from/to an uncontrolled network including off-ship systems or other shipborne systems. The 
firewall shall be configured with the combination of source/destination IP address, protocol and 
port number. All incoming/outgoing traffic shall be registered in advance for the firewall. 

• External Communication Security: All connections between uncontrolled networks and the bridge 
network shall use VPN and be encrypted to protect against hostile attacks. The minimum key 
length used for encryption algorithm is either an asymmetric encryption algorithm with 2048-bit 
key length (256 bytes) and encryption strength at least as strong as RSA; or a symmetric 
encryption algorithm with at least 256-bit key length (32 bytes) and encryption strength at least as 
strong as AES (Advanced Encryption Standard). 

• Network Monitoring:  Sometimes security threats are detected by detecting abnormal behaviour 
of equipment and systems. IEC 61162-460 defines three monitoring functions: Monitoring of the 
network load, network redundancy and network topology. The abnormal behaviour of the 
equipment and system is identified by network load monitoring. Based on the observation, the 
switches generate alerts to the BAM (Bridge Alert Management). 
 

To achieve a sufficiently high security level, the standard emphasises both the design and operation of 
the network. The drawback of this is that the network is far from a "plug-and-play" system which has 
been relatively common on ships up to now. The standard is at time of writing on CDV stage and next 
stage is Draft International Standard (DIS). It is expected to be finished in December 2015. 
 
6.2 IEC 62940 – Integrated communication system 
 
There is also ongoing standardisation work on an integrated communication system (ICS) that will act 
as a common communication unit for several of the communication channels listed in Table II. The 
main focus is on GMDSS services, but VDES and satellite communication has also been suggested 
for inclusion in the standard. The structure of the standard on a high level is illustrated in Fig. 7, IEC 
(2014b). 
 
The current idea is to define a general interface between the ICS and ship-board systems, using the 
security facilities of IEC 61162-460, and leave the shore side interface design to the manufacturers. 
Standard protocols, including the use of "Pretty Good Privacy" (PGP) are used for the data security 
between ICS and on-board system. Since the PGP encrypts data using a public key, the contents of 
data will be protected from the eavesdropping and any modification. However, it is also expected that 



 54 
 

e-navigation work will provide its own specifications for the protocols used between shore and ship. 
Also, it does not address any protection mechanism for the security of ICS itself and connected 
communication equipment which is used for the source of threats like backdoor attacks. This work is 
ongoing and it is expected to result in a Committee Draft for Voting towards the end of 2015. 
 

 

Fig. 7: Overview of proposed IEC 62940 Integrated Communication System standard 
 
6.3 Other ongoing work 
 
The facilitation (FAL) committee at its 39th meeting in IMO also launched two inter-sessional 
working groups to look at information security related to international shipping. The focus of these 
two groups is respectively the exchange of ship clearance information before or during port calls and 
electronic ship certificates. 
 
The security related question at hand in the groups is mainly how to ensure validity of the information 
which covers both the information itself and the authentication of the issuer. This is a sub-set of what 
has been discussed in this paper, but there are two important issues that should be solved in a way that 
can be of use to all actors in the field: 
 
• Principles for using signatures should be harmonized: How signatures are used for different 

parties should be harmonized so that the retrieval and use of different keys do not cause 
confusion. It would be beneficial if e.g. one ship has one signature that is used in all communica-
tion with other ships or authorities. 

• Distribution of digital signatures: Also the mechanisms to create and distribute signatures should 
be standardised. This again will contribute to a much easier management of the signatures.  
 

The working groups will deliver their reports in time for FAL 40 in the spring of 2016. 
 
Also the Maritime Safety Committee (MSC) has discussed cyber-security and at the MSC 94 meeting 
in November 2014, USA and Canada provided an input paper on the issue, IMO (2014b). At the 
meeting the importance of the issue was acknowledged and member nations were asked to provide 
input and proposals for MSC 95 in June 2015. Thus, at time of writing there is no ongoing activity in 
MSC, but this will probably change. 
 
7. Conclusions 
 
Communication security has not been a high priority in shipping so far, but as cyber-threats become 
more common and as the role of digital communication becomes more important, the focus on 
communication security should increase. The European Network and Information Security Agency 
(ENISA) points out that the awareness on cyber security needs and challenges in the maritime sector 
is currently low to non-existent, ENISA (2011). Furthermore, the report also points out that the 
complexity of the maritime ICT environment and the fragmented nature of governance in the sector 
makes this a challenging task. Since 2011, IMO and other organizations have increased their focus on 
the issue and developments are under way. 
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The new standards from IEC will address some of these issues, but there are still many opens 
questions and missing standards particularly for the link between shore and ship. This is an important 
issue for e-Navigation and general increase in ship-shore communications and it is to be hoped that 
good solutions are forthcoming in time for incorporation into emerging e-Navigation solutions. 
 
The work with the unmanned ship in the MUNIN project has put the issue of information security into 
a much more critical framework than has so far been the case in the general maritime environment. It 
is hoped that this paper and other reports from the MUNIN project also will be of use for the 
community at large. 
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Abstract 

 
This paper describes experience with hull performance monitoring systems based on continuous 
monitoring (big data) systems, snapshot reports and simulations. The study shows the importance of 
using multiple information sources, aligning noon reports (ideally snapshot reports) and automatic 
data recording. The study also shows that dense knowledge bases for speed-draft-trim-power 
relations yield significant differences to approaches based on standard model test reports.  

 
1. Introduction  
 
Performance monitoring of ships gains in importance. The particular focus for us lies on the assess-
ment of hull roughness (mainly due to fouling) which increases fuel consumption. This performance 
monitoring is difficult because there are various other factors influencing fuel consumption, which 
change in time: 
 

• Different load conditions (draft and trim) 
• Different speed  
• Sea state 
• Current 
• Wind 
• Shallow water 
• Sea temperature and salinity 
• Rudder angle 
• … 

 
In order to single out the influence of hull roughness, we need to estimate the contributions from the 
other significant factors to convert data at different conditions to a common baseline and/or filter the 
dataset for comparable conditions.  
 
Given that hull resistance changes due to hull roughness build-up develop over long time periods, a 
statistical treatment of the influence of some of the factors is possible as well. 
 
All hull performance monitoring systems have a similar basic approach: raw data acquired on board 
are filtered and corrected for external influences. The corrections are based on hydrodynamic models 
which differ in sophistication, accuracy and required effort. Errors in the resulting hull performance 
rating stem thus from two main sources: 
 

• Data errors: “Garbage in – Garbage out”. Onboard sensors have inherent limited precision. 
The crew may also be a “sensor” in this sense, adding errors due to faulty estimates, deliber-
ate lies or reporting errors. Data logging is traditionally problematic in performance monitor-
ing, as discussed e.g. by Pedersen and Larsen (2009), Hansen (2011). Continuous monitoring 
resulting in high data density (“big data”) and cross-referencing data input or sensors for au-
tomatic fault detection generally improve data quality.  

• Model errors: “Good data in – Still Garbage out”. Models are by definition approximations of 
reality. Certain influence factors may be omitted completely for convenience, making the 
model faster and easier to handle. Other factors may be approximated, using for example 
semi-empirical estimates derived from statistical data for many ships and “representative” or 
“average”, thus by nature not exact for an individual ship.  
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Ideally, accurate input data should be processed by an accurate model to obtain good results. In this 
paper, we discuss selected aspects of model errors and findings related to input sources. The insight 
stems from a joint industry project with a large German containership operator.  
  
2. Analyses and findings 
 
2.1. Selected aspects of model errors 
 
Many performance monitoring approaches use speed-power curves from model tests at different 
loading conditions as basic model to correct for variations in speed and loading condition. For low 
speeds, speed-power curves are then extrapolated. For intermediate drafts, interpolation is used. The 
effect of trim is inherently neglected. Therefore, we compared this traditional approach against 
detailed CFD (Computational Fluid Dynamics) simulations. In addition, we looked at speed-trial data 
for seven sister vessels compared to model test predictions to elucidate deviation between model test 
predictions and actual ships. 
 
2.1.1. Variation of speed trial results between sister vessels 
 
We compared speed-trial data for seven sister vessels with the model test prediction, Fig. 1. All speed 
trials were performed and analyzed by the same yard and systematic errors in the speed-trial 
procedure or analysis should therefore not impact the comparison of the vessels. The ships generally 
required slightly higher power than predicted from model tests. Sister vessels showed a variation in 
power of up to 5.6% (respectively a variation in speed of up to 0.5 kn) in sea-trial measurements.  

This may be due to  

• differences in the actually built ships (welding, alignment of bilge keel and other appendages, 
quality of coating, etc.), Ciortan and Bertram (2014), and 

• differences in the sensors on board (alignment of speed log, application of torque meter, etc.). 

These differences must be expected and accepted. As a consequence, the baseline for performance 
monitoring should be adjusted according to sea-trial data for each ship.  
 
The individual deviations from model test predictions of single speed-power measurements in the 
speed trials of the seven vessels vary between 0.2% and 8.7%. The high variability indicates that 
comparisons of sister vessels will be plagued by some uncertainty even if sea-trial curves are used as 
baselines for performance monitoring. 
 

 
Fig. 1: Model test prediction and sea trials for sister vessels (containerships) 
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2.1.2. Correction for draft and trim 
 
Most hull performance monitoring systems use model test reports to normalize draft, i.e. converting 
results for arbitrary draft to a benchmark condition. In model test reports, typically only two speed-
power curves are available (ballast and design condition) and these cover only the top third of the 
speed range. For lower speeds, simple extrapolations are employed. By necessity, trim is not 
considered at all in this approach. Some advocate the use of finer draft-trim-speed-power 
interpolation, Hansen (2011), Bertram (2014). In this approach, many combinations of trim, draft and 
speed are investigated, covering the whole operational range of the ship. The required hydrodynamic 
knowledge base can be taken from trim optimization systems, such as the ECO Assistant of DNV GL. 
We investigated the difference between the simplified approach based on model test reports and the 
advanced approach based on a dense CFD matrix. The hydrodynamic knowledge base of the ECO 
Assistant trim optimization software for the test ship was approximated by a 6th-order polynomial 
expression for the required power as function of trim θ, draft T and speed V. The polynomial had a 
correlation coefficient of R2 = 0.9997, indicating a very good fit.  
 
For the same speed range and draft-trim conditions as in the model tests, CFD and model test 
prediction coincide very well. Higher deviations occurred only for ballast draft and low speeds. This 
can be qualitatively explained by the different approaches: Model tests follow a form factor approach, 
namely ITTC’78, where the form factor is assumed to be speed independent. Several investigations 
have shown that this is not (quite) true, especially when there is large wave breaking and flow 
separation (ballast condition). The full-scale CFD simulations capture these effects, the model tests do 
not.  
 

 
Fig. 2: Change in power by increase in draft for different speeds on even keel 

 
Fig. 2 shows the change in power with increase in draft for various speeds on even keel. The top right 
corner shows a range of speeds that are almost straight lines. In this region (speeds above 21.5 kn and 
drafts above 12 m), linear interpolation between model test results is OK. However, for lower speeds 
or lower drafts, relations are obviously nonlinear and the simplistic approach of many performance 
monitoring systems is no longer applicable. For different trim values, the linearity starts at different 
speed/draft values. 
 
For one vessel, we evaluated the difference between power predicted from model tests (including 
linear interpolation between available curves) and from the dense CFD matrix for a long-term in-
service recording. Data sets were 15 minutes averages from monitoring. The mean difference between 
model-test approach and CFD approach was 9.8%, Fig. 3. Some particularly large differences occur 
for intermediate draft (probably due to surface-piercing bulbous bow) and very low draft, Fig. 4.  
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Fig. 3: Difference between model test interpolation and CFD based fine matrix (ECO Assistant) 

 

 
Fig. 4: Power prediction for influence of loading conditions; difference between CFD based fine  
           matrix (ECO Assistant) and linear interpolation for two model tests for variations in draft 
 

 
Fig. 5: Power prediction for influence of loading conditions; difference between CFD based fine  
          matrix (ECO Assistant) and linear interpolation for two model tests for variations in speed  
          through water 
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Differences are also particularly large for low speeds, Fig. 5, probably due to extrapolation errors in 
the simple approach. In summary, large differences appear for off-design conditions that appear often 
in operational practice. 
 
2.2. Selected aspects of differences in input sources 
 
Two main sources for performance data are available on many vessels in today’s fleet:  
 

• The traditionally manually reported noon data, recording averages since the last reporting 
event, are easily available for most vessels.  

• Automatically high-frequency sensor data become more and more common. The spectrum of 
sensors found on commercial vessels, however, differs considerably.    

For performance monitoring, reliability and relevance of the collected data are important. Manually 
reported data is prone to human error. Furthermore, with low reporting frequency and long averaging 
length, relevant resolution is invariably lost. On the other hand, reliable sensor data may not be 
constantly available for automatic logging and a manually acquired reading might be more suitable. 
High-resolution, continuously logged sensor data allows cross-correlating different sensor data 
(sensor fusion). This improves quality control and supports indirect information on effects sometimes 
not measured directly.   
 
In the following, examples will illustrate  
 

• the loss of relevant information at low-frequency reporting compared to high-frequency re-
porting 

• that low-frequency data can be more adequate than high-frequency data for certain parameters 
• that large and sometimes redundant data sets might be necessary to achieve a relevant level of 

reliability.  

Fig. 6 shows a two-week period of the propeller rpm (rotational speed) based on high-frequency data 
in blue (recording of one signal every 15 s). A clear two-level pattern is observed with one level at 60 
rpm and the other one at 70 rpm. The vessel changes repeatedly and regularly between these two 
levels, and spends approximately 12 h on one level, before changing speed and spending 12 h on the 
other level. The 24 h averages (red dots in Fig. 6) show that the daily average propeller speed is close 
to 65 rpm.  
 

 
Fig. 6: Propeller speed (rpm) over two weeks for a container vessel in long-haul trade 
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In a typical noon report, the vessel would report 65 rpm, losing the information that half the time the 
ship had 5 rpm more, and half the time 5 rpm less. As the power demand and thus the fuel 
consumption is nonlinear (approximately third power of propeller rpm), the variations in speed will 
increase fuel consumption compared to using the average rpm all the time. In the case shown, the 
vessel used ~3% more fuel compared to a constant operation at 65 rpm. When relying on noon reports 
with daily average values alone, the overconsumption would not be explicable.   
 
Most performance monitoring approaches correct for variations in draft. Measuring dynamic draft (for 
the vessel at speed) using draft gauges is challenging, whereas the static draft is easily read in port and 
available from loading or stability computer during voyages. As static draft and trim may suffice for 
the correction for loading variations, and as static draft and trim do not change rapidly over time, 
manually read draft values can be seen as an appropriate source for draft information. Fig. 7 compares 
mean draft values from draft gauges at a relatively high logging frequency (15 min averages) with 
draft values from noon reports. The data stem from a container vessel. The automatically monitored 
draft values show larger fluctuations and deviate from the noon-report data. The loading/unloading of 
the vessel is accurately captured by both data sources. The automatically logged data indicate 
considerably more pronounced – and in this case wrong – trim than the noon-report data when the 
vessel is trimmed by the bow (negative values), Fig. 8. This illustrates that information fusion from 
different sources helps capturing irregularities, thus increasing the reliability of any performance 
monitoring. Draft and trim are important input values for performance monitoring, requiring good 
data quality (e.g. through information fusion) and good correction models (e.g. using CFD based 
matrix as in the ECO Assistant CFD). 

 
Fig. 7: Mean draft over six months. Blue: automatic monitoring; Red: manual reporting 

 
Fig. 8: Trim over six months. Blue: automatic monitoring; Red: manual reporting 
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Data for performance monitoring were collected by continuous monitoring. The data were acquired 
every 15 s, but only 15-min averages were stored and evaluated for the vessels in this study. In 
addition, traditional noon reports recorded averages since the last event (noon report or other event 
such as leaving port). No snapshot reports (short-term averaging of data by crew for noon report) were 
available. Data from noon reports were duplicated to logging frequency of the monitoring to make 
histograms comparable. 
 
3. Conclusions 
 
The joint industry project investigated selected aspects in hull performance monitoring for (container)  
vessels in service. Key findings are:  
 

1. When using speed-power reference curves from model tests, adjustments to the individual 
vessels speed trial results are recommended.  

2. The uncertainty in both speed trials and model tests is too high for reliable comparisons 
between sister vessels. 

3. The correction of speed-power values for loading variations based on model test curves (for 
ballast and design condition) was compared to dense speed-power-draft-trim matrices from 
CFD simulations. The use of standard model-test curves is justified for high speeds and near-
design loading only. For the other cases, the CFD matrix revealed complicated patterns that 
are not adequately represented by interpolation approaches. 

4. Continuous monitoring at high frequency increases the reliability of performance monitoring. 
Too long averaging periods (as in noon reports) hide important operational variations that 
affect the speed-power performance. High-frequency data logging allows uncovering 
important variations.  

5. Automatic data logging does not automatically result in reliable data, as sensors might be 
working unreliably. Cross-referencing sources of information can improve data quality 
(identifying unreliable data). This is one of the advantages when stepping into the domain of 
big data.   
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Abstract 
 

There are unmanned trains, and there are and will be more and more in the future unmanned cars. So 
why not unmanned ships? The technology is there today. What is needed is some changes in the rules, 
some redundant machinery on the ships, and some ship owners with guts. 

 
1. Times they are a-changing 
 
Anyone who started shipping in the 70s can remember that: 
 

• There were no phones on board: calling home or office meant calling via radio station on 
open waves: anyone on the same frequencies could hear all your conversations. 

• There was no TV on board. 
• The only means of communication were telex and later fax. 
• Computers and I-phones did not exist. 
• UMS, OMBO, ECDIS, GMDSS, GPS, AIS were unknown acronyms. 

 
Moreover, a Bulk Carrier in those years had 40+ people on board… and it was much smaller than the 
monsters of today. 
 
So, times have changed, and a lot. We live in a sea world of new rules and regulations. We see all new 
technologies. And when we fly from Frankfurt to Singapore, we know (or maybe we do not) that the 
total time a pilot is actually piloting the plane is 3 to 6 minutes; for the rest, it is on autopilot. Of 
course, no one would want to fly on a plane where there is no pilot on board. At the same time, 
thinking of a totally crewless vessel may be too farfetched.  
 
Therefore, let’s examine what are the main issues we could meet when thinking of a “crewless” 
vessel. 
 
2. Reduced crews, today 
 
Ships today are built following the same logic as 40 years ago. For instance, there still is a 
galley. What does a galley imply? Let’s take a look: 
 

• cook(s) 
• galley with all relevant equipment, which includes air conditioning, extractors, potato 

peelers, frying machine, sinks, tec. 
• food storage areas 
• fire equipment 

 
There are 18 to 20 people on board a normal cargo vessel, yet we have a kitchen fit for a 
restaurant, with all associated costs. Why is that? Tradition? There is absolutely no need for a 
galley on ships today. Food can be bought and stored precooked and packed under void, 
ready just to be heated and eaten. And it can be of excellent quality (with the money saved in 
buying, installing, maintaining and operating a galley, one could serve caviar every day to the 
crew for several years). 
 
To all those who will raise their eyebrows in horror, talking about aggregation, socializing 
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factors etc., it is obvious that a) you have never sailed or b) you don’t know that aggregation 
during meals is typical of some cultures and not of all cultures. In any case, if you want 
socialization, you can install a game room, X boxes, large TV screens with Satellite 
connections etc. So, it is already possible to start reducing requirements for crews on board 
by eliminating the galley. 
 
Where else can we cut crews? Bridges are already OMBO (one man bridge operation); so we 
would still need a Captain plus 3 officers to man the Bridge even with an OMBO criteria. 
This I believe to be true for all ships sailing in confining waters, such as North Europe, 
Mediterranean, and the various straights worldwide. But for ships sailing the Indian, Pacific, 
Atlantic Oceans, this is more than what it is necessary. One to two officers would suffice. Of 
course, the problem here would be the logistics of disembarking the additional officers before 
the ships enters the Ocean, e.g. when transiting in Gibraltar. A shipping company will need to 
analyse its requirements: there are big differences between companies always using the same 
routes, and companies working on the spot market. So there isn’t a quick-serve-them-all 
solution.  
  
3. Engine room 
 
Of course, many comments will tell me that “it is not possible to have a crewless vessel: what if 
something happens in the engine room?”   
 
So, what is the situation today? There are 4 to 5 people dedicated to the vessel’s entrails. What do 
they do mainly? Maintenance, more that repairs. Unless many lie, tankers which comply with TMSA 
Management Self Assessment)  4 have less than 2% unplanned maintenance – i.e. the onboard crew 
does essentially just planned maintenance. Most equipment on a ship is already redundant, with 
noticeable exception the main engine, propulsion shaft and propeller. For a crewless or close to 
crewless ship, this problem needs to be solved. The solution could be for all ships to be equipped with 
Azipod propulsion systems.   
 
For all other aspects, planned maintenance could be carried in port by team of specialized mechanics. 
More and more engine manufacturers are offering service agreements, where they monitor engines on 
board (via data transfer from the on-board PMS (performance monitoring system), see below; and in 
the future, via data telemetry, see also below). This allows them to prepare spares and staff to be sent 
on board at the first port of arrival. 
 
Of course, such a solution will take place first on main ports only. But imagine the large 
containerships of today: they always go into the same ports, they always follow the same routes. For 
such ships, the solutions above appear to be totally possible! 
 
4. Inmarsat and Telemetry 
 
Future, unmanned or lowly managed vessels will have all their main parameters regularly 
transmitted ashore via Inmarsat telemetry system. The technical office ashore will be able to 
read real-time all main data coming from all main equipment on board, including data from 
the AIS (automatic identification system). Any variation in the normal parameters will 
prompt an action, which will then take place in the next port of arrival. 
 
The vision I have is a NASA type office, where monitors relevant to all monitored 
parameters, fill up the room. Computers will run BI /business intelligence) checks, and report 
any anomaly. This is possible already today: it requires a ship owner with a vision, and a 
change in rules. 



 66

5. Tomorrow Rules 
 
Totally unmanned vessels, i.e. with zero staff on board, may never really be practical. But crews of 
just 4 or 5 people are not only possible but will be tomorrow’s reality. 
 
Vessels will approach ports to be welcomed by a small group of people who will bring the vessel to 
the jetty. In larger ports, I see the possibility that vessels will come alongside and berth totally 
automatically.   
 
We need to shift the staff on board to become technical support staff ashore, either controlling data 
coming from ships in offices, or servicing the vessels when they come into ports.  
 
Of course for all of this to happen, there must be changes to the IMO regulations, particularly to 
STCW (Standards of Training, Certification and Watchkeeping)! And I am sure that trade unions and 
the usual Luddites will be against any such proposals. But “it’s technology, stupid”! We have less and 
less specialized crews and more and more technically advanced vessels. We have fewer people 
wanting to spend months at sea, and more goods to transport! However we look at the equations, the 
human factor is there to tell us that we are in trouble! 
 
I can recall very well an article I wrote in 1988: I stated how silly it was to have a crew of 40 to 44 
men on the ships sailing back then. I spoke about how ships could have the machinery room totally 
unmanned. And I recall very well the smiles, the comments. As 30 years ago, time is on my side, and 
I am sure that “unmanned” vessels will sail the seas in 10 years from now. 
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Abstract 

 
The purpose of this paper is to highlight challenges Åland Sailing Robots and other teams are likely 
to face during long distance sailings. Robotic sailing boats have to perform complex planning and 
manoeuvres to sail automatically and without human assistance. Sailing robots are affected by harsh 
environmental conditions. These challenges combined have, so far, made Atlantic Ocean passages 
impossible. Functional autonomous systems and management of the external environmental factors is 
a prerequisite for sailing robots in order to become widely used and commercially viable. 

 
1. Sailing Robots - History and today's status 
 
1.1. Rudder control 
 
Mechanical self-steering in the form of fixation of the rudder or tiller in a position has been used for a 
long time. The wind vane is a more advanced mechanical approach developed in the middle of the 
20th century to keep the sailing boat at a constant course relative to the apparent wind. Electronic 
steering of the rudder began in the second half of the 19th century and became more common in the 
beginning of the 20th century. The first systems used a magnetic compass, and it was later replaced by 
the more reliable gyrocompass. Today’s systems often utilize GPS data and wind sensors in addition 
to a compass. Electronic rudder steering has often been based on control theory such as PID regula-
tors. Due to the dynamic environment of these systems, approaches such as Artificial Intelligence, 
Fuzzy Logic and Artificial Neural Networks have received considerable attention.  
 
1.2. Sail control and design 
 
Automatic sail control, on the other hand, is much more recent. The first publications in this area are 
from around 1990, and there are still many remaining research questions in this area.  
 
Rigid wing sails have been compared to traditional fabric sails, and have several advantages. They can 
provide a better lift-to-drag ratio than fabric sails, are generally more reliable and avoid the problem 
of sail luffing or flapping. Drawbacks of rigid wing sails include difficulties to enable reliable reefing, 
and the pricing of lightweight, strong, rotating wing constructions. Rig designs have also been a focus 
of research, since a conventional sloop rig needs appreciable power to tighten the sails.  
 
A balanced rig design, Fig. 1, offers great potential in saving power. A common balanced rig consists 
of a mast with a mainsail and a jib. The mast passes through the boom, that extends forward of the 
mast. The sizes of the main and the jib are determined so that the combined centre of effort is just be-
hind the mast. Most rigid wing sails are balanced. 
 
Sail control strategies in autonomous sailing are mainly focused on controlling the sail’s angle relative 
to the wind. Other components of sail control, such as mast raking, reefing, control of luffing and sail 
shape adjustment are for the most part areas of future improvement. Most sail control strategies ap-
plied for autonomous sailing robots are only based on the apparent wind and desired direction. Some 
systems include state machines for specific handling of manoeuvres such as tacking and jibing. Rigid 
wing sails are often self-trimming. In this case, a smaller tail wing is mounted just behind the main 
wing, and the tail enables control of the traction obtained from the wind.  
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Fig. 1: Example of a balanced rig, source: BalancedRig® http://www.balancedrigllc.com/ 

 
1.3. Route control 
 
Route control is an area where strategies developed for other purposes may not be directly applicable 
for sailboats. The shortest route between two waypoints may not even be directly navigable depending 
on the wind direction. The optimal route depends on obstacles, the properties of the ship and weather 
conditions.  
 
Route control is divided into long term and short term routing. Long term routing can take into con-
sideration weather predictions, sea charts and the boats properties. Short term routing is concerned 
with the navigation between given waypoints and for the most part deals with local sensor measure-
ments only.  
 
Separation assurance and collision avoidance are other factors in route control. Methods can take into 
account weather and tides, AIS (Automatic Information System) and sensor data from for example 
radar, infrared sensor data and cameras. Considerable research challenges remain in this area and the 
strict energy requirements on long autonomous sailing journeys entails an additional difficulty. 
 
2. Åland Sailing Robots – motivation and mission 
 
2.1. Motivation 
 
Åland Islands have a long tradition of seafaring, and sailing is an important part of that heritage. 
Åland Sailing Robots is a possibility to combine the sailing tradition with modern invention and bring 
sailing to the future. At Åland University of Applied Sciences there are study programmes for Navi-
gation, Marine Engineering, Electrical Engineering and Information Technology, among others. 
Åland Sailing Robots is an interdisciplinary project that ties the programmes and associated research 
together. In addition the project contributes to an extended international network. 
 
2.2. Mission 
 
The goal of Åland Sailing Robots is to develop the first fully autonomous sailboat that successfully 
crosses the Atlantic Ocean. Through this project we will contribute to the research and knowledge on 
green technology and autonomous vessels. 
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3. The Microtransat Challenge – and outcome 
 
3.1. Rules 
 
The Microtransat Challenge is a transatlantic race of fully autonomous sailing boats, no longer than   
4 m (LWL). From 2015 there is also a class for boats where waypoints are updated remotely, where 
the system is not entirely autonomous. A class for motor boats or hybrid sail/ motor boats restricted to 
two meters is added in 2015. The 4 meter limit for sail boats will be decreased to 2.4 meters in 2017. 
Two routes are allowed, one West to East and one East to West. According to Microtransat’s interpre-
tation of the International Rules for Prevention of Collisions at Sea, COLREGS, a vessel carries cargo 
or passengers. Therefore according to the Microtransat interpretation, the autonomous sailboats are 
not considered vessels, but buoys, and therefore they do not need to navigate according to COLREGS. 
 
3.2. Attempts 
 
Since 2010 ten attempts have been made to cross the Atlantic, but none has been successful. In fact, 
all attempts have failed during the first ten days of the journey. There is no clear trend in the short-
comings, some boats have been lost at sea, others have ran aground, and there are examples that have 
been hit by another boat or caught in a fisherman’s net. Although this implies that autonomous sailing 
is an immature research area, there is an example, the Saildrone, that has sailed successfully in the 
Pacific Ocean from San Francisco to Hawaii. Also the most advanced, expensive and well-equipped 
boats may not be sent on a risky Atlantic journey, and that may affect the results. 
 
4. Legal discussion and COLREGS 
 
4.1. Criticism of the Microtransat interpretation 
 
The Microtransat interpretation that the sailboats are buoys has been criticized, since the sailboats 
could cause considerable damage to property and even harm humans in the case of a collision. In ad-
dition COLREGS state: “The word "vessel" includes every description of water craft, including non-
displacement craft, WIG craft and seaplanes, used or capable of being used as a means of transporta-
tion on water.” This means that a sailing robot is considered a vessel if it is capable of being used as a 
means of transportation, which is certainly true for the larger sailing robots. Legal expertise we have 
been in contact with assess that there is a reasonable chance that unmanned maritime systems will be 
considered vessels. Size, power, carriage of cargo or passengers, navigational capacity, ballast, lights, 
other equipment and registration are some of the factors that will be taken into account when deter-
mining whether the unmanned maritime system is a vessel. None of these are by themselves certain to 
predict the decision. Another thing to note is that these definitions may vary between different coun-
tries. 
 
4.2. Need to recognize unmanned ships in regulations 
 
The existence of unmanned ships, particularly autonomous or semi-autonomous ships is not recog-
nized in these rules. Adherence may not be strictly possible for unmanned and specifically autono-
mous ships until it is. Rule 5 on lookout, for example, states: “Every vessel shall at all times maintain 
a proper look-out by sight as well as by hearing as well as by all available means appropriate in the 
prevailing circumstances and conditions so as to make a full appraisal of the situation and of the risk 
of collision.” Since the rules specifically state human senses such as sight and hearing it is difficult to 
see that an unmanned system can oblige to this rule in a strict sense.  
 
One alternative would be to recognize autonomous ships in the regulations. Possibly the rules could 
allow them to navigate according to rule 19 for conduct of vessels in restricted visibility, at least un-
der some circumstances. Specifically that would mean navigating according to rule 19 d) for avoiding 
other vessels detected by radar alone. An implementation of this rule would be an attempt to navigate 
according to COLREGS in a minimal but cautious manner. 
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Another issue is the fact that the Convention on Limitation of Liability for Maritime Claims (LLMC) 
may not apply to unmanned maritime systems. If unmanned and autonomous vessels are not recog-
nized by law and they are operated at sea without a recognized code of practice, then it could be inter-
preted that a limit of liability might not apply. 
 
5. Start up and funding of projects 
 
5.1. Groups involved in robotic sailing 
 
Research on autonomous sailboats has been ongoing for about 25 years. Most projects are small, and 
based in the academia. The projects we are aware of are located in Europe and in North America. A 
community exists around the Microtransat Challenge, which has caused the spin-off World Robotic 
Sailing Championship. In the US, Sailbot arranges the International Robotic Sailing Regatta, which is 
a competition mainly for students. 
 
European groups working in robotic sailing include ENSTA Bretagne, France, Aberyswyth Universi-
ty, Wales, University of Porto, Portugal, University of Lübeck, Germany, Darmstadt University, 
Germany, NUI Galway, Ireland and Åland University of Applied Sciences, Finland. In USA work on 
sailing robots is performed at Cornell University, the US Naval Academy, Tufts University, Olin Col-
lege among others. In Canada at least Memorial University and Queens University are working on 
autonomous sailboats. Saildrone Inc. is a business where this technology has been commercialized for 
marine research applications. 
 
5.2. Funding 
 
A common feature of most of these groups is lack of substantial funding. Several of the projects are 
funded and developed by private individuals where the driving force is the person's enthusiasm. This 
implies that the development of sailing robots could go quicker than it has done until now. The main 
reason the development hasn’t gone faster is lack of commercial applications for sailing robots. Public 
research funding is therefore of utmost importance until commercial projects can fund research and 
development based on profit or expectation of profit.   
 
5.3. Commercial use of sailing robots 
 
The demand for green technology such as wind powered boats may increase in the future. Also the 
decreased manning cost may enable new applications such as large-scale data collection.  Autono-
mous vessels are suitable in hazardous environments. An autonomous sailboat with sufficient recharg-
ing capacities can be used in cost effective long-term missions. 
 
5.3.1. Transportation 
 
It is likely that autonomous sailing robots can be used for transportation of goods in the future after 
some research and development. Such automatic transport system, without manning or fuel costs, 
could be commercially viable. However, the technology is not yet mature and juridical questions 
remain unresolved, hence it is impossible to start a commercial project at the moment. 
 
5.3.2. Marine research 
 
Autonomous sailboats are suitable for automated data acquisition in the oceans. Sailboats can visit 
areas regularly and collect data of interest, such as salinity, chlorophyll, pH, dissolved oxygen, depth 
etc. Data can be transferred immediately. This can be of great help for oceanographic research. In 
marine mammal research, PAM (Passive acoustic monitoring) is often used to estimate the number of 
animals in an area. For certain animals, sailboats are a promising alternative. The first commercial 
application, the Saildrone, is in the area of marine research. 
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5.3.1. Surveillance 
 
Surveillance of borders or other areas of interest is also an application that is suitable for autonomous 
surface vehicles. Unmanned boats can also go into areas that may be dangerous for humans. 
 
6. System components and challenges 
 
An autonomous sailboat integrates many different components. Development of an autonomous 
sailboat involves a number of competencies and there are several challenges that need to be 
addressed. It appears that almost every team lacks one or more of these competencies as per today. 
 
6.1. Tracking of sailboats 
 
To be able to track the position of the autonomous sailboat is essential, since failure to do so means 
that the team will not be able to find and recover a non-functioning boat. A satellite based tracking 
system is most suitable for ocean passages. There are several commercial possibilities for satellite 
monitoring, such as Yellowbrick, Rock7, Spot, etc. These systems often use the low orbiting Iridium 
satellite system.   
 
Automatic Identification System (AIS) is a mandatory navigation safety communications system 
under the provisions of the Safety of Life at Sea (SOLAS) Conventions. AIS is an alternative that in 
addition contributes to making the autonomous sailboat more visible to other vessels. Satellite AIS 
tracking is a relatively new technology that has changed the landscape for monitoring the maritime 
domain. AIS signals can now be detected by a satellite in a low earth orbit and provide a global 
capability for monitoring all AIS-equipped vessels.  
 
Some projects have developed own radio communication system for short or medium range tracking. 
The team ENSTA Bretagne (and partly together with the Åland Sailing Robots team) inside the 
Microtransat community has developed a tracking system using 3G called SWARMON. It’s an 
embedded system to track marine robots in real time, mainly for testing and for presenting data from 
events like the World Robotic Sailing Championship. 
 
6.2. Energy management 
 
For long term missions it is crucial not to use more energy than the system can generate. This means 
that the system will use energy efficient components and designs for electronics, motors and rudder 
control. It also means that the system may temporarily switch off parts of the system that are not 
necessary, and a need to generate sufficient energy through solar panels or other means. 
Other aspects of energy management are discussed in Section 1.2 on sail control and rig selection. 
 
6.3. Robustness 
 
Ocean sailing is an extremely harsh environment that exposes sailboats to corrosion, water ingress, 
solar ultraviolet radiation and expansion / contraction due to temperature differences. At the same 
time, they are exposed to forces such as compressive and bending moments due to wind and waves. 
There are assorted issue to address: 
 

• Software 
Extensive testing of control software is necessary to ensure that it is working properly in all 
possible scenarios. It is also necessary to evaluate the memory management of the system and 
other aspects that may affect the stability in long term missions. 

• Mechanics 
The mechanical components of the system need to be reliable in long-term use. They need to 
be able to withstand strain from water, salt, different temperatures and forces. Selection of 
suitable materials and robust designs are crucial. 
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• Electronics 
Electronics components need to be safely protected from water. It needs to be ensured that 
they tolerate expected temperature intervals, and likely they need to be insulated to avoid 
extreme temperatures. It is an additional challenge to find electronic equipment that is 
reliable, and can withstand temperature changes while being energy efficient throughout the 
temperature interval. 

 
6.4. Fouling 
 
An ocean crossing with a small sailing robot will take weeks or months as the sailing speed is low. 
During the sailing the hulls resistance penalties due to growth of slime, shell and weed. This 
phenomenon is well documented for larger and faster vessels but for small, slow-moving ships, this is 
an unexplored area. It’s, however, likely that small boats will be more affected and decrease the 
sailing speed relatively more. Selection of a suitable material for the hull is likely to have a large 
impact on the fouling. 
 
6.5. Route planning 
 
Route planning includes manual planning before the journey, and manual or automatic adjustments of 
the route during the journey. Factors that need to be taken into account are sea-lane traffic, depth 
information, tides, weather and energy related factors.  
 
Route planning is complex with many variables that are difficult to estimate and predict. 
For example, some routes give more energy from solar panels, depending on hours of daylight and 
sunshine, solar angle and solar panel temperature. The shortest distance between two points is a great 
circle sailing and short distance gives less sailing time. Consequently, a deviation from the route, due 
to geography and weather factors to generate more energy may be counterproductive when it comes to 
distance and sailing time. 
 
Long term expeditions need to be planned for seasons when weather conditions are favourable. The 
north Atlantic is well known for strong winds during autumn and winter which could do a crossing 
impossible. On other hands, the trade wind at the equator is relatively favourable for an east-west 
crossing in autumn. 
 
Even when a route has been planned with normal seasonal conditions in mind, it is likely that harsh 
weather will jeopardize the journey. Long term routing strategies that take weather forecasts and 
information into account can reduce the likelihood of such an event. 
 
6.6. Collision avoidance 
 
Depending on the size of the vessel and legal assessments, different strategies for interpretation of the 
vessels environment may be selected. As mentioned in Section 1.3 on Route Control, sensors may 
include AIS, radar, infrared and cameras. To consistently classify objects properly in the environment 
in different weather conditions is a very complex signal processing task. With increasing number of 
possible surrounding objects to take into account, the capacities of limited processing units may easily 
become insufficient. In addition it is not trivial to specify strategies for separation assurance and 
collision avoidance in environments with many surrounding objects even with correct object 
classification. 
 
This problem may be divided into several strategies. The first strategy may be separation assurance, to 
keep sufficient distance to other vessels, while navigating in accordance with COLREGS. For the case 
where this strategy fails, a strategy for collision avoidance should be considered. This strategy may 
not adhere to COLREGS. Minimizing the risk of collision is the most important objective in this case. 
In practice, a separation assurance strategy may not be very efficient, due to the attention unmanned 
vessels frequently attract from curious seafarers. 
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Other factors that decrease the risk of collision with other vessels are those affecting visibility. 
Lighting is one of these factors, colour selection of hull and sails also affect the visibility. Other 
factors include radar reflectors and the use of AIS as discussed in Section 6.1 on tracking. 
 
7. Future 
 
Unmanned and autonomous vessels will be increasingly more common, as will unmanned and 
autonomous road and air vehicles. It is difficult to predict the speed of these changes, since they are 
dependent on many different factors. These include technical development in different areas related to 
energy, materials, control, signal processing, communications and more. Legal and regulatory factors 
are also important and affect the speed of this development substantially. 
 
Whether or not autonomous sailing vessels will be an important part of the future fleet is less clear. 
The influencing factors here regard sail control and design, and the efficiency of the wind propelled 
vessels compared to other means of propulsion. Probably hybrid solutions incorporating wind 
propulsion in combination with other solutions will be more successful. Fuel costs and the efficiency 
of alternative energy generation methods such as solar or wave energy in comparison with the 
sailboats will also affect the demand for these solutions. Factors such as ability to find resources for 
research and development are also of greatest importance. 
 
8. Conclusions 
 
The development of autonomous sailboats requires competencies in many fields, and contains a 
number of research challenges. This is an inspiring and challenging area where finding the right 
resources and collaborations will be crucial for success. No matter if autonomous sailboats will be a 
common element of future seafaring, we are convinced that the work in this area will bring 
technology and knowledge forward. The efforts made during development of autonomous sailboats 
will contribute to increased interdisciplinary cooperation and greater knowledge on green technology 
and autonomous vessels.   
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Abstract 

 
Fast-Time Simulation (FTS) offers multi-purpose applications for manoeuvring assistance on board 
and from ashore. Several software tools were developed, using the FTS technology for training of 
navigational officers in simulators as well as for monitoring the real ship-handling process directly 
on board within a bridge team or from ashore in a VTS or Shore-Control Centre. Furthermore, the 
FTS technology allows fast tuning of mathematical ship models for their further use in ship-handling 
simulator centres and on board real vessels. 

 
1. Introduction 
 
Recently a Fast-Time Simulation (FTS) toolbox was introduced for real-time simulations of ship 
manoeuvring with complex dynamic models and to display the ship’s track immediately for the 
commanded or actual rudder or engine manoeuvre in the electronic sea chart, Benedict et al. (2013). 
This toolbox allows a new type of manoeuvre planning and exceeds the common pure waypoint 
planning. Moreover, based on the actual motion and handle input from manoeuvring systems 
(rudders, engines and thrusters) a dynamic prediction for the next 24 minutes of ship’s motion is 
calculated giving the operator a unique look-ahead possibility. 
 
Beside enhanced technical support, also new concepts for innovative organisational structures 
specifically for bridge management are under discussion, Hederstrom (2014). Manoeuvring of ships 
is and will be a human-centred process despite of expected further technological developments. Most 
important element of this process is the human itself and the technical equipment to support its task. 
However, most of the work is performed manually because even today there is hardly any automation 
available to support complex manoeuvres. Up to now, there was nearly no electronic tool to 
demonstrate manoeuvring characteristics efficiently or moreover to design a manoeuvring plan 
effectively. However, due to the new demands there is a need to prepare harbour approaches with 
complete berth plans specifically in shipping companies with high safety standards like cruise liners. 
These plans are necessary to agree on a concept within the bridge team and for the discussion and 
briefing with the pilot. 
 
The FTS has found a multifaceted use in several developments with regard to ship-handling 
simulation and real-ship operation. This paper presents the potential application of FTS methods, on 
one hand for new bridge-management concepts, and on the other hand, for new approaches of shore-
based support and even shore-side control that is focussed by actual national and EU research projects 
(MUNIN and COSINUS). Furthermore, first results from simulation trials regarding the impact of 
dynamic prediction to the safety and efficiency in ship operation show the enormous potential of 
developed software solutions. Additional to this, FTS technology allows the modelling and tuning of 
real-ship model’s steering and manoeuvring characteristics in a faster and more efficient way, 
necessary for future application of dynamic prediction on board.  
 
2. Fast-time simulation and dynamic prediction 
 
2.1. Background and principles 
  
Since computing processes are getting faster and faster, even with standard computers the simulation 
of a manoeuvre lasting up to 24 min can be achieved within 1 s using innovative fast-time simulation 
(FTS) methods. Additionally to the increased speed of computing processes, this method uses 
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optimised and slightly simplified ship-environment interactions to predict the vessel’s future track 
Benedict et al. (2014a). 
 
The traditional way to visualise the vessel’s motion on radar screens and in electronic sea charts is the 
motion vector showing the vessel’s course and speed based on input from gyro and log or GPS. State-
of-the-art regarding vessel’s prediction is the so-called Path Prediction (Feature of NACOS Series, 
www.sam-electronics.de), a calculation based on the ship’s actual (kinetic) motion by means of actual 
speed and rate of turn. A static prediction is valid for steady-state conditions only and correct as long 
as nothing changes. However, altering course and/or speed these alterations do not have any 
immediate visible effect, because of the vessel’s inertia and its manoeuvring systems. 
 
Unlike static predictions, the dynamic predictions based on FTS consider the commanded values from 
manoeuvring handles (rudders, engines and thrusters). This enables a look ahead to see how the 
current handle set-up will affect the manoeuvre even before the vessel reacts e.g. on the rudder effect 
and thus, it allows immediate corrections, Krüger et al. (2014). Fig. 1 shows both dynamic prediction 
(ship shapes) and static path prediction (bended line ahead). The differences between these two 
predictions could not be bigger: whilst the vessel is still moving towards the peer, the portside engine 
is ordered astern and the bow thruster to port side. That leads to a combined stopping and turning 
manoeuvre (as shown by the ship shapes) and not to a further peer approach.   
 

 
Fig. 1: Example of dynamic prediction (ship shapes) compared to the static path prediction  

(bended line ahead) for a RoPax ferry with two propellers (ISSIMS) 
 
2.2. Software solutions based on FTS 
 
The FTS tools were developed at the Maritime Simulation Centre Warnemuende (MSCW), which is 
part of the Department of Maritime Studies of Hochschule Wismar, University of Applied Sciences, 
Technology, Business and Design in Germany. They have been further developed by the start-up 
company Innovative Ship Simulation and Maritime Systems (ISSIMS GmbH) to the level of a 
complete software package for “Simulation Augmented Manoeuvring Design and Monitoring” 
(SAMMON) of ships.  
 
Its main purpose is to predict the vessel’s future path to enhance ship safety and efficiency. It is made 
for the application in maritime education and training to support lecturing, and executing exercises in 
ship-handling simulators. Applied on board, it assists in the manoeuvring process of real ships e.g. to 
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prepare manoeuvring plans for challenging harbour approaches. SAMMON comprises the following 
modules and functions: 
 

• SAMMON Planning was developed to design a manoeuvring concept as “Manoeuvre Plan” 
to prepare beforehand harbour approaches, berthing or any other procedures. The manoeuvres 
can be designed by operating virtual ship handles displayed on screen. 

• SAMMON Training serves as a standalone ship-handling simulation module on a laptop dis-
play for training the manoeuvring concept and familiarising with unknown vessels and sea 
areas. The vessel’s motion can be controlled by virtual handles, either for pre-training in sim-
ulators or for familiarisation aboard real ships. 

• SAMMON Monitoring enables the efficient steering of the ship by means of online dynamic 
prediction on ship bridges - either in full-mission simulators or aboard real vessels - display-
ing the imported manoeuvre plan as basis together with the dynamic prediction (FTS) and the 
static path prediction in parallel. During manoeuvring action and based on actual bridge han-
dle input, it gives the operator a unique look ahead by visualising the future motion develop-
ment. Moreover, it allows immediate alterations and corrections, ensuring the safety of ship 
manoeuvres. 

 
SIMOPT is a software product simulating ship dynamics based on FTS technology, developed to 
support the efficiency of tuning processes for estimating ship-model parameters in ship-handling 
simulators and achieve the best fit between real-ship manoeuvring characteristics and the simulation 
ship models used in SAMMON.  
 
SIMDAT is designed to analyse and evaluate simulation data. During a simulator exercise, all data 
can be recorded in full detail and is available for a very extensive analysis by SIMDAT afterwards. 
For every object, the track can be viewed and additionally any other simulated or measured data can 
be displayed and analysed in comparison to the actual track. 
 
SIMOPT and SIMDAT modules were described in more detail in Benedict et al. (2006a,b) for tuning 
of simulator-ship model parameters. The modules for SAMMON Monitoring to be used on board as 
steering assistance tool and the SAMMON Planning and Training technology were described in 
Benedict et al. (2012,2014a). This paper focuses on the potential of the SAMMON software support-
ing ship operations in a collaborative manner on board and ashore. 
 
3. Cooperative navigation between ship and shore  
 
The introduction of new and enhanced information and communication technologies (ICT) in mari-
time transportation is accompanying ongoing developments of all kind of sophisticated systems 
allowing efficient and sustainable operation of ships of all sizes and providing appropriate pre-
requisites for the safety of global sea transportation. e-Navigation, which covers the complete trans-
portation process focusing not only on the situation on board but also on shore, is playing a crucial 
role in mitigating risk, particularly in groundings and collision accidents near the shore, Baldauf et al. 
(2014). 
 
There are worldwide ongoing investigations into improvement for collision avoidance. Those 
investigations are taking into account both the aspects on board and shore-based assistance. 
Conventional shore-based services, as provided in the frame of a recognised service of a vessel traffic 
service (VTS) station are based on traffic data collected and analysed in shore-based centres. Shore-
based operators interact with the traffic by providing information and giving warnings or advices on a 
regular basis, on demand or when deemed necessary according to the operator’s judgement and in 
accordance with established rules and procedures. In rare cases, e.g. when VTS operators have 
detected a certain danger, which requires immediate action they may even send out instructions to 
vessels involved in such situation. The essential mean for exchange of information is VHF 
communication.  
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However, the rapid technological developments will significantly change the status quo of existing 
regimes of shore-based service. Innovative ICT allows collection of extensive data, which is expected 
to be more reliable and can provide almost real-time information. Today shipping companies seek to 
establish a shore-based fleet operation centre (FOC). Voyage data recorder (VDR) manufacturers 
have developed sophisticated solutions for data collection far beyond the minimum performance 
standard of VDRs and even provide data exchange to company owned FOCs via enhanced satellite-
data communication links, including even actual rudder, engine and thruster data as well as ordered 
steering values. The presently on-going research work is making use of such data for dynamic path 
predictions for on-board decision-making and shore-based monitoring, Baldauf et al. (2012). 
 
For on-board decision-making, the FTS technology can be applied for the introduction of more user-
friendly alarm levels, based on dynamic ship's safety zones. IMO’s performance standards for 
integrated navigation systems (INS) (MSC. 252(83)) were developed on basis of a comprehensive 
task analysis and have provided the essential navigational tasks that need to be supported by an INS.  
 
Ship navigation provides a number of use cases for FTS technology. FTS and dynamic path 
prediction can support on-board decision making when manoeuvring a ship in coastal waters or even 
when berthing in a harbour, Fig. 2. However, it can also be used to enhance and to harmonise 
situation assessment with respect to existing risks of collision or grounding. The application of 
sophisticated algorithms providing predictions for a complete range of manoeuvring options can be 
used to qualify the triggering of warnings, alarms for bridge alert management and could support the 
acceptance of VTS interventions in critical situations. 
 

 
Fig. 2: Information on manoeuvring plans and multiple prediction in an electronic sea chart shared  
           between bridge and VTS (COSINUS) 
 
4. Autonomous navigation and manoeuvring from ashore 
 
4.1. Introduction & Objectives 
 
“Maritime Unmanned Navigation through Intelligence in Networks” (MUNIN) is a collaborative 
research project with eight partners from five different European countries co-founded by the 
European Commission. MUNIN’s aims are to firstly develop an autonomous-ship concept and 
secondly prove the concept by simulation-augmented feasibility studies. The Department of Maritime 
Studies at Hochschule Wismar (HSW), University of Technology, Business and Design in Rostock-
Warnemünde, Germany, is involved in the development and evaluation of both navigational and 
technical systems for autonomous ship operation and the final activities for the proof of concept. 
 
• The ship-engineering department at HSW is responsible for the analysis and conceptual redesign 

of current engine-related tasks as well as for repair and maintenance optimisation for autono-
mous operation during the sea passage. 
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• The Institute for Innovative Ship Simulation and Maritime Systems (ISSIMS) at HSW develops 
a simulation-augmented Remote Manoeuvring Support System (RMSS) for remote-controlled 
navigation in near coastal waters. 

• The Maritime Training Centre Warnemünde (MSCW) at HSW provides the simulation envi-
ronment for integrating MUNIN prototypes as test bed for feasibility studies. 

 
The vision of the MUNIN concept is the intercontinental voyage of an unmanned vessel in 
autonomous mode on the same or higher safety level as conventional (manned) ships. Nevertheless, 
before the ship can be set to autonomous operation it has to put out at sea in the traditional way with a 
crew on board. During its unmanned part of the voyage, the vessel is monitored by operators sup-
ported by autonomous algorithms from a Shore-Control Centre (SCC). The SCC is responsible for 
handling and solving any appearing problem with regard to weather and traffic situation in order to 
follow its pre-defined voyage plan. When manual manoeuvring is required, the vessels’ manoeuvring 
systems like rudder and engine will be operated from the SCC’s “situation room”. In case of 
communication breakdown, the vessel has to drift or, if possible, drop anchor to maintain its position. 
 
4.2. FTS manoeuvring support and visualisation of operational limits 
 
The Remote Manoeuvring Support System (RMSS) prototype, developed by the ISSIMS institute, 
envisages the improvement and extension of the mental model of experienced ship officers on board 
sea-going vessels to a SCC. Since for the shore-based operators the feeling of the ship’s motion is 
missing, a way must be found to transfer the impression and feeling of the ship’s actual and future 
motion to the operators. One of the main challenges is that there is no scope for the conventional “tri-
al and error corrections” or “touch and feel experiences” for vessels fully controlled by shore-based 
operators, Benedict et al. (2014b). 
 
The RMSS’s aim is to allow safe and efficient remote-controlled navigation in near-coastal waters. 
The innovative value of the prototype, based on FTS technology, is the look-ahead function of ship 
motion by its dynamic prediction, so that a ship officer or shore-based operator can foresee the ves-
sels expected future path in response to steering commands. The RMSS prototype contains three dif-
ferent modules: 
 

• Monitoring tool with visualisation of the vessel’s future track through dynamic prediction 
• Pre-planning tool to design safe and efficient manoeuvre plans for upcoming manoeuvring 
• Prediction of the operational limits visualising the required space to manoeuvre 

 
For collision avoidance and navigation in narrow waters, it is important for a shore-based operator to 
know the operational limits of the vessels under his surveillance. The problem is that the vessel’s ma-
noeuvrability depends on many hard-to-estimate factors. High speed in shallow water e.g. causes 
squat effects, and the speed-through-the-water to speed-over-ground ratio increases/decreases rudder 
effectiveness as well as waves and gales may affect the turning and stopping behaviour.  The mariner 
aboard senses this and directly interprets the effect caused by the above named factors. He can feel 
and observe a squat effect much easier than an operator in a SCC. He has developed and trained his 
mental model of ship’s motion by years of experience at sea, Krüger et al. (2014).  
 
Fig. 3 shows the basic idea of the monitoring concept with the prediction of the manoeuvring limits. 
Manoeuvre predictions for three hard-manoeuvre settings and the actual manoeuvre will be supplied 
in a 1 Hz update rate. Fig. 3 shows a situation for a collision threat: the own ship is the stand-on 
vessel and the ship approaching her port bow is expected to do a course change in order to avoid a 
collision according to COLREG rule 15. In case the ship is not acting in proper time, the own ship is 
obliged to take action according to COLREG rule 17. As seen, even a crash stop manoeuvre would 
not help anymore compared to the starboard turning circle. 
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Changes of the vessel’s manoeuvring characteristics, as in Fig. 3, go in hand with environmental 
impact (wind, current, water depth etc.) and changes of the vessel’s displacement (by draught and 
trim changes). Taking into account that the well-tuned ship model is of fundamental importance for a 
sufficient prediction on board a real vessel, a way must be found for conveniently tuning those 
models on the basis of the recorded real-ship standard manoeuvres (zig-zag test, turning circles, 
stopping manoeuvres etc.). Accepting this challenge, the ISSIMS GmbH offers software tools like 
SIMDAT and SIMOPT for the analysis of manoeuvring characteristics and the manual tuning of ship-
model parameters. 
 

 
Fig. 3: Example for visualisation of manoeuvring-limit predictions. Actual (light grey) and additional  
           manoeuvring tracks for emergency stb. and pt. side turning circles (grey) and crash-stop ma- 
           noeuvre (black) (ISSIMS) 
 
5. Ship modelling for use of FTS for simulator training and on board real vessels  
 
5.1. Need of precise and time-saving model tuning 
 
When FTS is used for training in ship-handling simulators the corresponding ship data file for the 
math model is available and can be applied for FTS tools, too. The result is an identical behaviour in 
open-sea scenarios. For coastal-water scenarios, some ship-environment interactions (banking, water 
depths etc.) are not yet completely implemented which might lead to deviations even when the FTS 
ship model is a perfect copy of the simulator ship. However, also these deviations give important 
information to the navigator by comparing the dynamic and static prediction and are therefore a 
further benefit. Nevertheless, the essential aspects of the FTS tools are the familiarisation with the 
handling of a new ship and the development of manoeuvre strategies and mental models (planning 
module), as well as the very fast insight in the future behaviour of the ship (monitoring module). 
When applying the FTS on board real ships, usually, there is no existing model available. It is the 
same situation as when creating a new ship model for a ship-handling simulator, but with the two 
important differences: 
 

• the model should reproduce the real ship’s behaviour in all aspects as exact as possible 
• the modelling process mustn’t take long time, due to the need of various ship models varying 

in their draught and trim 
 
There are some semi-empiric formulas to estimate the hull coefficients (Clarke Estimation) as well as 
empirical values for any other parameters. For the former, the ship’s dimensions (mass, beam, length, 
draught, trim etc.) are necessary. The result does never fit exactly with the real ship’s behaviour and 
usually more information from the real ship must be provided for the tuning process. These might be 
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manoeuvre characteristics from manoeuvring booklet or wheelhouse poster, but also time series of 
various measurement values. The use of the latter for a semi-automatic ship model tuning is discussed 
in the following subchapter. 
 
5.2. Approaches for multi-parametrical stepwise tuning 
 
The parameters, which are concerned for this concept, are mainly the linear and non-linear hull 
parameters representing the hull forces. Each of these parameters needs a defined range in which it 
can be varied during the tuning process. The limits were set depending on the above-mentioned 
Clarke Estimation taking ship dimensions that differ +/- 20% of the real ship’s dimensions. The speed 
components in longitudinal and transversal direction, as well as the rate of turn (u, v and r) serve as 
reference data when comparing simulation with measurement data. The required data are mainly 
standard manoeuvres as they provoke different additive terms of the equations of motion and 
characterise ship behaviours in a proper way.  
 
These conditions build the basis for the “Model Tuner” software, which allows a semi-automatic 
tuning. Its strategy has been developed within the national project SaMariS (Satellite-based Maritime 
Safety). The Model Tuner is integrated in the software SIMOPT and started by one of its menu items. 
The data of the original ship model, which is to be tuned, are provided by SIMOPT. The main 
window enables the user to select any standard manoeuvre. Fig. 4 shows the example of a selected 
turning circle, with track figure and graphs of dynamic data (here: speed over ground and its 
difference between measurement and simulation data).  
 

 
Fig. 4: Selecting a standard manoeuvre in the Model Tuner-Software (ISSIMS) 

 

 
Fig. 5: Selection of hull parameters for manual model tuning (ISSIMS) 

 
Various manoeuvres can be selected and multiple register cards allow for the selection and variation 
of all relevant hull parameters, Fig. 5. The user might change them manually until achieving a good 
result between the simulation and the measurement data. 
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Recently developed strategy focusses on a stepwise numeric tuning of groups of parameters whose 
additive terms are stimulated by the same category of manoeuvres. E.g., stopping and acceleration 
manoeuvres as well as constant speed on a pure (idealized) straight track do not have any transversal 
nor rotational speed components. Therefore, it would not be beneficial to tune coefficients, which are 
multiplied with v and r with this specific manoeuvre combination. However, good results can be 
achieved by tuning coefficients of terms containing the longitudinal speed component u. 
 
The user is still asked to guide the tuning process by selecting the measured and available manoeu-
vres as well as the corresponding groups of parameters. After that selection, the Model Tuner search-
es for the best combination of the chosen parameters within the given limits. To respect the calcula-
tion time and capacity, not all possible and endless combinations are taken, but a certain amount. A 
precision of the selection by restriction of the set lower and upper bounds is possible as well as itera-
tion of the different steps.  
 
5.3. Results and perspectives 
 
Figs. 6 to 9 show the tuning success by reference of the ship’s track, the speed over ground and the 
heading of a zig-zag manoeuvre before and after tuning has taken place. Future perspectives are on 
one side to test this strategy for any non-standardised manoeuvres and to find out how much dynam-
ics, i.e. different manoeuvres, must be recorded on board a ship to enable a successful tuning. On the 
other side, an enhanced strategy should be found to enable the software for a fully automatic tuning. 
Once these aims are reached, the software could adapt its ship model continuously as may be neces-
sary for the continuous changes in trim and draught during voyages. 
 

 
Fig. 6: Zig-zag manoeuvre track (right) and speed over ground (top), both with simulation (grey) and  
           measurement data (black) before tuning (ISSIMS) 
 

 
Fig. 7: Zig-zag manoeuvre track (right) and speed over ground (top), both with simulation of original  
           (light grey) and tuned model (dark grey) and measurement data (black) after tuning (ISSIMS) 
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Fig. 8: Zig-zag manoeuvre track (right) and heading (top), both with simulation (grey) and measure-   
           ment data (black) before tuning process (ISSIMS) 
 

 
Fig. 9: Zig-zag manoeuvre track (right) and heading (top); simulation of original (light grey) and  
           tuned model (dark grey) and measurement data (black) after tuning process (ISSIMS) 
 
The closer the mathematical ship model is to the reality, the better it can be applied in trainings ashore 
and for ship handling on board. The following chapter discusses first training results with FTS. 
 
6. Usability assessment and evaluation of FTS manoeuvring support aboard 
 
6.1. Introduction 
 
Monitoring a vessel from the shore requires a situational awareness same or better than aboard. This 
is challenging taking into consideration that traditionally a good sense for the vessel’s man-
oeuvrability is one of the most important skills a navigational officer gains through his sea-going 
experience and later always has to rely on, Benedict et al. (2014b). The concept of function-based 
bridge organisation, Hederstom (2014), acknowledges that all humans may fail. It introduces 
organisational countermeasures to detect and manage human error before it leads to any negative 
consequence. The function-based bridge organisation does not diminish the authority of the master. 
The master assigns officers to the particular functions based on watch-keeper competence and 
experience with the upcoming operation, making it a very adaptable system, Hederstrom (2014). 
 
The system builds on the airline concept by introducing navigator and co-navigator functions. The 
navigator who is conning the ship is required to communicate intentions and orders to the co-
navigator. This means that no course changes or engine orders will be carried out without a confir-
mation from the co-navigator. These new protocols also require a double watch-keeping system with 
a minimum of two navigational officers on watch at all times the ship is at sea. By delegating the 
operational tasks, the master demonstrates trust in his team. This has many positive effects, such as: 
enhanced learning; readiness to actively participate in problem solving; enthusiasm and motivation to 
work; and an engaged team directly leading to increased safety and efficiency.  
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As officers are allowed to conduct the vessel, they will be better prepared for their promotion when 
time comes. This will normally also increase job satisfaction, which facilitates officers’ retention rate. 
Apart from the shore-side control and communication, illustrated in the previous chapters, the FTS-
technology gives a substantial manoeuvring support to officers aboard. On one side, SAMMON 
Planning allows creating manoeuvring and berthing plans considering the real dynamic ship 
behaviour and even environmental impacts. On the other side, the real manoeuvring process can be 
monitored by using the dynamic prediction (SAMMON Monitoring).  
  
In this chapter, first results are presented regarding the potential impact of dynamic prediction to the 
safety and efficiency in ship operation and navigation. Based on a simulation study several scenarios 
were designed to analyse the performance of navigators using standard bridge and navigation 
equipment to be compared with scenarios where additionally the dynamic prediction by SAMMON 
Monitoring was available on bridge. The test persons were navigational watch officers with recent 
experiences aboard and in ship-handling simulators. The test persons had been familiarised with the 
test ship, a bulk vessel, and the Orinoco sea area before commencing the manoeuvre trials. The task 
was to safely enter and pass the Orinoco Delta sea channel with full speed ahead in four different 
scenarios: 
 
1.  Orinoco approach without environmental influences 

1.1. With standard navigational equipment only 
1.2. With additional manoeuvring assistance by dynamic prediction 

2. Orinoco approach with wind from 180° with 30 kt (7 Bft) 
2.1. With standard navigational equipment only 
2.2. With additional manoeuvring assistance by dynamic prediction 

 

 

 

Fig. 10: Straight and narrow waters. Electronic sea chart of the Orinoco sea channel (left) with dy-  
             namic prediction (right) (ISSIMS) 
 
 
The main challenge for the test persons was the vessel’s highly instable manoeuvring behaviour in 
combination with a confined sea channel. The channel width is as wide as the vessel’s triple beam 
and banking effects are likely to occur. The sea channel is dredged to 10 m with the surrounding 
water of first 5.5 meter and later 1.8 m depth. The vessel’s maximum (aft) draught was 8.5 m and the 
scenario was conducted at 2 m high tide but with squat effects of more than 2 m due to the high 
speed. 
 
The simulations study was conducted with test personal in the role of an officer in charge. In the 
scenarios without prediction assistance, the test person was giving orders to a helmsman and by 
relying on visual changes, it is common practice to use rudder angles like 0°, 5°, 10° or 15° until a 
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visual change of state is determined. For the scenarios with use of dynamic prediction, the test person 
was controlling the rudder by himself. The dynamic prediction visualises the upcoming manoeuvre 
and with the possibility to look ahead, the officer did not had to wait for visual changes but directly 
reacted on the feedback given by the system. 
 
All tasks were performed in a full-mission ship handling simulation under normal bridge operation 
conditions and environment and with standard navigation and bridge equipment. By that, the single 
impact of FTS manoeuvring support (dynamic prediction) was measured and analysed. The main goal 
was to investigate the level of safety and efficiency for the 30-minutes scenarios and the comparison 
of runs with and without dynamic prediction. 
 
The two fields of safety and efficiency in ship operation when entering and passing the Orinoco sea 
channel are investigated within this study. For evaluation purposes, appropriate parameters had to be 
identified in order to compare the test runs with and without manoeuvring assistance and its positive 
or negative influence towards safety and efficiency. Those parameters are the following: 
 
Parameters for safe navigation: 

- Cross-track error 
- Applied rudder angles (and remaining manoeuvring reserves) 
- ROT resp. course- and heading deviations 

 
Parameters for the efficiency of ship operation: 

- Magnitude of rudder angles 
- Number of small and large rudder angles 
- Average rudder angle for the whole manoeuvring time 

 
6.1. Level of efficiency in ship operation with use of FTS manoeuvring support 
 
The scenarios commenced abeam the buoy “Orinoco approach” and ended 1300 seconds later with 
the vessel entering the deep-blue water contour, Fig. 10. Table I shows that the sum of total rudder 
alterations was much higher for the scenarios without use of prediction (scenario 1.1) than in the trials 
with prediction (scenario 1.2) where smaller or less rudder angles have been ordered. The same 
applies for a decreasing number of ruder alterations (respectively ordered changes) of more than 5° 
from one to the next second where smaller ruder alterations of less than 5° stay the same. The average 
of the absolute rudder angles decreased for the scenarios with manoeuvring assistance more than one 
degree, indicating that 1.4° of permanent rudder angle could be saved over the whole manoeuvring 
time. 
 

Table I: Parameters for a safe and efficient ship operation with and without FTS manoeuvring 
assistance for scenarios without wind influence 

Scenario 
Σ of Changes 

[°] 
No of Changes 

> 5° 
No of Changes 

< 5° 
Ø Rudder 
Angle [°] 

Comment 

1.1 460.9 18 248 4.9 
No Wind  

No Prediction 

1.2  253.5 8 252 3.5 
No Wind  

With Prediction 
 
For a better comparison of results, the commanded rudder angles have been converted into absolute 
values as basis for further analysis (Tables I and II), Figs.11 and 12. The graphs underline the positive 
effect towards rudder efficiency by use of manoeuvring assistance. The grey graph shows the 
traditional 5-degree steps when giving orders to a helmsman and waiting for a visual change of state 
before a new command is given. With manoeuvring support by the dynamic prediction (black graph), 
the test persons received an immediate feedback by the visualised future track, allowing for a small 
correction before larger rudder angles were needed. 
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Fig. 11: Applied absolute rudder angles for simulation runs without wind influence.  
Scenarios conducted first without (grey) and later with prediction assistance (black). 

 
Table II summarises the same parameters as above but for scenarios with southern wind (7 Bft.) 
influence. Still, the sum of rudder alterations and the number of rudder-angle changes higher than 5 
degrees decreased when dynamic prediction was used. On the other hand, the number of smaller 
rudder-angle alterations has increased and the difference for the mean of absolute rudder angles is not 
that high like in the scenarios without wind impact. 
 

Table II: Parameters for a safe and efficient ship operation with and without FTS manoeuvring 
assistance for scenarios with 30 kt wind from 180°  

Scenario Σ of Changes 
No of Changes 

> 5° 
No of Changes 

< 5° 
Ø Rudder 
Angle [°] 

Comment 

2.1 555,8 33 184.5 5.2 
With Wind  

No Prediction 

2.2  381.3 10.5 312.5 4.6 
With Wind  

With Prediction 
 

 
Fig. 12: Applied absolute rudder angles for simulation runs with 30 kt wind from 180°.  

Scenarios conducted first without (grey) and later with and prediction assistance (black). 
 
Again, the black graph in Fig. 12 shows the common 5° steps for helm orders. The black graph 
indicates more but smaller alterations and generally smaller rudder amplitudes compared with the 
manoeuvres without FTS assistance. The graphs in Fig. 12 visualise the rudder amplitudes (absolute 
amplitudes) better than a simple table and the parameters for the mean of (also absolute) rudder-angle 
commands confirms that visual impression. 
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6.2. Safe ship operation by use of FTS manoeuvring support 
 
All figures in chapter 6.2 were generated with SIMDAT. SIMDAT was also used to analyse the 
manoeuvring characteristics of the same scenarios as presented above. Figs. 13 and 14 show the 
commanded rudder angles for four simulation runs with two participants. The runs without FTS 
manoeuvring assistance (grey) indicate often-applied rudder amplitudes of 10°, 15° or even 20°  
whereas the black graphs remain within the 10° boundaries. The differential data of commanded 
rudder angles, Figs.13 and 14, are shown in Figs.15 and 16. The left side shows the scenario with use 
of standard navigation and bridge equipment only, the right sides the scenarios with additional 
manoeuvring support by the dynamic prediction. 
 

Fig. 13 (left): Without wind. Fig. 14 (right): With wind impact. Commanded rudder angles for 4 
simulation runs, 2 with standard equipment (grey), 2 with additional FTS prediction (black).(ISSIMS)  

 

Fig. 15 (left): With standard navigation equipment. Fig. 16 (right): With additional FTS prediction. 
Differential values of commanded rudder angles for scenarios without wind influence (ISSIMS) 

 
Parameters as the ROT or heading indicate the easiness of controlling the vessel in confined 
waterways like the Orinoco sea channel. Here, banking effects are likely to occur, requiring the 
officer’s continuous attention in order to keep the ROT small or to compensate it with high rudder 
angles, once the banking commences attacking the ship’s hull. Figs.17 and 18 show the differential 
heading changes from the intended 234° course. 
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Fig. 17: Scenario without wind impact. Differen-
tial data of the heading changes for 4 different 
runs, 2 with standard equipment (grey), 2 with 
additional FTS prediction (black) (ISSIMS) 

Fig. 18: Scenario with 7 Bft. Wind impact. Dif- 
ferential data of the heading changes for 4 dif-
ferent runs, 2 with standard equipment (grey), 2 
with additional FTS prediction (black) (ISSIMS) 

 
The more the ROT or heading deviation is increasing, e.g. due to banking effects or due to the 
officer’s inattention - the bigger is the required counter rudder or/and the longer it has to be applied to 
compensate the actual ROT and to re-establish the initial course. Thus, it is necessary to keep the 
ROT small, avoiding heading deviations and saving manoeuvring reserves by minimal rudder angles 
to safely control the vessel on its confined voyage through a sea channel. 
 

Table III: Summary of effects of additional manoeuvring support  
on the parameters for the safety and efficiency of ship operation 

Scenarios and level of 
manoeuvring support 

Σ of 
Changes 

No of 
Changes 

> 5° 

No of 
Changes 

< 5° 

Ø Rudder 
Angle [°] 

Magnitude of 
amplitudes [°] 

Standard navigational 
equipment only 

     

Additional use of FTS 
manoeuvring support 

 
In general, all evaluated parameters state a more efficient use of rudder systems for the simulation 
trials with use of additional manoeuvring support by FTS prediction. The decreasing sum and number 
(arrows down indicate a decreasing tendency of named parameter) of rudder alterations (> 5°) 
testifies a smaller rudder resistance in the water, which is confirmed by a smaller mean rudder angle 
and amplitudes. Moreover, the increasing number of smaller rudder alteration shows that the FTS 
manoeuvring support allows immediate small rudder corrections, keeping the rate of turn (ROT) 
small and saving manoeuvring reserves. 
 
This chapter has provided first results supporting the expectation of positive impact of dynamic pre-
diction used on board. Overall, there seems to be a tendency of substantial manoeuvring support for a 
manned bridge-based navigation. In addition, increasing safety and efficiency in terms of the defined 
parameters and criteria can be concluded. 
 
7. Conclusion 
 
This paper has presented versatile potential applications of FTS methods in the field of manoeuvring 
support in simulation centres and on board reals vessels. Moreover, new bridge-organisation 
structures on cruise liners require the preparation of harbour approaches and manoeuvring concepts 
where the FTS based planning module offers its great potential. Actual research projects envisage 
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concepts for shore-based support and even remote-controlled manoeuvring. Here, FTS tools can give 
a substantial support to enhance the situational awareness where the feeling for the vessel’s motion 
characteristics is missing. Finally, to be used on board reals vessels, a well-tuned ship model is 
important for a sufficient manoeuvring support through dynamic predictions. New approaches for a 
multi-parametrical and step-wise model tuning are under development for improving the time-
demanding and still manual tuning process. 
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Abstract 

 
This paper describes the process of controlling the dimensional goals by analysing relationships 
among the geometric elements information in the CAD models and the measurements. The 3D CAD 
Model helps the process by defining, in the initial phase, a set of geometric relationship of the 
measures to the objectives for the dimensional control, these objectives are the goals required by the 
engineering and the manufacturing. In the approach, similar to the GQM (goal question metric), 
when the relationship are finally translated into measures the goals are quantified and controlled. 
Examples of real cases from shipbuilding and offshore industry illustrate the technique with good 
results.  

 
1. Introduction  
 
Dimensional Control is a strategic process in the current competitive shipbuilding industry. It has the 
ability to reduce scrap, avoid rework and build dimensionally accurate ships. It can leverage gains and 
help review the fabrication process by giving a unique feedback view of the actual product to the 
engineering and manufacturing teams. Dimensional Control must also be able to quickly and 
accurately measure and assess the parts and blocks, without compromising other activities in the 
shipyard. More than only maintaining the dimensions within tolerance, the goal of the Dimension 
Control team is to help engineering and the fabrication process to achieve a quality product. 
 
Among the various techniques available for the automation of the Dimensional Control activities the 
increasing use of visualization and laser survey techniques can be mentioned. Rutkowski (2010) 
discussed the difficulties in making use of the coordinate measurements, Koeck (2012) presented a 
case of ship block inspection and Johnson et al. (2004) reported the integration of digital 
photogrammetry and dimensional quality of steel plates and components to facilitate and automate the 
measurement process. The improvements of laser measurement technology offer high accuracy and 
speed e.g. today a modern Total Station can measure directly on steel in a 2000 m range with an 
accuracy of 2 mm, Leica (2013).  
 
Maropoulos et al. (2008) has laid out a generic framework for measurement planning. Muelaner et al. 
(2010) overviewed the challenges for selecting a measurement process and adequate equipment when 
planning the metrology process for a large product. These studies recommend taking into 
consideration the measurability of the product in the early phases of the design, and concentrate on 
obtaining the measurements, rather than its use. 
 
The existing work shows that dimensional control typically starts by obtaining a set of point 
coordinates in the reference system of the equipment. With the help of metrology software that 
implements the trigonometry and reference system transformation, linear and angular dimensions 
from these points are calculated. These results can be compared to the nominal designed values. If 
they are within a conventional tolerance, the parts area is accepted. This approach is insufficient to 
deal with the complexity of a ship. A complex system consists of many parts, lots of redundancy, and 
many relationships and interactions among these parts, Caprace and Rigo (2012). In some cases a 
tolerance miss is acceptable when it does not interfere with the functionality of the part or fit into the 
assembly, while in other cases, even if the part is within tolerance, it will not fit or function correctly. 
The dimensional control of a complex system must take into consideration its characteristics. It is 
hard to express multi-part, interrelated system, like a ship, in a series of simple sets of linear 
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dimensions and its tolerances.  
 
The interconnection of the various components and sub-assemblies in a ship offers a special challenge 
to dimensional control, as the result of small imperfections on the sub-assemblies may lead to 
unpredictable results in the final assembly. The dimensional control must consider not only the linear 
or angular dimensions but also features such as: misalignments of structural components, gap or 
excess material in interfacing edges, the intrinsically complex shape of the ship hull, and the desired 
planarity of the deck or the correct angle of a column. This paper proposes to focus not in a tolerance 
deviation, but rather in an engineering or manufacturing goal of the part; and then defining the 
acceptable dimensional values and deviations. 
 
This paper proposes a technique we will call Goal-Relationship-Measurement (GRM), which can 
treat the complexity of the dimensional control of a ship, by the effective integration of the 3D CAD 
model of the parts, to the measurement activity and the dimensional control process. The 3D CAD 
model will help the process by defining, in the initial phase, a set of geometric relationship of the 
measurements to the objectives for the dimensional control. These objectives, usually relative to the 
assembly and operation process, are the goals required by engineering and manufacturing for a 
dimensionally sound product. When the relationships are finally translated into measurements, the 
goals are quantified and controlled. This GRM approach is similar to the Goal Question Metric 
(GQM) approach that was originally proposed to deal with the complexity of the measuring of 
software development processes and software systems, Basili (1992). 
 
The proposed approach is detailed and applied to some examples of shipbuilding related problems. 
From the examples, the conclusions and some limitations of the technique are derived. 
 
2. The GRM technique 
 
The Goal-Relationship-Measurements approach is based upon the assumption that the measurements 
must attend to a specific engineering concern. It is important that the resources spent on the 
measurement effort are driven by a higher objective, established by the Goal. The relationships are 
usually associations among geometric components of the model that are in a direct correlation with 
the Goal. The measurement is a way to quantify the relationships; it specifies the points where the 
actual instrument must obtain the coordinates. 
 
It is important to know, at least in general terms, what the informational needs of the organization are, 
and specify them in terms of goals. These needs will be converted into quantified information that is 
to be analyzed to determine whether or not the goals were achieved, Basili (1992). 
 
2.1 Goal  
 
The Goal defines a concern of the engineering or manufacturing that must be dimensionally 
controlled.  It reflects the various points of view relative to the variety of aspects of the operation and 
fabrication of the product. A Goal may also be a process concern that must be traced along the 
manufacturing progression. Goals can be relevant dimensions or dimensional quality considerations 
such as variations, means, or maximum or minimum quantities. It can be related with a relevant 
quality issue such as the planarity of the deck or the alignment of hull elements. It can be related to 
assembly requirements or even simple dimensional verification.  Each Goal must be relevant and 
must reflect a priority that will drive the inspection process. It can be associated with the final 
product, a component, and even a process characteristic. 
 
In an optimal scenario, the Goal should be defined in the design phase when the major aspects of the 
design are being decided, with new Goals being added with the evolution of the product. The 
planning phase of manufacturing is also an important moment for defining and reviewing dimensional 
control goals. 
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2.2 Relationship 
 
The relationships are geometric properties that can be verified and are in direct or indirect association 
with the Goal. Usually one goal needs more than one relationship to be verified. The CAD model and 
its geometric elements can be used to define the relationships. 
 
Relationships are the most important parts of planning a Dimensional Control inspection because they 
bridge the goals to the actual measurements. It is interesting to note that as we are dealing with a 
complex system, we can create a large number of redundant relationships. This will increase the 
quality, as well as the complexity, of our analysis. Ideally, the definition of relationships is part of the 
planning phase of the inspection. 
 
The simplest relationship can be of two points and its linear distance (point to point relationship), but 
they can evolve to point to object relationships and to an object to object relationships. The idea is 
that based on the Goal, we select elements (objects) in the model that once some of its geometric 
properties are verified, the Goal is achieved. Simpler Goals may require one or two relationships, but 
complex Goals will demand that a larger number of relationships be observed. 
 
To define the geometric relationships that could answer our goal, we may need the help of a CAD 
model and its geometric entities. These entities are rigid objects that are geometrically related to one 
another and are the relationships we must look for to answer each goal. 
 
For Goal of the planarity of the deck we can relate a group of points in the deck to the actual designed 
deck, and compare the angle of the plane they form with the deck angle.  
 
For the assembly of two blocks in the ship, we can relate opposite objects that represent the structural 
elements and check their alignment and their relative position. We can also check if the two 
interfaces, which are formed by the complete set of objects, are forming a parallel plane, and if they 
are perpendicular to the opposite structures. 
 
Classification of relationships can be based on the type of the objects that are being related. In this 
case we may have:  
 

• Relationships among measurements, 
• Relationships between measurements and CAD objects, 
• Relationships among CAD objects. 

 
Relationships can be created exclusively among measurements when comparing the position of 
elements in a part to the position of other elements in the part. The CAD can be used to define the 
elements but it is not required during the analysis. If the measurement instrument is fixed, its 
reference system is sufficient because all measurements are in the same system. For example, a 
simple point-to-point relationship is sufficient when you are interested in a distance of two well-
known points. It is necessary to very precisely define the points in the structure by the use of punch 
marks or reflector marks. 
 
We still have a relationship among measurements when we analyze the measurements in order to 
create an object. The relationship in this case is that a set of measurements is related to a line, plane, 
cylinder, sphere or other regular shape. The analysis can be a property of this shape, such as a radius 
or an angle, the distance to any other points, or other objects constructed from the measurement 
points. The reference system can still be fixed with the measurement instrument without the use of a 
CAD model. 
 
Relationships can be made between CAD elements and measurements when the information needs to 
consider the CAD as a reference to the measurement. In this case it is best to fit the reference system 
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from the measurements to the CAD model, and then make all analysis in this new known system. The 
general idea with this kind of relationship is to verify if the measurements fit the corresponding CAD 
element, supposing the measurements are taken from the actual part of this element.  
 
An example of a relationship from a group of measurements and a CAD object is when it is required 
to analyze a special surface, such as the hull surface.  
 
It is very important when creating a relationship between CAD and measurements that the CAD truly 
represents the actual part, or that the deviations in the part, from some constructive requirement, are 
represented in the CAD. If the part is at an initial stage and has any scrap, this information should be 
considered in the model or in the analysis of the relationship. Shrinkage, painting, scaffolding and 
other temporary elements in the part should be considered in this kind of relationship. 
 
Finally, we can create relationships using CAD objects. These are especially useful for an assembly 
of parts when the relative position of designed parts are according to measurement and inspect the 
measurements of the CAD parts. In this case for example, the measurements of the parts may be taken 
separately but with the same reference system. Then the parts are transformed to the measurement 
reference system so that their relative position is obtained, if this is the interest. 
 
This relationship also needs some additional considerations. For example if the parts move as a solid 
body, if there are some additional restrictions to the movement, for example, to allow or not eventual 
clashes of the surfaces, etc.  This can be more helpful to the assembly of complex structures based on 
individual measurements. 
 
2.3 Measurements 
 
The final phase of this technique is measurement that deals with the actual interface with the 
instrument and obtaining the coordinates of the points defined in the Relationship phase. The 
measurements are taken in order to fulfill a Relationship, and at last a desired Goal. No measurement 
is taken without a reason, no effort is wasted or time spent needlessly  in the field, although some 
redundancy is expected in order to increase accuracy.  
 
There are many works related to Dimension Control of Structures that focus on the measurement 
aspect of the process, Maropoulos et al. (2008), Muelaner et al. (2010). This paper will not discuss 
the details of obtaining the measurements, positioning and moving equipment. It is expected that the 
selected portable metrology software is capable of handling that. 
 
GRM creates a hierarchical structure, where the Goals (G1, G2 … Gi) define the start, as shown in 
Fig. 1. Each goal is then refined into several Relationships (R1, R2 … Rj), and then into many other 
Measurements (M1, M2 … Mk). It must be noted that a Relationship can attend to more than one 
Goal, as well as one Measurement can participate in more than one Relationship. But there are no 
Measurements being taken without a Relationship and a Goal in mind.  
 

 
Fig. 1: GRM Hierarchy 
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2.4 Analysis 
 
The final stage of the Dimensional Control with the GRM technique is the analysis. Once all 
measurements are obtained, each relationship can be verified and then the Goals. This process can 
require weighting if some of the relationships are verified and some are not, or if there is a deviation 
in the process.  The tolerances can be now applied to the relationships, but not to the measurements, 
with a better understanding of the relationship of this allowance with the goal. 
 
The GRM technique does not replace experience or engineering knowledge of the product and the 
problem. The main objective of the technique is to help the experts to handle the overwhelming 
complexity of the problems. 
 
3. Examples of Application 
 
This session exemplifies the application of GRM technique to some real cases in the shipbuilding 
industry. To implement the relationships and the metrology analysis this paper adopted the Spatial 
Analyzer metrology software as its main analysis tool (NRK, 2014).  This software, and the 
integration of CAD with 3-Dimensional measurement, is also present in other industries including 
automotive and aerospace, Boeing (2001). These industries are also more familiar with the initiatives 
to incorporate dimensional tolerances schemes into the design and the model. 
 
3.1 Case 1 - Deformation of an Offshore Structure 
 
The first case studied is a large tubular structure, Fig. 2, that is used in shipyards for offshore platform 
construction as a temporary support structure. This particular structure has been just decommissioned, 
and the engineering team wants a dimensional evaluation of the residual deformation, as it was 
submitted to great stress during the last construction.  
 

 
Fig. 2: Large Tubular Offshore Structure 

 
For this case, as an example, this paper will consider only one goal:  
 

G1: to evaluate the remaining deformation of the structure. 
 
This goal concerns with the displacement of the beams from its nominal position that will be defined 
by the original CAD model which designed the structure originally.   The CAD model, Fig. 3, is 
imported to the metrology software.  
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Fig. 3: 3D CAD model 

 
The structure is originally formed by rigid tubular objects that are related to each other. In order to 
verify if the structure is deformed, we will consider the deformation of each individual element. The 
first relationship we create (R1) is to construct a cylinder with the measurements of one element. The 
second relationship (R2) is to relate these measurements to the corresponding cylindrical element, and 
analyze is deformations relatively to its original position in the structure. 
 

R1 – The group of measurements taken in an element, are related to a cylinder; 
R2 – The group of measurements taken in an element. 

 
These two relationships can be applied to all elements in the structure. To give an even more 
comprehensive answer, we could list other relationships, like the angles among the cylinders, some 
dimensions and alignments. For the sake of simplicity only one element is shown here.  
 

 
Fig. 4: Sampled points related to the one cylinder 

 
To verify both relationships we must measure points along the elements, as shown in Fig. 4, for one 
of the elements. Note the points do form an arc of a circle. We can consider each single measure point 
as s Measurement (M1…Mn) or each group of points as M1 and M2. 
 
With these measurements we can implement R1 and re-create the actual element, as it was measured, 
interpolating the data from the arcs and creating the darker element in Fig.5. When comparing the re-
created cylinder with the original element, as relationship R2 requests, we can see the deviations from 
the original position. This procedure can be reproduced in all beams and a more comprehensive view 
of the structure is obtained. 
 
The metrology software shows, with amplified arrows, the relative displacements and it gives a 
quantified measure of the observed deviations. These results will allow engineers to consider the 
present integrity of the structure, as requested by the proposed Goal (G1). 
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Fig. 5: Comparison of the Element Model and the Measured 

 
This case showed a simple Dimensional Control problem and how GRM can guide the analyst from 
the request to the measurement selection and execution.  
 
3.2 Case 2 - Block Assembly Assessment  
 
The second case study of the GRM approach is the assessment of the assembly of two blocks in the 
building of a FPSO (Floating Production, Storage and Offloading) ship for the Offshore Oil Industry. 
The blocks, Fig. 6 and Fig. 7, will be welded together with the rest of the hull in the dry dock. Block 
#1 is being finished and painted, while block #2 is already in place for assembly. Among the many 
possible goals that a complex construction such as this has, we will concentrate on three goals set, 
initially, by the manufacturing team: a main goal (G1) and two secondary goals (G2 and G3), which 
are complementary to the main one. 
 
G1. Assure that block #1 and block #2 will fit together during assembly,  
G2. Verify that the main dimensions of block #1 are within a global building tolerance, and 
G3. Verify that the main dimensions of block #2 are within a global building tolerance. 
 
 

 
Fig. 6:  Block #1  is upsidedown, and it still being worked by the crew 

 
As block #1 is being finished, it can be re-worked to the final dimensions in order to fit perfectly to 
block #2. Goal G1 wants also to show what kind of re-work is needed, if needed, to block #1. 
 
These concerns of manufacturing are aligned with their responsibility on the quality of the parts, 
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evaluated by controlling tolerances during manufaturing, and also conscious that the big challenge is 
to putting the two large blocks together on the ship. As a general rule, this shipyard considers 
acceptable a tolerance of 10 mm from the nominal values of a final block dimensions. As this is also 
the maximum gap that is allowed in a welding operation, this will be the maximum allowed gap of 
parts that are to be assembled. We will be assessing the final parts, before beveling (chamfering) plate 
edges for welding. 
 
It is easy to observe that even if some point tolerances are met, the blocks may not me aligned, and 
will not fit. Otherwise sometimes some tolerances are not met, but the assembly is still possible. 
Typically, it is when one block´s lack of material is compensated by the other´s excess. 
 
 

 
Fig. 7:  Block # 2 in the final stages, ready to be assembled 

 
Establishing the goals should be the first step in the measurement process. This will help to select the 
correct measurement elements and to avoid wasting time and effort in the field. In order to define 
what to measure, the goals must be interpreted as geometric relationships. Goals G2 and G3 are easy 
to relate, as we are considering the relationships of some selected nominal dimensions of the block 
with its actual measured value. For the sake of simplicity, in this paper we will only consider the 
assembly of face F1 of block #1 to B2 of block #2, and some main dimensions of F1, L1 of block #1 
and L2 and B2 of block # 2, as shown in Fig. 8, Table I. 
 
 

 
Fig. 8:  Schematics of the blocks and assembly and face naming 
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Table I: Relationships list and related goals and measurements 
Goals Relation-

ship 
Measure- 

ments 
Constraint Type Relationship 

Description 
G2 R1 F1 Measurements to CAD 

Objects 
Face F1 measurements match-
es the CAD model 

G2 R2 L1 Measurements to CAD 
Objects 

Face L1 measurements 
matches the CAD model 

G3 R3 B2 Measurements to CAD 
Objects 

Face B2 measurements 
matches the CAD model 

G3 R4  L2 Measurements to CAD 
Objects 

Face L2 measurements 
matches the CAD model 

G3 R8 B2 Measurements to  CAD 
Objects 

Face B2 measurements 
matches the CAD model 

G1 R5  F1, L1 Least Squares Best Fit to 
Geometrical Feature 
(GF), relationships 
among CAD objects 

F1 and L1 are Perpendicular 

G1 R6 L1, L2 Least Squares Best Fit to 
Geometrical Feature 
(GF), relationships 
among CAD objects 

L1 and L2 are Continuous 

G1 R7 F2, B1 Weighted, relationships 
among measurements  

Face F2 matches B1 

 
The relationships and measurements of the two blocks can increase in detail and complexity if 
necessary, to consider particularities of the structure like beams, columns, plates and reinforcements. 
For simplicity, this study considers the measurements of the points of the interface plane of the block. 
This plane is welded to the corresponding plane of the other block thought its elements.   
 
The measurements of the two blocks were taken separately according to the relationships that were 
established, and the gap is estimated, trying to identify the viability of the assembly. 
 
Table I lists the goals, its relationships, and the corresponding measurements. To explain the type of 
measurements and relationships we are using, a column with the description is added as well as the 
type of geometric constraint type that this relationship implies.  
 
Analyzing Table I it is easy to see there is a progression among the goals, as we note that the goals 
G2 and G3 contribute to reach goal G1. 
 
The classification of the relationship can be associated with the constraint type.  While some 
relationships like R1, R2, R3, R4, and R8 are simple comparisons of nominal values with the 
measurements, others may require more complex ones to reach a conclusion.  
 
Fig. 9 shows the points measured in block #1, by positioning the measurement instrument, a laser 
total station in two points. Auxiliary fixed points in the block were used to transform the 
measurements into a single reference system for comparison. The same approach was done in the 
block #2. 
 
A more difficult challenge is when there is the need to check continuity and perpendicularity as in 
relationships R6 and R5 respectively.  In this case the measured points in faces L1  and L2 for R6, 
and F1 and L1 in R5 are approximated to an hypothetical plane and the angle between the two planes 
are unified for planarity (angle = 0°) or perpendicularity (angle = 90°). The approximation is achieved 
by a least squares best fit to the planes, as shown in figure 10, for relationship R5. 
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Fig. 9: Measurements of the block #1, faces F1 and L1 

 

 

 
Fig. 10: Checking for Perpendicularity (Relationship R5) 

 
The final goal, G1, is achieved by combining the measurements and relationships of block #1 and 
block #2, and adding the additional relationship, R7, between the mating faces of the blocks. For this 
relationship, it is critical that the constraints include the requirement of non-overlapping measure-
ments, or non-interfering material. It is only after all measurements with the corresponding relation-
ships are combined, that the assembly fit can be properly analyzed. In the event that the blocks cannot 
meet the requirements of the pre-defined tolerances, rework would be required until an intolerance 
mating condition can be achieved. The GRM technique allows for identification of the need for 
rework prior to the mating attempt, and therefore, enables a significant cost savings even when 
rework is necessary. Fig. 11 resumes this result, showing that the maximum measured gap is 9.7 mm, 
and still within tolerance. 
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Fig. 11: Assembly simulation with gap analysis (Goal 1) 

 
4. Conclusions 
  
The Goal-Relationship-Measurements (GRM) technique for the planning of the Dimensional Control 
of complex structures was introduced. It proposes the use of geometric relationships between the 
CAD model elements and the measurements of the real parts, to deploy the goals of Dimensional 
Control for the problem. This hierarchy helps the communication among designers, manufacturers 
and the dimensional control analysts. The analyst can interpret the needs of engineering or 
manufacturing and translate them into the measurement process in the field. The 3D CAD model 
elements are used in the building of these relationships, and also as a reference for the measured 
values.   
 
Two case studies illustrate the application of the technique with good results. This approach is not 
limited to shipbuilding, but it is much more relevant for complex systems like ships and large 
complex structures. 
 
The increased availability and cost reduction of measuring equipment can lead to a high number of 
measurements and data without a significance or need. By tying a measurement to a desired 
inspection goal, the task in the field is optimized, reducing the time and effort. 
 
The proposed method also shows the tendency of an early design of the dimensional control process, 
by starting during design the definition of goals and geometric relationships to be inspected. The 
possibility of planning of the analysis avoids missing measures, as well as it prevents that an 
excessive and redundant data be collected in the field.  
 
A systematic and structured method of Dimensional Control, such as GRM, enables the automation of 
the inspection process. Automated dimensional control, a natural next step in this field, improves 
even more the quality of products and the competitiveness in the industry while reducing time and 
costs. 
 
  



 100

References 
 
BASILI, V. (1992), Software modeling and measurement: The goal/question/metric paradigm, 
Techreport UMIACS TR-92-96, University of Maryland, College Park 
http://portal.acm.org/citation.cfm?id=137076 
 
BOEING (2001), Coordinate measurement system committee Albuquerque, New Mexico 
 
CAPRACE, J.D.; RIGO, P. (2012), A real-time assessment of the ship design complexity, Computer-
Aided Design 44/3, pp.203-208 
 
JOHNSON, G.W.; LASKEY, S.E.; ROBSON, S.; SHORTIS, M.R. (2004). Dimensional & accuracy 
control automation in shipbuilding fabrication: An integration of advanced image interpretation, 
analysis, and visualization techniques, Proc. Analysis and Visualization Techniques, 20th Congress 
ISPRS, Istanbul 
 
LEICA (2013), Leica Geosystems – Leica Nova MS50, White Paper, 813469en, Heerbrugg 
 
MAROPOULOS, P.G.; GUO, Y.; JAMSHIDI, J; CAI, B. (2008), Volume metrology process models: 
A framework for integrating measurement with assembly planning, CIRP Annals - Manufacturing 
Technology 57/1, pp.477-480 
 
MUELANER, J.E.; CAI, B.; MAROPOULOS, P.G. (2010), Large-volume metrology instrument 
selection and measurability analysis, J. Eng. Manufacture 224/6, pp.853-868 
 
NRK (2010), Spatial Analyser, Portable metrology software SA 2014.02.02,  www.kinematics.com/  
 
VAN SOLINGEN, R.; BASILI, V.; CALDIERA, G.; ROMBACH, H.D. (2002), Goal question 
metric (GQM) approach, Encyclopaedia of Software Engineering 



101 

Improving Machinery & Equipment Life Cycle Management Processes 
 

Thomas Koch, Atlantec Enterprise Solutions, Hamburg/Germany,  
thomas.koch@atlantec-es.com 

Matthew Smith, Lloyd’s Register EMEA, Southampton/UK, matthew.smith@lr.org 
Kim Tanneberger, Lloyd’s Register EMEA, Southampton/UK, kim.tanneberger@lr.org 

 
Abstract 

 
Life cycle management of ship-board machinery & equipment is frequently based on planned 
maintenance concepts. Condition-based maintenance has the ultimate goal to eliminate nugatory 
maintenance, reduce down time, inspection and repairs. Taking this concept a step further can result 
in predictive maintenance regimes. This requires very large amounts of data to be acquired, stored, 
processed and analysed. We present some potential solutions to allow this, enabling stakeholders to 
employ them ship-board and shore-side during operation, for arranging maintenance and inspection 
tasks. We take a closer look at how state-of-the-art IT technology is used to achieve the goal and how 
this enables advanced decision support tools. 
 
1. Machinery & Equipment Life cycle 
 
Ship Safety related to Machinery is regulated by 1974 SOLAS Convention, IMO (1974), enforced by 
the Flag Administration of the specific ship, the Classification Society (Class) acting as a Recognised 
Organisation (RO) that verifies compliance; as a minimum a Planned Maintenance System must be in 
place (ISM Code, IMO (1998)). Class has in addition to the statutory requirements its own standards, 
i.e. Rules in place. Over and above the basic Rule compliance additional voluntary Class Notations 
can be applied for. (Note: in this paper the definition of the term Classification has dual use: 
Classification Societies and Classification as a means to establish a data taxonomy.) 
 
Naturally, Condition Monitoring can be applied on ships without Class involvement. 
Owners/Operators may choose to apply Condition Monitoring on equipment critical to their operation 
in order to: 
 

• Reduce down time 
• Increase the efficiency regarding spares and service overhauls 
• Adhere to a better standard in order to be more professional and attract more business 

 
The additional benefit Class involvement presents is that some invasive inspections can be dispensed 
with on the basis of the measurements taken being acceptable. 
 
Generally, installation costs for Condition Monitoring Solutions are minimised when being installed 
during the ship new construction phase. The cost of retrofitting the sensing equipment can be 
forbidding; especially when the aim of the data collection through such equipment is to reduce 
operational cost. Potential for these operational cost reductions has been shown for in other industries, 
Davies (1998). 
 
Classification Societies today are primarily concerned with the safety of the vessel, notwithstanding 
this Lloyd’s Register (LR) Rules Part 5 Chapter 21, LR (2014a), identify the requirements for 
voluntary Condition Monitoring and Machinery Condition-Based Maintenance Systems. The 
following examples only show LR requirements, it is to be noted that other Classification Societies 
may have different requirements.  
 
The notations can be applied for as appropriate to the owners’ operational requirements. The 
Machinery Planned Maintenance Scheme (MPMS), LR (2014b), is an alternative means for ship 
operators to meet Class requirements for their ship's machinery, through alignment and integration 
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with their existing machinery maintenance programme. Chief Engineers are authorised to inspect 
certain items of machinery, the inspection reports are then reviewed by Class thus removing the need 
for invasive Class inspections. 
 
Machinery Condition Monitoring (MCM) and Machinery Condition Based Maintenance (MCBM), 
LR (2014a), may be incorporated as part of the approved Machinery Planned Maintenance Scheme. 
The operator decides on the criticality of their systems and implements Condition Monitoring 
techniques as appropriate. Selected machinery may be credited for survey on the basis of on-condition 
data without the need for opening up. The MCBM process utilises a systems approach to asset 
management which will include assessment of an asset’s criticality and probability of failure, 
assessment of the consequences of asset failure and development of a strategy to minimise the risks 
associated with asset failure. This then allows for implementation of the appropriate methods so that 
the operator can build up their knowledge of the performance of the system and improve on their 
maintenance cycles and spares holding.  

 
These notations allow Classification Surveys to be less invasive and time consuming by providing 
evidence that the system is in working order, that an oncoming failure can be detected and prevented 
by a timely intelligent intervention. With periodic maintenance it could be that the system had to be 
stopped due to calendar based maintenance and survey at two different points in time. With MCBM 
the system will only be stopped if the function goes out of acceptable operation limits. Individual 
items are credited for survey based on the collected data (rather than invasive inspection) and 
evidencing at the same time that the condition monitoring regime/scheme is operating correctly i.e. 
monitoring of trends and making sure that appropriate action is taken. It is expected to see deviation 
on the data and how these deviations have been dealt with. The measured data and trends are 
reviewed and analysed, but the data is currently not collected by Class, LR (2014a), LR (2014b), IACS 
(2009), IACS (2006). 
 
System reliability and performance data is commercially sensitive; an unreliable vessel could be seen 
as a non-preferable option in the chartering market. Also performance data could be used to compare 
commercial competitiveness. The same can be said for equipment manufacturers, as data proving that 

 
Fig. 1: INCASS risk analysis, http://www.incass.eu/ 
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equipment is unreliable is likely to lead to loss of orders, or at least a loss of reputation and brand 
image. At the same time through life costs are an important selling point for manufacturers, the ability 
to show reliability and maintenance savings via Condition Monitoring can all enhance the 
manufacturer’s reputation. The question here is how the industry shows that the manufacturer’s 
claims are valid and the statistics are not simply designed to gain future sales income, or that 
maintenance schemes are overly cautious, thus creating additional maintenance related income. 
Nevertheless, equipment manufacturers, ship owners and operators are measuring and collecting 
machinery and equipment condition and performance data, the information gained and the deep 
understanding of the information is greatly increased if the vessel and system as a whole is interpreted 
rather than looking at individual equipment in isolation.  
 
The analysis could be conducted over a wide range of fleets and operators. In order to for this to be 
possible it is essential the data is collected in a manner that makes this kind of analysis possible 
(rather than for the individual interests only) i.e. a common data format. Taking into account the 
commercially sensitive nature of the information, this data needs careful handling. For hundreds of 
years Classification Societies have had the status of a trusted third party to allow for exactly this to 
happen; the learning across fleets for the benefit of the industry. 
 
2. New concepts, regulations and corresponding requirements 
 
Stemming from two previous successfully concluded European Research Projects RISPECT (Risk-
based Expert System for Through Life Ship Structural Inspection and Maintenance and New-build 
Ship Structural Design, FP7) and MINOAS (MARINE INSPECTION ROBOTIC ASSISTANT 
SYSTEM, FP7), the aim is to build a full ship risk model and decision support system for structural as 
well as machinery risk. 
 

 
The INCASS (Inspection Capabilities for Enhanced Ship Safety) project is aiming to develop the 
methodology and tools to collect and analyse such data on a ship specific and fleet level. This 
requires: 
 

1. The identification of critical items,  
2. The collection of data, 
3. The appropriate analysis methods, and lastly  
4. The communication of the results. 

 
The focus of this paper will be the second point; the collection of data. It is clear that the measurement 
techniques to monitor machinery health and performance are in existence and are already being 
applied. These can range from simple temperature measurement to complex measurements such as 
vibration, INCASS (2014a).  
 

 
Fig. 2: Machinery and equipment data modelling, http://www.incass.eu/ 
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The INCASS strategy to collate all data generated in one database searchable and updateable, allows 
for a new level of understanding of such Condition Monitoring data, INCASS (2013).  
 
This system means that a subset of critical information can be used to perform standardised reliability 
analysis and recommend actions to be taken based on the results. Equipment control panels, platform 
management systems, condition monitoring systems, voyage data systems all need to be producing 
data that can be interpreted by a common data base/data collection system i.e. a common data format 
to allow the exchange of data may need to be defined.  
 

 
Relating to measurements, which can be taken to allow a judgement of the performance status of a 
machine or system, there are a multitude of existing techniques, some continuous some manual. The 
same applies to the measured value to be transmitted, some may be online, and some may be manual. 
We list some of these techniques to show the diversity. 
 
On the simpler side of online measured parameters, which are often not taken for Condition  
Monitoring purpose, but to control the process are ‘pressure’, ‘flow’, and ‘temperature’. These sensors 
can be installed in the system and their output can be connected directly with a data acquisition 
system, for example a pressure transducer transforming a mechanical pressure into an electrical 
signal, but there is also the manual option should a mechanical pressure gauge be present in the 
system to collect such information manually.  
 
On the more complex side of measurements stand the following:  
 

• Combustion performance monitoring of thermal engines - The operation of a diesel engine is 
affected by many parameters such as air intake temperature and pressure, fuel temperature 
and pressure, injection timing and instantaneous fuel injection rate and the cylinders 
characteristics. These parameters are measured to assess combustion performance. The 
measurement is often conducted at one point in time manually by handheld equipment, but 
newer machines can have inbuilt sensors to allow the online collection of such data.  

 
• Vibration analysis - in isolation it is a powerful tool which given suitable operator training 

and experience can be used to identify the condition of rotating machinery without the 
requirement for invasive inspection. Due to high sampling rates and large data quantities it is 

 
 

Fig. 3: INCASS system architecture, INCASS ( 2013a) 
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often the case that overall velocity alarms are dealt with on the vessel by constant monitoring 
and alarms, and detailed analysis of the Full Fourier Transform data is conducted remotely by 
third party analysis companies where the data is routinely transferred when band width is 
available.  

 
• Thermography - can be particularly useful as the results are instantly available to the user, 

with limited requirement/benefit in post capture analysis. Thermal images are taken of a 
particular item to identify hot, or in some cases cold, spots relative to the surrounding 
environment. In order to allow accurate temperature to be displayed an instant calibration 
may be needed. 

 
• Electrical signal analysis - can be performed to detect issues in electric machines or cabling. 

Some of these measurements such as insulation resistance would be conducted offline at one 
point in time, whereas others to detect harmonics for example would be conducted online for 
differing operating conditions of the system. 

 
• Laboratory oil analysis - is conducted on samples taken to assess properties of the oil and 

wear/contaminant levels. Modern condition monitoring systems can also include in-line wear 
scanners which constantly monitor debris levels. A laboratory oil analysis report is shown in 
Fig. 4. 

 

 
Fig. 4: Oil Analysis Report 

 
From all of this it is clear that the data that requires collection is diverse and any database which is to 
store such needs to allow for this diversity.  
 
3. Data acquisition and management 
 
To realize the system architecture depicted above, the system has to build on a stable environment for 
acquisition and management of all data required. It therefore needs a platform which is able to handle 
the variety of data sources. 
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Monitoring of equipment requires collection of a considerable amount of measured data and 
observation information in order to provide sufficient insight for condition assessment and to identify 
trends regarding safety and reliability. This is particularly demanding for overall vessel condition 
assessment. Various requirements result from the approach discussed here and need to be taken into 
consideration. 
 
Data volume - The total data volume collected over time from vessels in operation is substantial. It 
starts with the creation of a vessel profile, which includes a detailed equipment list. During operation, 
monitored data is being added continuously. A combination of data filtering, compression and post-
processing is being employed to reduce the amount of low level, high granularity data items that need 
to be stored. Nevertheless, the analysis processes of the proposed approach require a massive amount 
of information to be stored. Consequently, tools for rapid search, retrieval and access are needed to 
create a system that offers the capabilities required in a production environment. In particular, the 
analytic processes and decision support systems tend to put a high load on the underlying data 
management infrastructure. 
 
The system is being designed under the following assumptions: 

• several hundred vessels to be maintained 
• up to a few hundred major or relevant equipment items, this includes relevant system sub-

structures such as cylinders, pumps etc. on a diesel engine or hydraulic components on a 
steering gear 

• on average, several dozen sensor data streams per item being tracked 
• various analytical models employed per equipment item and vessel 
• results of analysis calculations being performed in the past are stored and available 
• stochastic characteristics are derived and extracted from analysis calculations 
• logged suggestions generated by decision support components are archived 

 
All in all this results in an expected data volume of 10-30 GB per vessel through life, mapping into a 
total data volume of several TB for a production environment. 
 
Sensors - To observe and monitor equipment, sensors of various types are the most prevalent means 
of data acquisition today. More and more equipment items are delivered with a considerable number 
of such devices. The arrival of smart sensors as an advanced form of Internet-of-Things items is 
starting to provide very powerful data sources that already include a growing part of the data 
processing chain for acquired raw data. A key characteristic of data sets acquired by sensors is the 
packaging as n-channel time series. A corresponding requirement is the capability to group incoming 
data by equipment, physical quantity and to be able to merge time series to provide consistent full 
life-cycle recordings. Sensors appear in a huge variety of implementation forms and data output 
formats. It is essential to be able to process all these potential data sources.  
 
Calibration of sensors is essential for most devices for reliable data readings. It is therefore necessary 
to be able to track the calibration history and to have access to the determined correction and 
adjustment parameters. 
 
The typical content of sensor data records will often include: 
 

• Sensor identification – mandatory in order to be able to trace back the actual data item to its 
original source.  

• Time of Measurement – mandatory information, though no special requirements exist with 
regard to precision (i.e. a granularity of minutes seems to be appropriate except for dynamic 
measurements) 

• Actual value – depending of the capabilities of the data source this may still be in raw format, 
i.e. some voltage or plain count number. If this is the case, the corresponding scale and offset 
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values must be specified along with the measurement type and unit information. 
• Location – not mandatory for all types of data items, but commonly applicable. For example, 

strain gauge measurements will be related to some location and orientation. The actual data 
being transferred may not require this information in detail – instead the sensor or data source 
identification will be sufficient, provided that some initial setup can be established that relates 
the data source to some location. 

• Coordinate system, where applicable 
• Orientation – similar to Location, only applicable to select types of measurements 
• Measurement type and unit – mandatory data which is required to correctly interpret the 

actual values. Assuming that data sources are not capable of range switching, this information 
can also be provided as part of an initial setup as is discussed for Location data. Depending on 
the actual data source capabilities, further details about scaling and offset values may be 
required. 

• Calibration information – frequently sensors will require regular calibration. Information 
about the actual state of calibration and even calibration history must be accounted for. This 
will provide insights into the actual operational status of the sensor in question. 
 

A wide range of measuring devices has to be supported, ranging from simple raw value streams to 
smart sensors that incorporate complex data processing capabilities including screening and filtering 
of the data. Furthermore, as more advanced sensors become available, future devices will be able to 
provide additional properties, context information and be able to perform more advanced pre-
processing operations. Sufficient flexibility is needed to be able to accept data from such sources.  

 
Robotics - A further possible source of information is found in the data collected or produced during 
inspections. Today, such inspections are to a large extent still being carried out manually. These are 
expensive activities, particularly when access is difficult or special precautions are needed due to a 
hazardous environment. Our investigations include evaluation of robotics equipment, that can be used 
to collect data e.g. when operating in submerged condition, crawling to remote positions, in hazardous 
environments etc. While the current focus of such investigations is structural assessment, the same 
technology will soon be applicable, e.g. Navy (2015), to equipment condition assessment, e.g. to get 
rapid access to a restricted or hazardous space or to generally automate regular time-consuming but 
non-critical inspection tasks.  
 
Robotic platforms can support a wide range of data sources ranging from imaging, acoustics and 
vibrations to specific sensing technology. From the data processing perspective, inspection based data 
sources do not fundamentally differ from the continuously operating monitoring devices.  
The main difference is that it will typically be packaged as snapshots containing many data points at a 
given instance in time. Other differences may result from to the level of local intelligence for data 
processing and screening as well as details of the data packaging and transmission. Once the collected 
data is uploaded, it can be processed in similar fashion as the sensor data using the same grouping and 
merging techniques. 
 
Voyage recordings - All ships are tracking their voyages at least for management purposes. 
However, this data can also provide insights into loading conditions due to the cargo loading 
condition, sea state, course and direction and weather conditions to determine the overall operating 
conditions of the vessel. The range of information available for this class of data varies widely from 
brief noon reports to full scale sensor-based tracking information. This also applies to the actual data 
recording techniques which range from paper-based or simple document type information to be 
submitted manually to full data records provided automatically at regular time intervals. 
 
Image data - With the wide-spread availability and ever-growing use of imaging devices, images and 
video sequences are becoming more and more a means of documenting inspection observations. 
Image data can only be fully explored, if it is accompanied by sufficient meta-data describing the 
location, view direction and camera orientation, time stamp and other useful annotations. For on-
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board imaging, a precise definition of the location is needed. Therefore, regularly some reference 
marks or other stable reference points will be required. As imaging technology is advancing rapidly, 
very useful information is expected to be gathered from selected wave-length techniques such as 
thermographic imaging. 
 
Imaging data can occur in various forms such as “simple” photographic images or video streams to 
specialized imaging like thermographic images or post-processed images that have been modified 
using sophisticated processing chains e.g. for detection of defects, Bonnin-Pascual (2014).  
 
Data transmission - Data transmission channels depend on the mode of transmission. For example, 
for most robotic equipment some intermediate storage exists, from which data will be uploaded after a 
single mission or campaign has been completed and most likely post-processed. In such a 
configuration, data can be provided in some data container holding all the results from a single 
mission. 
 
For continuously operating sensors, often some intermediate collection device is employed as well. 
Uploading of data collection batches would also occur in some data container. The actual transfer can 
occur either by actively importing containers via an application or by uploading/copying a container 
to some pick-up location where an automated process will detect the new data and import it. 
 
Storing of engineering data - Data describing objects from engineering domains have some 
challenging properties, when trying to handle those using established, traditional data management 
technology such as relational systems. Only a small fraction of the data shows a referential topology 
that fits well into table-oriented structures. Engineering data is mostly graph-structured and multi-
dimensional. Therefore, navigation and search will expose particular properties. That being said, some 
specific areas are of a clear tabular nature, such as time-series resulting from measurements.  
 
Another difficulty is the wide range of data granularity observed with engineering data. This is often 
addressed by clustering of data such that small data items occurring in large quantities are closely tied 
to the target object they are supporting. This allows efficient retrieval of complex data sub-networks. 
 
Identification of data items is yet a further topic that needs to be dealt with. Primary key generation 
often applied in database systems does not work well for engineering data. It usually results in a 
complex and arbitrary name-to-id mapping layer that needs to be maintained. 
 
All of the issues become real obstacles when moving into larger scale data volumes. A possible 
solution is to apply graph-oriented storage technology, which has recently gained wide recognition in 
the context of “big data” applications. The Topgallant® Information Server, which is used in our 
implementation, provides a graph-oriented data management platform, which addresses these issues, 
AES (2015). 
 
Equipment Data Model - For our purposes, a data management arrangement is needed that is 
capable of storing life-cycle information for all equipment components considered to be critical 
functional units. Life-cycle related information includes properties for identifying systems under 
investigation. Moreover, stored information will provide a sufficient collection of mostly technical but 
also some administrative properties maintained by systems recording performance data, collected by 
sensors or sampled during inspection and maintenance processes. The data management should also 
allow maintaining links to other information derived from different parts, machinery and systems. 
 
There already exist approaches defining data organisation principles for storing data related to 
equipment components, part lists or catalogues. Many of these are either proprietary, focus primarily 
on administration and logistics requirements or are limited in scope and have never gained any 
substantial ground. We researched various projects and existing standards that are closely related to 
the shipping domain in order to identify requirements and features that would contribute to a good 
solution. The approaches include coding systems such as yard-specific systems, established 
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classification systems (classification meaning the type identification and purpose of equipment – not 
to be confused with the work of Class Societies) such as SFI, SpecTec (2005) or NORSOK, NORSOK 
(1996), international standardisation efforts for design data like ISO 13584 (“P-LIB”), PLIB (2004), 
including combination with ISO 10.303-227 IS Plant Spatial Configuration, ISO 10.303-227 (2005), 
or (withdrawn) proposals for standardization such as ISO 10303-226 WD Ship Mechanical Systems. 
Furthermore, results from logistics oriented research efforts such as CPC (Common Parts Catalogue), 
NSRP (2010), were considered. A summary of results from this research is provided in INCASS 
(2014b). From this investigation, the solution described below has been developed. 
 

 
Concept for M&E database standardization - Analysing the different approaches and defining 
storage and indexing principles for components, the following observations have been made:  
 

• Conventionally, structuring large amounts of information items have been organized by using 
explicit coding systems. These coding systems are used to locate the information item. 
Frequently, the coding scheme follows some information carrying principles in itself (e.g. 
acronyms or “speaking numbers”) which help the user to extract key search criteria from the 
coding. 

• However, in many cases access to an information item using a coding system involves two 
steps: (a) first look up the code from the key word catalogue, (b) use the code to locate the 
information item. Today, this sort of indexing is clearly a function that can be completely 
hidden from users by software. The most general example is the typical web search, where a 
vague combination of key words leads to a correspondingly long list of matching information 
items. 

• For technical systems, a practical solution lays between those two extremes setting a useful 
approach. This is typically implemented as a catalogue system, which involves the definition 
of an extendible dictionary (holding the available set of key words for item classification). 
This makes searches for information items more specific than for instance a web search 
avoiding the static-ness of coding systems. 

• To support broad-scale analysis across multiple ships, systems and potentially many 
components, efficient search functions are very important. This in turn requires the dictionary 
to be capable of efficiently tracking and enumerating all properties available for the 
description of components. 

• Classifications of components will constantly evolve. New types of products will appear on a 
regular base, which should not lead to a rapid invalidation of a system. 

• Licensing and Intellectual Properties issues must not interfere with the operation of the 
system, otherwise the use will become either impractical, expensive or both. Dealing with this 
issue, a flexible method of linking to licensed coding systems is needed. 

 
Taking into account the above considerations in terms of standardised systems and approaches, the 
developed concept leads to maintaining a component instance repository that includes a catalogue 
based system providing dictionaries to define and maintain the classification system and catalogue 
implementations based on a dictionary. 

 

Fig. 5: Catalogue data management component 
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The chosen catalogue approach provides support for different hierarchies such as by system, by 
function, arbitrary number of levels, efficient support of search and retrieval as well as update of 
catalogue dictionary (i.e. migration of dictionary versions). Furthermore, the dictionary supports an 
unlimited number of properties of defined type (e.g. boolean, integer, double, measure (with units), 
range, enumeration, string, uniform resource identifier (URI), etc.).  
 
The data model design of the dictionary includes classifications (item classes) and property 
definitions. Item classes define the classification and inheritance aspects of equipment types to be 
captured in the catalogue. Item classes represent a collection of properties, which define all captured 
state values of an equipment item.  
 
Item class definitions support single inheritance (all properties of super classes are inherited), e.g. an 
classification “Engine” can be further refined into a “Diesel Engine” and further into “Four Stroke 
Engine” and “Two Stroke Engine”, where the latter will hold all properties defined for “Engine” and 
“Diesel Engine” plus any further specific ones defined for the “Two Stroke Engine” class. As can be 
inferred from this, the commonly established rules for object oriented design are applicable to the 
design of the classification hierarchy.  
 

 
Properties are characterised by a behavioural type: 
 

• Static properties are those who will be immutable throughout the life time of an equipment 
item (e.g. maker, empty mass). Static properties are fixed for an equipment item specification 
(i.e. the data provided by the manufacturer as a fixed given design value of an identifiable 
equipment model).  

• Configurable properties are fixed throughout the life time of an equipment item but depend on 
the actual configuration at configuration or delivery time of the actual component instance. 

• Dynamic properties represent the values can be monitored over time and depend on actual 
operating conditions of the component item. Such properties are recorded as time series. 

 
Catalogue Manager - As part of the prototype system implementation, an application has been 
developed to support the creating and maintenance of equipment data for ships to be monitored and 

 
Fig. 6: Defining an item classification in Catalogue Manager 
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assessed. This Catalogue Manager helps to establish the dictionary structure of a catalogue in a way 
that is suitable to capture all information that is required for the risk assessment and decision support 
system execution. Once the corresponding dictionary has been set up, the actual equipment 
configuration can be defined and stored. From that point onwards, monitoring data can be received 
and associated with equipment items, enabling the user to build an equipment monitoring history. 
 

 
Apart from setting up a catalogue structure and catalogue content, in this application the essential 
actual equipment items can be defined or managed. This includes: 
 

• Instantiation (registration) of the actual equipment instance related to a specific ship. This 
model relates to a physical object on-board the vessel, that is uniquely identifiable (e.g. by 
manufacturer, model, and/or serial number). 

• The instance is defined with reference to a catalogue item, which allows tracking of 
relationships to comparable items (same model, same manufacturer, same functionality) 

• An import mechanism is provided to easily import from externally provided material or 
equipment lists, ranging from simple tabular formats to full-blown CAD model component 
data. 

• For each instance, the configurable properties can be adjusted, matching the actual set-up of 
the item. 

• Dynamic properties data (e.g. time series) can be associated with these product components 
during the whole life cycle of the equipment item. 

• Easy lookup of all observation and measurement data available for the item in focus. 
 

4. Data processing 
 
Most of the monitoring information to be analysed is contributed by real-time data acquisition 
received from either sensors installed on-board or imported as inspection data records. In particular 
on-board sensors often provide raw data, though the actual collection mechanism depends on the type 
of sensor or equipment employed. No strict real-time requirements exist for transferring the data to 
the database and further to calculation modules, following the “eventually consistent” paradigm, 

 
Fig. 7: Equipment item properties with collection data 
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Vogels (2008), which matches very well with the incremental processing schedule being used. 
Analytic processes are executed on the basis of data that is “currently known”. As more data is added, 
specific parts of the processing will reoccur, thereby including the most recent findings. 
 
The system exhibits the main properties of “big data” processing being in focus of many IT 
developments today, Marz and Warren (2015): 
 

• Observed data is provided as raw data reflecting actual observations. No interpretation 
towards the conclusions to be drawn by the system has occurred at the data source. For 
example, sensors to not perform any judgement regarding the significance of the measured 
data (this requirement does not preclude sensor devices from error checking, though). 

• Once data has been received and persisted, it is considered to be immutable. No change of 
observed data recordings are expected to happen. 

• As a consequence of immutability, persisted observed data is eternally true, thus qualifying as 
a fact or evidence. 

• Along the same lines, no calculation results produced at a certain point in time, which is 
based on the data available at that time, will change once established. The incremental nature 
of applied algorithms such as Bayesian Belief Networks will instead lead to updating of 
results over time through re-evaluation and re-assessment, Han and Kamber (2006), Downey 
(2013). 

 
Calculation engine framework - The risk assessment and decision support functions of the software 
system being developed include a considerable number of different sophisticated calculation modules 
are being provided by many different contributors. Each of these methods works with a flow of 
execution steps (from simple sequences to more complex transition networks) among provided 
computational methods. 
 

 
One of the challenges is to integrate these modules into the overall system environment such that 
users will be able to utilize them reliably and efficiently. For this reason, the system includes a 
calculation engine framework that takes care of the task integration. This framework provides the 
following features: 

 
Fig. 8: Calculation framework 
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• A method of specifying computational works flows for the different tasks to be supported. 
• An API and tools to activate and execute instances of these calculation work-flows from 

applications like the Ship Management, which is one of the main user visible interfaces of the 
system. 

 
To integrate a calculation module, a work-flow is defined by means of a process description. It 
describes a calculation work-flow as a combination of processes, activities, and transactions and links 
them to executable units. The model is described using a concise domain oriented language (PDSL –
Process Definition Script Language) for work flows which is available in the Topgallant® environ-
ment. Once the work flow is defined, an instantiation and execution mechanism in the framework will 
provide access to the module and generate a corresponding execution user interface within the 
controlling application, as soon as the corresponding module shall be activated. 
 
5. Conclusions and Outlook 
 
The vast majority of merchant vessels trading today conduct some form of Condition Monitoring, be 
that analysis of individual pieces of equipment, thickness measurement campaigns or complex system 
wide analysis. The approach is entirely dependent on the complexity of the ship and its associated 
systems and the owners approach to Condition Monitoring. There is currently no defined industry 
single standard or minimum level. Advances in data handling, computational power and worldwide 
communication with vessels at sea is opening up new opportunities for the marine industry. 
 
Advanced methods for Condition Monitoring, prediction of risk levels for failures and ultimately 
providing assistance and guidance in decision making processes related to this domain depends on a 
solid data acquisition and data management platform. We have presented an approach to capture 
relevant data efficiently and to prepare the ground for sophisticated further processing using advanced 
algorithms and strategies. We see this as a powerful “toolbox”, on top of which various computational 
techniques can be implemented. 
 
There are still challenges that we need to overcome: 
 

• An industry standard data format 
• Proven financial benefits for investing in condition monitoring technology 
• Commercial sensitivities of both the marine and manufacturing industries, and many more. 

 
However, ground breaking work is being done by projects such as INCASS and by private industry 
with a view to bringing the performance and Condition Monitoring within the marine industry to the 
very forefront of technology. It is a common belief that the nuclear and aircraft sectors lead the way in 
Condition Monitoring and that the offshore industry has the upper hand with respect to risk based 
maintenance strategies. We believe that the marine industry is on the cusp of a technological revolu-
tion that will allow it to proudly stand shoulder to shoulder with its rivals, and has the potential to 
compete as the technology leader/innovator in this area. 
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Abstract

 
This paper, presents a method through ANSA pre-processor to define multiple models which can 
serve different simulation analyses. The process exploits the ability of the ship design software to 
output CAD models of varying detail level, to create a model database which contains the whole 
history of design. The task manager tool of ANSA defines automatically, different representations of 
the ship model according to the FE analysis that will be performed. Additionally, this method allows 
the automatic update of the FE model when a new version of a geometrical part or assembly arises. 

 
1. Introduction  
 
The use of CAE in the maritime industry, today, has become a necessity since workload has increased 
and the quest for efficiency drives the need for interoperability and shorter process times. A 
suggestion of a process starting from the CAD model and producing multiple FE (finite element) 
models for different loading conditions is a step forward to the more effective use of CAE tools and 
the increase of productivity. A great effort has also been made in the ability to fully use all the 
valuable information and details that come with maritime structure CAD models, in the development 
of more accurate and usable (configurable and able to be solved) FE models. 
 
2. Process management  
 
During the design process of a new model it is very important to perform analyses during the early 
design stage to guide the design before the final decision making. As soon as more detailed CAD 
models arise, more detail should be included to the CAE models and the analyses that taking place.  
The recommended process, from BETA CAE Systems S.A., uses the Data Management and ANSA 
Task Manager tools to define such processes by setting up the data workflow and the sequence of 
actions from CAD to CAE. 
 
Initially, all existing information such as geometrical data, model hierarchy, materials, performed 
analyses, meshing quality criteria, etc. are collected in a data pool and can be accessed from the Data 
Management tool of ANSA. When newer or more detailed versions of any part or assembly arise, the 
Data Management system is informed automatically. Now, the engineer can select the version and 
consequently the level of detail for each part or assembly that comprise the global model in order to 
set up the relative FE analysis, Fig. 1.  
 
A second step of the process management is to set up the FE analyses that will be performed. The 
steps of each analysis are prescribed in a step-wise process through the Task Manager tool of ANSA 
and are applied automatically on the model when it’s needed in order to define a ready to run FE 
model. According to each analysis different level of detail and different meshing representation is 
needed for each part. While the version of the part to conform the requested detail can be selected 
from the data pool, the different meshing representations are created within ANSA by meshing the 
part with prescribed meshing parameters and quality criteria. In the following chapters the whole 
process is described for a crude oil carrier. 
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Fig. 1: Data work flow 
 
2.1. Geometry Import 
 
CAD data are imported in the data pool as neutral files (.stp, igs) or through a translation process 
from CAD software native files. The geometry of the concept and the detail models are checked, and 
existing topological errors are automatically identified and fixed. Using special scripts additional 
information is extracted from the CAD models such materials, thickness, model hierarchy, stiffeners 
position, etc. and is saved in the data pool. The concept and the detailed models are shown at Figs. 2 
and 3. 

  
Fig.2: The ship geometry concept model 

 

Fig.3: The ship geometry detailed model 
 

2.2. Mesh representations generation 
 
As the next step the FE mesh is generated on both models. The process is automatic and performed by 
a special tool, the Batch Meshing Tool of ANSA. The meshing characteristics and quality criteria are 
predefined for each part of each model, depending on the type of the solution, the position of the part 
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on the model and their significance on the global model. So, one part can have numerous mesh 
representations which are stored at the data pool. Details such as holes, fillets and flanges handling 
are specifically defined according to the specifications of the analysis. Limit values regarding the 
quality of the generated mesh are also defined in order to prevent the generation of violating 
elements. Also, specific mesh type is predefined for selected parts of the model.  
 
2.2.1 The concept model 
 
Prior to the definition of a full scale analysis of the vessel and during the design process of the ship, a 
simplified CAD model can be used for a draft FE structural analysis. This early stage analysis can 
give significant feedback to the design process of the product. In that case the CAD model is meshed 
with a coarse element length. Holes with diameter under 3 [m] are filled. Stiffeners are excluded from 
this model but their stiffness is enhanced in the panels defining an orthotropic material. The 
information of such materials is transferred along with the CAD data to the FE model. Meshing 
parameters and quality criteria of the concept FE model, Fig. 4, are listed at Table I. 
 

 
Fig.4: The concept model 

 
Table I: Meshing parameters and quality criteria for the concept model. 

Meshing Parameters 
Elements type First order quads 

Global Element Length 1.5 [m] 
Features treatment 

Holes with diam. <3 [m] fill 
Quality Criteria 

Skewness (Nastran) 30 
Aspect ratio (Nastran) 3 

Warping (IDEAS) 10 
 
2.2.2. The detailed model 
 
The detailed model can be created after all geometrical details are available in the CAD model. It will 
give more accurate analyses and it would be a reference FE model for the generation of various 
analyses and loading cases. Any holes with diameter under 0.5 [m] are filled and zones of elements 
are generated around larger holes. Table II shows the meshing parameters and quality criteria, Fig. 5  
the FE model. 
 
All settings (meshing parameters and quality criteria) within the Batch Meshing Tool define a 
meshing scenario that can be saved and be reused for different models. Each meshing scenario can 
apply different meshing parameters on different parts of the model, Fig. 6. Thus, parts of great 
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importance can have finer mesh while parts that do not contribute to the model strength can have 
coarser mesh. By running the meshing scenario the mesh is automatically created and quality 
improvement takes place to fulfil the pre-defined quality criteria. Three meshing scenarios will be 
defined which will mesh the detailed model for sagging, hogging and fatigue analysis.  
 

Fig.5: Meshing-Holes treatment of detailed model 
 

Table II: Meshing parameters and quality criteria 
Meshing Parameters 

Elements type First order quads 
Global Element Length 0.6 [m] 

Features treatment 
Holes with diam. <0.5 [m] fill 
Holes with diam. >0.5 [m] one zone of elements 

Quality Criteria 
Skewness (Nastran) 30 

Aspect ratio (Nastran) 3 
Warping (IDEAS) 10 

 

 
Fig. 6: Batch mesh definition 

 
Following the surface meshing, all the stiffeners are massively replaced by 1-D beam elements in an 
automated way. The beam elements have new beam properties that contain the cross section’s 
characteristics. Cross sections are recognized and created from the shape of the existing meshed 
stiffeners, Fig. 7. During mesh improvement actions or mesh representation change, beam elements 
also follow the mesh changes (length change), stay connected with the model and keep their 
properties, Fig. 8. 
 

  
Fig. 7: Replacement of stiffeners with beams 
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Fig. 8: Re-meshing of stiffeners 

 
The meshing scenario for the first loading condition composes of three different mesh definitions, one 
coarse for the upper outer hull, a second finer definition for the lower outer hull and inner hull and 
one even finer for the bulkheads, Fig. 9, Table III. 

 
Fig. 9: Meshing Scenario 1- Sagging 

 
Table III: Meshing Scenario 1 representation details 

Shells 709755 
Quads 676935 
Trias 32820 

Mean Element Length 0.48 [m] 
 

  
Fig. 10: Meshing Scenario 2- Hogging 

 
The meshing scenario for the second load case composes of three different mesh definitions, a coarse 
mesh type for the stern and bow of the ship, a finer mesh type for the inner hull and bulkheads and a 
box with a finer mesh definition at the middle length of the ship, Fig. 10, Table IV. This box 



121 

encompasses the critical area of the vessel for the hogging load case. This way more accurate results 
will arise in the area that is expected to be mostly affected by this specific load case. 
 

Table IV: Meshing Scenario 2 representation details 
Shells 387973 
Quads 361036 
Trias 26937 

Mean Element Length 0.65 [m] 
 
The meshing scenario for the fatigue loading condition is composed by three different mesh 
definitions, one coarse for the outer hull, a second finer definition for the inner hull and one even 
finer for the bulkheads, with an addition of one item. A box was added locally at a critical area of the 
ship, with mesh refinement for more detailed results for the fatigue analysis, Fig.  11. 
  

 

 
Fig. 11: Meshing Scenario 3- Fatigue 

 
Table V: Meshing Scenario Fatigue representation details 

Shells 553003 
Quads 523816 
Trias 29187 

Mean Element Length 0.45 [m] 
 
3. ANSA Data Management 
 
Mesh representations of the model’s parts are “stored” in a specified storage space “pool”.  The saved 
meshing representations are used on demand according to the analysis type. For this work, after 
running the first Meshing scenario, every part of the model is meshed with the initial mesh definition. 
This mesh representation is saved in the Data Repository for each part separately. The first 
representation is saved under the name common, Fig. 12. 
 
Continuing, the model is re-meshed when the second (Hogging) Meshing scenario is applied and all 
the mesh representations of the re-meshed parts with the new mesh definition are saved in the Data 
Repository. The third (Fatigue) Meshing scenario is applied in a similar manner creating the third 
available mesh representation. Through the Data Management functionality it is possible for each part 
to change between the existing representations, creating different model for a different load case. 
With this functionality it is also possible to create more representations for a specific part thus 
creating multiple models. 
 
In the likely event that a part of the model is re-designed and needs to be replaced in the original 
model, an automated check for updated versions of each saved part recognises the new version of the 
part (that is saved in the Data repository) and can replace it in the model, Fig. 13. The new part is 
meshed and connected to the rest of the updated version of the FE model 
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Fig. 12: Part Representation Change - Selection 

 
 

  
Fig. 13: Part Replacement 

 
4. Loading – Boundary Conditions 
 
In this step the loading conditions Sagging, Hogging and Fatigue are defined. All keywords and 
actions needed for these three analyses are pre-defined in a special tool of ANSA, the Task Manager. 
The Task Manager is able to apply the pre-defined actions in a stepwise manner on the meshed 
model. The above actions are not dependent on the model mesh so, they can be applied on any of the 
meshing representations creating a variation of ready-to-run FE models, Fig. 14. The actions taking 
place are described at the following paragraphs.  
 
Auxiliary structures and machinery that do not contribute to vessel’s strength are modeled as non-
structural mass. This mass is appropriately distributed over the FE model, so as to reach the 
prescribed lightship weight and the corresponding center of gravity. This procedure is performed 
automatically through the Mass Balance tool of ANSA which adds mass to specified areas of the 
model in order to achieve a target total mass and a target center of gravity, Fig. 15. 
 
For the definition of the Sagging and Hogging analyses the ship is considered to be fully loaded. A 
typical loading condition is selected where the all holds and auxiliary tanks are full while the water 
ballast tanks are empty. The loading is performed in an automated way, with the definition of each 
tank’s area and the centre of gravity of the load. A concentrated mass which represents the tanks load 
is distributed on the tank area by an RBE3 element, Fig. 16. 
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Fig.14: Task Manager 

 
Fig.15: Adding non-structural mass 

 

 

Fig.16: Tank loading 
 
Finally the vessel is positioned and trimmed on a trochoidal wave where static equilibrium should be 
obtained. A special tool developed using the ANSA Scripting Language is used to iteratively adjust 
the vessel until the equilibrium is achieved between weight and buoyancy and buoyancy is applied as 
PLOAD4 on hull elements underneath the water, Fig. 17. 
 

Fig.17: Loading Condition 2 

Meshing 

Loading 

Assembly 
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5. Automation 
 
All the above actions that have been used to define a single analysis have been recorded in the Task 
Manager process. These actions can be executed again in another meshing representation in order to 
define a new analysis. Additionally the parameters of these actions can be altered in order to define a 
new loading condition. Specifically for the ship loading, the masses values and CoG can be extracted 
from a data sheet which contains all loading conditions that the ship may be subjected. So numerous 
FE models, one for each loading condition can arise in a single step, Fig. 18. 
 

 
Fig. 18: From Geometry model to multiple FE models 

 
6. Conclusions 
 
This paper presents an effective process starting from a CAD concept model of a ship and resulting to 
multiple FE-models for several loading conditions. Design information and details concerning 
material properties, stiffeners, cross sections, tank loading and equipment masses are kept through the 
process and are used as input data in the produced FE models. This process ensures that all valuable 
information is passed from the CAD design to the final analysis, resulting in a more accurate FE 
model. 
 
Process organization and standardization is possible using the ANSA Task Manager tool. Finally any 
special tools needed for the definition of loading conditions in the marine design such as, mass 
balance, vessel balance on a wave profile, buoyancy calculation, and cargo loading are provided by 
the ANSA software. 
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Abstract 

 
This paper describes a ship design system originating from a collaborative effort in the Netherlands. 
Arising from a 2008-2011 Dutch development program, a pilot case was implemented where a 
general CAD program (Eagle, as used by Conoship) collaborated with a specific ship design program 
(PIAS by SARC). In 2013, this experiment was further enhanced by adding a CAE system (NUPAS-
CADMATIC by NCG) into the loop. The paper explains the background, the results and envisioned 
future. Our experience indicates that coupling dedicated software packages is a better strategy than 
trying to develop monolithic “one code fits them all” ship design software. Or in short: cooperation 
beats integration.  

 
1. Introduction 
 
In our industry we may notice that no single CAD/CAE system has emerged which can, or might, 
serve in all aspects of ship design. So, in practice quite some independent tools are applied — 
including well-known commercial CAD and CAE systems, but also company-specific dedicated tools 
or spreadsheets — which happen to collaborate, usually in a rag tag fashion. For decades, effort has 
been dedicated to smoothen this collaboration by means of a centralized database — or product 
model. However, recent insights question the potential of such a centralized design. Furthermore, it 
has been suggested not only to include data in the communication, but also queries. 
 
In close collaboration between Conoship (ship designers, www.conoship.com), Numeriek Centrum 
Groningen (NCG, software house for ship engineering software (www.nupas-cadmatic.com), and 
SARC (software house for ship design software, www.sarc.nl), and with support of Netherlands 
Maritime Technology (http://www.maritimetechnology.nl), a pilot implementation was produced for a 
system which works on an alternative basis. As subject for this system the internal layout — 
compartments, decks and bulkheads — of a ship was chosen, for the reasons that: 
 
• This is a rather complex entity, because it comprises spaces (compartments), planes (bulkheads 

and decks) as well as their mutual relations. 
• In the design phase these elements are very frequently modified, in the process of obtaining or 

optimizing the trim, stability, deadweight, drafts, damage stability etc. 
• The data of these elements are used in a ‘round-trip’ fashion, in other words, these elements are 

initially modelled in the design phase, then transferred to the engineering phase where some 
modifications can be applied, commonly not on the main elements, but smaller parts, such as a 
fuel oil day tank or the bulkhead of a generator room, and can be changed in order to adapt for 
last-minute requirement changes or equipment changes. Finally, the modified engineering data are 
transferred back to the design department for producing the final delivery documents, such as 
final stability booklet and probabilistic damage stability computations.  

• Contrary to the hull form, for these entities no data exchange standard, or proposal for a standard, 
exists. 

 
However, the hull form is not neglected; all planes and spaces are defined up to infinity, and Boolean 
intersected with the actual hull form. In this fashion hull form changes are immediately reflected in 
the internal layout. 
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2. Data management and communication 
 
2.1 You can’t always get what you want 
 
For the authors, the situation the Netherlands is the best known, where we have seen quite some 
endeavours in the field of Product Data Transfer over the past decades, such as CMO/TNO (1983), 
Hosdes/Mardes (1985), PITS (1988), L/Grand (Logos, 1990) and Open mind (2004). In all these 
projects it was postulated that a central product model would be the most efficient integration tool. 
Fig. 1 demonstrates that without a neutral model, with N components the required number of inter-
faces is N x (N-1), and with such a model only N. 
 
 
 
 
 
 
 
 
 
 
 
The paradigm of the neutral model is also reflected in several neutral file formats which are used for 
this purpose. According to the survey of Srinivasan (2008) the most frequently used data exchange 
standards appear to be DXF, IGES and STEP, with a combined utilization of 60%. Although quite 
widely used for data transfer, DXF is merely a drawing exchange and not specifically suitable for the 
exchange of product model data. IGES could be an option, but facilitates only the exchange of 
geometrical data, and has limited capabilities for other properties or design rules. That leaves STEP, 
which has specific naval architectural application protocols with AP215, AP216 and AP218, as the 
prevailing neutral model for the maritime industry, as also concluded by Whitfield et al. (2003). 
Although a number of vivid STEP implementations are known to be used in industry (such as 
LEAPS/ShipPDX of US NAVSEA), the application has a number of drawbacks, which are: 
 
• The implementation requires quite some effort. For a collaborative environment with many 

constituting applications, some of which are only small `applets', this may turn out prohibitive, 
because for each of these applets a complete STEP interface must be built. 

• The STEP standards themselves provide a number of alternative sub-standards, which hamper 
their generality. To quote the conclusion of Gielingh (2008): “The neutral model doesn't really 
exist”. In other words, in practice the idealized neutral model with N interfaces is replaced by a 
much larger number of sub-interfaces. A similar conclusion was drawn in Whitfield (2011), Fig. 2. 

• Another warning from Gielingh (2008), where a remarkable conclusion is drawn on the basis of a 
practical experiment with STEP-based data exchange between CAD packages: “In all three cases 
significant differences were found: some entities disappeared, others appeared, and again others 
were changed”. 
 

 
Fig. 2: Left the idealized neutral model, right the practice with multiple islands of data sharing 

 
Fig.1: The neutral model saves on interfaces, Gielingh (2008) 



 128

• A final consideration in this respect is that, according to the cited survey, the acceptation of STEP 
within the industry is with a penetration grade of 15% not very high, so it is certainly not the de-
facto standard we should adhere to. 

 
These considerations made the developers decide to take a practical approach, and to apply an XML-
based dictionary, which is comparable to the approach of Whitfield et al. (2011), where a similar 
choice was made, and from which we quote: “Rather than using the STEP modelling language EX-
PRESS, the tool providers agreed that the eXtensible Markup Language (XML) would be used as the 
language upon which to base the storage of all data”. This dictionary will be filled bottom-up; an en-
try will only be created when particular data or relations are required by an application. For the termi-
nology of this dictionary, a close look has been taken to the relevant STEP application protocols, but 
we felt free to add or modify the dictionary.  
 
2.2 Decentralized communication 
 
Apart from choosing the modelling or communication language, choices have to be made on the data 
storage aspect, for example with a centralized data server or not. Li et al. (2005) make a useful dis-
tinction between horizontal and hierarchical collaborative CAD. In horizontal collaboration persons 
from the same discipline are co-designing in a parallel or serial way. In the hierarchical mode teams 
of different disciplines are involved. Examples of the latter are the collaborations between the design 
team and specialists in hydrodynamics, construction costs estimations, seakeeping and structural 
strength. Also the interaction between design and manufacturing falls within this category. The hori-
zontal collaboration can further be subdivided into visualization-based systems and co-design sys-
tems. In the first category the emphasis is on a fast distribution of the visual design amongst the peer-
designers, however, our goal is from the second category: co-design systems. According to Fuh et al. 
(2005) such systems can be classified into three types: 
 
• Communication server + modelling client (thin server + strong client). In this variant the clients 

are equipped with full CAD functionality, while the server plays mainly a communication role. 
• Modelling server + visualized-based manipulation client (strong server + thin client). In this fash-

ion the main modelling activities are carried out in the server. 
• Application or service sharing (peer-to-peer), where the different CAD systems have more or less 

the same ‘weight’, and share some of each other’s facilities by means of an API. 
 
In the previous sub-chapter it was motivated that a centralized product model appears in practice to be 
less potent than commonly thought. That makes a ‘strong server + thin client’ approach not an obvi-
ous choice. The ‘thin server + strong client’ model could be applied, but the drawback is that the cli-
ents are rather on their own, while there is a lot of required functionality that could beneficially be 
shared amongst clients. That brings us to the peer-to-peer model as the preferred one for horizontal 
collaboration. Concerning hierarchical CAD systems, according to Li et al. (2005) the focus should lie 
on bi-directional communications, instead of ‘throwing over the wall’, which is in practice frequently 
the case, still in 2015. As our target CAD system is hierarchical (CAD → CAE → CAD) we have 
taken this warning at heart, however, the peer-to-peer approach just seems quite suitable for this pur-
pose. 
 
The peer-to-peer model is not only applied for data, but also for requests from one system to another, 
on which the other gives the answer in a reply. Liu (2000) calls this mechanism API-based communi-
cation. Recently, Hoffmann et al. (2014) made a similar analysis has been made, and similar solutions 
have been proposed, based on ‘queries’. (Concluding: “The advantages of our query-based approach 
include overcoming some of the thorniest obstacles to the data-centric approach to CAD interoperabil-
ity, namely expressing, in a neutral format, the underlying (often incompatible) assumptions, proprie-
tary algorithms, and heuristics used by the authoring system to interpret imperfect native CAD model 
data”.) Essentially these are all the same. The advantage of the reply/request functionality is that part-
ner systems can benefit of each other’s capabilities, for example in applications as: 
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• If application A manages the shape data of hull form and compartments, then application B can 
request A for the shapes of intersections at different levels. In this case e.g. a general arrangement 
plan application can quickly be set up in a general CAD system without the need for the CAD 
system to maintain a full geometric model. 

• Commonly, in a tank plan, in the right-upper corner, a list of tanks and their capacities and Cen-
ters of Gravity is included. Again, in order to save the tank plan application from the burden of 
volumetric computations, those parameters can be requested from a connected application which 
already has this capability, for example the tank sounding module of the hydrostatic package. 
These requested capacities are not stored in any way, neither local, nor central. They are simply 
printed in the tank plan, and never used again. The advantage is that we do not need to worry 
about the validity of stored data, if the tank plan is updated the capacities are simply requested 
again and recomputed. 

• If an application has specified capabilities, say to enlist all compartments and bulkheads that are 
encountered by a pipe, then the other applications can use this capability without the need to rep-
licate it. 

 
3. Internal geometry modelling 
 
Some years back a representation method for internal geometry was developed which covers the 
duality of planes (bulkheads and decks) and spaces (compartments). This method is based on the 
Binary Space Partitioning method (BSP), and has been introduced in de Koningh et al. (2011) and 
Koelman (2012). Its properties are: 
 
• The method is capable to assist in design evaluations and analyses. 
• The method is suitable to be applied in combination with various ship hull representations. 
• The BSP-concept is easy to understand, and comprehensive, so support in general CAD systems 

and other software is not expected to fail due to too much complexity. 
• The concept is intuitive for the ship designer; it is only cutting spaces in half. 
• Sufficient methods are available to convert the representation in other formats, such as B-rep solid 

models. 
 

In order to illustrate the proposed approach in 3D, an example of a geometric model and the 
corresponding BSP data structure is depicted in Fig. 3.  
 

  
Fig. 3: Geometric model and corresponding BSP tree 

 
4. The implementation 
 
Based on the tools and considerations of the previous sections, a system design was conceptualized 
with the following properties: 
 
• Each application remains independent, although applications can use each other’s facilities. So, 

applications cooperate, but are not integrated. 
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• Not only data are shared between applications, but also algorithms and processes. This is the 
reply/request or API style of communication as discussed before. 

• Applications communicate peer-to-peer, without a central database or a central traffic manager. 
• Communication directly over TCP/IP, coded in XML. 
• If in one application the ship design is extended or modified, this action is directly codified in 

XML, and pushed to the other applications of the system. It is their task to interpret this message, 
to modify their local data structures accordingly, and to update the on-screen representation 
immediately. In other words, each design modification in one application is immediately 
processed in the other applications. In this sense the contributing applications collaborate as one 
single virtual ship design system. 

• The XML dictionary is not written on forehand. It grows ‘on demand’, just like a natural language 
dictionary. 

• Keep It Simple Stupid: the initial design addresses the core issues of ship design, without aspects 
of version control, rights management etc. 

• WYSIWYG: keep in each development stage a real ship design in the picture. In order to show 
potential users or co-developers the real target instead of flow charts and fancy plans. 

 
The first implementation contains functionality for the initial ship design process. This is listed below, 
where for each function the contribution application is also mentioned. However, it should be clear by 
now that the system functions as a whole. 
 
• Hullform design, for example with the Fairway hull design module of PIAS, (see Koelman et al. 

(2012) for the most recent state-of-the-art overview on hull form topics) or any other hull design 
software that can export to IGES. 

• Compartment definition (including sounding pipes, pressure sensors etc.) in PIAS. Or, 
alternatively bulkhead and deck definition in PIAS. Or, alternatively, bulkhead and deck 
definition in NUPAS-CADMATIC. 

• Design visualization in all three contributing systems. 
• Generation of tank plan and general arrangement plan, in Conoship’s CAD system Eagle. Or, 

alternatively, in NUPAS-CADMATIC. 
• Tools for equipment fitting, in Eagle. 
• Computation of tank capacity tables. As well as other hydrostatic-related tasks, such as intact 

stability, (probabilistic) damage stability, grain stability etc., in PIAS. 
• Scantling sizing, in NUPAS-CADMATIC.  
 
5. Application example 
 
The example is a recent design of an oil/chemical tanker at Conoship. As proof of concept, parallel to 
the conventional way of working, this project was also done with the aid of the tools and data transfer 
technology as described here. The project comprised hull form design, tank arrangement, general 
arrangement and the initial design of the midship section structural arrangement. 
 
5.1 Hull form design 
 
The hull was designed with PIAS’ dedicated hull design module Fairway. Fig. 4 shows the result. It 
was developed to such extent that basic requirements such as displacement, block coefficient and 
longitudinal center of buoyancy were met. 
 
5.2 Tank arrangement and General Arrangement 
 
Once a satisfying hull was set-up, a start was made with the design of the tank arrangement. To be 
able to check for feasible solutions regarding the combination of double bottom height, ballast 
capacity, cargo tank size and capacity, the design was simultaneously developed in PIAS and Eagle. 
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Fig. 4: Fairway hull form shape model 

 
First, a basic 3D model of bulkheads, decks and compartments, which covers the most important 
compartments, was modelled in PIAS. This model was used to check the required ballast and cargo 
capacity. Simultaneously, the basics of the tank arrangement and General Arrangement were designed 
in Eagle, utilizing the available data from PIAS. First, the required hull lines were requested from 
PIAS, and subsequently, intersections of the watertight arrangement. With these data, the cargo tank 
arrangement was optimized in Eagle regarding cargo tank diameter, required inspection space, 
distance between tank and shell and other requirements. Figs. 5 and 6 demonstrate this process. 
 

 
Fig. 5: Design of cargo tank arrangement in Eagle based on waterlines as requested from Fairway 

 
5.3 Intact and damage stability 
 
Once the arrangement of ballast tanks, cargo tanks and holds was sufficiently developed, the PIAS 
model was prepared for intact and damage stability calculations. Critical loading conditions and 
damage cases were determined and modelled. Subsequently, an optimization cycle was started in 
which the tank arrangement in Eagle and stability model in PIAS were further optimized regarding 
intact and damage stability requirements. This encompassed changes in the hull form, cargo tank and 
ballast tank arrangement, loading conditions and damage cases. Thanks to the instant data exchange, 
various arrangement alternatives could quickly be checked for compliance with the requirements. 
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Fig. 6: Optimizing both the stability model and general/tank arrangement simultaneously, using data  
           exchange between PIAS and Eagle 
 
5.4 Midship section 
 
To determine the initial scantlings of the midship and to elaborate a midship section drawing, the 
midship was set up in 3D in NUPAS-CADMATIC-Hull. Using the watertight bulkheads and decks 
delivered by PIAS as a basis, the construction parts were modelled and the sheet drawings were 
created, Fig. 7. This was done with the aid of a classification society’s scantling tool, for which the 
input had to be given manually because this tool is not connected to the data transfer facilities as 
described in this paper. 
 

 
Fig. 7: Watertight arrangement of bulkheads and decks is transferred from PIAS to NUPAS-  
            CADMATIC-Hull as basis to elaborate the midship section in the latter 
 
6. Findings, future work and conclusion 
 
At the moment of writing, in March 2015, a pilot implementation of this virtual single ship-design 
system is ready for practical, although still experimental, use. It has been used to produce the 
application examples of the previous section. These experiments have led to the following findings: 
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• The system works as anticipated. The smooth data sharing reduces ship design times, ensures 
model consistency and, as a result, reduced the failure probability. 

• The ratio between implementation effort and gained results is remarkably low. An important 
reason is the reply/request mechanism, which enables applications to use other’s facilities without 
having to replicate them. 

• No performance degradation due to network traffic was experienced. 
• The system has proved to maintain consistency over all applications. 
• The system relies on instant messages from applications to each other. It will be obvious that all 

applications should be switched on, and attached to the current design project, in order for these 
messages to be processed correctly. 

 
However, as the system has grown from bottom up, some important issues have not yet been 
addressed, and the time has more or less come to identify those subjects: 
 
• The system has been designed without a central database or data flow manager. With three 

contributing applications, and benevolent users it works well, however, for more extended use 
some form of central background management could be necessary. 

• Similarly, in more extended applications design history and rights management could be 
addressed. 

• The XML dictionary is managed without a formal system (in Google docs now). Formalization 
could improve the coherence of the dictionary. 

 
Apart from these potential extensions, for the near future the partners have identified the following 
tangible steps and developments: 
 
• Stimulate other partners, with possibly other software, to share on this development. 
• Include pipe geometry in the system. The reason is that a) pipes are already schematically defined 

in the design phase (e.g. de-airation), b) they play an important role in design and delivery 
documents (e.g. the effect of damage to pipes on the probabilistic damage stability), and c) their 
final routing is determined in the engineering phase. This certainly justifies a smooth sharing of 
piping data. 

• Investigate the incorporation of a probabilistic steel weight estimation method into the system. 
• Develop a more comprehensive pilot case, in the context of the EU-funded SMARTYards project. 
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Abstract 
 
This paper describes a modular system architecture allowing designers to create the concept design in 
3D from the beginning. The system architecture combines a CAD system with well-developed 
modelling functionalities with a product data management system (PDM). The modular approach 
allows integration in shipbuilding specific heterogeneous software infrastructure. The examples will 
show how the different tasks in the concept design are supported by the system architecture. 

 
1. Introduction 
 
The general arrangement is often developed and documented with 2D drawing tools, especially at the 
pre-contractual stage. The reason lies in the complexity and time-consuming character of modelling 
and modification of a 3D model. Therefore the need for an efficient-to-use 3D CAD system in 
combination with a Product Data Management system (PDM) tailored for the early ship design phase 
is apparent. The main advantage of coupled 3D CAD systems and PDM system is that geometric 
based information such as areas, volumes and masses are determined automatically and accurately. 
This most important information for the creative early ship design in combination with additional 
object related information (sometimes referred to as “meta-data”) can be stored in a PDM system. 
Hence, the information for all tasks performed in the early design stage con be easily accessed from 
the PDM system. 
 
A modular CAD system is developed on the basis of an evaluation of the requirements for the concept 
design. In order to apply a 3D modelling tool linked with a product data management system within 
the early ship design, a novel system infrastructure consisting of interfaced specialized components 
has been realized in close cooperation with two shipyards providing completely different product 
portfolios. The modular approach allows the usage of tools with highest efficiency, whereas the 
advantages of the individual tools can be combined in order to create an “optimal” system. 
 
In this paper the development of the system architecture is described. At the first step the design 
process in the concept design was analysed to identify the necessary functions of the CAD system. 
Two CAD systems were evaluated on the basis of requirements, which are based on the necessary 
functions. One CAD system has been selected as the basis for the system infrastructure. The result of 
the evaluation suggests that a modular approach for the system architecture to overcome the 
disadvantages in some requirements fields.  
 
Based on an example ship it is shown that the implemented system architecture can be applied in the 
early ship design phase to develop a 3D ship model from the very beginning while observing the 
requirements resulting from the short definition cycles and the consistent management of frequent 
change requests due to the highly dynamic nature of the design process in the early ship design phase. 
 
2. Development of the System Architecture for the Early Ship-Design Stages 
 
Ship design involves typical design stages such as concept design, basic design, detailed design and 
production. There are very important qualitative variables that shipyards usually deal with from 
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concept design to production stages. These are budget determination, product knowledge and freedom 
of decision and vary over time as shown in Fig. 1. In the beginning of the design process the design 
options are high and the budget constraints are low. In the first phase, major decisions made lead to a 
highly determined budget. The figure also denotes that most of the budget is determined in the very 
short time between request and signed contract whilst the product knowledge stays low. This implies a 
high risk for the shipyard. 
 

 
Fig. 1: Budget determination, freedom of decision and product knowledge in different design  stages,  
           adopted from Zimmermann (2010) 
 
Fig. 1 also shows that the main CAD Model in the concept design is the general arrangement plan 
(GAP) which is often a 2D drawing. However, many specialized CAD systems (AVEVA, NAPA etc.) 
are used in the concept design but not as main source of information like the GAP. After the concept 
design, when the contract is signed, more sophisticated tools are used in the design for different tasks 
like the compartmentation or the steel design. These tools are based on 3D models derived from the 
general arrangement drawing and related documents. With these models and other further details the 
product knowledge rises, but along with the level of detail increase and the freedom of decision 
decreases. 
 
In summary, Fig. 1 shows that major decisions are made in spite of lack of knowledge of the product. 
To reduce the risk for the shipyard the improvement of the product knowledge especially in the 
concept design stage is crucial. In this paper, a system architecture will be developed to replace the 
general arrangement drawing with a 3D model developed in a CAD system. Together with a PDM the 
product knowledge will increase significantly so that the risk will be reduced. 
 
2.1. General Arrangement Model as Main Source of Information 
 
The general arrangement model is the main source of information in the concept design. Nowadays, 
the general arrangement usually developed and documented with 2D drawing tools. The developed 
system architecture shall replace the general arrangement drawing with a 3D CAD model as source of 
information. In order to achieve this goal every function which is related to general arrangement plan 
needs to be determined. 
 
Eyres und Bruce(2012) shown design spiral for ship design as shown in Fig. 2. Fig. 2 was adapted to 
the concept design. The design starts with three initial tasks to prepare the design before starting the 
design process which is iterative and non-sequential. However, especially in the first iterations the 
tasks depend on each other. But in the holistic design approach multiple tasks are performed 
simultaneously, so the system needs to be multi-user capable and should avoid working with out-of-
date data. 
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On the right hand side there are all design tasks to be done in the CAD system located. These are tasks 
typically performed in the general-arrangement (GA) drawing. One of the first tasks is the subdivision 
of the ship into compartments and, later on, into tanks and rooms. In the next task the compartments 
receive attributes such as labelling and purpose. This information is needed to check design in later 
tasks. Another major task which has to be performed in the CAD system is the arrangement of 
equipment in the design. Along with that, a rough steel design is carried out to estimate the space 
requirement for the larger steel parts such as frames and girders. 
 
On the left hand side of Fig. 2, there are tasks located relying on the information in the system. 
Mostly, these tasks check the design and are performed in specialized software tools that need to be 
interfaced by the CAD system to transfer the needed data to their models. It should not be necessary 
to remodel the ship completely in these tools. The important tasks are weight estimation and the 
hydrostatic and hydrodynamic calculations of the current design. Another task is the development of 
the hull form which is mostly performed in specialized CAD system like NAPA, AVEVA or 
Friendship Framework. The hull form needs to be imported into the CAD system from the specialized 
CAD system. 
  

 

Fig. 2: Design tasks in the concept design stage 
 
2.2. System Requirements Based on Process Analysis  
 
Based on the concept design spiral in Fig. 2, all tasks were note down to utmost simplicity in order to 
evaluate functions enabling an objective assessment of different CAD systems. These functions were 
structured in an evaluation tree that allows a statement about the advantages and disadvantages of 
each CAD system. The three main branches of the evaluation tree are shown in Fig. 3. The branches 
shown in Fig. 3 contain functions with the following manner: 
 

• 3D modelling capabilities: An essential requirement is that the time needed for the concept 
design cannot be increased. This leads to the need for fast and flexible creation and 
modification methods of 3D objects. 

• Information-handling: The product data model should be capable of handling all required 
information of the early ship design process. In addition, the PDM must be able to handle the 
increasing granularity and population of the model information. Especially the information 
needed to check the technical and economic feasibility should be stored and made accessible. 
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• Communication: The coordinated storage of information assures the designers that all parties 
involved in highly parallel tasks work on the same data. Additionally it is ensured that the 
information stored in the PDM can be accessed by the numerous specialized design tools via a 
well-defined interface including an open object oriented application programming interface 
(API) for the efficient data access. 
 

 
Fig. 3: Main requirement fields of the CAD system 

 
2.3. Evaluation of 3D CAD Systems 
 
In order to use the optimal CAD system as basis for an implementation as 3D general arrangement 
model (3DGA) a market analysis was performed to collect potential future software vendors.  
 
In the first phase seven software vendors were invited to present their products with respect to the 
requirements presented in Fig. 3. Some of these software vendors are specified in shipbuilding like 
AVEVA, NAPA, Catia or NUPAS. Others are related to architecture and construction industries which 
are facing similar problems in their designs. In a second phase the software vendors were asked to 
answer a questionnaire. The final step of phase two was a live presentation of some functions needed 
for the concept design. Two software vendors were selected for the last evaluation phase. 
 
In the last evaluation phase the software was tested. In order to do that a training was held with both 
vendors followed by a two-month trial period for each CAD system. At the end of the trail, the 
evaluation of the functions was performed by three independent parties. The results condensed for the 
branches shown in Fig. 3 are presented in Fig. 4. In  Fig. 4 each function is graded from 0 to 3 (0 = 
worst and 3 = best possible grade). The width of the line in Fig. 4 is generated from the highest and 
lowest grade of the three parties.  
 

 
Fig. 4: Results of the evaluation of the short-listed CAD systems 
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Two CAD systems were evaluated. One CAD system was chosen as representative with a 
shipbuilding background. The other tested Software was Bentley Microstation with their product 
“AECOsim Building Designer”. This software is well known in building industries and was evaluated 
because it has multiple functions for placing standard components like stairs, doors, railing etc. In 
addition the creation of derived drawings from the 3D model is highly customizable, so that all 
shipbuilding and shipyard specifics like line-styles for specific objects can be applied. The basis for 
the “Building Designer” is “Bentley Microstation”, a general purpose CAD program for the creation 
and manipulation of geometry. In Fig. 4 the first CAD system is denoted as “System A” with dark 
grey colour whereas Bentley “AECOsim Building Designer” is represented with “System B” in light 
grey colour. 
 
In Fig. 4 the differences of these two systems become apparent. Bentley provides better developed 
modelling capabilities, whereas “System A” comes with better abilities in information handling. In the 
category “communication” there is no obvious tendency. 
 
The better capabilities in “3D modelling” of Bentley result from the numerous functions of creating 
and modifying freeform objects directly in 3D as well as a short familiarization phase to navigate 
through the 3D space. The higher grades of “System A” in the “information handling” category result 
from the shipbuilding specific information model implemented in it. This information model is able to 
handle all needed information in the concept design. 
 
As a basis for further implementations “Bentley AECOsim Building Designer” was selected. The 
main reason was that improvements in the information handling are easier to accomplish than 
developing fundamental 3D manipulation functions. 
 
2.4. Components needed to meet the Requirements 
 
As illustrated in Fig. 4, Bentley has excellent modelling features but a weak information handling. As 
learned from discussions with the software vendor it is not possible to develop the software in the 
direction of this requirement by the API. A modular approach was pursued, because the CAD system 
itself is insufficient as 3D general arrangement tool in the concept design. The modular approach 
allows the usage of tools with highest efficiency, whereas the advantages of the individual tools can 
be combined by connecting them in order to create an “optimal” system. 
 
Fig. 5 shows the major requirements and their associated modules. As already noted above, the 3D 
modelling functions of the CAD system Bentley AECOsim Building Designer which are constantly 
developed and improved are used. This includes all capabilities necessary in order to derive drawings 
from the 3D CAD model which are adopted to the shipbuilding specific needs. 
 

 
Fig. 5: Modules of the system architecture 
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To improve the information handling, a PDM system is interfaced. The PDM system utilizes a 
database management system to store design information which are not part of the 3D model. The 
geometrical data resides in the information system of the CAD system. Interfaces are necessary to 
provide the design data for the specialized system. 
 
As there is no standardized interface with the specialized systems, the API of the system infrastructure 
must have access to the data needed by the specialized systems. Then, the development of an interface 
between these tools is possible. This interface is integrated in the PDM system. The PDM system will 
extract geometrical information from the CAD system, if they are needed by the interface. 
 
The modules in Fig. 5 are defined as follows: 
 

• 3D CAD system: Bentley AECOsim Buildingdesigner 
This module will be used for the modelling tasks. Within the CAD system all the geometrical 
information such as distances, position, area or volume will be calculated. The 3D model 
including the geometrical data will be stored in the files of the CAD system. 

• PDM System: SQL Database Server (MySQL, ORACLE) 
The database itself will be any SQL server. The configuration and management of the 
information will be done with an object relation mapping (ORM) system. This system also 
takes care of the mapping between the relational database and the object oriented API of the 
CAD system. 

• Interface with specialized systems 
This module will be part of the common API of the CAD system and the ORM system. As it 
depends on the shipyard which specialized tools are used and which, if any, interfaces are 
provided by the specialized tools it is important to be able to easily develop new interfaces. 

 
3. System Architecture Design 
 
The system architecture connects the modules in Fig. 5. The backbone of the design system is the 
interface between the PDM system and the CAD system. The advantages of both systems play their 
benefits only when the interface is robust, solid and fast, meaning that the PDM needs to be 
seamlessly integrated in the GUI of the CAD Systems. The user should not notice the modularity of 
the system. No time should be wasted on synchronization or import export tasks between these 
modules. In addition, user acceptance and thus effectiveness is higher when the whole system stays 
simple and is usable intuitively. 
 

 
Fig. 6: Real design object split into geometry data (CAD system) and design data (PDM system) 



141 

As mentioned above, the 3D CAD system is used as storage for the geometrical data and geometrical 
model operations, whereas the PDM system stores any additional data. To avoid data redundancy 
scarcely geometrical data is stored in the PDM system. This means the real-world design object is 
split into two parts. One is the graphical representation (including the topology of the object) in the 
CAD System and the other part is an object in the PDM which holds the identity of the real design 
object and further design data. Danese(2010) made similar subdivision into CAD data and non-CAD 
data. An example is shown in Fig. 6. The user interface of the PDM system is integrated in the GUI of 
the CAD system, so that the two parts appear as one object to the user. 
 
The access to information in the design system for specialized systems is via the PDM system. The 
identification of objects by specific attributes such as name or type is only possible in the PDM 
system. The associated geometry is extracted through a unique pointer from the 3D model, if needed. 
 
3.1. Interface between PDM and 3D CAD System 
 
As mentioned above the backbone of the system architecture is the integration of the PDM system in 
the CAD system. To get a seamless integration a common API is needed. Generally the API-
functionalities of PDM system are quite diversified, so that the PDM system is chosen to have a 
common API with the CAD system. This ensures the bidirectional access which is necessary for an 
automatic synchronization. The integration needs to be robust so that it will not disturb the process in 
case of system instabilities. 
 
In the developed system architecture, the .NET-framework is used as common API. The CAD system 
exposes an interface for their geometry-objects to the COM-Interop, so that they can be used and 
manipulated in the Framework. The PDM system exposes the design data as objects in the framework 
as well. The link between the objects in the PDM system and their geometrical representation in the 
CAD system is realized by unique pointer combination. This unique pointer combination consists of a 
path of the design file and an identification number given by the CAD system. 
 
Each geometry-object has a unique identity number within a design file. The path to the design file 
and the ID will be saved together with the PDM object. The design file path is relative to a chosen 
base directory to ensure that the design data can be saved on a network drive with different path/URL 
for different designers. 
 

 
Fig. 7: Link between CAD  and PDM system 

 
3.2. Configuring PDM 
 
The core of the PDM is a SQL-server where the data is stored and these data will be accessed via 
the .NET-framework. The PDM system components are illustrated in Fig. 8. Since this is an object-
oriented framework with object access to the 3D representation it is convenient to use an object-
relational mapping to access the database. The database is set-up from scratch in order to use the 
model first approach where the mapping and the SQL database are set up at the same time. This step 
is controlled by the ORM system. In this example Telerik Data access is used as ORM system. Input 



142 

to the ORM system is a class-diagram which then is processed automatically. The class-diagram is an 
information model tailored to the concept design. 
 
The information model was created under the following key perspectives: 
 

• All necessary data for the concept design is stored excluding any additional data so that the 
designers will not be overtaxed with an enormous volume of data. This leads to a lean 
information model. 

• Avoid data redundancy with the data stored in the 3D model. So in the PDM system almost no 
geometrical data is stored. Only often used geometrical data like the volume of compartments 
is stored, if the calculation of the data would disturb the process when accessed. These 
derivatives are automatically updated as the geometrical representation changes. It is not 
necessary to calculate them whenever they are accessed. 

• Multi-user-capabilities. The design is often created by a design team. As the CAD system is 
file-based and only one user at a time has write access to that file the complete model is 
separated into multiple models in different files. These models reference each other. The 
design files are located on a network drive to give multiple users access. Due to the root path 
of the project directory can vary among the users, all paths are stored relatively to a given root 
project directory. 

 

 
Fig. 8: Setup of the PDM. The ORM allows object related access to the relational database 

 
The information model itself is specifically made for the concept design. Due to the information 
needed in concept design depends on the shipyard, it is able to modify and extend the information 
model. Therefore the ORM system calculates the difference of the database scheme and updates it. 
The modification of the scheme is performed without deleting the already stored data. 
 
3.3. Interface realization 
 
It is important to have interfaces to shipbuilding specific software tools to increase the efficiency in 
the concept design. On the one hand it reduces manual remodelling of the design in these tools. On 
the other hand it reduces the risk of failure due to manual work. Unfortunately there is no 
standardized exchange format for all types of information yet which could be shared among the 
software used in the concept design. This leads to the necessity of specially developed interfaces. This 
development is supported by ORM. In general the PDM system is the centralized access for 
information. All interfaces access the needed information via the PDM system. The geometrical data 
will be identified and extracted via the PDM system. 
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In Fig. 9 two possible interfaces are shown. The interface to AVEVA is an example for a live access to 
the database and the geometry. This type of interface is controlled by an implementation. In this 
example AVEVA has a .NET API, so it is possible to include the libraries of the ORM in their API. 
With these libraries AVEVA has a direct access to the PDM system and thus able to extract geometry 
from the 3D model.  
 
The second example is an interface to NAPA, which is established to perform hydrostatic and stability 
calculations. Therefore the compartmentation needs to be transferred to NAPA. In order to achieve 
this, all compartments of a specific ship design are queried in the PDM system. Each compartment is 
exported as an IGES with a unique file name. Meanwhile an import file for NAPA is generated with 
the commands to import these IGES files as compartments with their appropriate attributes such as 
type or permeability. In NAPA the import file will be executed. Then the stability calculations can be 
run in NAPA. 
 

 
Fig. 9: Example of possible interfaces with shipbuilding specific software tools 

 
4. Case Study 
 
This section provides case studies of how design tasks are performed in this system architecture. The 
tasks are related to Fig. 2. The integration in the GUI of the CAD system is already shown in Fig. 6. 
Each object has an update-method implemented, which will be executed, when the event-handler of 
the CAD system notices changes to the object. 
The first case study will demonstrate the flexibility in creating the compartmentation. This is mainly 
based on the modelling functionalities which are part of the CAD system. Additionally, the automatic 
update going along with changing the geometry will be shown in this study. The second case study 
shows the task “placing equipment” which is an important step in the concept design. The third case 
study will show the export to NAPA for stability calculations already mentioned . 
 
4.1 Create Compartmentation and Assign Attributes 
 
One of the first major steps in design is the rough subdivision of the whole ship body. This describes 
the first idea of the different functional areas of the ship. This task is a time-consuming step in the 
advanced iterations, though, when it comes to designing complex shaped rooms or adding smaller 
rooms to the centre of the ship. 
 
The hull body (KVLCC2 tanker) is sliced into 19 parts with eight slices as shown in Fig. 10. On the 
right side of the figure the resulting list of compartments is shown. This list of compartments is part of 
the PDM system but integrated in the GUI of the CAD system. 
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Fig. 10: Hull body sliced eight times. List of resulting compartments on the right side 

 
 

 
Fig. 11: Example of an outside modelled room which is moved near amidships 

 
Fig. 11 illustrates the process of adding small rooms. In this figure an escape route is modelled as 
solid outside of the ship to give us a clear view on the object. Subsequently all attributes are assigned. 
The room is then moved inside the ship at the correct location. Afterwards the room is subtracted from 
the intersecting compartments. 
 
4.3 Placing Equipment 
 
Fig. 12 shows the design of a fishery protection vessel. This design was recreated from an existing 
general arrangement plan. In Fig. 12 the ships volume and the decks are shown for reference. The 
model is populated with technical equipment as well as accommodation and sanitary furniture. Each 
equipment has attributes such as name, weight, type and centre of volume. The form needed to assign 
these attributes appears on the right side of Fig. 12, where the attributes of the PDM-object of the port 
rudder are shown. When assigning or updating a component, the room/tank the component is located 
in will be saved/updated. As this information is assigned to the equipment, it is easily possible to list 
equipment in a room or tank. 
 

 
Fig. 12: Example for placing equipment 
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There are several ways to show the data stored in the database to support planning and calculation 
tasks. An EXCEL export has been tested as well as a website based access to the PDM system. 
 
4.4 Export to NAPA for stability calculations 
 
In Fig. 9 the methodology of the NAPA export was shown. In Fig. 14 an example of this export is 
presented. Fig. 13 shows the geometrical representation of the compartmentation in Bentley 
Microstation. The colouring of the compartments represents different type of compartments. For 
instance the dark grey coloured compartments are ballastwater tanks. The complete compartmentation 
was transferred to NAPA. Each compartment was exported to an IGES. These were then imported by 
a script in NAPA. Fig. 14 shows the imported compartmentation in NAPA as well as the loading table. 
 

 
Fig. 13: Compartmentation in Bentley AECOsim Buildingdesigner which needs to be exported 

 

 
Fig. 14: Exported compartmentation in NAPA for loading calculations 

5. Conclusion 
 
In this paper a design system for the concept design, based on the results of a software evaluation, was 
developed. This design system allows the replacement of the general arrangement plan with a 3D 
model and benefit from the modular system in the following ways: 
 

• The CAD system allows a flexible and fast creation and modification of the geometry. This is 
the basis to keep the time horizon for the concept design. 

• At the same time the product knowledge increases because the geometry data will be 
calculated and saved automatically. This leads to lower risks in the design. 

• The design process is supported by good interfaces to the specialized shipbuilding tools. This 
integration avoids out-of-date data, reduces the risk of errors during data-transfers between 
the involved tools and accelerates the model creation in the other tools. 
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Abstract 
 
This paper presents the development of an autonomous maritime navigation system for unmanned 
surface vehicles (USVs). In the autonomous system various maritime navigational devices are 
connected to obtain necessary navigational information but with uncertainties. To improve signal 
accuracy as well as robustness, a novel multi-sensor data fusion algorithm is proposed and 
developed. Then, a new predictive path planning algorithm is employed to provide an advisory 
collision-free trajectory. Practical trials and computer based simulations are carried out to prove the 
effectiveness of the developed system. 
 
1. Introduction 
 
Unmanned surface vessels (USVs) are currently under development to benefit military operations, to 
provide maritime policing and a new means of cost effective cargo transport. Key to USVs is the 
development of a marine autonomous navigation system which is one of the essential elements to 
ensure safe operation for ocean and coastal navigation, and when berthing. An autonomous marine 
navigation system requires accurate position and attitude of Own Ship (OS), mapping of the 
environment including static and dynamic obstacles, a path planning capability and a collision 
avoidance system. Fig.1 illustrates a proposed autonomous navigation system structure with two 
different modules to meet such requirements. 
 

       

Fig. 1: System structure for an autonomous navigation system 
 
The data acquisition module acquires information about the own USV’s position, speed, attitude etc. 
using various sensors such as Global Positioning System (GPS) receivers, inertial sensors for dead 
reckoning (DR) and electronic compasses. This module is also required to perceive the surrounding 
environment and obtains moving obstacle positions from the Automatic Identification System (AIS) 
and marine radar. A large amount of sensor data is obtained by the data acquisition module so proper 
data merging and fusion must occur before generating a synthetic picture or map of the surrounding 
field. Based upon the map built up by the data acquisition module, the path planning algorithm has the 
responsibility to generate a safe path with desired waypoints and requested headings for the autopilot 
to control the USV so as to avoid both static and dynamic obstacles, e.g. coastline, target ships (TSs). 
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Multi-sensor data fusion (MSDF) for vehicle’s navigation has advanced in recent years; normally a 
multi-sensor navigation system is hybrid that having both Global Navigation Satellite System (GNSS) 
and DR system. Most of these integrated systems employ a GPS receiver, several inertial sensors and 
usually an electronic compass. Some advanced systems would also include sensors like a speed log 
and perhaps a camera. Caron et al. (2007) proposed particle multi-data sensor fusion algorithms for 
land vehicle, and concentrated on observing sensors failure and integrated multiple sensors to improve 
unreliable GPS information. Jared and Gerard (2011) proposed several data fusion algorithms for a 
GPS receiver and several inertial measurement units (IMUs), which provide good performance when 
reducing GPS position error. Zhang et al. (2005) implement a Kalman Filter to improve the reliability 
of GPS, IMU and electronic compass measurements. In terms of USV application, Liu et al. (2014) 
developed a Kalman filter based algorithm to obtain accurate positions, speeds and headings of an 
USV. However, it should be noted that sensor failure, which is another impact that affects the 
accuracy of USV’s navigational data, has not been considered in such applications. If one of the 
sensors fails the consequences could be disastrous since the USV will lose its current situation. An 
effective method of detecting and disregarding the failed sensor should be considered. 
 
In this paper, an improved autonomous navigation system concept has been proposed. First, a fuzzy 
MSDF algorithm is developed for the event of a sensor failure and to provide robust navigational 
information. Based on obtained information, a new predictive path planning algorithm using the fast 
marching method (FMM) is designed to specifically address the dynamic path planning problems. 
Such a system integrates the planning and prediction modules in order to obtain an efficient 
navigation system. Its capability has been tested using both computer based simulations and a USV 
platform. 
 
2. Fuzzy multi-sensor data fusion algorithm 
 
The multi-sensors data fusion algorithm is designed to provide robust navigational information for the 
system. The system employs the Federated Filter Architecture, which was first proposed by Carlson 
(1988). It is a two-stage filter architecture, each sensor is fused with the reference sensor and 
constitutes a final optimal estimation by a master filter or a sensor management process. 
 

    

Fig. 2: Federated Filter Architecture for the Fuzzy MSDF Algorithm 
 

Compared to a land vehicle, ships at sea are normally operated at a constant speed and headings 
changes are the primary means of collision avoidance. Therefore the MSDF algorithm is dependent 
upon monitoring the correct working of electronic compasses. As Fig. 2 demonstrates, three 
independent electronic compasses represent local sensors to provide absolute headings of the USV; 
and a gyroscope is used as the reference for USV’s rotation rates. These sensors feed to the local filter 
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which employs the Kalman filter as implemented by Liu et al. (2014). A fuzzy system acts as a master 
fusion process to cope with possible sensor failures by assigning a weight to each of the local KF state 
estimates. 
 
2.1. Fuzzy input and output sets  
 
The inputs of the fuzzy system are from the local Kalman filters and the outputs are different weights 
for each KF estimates, as illustrated in Fig.3. 

 
Fig. 3: Fuzzy system (input and output sets) 

 
The master fused state estimate is then computed by the weights as: 
 

����� � � �	���	�������
�

	��
 (1) 

  
The weightings are determined by observations of the innovations sequence of each KF, where the 
innovations sequence of a KF is defined as: 
 ������ � ���� � �	����� (2) 
 
i.e. the difference between the compass measurement and the predicted heading angle at each time-
step �. Under an ideal scenario, the innovations sequence should be comprised of a zero-mean, white 
noise sequence, Subramanian et al. (2009), Bijker et al. (2008). This sequence could be monitored to 
detect a failure in the correct estimation by one of the KFs and to monitor the innovations sequence, 
which in general is a random process where the individual value is meaningless, a simple moving 
average (SMA) of the innovations sequence of each KF is computed: 
 

������ � 	 ������ � ����� � 1� � ⋯ � ����� � � � 1��  (3) 

  
where � is the number of samples considered in the moving average. Since the SMA is, in the ideal 
case, a sum of zero-mean independent random variables, it is in itself a zero-mean random variable, 
and tends to be normally distributed by the Central Limit Theorem. However, its variance is � times 
smaller than that of the innovations random variable. Thus, sporadic high values of the SMA are more 
improbable than for the innovations, and will almost only occur when the innovations stops being a 
white sequence. Hence it is chosen to indicate a compass fault in the KF estimate.  
 
2.2. Membership functions and if-then rules 
 
In order to obtain a smooth decision process, the following fuzzy membership functions are defined: 
 

Negative function:  �� � � 1 if	���	 " 	���#���/���# if	���#	 % 	��� " 00 if	���	 ' 0  (4) 

 

Zero function:  �( � )1 � ���/���# if	���# % ��� " 01 � ���/���* if	0 % ��� % ���*  (5) 
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Positive function:  �+ � � 0 if	���	 " 	0���/���* if	0	 % 	��� " ���*1 if	���	 ' ���*  (6) 

 

 

Fig. 4: Input & output membership functions 
 
As indicated by the output fuzzy membership functions, Fig. 4, the output to the fuzzy logic inference 
system is chosen to be a change in the weight of the filter, Δ�, rather than the weight itself. This is to 
avoid brusque transitions in the overall estimate. The following fuzzy rules can now be established: 
 

Rule 1:  If  SMA negative  then Δw  negative 
Rule 2:  If  SMA zero  then Δw  positive 
Rule 3:  If  SMA positive  then Δw  negative 

 
2.3. Defuzzification 
 
Then, at each sampling time k, depending upon the value of the SMA, Δ� is defuzzified by applying 
Centroid method, Sameena et al. (2011): 
 

Δ�⋇ �	/ �	 	0�	1Δ�
/ �	 	10�  (7) 

 
where �	 represents the membership function (��, �2, or �+), Δ�⋇ is the defuzzified output and 0� is 
the output variable.  
 
Once Δ�  has been calculated at time step k for each KF (Δ�	���, � � 1,2,3), these values are 
normalised so that their sum equals to zero to ensure that the sum of Δ�	 remains one, 
 

Δ�	,6��� � Δ�	��� � 13 � Δ�7���
�

7��
, � � 1,2,3 (8) 

 
The resultant updated weights of each filter is given by: 
 �	��� � �	�� � 1� � Δ�	,6���	, � � 1,2,3 (9) 
 

The initial weights are assumed to be equal (�	 � �
� , � � 1,2,3) and they are not modified until time 

instant � has been reached, which is the number of samples required to compute the SMA. This novel 
fuzzy system could also be applied to other applications as long as more sensors (e.g. several GPS 
receivers) could be integrated. 
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3. Target ships detection  
 
With the knowledge of OS’s navigational data and relative detecting sensors, the dynamic target ships 
surrounding the USV can be detected so as to allow the generation of the safe path. TSs navigational 
data fusion has analogous process as own USV. But the data are obtained from different sensors, and 
require different data conversion and decoding process. In this paper, an AIS receiver is simulated to 
determine surrounding dynamic obstacle positions as well as to predict their positions during the AIS 
data-transmitting intervals. 
 
3.1. AIS decoding procedure 
 
The AIS is an automatic tracking system that is employed by both mariners and the vessel traffic 
services (VTS) for identifying and locating surrounding vessels. The AIS data normally provides 
static information, dynamic information, voyage related information and short safety information. 
Static information, such as the ship’s call sign, name and its Maritime Mobile Service Identity 
(MMSI) is permanently stored in the mounted AIS transponder. Dynamic information that contains 
the ship’s position, speed and course, is collected from the ship’s own navigational sensors, e.g. GPS 
receivers, speed logs and electronic compasses, etc. Voyage related information that includes ship’s 
destination, hazardous cargo type, etc. is set up at the beginning of the voyage, Lin et al. (2008). 
Unlike other sensors that provide measurements in human readable ASCII characters, the AIS 
messages use 6-bit binary encoding for the bulk of the sentences to reduce the amount of data. Fig. 5 
indicates the flow of decoding an AIS message. Firstly, the valid characters in the AIS message are 
analysed and converted to the 6-bit binary to form a long-bit binary sentence. Then the message type 
can be determined from the first 6-bit and all the binary is further converted to decimal values 
according to the data position distribution of each message type. Finally, some information like ships 
name, destination needs to be converted from the decimal values to the corresponding ASCII 
characters. 
 

 
Fig. 5: Flow chart of AIS data decoding 
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3.2. TSs positions predictions 
 
The AIS transponder autonomously transmits messages at different update rates depending on 
message types. The speed and course alteration will cause different reporting intervals of the dynamic 
information; the bigger the change is, the faster the message transmits. The information updating 
intervals can be as short as 2 s for the course change of a high-speed ship, while a 3 min interval 
would be generated for the ship at anchor. Therefore TS positions predictions during the time 
intervals are valuable for the PPM to take actions of collision avoidance and a KF algorithm is applied 
to cope with this situation. Assume a TS is operating in a constant speed nearby the USV and may 
have a collision then the real time positions of this TS is required for the path planning algorithm to 
generate a safe path to avoid the collision. Hence, the system state vector can be defined as following: 
 � � 89: 			9;		<: 			<;=	> (10) 
 
where 9: and 9;	represent the positions, <: and <; are velocities in x and y direction. Then the state 
model of the TS positions determination can be determined below: 
 

���� � 	
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@@
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	0			0					0				1	DE

EE
F
��� � 1� �	
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@@
@@
ABCG

2 0
0 BCG

2BC 00 BC DE
EE
EE
F
H��� � ��� � 1� (11) 

 
where 	BC is the sampling period,  � is the random variables that represents AIS measurement noise, 
and the control input H��� is defined as: 
 H��� � 8I:���	, I;���=> (12) 
 
where I:  and I;  are zero-mean white noise in �  and J  directions to model the uncertain 
accelerations, which only causes small deviation for the velocities in	�	 or 	J  directions. As 
aforementioned, the observations are provided by the decoded AIS messages, which give the absolute 
positions of the detected TS. Therefore, the system measurement model can be determined as: 
 

���� � K1 0 0 00 1 0 0L ���� � 	M��� (13) 

 
 

 

Fig. 6: Kalman Filter Process 
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During each AIS information update interval, the KF algorithm only executes the Prediction process 
shown in Fig. 6 for each sampling time, which generates possible positions of the TS so that the PPM 
is able to investigate whether the distance between the TS and own USV is in the safe range. This 
method is highly effective as the time interval will be long only when the movement of the detecting 
TS is stable. After the updated AIS measurement inputs to the algorithm, the KF will carry out its 
two-step process and reduces measurement noises to improve AIS data accuracy.  
 
4. Path planning algorithm for dynamic obstacles avoidance 
 
This proposed algorithm consists of two functionalities, i.e. the collision risk assessment (CRA) 
function and the path planning function. It is assumed that the dynamic information of moving ships, 
such as velocities and instantaneous positions, can be obtained by using on-board sensors or 
navigation devices. Based on such information, the CRA first employs the Kalman Filter (KF) 
algorithm to detect and predict the movements of the moving TS in defined time steps, and assesses 
the collision risks. If it is required to avoid the TS, a safe area around the ship will be generated to 
improve collision avoidance. When planning the trajectory, a weighted FMS algorithm proposed in 
Liu et al. (2015) is used. 
 
4.1. Collision risk assessment 
 
Once the path of the moving ship in next time periods have been detected and predicted, to assess the 
collision risk the trajectory of USV itself should be estimated. Assume that USV is navigating in a 2D 
space and has access to its own travel information such as current position, velocity, heading angle 
and turning rate; according to the kinematic equations of USV, the nonlinear estimation model of 
USV itself is established as: 
 

 )��� � 1� � ���� � ∆O ∗ <��� cos T���J�� � 1� � J��� � ∆O ∗ <��� sin T��� (14) 

 T�� � 1� � T��� � ∆O ∗ I��� (15) 
 

where ���� and J��� represent the position in x and y directions at time step k, <��� is the velocity 
magnitude at time step k with heading angle as T��� and I��� is the turning rate. Then, as shown in 
Fig. 7, based on these two predicted paths, the smallest distance between them can be calculated. If 
this distance is less than the predefined safety distance two ships will have the possibility of colliding, 
hence appropriate collision avoidance manoeuvres need to be taken.  
 

 

 
Fig. 7: Collision risk assessment 
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4.2. Path planning algorithm  
 
Based on the weighted FMS method and the collision risk assessment algorithm, the predictive path 
planning algorithm for USV can be developed. Fig. 8 illustrates the flow chart of the path planning 
algorithm and the details are listed below. 
 

 
Fig.8 Flow chart of path planning algorithm for dynamic obstacle avoidance 

 
• The algorithm first takes in the navigation map, where static obstacles have been clearly 

represented and stored as an original binary map VW . Such a map can be obtained through 
commercial charts, such as marine navigation charts. Also, advanced sensor technology, such as 
the Simultaneous Localisation and Mapping (SLAM), can be used to construct the map of the 
unknown environment while the USV is navigating. 

• Based on the map received, the safety map VC will be first generated and combined with VW to 
have an initial map V	6	. A collision free path X	6	 in such environment will be sought by using 
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the FMM and stored as the guidance route. By following X	6	 , the USV will start to proceed 

towards the end point.  
• While following the path, the USV will simultaneously monitor the positions and velocities of 

itself and other moving ships. The prediction algorithm will now be called to estimate the 

trajectory of the USV and other ships in next few time steps, to determine if there will be a 

collision risk. 
• If the collision risk exits, a new path should be generated. The dynamic safety map VY will be 

constructed around each moving obstacle.  
• The VY will then be merged with the safety map VC as well as the original binary map VW to 

generate a new synthetic map W. Based on W, a new path X6Z[ will be sought by applying FMM 

again. X6Z[ is the optimised trajectory without colliding with both static and dynamic obstacles in 

time step t, and the USV will follow it until the next waypoint has been reached.  
• When the new waypoint is reached, the algorithm will determine if it is the final target point. If it 

is not, the algorithm will jump back to step 3 and move towards the next waypoint.  
 
5. Results 
 
5.1. Multi-sensor data fusion testing results 
 
Practical trials were launched on Springer USV at Roadford Lake, Devon. Three different electronic 
compasses and a low-cost IMU were set up on the Springer USV and provided measurements as the 
inputs of the designed fuzzy MSDF system. The USV was operated in approximately 1.5 m/s. The 
sampling time for sensors to take measurements was 1 second. Three buoys were set up as waypoints, 
constituting a waypoint-tracking path for the USV as shown in Fig. 9.  
 

 
Fig. 9: Testing area at the Roadford lake 

 
To accomplish the set trajectory, the Springer USV made three turnings and steadily maintained four 
different headings as illustrated in Fig. 10(b). From Fig. 10(a), the SMA values of the innovations of 
the KF2 start to deviate largely from zero at time step k = 180, which indicates a malfunction of 
Compass 2. However, in Fig. 9(c), although the associated KF2 of Compass 2 gives incorrect 
estimations, the fuzzy master filter still gives a proper fused result in the presence of sensor failure. 
Due to the fact that in practical experiment, the actual headings of the USV are unpredictable, it is 
difficult to say whether the fuzzy master filter provides better results than the KFs. However, evidence 
does show that the fuzzy master filter can aggregate different fuzzy inputs and discard sensor 
malfunctions. 
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(a) 

 
(b) 

Fig. 10: Trial results for the fuzzy MSDF algorithm. (a) SMA of the innovations of each KF; (b) KF  
              estimates of the headings and fuzzy data fusion estimates 
 
5.2. AIS detection & prediction 
 
The simulation area is the Portsmouth Harbour. It has first been converted into a binary map, which 
has the dimension of 500 pixels * 500 pixels representing a 2.5 km * 2.5 km area (1 pixels = 5 m). 
The simulated TS is assumed to be operated in a constant speed and an invariable course via a straight 
line. AIS information update interval is simulated to be 1 minute and the total operational time is 10 
min. The sampling time for the position prediction is assumed to be 12 s. 
 

 
Fig. 11: Simulation area around Portsmouth Harbour 
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Fig. 12: Simulation results for target detection and predictions. KF estimation errors in x and y axis 

 
As demonstrated in Fig. 11, five possible positions (green dots) are predicted by the KF during each 
AIS data update interval and all the predictions are along the simulated trajectory, which proves that 
the algorithm is able to provide effective estimated positions without AIS measurement in the certain 
time period. In the meantime, 10 KF estimated positions are obtained after each AIS data update. 
From the enlarged figure, it is evidently that the KF offers a good performance for improving AIS 
data accuracy since the estimated positions (blue star) are closer to the actual positions (black line). It 
is further verified from Fig. 12, the position errors in x and y directions are reduced from almost 9 m 
and start to fluctuate within a narrow range along the zero line. All the evidence indicates the KF 
algorithm for the AIS data is efficient for both detecting the TS and predicting its future positions. 
 
5.3. Dynamic obstacle avoidance path planning 
 
The area near Plymouth harbour shown in Fig. 13 is selected as the testing area, which has 
2.5km*2.5km dimension. The selected area is first converted into a binary map as shown in Fig. 14 
with 500*500 pixels dimension. To validate the capability of the algorithm dealing with complex 
traffic situations, three moving ships are added into the environment. The simulation configurations of 
the USV and the TSs are listed in Table I. Algorithm’s prediction time period is set as 10, which 
means that the USV is able to estimate its own the movements as well as the TS for the next 10 time 
steps. Also, it is assumed the AIS’s transmission interval is every 5 time steps, which makes the USV 
unable to continuously perceive the TS’s position information thereby requiring position estimation.  

 
Table I: Simulation configurations for the USV and the moving TS 

 USV Target ship (TS) 
Start point (m) (26, 241) (478,123) 
End point (m) (476,241) (403,123) 
Speed (knots) 10 9 
Course  Depends on the path 180° 
 

 
Fig.13: Simulation area near Plymouth harbour 
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(a)  

(b)  

(c)  

(d)  
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(e)  

(f)  

Fig. 14:  Sequence of movements of USV and its synthetic map at according time step 
 
An initial guidance path is first generated by the algorithm and shown in Fig. 14 as the black line. At 
time step 18, Fig. 14(b), the collision risk with TS1 is identified by the USV; hence the dynamic 
safety area of TS1 is created and added into the synthetic map as V�\. The USV now re-plans its path 
to avoid the MS1. At time step 43, collision risk with MS1 no longer exists, but there is now a new 
possible collision risk with TS2. Therefore, only the dynamic safety area of TS2 emerges in the map 
as V]� , Fig. 14(c). As the USV proceeds, the traffic becomes more complicated, and at time step 52, 
TS3 starts to present a collision threat to the USV while TS2 is still collision risk, which makes the 
USV need to take actions to avoid both of these two ships. As shown in Fig. 14(d), dynamic safety 
areas for both TS2 and TS3 are integrated with	V^G. Based on V^G, a collision free path avoiding 
both static and dynamic threats can be sought, which is shown as a black line in Fig. 14(d). Fig. 14(e) 
and (f) show how the USV avoids the TS3 and reaches the final target point.  
 
6. Conclusions and future work 
 
This paper improves the work of Liu et al. (2014) with a fuzzy multi-sensor data fusion algorithm and 
a predictive path planning algorithm. A practical application of the fuzzy MSDF algorithm is 
demonstrated and the results provide operational evidence of improving system robustness. 
Meanwhile, the simulation results show the newly designed path planning algorithm is capable of 
identifying collision risk and generating a new path in time to ensure obstacle avoidance. Future work 
to this research includes integrating marine radar, generating an environmental map with both USV 
trajectory and dynamic TSs positions and considering environmental effects, e.g. current, wind in the 
path planning algorithm. 
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Abstract
 
This paper describes a comparison between different techniques available in the literature, applied to 
over-actuated Autonomous Underwater Vehicles (AUVs) under single fault condition (SFC) and 
considering only abrupt faults. The main contribution of this work is twofold: first, we show how such 
techniques can be adapted to the case of over actuated AUVs in order to isolate and identify a faulty 
situation of one thruster. Moreover, we give a means for robust fault reaction by using an optimal 
control allocation problem, which is tightly coupled with the Fault Detection & Isolation (FDI) 
algorithm. The proposed work is in the framework of the V - Fides project and the algorithms are 
demonstrated in simulation, employing the dynamical model of that vehicle. 

 
1. Introduction 
 
There has been an increasing interest in fault detection, isolation and recovery in recent years for Au-
tonomous Underwater Vehicles (AUVs), as a result of their increased diffusion, enhanced autonomy 
capabilities, and the growing demand for higher performance, efficiency, and reliability in mission 
critical operations. The detection consists in generating diagnostic signals in correspondence to poten-
tial faults that may affect the system. Detecting a fault allows to place it in time and to take over it. 
The isolation pinpoints where fault has physically occurred or the type of failure. At the end, the re-
covery (or reaction) plans allow manually or automatically remedying the malfunction following the 
fault. Once a FDI scheme is available, the control architecture and feedback laws can be reconfigured 
in order to obtain reliable, fault tolerant performances, following the scheme in Fig. 1: even if the 
failure is detected, a fault-tolerant strategy must be designed in order to terminate the mission and res-
cue the AUV safely. 
 

 
Fig.1: Loop conceptual scheme. The FDI block provides the index i necessary to try to recover to  
          actuator fault. 
 
In the literature, there exist two main categories in which the FDI techniques can be classified, Iser-
mann (1984,2011), Gertler (1988,1998). These include methods that exploit physical redundancy 
(Hardware Redundancy) or analytical redundancy (Software Redundancy). The first category embrac-
es all the techniques that take advantages from the large number of sensors equipped on the system. 
This is the more expensive way to detect a fault, but certainly it can isolate every sensors/actuators 
failure. The analytical redundancy exploits mathematical equations in order to reconstruct relations 
between measured variables of the system. It is possible to on-line monitor the correct behavior of the 
process; however, a mathematical model of the system is required. In particular, one of the most im-
portant subcategories is represented by model based approaches. 
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In the last two decades a considerable research effort has been conducted to develop model-based FDI 
techniques both for linear and nonlinear systems. Wang and Daley (1996) propose an adaptive ob-
server based for deterministic system. Caccavale and Walker (1997), Caccavale (1998) design a non-
linear observer to detect and isolate fault on uncertain robot manipulator model in order to improve 
robustness. A Lyapunov approach to provide a DNOS (Dedicated Non linear Observer Scheme) is 
depicted in Adjallah et al. (1994), while a stochastic approach using particle filters is presented in Al-
rowaie et al. (2011,2012), where a general observer scheme (GOS) is applied to nonlinear and non-
Gaussian systems. 
 
This paper aims at deepening and studying two conceptually different methods: the first one is an en-
ergy-based approach, widely discussed in De Luca and Mattone (2003,2004). This technique was 
primarily conceived to detect collision on robot manipulators grounding on a physical property as 
generalized momenta. The other method is depicted in Zarei et al. (2010,2014): an Unknown Input 
Observer extended to nonlinear system decouples disturbances from the state estimation error. The 
observer gain is computed via Unscented Kalman Filter. 
 
Originally designed to detect fault on actuator/sensor in industrial manipulators and sensor in reactor 
tanks respectively, both techniques are readapted to the V-Fides AUV model, which thrusters are lo-
calized according to Fig. 2. Once the FDI scheme provides the fault information, an optimal control 
allocation system allows isolating the faulty actuators and redistributes the effort demand on the 
healthy thrusters, thanks to the over-actuated nature of the vehicle. The recovery system is based on 
Mixed Integer Linear Programming (MILP), Calabrò and Caiti (2013), Caiti et al. (2014).   
 

     
Fig.2: Two view of V-Fides vehicle with thrusters numbering 

 
2. Generalized Momenta: an energy based approach 
 
De Luca and Mattone (2003) present an energy-based method to simultaneously resolve fault detec-
tion and isolation problems on robot manipulators. The work builds on three main hypotheses: 
 

• Availability of the current value of the state variables; 
• Perfect knowledge of the system dynamic model; 
• Absence of noise acting on the model and/or on measurements. 

 
Following the SNAME convention with some simplifications, the dynamic model for an AUV is: 
 
    (1) 
 
� is the symmetric and positive definite inertia matrix, ��∙� the Coriolis and centrifugal matrix, ��∙�  
the gravity vector, � and � generalized position-orientation (in navigation reference system) and line-
ar-angular velocities (in body frame) vectors. 	 denotes forces and moments acting on the vehicle (in 
body frame). This kind of model is conceptually different from that in De Luca and Mattone (2003), 
which adopts a model written in the joint space, that is the control variables act directly on the availa-



163 

ble actuators. Thus, in order to adapt the same approach to our case-study, a slight modification of the 
system has to be made.  
 
In this work, we consider that the map from the AUV actuators space to the space of the 6 DOF forc-
es/torques is known and can be written as: 
 
 

�∙� 	∈ 	ℝ���  denotes the static allocation matrix and �	 ∈ 	ℝ���  are the thrusters' controls. Pre-
multiplying Eq.(1) by the pseudo-inverse 
����, the problem can be recast in the original form and 
the method can be applied without efforts. The model becomes: 
 
          (2)                                                           
 
Note that the model was extended with a further input variable, ��, which is used to model a fault act-
ing on the system. For instance, when the thruster i is in a fault condition �� = [0, . . ,0, −��, 0, . . ,0]

� 
that is we force the zero-control on the i-th control channel, corresponding to the faulty thruster. 
 
By using the same approach in De Luca and Mattone (2003), the generalized momenta for the AUV 
are expressed as: 
 
 
   
 
��∙� represents the Lagrangian function of the system, � and �  are the generalized positions and ve-
locities respectively. Differentiating ! with respect to the time: 
 
 
    
 
Where the terms with the bar hat are pre-multiplied by the pseudo-inverse of 
�∙�. With " diagonal 
and positive definite matrix, the residuals vector is: 
 
 
    (3) 
 
 
The dynamic in Eq.(3) was already obtained in De Luca and Mattone (2003) who showed that the re-
sidual differential equation, driven by the fault vector, is exponentially stable and thus the residuals 
tend to track the input ��. 
 
2.1. Simulation results 
 
Given the system model in Eq.(2) and the residuals model in Eq.(3) the FDI scheme using generalized 
momenta was tested in simulation on the V-Fides AUV model. Each result is obtained with only a 
surge (�) reference velocity of 1m/s. The other velocities, linear (#, $) and angular (!, �, %), are con-
trolled to 0. The gain matrix is " = diag{1, 1.25, 1.25, 1.1, 1.25, 1.9, 1.25}. 
 
Figs. 3 and 4 show some simulation results of the approach presented so far. Fig. 4 shows the residu-
als evolution in three different simulations in which a fault on, respectively, the thruster 2, 3 and 6 
was simulated at time t = 100 s. Note that, after a transient period of 50 s, the residuals settled on a 
value difference from zero. The residual for which this value is greater is the residual which ID corre-
sponds to the faulty thruster. Because of its importance in attitude control, a fault on actuator 6 is the 
easiest to detect and isolate 4(c). 
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Fig. 3: Residuals before and during fault. They vary a lot during first 20 s because of the controller  
           action. At t=100 s a fault is detected. 
 
2.2. Robustness analysis: uncertain model 
 
Contrary with the hypothesis in the previous section, working with real systems generally does not al-
low having a correctly identified dynamic model. Consider the following estimated model: 
 
 
 
Here each matrix/vector with the hat corresponds to the sum of the real matrix/vector and an uncertain 
term (suggested with tilde). Following the same reasoning as previously described, the first order dif-
ferential equation matrix Eq.(3) becomes: 
 

 
 
The term: 

 
  
contains the effects of uncertainty on the residuals dynamic: it represents an unknown external input 
that influences the correct evolution of residual vector. 
 
The robustness analysis of the FDI method described in the previous section can be done via Lyapun-
ov techniques: for ,	 > 	 ,� (,� time of fault), introducing the error .�,� 	= 	% − ��, a change of coor-
dinates allows to evalute the stability of the equilibrium point at the origin. If there is an abrupt fault, 
substituting (neglecting all dependencies): 
 
 
 
Where: 
 
 
 
Assuming that the uncertainty effect is bounded ||"	0|| ≤ �, given a symmetrical definite positive 
matrix 2 in order to resolve the Lyapunov equation −"�3	 − 	3"	 = 	−2 to find 3, symmetrical and 
semi-definite positive matrix, a quadratic Lyapunov function candidate is used: 
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(a) 

(b) 

(c) 
 

Fig. 4: Different examples of residuals evolution after fault on thruster 2 (b), 3 (a) and 6 (c). After a  
           transient response, the residuals reach a set point. Every element of the residual vector is  
           approximately zero, except the faulty one with greater absolute value. 
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It is a definite positive function and satisfies the conditions that 4�0� 	= 	0. 
 
Differentiating with respect to time: 
 
 
 
The first term is always negative, but the sign of the second one is unknown. 
 
If �	 = 	567	Eigen�2� and	!	 = 	5=>	Eigen�3�, consider the following inequalities chain: 
 
 
 
 
 
 
 
The condition 4 �.� 	≤ 	0 is satisfied if and only if: 
 
 
 

 
 

Fig. 5: The stability of the equilibrium at the origin is guaranteed outside the convex area. 
 

 
Fig. 6: If an uncertainty of 50% affects the � matrix and of 10% the ��∙� gravity/buoyancy vector, the  
            residuals set their values different from 0 and it is no more possible to isolate the correct fault. 
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This result proves that convergence of the residuals to the fault vector is guaranteed within a certain 
margin of error, directly dependent on how big is the uncertainty that affects the system, Fig. 5. Under 
this hypothesis when residuals vary in time is not immediately clear if they vary because of fault or 
because of uncertainties: in system theoretic concepts, the fault loses observability, Fig. 6. 
 
 
  
 
 
 
 
 
 
 
 
 
 
                                              
 
 
                           
                          (a) 
  
 
 
 
 
 
 
 
 
 
 
                                           
                                     
 
 
                        
                       (b) 
 

Fig.7: FDI block performance 
 
The FDI block correctly isolates thruster number 2 10 s after fault. F2 is set to 0 and the other forces 
that allow mainly controlling surge-sway linear velocities and yaw rate are redistributed (red line, Fig. 
7(b)). In Fig. 7(a) there are the effects of the recovery to the velocity trajectory tracking and a compar-
ison between the three systems is shown. Simulating a survey path, system with FDI block stay close 
to green line (system without fault), while the actuator fault causes an error of approximately 25 m 
with respect to the goal point. 
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                           (a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                                   (c) 

 
Fig.8: Fault on thruster 4. (a) The system without FDI block is subject to a deviation with respect to
 the vehicle with FDI block and healthy system. (b)-(c) Velocities and thrusters effort acting 
 on the decoupled dynamics (surge-sway-heave). 
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2.3. Fault accommodation with an optimal control allocation system 
 
Once the FDI system discovers the thruster in which the fault is localized, this information is provided 
to the optimal control allocation system (according to the scheme Fig.1). It allows setting to zero the i-
th column of the control distribution matrix B, where i matches with the number of the isolated thrust-
er. By doing so, the MILP algorithm provides to reallocate the desired 6DOF forces/torques on the 
remaining thrusters. Note that this reallocation can happen at the price of reduced performance of the 
system. 
 
In many cases, thanks to the extra DOF, the recovery loop system allows to ensure the same perfor-
mance in terms of cruise and attitude control. However, in some situations the fault recovery cannot 
be achieved as, for example, in the case of a fault on the thruster 6; the absence of such thruster can-
not be compensated by the remaining actuators, and when the thruster number 6 is subjected to fault, 
nothing can be done: the vehicle reaches instability and the software simulation ends prematurely.  
 
Consider figure number 8: the thruster 4, that provides pitch torque in order to control to zero the 
pitch rate, is subject to fault. However, as can be seen, the control system in vehicle without FDI 
block strives actuators number 1-2 (Fig.8(c), blue lines) in order to try to ensure attitude performanc-
es. But these thrusters are the same that control � and # velocities. After fault, if � is approximately 
maintained to the reference value (0.75 m/s), the sway velocity (Fig.8(b)) begins to fluctuate and the 
vehicle with fault deviates its trajectory with respect to those without fault and the healthy one, 
Fig.8(a). Note the different behavior between red line and blue line in Fig.8(c): FDI does not induce 
large and dangerous fluctuation on healthy thrusters; it may cause wear on the mechanical parts of the 
actuators. 
 
3. Unknown Input Observer with Unscented Kalman Filters  
 
In order to improve robustness, an unknown input observer (UIO) approach, Zarei et al. (2010), is 
adopted. Under several conditions, it avoids to decouple disturbances from the state estimation error. 
The basic idea is to design seven model-based observers, one per each actuator, that work in parallel; 
the measurement residual in each observer is tuned to be sensitive to fault on one actuator only. 
 
Consider a fault on the i-th thruster: 
 
    (4) 
 
Where:  
 

• ���� 	= 	−��	

����    is the i-th column of 
; 

• ?  is a scalar that is equal to 1 if i-th thruster is subjected to fault, 0 otherwise.   
  

The others potential faults are modeled like disturbances: 
 
 
 
 
 
 
After adding 
′���	A to the second member of eq.(4), the new system is transformed in a discrete 
time state space model by using the forward Euler algorithm (sampling time B), where the output is 
all the state vector >C = [�� , ��]�   . It assumes the following generic structure: 
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Where: 
 

• ��>C� contains dynamic terms; 
• ℎ�	C� = [0���; 	B	�F�	C] 	 ∈ 	ℝ

�G��  and 	  computed generalized force/moment vector; 
• �C = diag{0���, B	�F�����} 		 ∈ 	ℝ�G�H; 
• ?C = [0���; 	?] 	 ∈ 	ℝH��  fault vector; 
• IC =diag{0���, B	
′���} 	∈ 	ℝ�G��G; 
• AC = [0���; 	1���] 	 ∈ 	ℝ�G��; 
• �C = �CJ� = K	 ∈ 	ℝ�G��G; 

 
With the above definitions, as suggested in Zarei et al. (2010), it is possible to compute: 
 
 
 
And the necessary condition to design an UIO independent from disturbances vector AC is: 
 
 
 
Because the previous assumptions (LMJN = O), that condition is always verified. 
 
For the i-th filter the objective is to retrieve the vector ?C and to monitor the scalar ? (last element of 
?C). Following the approach in Zarei et al. (2010), the output vector PCJ�is pre-multiplied by QCJ� in 
order to make the i-th filter insensitive from the other faults. Then, retrieving AC and substituing it in 
state dynamic, the equation becomes: 
 
 
Where: 
 
 
The state estimate obtained by the i-th UKF filter with gain "CJ�is: 
 
 
Measuring residuals: 
 
 
 
The fault vector ?C is obtained as: 
 
 
 
3.1 Implementation and results 
 
In order to ensure that the auto-covariance matrix 3�Rof each filter is symmetric and positive definite, 
a Levenberg-Marquardt diagonal loading method is applied to the estimate of that matrix. Note that 
the use of the pseudo-inverse of �K − "CJ��S̅C�C vector may cause some spikes because of the varia-
bility of "CJ� and IC (especially after fault): to prevent this trouble [�K − "CJ��S̅C�C]

� is bounded.  
However, the time of identification of faulty thruster is closely related with the tuning of each UKF. 
In this way, the algorithm requires more time to isolate a fault than the approach shown in the previ-
ous section.  
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Fig.9-10 shows the behavior in time of ?�, the last element of the i-th vector ?C, under the same as-
sumptions on reference velocity and control gain matrix made for the energy based approach. As said 
previously, a fault affects the thruster if the corresponding scalar ?� settles on a value approximately 
one.  
 
Fig. 10(c) shows the case in which the fault is simulated on the thruster 7, the one on the "fin" of the 
vehicle, Fig. 2(b). Note that the 7-th residual never reaches a constant value but oscillates between 1 
and 0. This is due to the fact that a fault on this thruster is difficult to detect, given that the contribu-
tion of this actuator in controlling the system is very limited. Thus, its absence does not induce a net 
difference on the vehicle response. As underlined above, because of its importance on the maneuvera-
bility of the AUV, a fault acting on thruster number 6 is immediately identified, Fig. 9, while the algo-
rithm employs few tens (or hundreds) of seconds for fault detection and isolation on the others actua-
tors. 
 
 

 
Fig. 9: After a transient response, the corresponding residual, estimated by the 6th thruster, reaches  
            the set point. The other residuals, being insensitive to such fault, are kept bounded near zero. 
 
3.2 Recovery to fault 
 
As in the previous case, the information about the index of the faulty thruster is provided to the con-
trol allocation problem, once the detection takes place. Because the UIO+UKF's allow detecting and 
isolating the fault in a longer time than the other technique, the optimal reaction is shifted in time, but 
the results are the similar. The MILP algorithm acts in the same way previously presented: the results 
in terms of control of attitude and velocity will be much better as soon as the logic circuit are able to 
detect the actuator failure. 

 
Consider Fig. 11: when the fault occurs on thruster number 7, the effects of correction are very small. 
In particular, the action of that thruster is fundamental when actuators 1-2-3 are under fault condition, 
but the vehicle may continue its motion when said actuator is subject to failure. Thus, the recovery in 
terms of velocity tracking error is restrained. 
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(a) 

 
(b) 

 
(c) 

Fig.10: Fault acting on thrusters 1 (a), 3 (b) and 7 (c). Every element of the fault vector is appro- 
             ximately zero, except the faulty one that get on 1 for some samples and then retain to zero. 
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(a) 

 
(b) 

 
(c) 

Fig. 11: Fault on thruster 7. (c) The reaction of the healthy actuators is approximately zero. Thus the 
 optimal reaction has little influence on the position/velocity variables, (a)-(b). 
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4. Conclusions 
 
A comparison between two different approaches to thruster fault detection and isolation problem has 
been done; both methods are readapted to the over-actuated system under consideration. They provide 
the necessary information to improve the autonomy of the AUV and, in some cases, to ensure the cor-
rect reaction in order to maintain the performance in term of cruise/attitude control: in this way, the 
underwater robot may continue its task. 
 
The generalized momenta approach does not need to estimate the acceleration and it works well de-
spite the differences between a generic manipulator and an underwater vehicle dynamics. However, it 
is heavily dependent on how much the identification of the AUV model is accurate.  
 
The UIO+UKF's based algorithm is designed for non-linear robust fault detection and isolation. The 
robustness is ensured using unknown input observers and the Kalman filters provide to propagate 
each dynamic fault. Even if the residual that indicates fault doesn't reach a stable set point and filters 
are subjected to a meticulous tuning phase, this method can reject the effect of external disturbances 
like sea currents, the presence of schools of fish in proximity of the vehicle and is less sensitive to 
model uncertainties, which effects can be reduced via fine tuning of the filters.  
 
Future research will deepen the multiple fault aspect as well as the effects of relaxation of some hy-
pothesis like considering only abrupt fault, neglecting actuator dynamics and hydrodynamic/damping 
forces. 
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Abstract 

 
This paper describes the development of a cost model and seakeeping predictor for a computer-based 
design framework developed at TU Delft. The cost model incorporates a weight-based labor and 
material cost estimating relationship (CER) and considers both risk and production adjustments to 
predict costs for each concept design. The motions model predicts the Response Amplitude Operators 
(RAO's) of each vessel using simplified linear strip theory. The inclusion of test cases involving multi-
criteria optimization of cost and shipboard motions for a concept U.S. Coast Guard Offshore Patrol 
Vessel describe the influence of layout on both cost and motions in computer-based concept design.  
 
1. Introduction 
 
The current economical, political and technological landscape in maritime design is placing new de-
mands on shipbuilders. In order to do more with less, multi-mission ships are becoming more desira-
ble. Recent commercial designs, e.g. Offshore Support Vessels (OPVs), as well as recently delivered 
Naval and Coast Guard patrol vessels, illustrate this trend. The Holland Class Offshore Patrol Vessel 
is shown as Fig. 1. 
 
In order to be competitive, multi-mission designs must have low acquisition costs AND the ability to 
operate in extreme environmental conditions. In the early stages of ship design, satisfying these objec-
tives (concurrently) can be challenging. First, both vessel cost and vessel motions are directly influ-
enced by ship layout. Once layout is complete, gross design changes are limited and can result in un-
derperforming designs, or ultimately, project cancellation. Second, cost and vessel motions, as design 
objectives, are often in conflict, i.e., one objective cannot be improved without accepting a decreased 
performance or threshold in the other objective. The relationship between these objectives, especially 
in multi-mission vessels, is not well mapped or defined.  
 

 
Fig. 1: Holland Class Offshore Patrol Vessel (OPV) 

 
At the same time, both commercial and military entities continue to explore the possibilities for ad-
vances in marine vessel design. To remain competitive, naval architects and marine engineers are con-
stantly restructuring the design processes used during all stages of marine vessel design. At the fore-
front of these opportunities are computer-based processes that allow optimizing the design across a set 
of objectives. Research shows that these programs can produce design solutions more efficiently than 
the traditional design spiral method by creating larger design variety, reducing the need for excess 
capital and expenses, and achieving criteria accurately and quickly, Andrews et al. (2009).  
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One of the most promising areas of computer-based techniques involves concept design exploration. 
Contemporary research highlights the ability of these approaches to generate, explore and analyze 
thousands of potential solutions within the design space, thereby providing the Naval Architect with 
an improved design starting point. Also, it is used to provide knowledge, insight and added infor-
mation to a process that otherwise would take months, if not years to complete. As knowledge be-
comes available earlier in the design process, design freedom increases, committed costs can be post-
poned to a later point in the design cycle and overall design time can be reduced. This is especially 
important during times of economic uncertainty where fiscal reductions often result in a cutback of 
new ship orders.  
 
2. Background 
 
To investigate the challenge of developing low cost computer based design capable of operating in 
extreme environmental conditions an overview of contemporary approaches in ship architecture, cost 
and shipboard motions is provided to the reader. 
 
2.1. Computer Based Design 
 
Computer-based design and optimization processes hold a promising future in the shipbuilding 
industry. Andrews et al. (2012) give a contemporary survey of computer-based ship architecture 
design and optimization is presented. Generally speaking, these approaches are efficient, economical 
and fast; they can produce a large variety of design possibilities in a relatively short period of time. 
Post-design, optimization processes can quickly analyze and compare various design objectives to 
generate the optimum design solution for a given set of criteria. A wider understanding of these 
advances will result in a more efficient and prompt design process, a reduction in costs and labor 
hours, and an increase in design creativity. 
 
Most marine vessel architecture design optimization processes are divided into two essential parts: 
allocation and optimization. During allocation, a collection of predetermined ship systems are placed 
within a ship envelope. A design is considered to be feasible when a solution places includes all the 
ship systems within a specified design envelope, while, at the same time, meeting user-specified de-
sign criteria such as stability, freeboard, draft, etc. Once a collection of designs is created, the alloca-
tion process is usually optimized by means of a genetic algorithm. The genetic algorithm explores the 
design pool and ranks designs based on criteria or measures of performance. Once designs are ranked, 
they are subjected to random processes such as crossover and gene mutation. The next generation of 
designs generated by the allocation process is driven by the most promising traits of the previous pop-
ulation.  
 
Marine vessel optimization can be explained further; however, the focus of this research is centered 
on the analysis obtained by the Pareto Front and the significance to the maritime industry of compar-
ing specific design parameters. 
 
2.2. Cost Estimation 
 
In today’s modern shipbuilding industry, shipyards employ many ship design cost models to 
incorporate various levels of detail at different stages of the design process. Cost models evaluate all 
of the cost driving elements associated with system outfit costs and production costs. Models that 
incorporate both a broader scope and higher level of detail produce cost estimates with more fidelity, 
and thus, are more useful to shipbuilders. Most cost models currently utilized in the maritime industry 
are described as bottom-up, top-down or parametric cost estimation, Shetelig (2013). There are 
varying approaches to cost estimation, such as a two group classification with only bottom-up and 
top-down techniques, Bertram (2005) and a four group classification with analogical, analytical, 
intuitive, and parametric techniques, Saravi et al. (2008). However, this research primarily focuses on 
the application of a parametric cost model within a computer-based ship design program.  
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2.2.1. (Parametric) Concept Design Cost Breakdown 
 
Ship design costs incorporate considerations for design dimensions, structural materials, and labor to 
arrive at a concept design cost estimate. This analysis was driven by identifying various cost drivers 
and applying them in mathematical formulations called cost estimating relationships (CERs). CERs 
encompass comprehensive current and historical cost data to augment approximate estimations for 
ship design and production. This data is divided into productivity factors that incorporate labor and 
material considerations, as well as varying construction strategies and applicable risk and profit 
adjustments. Costs are divided into three general components; non-recurring costs, recurring costs, 
and cost risk, Deschamps and Greenwell (2009). Fig. 2 displays this breakdown and outlines the 
specific design and production cost drivers for each of the three components.  
 

 
Fig. 2: Production Cost Breakdown 

 
Non-recurring costs include any costs incurred during the initial concept design and plan engineering 
phase of the project and usually scale with the level of design complexity. E.g., designs that contain 
more systems and supporting components require a greater number of design hours and corresponding 
technical costs than ships with fewer system requirements. In multiple ship design, the majority of the 
non-recurring costs are applied to the lead ship, since there are comparably few engineering and 
technical costs attributed to the project following the production of the lead ship. Some elements of 
non-recurring costs include research, production planning and scheduling, planning specifications and 
construction drawings, and engineering management, Deschamps and Greenwell (2009).  
 
The majority of concept design costs are described as recurring costs since they are applied commonly 
to all designs in a multiple ship project. The individual elements that comprise recurring costs are 
dependent on vessel specific features and are usually calculated using their corresponding weights. 
Because weight is such an important aspect of the cost estimation process, numerous weight 
management systems such as the USN Ship Work Breakdown Structure (SWBS) and U.S. Maritime 
Administration weight classification system have been developed. Each SWBS group contains 
shipboard systems and equipment with similar functionalities. The classification is shown in Table I. 
 

Table I: SWBS Classification 
SWBS Group Number Description 

100 General Hull Structure 
200 Propulsion Plant 
300 General Electric Plant 
400 Command and Surveillance 
500 Auxiliary Systems 
600 Outfit and Furnishings 
700 Armament 
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The recurring cost elements consist of labor rates, overhead costs, material costs, and learning curve 
adjustments. Generally, the recurring cost elements for a design are derived from combining the 
specific SWBS group weights with user-defined labor and material CERs. Labor CERs provide the 
average labor wage and overhead rate data for shipyard production using the estimated labor hours for 
each SWBS group. Material CERs include formulation for the dollars per ton material costs 
associated with each SWBS group. The learning curve adjustment accounts for the reduced overhead 
labor and material costs that occur in follow-on designs for multiple ship projects, Deschamps and 
Greenwell (2009).  
 
Cost risk analysis is typically the final component of a marine cost model. Risk factors are applied to 
multiple levels of a detailed ship design and can denote either potential profits or drawbacks to cost 
estimation. Generally, design firms and shipyards catalog cost risk into production, rework, 
inexperience, planning, and manpower risk categories.  
 

• Production risk - adjustment considerations for escalated material costs and labor hour 
cost variability. 

• Cost risk - rework and inexperience adjust non-recurring cost values for discrepancies 
caused by working with incomplete or inaccurate technical information that originates in 
the concept design phase.  

• Design planning and scheduling risks - technical requirements and tasks failing to meet 
initial estimates and timetables.  

 
Cost estimation tools gauge risk based on a percentage of the actual value for the respective recurring 
or non-recurring cost. These risk percentages are constantly evaluated throughout the ship design 
process to track scheduled progress and develop approaches for cost reduction. 
 
2.3. Motions 
 
The seakeeping performance of vessels has increased dramatically in recent years. Primary factors 
driving this trend include the emphasis on the multi-mission ship, new mission and operability re-
quirements, as well as increased competition between ship designers. With OPVs, the ability to launch 
small boats and aircraft or to transfer passengers is a key capability of successful designs. Crew effec-
tiveness and passenger comfort are also extremely important components of overall vessel perfor-
mance. Therefore, seakeeping should be evaluated as early as possible in the design process. Unfortu-
nately, most analysis is performed at the end of the design process, using either expensive model tests 
or intensive calculations. Recent approaches to incorporate seakeeping into the design and synthesis 
aspect of the design can be referenced in Comstock and Keane (1980). 
 
Historically, model experiments were conducted to determine the seakeeping performance of the ves-
sel. Unfortunately, these experiments generally occurred late in the design process and were expen-
sive, time consuming and oftentimes, impractical. As computers became more and more prevalent, a 
transition from model testing to numerical-based seakeeping codes began. Initially, strip theory pre-
diction codes were used only for naval ships and commercial vessels with large length to beam ratios. 
Even today, strip theory is still the most successful and practical theory for the calculation of the wave 
induced motions of the ship in an early design stage of a ship, Faltinsen and Svensen (1990). 
 
Despite some limitations with predicting non-linear and extreme motions, seakeeping prediction 
methods based upon the strip theory provide a sufficiently good basis for optimization studies at an 
early design stage of the ship. At a more detailed design stage, additional analyses, including model 
experiments, can be performed to investigate instances of added resistance or extreme event phenom-
ena, such as bow immersion (green water) and slamming. 
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3. Approach 
 
3.1. OPV Model 
 
The 2.5-D design model used in this research is based on a packing-based parametric ship description, 
Van Oers (2012), Van Oers and Hopman (2012), coupled with a genetic search algorithm, Deb et al. 
(2002). The approach configures library based design systems (objects) and generic hull structures 
into feasible ship designs. It does this using a concurrent combined bin-packing and wrapping 
approach. Using the spaces’ initial locations as genes, a NSGA-II genetic algorithm optimizes the 
chromosomes of the object’s coordinates using tournament selection, simulated binary crossover and 
mutation. The algorithm searches for balanced designs meeting a set of non-negotiable constraints.  
 
The 2.5-D design model of the packing-based ship description is much faster than a traditional 3-D 
version because it assumes a simplified arrangement in the transverse direction, i.e., transverse objects 
are collapsed onto a centerline place. In essence, this reduces object placement to two dimensions 
(longitudinal and vertical) while retaining an accurate profile of the hull. This approach saves a 
considerable amount of time during the generation of designs.  
 
OPV objects were catalogued using the requirements document of a U.S. Coast Guard OPV concept 
design. The objects were subdivided into the following functional groups: structures, machinery, 
mission support systems, human support systems and tanks. Over 159 unique spaces, compartments or 
systems are included in the model, Table II. Unfortunately, the system library does not have the 
ability to dynamically change, i.e., objects are predefined but have the ability to change shape. 
 

Table II: OPV Model Objects 
Description Objects Examples 

Structures 17 Hull, Deck, Bulkheads 
Machinery 19 Bow Thruster, Engine Rooms, Machinery Rooms, Shafts 
Mission Support Systems 23 Hangar, Bridge, LE Armory, Boat Shop, Flight Deck, Mast 
Human Support Systems 77 Berthing, Fan Rooms, Recreational Spaces 
Tanks 28 Fuel Tanks, Ballast Tanks, Water Tanks 

 
Each object definition includes data on its size (minimum and maximum area/volume), its weight 
(actual weight or weight density) and its geometry, i.e., whether object functionality would be lost 
with shape deformation. Hull models include the U.S. Coast Guard National Security Cutter (WMSL) 
and a patrol craft hull configured with a bulbous bow.   
 
3.2. Weight Estimation 
 
Weight estimation in this model is based on general arrangements and specific weight-deck area 
formulation. A Ship Work Breakdown Structure (SWBS) designation system was used to classify 
weights. To validate the weight module, weight data was calculated for each specific three-digit 
component for SWBS groups 100 to 900 using ratiocination formulas that utilized parent information 
from the U.S. Coast Guard National Security Cutter design, Straubinger et al. (1983). Other SWBS 
categories applied first principles, e.g., hull and structure, and others employed weight densities, e.g., 
specific weight and compartment area statistics to achieve area-dependent weight estimates. The 
SWBS-based values were then separated into their respective one-digit categories and used in 
conjunction with the cost model to produce the weight allocation and recurring costs for each design. 
 
3.3. OPV Cost Estimation 
 
The parametric cost model developed for the design model calculates the non-recurring costs, 
recurring costs, and cost risk for the user-defined ship systems in each feasible design. The model 
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produces a cost matrix that includes the total cost of the design, as well as the specific cost for each 
SWBS group. Cost model input comprises five different cost factors that estimate key parameters for 
each cost element; planning/planning labor, direct labor, material, functional, and profit costs. 
 

• Planning/Planning Labor (non-recurring): accounts for the non-recurring costs incurred 
primarily during the lead ship design and the technical engineering costs for the follow-on 
ships  
 

• Direct Labor (recurring): labor CERs that produce the recurring costs and production 
expenses for each of the designs 

 
• Material (recurring): material CERs that produce the recurring costs and production expenses 

for each of the designs 
 

• Functional and profit factors (risk): cost adjustment applied to the total design cost. This 
adjustment functioned as an evaluation of the cumulative cost risk for both the design and 
production aspects in the cost model.  

 
The dollars per ton values for the five factors in the matrix were combined with the data from the 
weight estimation to produce the total cost estimation for each design.   
 
3.3.1. Non-Recurring Costs 
 
The planning and planning labor cost factors incorporate plan wages, overhead, and design margins to 
evaluate the feasible designs’ non-recurring costs. Plan wages include the cost per engineering hour 
associated with the development of initial design and technical specifications. The overhead costs 
related to this phase of design work represent necessary operating expenses, such as, interest rates, 
management wages, and insurance. These costs are normally assessed annually as a percentage of the 
planning labor costs. As part of the planning cost factor, the design margin analysis integrated 
shipyard weight, SWBS group material weight, and planning overhead cost margins. These margins 
accounted for the design’s increase in weight during production and the annual variation in overhead 
on the planning side of the total project.  
 
3.3.2. Recurring Costs  
 
The direct labor and material factors utilize direct labor wage rates, material acquisition costs and lead 
ship design considerations to produce the recurring costs included in the total cost estimation. Direct 
labor wage rates encompass the average wage expenses for shipyard production, engineering and 
design and planning personnel. The data for the wage rates was attained from a labor CER 
formulation from the USCG Ship Design Management Division (CG-459) and contains proprietary 
information on the man-hours per ton of the National Security Cutter (NSC). Material acquisition 
costs, provided by CG-459, are defined by two digit SWBS initial acquisition estimates for each 
system in the design. Lastly, the lead ship design considerations provided a necessary adjustment so 
that the total cost estimation would appropriately factor in current, general shipyard learning curves.  
 
3.3.3. Cost Risk 
 
The functional and profit cost factors included a variety of design and production considerations such 
as, material cost growth, labor variability, competition and material adjustment factors. These cost 
factors adjust labor and material cost values to better represent current data in shipyard production. 
The functional portion of cost risk was determined by material cost growth and labor variability, while 
the profit portion consisted of competition and material adjustment factors. Material cost growth and 
adjustment factors were associated with the annual variation in material expenses throughout the 
duration of a multiple ship project. Labor variability was defined using cost corrections for 
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inaccuracies in labor hour estimation, excessive manpower requirements for rework, and the inability 
of shipyard management to effectively integrate changes to plans and scheduling. The competition 
factor was included in the cost model to incorporate cost savings potential for system material, 
acquisition, and outfit.  
 
3.4. Motions 
 
SHIPMO2000 was used to calculate the Response Amplitude Operators (RAOs) of each concept 
design. Although other seakeeping software packages were considered for this analysis, e.g., Octopus 
Office (Amarcon), SHIPMO2000 offered a simple and native interface with MATLAB and a 
relatively straightforward input description of the vessel.  
 
SHIPMO2000 is a frequency domain software tool that calculates the behavior of a ship in waves. It is 
based on linear diffraction theory (strip theory) and uses theoretical-empirical relationships to 
calculate the viscous roll damping coefficients of the vessel, Daalen (2010). Constituent algorithms in 
the program include hull form calculations, added mass and damping coefficients, response 
calculations and seakeeping calculations. Motions, velocities and accelerations can be calculated at 
both the vessel center of gravity and user-defined reference points, e.g., bridge or flight deck. 
 
Strip theory formulation relies upon the principle of linearity, that is, all displacements and 
accelerations are linearly dependent on the exciting system. One key drawback of this approach is that 
non-linear and extreme motions cannot be reliably predicted, Menon and Vienneau (1993). This can 
be problematic for high-speed vessels and for large ship motions in extreme sea states. Despite this 
limitation, strip theory is useful for evaluating concept designs and making comparisons between 
potential designs. NATO (2000) suggests that linear strip theory calculates correct results for Froude 
numbers lower than 0.3. During our analysis the roll and pitch motions are calculated at lower speeds 
(operational limitations) resulting in an acceptable range of Froude numbers (0.18 to 0.24). 
 
SHIPMO2000 requires two input files to calculate the RAO of each vessel. The first file inputfile.ini 
describes the geometry of the hull that includes information such as inertia parameters, the ship center 
of gravity, radii of gyration, draft and transverse metacentric height. The second file som.xlm contains 
the simulation parameters such as ship speed, wave direction, wave frequency, etc. In addition to 
geometry and simulation parameters, a valid and probable wave spectrum must also be generated. In 
this research, the Pierson-Markowitz spectrum, describing a fully developed sea, was selected because 
of its simple formulation (one parameter). Future research should include other wave spectra 
including JONSWAP.  
 
The USCG generally requires that OPC’s conduct helicopter and small boat operations up to mid sea 
state 5, resulting in a significant wave height of 10.7 feet (3.3 meters). For this research, only the 
RAO’s of the pitch and roll motions at three discrete speeds (3-6-9 knots) and three headings (beam 
waves, bow quartering waves and head waves) at sea state 5 were implemented. The resulting RAO’s 
were combined with the wave spectrum to calculate the motions spectrum of the vessel. The motion 
spectrum is used to calculate the significant motions, the average of the highest 33.3% of the roll and 
pitch motions. Vertical and lateral accelerations on the bridge, in the same conditions, were also 
calculated to give an overall indication of operational comfort. 
 
3.5. Validation 
 
Both the cost analysis and seakeeping module was validated using the Coast Guard National Security 
Cutter (NSC). To validate the cost and seakeeping formulation, the 2.5-D packing approach was 
guided to generate an “as built” replica of the NSC shown in Fig. 3. 
 
Due to proprietary nature of the cost and weight data, differences between the actual ship and the ship 
produced by the 2.5-D packing approach is reported below in Table 3. The fidelity for this weight 
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estimation module is evident by less than a one percent difference between total estimated weight and 
total actual weight of the parent hull. 
 
 

 
Fig. 3: Computer generated version of the National Security Cutter 

 
The larger differences in weight estimation, evident in the SWBS 600 and 700 groups in Table III, are 
caused by inconsistencies between the as-built design systems and the user-defined systems in the 
genetic algorithm. The 600 SWBS group is primarily storage, living and shop spaces. In an as-built 
design, an engineering shop space and berthing space of the same size have different weights based on 
their contents. In the genetic algorithm system definition, these systems were give specific weights 
that were independent of their contents. Therefore, the same sized engineering and berthing space in 
the genetic algorithm have identical group weights. The 700 SWBS group consists of the weapons and 
defense structures and their weight data is proprietary in nature. As a result, the variance in the 700 
group was the result of discrepancies in the weight data and number of user-defined 700 components 
included in the genetic algorithm’s system definition. With improved fidelity in compartment weight 
density and weapon costs, these differences could be reduced further.   
 

Table III: Validation Data of Cost Module 
SWBS Group % Difference Weight % Difference Cost 

100 -1.9 -1.4 
200 +7.5 +5.2 
300 +4.6 +7.2 
400 -6.9 -6.4 
500 -2.0 -2.3 
600 +10.8 +4.9 
700 +12.9 +5.5 

Total Ship -0.4 -1.1 
 
To validate the motions of the hull, the RAO’s and motions predicted by SHIPMO2000 were 
compared to model tests performed on this design. The still-water motion analysis performed at 6 
knots compares favorably to preliminary tow tank motion data for this vessel. 
 
4. Pareto Description 
 
After the cost and motions data was validated by the National Security Cutter design, an extensive test 
case was performed to visualize the relationship between cost and motions in a concept OPV. A 
population of 24 designs, optimized over 1000 generations, resulted in over 26% feasible designs, 
e.g., the genetic algorithm generated 6,800 feasible designs. An optimization function maximizing the 
reciprocal of the total cost and the ship motion coefficient was used to illustrate the relationship 
between these parameters. A  Pareto front (optimum-mix) is observed along the right boundary of this 
plot, Fig. 4. 
 
Fig. 4 illustrates that the lowest cost designs (~ $480 million USD) also have poorest seakeeping 
performance. In fact, a collection of designs with a best cost of $480 million USD is observed for 
motion coefficients less than 6, i.e., relative seakeeping performance can improved at a fixed cost. 
Above this threshold, improvements in seakeeping can only be obtained by increasing cost.  
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Fig. 4: Pareto front plot depicting the tradeoff between cost and motions 

 
5. Costs and Motions Analysis 
 
To investigate the impact of arrangements on cost and motions data, a collection of feasible ship 
designs was created by the 2.5-D packing routine. Each feasible design generated by the packing 
routine contained every system described in Table II, though the physical location of each system 
within the design could change. A design sub-set was analyzed to isolate the effects of layout 
characteristics on both cost and ship motions. The cost analysis focused on the parametric relationship 
between the weight and cost data associated with each design while the motions analysis concentrated 
on the effect of weight distribution. 
 
Test cases consisting of 250 design generations (24 designs per generation) were created with both 
“fixed” and “free” hull dimensions. Because SWBS group 100 is a large driver for both cost and 
weight, i.e., it is comprised of the structural components for the hull and superstructure, the test case 
with fixed hull dimensions eliminated this variance by restricting changes in the principal dimensions 
of the hull (although superstructure size could vary). The free test case allowed geometric variations 
to the hull and superstructure to facilitate an analysis that included the magnitude of physical changes 
to the SWBS group 100 components. 2.5% of the designs with highest and lowest cost and motion 
values (~140 designs) served as a comparison foundation in this research.  
 
5.1. Fixed Hull Dimension Cost Analysis 
 
The conventional correlation between weight and cost is linear, i.e., as weight increases, so does the 
cost. The majority of the fixed hull test case data supports this assertion, Fig. 5.  
 

 
Fig. 5. Overview of High and Low Cost Feasible Designs in Analysis 
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However, some vessels had nearly identical weights but vastly different cost estimations, while others 
had very similar cost estimates, but a large total weight difference. To understand these effects, each 
variable was analyzed to understand its contribution to the overall cost of the vessel. For the fixed 
generation case, the data was examined for associations between the systems inside of the design 
envelope and the total cost of the design. The two largest contributors to the cost-weight exceptions 
were the size of the superstructure and the SWBS group 500 (auxiliary systems). 
 
5.1.1. Cost Considerations for Fixed Hull Superstructures  
 
The superstructure size contributed significantly to the cost variation for different ship designs. Due to 
the logic coded in the 2.5-D packing-based approach, the size and location of the superstructure had 
the ability to vary in both sets of test cases. As expected, the analysis of cost showed that designs with 
a larger superstructure had a greater total cost.  
 
The shipboard volume and SWBS 100 cost for each design’s superstructure provided the quantitative 
support for this relationship. Generally, designs that had larger superstructure volumes incurred higher 
SWBS 100 costs. Table IV illustrates the superstructure volume and cost from randomly selected 
designs within the high and low cost range. The highlighted cells identify the highest and lowest costs 
from the entire generation of designs. SWBS 100 group contributed to half of the $40 million dollar 
cost difference between these designs. Since the hull dimensions are fixed, the only modifiable 
components in the SWBS 100 Group were associated with the ship’s superstructure.  
 

Table IV:. Superstructure and Total Cost Correlation for Feasible Designs 

 
 
Fig. 6 shows the two the OPV designs highlighted above. The designs have the same principal 
dimensions, but noticeably different superstructure volumes and costs. Despite these differences, they 
have very similar seakeeping performances. As such, naval architects can achieve designs with a high 
level of operability and low overall costs by creating concepts that minimize superstructure volume.  

 

 
Fig. 6. Comparison between highest and lowest cost fixed hull designs  
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5.1.2. Auxiliary Machinery Systems (SWBS 500) Cost 
 
SWBS group 500 (auxiliary systems) contains a substantial number of soft objects in the group’s 
system definition. Soft objects are systems that have the ability to deform shape and size within user-
defined deck area or volume requirements. As a result, these systems can have significant cost 
variation. Examples of soft objects include living and engineering spaces, storage rooms, and tanks. 
 
Table V shows the cost breakdown by SWBS group and the respective cost difference between 
selected high and low cost designs. With the exception of the SWBS group 100, the cost difference (in 
percent) in the SWBS group 500 was higher than any other group analyzed. SWBS groups 300 and 
700 were not included in this analysis because their system definition was either area/volume fixed or 
dependent on the hull length (fixed in this case). Not only does SWBS group 500 have the largest cost 
difference between high and low cost designs, this group also contributes to ~30% of the total cost for 
each design, i.e., it drives cost in the model. 
 

Table V: Percent change in cost SWBS correlation for high and low cost designs 

Designs  
SWBS 

100 
SWBS 

200 
SWBS 

400 
SWBS 

500 
SWBS 

600 
High 35 Low 1  - 49.1 - 1.44  - 1.46  - 2.62  + 0.134  
High 34 Low 2  - 39.3 - 1.06  - 2.32  - 3.21  - 0.298  
High 33 Low 3  - 44.2 - 1.67  - 0.657  - 2.39  - 1.31  

 
5.2. Free Hull Dimension Cost Analysis  
 
The test case with varying principal dimensions showed similar patterns to the data observed in the 
fixed case (see Fig. 5). Results from this test case corroborated that varying principle dimensions does 
not skew the conventional correlation between weight and cost, i.e., weight and cost have a linear 
relationship. Additionally, this test case also illustrated significant cost influence by the SWBS group 
300 systems. To further understand the impact of length on design cost and its role in cost 
optimization, the overall length of the design and the cost estimate was explored further. 
  
5.2.1. Overall Length 
 
Of the various dimensions available to define the size of a design, changes in length are the most 
distinguishable and frequent. In the free test case, the vessel length was allowed to vary between 70 
and 150 meters. This collection of designs was examined for relationships between individual SWBS 
group costs and total design costs. The length and cost data from six randomly selected high and low 
cost feasible designs is shown in Table IV.  
 

Table 6. Length and Cost Correlation in Float Case Feasible Designs 
Length of Feasible Design (m) Total Cost (millions USD) 

70 478.4 
70 479.2 
76 489 
128 564.6 
129 569.4 
130 565.1 

 
The genetic algorithm optimized cost by producing designs with shorter lengths. The reduction in 
length was an indication of the genetic algorithm generating more efficiently packed designs and 
optimizing space to reduce the total cost across the 250 generations. The highest and lowest cost free 
case designs are shown in Fig. 6. The high cost design was 57 m longer than the low cost design and 
cost almost $100 million more. The genetic algorithm does not apply limitations to packing density or 
address habitability considerations during the optimization process. However, naval architects can use 
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these relationships to guide their initial efforts during the concept and preliminary design phases. The 
high cost design was 57 meters longer than the low cost design and cost almost $100 million dollars 
more. The genetic algorithm does not apply limitations to packing density or address habitability 
considerations during the optimization process. However, naval architects can use these relationships 
to guide their initial efforts during the concept and preliminary design phases.    
 

 
Fig. 7: Comparison between highest and lowest cost float hull designs  

 
5.3. Fixed Motions Analysis 
 
Overall size and hull shape are also important factor among some influencing ship motions. For the 
fixed test case, the research was focused on the weight distribution of each system in the design. The 
weight distribution data was captured as a histogram across the length of the ship in 5 m increments. 
Fig. 8 displays the general appearance of designs with poor motions’ coefficients and the histograms 
representing the designs’ respective weight distributions.  
 

Fig. 8: Weight distribution for fixed designs with poor motions’ coefficients 
 
The designs with relatively poor motions had an average motion’s value of 0.47. These designs had 
characteristically higher superstructure freeboard that was located forward of the ship’s longitudinal 
center of gravity. Subsequently, the average weighted histogram showed a significant allocation of 
weight in the forward part of these designs. This was representative for most designs with poor 
motions and fixed hull dimensions. However, designs with relatively good motions showed vastly 
different results. Fig. 9 displays the data and results for the designs with good motions’ coefficients. 
The designs with relatively good motions had an average motions value of 0.07. These designs had 
much smaller superstructures, which were located relatively close to the ship’s longitudinal center of 
gravity. The weighted histogram displayed a more equally distributed weight profile over the length 
of the ship compared to the designs with poor motions. The systems arrangement had a broader 
distribution, and the SWBS centers of gravity aligned with the ships’ center of gravity. This weight 
distribution was attributed to the designs with significantly better motions and operability.  
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Fig. 9: Weight distribution for fixed designs with good motions’ coefficients 
 
5.4. Free Motions Analysis 
 
For the free hull dimensions case motions analysis, the research focused equally on both the physical 
features of the designs and their respective weight distributions. In terms of layout and principal 
dimensions, conventional design practices posit that longer ships typically have improved seakeeping 
ability than shorter designs with larger beams. To verify this, weighted histograms were used to 
visualize the relationship between motions, length and weight distribution. Fig. 10 shows the general 
appearance of free designs with poor motions’ coefficients and the histograms representing their 
respective weight distributions.  
 

 
Fig. 10: Weight distribution for free designs with poor motions’ coefficients 

 
The results from the free hull dimensions case showed many similarities to the fixed case. The designs 
with relatively poor motions had an average motions value of 0.42. The majority of the designs from 
this data set were less than 70 meters long and featured superstructures with disproportionally large 
freeboard. The weight distribution indicated a large weight allocation forward of the ship’s longitu-
dinal center of gravity, which again, was attributed to a decrease in ship operability. The common 
relationships between the designs with poor motions in the fixed and free test cases provided 
validation for the motion’s analysis portion of this research.  
 

 
Fig. 11: Weight distribution for free designs with good motions’ coefficients 
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Likewise, the designs with relatively good motions showed both layout features and weight 
arrangements characteristic of improved motions. Fig. 11 displays the data and results for the designs 
with relatively good motion coefficients.  
 
The designs with relatively good motions had an average motions value of 0.06. The average length of 
the designs in the matrix was 138 meters, which was approximately double the average length of the 
designs with poor motions. In most cases, the large superstructure volume was distributed over the 
length of the design (albeit cost disadvantageous), contrasting the short and tall superstructures on the 
designs with worse motions. Similar to the fixed designs with good motions, the weight distribution of 
the free designs was arranged over the entire length of the ship, instead of being concentrated at one 
location. Broad weight distribution, combined with a superstructure with a large length to height ratio, 
improved the overall motions for ships with these design features.  
 
6. Conclusions 
 
Results from the tests cases were used to develop preliminary correlations between layout features and 
the cost and motion estimates in computer-based designs. This research focused on using these 
correlations to support and validate the necessity for using optimization tools, improve the fidelity and 
efficiency of computer-based concept designs and to establish additional design considerations and 
constraints for system layout and architecture. Optimization of space allocation during concept design 
could provide the naval architect with multiple options to reduce the overall dimensions of the design. 
This research showed instances of smaller designs with identical system components having lower 
costs than larger designs, having equivalent, if not better, operability. Subsequently, focusing on 
minimizing superstructure footprint in concept design could further reduce costs incurred during later 
detailed design. This is especially important because designers often view the superstructure as any 
overflow location in volume-limited designs. Naval architects could also use optimization tools to 
pack superstructure components more efficiently. The potential reduction in superstructure 
dimensions would drive the design cost down as well as achieve gains in weight reduction, and, in 
some cases, improved operability. 
 
For designs with identical principal dimensions and system components, this research showed that 
two different designs, with contrasting opposite operability characteristics, could have equal cost 
estimates. An optimization tool could provide the naval architect with the capability to eliminate 
underperforming designs saving both time and money during the concept design phase. For a design 
with free hull dimensions, this research confirmed the conventional relationship between improved 
motions with greater waterline length. However, since longer designs incur larger total costs 
compared to shorter designs, this research also offers the ability to explore those cost-motion Pareto 
front designs. By investigating these trade-offs further, the naval architect has a larger design space 
from which to select the optimal balance between the operability and cost for a design.  
 
7. Future Considerations 
 
The model definition of each system was a significant factor for supporting the fidelity of the 
conclusions and validations from this research. The user defined system files were key input 
parameters for both the cost and motions analyses, and the data acquired from both the fixed and free 
cases was partially dependent on the congruence of the systems over all the designs. For an initial 
concept design phase, the system definition resolution for the genetic algorithm was sufficient in 
comparison to the system allocation performed in traditional concept design. However, as in most 
technical research, refining the detail and scope of the definition aspect of the analysis could improve 
the overall applicability of the cost and motions correlations.  
 
The weight distribution of a design was a major consideration during the motions analysis. 
Specifically, this design feature was closely examined to develop conclusions regarding the motions 
of the fixed case designs. The fixed dimension test cases provided the research with a matrix of 
designs that were constrained by user-defined hull dimensions. The dimensions of these designs’ 
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superstructures, however, were free to change throughout the optimization process. The size and 
design variations for the superstructures contributed to the improvement or reduction in the overall 
designs’ motions value. Constraining the dimensions of the superstructures in conjunction with the 
hull would remove these dependencies, and could provide a better platform for assessing the weight 
distribution for a particular design. In addition, optimizing for packing density or assigning system 
location by fitting a weight distribution curve may further improve design cost and motions. 
 
References 
 
ANDREWS, D.; PAPANIKOLAOU, A.; ERICHSEN, S.; VASUDEVAN, S. (2009), State of the art 
report on design methodology, 10th Int. Design Conf., Trondheim, pp.537-576. 
 
ANDREWS, D.; DUCHATEAU, E.; GILLEPSE, J.; HOPMAN, H.; PAWLING, R.; SINGER, D. 
(2012), Design for layout, 11th Int. Design Conf, Glasgow, pp.111- 137. 
 
BERTRAM, V.; CAPRACE, J.; RIGO, P; MAISONNEUVE, J. (2005), Cost assessment in ship 
production, The Naval Architect, March, pp.6-8 
 
COMSTOCK, E.; KEANE, R. (1980), Seakeeping by design, Naval Engineers J. 92/2, pp.157-178 
 
DAALEN van, E. (2010), SHIPMO 2000 User Manual, Version 09.07.15, MARIN, Wageningen  
 
DEB, K.; PRATAB, A.; ARGAWAL, S.; MEYARIVAN, T. (2002), A fast and elitist multi-objective 
genetic algorithm: NSGA-II, IEEE Trans. Evolutionary Computing 6/2, pp.182-197 
 
DESCHAMPS, L.; GREENWELL, C. (2009), Integrating cost estimating with the ship design   pro-
cess, SPAR Assoc., pp.13-18 
 
FALTINSEN, O.; SVENSEN, T. (1990), Incorporation of seakeeping theories in CAD, Int. Symp. 
CFD and CAD in Ship Design, MARIN, Wageningen 
 
MENON, B; VIENNEAU, J. (1993), SHIPMO Seakeeping Predictions and Correlations, 23rd Ameri-
can Towing Tank Conf., Washington, pp.55-64 
. 
NATO (2000), Common Procedures for Seakeeping in the Ship Design Process, Standardization 
Agreement, STANAG 4154 
 
SARAVI, M.; NEWNES, L.; MILEHAM, R.; GOH Y.M. (2008), Estimating cost at the conceptual 
design stage to optimize design in terms of performance and cost, 15th Int. Conf. Concurrent Engineer-
ing, Belfast, pp.123-130 
 
SHETELIG, H. (2013), Shipbuilding cost estimation – Parametric approach, M.Sc. Thesis, Norwe-
gian University of Science and Technology, Trondheim 
 
STRAUBINGER, E.; CURRAN, W.; FIGHERA, V. (1983), Surface ship weight estimating, Naval 
Engineers J. 95/3, pp.127-143 
 
VAN OERS, B.J. (2012), A Packing Approach for the Early Stage Design of Service Vessels, PhD 
Thesis, Delft University of Technology 
 
VAN OERS, B.J.; HOPMAN J.J. (2012), Simpler and Faster: A 2.5D Packing-Based Approach for 
Early Stage Ship Design, Int. Marine Design Conf., Glasgow, pp.297-316 
 
 



 

191 

Application of Fully resolved Large Eddy Simulation to Self-Propulsion 
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Abstract 

 
The final goal of this research is to establish an alternative technology of a towing tank test by using 
numerical method which has not been realized yet. In previous work, the flow around the KVLCC2 
model-ship without propeller was simulated by fully-resolved Large Eddy Simulation using tens of 
billions grid points. This paper describes the self-propulsion test case by an advanced method where 
the overset method is improved and local time-stepping method is implemented. Computational 
performances are discussed and qualitative analyses of the simulated flows were given with 
visualisation of the vortices from the hull flowing into the propeller blade. 

 
1. Introduction 
 
Although marine CFD (Computational Fluid Dynamics) researchers have contributed to power 
estimation of a ship by CFD simulations since the 1990s, the numerical towing tank still has not 
replaced the real towing tank tests completely. Simulations based on the Reynolds-averaged Navier–
Stokes (RANS) equations have a critical limitation of prediction accuracy in simulating the turbulent 
boundary layer on the ship hull, which is composed of an accelerated region at the fore part, a 
boundary layer region similar to a flat plate near the midship, and a nearly separating region at the aft 
part. Also there is no turbulent model which we think is fully satisfactory for the prediction of flows 
around the propeller, the rudder and the appendages simultaneously. The (future) solution to this is 
widely regarded as a direct numerical simulation of the significant turbulent structures. 
 
About half of the ships built in Japan are tested in the towing tank by the Shipbuilding Research 
Centre of Japan (SRCJ), where the measurement error is estimated to be less than one percent of the 
total resistance.  This accuracy requirement might be over-expectation considering the errors due to 
the extrapolation procedures to full-scale ships. However, the towing tank tests are understood by the 
ship owners to be much more accurate when compared to CFD simulations. 
 
On the other hand, the international requirement for an authenticated Energy Efficiency Design Index 
(EEDI) has brought about an attention to the shipbuilding industry to rush for the development of a 
compliant vessel. This has led to a temporary shortage of towing tank capacity, and this situation has 
facilitated studies on CFD technology as a future alternative to towing tank tests. 
 
Nishikawa et al. (2012) described one of the world’s first applications of a quasi-direct numerical 
simulation to the resistance test. This method is based on the direct simulation of turbulence by a 
fully-resolved LES (Large Eddy Simulation) which resolves active streamwise vortices dominating 
the characteristics of the turbulent boundary layer. Nishikawa et al. (2013) also described computation 
of a complete model-scale Reynolds number (4.6×106) using 32 billion cells. Several different kinds 
of the turbulent boundary layer around the hull were successfully simulated. A good agreement with 
experiments on the integrated viscous resistance was confirmed. In this paper, the improvements of 
this method in order to apply to a simulation of a propulsion-test will be described. In propulsion-tests, 
the flow is more complicated; the complex turbulent structures induced by the hull interact with the 
propeller rotation. Results of this simulation may also be used to improve turbulence models for 
steady or unsteady RANS or Detached Eddy Simulations. 
 
2. Computational method 
 
The flow solver, called FrontFlow/blue (FFB), was developed in the “Innovative Simulation Software 
Project” sponsored by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) 
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of Japan. The solver simulates turbulent flows, adopting LES with second-order accuracy in terms 
both of time and space, see Kato et al. (2007) for details. A dynamic Smagorinsky model (DSM) of 
Smagorinsky (1963), originally proposed by Germano et al. (1991), and later modified by Lilly (1992), 
is implemented for the SGS (sub grid scale) model.  
 
The accuracy of FFB has been validated in a number of fundamental benchmark tests as well as in 
various types of flow-related products, e.g., see Uddin et al. (2006), Kato (2011). 
 
For large-scale industrial LES, there are two essential problems to overcome, namely grid generation 
and massively-parallel computation. For grid generation, a run-time grid refinement method is 
implemented in the solver. This automatically divides a grid cell into two in each direction during the 
computation. In FFB, the original CAD data is referred to during grid refinement as shown in Fig.1, 
and this improves the accuracy on the geometry representations. In this research, an initial grid 
composed of several tens million cells is generated manually, and then it is refined three times to fulfil 
the required resolution at run time.  
 

 

Fig. 1: Grid refinements procedure near body surface 
 
For the massively-parallel computation, K computer, Yonezawa et al. (2011), is used in this study. 
This computer is a distributed-memory supercomputer with more than 80,000 compute nodes. The 
theoretical peak performance of the CPU is 128 GFLOPS and the theoretical peak memory-access 
performance is 64 GBytes/s. FFB is tuned for K computer and the sustained performance has been 
improved to 8 % of the peak performance for single-node computation (see Kumahata et al. (2013) 
for details). Regarding the parallelization techniques, an overall performance of 115 TFLOPS has 
been accomplished in a computation using 30,000 nodes (240,000 cores), which is about 75 % of for 
the single-node performance. 
  
3. Computational conditions 
 
3.1. Computational model 
 
The KVLCC2 benchmark test case, originally proposed by Kim et al. (1998), and adopted as a test 
case in the CFD workshop (see Larsson et al. (2010)), was used in this study by as shown in Fig. 2. 
The main dimensions are shown in Table I. The origin of the coordinates in this computation was set 
to the baseline of the Aft Perpendicular (A.P.). The effects of the free surface are negligibly small at 
the designed Froude number, Fn=0.142. Thus, a symmetry boundary condition was imposed at the 
still-water plane. 

 
Table I: Main dimensions of the computational model 

 
Lpp B T S CB Vm DP rpm 

5.5172 m 1.0 m 0.3586 m 8.0838 m2 0.8098 1.047 m/s 0.17m 423 

GRID 

CAD 
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Fig. 2: KVLCC2 hull 

 
3.2. Computational grid 
 
To achieve the required level of accuracy with a smaller number of grid cells, hexahedral cells were 
used in this computation. Approximately 67 million hexahedral cells were used for the ship hull as the 
initial mesh as seen in Fig. 3. Then, an overset grid was adopted for the rotating propeller. In Fig.3, 
the propeller region is shown in the blank part in front of the rudder. Approximately 20 million 
hexahedral cells were used for the propeller region. Fig. 4 shows surface grids for the propeller. The 
initial mesh for the hull was designed such that it is able to resolve the streamwise vortices of the 
target Reynolds number when it is refined by three times. Hereafter, the refined grid is called “ha-pb”, 
where a and b represent number of refinements for hull and propeller regions. 

       
Fig. 3: Computational grid of hull surface and the centre line plane 

 

         
Fig. 4: Computational grid of propeller surface  

(a):pressure side; (b):suction side; (c):tip on suction side; (d):root on suction side 
 
4. Results 
 
4.1 Computational setup and performance 
 
The numerical propulsion-test involves a multi-scale problem requiring proper resolutions for 
different size of vortices for the hull, propeller, rudder and appendages. In FFB, local time-stepping 
method is implemented in order to moderate otherwise unavoidable increase in the computational cost. 

(a) (b) (c) (d) 

X 

Z 

Y 
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The size of the dominant vortices in the boundary layer on the hull is about 0.87mm at the towing 
speed of Vm=1.047m/s. On the other hand, the tip speed of the propeller is approximately four times 
faster than the towing speed (3.77 m/s) which results in 4 times smaller-scale vortices (0.19mm), if 
the boundary layers on the propeller blades are turbulent. The grid was initially designed such that h3-
p2 grid with 35 billion cells fully resolves the dominant vortices in both boundary layers. Without 
using local time-stepping, the computational cost for the h3-p2 grid will be 16.5 
(=0.87/0.19×3.77/1.047) bigger than that for the bare hull computation with h3 grid. 
 
However, the Reynolds number of the propeller represented by the chord length at the 70 % of the 
radius (about 0.03m) and the velocity at the same position (about 2.64m/s) is as small as Re=6.3×104. 
Therefore, the boundary layer on the propeller blade is most likely to regarded as laminar, and the 
initial mesh for propeller is mainly used which can resolve the laminar boundary layer. 
 
Table II shows computational performance for four different kinds of grids. The computational 
performance by h3-p0 grid is about a half (0.536=10.7/14.7/1,257,121×926,377) of the performance 
by h3 grid for the bare hull computation. In this propulsion-test computation, the dynamic pressure for 
the propeller rotation is about 13 (=3.772/1.0472) times bigger than that for the towing speed. Thus, in 
order to accomplish accurate computation, the flow solver was improved to receive pressure value on 
the overset boundary as well as the velocity values and this is one of the reasons for the increase of 
the computational cost. 

Table II: Computational setup and time 
grid number of grid 

cells for hull 
number of grid 

cells for propeller 
number of 

compute nodes 
grid cells / 

compute node 
sec/ time step 

h3 30,895,016,448 - 24,576 1,257,121 10.7 
h0-p0 66,654,154 20,245,576 512 169,726 3.2 
h2-p1 4,265,865,856 161,964,608 8,192 540,507 9.6 
h3-p0 34,126,926,848 20,245,576 36,861 926,377 14.7 
 
Note that the computations by h0 and h2 grid were done at the reduced Reynolds number, i.e., h0 for 
Re=5.75×105, h2 for Re=2.3×106 and h3 for Re=4.6×106 respectively. 
 
Moreover, in the actual computation, time steps per one revolution of the propeller for the p0 grid 
were 2048 steps/rev. Thus, 37.17 (=5.5172/1.047×7.053) revolutions are needed for the computation 
of one non-dimensional time (i.e., Vm/Lpp=1) computation, and it takes 79,116 (=37.17×2048) time 
steps for one non-dimensional time computation. In the computation for the bare hull by h3 grid with 
31 billion cells, 16,000 time steps was needed for one non-dimensional time computation 
(dt=6.25×10-5). Thus, the increase of the computational cost for the propulsion-test computation by 
h3-p0 grid will be by a factor of 5.5 (79,116/16,000×34,147,172,424/30,895,016,448) greater than 
that for the bare hull computation. 
 
The local time-stepping method can reduce the computational cost by a factor of 2.5 when the time 
scales differ by 5 times, and as a result, the total increase cost will be by a factor of 4 (=5.5/0.536/2.5) 
when compared to the bare hull computations. 
 
4.2 Vortical structures in the turbulent boundary layers 
 
The vortical structures at the aft part of the ship are discussed for the results computed by the two 
meshes with different grid resolutions. Fig. 5 shows distributions of vorticity magnitude on the hull 
surface and iso-surface of the second invariant of the velocity gradient tensor which represents the 
vortical structures near the propeller. The vortices are spreading out to the propeller from the side and 
downstream of the stern bulb. Fig. 5(a) shows the results of the computation by the initial grid (h0-p0) 
with 87 million cells and Fig. 5(b) shows that by refined h2-p1 grid with 4.4 billion cells. Finer 
vortices appear in the refined grid computation. 
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Fig. 5: Instantaneous distributions of vorticity magnitude of hull surface and vortical structures near 

the propeller 
            (a): h0-p0 grid computation with 87 million cells; 
            (b): h2-p1 grid computation of 4.4 billion cells 
 

      

 
Fig. 6: Instantaneous distributions of vorticity magnitude on propeller surface and vortical structures 

(a), (b): initial grid, h0-p0 with87 million cells viewed from pressure (a) and suction (b) sides; 
(c), (d): h2-p1 grid computation with 4.4 billion cells viewed from pressure (c) and suction (d) sides 

 
Fig. 6 shows instantaneous distributions of vorticity magnitude on propeller surface and vortical 
structures near the propeller. Finer and more vortices as well as the stronger vorticity are successfully 
simulated by the refined h2-p1 grid with 4.4 billion cells. Especially in Fig. 6(d), interaction between 
the propeller blades and the vortices coming from the hull is observed for the bottom blade and left-
side blade indicated by the black circles. Fig. 7 shows an enlarged view of the bottom blade. This 

(a) (b) 

(d) (c) 

(a) (b) 
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figure implies that the propeller boundary layer is significantly affected by the vortices flowing from 
the boundary layer on the hull surface, which in turn will affect the propeller performance. However 
the streamwise vortices in the turbulent boundary layer on the hull surface is not fully resolved by the 
preset LES with the refined grid, h2-p0, with 4.4 billion cells. Therefore, the growth of the boundary 
layer on the hull surface is not accurately predicted in the preset LES. Much finer vortical structures 
should be confirmed in the boundary layer at the target Reynolds number as seen in Fig. 8 when LES 
has fully resolved such vortices. 
 

 
Fig. 7: Vortical structures in the suction side of 

 the propeller blade computed by refined 
 grid, h2-p1 with 4.4 billion cells 

 
Fig. 8: Vortical structure in aft part of bare hull  
           Computed by refined h3 grid with 32 

 billion cells 
 
4.3 Flow fields near the aft part of hull 
 
Hereafter, mainly the results obtained by the refined h2-p1 grid composed of 4.4 billion cells are 
discussed with a qualitative analysis on the interaction between the flows around the hull and the 
propeller. As previously mentioned, this computation was done at the reduced Reynolds number by a 
factor of two.  
 
Fig. 9 shows instantaneous distributions of streamwise velocity component in cross sections 
perpendicular to X axis at the aft part of the ship. At x/Lpp=0.075 and 0.05, the boundary layer 
rapidly grows at the hollow part above the stern bulb due to the strong adverse pressure gradient. At 
x/Lpp=0.025, just upstream of the propeller, the wake of the hull spans a circle with the propeller 
diameter, and the low-velocity region (shown in green) is roughly consistent with the wake ratio of 
the self-propulsion test, i.e., 1-WT=0.557(=JnDP/Vm) where J, n, DP and Vm are the advance coefficient, 
the rate of propeller revolution, the propeller diameter and the model-ship speed respectively. 
Moreover, taking a closer look at x/Lpp=0.025, acceleration of the flow in the small region (shown in 
red) upstream of the propeller tip of the bottom blade is observed. Also, at the A.P. section, an 
accelerated part is observed at the downstream of the propeller. 
 
Fig. 10 also shows an accelerated region downstream of the propeller, with stronger acceleration on 
the starboard side (than to the port side) due to the direction of the propeller rotation. Fig. 11 shows 
instantaneous distributions of streamwise velocity component on the vertical plane at the centreline, 
with an accelerated region just downstream of the bottom blade of the propeller. For reference, the 
bare hull’s result of refined h3 grid with 32 billion cells is shown in Fig. 11(b). By comparing to this 
result, the turbulent boundary layer has not fully grown at the base line of the hull in the present LES. 
 
Fig. 12 shows limiting streamlines at the starboard side of the aft part of the ship. Fig. 12(a) shows the 
effects of the propeller on the upstream streamlines. For the propulsion-test computation, these 
streamlines which were in the downward direction for the resistance-test computation (Fig.12(b)) turn 
to the horizontal direction upstream of the propeller due to the rotation of the propeller (Fig.12(a)). 
Furthermore, at the upstream of the propeller and just above the upper propeller tip-height, separation 
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is observed which does not exist for the resistance-test computation. This causes the low-velocity 
region shown in x/Lpp=0.025 near the upper propeller blade in Fig. 9. This effect remains in the green 
part of the A.P. section due to the disturbance of mixing of the flow by the rudder. 
 

      
Fig. 9: Instantaneous distributions of streamwise velocity component at x/Lpp=0, 0.025, 0. 05, 0.075  
            computed by refined h2-p1 grid (4.4 billion cells) viewed from starboard side 
 

      
Fig. 10: Instantaneous distribution of streamwise velocity component on horizontal plane at shaft  
             center height computed by refined h2-p1 grid (4.4 billion cells) viewed from bottom 
 

      
Fig.11: Instantaneous distribution of streamwise velocity component on vertical plane of centreline 
            (a): refined h2-p1 grid with 4.4 billion cells; (b): resistance-test refined h3 grid with 32 billion cells 

(a) 

(b) 

Starboard side 

Port side 

U/Vm 

U/Vm 

U/Vm 

Base line 
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Fig.12: Limiting streamlines at starboard side of the aft part of the ship 
            (a): propulsion- test computation by refined h2-p1 grid composed of 4.4 billion cells; 
            (b): resistance-test computation by refine h3 grid composed of 32 billion cells  

 
5. Conclusions 
 
In this paper, propulsion-tests for KVLCC2 were simulated with direct simulation of turbulence. The 
computational performance was discussed and the qualitative analyses of the simulated flows showed 
that the present computation was reasonable. The visualisation of the vortices flowing from the hull 
into the propeller blade is the most important results in this paper which are: 
 
1. The incoming flow of the propeller is greatly affected by the rapid growth of the boundary layer 

on the hull surface at the aft part of the ship 
2. Critically low-velocity flow is observed just above the propeller tip of the upper blade and a 

separation on the hull surface is observed which does not exist in the bare hull’s computation. 
3. The downstream acceleration of the propeller is stronger on starboard than on port. 
4. The low-velocity flow remains farther downstream than expected due to the disturbance of the 

mixing of the flow by the rudder. 
5. The wake of the hull spans a circle roughly corresponding to the propeller diameter, and the clear 

low-velocity region is roughly consistent with the wake ratio of the self-propulsion test. 
 
The fully resolved LES, h3-p0 is currently underway, the results of which will be discussed in the 
presentation. The present quantitative analysis will be given with experimental comparisons with the 
measured data.  
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Abstract 
 
This paper focuses on a method for evaluating the ship equilibrium point starting from the 3D 
geometry of ship hull and its compartments, the distribution of weights onboard and sensors data. It’s 
crucial information for naval operator to know the current floating condition of the ship, but more 
interesting is to simulate different loading scenarios and to compare them to the reality evaluating the 
change into reserve of stability. The authors used the stability engine on a set of low cost embedded 
boards. This boards are low energy consumption and very quick to start in respect to traditional 
computer resources.  
 
1. Introduction  
 
The paper focuses on the calculation of the asset of a naval object independently of its size (little or 
big hull) and its application (military or civil). The approach for evaluating the ship equilibrium point 
was presented in Calabrese et al. (2012). This paper describes the lessons learned and the new 
developed functions on a new architecture based on low cost embedded devices. 
 
The complexity of information necessary to monitor, control and manage naval systems are the 
interest issues for the effort in this research. The core of all stability systems is the evaluation of ship 
attitude (given by draft, heel angle and trim angle) starting from a given loading and/or damage 
condition. The Stability System (SS), developed by the authors, calculates all conventional hydrostatic 
properties at a given condition, verifies the stability analysis and the compliance with various stability 
rules.   
 
The ship asset is calculated using a FEA-like method (Finite Elements Analysis) on a set of 3D mesh 
models (describing the geometry of the ship in terms of hull and its compartments), the distribution of 
all weights on board (declared by the operator) and, if present, level sensors data (automatically 
acquired by the system). In this work the description of the algorithm used for obtaining the ship 
floating condition (draft, heel angle, trim angle) by SS module is done.  
 
The authors integrated technologies such as expert systems, platform management, simulators, and 
human-system interfaces into an architecture able to assist the crew in taking corrective actions. 
In fact, for naval operator the knowledge of the current floating condition of the ship and the main 
ship stability parameters is crucial information, but more interesting is the possibility to evaluate a 
new condition corresponding to a different load distribution and its reserve of stability, in intact and 
damaged conditions. For this reason, the authors used the SS on a set of low cost embedded boards on 
board to ship. Using SS the operator can simulate different scenarios of loading of the ship and 
compare them to the reality.  
 
Paper remainder is structured as follows: section two reviews the architecture with the related 
evaluation of benefits; section three introduces the software, including algorithm description and input 
model details; section four illustrates the design and implementation aspects of the developed system; 
section five reports the comparison of the simulation results for the ship asset calculation between SS 
and AVEVA Marine, www.aveva.com, a naval stability tool; section six concludes the paper with a 
summary of its contributions and draws avenues for future research. 
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2. Architecture 
 
2.1. Single Board Computers on distributed system 
 
Stability System runs on a peer-to-peer distributed system. Each machine of the system interacts with 
each other in order to achieve a common goal. Machines are located on a redundant network and 
they communicate and coordinate their actions by passing messages. Most significant characteristic of 
this type of system is the independent failure of machines, so there is no single point of failure.  

 
The stability calculation is executed after that an established threshold into data acquired from the 
network is reached or after an operator request. The request of calculation is sent to all machines.  
Only one machine, named “Primary Engine” (PE), has the control of the ship and it runs the real-time 
stability calculation and informs other machines that the calculation is in progress, Fig. 2. After the 
calculation, the PE sends the outputs to all other machines, named “Secondary Engine” (SE). Each 
machine can assume the PE role and it is equal in terms of characteristics and features. Each machine 
has a priority configuration feature. In case of fault, the system uses a priority mechanism for the 
determination of primary engine to be dedicated to the real time calculation. 
 
In fact, if PE does not communicate with other machines within an established time slot, the network 
proceeds with the reconfiguration of the system, considering PE engine like off-line and electing as 
primary to the secondary machine with higher priority. The new PE performs the calculations related 
to the request. In order to restore the engine off-line, the engine on-line reconfiguration is required by 
the system administrator. All machines can execute simulation stability calculation related to different 
scenarios for evaluating a better loading configuration. At this moment, the simulation calculations 
are not shared between the machines. Future research will be addressed to merge the scenarios insert-
ing an intelligence system that selects more suitable scenario basing the choice according to an appro-
priate rule defined in configuration (draft or heel angle under an established threshold, GM threshold, 
…). The more convenient scenario will be sent to all machines as decision support for the execution 
of the operations on board.  
 

  

Fig. 2: Primary Engine (PE) runs the calculation and sends the outputs to other machines (SE). 
 

 

            
 

Fig. 1: A peer-to-peer (P2P) network in which interconnected nodes ("peers") share resources  
            amongst each other without the use of a centralized system. On the right an example of fail- 
          ure of other nodes: the system works using the remaining machines. 
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2.1. Hardware 
 
Due to safety, security and economics aspects, the authors have developed new functions on Stability 
Software for realizing an architecture based on low cost embedded devices. SS runs on mini PC like 
Radxa pro. These devices are low cost, small size computers that plug into a computer monitor and 
use a standard keyboard and mouse. They have the ability to interact with the outside world. Radxa 
pro is a Singe Board Computer with a quad core ARM processor that can run Android or some Linux 
distributions, http://radxa.com. It also features 80 pin 2.54mm headers, which makes it easy to 
connect other sensors like tank level sensors.  
 

  
Fig. 3: Radxa 

 
The embedded boards are low energy consumption, so it is possible to redundant them with low cost. 
Using a set of low cost embedded boards, it is possible to have on the ship multiple stability 
calculation stations on board. In this manner, at the same time, the ship has potentially multiple SS 
engines. It means that the probability to have an available SS engine on the ship is considerably 
increased, not only in case of failure but also in case of black out.  
 
In addition to these advantages, using multiple engines, starting from the real ship loading it is also 
possible to quickly simulate different what if scenarios modifying the loads position and to compare 
them to the reality. Having more details on different loading scenarios, the operator can select the 
more convenient scenario and verify the final ship asset related to the movement of loads before to 
execute the changes on board.  
 
Redundancy and multiple engines ensure more safety to the ship navigation and its passengers/crew.  
Another benefit of Radxa device is the very quick starting in respect to traditional computer resources. 
This aspect is very important also in case of failure, because it allows to rapidly re-configure one or 
more machines.  
 
3. Software  
 
3.1. Algorithm Description 
 
3.1.1. Models and geometric proprieties  
 
The stability algorithm works on the mesh of 3D hull and compartments models. Each mesh is a 
discrete model in a standard format. 3D model input file describes the exact geometry of each object, 
by a collection of facets, each of them composed by three vertices in the geometric reference system.  
The file format used to store the 3D geometry mesh is represented by the universally accepted format 
wavefront (having .obj as typical files extension, Fig. 4) which can be exported from common CAD 
software. It is open and has the advantage to store by default vertices in a counter-clockwise order.  
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Fig. 4: Hull mesh model example 

 
Consider the ship in a particular position established by draft, heel and trim parameters, Fig. 5. The 
calculation of all geometric proprieties takes into account the exact contribution of facets involved in 
the submerged part of the ship, Fig. 6, Calabrese et al. (2012).   
 

 
Fig. 5: Draft, heel and trim 

 
 

Fig. 6: Representation of geometric proprieties calculation 
 
The algorithm for this calculus comes from gaming programming, Dickheiser (2006), where the re-
quirement of realism in dynamic simulation naturally leads to increased expectations of the players. 
Stability System implements an efficient method to compute buoyancy on rigid bodies, Bourg (2001), 
Kallay (2006), Conghong et al. (2007), through algorithms based on a FEA-like method (Finite Ele-
ments Analysis).  
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3.1.2 Hull Model and photogrammetry   
 
Considering that the calculation of the geometric properties takes into account a mesh object in a 
generic space position, it is applicable to any type of ship, with little or big sizes, aimed for military or 
civil application. The mesh format is a commonly used and easily obtainable format. 
 
In the shipbuilding field, as well as in other sectors (aeronautics, mechanics, automobile), there are 
several circumstances where accurate and reliable three-dimensional (3D) measurements are required, 
Menna et al. (2010). In particular, the hull model generally comes from the shipyard, but it can also 
come from the new digital techniques, Fig. 7. In the last decade, the 3D modelling of floating objects 
or semi-submerged objects is executed using digital photogrammetry method both underwater and 
terrestrial. Retrieving the actual shape of an existing vessel or its part can be necessary when no 
product information exists as in the case of digital documentation of maritime heritage, Menna et al. 
(2011), or when such information is considered unreliable because of deformation and/or damages 
occurred over time, Menna and Troisi (2007). The photogrammetric technique has been successfully 
employed for obtaining dense and accurate 3D models of free form surfaces from digital images in 
accurate, flexible and economical way. The underwater photogrammetry technique has been proved 
useful for mapping and retrieving the shape and geometry of objects completely submerged. 
 

  
Fig. 7: Example of hull model shape 

 
3.1.2. Ship asset calculation 
 
Ship Stability calculates main parameters taking into account the loading and damage conditions set 
by the operator and the tank filling levels (coming from the sensors network or manually insert by the 
operator, Fig. 8). In fact, the system provides the automatic acquisition of the tank level data, but if it 
is not available (for fault condition or if it is not present) the operator can manually insert tank level 
data. 
 
The calculations take into account the following constraints: the nonnegative property of the mean 
draft, and the belonging interval [-π/2, π/2] of the heel angle and trim angle.  The output of the equi-
librium condition calculation is the triple of parameters that defines the floating condition, i.e. the ship 
asset, defined by the draft, the heel angle and the trim angle. A Newton-Raphson method is used for 
obtaining the floating condition while the ship freely floats in the still water. While the ship floats in 
the still water freely, two conditions should be satisfied: the total weight equals to the buoyancy (dis-
placement) and the center of gravity and center of buoyancy lie on the same vertical line. Therefore 
the key to get the equilibrium position is to balance the displacement and the total weight so that the 
perpendicular distance between the acting lines of the buoyancy and weight, i.e. the global righting 
lever, is zero, Shalck et al. (1990), Kallay (2006), Lu et al. (2007).  
 
When looking at the equilibrium condition, using an adaptive convergence method, iterations on the 
unknown draft, trim and heel angles, are performed. The exact calculation of the submerged volume 
in a generic asset is fundamental for a good approximation of the stability results. In case of damage, 
the real center of gravity due to the damage and the new center of buoyancy are calculated.  
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Fig.8: Evaluation of ship asset 

4. Stability System 
 
The SS software is designed for onboard loading calculations, ship stability analysis, and emergency 
response. SS incorporates a wide range of ship’s calculations: hydrostatics, intact stability, damage 
stability and decision support features that make the system ideal for fast analysis of ship stability in 
emergency conditions. It executes the following: calculation of deadweight and displacement, free 
surface effect, calculation of floating position, calculation of GZ-curve, Fig. 9. 
 
SS is easy to use: user operations, such as defining and editing loads, can be done simply by clicking 
on the tank plans on the graphics area or by using tables. Compliance with the relevant intact and 
damage stability regulations for the actual loading conditions is automatically checked. All loading 
conditions changes are quickly simulated in order to provide sufficient trim and stability during the 
operation of the ship. 
 
Stability System benefits are the following: improved ship performance and marine safety, support for 
decision-making, dynamic graphical user interface, all calculations based on 3D mesh model. 
 

 
Fig. 9: Evaluation of ship asset 

 
The next section shows simulation results. 
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5. Simulation Results  
 
The validation of the stability algorithm was done through a comparison with AVEVA Marine, a 
naval stability tool. The simulation was done using a test configuration in manner to reproduce a test 
having a significant heel angle. Considering a reference system with axis direction positive to port, 3D 
hull model with the following dimensions: Overall length LOA = 109.08 m, beam B = 14.87 m, depth 
D = 8.18 m and four tanks in intact condition with different percentages of filling, Table I. The 
equilibrium condition is calculated by the SS and AVEVA Marine, obtaining the results in Table II. 
Results show that SS calculates the same draft of AVEVA Marine; the difference on heel angle is 
only 0.01° and the difference on trim value is only 2 mm.  
 

Table I: Loading and damage condition  
  % SG Weight [t] LCG [m] TCG [m] VCG [m] 
Lightship    4500.00 54.80 -0.02  6.95 
Load 1    400.00 37.00 1.20 1.50 
AP0002 WB 85 1.025 9.2 2.64 -1.67 3.67 
AP0004 WB 85 1.025 14.3 7.43 -1.99 3.56 
AS0001 FW 100 1.000 10.5 2.61 1.76 3.72 
AS0003 FW 100 1.000 16.4 7.41 2.07 3.62 

 
Table II: Algorithm results comparison. 

Parameters Stability System AVEVA Marine Absolute Error  
Draft 5.637 m 5.637 m 0.000 m 
Heel to port 11.68° 11.67° 0.01° 
Trim by the stern 0.819 m 0.821 m 0.002 m 

 
6. Conclusions  
 
This paper describes the Stability System with details of its architecture and software algorithm. The 
comparison between the SS results and AVEVA Marine software results was done. The benefits of 
Stability System in terms of the system architecture and of the calculation algorithm based on mesh 
model are illustrated. A peer-to-peer system with low-cost embedded boards is used and multiple en-
gines are available on the ship for the stability calculation in real time and in simulation modality. In 
case of fault, the system uses a priority mechanism for the determination of primary engine to be ded-
icated to the real time calculation. The simulation of alternative scenarios for re-floating the ship is 
available also on multiple secondary machines. This type of architecture ensures more decision sup-
port for the execution of operations on board and it is applicable independently by the ship sizes and 
mission. The choice of the file format for hull and compartments ensures compatibility with common 
CAD software and with digital technologies like photogrammetry. Future research will be addressed 
to the test on little size hull for civil applications and to the development of sharing simulation stabil-
ity scenarios between machines as improvement into decision support. 
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Abstract 
 
This paper is concerned with a just-in-time scheduling problem of block-assembly lines conveyorized 
in a shipyard in Japan. The blocks fabricated are stocked for pre-fitting and painting works and they 
are provided to pre-election area. We proposed a new method called as ‘Max-plus Method’ of batch 
processing type to solve the problem. In some cases, however, this method cannot satisfy a 
synchronization constraint that pre-subblocks must be fabricated in several assembly lines before the 
corresponding subblocks are fabricated in one assembly line. Also it cannot manage the stockyard 
very well except the utilization of round-robin type. In the paper, another new method called as ‘Heap 
Method’ of sequential processing type is proposed, which is inspired from the Heap Model in the 
application field of Max-Plus algebra. It is shown that the above unsolved problems can be solved 
effectively.  

 
1. Introduction 
 
A shipbuilding company in Japan, Oshima Shipbuilding Co., Ltd (O-shipyard in the following), 
specializes in the fabrication of bulk carriers with the almost same size. The layout of the shipyard is 
shown in Fig. 1. In particular, in one production cycle, the tandem construction of a pair of ships is 
possible. Also they have block-assembly lines conveyorized (see Photo 1) and a block stockyard with 
capacity for a pair of ships in front of pre-erection area. Although this company has been delivering 
annually around 30 ships, the more productivity is expected. For the purpose, the more elaborate or 
systematic scheduling approach is required, that is, the assembly start times of several hundred blocks 
in each production cycle must be determined to meet the erection dates just in time and not to cause 
the overflow in the stockyard (see Photo 2, Fig. 2). However it is not so easy to solve such a 
scheduling problem using commercial software packages. In fact, they are suffering from using a 
basic software like spreadsheet in Fig. 3 for solving their scheduling problems. 
 

 
Fig. 1:  Layout of a shipyard in Japan 

 
We are concerned with a pull-type scheduling problem in block assembly lines. In our previous study, 
Kajiwara et al. (2010) proposed an approach, Max-plus Method, and applied it to real problem in the 
shipyard mentioned in the above, where blocks are fabricated by assembling several subblocks using 
conveyor lines, and subblocks are fabricated by assembling several parts using conveyor lines.  Some 
preceding subblocks are put in the same line or the other line from the viewpoint of production 
levelling.  
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We formulated such a pull-type scheduling problem as a combinatorial optimization problem to 
minimize the sum of idling days subject to space constraints on capacities of conveyors and 
stockyards, time constraints on synchronizing conveyors, taking account of a dispatching rule used in 
the conventional scheduling to determine the assembly order of blocks. In particular, we developed 
Max-plus algebra based models of a conveyor line and a stockyard in order to put the constraints into 
a linear equation which gives a maximal solution. As the result, we had a pull type scheduling with 
the smaller block stocking amount compared with the conventional scheduling.  
 
However we have left several problems on synchronizing subblock-assembly lines exactly, and 
utilizing the stockyard more efficiently etc. In order to discuss these problems, in the paper, we will 
take another new approach, that is, Heap Method to realize a sequentially-iterated scheduling. In 
contrast, we can say that the Max-plus Method is a batch processing.  
 
Heidergott et al. (2005) present an idea for the push-type scheduling based on a heap model and the 
max-plus algebra. Kajiwara et al. (2012) have modified the idea to the pull-type scheduling. This 
heap-model-based approach is described in the Appendix.  The Heap Method is proposed in this 
framework.  
 
2. Problem Formulation and Solving Method 
 
2.1. Formulation of scheduling problem 
 
A ship is divided into blocks, which are fabricated from subblocks, Fig. 4. Some subblocks are 
fabricated from pre-subblocks.  
 

  
Photo 1: Block assembly line Photo 2:  Block/subblock stockyards 

  
Fig. 2: Stock overflow in planning Fig. 3: Conventional scheduling tool 



 210

 
Fig. 4:  Blocks, subblocks and pre-subblocks  

 
Fig. 5 shows the layout of the O-shipyard. There is one dock which can contain four ships. One pair 
of Ship A / Ship B and another pair of Ship C / Ship D are constructed alternately. In order to manage 
such a dock cycle, it is necessary to prepare all the blocks until the erections begin. Because of the 
short period of erection, the shipyard has the block stockyard (Stockyard 1,…, Stockyard 8) to store 
blocks of two ships, with the capacity of 120 blocks.  It has 8 block assembly lines (Line 1,…, Line 8) 
and 5 subblock assembly lines (Line 11,…, Line 15) which are implemented as conveyors.  Between 
block assembly lines and subblock assembly lines, there is the subblock stockyard (Stockyard 11,…, 
Stockyard 15) with the capacity of 80 subblocks.  The related parameters m, c and n are shown in 
Table 1, which are the number of surface plates on conveyor,  the pitch of conveyor (days divided by 
surface plates), and the number of stock areas assigned to conveyors respectively. Each line is able to 
fabricate blocks in a constant pitch c.  
  

 
Fig. 6 shows the actual numbers of blocks fabricated in the O-shipyard in a year (the 12 months from 
2009 to 2010).  There are 7 cycles in which each cycle has around 220 blocks for four ships, i.e. 
around 60 blocks for one ship. Also Fig. 7 shows the actual numbers of subblocks and pre-subblocks 
fabricated in the same peroid. In  each cycle has around 450 subblocks and 50 pre-subblocks. Fig. 8 is 

 
 

Fig. 5: Layout of the O-shipyard Table I:  Parameters on conveyor/stockyard 
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the another viewpoint of Fig. 7. It shows that the pre-subblocks are fablicated in Line 13 and Lines 15 
for line levellling and they are used for subblocks in Line 13 only.  
 

 
Fig. 6:  Numbers of blocks fabricated in each cycle 

 

 
The main purpose of scheduling is to determine the assembly start times of blocks/subblocks/pre-
subblocks for each production cycle to realize the just-in-time preparation of blocks erected satisfying 
several space and time constraints.  Such a problem is formulated as follows: 
 
   Minimize a criterion function of decision variables, 
   subject to constraints under dispatching rules, 
where  
criterion function: summation of idling times of blocks/subblocks/pre-subblocks, 

  decision variables: assembly start times of blocks/subblocks/pre-subblocks, 
  constraint 1:  satisfying the capacities of conveyor lines, 
  constraint 2:  satisfying the capacities of stockyards, 
  constraint 3:  pre-subblocks must be fabricated before ordinary subblocks, 
  dispatching rule 1: fabrication in the order sorted with “the delivery time minus the minimal stock 
time” for blocks/subblocks/pre-subblocks, 
dispatching rule 2: selection rule of stock area used by blocks/subblocks/pre-subblocks. 
 

In the above formulation, the idling time for each block/subblock/pre-subblock means “the delivery 
time minus the fabrication completion time”, that is, the slack time. The constraints 1 and 2 are related 
with the capacities m and n in Table I, i.e. space constraints. The constraint 3 means the 
synchronization between different lines, i.e. time constraint. In the conventional scheduling by a 
spreadsheet, it is not so easy to satisfy these space and time constraints. The dispatching rule 1 is used 

  
Fig. 7:  Numbers of subblocks/pre-subblocks 

fabricated in each cycle 
Fig. 8:  Numbers of subblocks/pre-subblocks 

fabricated in each line 
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in the conventional scheduling to avoid the deep search of optimal/better fabrication order, i.e. solving 
a combinatorial optimization problem. Note that the minimal stock time is necessary for fitting and 
painting in the stockyard. The dispatching rule 2 is another combinatorial optimization problem to 
manage stockyards. It is assumed that the blocks/subblocks/pre-subblocks must be moved 
immediately after the minimal stock time. This means that we need the extra stockyard to keep them 
until the delivery times.   
 
2.2. Heal model of conveyor and stockyard to satisfy the constraints 1 and 2 
  

 
Fig. 9 shows a schematic diagram of a conveyor with m surface plates, CV�, … , CV�, which are moved 
over the places, P�, … , P� with the pitch �/
 (days/plates).  The fabrication of a block/subblock/pre-
subblock begins at the place P� using one of the surface plates, and finishes it after t days at the 
place	P�. A heap model of a block BLK fabricated on the surface plate CV� of a conveyor is proposed 
in Fig. 10. The set of resource numbers is  ��BLK� � �1,… ,
�⋃�
 � 1,… ,2
� corresponding to P�, … , P� and CV�, … , CV� respectively. Using this model, we can satisfy the constraint 1 rigorously. 
 

 

 

  
Fig. 9:  Schematic diagram of a conveyor with m surface plates 

 
Fig. 10:  Heap model of a block BLK fabricated on the surface plate CV� of a conveyor 

  
Fig. 11:   Schematic diagram of a stockyard with n places 

 
Fig. 12:   Heap model of a block BLK stored for s days on the stock place ST� of a stockyard 
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Fig. 11 shows a schematic diagram of a stockyard with n stock places, ST�, … , ST�,	which are not 
moved like a conveyor. A heap model of a block BLK stored for s days on the stock place ST� of a 
stockyard is given in Fig. 12. The set of resource numbers is  ��BLK� � �1,… , �� corresponding 
to	ST�, … , ST�. Using this model, we can satisfy the constraint 2 rigorously. Consider an assembly 
process for blocks/subblocks/pre-subblocks using conveyor and stockyard. A heap model of a block BLK fabricated and stocked in the assembly process is obtained as shown in Fig. 13 by combining Fig. 
10 with Fig. 12. Its simplified version is depicted in Fig. 14.  
 

 

 
Any piece can be represented by a heap matrix defined in the Appendix. Using this, the pull-type 
scheduling with constraints 1 and 2 is executed sequentially according to the procedure in the 
Appendix.  
 
2.3. How to synchronize two lines to satisfy the constraint 3 
 
As shown in Fig. 8, pre-subblocks are fablicated in subblock assemly lines, Line 13 and Line 15. Fig. 
15 shows the flow of pre-subblocks. All the pre-subblocks are used to fabricate subblocks in Line 13 
to be sent to block assemble lines. Here it is necessary to bring pre-subblocks in Line 15 to Line 13 in 
order to fabricate subblocks in Line 13.  This is a synchronization problem between Line 13 and Line 
15, that is, the constraint 3. 
 
Fig. 16 shows the situation not to be synchronized between Line 13 and Line 15 because the pre-
subblock ‘c’’ is not prepared before fabricating the subblock ‘c’. On the other hand, Fig. 17 shows 
how to synchronize them by updating the delivery time.  

 
Fig. 13:   Heap model of a block BLK fabricated and stocked in the assembly process 

 
Fig. 14:  A simplified version of Fig. 13   
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2.4. How to manage the stockyard to derive the dispatching rule 2   
 
The dispatching rule 2 is related to the selection of stock places after the fabrication of blocks. In the 
following, the three kinds of rules, R1, R2, and R3 are explained using examples. 
 
Consider six blocks ‘a’, ‘b’, ‘c’, ‘d’, ‘e’, ‘f’, which are labelled based on the structural hierarchy of 
blocks, and fabricated in an assembly line consisting of conveyor with 2 surface plates and stockyard 
with 3 stock places. They are assumed to be pulled up in the order of ‘b’, ‘c’, ‘a’, ‘f’, ‘e’, ‘d’ in the 
pull-type scheduling.   
 
Then the Rule 1 selects the stock places in the labelled order. The Rule 2 selects the stock places in 
the pulled order. The selection results are shown in Table II, also in Figs. 18 and 19.  We observe 
several empty spaces among the pieces, i.e. not so efficient utilization of stockyard. 
 

 
Fig. 15: Flow of pre-subblocks related to two assembly lines 

 
Fig. 16:  Synchronization between Line 13 and Line 15 

 
Fig. 17: Synchronization between Line 13 and Line 15  
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Fig. 18: Selecting stock places by Rule 1 Fig. 19:  Selecting stock places by Rule 2 

 

  
Fig. 20: Determining stock place for block ‘a’ Fig. 21: Storing block ‘a’ by Rule 3 

 

 

 R1 R2 R3 
‘a’ ST1 ST3 ST1 
‘b’ ST2 ST1 ST1 
‘c’ ST3 ST2 ST2 
‘d’ ST1 ST3 ST2 
‘e’ ST2 ST2 ST1 
‘f’ ST3 ST1 ST2 

Table II: Stock places selected by the rules R1, R2, R3 
Fig. 22:  Selecting stock places by Rule 3  

 
Consider the following Rule 3 which is inspired by a strategy in the Tetris game. 
 
Dispatching Rule 3 
Step 1:  Get the lower borderline vector	��� over stock resources of the current heap model.   
Let ��η� be the delivery time of the next pulled block η. 
 
Step 2: If all elements of 	���  ��η�!" are negative, then go to Step 2-1. Otherwise, go to Step 2-2. 
 
Step 2-1:  Select the #∗-th stock place, where  #∗ � arg	min+	�|����#�  t�η�|�+.�,…,/. 
Step 2-2:  Select the #∗-th stock place, where  #∗ � arg	min+	�����#�  ��η� 0 0�+.�,…,/. 
For example, in Fig. 20,	η �’a’ and  
 

 ��� � 27696 , ��η� � 7			 ⇒		 ���  ��η� 2
1116 � 2

0 12 6. 
 
Therefore, in Step 2-2, #∗ � arg	min+	�0,2� � 1. The block ‘a’ is stored in the ST1 as shown in Fig. 
21. Finally, the selection result is shown in Table II, also in Fig. 22. We observe no empty space 
among the pieces, which means an efficient utilization of stockyard. Furthermore, the above rules are 
applied to the real data in the O-shipyard. 
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In the case of Lien 4 in Cycle 1, the heap models for blocks fabricated are shown in Fig. 23, under the 
dispatching rules 1, 2, 3 in the left, the middle, the right respectively. In this case, the values of 
criterion function are same, that is, 56.5 days. However the efficiencies in utilizing the stockyard are 
quite different. The minimal utilization of stockyards is given under the dispatching rule 3.  
 

 
In the case of Lien 5 in Cycle 1, the heap models for blocks fabricated are shown in Fig. 24, under the 
dispatching rules 1, 2, 3 in the left, the middle, the right respectively. In this case, the values of 
criterion function are 353.5, 70, 34 respectively. However the efficiencies in utilizing the stockyard 
are quite different. Under the dispatching rule 3, the lead time is shorter than under the rules 2 and 3.  
 
Based on the investigation, we have applied the dispatching rule 3 to the actual scheduling problem. 
 
3. Application of the Heap Method to the Scheduling Problem  
 
We are given the conventional scheduling results for 1569 blocks and 3365 subblocks with 366 pre-
subblocks shown in Figs. 6 and 7 for 28 ships in a year in the O-shipyard. They are obtained through 
the push-type scheduling work using a spreadsheet. However the constraints 1, 2 and 3 are not satis-
fied exactly because of the limitation of hand operations. Therefore our concern is how to transform 
the scheduling results of push type to those of pull type to satisfy the constraints. Such a scheduling 
problem is formulated and its solution method is described in detail in the last chapter. The criterion 
function is specified as the summation of idling days.  Table III shows the resultant idling days for 
each line in each cycle. The values in the parentheses are the idling days by the conventional 
scheduling. Our Heap Method reduced idling days significantly in almost cases except several cases.   

a  
Fig. 23: Heap models for Line 4 in Cycle 1 under dispatching Rules1(left), 2(middle), 3(right) 

 
Fig. 24:  Heap models for Line 5 in Cycle 1 under dispatching Rules1(left), 2(middle), 3(right) 
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Our anxiety on the overflow of stockyards is mitigated as shown in Figs. 25 and 26 applying the Heap 
Method to each cycle and summing up them.   
 

  
Fig. 25: Numbers of blocks stored in the 
stockyard under the conventional scheduling 
(upper) and Heap Method (lower) 

Fig. 26: Numbers of subblocks/pre-subblocks 
stored in the stockyard under the conventional 
scheduling (upper) and Heap Method (lower) 

 
As a part of the scheduling results, two Gantt charts are given in Figs. 27 and 28. The left hand side 
shows the result by the conventional scheduling of push type for Line 15 for subblocks with pre-
subblocks. This does not satisfy the constraints 1 and 2 although it does the constraint 3. On the other 
hand, the right hand side shows the result by heap-model-based scheduling of pull type. This satisfies 
not only the constraints 1 and 2 but also the constraint 3 exactly. It can be checked by the detail of a 
part shown in Fig. 28.   
 
4. Concluding remarks 
 
Given the real scheduling problem for tandem construction of a pair of ships in the O-shipyard, we 
obtained the successful results by the Heap Method to get the pull-type scheduling results with the 
fewer idling days and the exact satisfactions on the space and time constraints, compared with the 
conventional scheduling results. However, there are still several problems we should discuss further-
more. 
 

 
Table III: Comparison of idling days in heap-model-based scheduling with those in the conventional 

scheduling shown in the parentheses 
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Fig. 27: Gantt charts for Line 15 for subblocks/pre-subblocks under the conventional scheduling of 

push type (left) and heap-model-based scheduling of pull type (right) 
 

 
Fig. 28: Expanding the inside of the frame in the right Gantt chart in Fig. 27  

 
Problem 1 (Overlapping two cycles). The 7 cycle scheduling results are obtained separately. In the 
real situation, one cycle is overlapped with the next cycle. Although Max-plus Method took a long 
time to process several cycles simultaneously, Heap Method can finish them in a short time. So we 
should check the results by processing two adjacent cycles simultaneously, and discuss the effective 
approach for overlapping two cycles.  
 
Problem 2 (Removing the assumption). After finishing the work of fitting and painting for a 
block/subblock, it is assumed to be moved to the next stage immediately. If it is impossible, temporal 
stock places must be reserved.  This needs the further modification of the results obtained. 
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In order to consider the problems 1 and 2, an interactive adjustment may be useful in the software 
developed by the second author like the Google Calendar.   
  

 
Fig. 29: A web application based on Heap Method 

 
Problem 3 (Levelling workers). We have a possibility to level the numbers of workers by selecting the 
order fabricated. This is another combinatorial optimization problem with two kinds of criterion 
functions, the summation of idling times and the rate of operation.  
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A. Proposition of Heap Method for JIT Scheduling   
 
A.1. Basics of Max-plus Algebra  
 
Let 	8 �  ∞ and	: � 0. Then the max-plus algebra is a set ;�<= � ;⋃�8� with an addition >⨁@ �max	�>, @� and a multiplication	>⨂@ � > � @. The element 8  is a unit under the addition because 
of		>⨁	8 � >. The element e is a unit under the multiplication because of		>⨂: � >. The symbol ⨂ 
can be omitted. STANCZK (2005) developed a toolbox for computation based on max-plus algebra. 
 
The following example shows the matrix computations on addition and multiplication which are 
defined by replacing the usual operations � and   by ⨁ and ⨂ respectively:  
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C: 83 2E⨁ C 1 111 8 E � F:⨁� 1� 8⨁113⨁1							 2⨁8			G � C: 113 2 E, 
C: 83 2E⨂ C 1 111 8 E � F:⨂� 1�⨁8⨂1 :⨂11⨁8⨂83⨂� 1�⨁2⨂1 3⨂11⨁2⨂8G � C 1 113 14E. 

 
Consider the following inequality	J⨂K � @: 
 

2 >�� ⋯ >�/⋮ ⋱ ⋮>O� ⋯ >O/6PQQQQRQQQQS
T

⨁2K�⋮K/6U
V
� 2@�⋮@O6U

W
. 

 
For # � 1,⋯ ,
  and	X � 1,⋯ , �, if >+Y ∈ ;�<=  and	@+ ∈ ;, the following holds:  
 ∀#:max�>+� � K�,⋯ , >+O � KO� ] @+	 ⟺ ∀#	∀X:	>+Y � KY ] @+ 	⟺ ∀#	∀X:	KY ] @+ >+Y	 ⟺ ∀X: KY ] 	min_@� >�Y, ⋯ , @O >OY` ⟺ ∀X: KY ]	 max�>�Y  @�,⋯ , >OY  @O�PQQQQQQQQQRQQQQQQQQQS

Va∗
 . 

The vector K∗ with the elements KY∗ is given by K∗ �  J�⨂� @� . 
 
That is, for any K satisfying	JK ] @,  K ] K∗ holds. So K∗  is called the maximal solution of	JK ] @, 
which minimizes an norm of error vector,  @  JK∗ ] 0 . 
 
A.2. Heap Model 
Based on the book by Heidergott et al. (2005), the concept of heap model is introduced.   Now 
assume we have three kinds of machines ‘1’, ‘2’ and ‘3’.  A job or a process ‘a’ needs to use the 
machines ‘1’ and ‘2’ for an hour after using the machine ‘1’ for an hour.  Another job ‘b’ needs to use 
the machine ‘2’ for an hour after using the machine ‘3’ for two hours.  The jobs ‘a’ and ‘b’ are 
represented as the pieces ‘a’ and ‘b’ as shown in Fig. A1 respectively.   
 

 
Here the horizontal axes show the resource numbers, and the vertical axes show the times spent for 
each resource. Any piece can be characterized by	��η� , a set of resource numbers, the upper 
borderline vector	b�η�, and the lower borderline vector	��η�. For the pieces ‘a’ and ‘b’, these are as 
follows: 

��η� � �1,2�, b�a� � 23386 , ��a� � 21286	, 
��η� � �2,3�, b�b� � d843e , ��b� � d831e.	 

 
Fig. A1: Pieces ‘a’ and ‘b’ 
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Then, for a piece	η, define a heap matrix f�η� � g
+Y�η�h as follows:  
 


+Y�η� � ib+�η�  �Y�η�		:																								8																								
	jkl	#, X ∈ ��η�								jkl	# � X, X ∉ ��η�k�n:lo#p:															  . 

 
For the pieces ‘a’ and ‘b’, these are given as  
 

f�a� � 22 1 82 1 88 8 :6 ,						f�b� � d
: 8 88 1 38 : 2e. 

 
Note that the upper borderline vector  b�η� is obtained by multiplying the heap matrix to the lower 
borderline vector	��η�. In fact,  
 

22 1 82 1 88 8 :6PQQRQQS
q�<�

⨂21286rs�<�
� 23386rt�<�

,       d: 8 88 1 38 : 2ePQQRQQS
q�u�

⨂d831ers�u�
� d843ert�u�

.  

 
In general, a set of pieces piled up is called as a heap model. In piling up a new piece over an existing 
heap model, the new upper borderline vector can be obtained by multiplying the corresponding heap 
matrix to the upper borderline vector of the heap model.  
 
For example, as shown in Fig. A2, consider the pieces ‘ab’ and ‘ba’ piled up in the order of  pieces ‘a’ 
and ‘b’ or in the order of  pieces ‘b’ and ‘a’ respectively. Here it is assumed that both jobs ‘a’ and ‘b’ 
share the machine ‘2’ regardless of the usage order.  The corresponding Gantt charts are shown in Fig. 
A3. The finishing time of the heap model ‘ab’ in the LHS is shorter than that ‘ba’ in RHS. It means 
that the piling up order is critical for getting earlier delivery.   

 

 
Fig. A2: Pieces ‘a’, ‘b’ piled up 

 
Fig. A3: Gantt charts for heap models in Fig. A2 
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A.3. Scheduling of pull type  
 
In the research, based on the heap model, we propose a pull-type scheduling methodology taking 
account of resource constraints. 

 
For example, as shown in Fig. A4, consider the pieces ‘ab’ and ‘ba’ pulled up to the delivery time (5 
unit time) in the order of  pieces ‘b’ and ‘a’ or in the order of  pieces ‘a’ and ‘b’ respectively. In the 
LHS, we want to have the starting time of the corresponding job ‘b’. This can be obtained by solving  
 

d: 8 88 1 38 : 2ePQQRQQS
q�u�

⨂2K�KvKw6U
V
] 25556ry

. 
Using the formula for the maximal solution, we have  

K �  f��@�⨂� z�=	d: 8 88 1 :8 3 2e⨂ 2
 5 5 56=2

5426rs�W�
. 

This coincides with the lower borderline in the case of the piece ‘b’ pulled up to the delivery time. In 
the next step, the piece ‘a’ is pulled to the piece ‘b’. Then the starting time of the job ‘a’ can be 
obtained by solving  
 

22 1 82 1 88 8 :6PQQRQQS
q�<�

⨂2K�KvKw6U
V
] 25426rs�W�

. 
In the same way, we have 

K �  f��>�⨂� ��@��=	22 2 81 1 88 8 :6⨂ 2
 5 4 26= 2

2326rs�{W�
. 

This coincides with the lower borderline in the case of the piece ‘ab’ pulled up to the delivery time. 

 
Fig. A4: Pieces ‘a’, ‘b’ pulled up 
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Special-Purpose Weather Routing: Autonomous and Wind-Driven Ships 
 

Laura Walther, Fraunhofer CML, Hamburg/Germany, laura.walther@cml.fraunhofer.de 
 

Abstract 
 

Fuel efficiency, emission control and safe operation are drivers for the development of innovative ship 
concepts, such as autonomous or wind-driven ships. These aspects also increase the necessity of 
weather routing for shipping companies to improve safe and efficient sea transport. Already 
nowadays weather routing tools provide routing recommendations to conventional vessels. This paper 
describes the requirements of innovative ship concepts regarding weather routing, the developed 
generic weather routing framework as well as its implementation and testing. Projects addressed in 
this context are the autonomous ship concept developed in the collaborative research project MUNIN 
and the wind-driven hybrid merchant vessel concept VindskipTM

 by Lade AS. 
 

1. Introduction 
 
Already from the very first beginning, a ship’s design process can generally be based on three pillars: 
safety of human life, protection of the environment and economic feasibility. Each of the three is 
important for a successful, safe and efficient ship design. The design process of every ship aims to 
achieve the optimum of each aspect as well as of their combination. The development of innovative 
ship concepts is a consequence of advancing ambitions to improve the ship’s design and operational 
capabilities regarding safety, environmental protection and economics. Many developments aim to 
optimise the ship’s hull to reduce its resistance, to incorporate innovative propulsion concept or 
exhaust gas treatment, or even to bring improved safety regulations into action. Fairly extraordinary 
approaches, though, include concepts involving autonomous vessels or also wind-driven vessels. 
 
A concept for an unmanned and autonomous merchant vessel, more precisely a dry bulk carrier, is 
developed in the collaborative research project MUNIN, Burmeister (2015). The operation of the au-
tonomous vessel is investigated in relation to its feasibility during an intercontinental deep-sea voy-
age. The ship is equipped with an autonomous navigation system enabling it to follow a voyage plan 
and to make decisions autonomously within an operational envelope in order to avoid collisions or to 
react to harsh weather situations. The developed autonomous ship concept has the potential to com-
bine the amenities of a shore-based job for nautical and technical personnel monitoring and operating 
the ship from a shore control centre, reduced airborne emissions due to slow steaming, Rødseth and 
Burmeister (2012), as well as an expected increase in safety going along with less human control, Po-
rathe et al. (2013). This pioneering combination of MUNIN’s potentials contributes a great deal to 
achieving an optimum of the three pillars of cost-effective, ecological and safe ship design.  
 
A wind-driven hybrid merchant vessel concept is called VindskipTM developed by the Norwegian 
company Lade AS. This innovative ship concept utilises wind as propulsive force. The unique hull 
shaped like a symmetrical air foil generates an aerodynamic lift pulling the ship forward. The 
combination of the innovative hull design and the ship being equipped with a LNG-electric propulsion 
system, thus using liquefied natural gas (LNG), addresses the aim to improve particularly the two 
aspects of environmental protection and economic feasibility. This goes along with the need to meet 
industry’s increasing demands concerning ecological and efficient ship design and operation. 
 
However, the three pillars are not only applicable to the ship’s design process but to its complete 
lifetime. No matter how optimised the ship design in relation to the three aspects might be, it is of no 
great advantage if it is not operated accordingly. It is essential that safety, environmental protection 
and economic feasibility are aimed to be optimised in ship operation in at least the same way and with 
the same effort as in the design process. Each of the three pillars is elaborated in greater detail with 
regards to their importance for ship operation. It can be seen that optimising the three aspects 
regarding ship operation needs to be complemented by adequate weather routing systems to optimise 
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every voyage accounting for ship specific effects and behaviour. Hence, the aim of this paper is to 
assess the specific requirements of the two projects mentioned above, the autonomous and the wind-
driven ship. Based on this it describes the developed generic weather routing framework applicable to 
both concepts considering different specific modules, its implementation and testing. 
 
2. Fundamentals of safe and efficient ship operation 
 
The aspect of safe operation is strongly related to the avoidance of harsh weather situations 
endangering the ship, its crew and cargo. In worst case situations unfavourable weather conditions not 
only lead to slamming, increased accelerations and shifting of cargo, but can cause significantly 
reduced stability and capsizing. The Safety and Shipping Review 2014, Dobie (2014), states that 
foundering, thus sinking or submerging, has been the most common cause of losses in the last twelve 
years, and also in 2013, Dobie (2014). It accounted “for almost three quarters of all losses, with bad 
weather a significant driver” Dobie (2014). In conclusion, a major threat to safe ship operation is 
posed by challenging weather conditions. This fact endorses the need for adequate weather routing to 
avoid severe conditions with an autonomous vessel and also as with a wind-driven one. 
 
Protection of the environment is strongly influenced by emission control. Regulations defining 
emission limits are published by the International Maritime Organization (IMO) in the MARPOL 
Protocol adopted in 1997, IMO (2008). Airborne emissions are regulated in MARPOL Annex VI, the 
Prevention of Air Pollution from Ships, with first entry into force in 2005. It aims to minimise the 
main air pollutants, such as sulphur oxides (SOx), nitrous oxides (NOx), ozone depleting substances 
(ODS) and volatile organic compounds (VOC), contained in ships’ exhaust gas. Especially SOx, NOx 

and particulate matters (PM) are subject to further reductions since the revised MARPOL Annex VI 
has entered into force in 2010, IMO (2008). SOx and PM regulations are more stringent within SOx 
Emission Control Areas (SECAs) with a limit of 0.10% m/m (percent by mass) on and after 1 January 
2015, IMO (2008). Outside, a limit of 3.50% m/m is currently in effect. The Baltic and North Sea are 
ECAs only concerning SOx, while the North American area and the United States Caribbean Sea area 
additionally regarding NOx and PM. To comply with the limits most ships operating inside and 
outside ECAs use different fuel oils. An example aiming to reduce air pollution from ships provides 
VindskipTM’s proposed propulsion system using LNG. Airborne emissions can of course be further 
reduced by decreasing fuel consumption, which leads to the next aspect of economic feasibility.  
 
Important for a ship’s economic feasibility is fuel efficiency. It goes hand in hand with certain 
measures addressing emission control, such as innovative propulsion concepts. Besides, IMO has 
published mandatory measures concerning fuel efficiency, which entered into force in 2013. The 
Energy Efficiency Design Index (EEDI) has the objective to promote the use of more energy efficient 
equipment and engines that are also less polluting, IMO (2014). In addition, a Ship Energy Efficiency 
Management Plan (SEEMP) and Energy Efficiency Operational Indicator (EEOI) have been 
introduced to provide voluntary guidance for energy efficient operation. However, particularly the 
satisfaction of the EEDI leads to ships equipped with propulsion systems optimised for calm weather 
trail conditions Cochran (2015). As a consequence, the ship experiences engine overloading in harsh 
weather conditions with strong winds and high seas. Concerning the EEOI Chen (2012) suggests the 
installation of necessary sensors and monitoring systems on new-build ships to increase cost 
effectiveness instead of adding the capability relevant for the EEOI on a ship in service. With respect 
to the autonomous and unmanned vessel developed in MUNIN this suggestion is already considered 
as sensors and monitoring system are essential for an autonomously operating vessel. Moreover, fuel 
efficiency can also be increased by applying an adequate weather routing tool. Taking potential 
disadvantages due to the satisfaction of EEDI, such as engine overloading, into account it is of great 
importance to consider these effects and the ship’s behaviour while optimising the voyage. Thus, a 
customised module meeting the specific requirements of an innovative ship in detail, an autonomous 
ship or also a wind-driven one, provides an even greater chance to further improve its fuel economy. 
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3. Summary of weather routing systems 
 
Already nowadays weather routing systems are employed to provide routing recommendations to a 
large number of conventional vessels. Such systems have the objective to determine an optimised 
route, thus the shortest route under consideration of weather forecasts, voyage duration, minimised 
costs, ship safety and avoidance of obstacles. Local and global weather forecasts, including 
predictions of amongst others wind speed, wave height and current, are provided by a number of 
national and international meteorological services, such as the National Oceanic and Atmospheric 
Administration (NOAA). Meteorological predictions derived from numerical calculations based on 
measurements from weather stations, satellites or buoys are available as short-term forecasts for up to 
three days or with degrading forecasts accuracy for up to ten days. Most state-of-the-art systems use a 
combination of several sources as well as hurricane forecasts to achieve the best possible results. 
Moreover, the services offer twenty-four-seven availability, digital data-exchange and shore-based 
routing. Nevertheless, the quality of the optimised route strongly depends on the optimisation method 
and the consideration of ship specific data, such as main particulars, loading condition and ship 
motions. A comparison of current weather routing systems is provided in Walther et al. (2014). The 
systems not only differ regarding the points mentioned above but also concerning the consideration of 
motion sensor data, wave radar, route restrictions and import possibilities to the ship’s ECDIS. A 
connection to the on-board loading computer is not provided in any system. Common weather routing 
systems include: 
 

- BonVoyage System, Fleet Decision Support System (FleetDSS 2.0), Voyage Calculator, 
Seaware EnRoute & Seaware EnRoute Live and Bon Voyage System for Yachts by AWT a 
StormGeo Company 

- Ship Performance Optimisation System (SPOS) by MeteoGroup 
- Vessel and Voyage Optimization Solution (VVOS) by Jeppesen 

 
The results of the comparison in Walther et al. (2014) are supported by Cochran (2015). It is stated 
that besides using ensemble forecasting it is crucial to include speed optimisation in addition to route 
optimisation, thus the variation of speed and heading. This allows the ship to adjust the speed in 
severe weather conditions adequately. Also increased added resistance due to wind and waves or the 
previously mentioned engine overloading might pose challenges for the weather routing system. To 
reproduce the ship’s performance in the system detailed information on the loading and weather 
conditions are required. Accurate voyage optimisation, thus, necessitates accurate and detailed input 
data and suitable calculation methods. Customised solutions can account for these and other specific 
requirements with particular emphasis. The challenges towards weather routing systems posed by 
autonomous vessels on the one hand and wind-driven vessels on the other hand are elaborated in the 
next chapter. 
 
4. Requirements of innovative ship concepts 
 
On the basis of the fundamentals of safe and efficient ship operation and a summary of today’s state-
of-the-art weather routing the challenges and requirements of innovative ship concepts are elaborated. 
As indicated in the introduction, projects addressed in this context are the autonomous ship concept 
developed in the collaborative research project MUNIN and the wind-driven hybrid merchant vessel 
concept VindskipTM by Lade AS. 
 
4.1. Autonomous ships 
 
Concepts on autonomous ships are receiving increasing attention in the maritime world. While small 
Autonomous Underwater Vehicles are already state-of-the-art for research and military purposes, first 
studies of unmanned merchant vessels have started in the recent years, e.g. by Rolls-Royce, Jokioinen 
(2014), DNV-GL’s ReVolt, Tvete (2015), or the European research project MUNIN, Burmeister 
(2015). Most of their requirements are similar and derived by legal and operational restrictions of 
maritime shipping. However, the following will focus on MUNIN’s approach in detail. 



 226

 
MUNIN’s application is a Handymax dry bulk carrier autonomously operated during an unmanned 
deep-sea passage, Table I, Fig. 1. After leaving coastal waters the crew leaves and the vessel operates 
according to a predefined voyage plan while being monitored by a shore-based supervising entity, a 
shore control centre. The centre normally only acts as a monitoring entity and shall only intervene and 
navigate directly in case the autonomous system acts beyond the scope of its operational envelope. 
Otherwise, the vessel is fully navigated by an on-board autonomous navigation system following a 
predefined voyage plan, but with a certain degree of freedom to autonomously adjust the route in 
accordance with legislation and good seamanship, for example, due to an arising collision situation or 
significant weather changes, Burmeister et al. (2014a). To achieve this, a concept for an autonomous 
navigation system has been developed that amongst others takes care of the three crucial functions 
“Avoid collision”, “Weather routing” and “Maintain stability”, Burmeister et al. (2014b). While the 
latter two are (partly) already natural objectives of existing weather routing systems, the combination 
of collision and foundering avoidance within one holistic approach poses a special challenge in 
MUNIN. In Walther et al. (2014) a concept has been developed integrating long-term strategic 
weather routing aiming to determine the route with the lowest fuel consumption based on weather 
forecasts and short-term operational routing using real-time sensor data of weather conditions and 
ship responses. Thus, part of MUNIN’s joint requirements, as described in Bruhn and Burmeister 
(2013), is an advanced sensor module processing data from different sensor systems and providing it 
to amongst others the weather routing module. It also contributes to the ship’s ability to decide 
independently on how to react to critical situations as to collisions or harsh weather, Walther et al. 
(2014). In summary, focussing on weather routing the MUNIN concept requires: 
 

- Logging, monitoring and intervention possibilities by a shore control centre, 
- On-board version executable and autonomously operating without satellite link, 
- Combination of weather routing with collision avoidance,  
- Integration of strategic weather routing and operational routing, and 
- Consideration of advanced sensor data. 

 
Characteristics Symbol Value 

Type - Bulk Carrier 
Length Lpp 225m 
Breadth B 32.26m 
Depth D 10.0m 

Ballast draught 
fore/aft 

TF.P./TA.P. 6.5m/8.5m 

Speed vS 15.4kn 
Displacement ∆ 41570t 

 

 
Table I: MUNIN characteristics Fig. 1: MUNIN vessel 

 
4.2. Wind-driven ships 
 
As one of few ship designs using wind as propulsive force in addition to commonly used propulsion 
systems, the wind-driven hybrid merchant vessel concept VindskipTM developed by Lade AS is 
examined with regards to its weather routing requirements. The main particulars are given in Table II, 
while the ship itself is illustrated in Fig. 2. The innovative idea of VindskipTM refers to a hull shaped 
like a symmetrical air foil. The relative wind generates an aerodynamic lift pulling the ship forward, 
as shown in Fig. 3. Maximum effect can be achieved at wind angles between crosswind and headwind 
as indicated by the run of the curves of the lift and drag coefficient displayed in Fig. 4. For 
disadvantageous or low wind passages but also for manoeuvre mode operation the ship is equipped 
with a propulsion unit using LNG. To utilise the available wind energy as efficiently as possible and 
thereby minimise the consumption of LNG it is crucial to accurately consider the wind forecasts and 
the effect of forecasted wind speed and direction on the ship. Considering the ship’s speed and course 
from one waypoint to the next as well as the true wind speed and direction provided by the forecasts, 
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the apparent wind speed and angle can be derived. This is the basis to calculate the aerodynamic 
forces acting on the ship’s hull using data from wind tunnel tests on aerodynamic forces and moments 
as a function of both apparent wind angle and speed. Taking the balancing hydrodynamic forces and 
moments into account the ship’s total drag, the required shaft power and according fuel consumption 
can be calculated.  Consequently, in regards of a weather routing system for the wind-driven vessel 
concept VindskipTM it can be summarised that it particularly requires: 
 

- Accurate consideration of wind forecasts and the resulting apparent wind, 
- Customised calculation methods for wind resistance based on aerodynamic data, and 
- Enhanced calculation methods to derive hydrodynamic forces and moments. 

 
Characteristics Symbol Value 

Type - Car Carrier 
Length Lpp 200m 
Breadth B 49m 
Depth D 36m 

Air draught H 47m 
Draught T 9.5m 
Speed vS 19.0kn 

Displ. volume � 26000m3 
 

 
Table II: VindskipTM characteristics by Lade AS Fig. 2: VindskipTM vessel by Lade AS 

 

  

Fig. 3: Pressure distribution air foil by Lade AS 
Fig. 4: Drag and lift coefficient based on data 

provided by Lade AS 
 
5. Generic weather routing framework 
 
5.1. Approach 
 
On the basis of the identified requirements a generic weather routing framework is developed with the 
aim to be applicable to several kinds of innovative ship concepts. The developed framework meeting 
the previously described requirements is illustrated in Fig. 5. The input data comprises static data, 
such as ship specific data and safety requirements, voyage related data, thus data on the loading 
condition as well as restrictions given by the route and ECDIS, weather forecast data as strategic input 
as well as operational input. The voyage plan includes all waypoints and a speed profile. Applying an 
optimisation algorithm to find the route with the lowest costs, the tool is supposed to log and monitor 
data and to send messages as part of documentation. In addition, it shall generate a voyage plan and 
fuel consumption data as strategic output as well as provide information on the rudder angle, the 
propeller revolutions and the next waypoint as operational output.  
 
Generally, innovative and complex ships necessitate accurate consideration of their ship specific 
characteristics. These are not only related to the resistance and fuel consumption calculation to ensure 
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the aspect of efficiency and cost-effectiveness but also amongst others to their manoeuvring or 
seakeeping behaviour for safety reasons. In particular regarding considered safety requirements, 
existing regulations or guidance might not be applicable to innovative and mostly complex ship 
concepts. The IMO has published guidance to the master defining minimum safety requirements in 
order to avoid dangerous situations in adverse weather and sea conditions in MSC.1/Circ. 1228, IMO 
(2007). It is said to be valid for all types of merchant ships. Addressed critical weather phenomena 
refer to surf-riding and broaching-to, reduction of intact stability when riding a wave crest amidships, 
synchronous rolling motion and parametric roll motion, IMO (2007). However, IMO only provides a 
very rough indication of dangerous situations and measures to avoid them, as alteration of speed and 
course. This means that critical weather situations are neither strictly related to situations covered by 
IMO nor is their occurrence impossible in situations that are covered and considered to be rather safe. 
Nevertheless, the guidance provided by IMO (2007) shall be implemented to be optionally used 
within the voyage optimisation with the objective to give an indication that critical weather 
phenomena might occur. This is of special interest for an autonomous and unmanned vessel without a 
crew being able to circumvent the named threats and maybe even with lost satellite communication 
links preventing the shore control centre to intervene.  
 

 
Fig. 5: Generic weather routing framework based on Walther et al. (2014) 

 
The generic weather routing framework has already been applied in the concept development of the 
weather routing module as part of MUNIN’s autonomous navigation system in Walther et al. (2014). 
Here, the input and output data for the MUNIN concept has been explained in detail. The only 
adaption of the generic framework to derive the MUNIN specific concept is the definition of the 
operational data. Regarding MUNIN the operational input data explicitly refers to ship sensor data as 
well as requirements or restrictions set by the shore control centre. 
 
In the case that this framework is applied to the wind-driven vessel concept VindskipTM operational 
data is less important as the ship is not unmanned but controlled by an on-board crew. Operational 
requirements rather refer to a weather information monitoring system comparing actual and calculated 
voyage data to display information to the nautical officers on board instead of sending messages to 
shore. This includes a notification of the mariner in case the system recognises that it operates on 
invalid or suspected data. Essential for VindskipTM, though, is the consideration of the ship’s 
characteristics as elaborated previously. Referring to the requirements, the ship characteristics need to 
be separated in hull and rudder data, aerodynamic and hydrodynamic data as well as fuel consumption 
data to be considered as accurately as necessary in the optimisation algorithm. 
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5.2. Algorithm 
 
The core of the weather routing module, thus the optimisation algorithm, needs to suit the weather 
routing problem. It is characterised by the aim to find the route with the lowest fuel consumption, thus 
the lowest costs. This problem is a pathfinding problem. As to Cochran (2015), variations of 
Dijkstra’s algorithm are deployed in most weather routing systems. One of the most popular 
approaches to address pathfinding problems is the A* algorithm. A* is also used in the generic 
weather routing framework. The algorithm has the objective to minimise the length, or in this case of 
weather routing the fuel consumption and consequently the costs between start and destination. 
Cochran (2015) points out that this approach neglects speed management. As a result it doesn’t allow 
the ship to react to heavy weather by slowing down to reduce risk or to adapt its speed management to 
use favourable wind conditions, as in the case of VindskipTM. Taking the need for route and speed 
optimisation into account the developed generic weather routing system applies the A* algorithm with 
an extension in the temporal domain to allow speed variations. In order to minimise the algorithm 
considers the sum ���� of the exact costs ���� from the start to any vertex � as well as the heuristic 
estimated costs ���� for the distance and time to be travelled from this vertex to the destination. 
Thus, the target function can be expressed as follows:   
 

���� = ���� + ���� ≤ ������� + ����	|	�	 ∈ �� 
 
A* works on a graph, thus a set of vertices and edges connecting them. In the weather routing module 
the graph is defined by the used weather forecasts, hence GRIB data providing weather information at 
defined grid points. In the formula, � represents a set of vertices that are not part of the calculated 
route from the start to vertex �, as described by Turau (2009). Consequently, at each step A* 
determines the vertex � with the lowest estimated total costs ����. The output, thus, comprises total 
costs, each waypoint’s (WP) geographical position and the time at each waypoint as speed 
optimisation is considered in addition to route optimisation. The core procedure for finding the path 
with the lowest fuel consumption applying the A* algorithm is given in Table III. 
  

Table III: Pseudocode for A* algorithm applied in special purpose weather routing 
If  OpenList created 
 ClosedList created 
 ShipData loaded 
 WeatherData loaded 
 Grid created 
 RestrictionsMet = TRUE 
Then G(StartWP) = 0 
 H(StartWP) = MinCostsFromStartToDestination 
 F(StartWP)  = G(StartWP)  + H(StartWP) 
 AddToOpenList(StartWP) 
 EmptyClosedList 
 While { OpenListEmpty = FALSE AND DestinationReached = FALSE AND MaxTotalTimeElapsed = FALSE } 
  CurrentWP = WP{ OnOpenList = TRUE AND F(WP) = min AND RestrictionsMet = TRUE } 
  RemoveFromOpenList(CurrentWP) 
  AddToOpenList(CurrentWP)  
  For { Each Neighbour(x,y) AND Each TimeAtNeighbour } 
   G(Neighbour(x,y)) = CostsFromStartToNeighbour(ShipData,WeatherData,RouteSpecificData) 
   H(Neighbour(x,y)) = MinCostsFromNeighbourToDestination 
   F(Neighbour(x,y)) = G(Neighbour(x,y))  + H(Neighbour(x,y))  
   If { OnClosedList(Neighbour(x,y)) AND UpdatedG(Neighbour(x,y)) < CurrentG(Neighbour(x,y)) } 
    Then { UpdateG ; CurrentWP = ParentOfNeighbour(x,y) } 
   Else if { OnOpenList(Neighbour(x,y)) AND UpdatedG(Neighbour(x,y)) < CurrentG(Neighbour(x,y)) } 
    Then { UpdateG ; CurrentWP = ParentOfNeighbour(x,y) } 
   Else  
    Then { AddToClosedList(Neighbour(x,y)) ; SetG } 
   End if 
  End  
 End 
End if  
Return Path 
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In order to store the information of each vertex or waypoint an open list for all waypoints currently 
under consideration and a closed list containing all waypoints, whose cost values have been fully 
explored, are created. All ship and route specific data as well as appropriate weather forecasts need to 
be loaded and a grid needs to be generated. The data constitutes the basis for calculating the ship’s 
resistance, the required engine power, the fuel consumption and consequently the exact costs for the 
travelled distance. Especially referring to VindskipTM the ship data needs to comprise hull and rudder 
data, fuel consumption data and most importantly aerodynamic and hydrodynamic data. This is 
crucial to accurately consider the ship’s behaviour in the forecasted weather conditions and to 
determine the most efficient route. Last but not least certain restrictions have to be met. These 
generally include route restrictions and safety aspects as described above. In order to find a route, the 
speed required for the shortest distance from start to destination must neither exceed the ship’s 
defined maximum speed nor fall below a minimum speed. Amongst others, another route restriction 
refers to the requirement that all chosen waypoints need to be in navigable water. Safety restrictions 
are based on the previously mentioned guidance published by IMO (2007) to provide rough 
indications on critical weather situations at this development stage of the weather routing system. 
Especially for the unmanned MUNIN vessel safety restrictions are crucial to ensure safe and efficient 
autonomous operation. In this use case safety restrictions also include restrictions set by the shore 
control centre, which is in line with the elaborated requirements. The defined restrictions specifically 
adapted for each considered innovative ship concept need to be fulfilled at each chosen waypoint. 
Besides, the waypoint needs to be accessible, hence on the open list, and to have the lowest estimated 
costs �����. Waypoints are added to the route, thus to the closed list, as long as the open list is not 
empty, the destination is not reached and the maximum available time has not elapsed. A waypoint is 
added by analysing the neighbours, hence directly adjoining grid points, of the previous waypoint. 
Finally, the calculated safe and efficient route can be imported into an ECDIS system.  
 
6. Test scenarios 
 
In this chapter the implementation of the general weather routing framework including specific 
methods for the MUNIN vessel and specific methods for VindskipTM is tested. A common application 
area for weather routing systems are transatlantic routes along a great circle. The route is rather simple 
without many restrictions by islands allowing a large number of route variations. The shortest route 
with the lowest fuel consumption is the northern one, while the southern route is characterised by 
considerably higher fuel consumption but less uncertainties regarding on-time-arrival as stated by 
Cochran (2015). The test scenarios for both vessel concepts are based on transatlantic routes using 
weather forecasts provided by Germany's National Meteorological Service, the Deutscher Wetter-
dienst (DWD). For the MUNIN ship the strategic weather routing module is tested with regards to 
reasonable results as to the weather conditions and the avoidance of unfavourable wind speeds and 
wave heights. Due to the required integration of strategic and operational routing, the latter one is 
tested with respect to its functionality and potential capability to constitute an essential part for safe 
autonomous operation. The tests of the weather routing module for VindskipTM mainly focus on the 
ability to determine a route with the lowest fuel-consumption based on favourable wind conditions, 
which are explicitly assessed for the considered transatlantic route. 
 
6.1. Autonomous ship weather routing test 
 
The first scenario for testing the MUNIN weather routing module uses the transatlantic route from 
Great Britain to the Unites States and vice versa. Different results for both directions are expected and 
also calculated due to a higher resolution used for the first three days of the voyage and differences in 
the ship experiencing the storm. Looking at the results in greater detail, they demonstrate that routes 
with tailwinds are chosen, as can be seen in Fig. 6. Fig. 7 on the other hand visualises that low wave 
heights are favoured. In general, the module achieves good results with respect to finding the most 
efficient route while using favourable winds and avoiding high wave heights. Nevertheless, it can be 
concluded from the two figures that especially the implementation of a smoothing algorithm presents 
potential for further developments. 
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Fig. 6: MUNIN test regarding wind speed Fig. 7: MUNIN test regarding wave height 

 

  
Fig. 8: Wind speed on MUNIN's transatlantic 

route 
Fig. 9: Wind speed on MUNIN's transatlantic 

route as to Marorka 
 
The second test scenario is based on the transatlantic route in deep seas from the English Channel to 
South America, which is defined as reference route for MUNIN. The resulting route including the 
wind speed is displayed in Fig. 8. Weather forecasts are available for the first 72h, thus until northern 
Africa. After that period the shortest route is assumed. The figure indicates that areas with high wind 
speeds are not favoured. Similarly, high wave heights are avoided. Furthermore, it can be noticed that 
the route runs rather close to the north-western coast of Spain. This route is chosen as well in Fig. 9, 
which is provided for comparison by MUNIN project partner Marorka. It has to be noted that this tool 
rather takes into account speed than waypoint alterations with a strong focus on engine behaviour. 
The routes differ slightly in the area of Western Africa. This, however, can be attributed to weather 
forecasts used by Marorka in the time later than 72h. As the figure displays the wind speed, it can be 
clearly seen that a route is chosen with tailwinds, which is in agreement with the results in the first 
scenario. 
 
In order to account for the need of operational routing combined with the described and tested 
strategic routing of the MUNIN vessel a scenario is defined in a small geographical area to test short-
term actions. A route shaped like an eight is chosen to ensure that the ship faces all encounter angles 
and harsh weather conditions with sea state 8 and easterly direction. The results show that there are no 
big incidents until waypoint 8. The ship’s actual route doesn’t deviate more than the defined maxi-
mum cross track error from the route. Only slight speed reductions can be noticed in line with critical 
areas according to guidance published by IMO (2007). In the case of waypoint 8 to 9, though, the ship 
cannot avoid the critical area for parametric rolling between 45° and 135° by reducing speed to a 
value greater than the defined minimum speed. The required course alteration, however, leads to the 
cross track error exceeding its maximum set value. Thus, the ship alters its course to about 45° at 
approximately half of the distance to meet the restrictions of critical area, minimum speed and cross 
track error. This behaviour can be seen in Fig. 10 and Fig. 11. Heading and speed of the ship between 
the respective waypoints are visualised in Fig. 12 and Fig. 13. The heading given by the autopilot 
always points directly to the next waypoint from the position of the ship, while the actual heading is 
changed in the marked area in line with the restrictions. The speed is always adjusted to the maximum 



 232

possible within the test scenario limits of 6.5kn and 14.9kn depending on the weather conditions and 
the angle of encounter between waves and ship.  
 

  
Fig. 10: MUNIN route almost in head waves Fig. 11: MUNIN  polar plot almost in head waves 

 

  
Fig. 12: MUNIN’s heading between WP8 and 

WP9 
Fig. 13: MUNIN’s speed through water between 

WP8 and WP9 
 
Several tests have been conducted leading to very acceptable results meeting the objectives of the 
MUNIN prototype, while keeping in mind the limits of IMO guidance as mentioned above, IMO 
(2007). Ideally, though, harsh weather situations should be avoided by the strategic weather routing. 
In case a dangerous situation occurs close logging and monitoring by the shore control centre to 
potentially intervene and take over in remotely controlled mode is of even greater importance for an 
autonomous and unmanned vessel to ensure efficient and safe operation. 
 
6.2. Wind-driven ship weather routing test 
 
A scenario defined for testing the weather routing module modified in line with the requirements of 
the wind-driven hybrid merchant vessel concept VindskipTM is based on a transatlantic route from 
Ireland to Florida (U.S.). Mostly a route from Valetta (Malta) to Jacksonville (Florida, U.S.) has been 
used for estimations by Lade AS. However, an interesting weather situation occurs in weather 
forecasts provided by DWD from December 2013. The depression “Bernd” was developing in the 
northern hemisphere. As it developed further north than the route from Valetta to Jacksonville the 
named route is chosen. Fig. 14 and Fig. 15 display the wind speed, which is most important for 
VindskipTM, for December 16th and 23rd 2013. 
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Fig. 14: Wind speed forecast on 2013/12/16 Fig. 15: Wind speed forecast on 2013/12/23 

 
The calculated route from Ireland to Florida is depicted in Fig. 16. It can be seen that a short northern 
route is derived, which according to Cochran (2015) generally has a lower fuel consumption but a 
higher uncertainty of on-time-arrival than a southern route. However, most important for VindskipTM 
is the wind direction and the angle of attack of the apparent wind. In Fig. 18 the percentages of wind 
directions show that 59% of the time the ship is experiencing wind from southwest, thus between 
180° and 270°. Fig. 19 visualises the percentages of the angle of attack resulting from the ship’s 
course, its speed, the wind speed and its direction. As indicated in Fig. 4, the maximum effect of the 
hull can be achieved at apparent wind angles between crosswind and headwind. In line with Fig. 4 
most of the time the ship faces favourable wind angles, although a share of 21% with angles below 
10° is rather unfavourable.  
 

  
Fig. 16: VindskipTM route from Ireland to Florida Fig. 17: VindskipTM route from Florida to Ireland 
 

  
Fig. 18: True wind direction on VindskipTM route 

from Ireland to Florida 
Fig. 19: Angle of attack of apparent wind on 

VindskipTM route from Ireland to Florida 
 
For test purposes not only the route from Ireland to Florida is calculated but also a voyage from 
Florida to Ireland is taken into account. The route shown in Fig. 17 differs slightly from the first one. 
It is obvious that the objective of the weather routing module to find the route with the lowest fuel 
consumption considering the responses of the ship to the weather conditions leads to different results 
for different scenarios. Of main interest is the wind direction the ship is facing during its voyage in 
Fig. 20. In this case the ship experiences wind from south-western directions 29% and from north-
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western directions 54% of the time. Considering the influence of the four values of the wind direction, 
its strength, the ship’s heading and its speed on the angle of attack of the apparent wind, it is 
distributed as shown in Fig. 21. Comparing the distribution with Fig. 4 it can be seen that the apparent 
wind angles are quite advantageous for VindskipTM. The occurrence of unfavourable angles of attack, 
however, is minimised.  
 

  
Fig. 20: True wind direction on VindskipTM route 

from Florida to Ireland 
Fig. 21: Angle of attack of apparent wind on 

VindskipTM route from Florida to Ireland 
 
The tests indicate that even in case a storm is developing routes can be found with favourable wind 
speeds and directions for VindskipTM. It has to be noted, though, that wave heights have been 
neglected in these test scenarios. Nevertheless, a significant amount of favourable angles in 
combination with a short northern route presents a very reasonable calculated optimum route with 
regards to fuel consumption. As it can be concluded from the routes presented in Fig. 16 and Fig. 17 
as well as mentioned in relation to the weather routing module for autonomous vessels, amongst 
others the implementation of a smoothing algorithm presents potential for further developments. 
 
7. Conclusions 
 
In conclusion, a generic weather routing framework adaptable to the requirements of innovative ship 
concepts has been developed, implemented and tested within the collaborative research project 
MUNIN and the wind-driven hybrid merchant vessel concept VindskipTM by Lade AS. This as well as 
further developments and improvements contributing to the optimisation of ship operation are 
strongly driven by the three aspects of fuel efficiency, emission control and safe operation. In this 
context the safety of human life during ship operation can be considered to be most important, even 
more important than protection of the environment and the ship’s economic feasibility. Consequently, 
further development activities need to address the lack of appropriate safety measures integrated in a 
ship’s weather routing system. It is essential that tools, such as weather routing systems, developed to 
assist and improve a ship’s safe and efficient operation during each voyage and every weather 
situation not only attribute the greatest importance to choosing an fuel-minimised route, but also the 
safest. In addition, further development activities referring to the adaption of the generic weather 
routing framework to the MUNIN ship and to VindskipTM are particularly related to the 
implementation of a smoothing algorithm as well as to further scenario testing. By evaluating a 
representative number of test scenarios suitable cases of application and areas of operation can be 
determined. This allows assessing the potential of the MUNIN concept as well as the VindskipTM 

concept to contribute to environmentally friendly, efficient, safe and thus sustainable sea transport. 
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Abstract 
 
This paper describes an Augmented Reality system for layout planning of retrofit tasks in the 
maritime industry. The aim is to integrate the customer in the decision process, thereby improving the 
quality of the chosen layout. The system visualises different variants directly to the user and allows 
changes to the predefined variants via a user interface. Technically impossible solutions are 
recognised by the system, so only valid layout variants can be developed. The customer can influence 
the modifications in an early stage. The decisions flow back in the engineering process of the general 
contractor. The system is designed for a use from the first steps till the final assembly in the retrofit 
process. With an increasing rate of information (e.g. 3D data, assembly paths) during the process, the 
system gets more accurate and further steps like the assembly steps can be visualised. 
 
1. Introduction 
 
In the course of new environmental regulations, the international shipping industry has to fulfil stricter 
emission guidelines. To reduce emissions and to keep the limits, German suppliers offer different 
modernization solutions. For every ship and every field of operation, the most useful technology has 
to be chosen. The available technologies differ in the functionality and the required space of the 
components. Often they cannot be placed in the present structure, but need additional space. This 
affects the characteristics of a ship: weight growth, reduction of load capacity or changes of 
prominent superstructures are typical problems. Furthermore, the installation requires extensive 
supplements or modifications. A general contractor, who communicates by 2D drawings with the ship 
owner, mostly does the planning of those actions. Because of the workload, the size of the 
components and the number of different alternatives those drawings are not so suitable for a variants 
planning in order to choose the best possible solution. To take the customer’s requirements into 
account during the development, the variant planning has to take place in an early phase of the retrofit 
process. Therefore a solution is needed, which integrates the ship owner in the decision process as 
early as possible by presenting and discussing the pros and cons of the variants directly at the product. 
A visual presentation of modifications of an object is facilitated by the Augmented Reality (AR) 
technology. On board of a ship, digital information like the 3D model of the exhaust after-treatment 
system can be presented, as an overlay to the real image, to the user. 
 
This paper describes an Augmented Reality system for the customer-integrated variant planning of 
voluminous products. The system visualizes the supplementary components of an exhaust after-
treatment system on the real ship and enables interactions like the movement of parts or the addition 
of further components in the virtual environment. Technically incompatible solutions are prohibited 
during this process. The easier the solution can be visualized to the ship owner, the easier he will be 
able to understand the technical scope of work of the retrofitting process. The variants, chosen 
together with the ship owner, will be detailed in the further planning and construction process. 
 
2.  Retrofit of vessels 
 
The permitted emissions of shipping are regulated in the MARPOL Annex VI guidelines of the 
International Maritime Organization (IMO 2005). A gradual lowering of the permitted emissions over 
several years shall result in a global reduction of toxic substances in the atmosphere, Fig. 1, Titov et 
al. (2014). Additionally, the IMO has defined areas with tightened limit values – Emission Control 
Areas (ECA). Those areas cover many coastal regions and some waterways with high traffic, like the 
North and the Baltic Sea. 
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Fig. 1: Permitted emission of global shipping traffic  

 
While the limit values are defined, the ship owners discuss a postponement of the starting times with 
the IMO. As the throughput times and the investment costs are quite high it won’t be possible to 
retrofit all vessels operating in the ECAs in time. Up to today only a few ships already meet the limits. 
On the other hand, exceeding the critical values will induce high penalties and thereby heavy losses of 
the ship owners. 
 
2.1 Exhaust gas treatment 
 
Different solutions for keeping the emission guidelines are available on the market. While the 
guidelines can be considered in the design phase of building a new vessel, ships in traffic have to be 
retrofitted or converted. There are four possible solutions: 
 

• Use of low sulphur fuel 
• Conversion to gas driven power units (Liquefied Natural Gas – LNG) 
• Reduction of NOx-emissions by (e.g.) Selective Catalytic Reduction (SCR) 
• Reduction of SOx-emissions by (e.g.) scrubber technology 

 
Operating the ship with low sulphur fuel is an immediately available solution, but it is noneconomic 
on the long run, because the costs are 50% higher than operating on standard ship fuel. Therefore this 
solution is only economic for short periods of time. The conversion to gas driven or hybrid power 
units often requires the change of the entire engine. Furthermore, the volume of the fuel increases 
about 80%, which decreases the cruising range or requires additional tanks to be retrofitted. 
 
The Selective Catalytic Reduction (SCR) reduces the emission of Sulphur by injecting urea via 
ceramic honeycombs into the exhaust fumes. These retrofits take place in the exhaust funnel, but need  
additional tanks as well, which have to be placed on the vessel. 
 
The scrubber technology reduces the emission of nitrogen oxides by washing the exhaust gas, which 
is filtered through pellets. Besides extensive retrofits in the exhaust funnel this technology needs very 
large tanks for fresh and used pellets. These tanks can exceed the volume of the engine, reduce the 
load capacity and often require a redesign of the vessel. 
 
Different studies investigate the economy of the different techniques, Walter and Wagner (2012). The 
main influence on the decision between the retrofit and the ship operation with low-sulphur fuel has 
the operating time in the ECAs. Many feeder ships and ferries travel solely in those areas, e.g. the 
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Baltic Sea. Therefore their owners have to retrofit their vessels in the upcoming years. All of the 
marketable technologies require an extensive retrofit, which affects the load capacity, structure and 
swim state. Especially smaller vessels are afflicted with the resulting restrictions. 
 
2.2 Retrofit process 
 
Independent of the chosen technology for the exhaust after-treatment, extensive structural alteration 
measures of the ship are necessary. Because the components are quite individual and manufactured by 
specific order, it is essential to evolve a detailed plan of the retrofitting process. An important aspect 
thereby is the scheduling: The limits set by IMO will decrease in the upcoming years and the medium 
throughput time of retrofit processes varies between six and twelve months at the moment, 
Loumansuu (2011). Because the production of the components takes several months and the retrofit 
takes place during the dock times of the vessels, preliminary working steps are essential. One of them 
is the preparation of the offer. A service provider or the engine supplier, who acts as general 
contractor, normally prepares this offer. Fig. 2 shows the offer preparation process, Friedewald et al. 
(2013). 
 

 
Fig. 2: Tender preparation process 

 
A characteristic of shipbuilding are the different product states during the life cycle. As-designed, as-
built and as-is are distinguished. Because of the lack of information about the as-is-state of the vessel, 
a geometry capture is indispensable. The shown process is done by the general contractor. Today, the 
ship owner (customer) is not active in the process and usually only delivers information. 
 
2.3 Challenges 
 
As mentioned, the retrofit of vessels with the objective to comply with the given emission limits holds 
several challenges. A high degree of individualisation and the long lasting production time of the 
components require a detailed planning. The extensive retrofit measures affect the ship operation, 
which is why the customer’s understanding of the technical problem and its discussion is essential for 
a suitable solution. 
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Today the planning of new components in the maritime industry is often done on the base of the 
general arrangement plans. Those drawings show the as-designed-state of the vessel and mostly do 
not fit the actual as-is-state. The volume of the retrofitted components and the target retrofit measures 
are difficult to present using such a drawing. The discussion of different variants and integration of 
the customer’s ideas are difficult as well. Therefore this kind of presentation is not suitable as a 
discussion platform to the customer. 
 
On top of the pure presentation it is essential to collect the requirements and the boundary conditions 
of the customer. The possibilities given today do not provide the chance to actually work together on 
the solution. This is a big challenge in the maritime industry, because on the one hand the data basis is 
not sufficient and on the other hand the planning of the offer takes place long time before the real 
retrofit. On this stage there is a lack in CAD models or elaborated solutions. 
 
3. Customer integrated Variant Planning  
 
3.1 Objective 
 
Concerning the organisational aspects of the retrofit three objectives can be mentioned: 
 

• Integration of the customer into the decision process 
• Visualization of retrofit measures in advance 
• Planning of variants 

 
The Augmented Reality (AR) technology provides the potential to fulfil these objectives. The main 
benefits are the visualization of 3D information in the real environment, Heinig et al. (2012) and its 
use as a discussion platform, Tönnis (2008). The presented paper shows the implementation of a 
system for customer integrated variant planning by Augmented Reality. 
 
3.2 System design  
 
Augmented Reality enables the super imposition of additional information, geometry and meta-data, 
in a real environment. Fig. 3 shows the operating mode of an AR system. The AR system generates a 
graphic visualization via a display medium like a tablet computer or AR glasses. The visualization can 
include CAD data as well as simple illustrations like photos or textual data. The accurate positioning 
of the information is done via the identification of position and orientation of the system – the 
tracking. Supplementary, the user has different options to interact with the system. 
 
For the use in the maritime industry an AR system was developed, which complies with the objectives 
mentioned in chapter 3.1. A tablet computer was chosen as hardware solution, because it allows a 
simultaneous use by multiple users and an adequate precision of the interaction. Today, tablet 
computers are the preferred industrial AR solution, Bauernhansl et al. (2014) compared with AR 
glasses, which only have a limited fitness for practical use. 
 
The developed software consists of two complementary parts: a visualization of the offer and a variant 
planning. 
 

• Visualization of the offer 
The visualization of the offers helps presenting the components of the solution on the real 
object. The general contractor can now show the required systems in the real environment of 
the vessel. If e.g. a SCR is the subject of the offer, the app shows the components in the 
exhaust funnel and gives a first impression to the customer. Fig. 4 shows such a system. 
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Fig. 3: Principle of an Augmented Reality system 

 

 
Fig. 4: Visualization of a new system on-site 

 
The tracking uses the camera of the tablet computer. It has a high resolution and offers a 
continuous image. The app offers different tracking types. For the visualization marker based 
tracking (Färber 2006) was chosen. The components data – provided by the general 
contractor – are oriented towards the marker. By moving the marker the user can modify the 
position of the parts. Furthermore, he can load some more geometric data into the scene or 
replace components. To use different tracking configurations – depending on the suitable 
distance or the available space – a tracking kit was built, which provides a user friendly 
adjustment. The kit enables the definition of markers in the application. Multiple markers 
allow a flexible layout of the parts. Thus individual parts can be visualized by the system at 
another position, like the electric control cabinet (in the figure on the right). 

 
Though the shown parts are geometrically correct, they are not adjusted to the environment, 
because of the lack of environmental information. That leads to the impression that the 
components in Fig. 4 are fixed on the outside of the steel structure and the pipe would stand 
on deck. This constraint is compensated by the advantage of an immediate visualization, 
which allows a rapid start of discussions with the customer. 
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• Variant planning 
Based on the offer visualization the variant planning provides features for interaction with the 
software to show different scenarios and to modify them on-site. Fig. 5 shows schematically 
the enhancements. 

 
Fig. 5: Enhancements of the variants planning 

 
Besides the marker-based approach, the tracking is realized via an edge-based technique, 
Choi and Christensen (2010). The system orientates itself without markers along the 
structure, Fig. 6 and therefore uses a model of the environment. As described in chapter 2.2, 
in the maritime industry a geometry capture is often required. The system uses this 
information for two functions: the correct orientation of the components and the occlusion of 
the components by disturbing geometry. Especially the last one is crucial for the customer to 
understand. In order to give the impression, that the object would follow the pipe under the 
platform, the AR system considers the existing edges and hides the new components, Fig. 6b. 

 

 
Fig. 6: Variants planning with AR 

 
The presentation of those scenes needs some preparation. The user has to handle the environment 



 242

information and to arrange the models beforehand. This is a substantial difference to the simple 
visualization of the offer. The presentation is considerably more precise, but can only be used as of an 
advanced project status (compare chapter 3.4). 
 
In addition to the geometry, the AR system provides the use of meta-data like flow directions of 
fluids, dimensions, installation or maintenance space requirements. As experienced in the first field 
test, especially the last ones are a crucial feature in the discussion with the customer.   
 
An important part of the variant planning is the real planning and modification of the configurations. 
This task requires an interaction with the components and the saving of the variants. The application 
provides loading and deleting of parts and the option to manipulate the components. This is 
implemented via a gesture control, which enables sliding and turning of the parts. This control 
enhances the method of Liu et al. (2012): The user first picks the parts from a list. He can manipulate 
only one part or a combination of multiple parts. All axes are possible to be manipulated. The 
manipulation is done on the chosen axis. The translation is activated by a two-finger wipe in the same 
direction, the rotation via wiping clockwise or counter clockwise. Gestures for scaling were 
intentional not implemented to avoid accidental scaling of parts. 
 
The app provides a menu for the adjustments like the increment of translation and rotation. 100 mm 
for translation and 45° for rotation have proven of value for maritime problems. 
 
The manipulation of the objects of the scene is an important constituent for the composition of 
variants. To save and load them, two options have been implemented in the AR system: The saving of 
poses and the creation of a configuration. For saving the poses, the application saves the coordinates 
of the object and the orientation of all parts of the scene and their attributes (e.g. visibility). A 
configuration can consist of multiple poses. In addition, the tracking and the parts themselves are 
stored. This enables the general contractor to show diverse variants of a system and different systems 
to the customer in the real environment. This is a crucial argument concerning the complexity of the 
exhaust after-treatment systems. The variants are stored in a standardized, neutral format and can be 
used afterwards by the general contractor, e.g. directly in CAD or Excel. 
 
The enhancements of the variant planning compared with the visualization of the offer can only be 
deployed with a better data base. In addition to an existing as-is-geometry a first planning of the 
required components for the vessel is essential. The manipulation via gestures is in fact applicable in 
an early phase of the engineering process, but in practical experience it was not mandatory, because 
sliding the marker is often the simpler way. 
 
3.3 Customer integration 
 
Chapter 2.3 accentuates the need of integrating the customer in the process. The customer must 
understand the serious modifications induced by the retrofit of an exhaust after-treatment system and 
accept the arising problems (like the reduction of load capacity). The developed system provides a 
platform for visualising suitable solutions in an early phase of the engineering process, which enables 
the integration of the customer into the variant planning. 
 
The AR system was implemented in order to be used by several persons at a time. One person runs 
the software, which is designed for intuitive handling. Every participant of the discussion group can 
interact with the system with little previous knowledge and the sole visualization of the variants 
requires no experience. Field tests in the maritime industry have proven the usability of a tablet 
computer based AR system with up to five persons. 
 
The use of Augmented Reality enables a visual inspection of the variants from different angles. The 
users can circulate around the components or look from a close or distant perspective. Additional to 
the visualization of the components a radiographic view was realized, Fig. 6a, which allows the 
customer to look at the scene from afar. This increases the understanding of the problem. 
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A retrofit as well as a new construction has to fulfil the entire customer requirements. Ship owner, 
captain or chief officer remark diverse requirements, which can be incorporate by them, using the new 
application. The visualization of the offer gives a first impression of the components and the impact 
on the vessel. New ideas and suggestion can directly be incorporated in the further engineering. 
 
During the real variant planning the general contractor can address the requirements of the different 
stake holders. E.g. maintenance spaces of an SCR or the accessibility of the pellet tanks of a scrubber 
can be shown to the chief officer. Required open spaces can immediately be planned then.  
 
3.4 Process integration 
 
To integrate the customer into the decision processes was one objective of the presented paper. A high 
level of transparency should improve the incorporation of the customer’s suggestions to the 
engineering. In the initial situation the customer was only integrated in the initialization phase of the 
process and provided some data. There was no chance to achieve an active collaboration. The 
presented AR system involves the customer and enables his participation. For an efficient use, the 
process shown in chapter 2.2 had to be extended. Fig. 7 shows the modified process. 
 

 
Fig. 7: Modified tender preparation process 

 
The AR system is used during three, but affects multiple, phases of the process. The design of the 
system allows the usage yet in an early state of the project - the initialization -, when only little 
information exist. In this phase, the general contractor presents suitable exhaust after-treatment 
systems to the customer directly on-board of the vessel. The technical pros and cons are well known 
and the focus of the decision covers mainly the required space for the retrofit. The displayed models 
come from the catalogues of the supplier and do not need further processing. 
 
The detailed analysis of the vessel and the captured geometry lead to layout variants. They are 
discussed with the customer with the aid of the AR system. The system enables the direct 
modification and the creation of new variants. The results are considered during engineering and bid 
estimate. The customer can affect the retrofit before signing the contract. His suggestions contain 
useful information for the supplier, because they help to reduce or even to avoid future problems like 
accessibility or obstructive structures. 
 
 

 
Fig. 8: Integration of the customer through AR 
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At the end of the process the AR system supports the complete visualization of the offer. The ship 
owner, the crew and further decision makers get an impression of the upcoming retrofit measures. The 
transparency helps to accept the solution by the affected parties. 
 
The shown integration of the customer can enhance the chances of the offer. Fig. 8 gives an overview 
of the changes in the procedures for the retrofit of a vessel.  
 
4. Case study 
 
As described above, the retrofit process in the maritime industry requires different parties to 
understand the specific problems. They only can be incorporated in the discussion and decision 
process, if they understand the different methods and techniques.  
 
To facilitate a productive use, the implemented system needs to be refined during practical use. While 
it was initially developed and tested under laboratory conditions (1), it was subsequently enhanced 
during several workshops with executives (2) and finally evaluated in a case study in practice (3). 
 

1) The system was tested with regard to general functionality parallel to its development. The 
tracking was validated in several dimensions and prepared for the use on a real vessel. E.g. if 
markers had to be identified by the system from long distance sometimes marker sizes up to 
DIN A0 are required. Another important constituent is the provision of the geometric models, 
which come from the catalogues of a prominent maritime supplier. A link of the catalogues 
with the AR system allows the individual choice of the exhaust after-treatment technology 
and the adaption of the components on board. 

2) The second evaluation step served to present the AR system to the supplier and to enlarge it 
for a practical use during several workshops. The workshops focused on the operation of the 
application and the achieved results. The gesture control (compare chapter 3.2) facilitates the 
modification of the components. Multiple test persons with different previous knowledge 
evaluated the usability and the overall impression. The test scenario consisted in the accurate 
positioning of an SCR system. The most important improvements were: 
 
• Inverted shift of the z-axis 
• Removal of the scale function by a zoom gesture 
• Representation of the depth by displaying the relative position of part and marker 
• Improved presentation of the coordinates system of manipulations 

 
Furthermore, the achieved results of the scenario were analysed in detail. One outcome was 
the need for a storage of the chosen variant in a neutral format to allow the subsequent use of 
the session results. All of the findings of the workshops were implemented in the application 
then. Fig. 9 shows the revised user interface. 

 

 
Fig. 9: User interface of the AR system 
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3) The last step was a case study to evaluate the suitability for a daily use of the application. An 
international ship owner ordered a SCR from a supplier for a vessel, which travels only in an 
Emission Control Area. The objective then was to evaluate the AR system and its usability in 
a real project. The first test took place during the evaluation phase. Input information were the 
engine figures and a general arrangement plan of the vessel. The suitable exhaust treatment 
system was chosen from the catalogue and visualized on-board with the help of a marker 
(compare Fig. 4). Already at that time first questions and suggestions for the components and 
the layout could be gathered from the customer. Complementary to the presentation of the 
complete system the visualization of a single component in the exhaust funnel was needed. 
Via the catalogue and one marker the solution was presented with minimal effort and also 
some photos were taken for documentation. 

 
In a further process step (engineering phase) the variant planning was tested. After the geometry 
capture and a first design in CAD the derived layout variants were presented to the customer. The ship 
owner and selected crew members had the opportunity to redesign the layout with the AR system and 
to discuss the modifications with the supplier on site, Fig. 10. This led to new variants. All of them 
were discussed and documented. The customer was integrated into the decision process. New ideas 
and weak points came up, when the situation was inspected on board with the help of the AR system 
and its visualization of the future components. The precedent presentation with a CAD system did not 
lead to these results. 
 

 
Fig. 10: On-site variants discussion 

 
5. Conclusion 
 
Worldwide shipping has to anticipate serious changes by the tightening of emission regulations. Ship 
owners are forced to retrofit their vessels for a future economic operation. German suppliers offer 
solutions to fulfil the emission guidelines. The size of the components and the retrofit measures are 
often extensive. The ship owner therefore must be better involved in the complex decision process. 
 
This paper presents an Augmented Reality system for visualizing components and planning different 
layout variants. The system has a modular design and allows the visualization of variants in an early 
phase of the retrofitting process. Retrofit components can be presented with minimum effort on board 
of the vessel. An additional module enables the planning of variants. The user can configure and save 
different layout variants by himself. For this purpose, he can use various interaction options like 
manipulation by gesture control or loading of further components. 



 246

The case study of the presented AR system has shown the benefits compared to other platforms. The 
designated modifications were directly presented to the customer and he could propose his own ideas. 
This procedure, integrated him better in the decision process. 
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Abstract 
 
This paper describes the steps undertaken to couple CAESES and NavCad for an AUV optimization 
project, including program settings, data communication and scripting API, optimization strategies, 
and design study outcomes. CAESES® by Friendship Systems was responsible for geometric model-
ing and optimization. Hydrodynamic analysis was conducted by HydroComp NavCad® operating in a 
silent “server mode”. NavCad was chosen for this project as a computationally efficient alternative to 
higher-order codes when it was found that the functional design space was limited by the computa-
tional time necessary to evaluate each variant. To narrow the design space prior to CFD analysis and 
also to establish quantitative points of reference, NavCad was used for the automated prediction of 
resistance and propulsion for each of the CAESES design variants. 
 
1. Introduction 
 
Friendship Systems AG (Potsdam/Germany) and HydroComp, Inc. (Durham NH/USA) have success-
fully completed an optimized AUV hull form design by utilizing the companies’ principal software 
tools as a coupled solution. Geometric hull form modeling and optimization was performed by 
Friendship Systems CAESES® with hydrodynamic analysis conducted in HydroComp NavCad®. 
This study employed the new scripting module in NavCad (Premium Edition) so that it can be run as 
an efficient “coupled solver”. 
 
The genesis of the study was a comprehensive university internship project for optimizing AUV hull 
form designs using an open-source CFD module. It was found that the functional design space (i.e., 
scope of variants to be considered) was restricted by the computational time necessary to evaluate 
each variant. To narrow the scope of the design space prior to CFD analysis and also to establish 
quantitative benchmarks, HydroComp’s NavCad software was employed for the automated prediction 
of resistance and propulsion for each of the CAESES design variants. 
 
2. Overview of computational approach 
 
The software tools CAESES and NavCad were given clearly defined computational responsibilities – 
geometry creation and optimization in CAESES, and hydrodynamic hull form and propulsor analysis 
in NavCad. The connection was by flat text file transfer of a) data and instructions to NavCad from 
CAESES and b) performance results to CAESES from NavCad.  
 
CAESES is the “design manager” of the coupled pair, with NavCad generating the performance re-
sults. Both programs are launched and run simultaneously, using a NavCad-based “run script” data 
transfer utility as needed. Fig. 1 illustrates the general approach. 
 
The principal steps to setup and run an optimizing calculation between CAESES and NavCad are: 
 

a. Determine the core geometric parameters that will be allowed to vary, and appropriately pre-
pare the geometry in CAESES. Establish the CAESES optimization techniques. For example, 
depending on the nature of the search, optimization can be by “design of experiment” tech-
niques (such as the Sobol algorithm), or perhaps an “exhaustive search” when using calcula-
tion servers of high computational efficiency. 
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Fig. 1: Processes and file transfer between CAESES and NavCad Premium 

 
b. Define the suitable common prediction parameters to apply in NavCad (e.g., resistance pre-

diction method and options) and create a master file. Although the entire command set can be 
passed to NavCad with script calls, it is often more convenient to set up a master NavCad pro-
ject file (HCNC-file) with all analysis settings, and then limit the data transfer to just the vari-
ables that can be changed. 

c. Launch NavCad with command line arguments that indicate quiet “server mode” operation 
and establish data communication parameters, including a NavCad server process “handle” 
identifier. This unique handle ID insures the fidelity of the coupled calculation space. 

d. Upon startup, NavCad will return the server process handle ID to the defined text file loca-
tion. This handle ID is picked up by CAESES to use with calls to this particular instance of 
NavCad. 

e. Adjust the CAESES geometry of parameters to suit the optimization technique. 
f. Provide instructions within CAESES to prepare a NavCad Premium script for the given vari-

ant adjustments. The script should include instructions to open the pre-defined “master set-
tings” project file, pass data for the adjusted CAESES parameters, run calculations, and return 
results. CAESES will write the script file and launch the “RunScript” utility with arguments 
for the script file to transfer. NavCad Premium will then receive and process the file. 
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g. CAESES will poll for the return of results to the defined text file location via a transfer file 
notice mechanism (such as file time stamp) and apply the NavCad results for use by the opti-
mization algorithm. Steps e-g are repeated for each variant. 

h. Upon completion of the optimization study, CAESES passes a script call that closes the 
NavCad Premium server process. 

 
2.1 Fidelity of the coupled connection 
 
It is important to understand that both CAESES and NavCad are run – and function – simultaneously. 
Each is launched under compliance of its own end-user licensing. While it is obvious that CAESES 
should remain running for the duration of a design or analysis study, a dedicated instance of the 
NavCad application process must also be running and “connected” so that calculation authority re-
mains with its active “client”. In other words, once a NavCad process is launched for CAESES it will 
exclusively serve this instance of CAESES until NavCad is closed and the program license is re-
leased. The purpose for this dedicated instance of NavCad is to insure that calculations are completed 
and returned properly without interruption from other clients, including disruption of the timing of 
calculations, misdirecting of results to an incorrect client, or closing the process prematurely. 
 
3. AUV performance simulation 
 
As part of a suite of supplemental tools for NavCad, HydroComp recently developed a parametric 
prediction module for submarine and SWATH performance prediction. The definition of “body-of-
revolution” submersible geometry is suitable for the AUV study and uses three longitudinal regions – 
a forward ellipsoid-like nose, cylindrical mid-body, and an aft ogive-like tail, Fig. 2. (The strut is only 
needed for SWATH and is ignored for the AUV.)  
 

 
Fig. 2: AUV geometry definition 

 
The standard ITTC-1978 Performance Prediction Method is used for the prediction of resistance and 
hull-propulsor interaction. NavCad’s existing function library was called on for added appendage re-
sistance as well as propeller sizing and propulsion analysis.  
 
Residuary resistance determined in NavCad by one of two methods: 
 

• Simple parametric prediction model  
• HydroComp’s recent reanalysis of the Series 58 tests (including the extended “parallel mid-

body series”) 
 
3. Managing geometry in CAESES 
 
As a CAE system for optimizing design studies, CAESES calls on third-party analysis (simulation) 
codes, utilizing their outputs to drive the design evolution. The scope of CAESES includes editing and 
management of geometry (and its variations), pre-processing, connectors to the third-party simulation 
codes, post-processing comparison and ranking of variants, as well as optimization and design as-
sessment.  
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Several modeling strategies are available within CAESES for defining and varying CAD geometry as 
needed in engineering projects. The user can set up fully-parametric models from scratch, which was 
employed here for the AUV project. Of course, existing geometry can be imported, with only the per-
tinent changes described parametrically. (This is a partially-parametric approach, typical representa-
tives of which are morphing and free-form deformation.) Fully-parametric models are generally pre-
ferred, as they enable fine-tuning at a late stage of the design process, as well as investigation of broad 
changes in early design. The search for optimum principle dimensions is nearly always best served 
with a fully-parametric model and, not surprisingly, done as early as possible. 
 
The AUV is indeed a relatively simple shape as compared to a surface ship. (However, the simplicity 
helps avoid unnecessary distraction for the purposes of this paper.) Its parameters as shown in Fig. 2 
are intelligently organized to define the entire geometry. A handful of discrete hull form parameters 
(e.g., length, displacement, wetted surface, etc.) describe the model, all of which are built from for-
ward (nose) and aft (tail) shape equations. The geometric variables that guide the shape equations are 
body diameter, forward length, and aft length. All other hull form parameters are dependent on these 
three variables. 
 

 
Fig. 3: CAESES platform interface and analysis collaboration 

 
4. NavCad Premium as calculation server 
 
NavCad Premium 2014 introduced two features that allow it to run as a coupled solver: 
 

• a scripting API for data and processes (i.e., macro, batch) 
• quiet mode operation without the GUI (i.e., “server” mode).  

 
As described in Fig. 1, the “host” platform (CAESES) is responsible for: 
 

• starting the NavCad server process,  
• packaging data and procedural instructions into a script (including output and file locations),  
• pushing scripts to the NavCad server to initiate each variant simulation,  
• polling for a change in the indicated output file, and then  
• evaluating output for the optimizing objective (e.g., minimum resistance or power). 
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HydroComp’s scripting API was inspired by other scripting languages such as VBScript. It was de-
veloped with the intent that it was to be simple, logical, and object-oriented. (Scripting is also being 
added to the HydroComp PropElements® detail propeller code in 2015.) A brief script snippet is 
shown below. 
 

' read project file, change water depth, run resist ance, save 
results 
App.Clear 
App.OpenFile "C:\Temp\MyProject.hcnc" 
Environment.ShallowWaterDepth 8 m 
App.BuildResistancePrediction 
App.StartOutput "C:\Temp\NewOutput.txt" 
 SpeedPerformance.AddToOutput Count  
 SpeedPerformance.AddToOutput Speed 
 SpeedPerformance.AddToOutput DragTotal 
App.EndOutput  
 

CAESES launches NavCad in quiet server mode, and it runs as a background application. (See the 
notification popup in Fig. 4.) The process is simple, computationally very efficient, and mitigates typ-
ical cross-platform hurdles. NavCad can be shelled in server mode from any platform that can read 
and write to a Windows computer, including from a Linux computer on a common network. 
 

 
Fig. 4 : NavCad “quiet server mode” notification 

 
5. Optimizing the design 
 
The AUV study focused on minimizing drag and power for a given displacement volume. Each itera-
tion included prediction of resistance and sizing of a thrust-matched two-bladed fixed pitch propeller 
with a 0.30 expanded area ratio (EAR). Propeller matching was conducted using NavCad’s internal 
propeller optimization routine, rather than optimization within CAESES. The NavCad propeller sizing 
optimization determines the most efficient pitch (with diameter constraint) for a given thrust require-
ment.  
 
Several CAESES “design engines” (i.e., optimizing strategies) were tested. The best results came 
from mapping out the design space from a “design of experiments” (DoE) Sobol followed by an “ex-
haustive search” within a reduced domain and with adapted bounds for the free variables. Since the 
NavCad calculation is very efficient (taking less than 5 seconds on an office-grade Windows comput-
er), a large Sobol analysis of more than two-thousand designs was run. The results allowed the geom-
etry to be refined, with the range of the design variables tightened to exclude results with higher drag 
and power. An exhaustive search with three subdivisions on three variables was run on this new ge-
ometry, which ultimately produced the final design. 
 
Sobol is a popular technique to explore a design space, by placing the next variant in the region that is 
currently least “populated”. As a quasi-random search, its pattern may look random but it is actually 
deterministic. The Sobol objective is to garner information about the design task with as little compu-
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tational cost as possible. Unlike a matrix-like exhaustive search, a Sobol sequence will not necessarily 
increase the number of evaluated variants in proportion to the number of free variables. 
 
Once a constrained design space has been established, an “exhaustive search” then interrogates the 
design space. The defined geometric parameters are systematically varied in a multi-dimensional ma-
trix, evaluated, and documented. Of course, a design space could easily reach many thousands of po-
tential variants, so an exhaustive search is typically only appropriate when using highly efficient solv-
ers and very few free variables. In cases where computation time is expensive, a DoE approach is 
more effective. 
 
An optimization task is typically of four parts: 
 

a) variables (to be investigated),  
b) the objective function (the simulation results),  
c) the goal (here, minimum power), and  
d) its functional domain (with constraints).  

 
This AUV study employed a simplified model of design objectives and constraints: 
 

• Variables: Body diameter, length/diameter of bow and aft bodies 
• Function: NavCad’s performance prediction algorithms 
• Goal: Minimum resistance and/or power 
• Domain: Fixed 180 kg displacement in SW, 4 knots design speed, allowable ranges for the 

variables (e.g., body diameter from 0.28 m to 0.40 m). 
 
The set of just three variables (and simple constraints) was deliberately selected for this exploratory 
study. Of course, commercial studies would likely include additional constraints such as for payload 
geometries (a minimum mid-body length, for example) or LCB position (for vehicle maneuvering). 
Greater complexity is easily accommodated by the coupled CAESES-NavCad solution. 
 
6. Analysis and selection of successful candidate designs 
 
The NavCad prediction is computationally very efficient, so there were no limitations to the amount 
of variations to investigate. The CAESES “exhaustive search” analysis was easily managed by 
NavCad for the entire design space. As mentioned, three variables (diameter, forward length, aft 
length) were evaluated in a systematic series. Four values spanning each variable range made up the 
64 variants of the series. 
 
Using an ordinary business-grade computer (3.3 GHz Intel-i5; 8 GB RAM; 64-bit Windows 7), com-
putational time of only 5m:41s was required for the entire search and analysis (i.e. 5.3 s per variant). 
The time goes up if rendering and saving of an image file for each variant is required, but was still 
only 12m:27s (i.e. 11.7 s per variant). 
 
The search offered the following example results. (Images are in correct relative scale.) 
 
6.1 Successful candidates 

 

 
Fig. 5: Successful candidate: 2.17 m L, 0.40 m D, 22.0 N Resistance, 45.6 kW Power 
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Fig. 6: Successful candidate: 2.32 m L, 0.36 m D, 24.6 N Resistance, 51.4 kW Power 

 
6.2 Unsuccessful candidates 
 

 
Fig. 7: Unsuccessful candidate: 3.70 m L, 0.28 m D, 47.4 N Resistance, 108.3 kW Power 

  

 
Fig. 8: Unsuccessful candidate: 3.79 m L, 0.28 m D, 61.7 N Resistance, 148.5 kW Power 

 
7. Conclusions 
 
The CAESES DoE Sobol and exhaustive searches revealed that a shorter length with larger diameter 
tended to have lower drag, larger available propeller diameter, and thus lowest power. This is con-
sistent with expectations. Such shapes have a smaller wetted surface, leading to lower total resistance 
given that viscous drag will be the dominate source of resistance at the low operating speed. Of 
course, the outcome may be very different with a different design speed or different design con-
straints. Moreover, if the AUV was to sail at or close to the free surface then the additional wave-
making resistance of the prediction method would be included. 
 
The coupling principles between CAESES and NavCad have been proven with this representative 
example optimizing AUV design study. The rapid design space evaluation is due to both the use of 
NavCad Premium as a very efficient “coupled solver” and the linked modeling and optimization ca-
pabilities of CAESES. The very broad and comprehensive prediction models in NavCad with the 
adaptive geometric modeling and optimizing capabilities of CAESES make this a valuable pairing for 
hull form design of any marine vehicle. 
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Appendix A – Special instruction notes for linking CAESES to NavCad 
 
The following are special notes and guides for using NavCad Premium as a calculation server with 
CAESES. Refer to the NavCad Premium “Scripting Solver” documentation for complete instructions. 
 
A.1 Starting NavCad as a server 
 
Start the NavCad server process as described in NavCad’s program documentation. However, it is 
necessary to indicate the proper end-of-line character for CAESES. (This is used for both the script 
command file and the returned NavCad output). CAESES uses the Unix-standard “line feed” charac-
ter for this purpose, so use the “/dLF” argument. 
 
A.2 Configuring CAESES 
 
Special instructions pertaining to the initial configuration of CAESES (version 3.1.4) for use with 
NavCad are shown below. 
 

1. Open the CAESES “software connector” (Connections | Software Connector) to establish the 
setting for the link between CAESES and NavCad. The example name is “NavCadConnector”. 
 

 
Fig. A.1: CAESES software connector 
 

2. In the Software Connector, create a LocalApplication and enter the path for the NavCad 
“...RunScript” data transfer utility executable. Limit the maximum number of instances to one. 
 

 
Fig. A.2: CAESES software connector LocalApplication settings 

 
3. Create a string parameter (using menu CAD | Parameters | String Parameter) to hold the 

NavCad process handle ID that is returned from the initial launch of the NavCad. (For this ex-
ample we are calling the parameter “HandleID” and the example handle number is “8094091”.) 

 
Fig. A.3: NavCad process handle ID parameter 
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4. Also create a string parameter (called “Script” here) for the script file name that will hold the 
script text passed from CAESES to NavCad. 

 

 
Fig. A.4: Script file name parameter 
 

5. Create a string parameter (named here as “CurDir”) to store the current directory and set its 
value to getDesignDir() . One additional step is required for proper path delimiter format-
ting. To push file paths to Windows applications (as is the case with NavCad), the path delimit-
ers in CAESES must be altered as in the screenshot below (and called “CurDirWin”).  

Fig. A.5: Current directory parameter (including additional formatting for Windows) 
 

6. Now store the script path in a string parameter (named “Path”) by appending: a) the current di-
rectory parameter (“CurDir”), b) the name of the software connector (“NavCadConnector”), 
and c) the the script parameter (Script), all separated by forward slash folder delimiters. Create 
the Windows version as above (using “PathWin”). 

 

 

Fig. A.6: Complete script file path parameter 
 

7. Create another string parameter to hold the definition of the command-line arguments (named 
“ARG”) to pass to NavCad. (Complete specifications are described in the NavCad Premium 
“Scripting Solver” documentation.) 
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Fig. A.7: NavCad argument parameter 
 

8. Finally, finish the Software Connector by selecting the argument string parameter (“ARG” 
here) for the Arguments parameter. 

 Fig. A.8: Completed CAESES Software Connector for NavCad Premium 
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Abstract
 

Modelling of the hull structure is a key cost factor in the ship design phase both for the yard and for a 
classification society. Therefore re-use of models for analysis purposes has been a goal of CAD 
system manufacturers and classification societies for many years. It requires build-up of a 3D 
structural model in the early design phase but promises higher efficiency in subsequent tasks. This 
paper describes an interface between the systems NAPA Steel and POSEIDON for model re-use. Both 
the CAD geometry and the finite-element mesh for the global ship model are transferred and re-used 
for analysis. Experience from applying this approach to a 14400 TEU container vessel newbuilding 
project at Samsung Heavy Industries demonstrated significant time savings in the design and 
approval stage. 

 
1. Introduction 
 
Modelling the hull structure is a key cost factor both for yards and for classification societies. 
Therefore re-use of hull structure models has been a goal of CAD (computer aided design) system 
manufacturers and classification societies for many years, e.g. Baum (1997), Cabos et al. (1997), 
Peak et al (1998), Wilken et al. (2008), Alonso and Gonzalez (2010), Alonso et al. (2013). But until 
recently, the transfer of complete 3D structural models to rule calculation tools has proven an elusive 
challenge. A Joint Development Project (JDP) has now shown that re-use of models can lead to 
significant savings in lead time and cost. The JDP “Process Improvement for Hull Design” between 
Samsung Heavy Industries (SHI), DNV GL, NAPA, and ClassNK aimed mainly at developing an 
interface to reuse a modelled ship structure in NAPA Steel for Finite Element strength analysis and 
prescriptive rule check connected with class approval. A “structure” in this sense could be e.g. a 
complete cargo hold area or the global ship model. The approach was first applied for a series of 
14400 TEU containership newbuildings to be delivered to the ship owner in 2016. 
 
2. Motivation and scope of project 
 
Until today, only few yards apply 3D CAD for early structural design. Rather, the customary 
procedure is to document the design on drawings and later build up a Finite Element (FE) analysis 
model and a rule calculation model based on these drawings. Although the FE model reflects the 3D 
construction, rule calculation models often only contain some cross sections as the prescritptive rule 
check is based on local checks and cross sectional analysis. 
 
Through design systems such as NAPA Steel it is possible to directly design in 3D or to re-use and 
modify such 3D structural models from previous ship designs. This approach was so far not used 
widely because of the lack of efficient re-use procedures for the model. Namely, automatic generation 
and use of FE model and rule calculation model from the structural model was so far a bottleneck.  
 
NAPA Steel can generate 3D FE models, including the necessary idealization steps, automatically 
from the entered structural geometry (right hand side of Fig. 1). The approach covered so far by other 
rule calculation interface developments was based on the transfer of single cross sections, not the full 
3D structure. But this procedure has drawbacks regarding efficiency and assessment functionality, see 
section 3 of this paper.  
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Through the interfaces and procedures developed in the project reported in this publication, the 
shipyard can now establish a 3D hull structural model in NAPA Steel as the central model in the early 
design process, Fig. 1. The model can then be used to derive the specific analysis and 3D rule calcula-
tion models in order to determine required steel already during project phase.  
 
Furthermore, through the interfacing of the programs and integration of all checks into POSEIDON 
the workflow for re-running an analysis becomes fast. In this way it becomes easy to check different 
design variants. Based on modifications in NAPA Steel, and re-generation of POSEIDON and FE 
models the analyses can be re-run. In the current development status, some manual touch-up is still 
necessary in the generated analysis models. An faster procedure for variants is available by making 
structural modifications directly in POSEIDON. E.g. for changing hatch coaming height, a re-run of 
prescriptive rule checks for multiple cross sections can then be done within a few minutes. Another 
use case is the change of loading condition initiated for example by owner’s request for more ship 
flexibility. Then bending moment and shear force envelope curves change and scantling analysis must 
be re-run. Again, it takes a few minutes to update the required scantlings for this case. 
 

 

Fig. 1: A central 3D model allows generation of class rules check model and finite-element loads and 
models. Functionality shown in brown requires the actual structural model. Functionality in blue is 
based on idealized Finite Element models.  
 
Due to necessary idealization steps (e.g. moved stiffeners, removed openings, idealized hatch corners, 
averaged plate thickness) the Finite Element Analysis (FEA) model differs from the rule calculation 
model. Assessment of FEA results typically requires knowledge of the non-idealized geometry of the 
construction, see Fig. 1.  
 
When starting the developments, the shipyard requested the following functionalities: 
 

• Dimensioning of single cross section  
− longitudinal members 
− transverse members 
− transfer of results to NAPA Steel 
 

• Dimensioning of several cross sections according to rules 
− As above 
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• Cargo hold FEA  
− transfer of cargo hold model to POSEIDON 
− Cargo hold FEA in POSEIDON (model generation, rule loads, analysis, assessment)  

• Global FEA  
− interface to load case selection and computation in ShipLoad 
− buckling, yield, fatigue check in POSEIDON 

 
Prescriptive rules check and finite-element analyses require different models, e.g. different level of 
detail. Also, the structural information is stored differently in NAPA Steel and POSEIDON. A correct 
exchange of model information in both ways was the key challenge. Fig. 2 summarizes the setup of 
the developed interfaces and the associated tools. It is explained in more detail in the following. 
 

 

Fig. 2: Overview of the linked design and analysis systems. In the current approach, the global FEA is 
covered by Patran, ShipLoad and NASTRAN, ANSYS. Prescriptive check, cargo hold FEA and 
assessment of global FEA is covered by POSEIDON. 
 
3. Prescriptive Rules check 
 
In POSEIDON, for the prescriptive dimensioning the hull structure is checked against class rules by 
cross sections. Thus, cross section information must be extracted from the NAPA Steel model. 
However, a decision was taken against a mere transfer of single cross sections. There are various 
reasons for this: 
 

• Process efficiency, only one transfer necessary if the complete model is transferred whereas 
significant manual interaction is necessary for transferring by cross section 

• Cargo hold analysis requires many cross sections 
• Assessment of global FEA results requires also the corresponding structural information (see 

“Assessment” in Fig. 1) 
• Automatic determination of unsupported lengths shall be supported 
• Complete 3D model is useful for visualization (model check)  
• The 3D approach allows model generation for hull integrity management in the lifecycle  
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Fig. 3: Block containing machinery space Fig. 4: Details of transferred model 
 
When applying the interface, it is recommended to transfer at least a complete block of e.g. three 
cargo holds, see Fig. 3, containing all longitudinal and transfer plates and stiffeners, in one step. This 
supports the automatic scan functionality for unsupported length, span and connection information 
inside POSEIDON. The user defines the block limits for the transfer in terms of frame numbers.  
 
As required for dimensioning, the interface from NAPA Steel to POSEIDON covers, Fig. 4: 
 

• principal dimensions, 
• frame table (X direction but also Y and Z direction), 
• table of materials, 
• geometry of functional elements at all required longitudinal positions (these are selected au-

tomatically), 
• topological connections, 
• longitudinal plates and stiffeners with moulded line information, 
• transverse web plates and bulkheads with stiffeners including faceplates, 
• standard cut-outs, 
• special design criteria, 
• compartment definition and content, and 
• still-water bending moments. 

 
Models exported by NAPA Steel differ from manually created POSEIDON models. E.g. much more 
geometry definition information is passed on than required by POSEIDON. A human user can model 
geometry and structure in POSEIDON in a much more compact form. To facilitate working with 
transferred models, a functionality was added in POSEIDON which reduces the transferred data to a 
more compact and manageable representation. This functionality adds the following capabilities: 
 

• detect symmetrical geometry and plate information or optionally force symmetry, 
• detect and remove redundant geometry definitions, 
• extend transverse plate definition to support NAPA Steel style, 
• extend longitudinal plate definition to support NAPA Steel style, 
• correct tolerance problems, and 
• extend definition of transverse web plates and bulkheads. 

 
POSEIDON can perform the Rules Check calculations at any cross section inside the transferred 
block boundaries, Fig. 5. All rule sets of POSEIDON, including the Common Structural Rules (CSR), 
are covered, Hulkkonen et al. (2013). 
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Fig. 5: Results of prescriptive Rules Check shown in POSEIDON 

 
For rule check, the user selects the cross sections where to perform the calculations. For all plates and 
profiles the calculated required scantlings can be used automatically as new “as built” values if they 
have to be increased. After all checks are done the results can be passed back to NAPA Steel. The 
result file includes required thickness, profile parameters, corrosion addition, and material infor-
mation. 
 
The user can also start a cargo hold FEA from the transferred model. The prescriptive checks are 
based on local and longitudinal strength calculations. They are complete with all required yield, 
buckling and fatigue criteria. Cargo hold FEA covers automatically the required set of all loading 
conditions and load cases and check for yield, buckling and fatigue. It is possible to determine initial 
scantlings according to Class Rules’ minimum requirements fully automatically. Manual input for re-
analysis with modified geometry and scantlings is reduced to the absolute minimum. 
 
4. FEA – Model generation and analyses 
 
4.1. Model export, check and correction 
 
For many new designs, a global FEA is required. Often, the yard prefers to build up its own global 
FEA model. As NAPA Steel can generate an FEA model, the yard decided to export both the CAD 
model for prescriptive analysis and the FEA model for direct strength analysis, see Figs.2 and 6.  
 

 

Fig. 6: FEA model showing stresses for one load case generated by ShipLoad 
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The challenge in this approach is in matching the FEA and the POSEIDON models, Fig. 7, e.g. during 
buckling assessment. The reason for this is that the rule buckling check procedure for e.g. a plate field 
requires the stress results from the FE analysis for the corresponding plate field in the FE model. 
Therefore, stresses from the global FEA must be transferred to the corresponding POSEIDON 
buckling field. 
 

  

Fig. 7: Details of POSEIDON model (left) and FEA model generated by NAPA Steel (right) 
 
Key steps in the global FEA starting from a global model in NAPA Steel are: 
 

• Generate FEA model 
NAPA Steel exports the FEA model in the BDF (bulk data file) format of PATRAN 
(www.mscsoftware.com). To make the FEA model useable for POSEIDON, we introduced 
the following functionality:  

 
− Converter from BDF to BMF format (internal format of POSEIDON) 
− Mapping of finite element groups to POSEIDON functional elements  
− Grouping of NAPA objects for buckling checks 

 
• Correct model in PATRAN 

Model correction is necessary if the mesh is not free of errors and/or structural members are 
missing. There are comfortable tools available in FE pre-processors such as Patran to check 
and correct FEA models. Since the NAPA Steel model is the basis for both the FEA model 
and the POSEIDON model, all plates and stiffeners should be defined correctly in NAPA 
Steel. It is no problem to modify the mesh of a plate or stiffener or to add missing parts as 
long as the NAPA Steel model is corresponding to the FE model. For the actual project 
reported below, SHI had to add buckling stiffeners to the FE model which were not yet 
modelled in NAPA Steel. Furthermore some structural members were added. The missing 
members had to be added manually also in the POSEIDON model.  
 

• Adjust BMF file as required 
The grouping information file is generated by NAPA Steel when the FEA model is created. 
All new elements added afterwards in PATRAN are without grouping information. A com-
mand was developed inside POSEIDON to find these elements and to move them into the 
correct element group. This is done by checking the surrounding elements. In the actual pro-
ject, the FEA model consisted of more than 3000 element groups. Decks and bulkheads 
were split into several objects inside NAPA Steel and therefore also into several element 
groups. We introduced a super-group concept. The element groups were joined when they 
fulfilled certain requirements, e.g. same z-coordinate. We extended the buckling part of PO-
SEIDON such that these super-groups can be used.  
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4.2.  Interface to ShipLoad 
 
For the global strength analysis, a mass distribution must be modelled, loading conditions must be 
defined, equivalent design waves need to be selected, and the corresponding pressures need to be 
computed based on a hydrodynamic analysis. These tasks are performed by ShipLoad, Cabos et al. 
(2006). The main modelling effort for this mass and loading model (~3 days of work for an 
experienced engineer without interface to NAPA) is the assembly of the mass distribution in terms of  
 

• steel weight,  
• tank arrangement and loading (fill rate and density),  
• container arrangement and loading (average container mass per bay, vertical centre of 

gravity),  
• outfitting and other masses represented by box masses (i.e. prescribed mass and optionally 

centre of gravity distributed over box shaped geometric range), and 
• the assembly into loading conditions in terms of (hierarchically) assembled mass items. 

 
Usually, the NAPA-generated stability booklet (with some data available as Excel tables) is the basis 
for loading condition modelling in ShipLoad. Conceptually, NAPA and ShipLoad loading conditions 
are similar, namely assemblies of lightweight, masses (referring to geometric ranges) and loads 
(referring to rooms and containers). Hence, it is straightforward to export automatically most 
information from NAPA to ShipLoad. For correct load generation, mass items have to be consistent 
with the FEA model. In particular, nodes must be found within the geometric range specified with box 
masses and at container positions, and topologically closed regions must be found at tank locations. 
The NAPA-ShipLoad interface was implemented as  
 

• set of NAPA macros which write a particular fragment of the ShipLoad .shx input XML file 
or a .csv table file 

• set of C++ executables which process these files and assemble the complete ShipLoad .shx 
input file 

• command file which runs NAPA and these executables with minimum user input (basically 
name of NAPA database, loading condition and some file paths). Currently, one loading con-
dition is exported per .shx file. 

• some new features in ShipLoad (e.g. reading tank wall elements from .csv table file) 
 
Correct export leading to consistent FEA models is checked with the help of additional data; e.g. 
NAPA room volume is used to issue a warning if volume found in ShipLoad is too small or an error if 
no closed volume is found at all. Additionally, ShipLoad was improved in order to cope with very 
large FEA models, e.g. support for large number of element groups and 64 bit memory addressing. 
 
The following NAPA items are transferred to ShipLoad: 
 

• Main Particulars 
• Frame table 
• Box masses 
• Tank masses 
• Container masses 
• Assembled masses 

 
Principal dimensions are required for various purposes, e.g. plotting and rule wave bending moments. 
Some items, not yet available from NAPA, are entered manually in ShipLoad: neutral axis and shear 
centre for proper plotting of section forces; maximum ship speed for specifying ship’s speed as frac-
tion of maximum speed; minimum ballast draught at forward and aft perpendiculars for computation 
of rule base slamming pressures. The optional Hull Form Description file can be generated from 
NAPA with a separate macro. This .xml file contains sections required for 2D hydrodynamic 
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analyses. The data can also be derived from the FEA model in ShipLoad, but often the smoother lines 
from NAPA are preferred due to more reliable results. 
 
Steel mass are often not well represented by element group masses (i.e. mass computed from Finite 
Element geometry and density). Instead of element group mass items, lightweight element mass boxes 
can be used. This has the additional advantage of reducing dependency from particular meshing. 
A current limitation is that hatch covers are not available in NAPA. 
 
5. Hull life-cycle models 
 
In case detailed structural 3D models are built-up in design time it can be very cost effective to utilize 
such models also in ship operation phase. In particular the hull maintenance process can well be 
supported if appropriate 3D models are available. So far, significant effort had to be spent for model-
ling for building up such models. Due to idealization, FE models are not appropriate for this purpose. 
Rather, CAD models which correctly represent more structural detail such the correct position of 
stiffeners and plate boundaries are to be preferred.  
 
POSEIDON has an interface for exporting hull condition models (HCM), Fig. 8. This is a format 
specifically designed to support the hull inspection process. Therefore, such exported models may be 
used also for supporting the hull integrity management processes. This refers to  
 

• thickness measurements supported through a 3D model representation of the structure; this is 
covered by the software PEGASUS,  Jaramillo and Cabos (2006), Cabos et al. (2008) 

• visual inspections performed on behalf of the ship owner, supported through DNV GL’s 
ShipManager Hull, Cabos et al. (2010) 

• re-assessment of the hull structure based on thickness measurements updates applied to the 
FE model, Wilken et al. (2011) or the rule calculation model. 

 
In particular, the computation of maximal diminution makes this procedure very cost effective. In the 
case of CSR / CSR-H rules, each plate can have different maximal plate diminutions. The assessment 
of thickness measurements then requires checking the thickness reading for each plate with different 
margins. Without the support through software based on structural models which contain these dimi-
nution values, the assessment of thickness measurements is significantly more time-consuming. 
 

 

Fig.8: PEGASUS / ShipManager Hull lifecycle model for thickness measurements; maximal diminu-
tion values are generated by POSEIDON 
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6. Application to 14400 TEU containership project at Samsung 
 
After some preliminary testing with example ship models, the developed procedures and interfaces 
were applied in a recent SHI 14000 TEU containership newbuilding project. In this way functionality 
and performance was experienced in “real life”. The vessel was completely modelled in NAPA Steel 
by SHI. Then the interface was used to create POSEIDON models. The model was exported 
subdivided into four blocks to improve the handling of the files. The POSEIDON models were used 
for the prescriptive Rules Check by the yard to determine the required scantling. Then results were 
transferred back to NAPA Steel. DNV GL’s plan approval staff used the POSEIDON model for the 
approval task.  
 
Key activities are discussed below. 
 

• Model export from NAPA Steel to POSEIDON 
After selection of the longitudinal range to be exported in NAPA Steel, the transferred 
geometry of the hull structure is transferred using cross sections at automatically selected 
positions. The 3D construction is built up again in POSEIDON automatically. All 
longitudinal and transverse structural members (plates and stiffeners) are transferred as 
defined in NAPA Steel. POSEIDON reduces the geometric description and the plate and 
profile definitions into a compact and understandable form during the import. This results in a 
model that can be used efficiently for analysing, modifying or optimizing the structure inside 
POSEIDON. 

 
Manual correction of the model took about two weeks because of some teething problems:  

 
− Cross-section information for longitudinal members were not given at all required 

positions 
− Discontinuity for the hull shell was ignored 
− Missing connections of transverse stiffeners 
− Missing transverse stiffeners when defined as face plates in NAPA Steel 
− Longitudinal vertical girders partly with wrong coordinates 
− Symmetry failure for objects starting or ending on the symmetry plane 
− Modelling failures in the NAPA Steel model 
− Missing of subdivision of longitudinal plates and stiffeners in longitudinal direction 

in the NAPA Steel model 
− Plate coordinates outside of the geometry 

 
Based on this experience the above problems were removed after the 14400 TEU project. 
This further reduces the response time of the process. 

 
• FEA – Model generation and analyses 

SHI created the FEA model with the mesh generation function in NAPA Steel. The model 
contained ~500000 elements. The model was analysed and checked in PATRAN and also 
directly corrected in PATRAN. More than 5000 buckling stiffeners were added and more than 
3000 other elements were added/corrected. Most of the corrections were necessary because of 
an incomplete NAPA Steel model and shortcomings of the mesh generation. Based on this 
some re-work of the POSEIDON model was performed. In future projects, this can be 
improved by modelling the full scope in NAPA Steel and improving mesh generation 
functions. 
 

• Rule Check in POSEIDON 
SHI used the transferred and corrected POSEIDON model to determine required scantlings in 
early design. For this, the prescriptive rule check functionality of POSEIDON was used at 
many cross sections. The results of these cross-section checks were transferred back to the 
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NAPA Steel model by an export command of POSEIDON. Hull plan approval including 
cargo hold FEA was performed by DNV GL based on these files. 

 
• Load computation in ShipLoad 

The NAPA-ShipLoad interface was also used for the 14400 TEU design. Only some minor 
inconsistencies in NAPA Steel model and NAPA model (i.e. stability model) occurred. In 
these cases, no closed region was found at room location in the FEA model exported from 
NAPA Steel. Some errors in the FEA model were corrected in PATRAN affecting in some 
heavy fuel oil tanks. These changes were obviously not reflected in the .csv compartment in-
formation. Therefore, the .csv file was not used in the analysis; only NAPA-generated bound-
ing box information was used. In conclusion, successful application of the NAPA-ShipLoad 
interface requires that compartment geometry and FEA geometry are compatible. If com-
partment stability model and NAPA Steel model evolve separately, compatibility cannot be 
guaranteed. Fixes to the FEA model outside of NAPA Steel can render the .csv compartment 
information invalid, such that only bounding box information can be used.  
 

• FEA with buckling check, Fig. 9 
Buckling fields can be detected automatically, since all relevant structural members are 
known inside the POSEIDON model. Buckling fields are detected through the actual 
geometry transferred to POSEIDON. The computed stresses are automatically mapped to this 
geometry for evaluation. There are no special meshing requirements for the mapping. 
Buckling assessment for all plate fields in the global model could be performed in 
POSEIDON based on the stresses of the global FEA. 

 
One of the largest challenges in the application of the interface occurs when changes to the 
structural model are made to the POSEIDON or the FEA model and not incorporated in the 
NAPA Steel model. As buckling assessment requires congruent FEA and POSEIDON 
models, a function was developed to identify and fix discrepancies between these models. 
 

 

Fig. 9: Global models for buckling assessment (14400 TEU containership) and example of result 
view in POSEIDON. Determination of plate fields and buckling analysis are performed automatically 
for all plate fields on longitudinal and transverse members for the complete global model. In case of 
insufficient buckling strength, alternative dimensions for the affected plate fields are suggested by the 
program. 
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7. Application to oil tankers 
 
The main focus of the project “Process Improvement for Hull Design” was on containerships and 
tankers. For testing purposes, the NAPA Steel – POSEIDON interface was also applied to a tanker 
model. Fig. 10 shows the resulting POSEIDON model.  
 

 
Fig.10: Application of the NAPA Steel – POSEIDON interface to an oil tanker 

 
8. Conclusion 
 
The goal of this project was to significantly increase efficiency of the hull design process for yards 
through interfacing of their CAD system (NAPA Steel) with class rule calculation software 
(POSEIDON). This process can be applied if the yard performs the basic design in 3D or re-uses and 
modifies basic design models from previous projects. 
 
A 14400 TEU project was chosen to test the new procedures and interfaces. The main findings were: 
 

• The full 3D NAPA Steel model can be transferred to POSEIDON for productive use. Some 
remaining deficiencies in the interface require manual correction work in the POSEIDON 
model.  

• The total effort for building up a global POSEIDON model was reduced to currently one 
week (from 4-6 weeks for a rule check model or 8-12 weeks for a global model without the 
interface). Further reduction to one day seems realistic within a follow-up project.  

• Modelling activity for scantling check by the yard can be reduced by more than 50%, saving 
time for the yard in early design. 

• The POSEIDON model can be used for prescriptive Rules Checks and for the complete fi-
nite-element buckling analysis based on global FEA results. 

• Loads for global FEA can be generated by ShipLoad based on input directly transferred 
from NAPA. 

• Calculated scantlings are passed back to NAPA Steel.  
 
Tests have shown that the interface functionality can also be applied to other ship types as the 
geometry description both in NAPA Steel and in POSEIDON are independent of ship type.  
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Abstract 
 
This paper deals with Robust Mission Planning (RMP) for a team of heterogeneous marine robots, 
fulfilling the requirement to create an executable mission plan, especially in cases of known sea 
currents. It is the core of RMP to consider offline available information of the mission area, like 
obstacle distributions in available sea charts. Sea currents have a big influence on the mission 
execution of marine robots: Vehicles might not be able to manoeuvre against them, or they will force 
the vehicles to move 'sideways', so sensors do not work properly. We describe how information about 
sea currents is available in different sources and how it can be considered in RMP in our planning 
software. We will introduce the basic set-up for the simulative environment to validate mission plans 
by using Hardware in the Loop (HIL) simulations and to proof their general feasibility. 
 
1. Introduction 
 
In the current research on marine robots, the lack of a reliable, broad banded communication between 
submerged vehicles is still an important bottleneck. This is especially true for cooperative vehicle 
teams, where the exchange of information between the several team members is essential. For this 
reason, a high-grade team-oriented mission planning procedure is necessary before the mission is 
started (offline). It is important to assign the concrete roles and tasks for the upcoming mission to the 
single vehicles, plan the overall concept of the major mission steps to be fulfilled (like formation 
building, diving, cooperative path following, surveying), and define the events that will trigger the 
transitions between these steps. In the online phase of the missions, the vehicles have to operate at a 
high level of autonomy and only exchange the necessary information to guarantee that they execute 
the same part of the mission plan, and to compute parameter for the controllers that keep the vehicles 
in a cooperative manner (e.g. in a close formation). 
 
This paper deals with the challenging task of mission planning for a team of heterogeneous marine 
robots, considering the requirement of the creation of an executable mission plan, especially in cases 
of known sea currents. We will at first introduce the research project that delivered the use case for our 
work. After that, we will discuss on the general aspects of mission planning for cooperative vehicle 
teams, and we will introduce the requirement of a Robust Mission Planning (RMP). We will use the 
sea currents as one important aspect to be considered for RMP and discuss their influence on the 
mission execution of marine robots. Finally, we will introduce the basic set-up for the simulative 
environment to validate mission plans by using Hardware in the Loop (HIL) simulations. 
 
2. The MORPH Project 
 
In the European project MORPH (FP7-ICT-288704), in which the research presented in this paper has 
been performed, it is aimed to operate a group of heterogeneous Autonomous Underwater Vehicles 
(AUVs) in close vicinity over unstructured terrain to perform ambitious mapping tasks. The overall 
team is denoted as the MORPH supra vehicle, which consists of single vehicles, called nodes. The 
single nodes are only logically linked and not physically coupled. The positions of the single vehicles 
(the shape of the supra vehicle) can change during mission execution to deal with different situations 
and to bring the sensors at the right distance to the surveyed objects. This is needed when the 
formation of AUVs at first maps the ocean bottom and then has to change formation to do a transition 
to a vertical cliff wall. Fig. 1 shows a drawing of a MORPH supra vehicle, consisting of a surface craft 
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(SSV) with GPS access, and a group of four AUVs with different tasks. The vehicles labelled as C1V 
and C2V are the camera vehicles that record the data for creating maps of the area. The leading sonar 
vehicle (LSV) moves ahead in a greater distance from the sea floor and employs a multi-beam echo 
sounder in order to detect possible obstacles in the paths of the camera vehicles and to initiate an 
evasive manoeuver, if necessary. The GCV vehicle handles the global navigation and communication 
issues, especially keeping the contact with SSV. GCV and LSV also act as anchors for the two camera 
vehicles that move according to estimation of the position of the anchors, based on acoustic range 
measurements. 
 

 
Fig. 1: MORPH Supra vehicle 

 
To realize the described concept, it becomes clear that an intelligent planning procedure is necessary 
that allows to plan and to parameterize described missions with a large number of heterogeneous 
marine vehicles. We will describe the general concept in the next Section. 
 
3. Mission Planning for Teams of heterogeneous autonomous marine robots 
 
The definition of a common mission language to formulate the mission plan and the decision for a 
concrete format is an important step at the beginning of every research project dealing with 
cooperative marine robotics. The mission plan is composed of small cooperative elements called 
primitives. Switching between these mission states is triggered by events. All the states and transitions 
between the states and the parameters are stored in the mission file in a state chart XML format. The 
team-oriented mission planning which is necessary for MORPH must fulfil the requirements to 
minimize the communication between the vehicles at all cost. It must enable the vehicles to operate at 
a high level of autonomy, and only make limited use of acoustic data exchange for cooperation 
purpose. To speak about Robust Mission Planning, two important aspects have to be considered: 
 
First of all, it must be possible to use all available information about the mission area, like existing sea 
charts or bathymetry maps, obtained in prior mission or via internet. Therefore, the mission planning 
has to be based on a software tool that is able to deal with the mostly spread formats for geographical 
maps. The characterisation of the mission area must be made recognizable to the user, so he can plan 
mission paths away from known obstacles; this will ease the online execution enormously (less needs 
for cooperative obstacle avoiding activities which will usually create additional communication 
needs).  
 
The first step for the development of the mission programming and mission control systems was to 
exam at least one representative mission scenario and extract performance requirements. The expected 
major outcome of this activity was the clear definition of a number of so-called MORPH primitives 



271 

(MPs), which can be viewed as basic building blocks for the construction of the MORPH mission 
control architecture. In this context, the execution of a MORPH mission will require the serial and/or 
parallel execution of different behaviours in response to events that may be either internal (e.g. energy 
status notification or detection of a fault) or external (e.g., arrival at a desired site or detection of 
proximity to a vertical cliff). Thus, the unfolding of the missions will be time and event-driven, and 
not simply time-driven as is customary in standard AUV mission scenarios up to date. Underlying the 
definition of the MORPH primitives is the tenet that the execution of a primitive should be 
decentralized. Therefore, each MP can be translated into several sub-proceedings that describe a 
certain team behaviour, called MORPH methods (MMs), and a number of concrete activities to be 
performed by the single autonomous vehicles, called Single Vehicle Primitives (SVPs). 
 
The importance of MPs lies in the definition of team behaviour. They form the base for mission 
planning and control, as they make up the language of MORPH so to speak (it can only be realized 
what can be expressed). MMs, as sub-parts of MPs, will usually be realized by a concrete control 
software algorithm. SVPs, finally, describe the necessary single autonomous abilities for all 
participating vehicles. The final list of SVPs had to be agreed by all vehicle providers. 
 

 
Fig. 2: MORPH mission planning paradigm 

 
To address the needs of the MORPH missions, we developed a program paradigm with several time 
lines. It consists of a main time line, containing the sequentially arranged MOPRH Primitives (MPs). 
These MPs can be expanded by the means of so-called Service Primitives (SPs). In an extra time line, 
Base Primitives (BPs) are stored that are activated in emergency situations to bring the vehicles to a 
safe position, Fig. 2. This general approach guarantees for the required freedom to allow a reaction-
based behaviour of the vehicles. At the same time, it still introduces a base order which is easy to 
understand and to plan for a human operator. While the elements in the Main Timeline are executed 
sequentially, the Base Primitives are activated whenever a specific situation occurs. It is possible to 
use the Service Primitives in addition to elements in the main timeline. These elements can influence 
parameters like speed, path and formation and also the general control structure of a main timeline 
object if needed for the task. 
 
The requirement to include already existing data of mission areas, which was discussed above, gave 
rise to the employment of a Geographical Information System (GIS). These systems are used to 
capture, organize, arrange, manipulate, and present data. The data is correlated to a spatial area. 
Therefor GIS uses technology from cartography and statistical analyses. In the new GIS information 
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technology like databases is used to ease the process of storing and loading the data and to speed up 
the processing. Several tools have been evaluated in the framework of the MORPH project. Finally, 
the decision was made in favour for QGIS, http://www.qgis.org/. 
 
QGIS or Quantum GIS is a relatively new GIS tool. The first version is from 2002 and the last stable 
version “Wien” is from February 2015. QGIS is written in C++ and uses Qt for the user interface. Due 
to the use of Qt QGIS is available for many platforms like Windows, Mac OS X and Linux. It is 
licensed under GPL v3. There are many plug-ins available that enhance QGIS, e.g. a plug-in to load 
openstreetmap data. For this reason and because the GUI of QGIS was more clearly laid out than that 
of other candidate systems, QGIS was chosen as the base for the planning tool. The mission planning 
tool was developed as a plug-in for QGIS. That way, all functionalities of QGIS can be used, while the 
development of the planning software still can be performed independently. Fig. 3 shows the GUI of 
the planning plug-in within QGIS. More details on the primitives, events and the introduction of state 
chart XML as mission file format can be found in e.g. Eckstein et al. (2013). 
 

 
Fig. 3: The mission planer plug-in within the QGIS software 

 
The consideration of known sea current is an additional aspect in the topic recently discussed; we will 
concentrate on sea currents in Sections 4 and 5. The second important aspect of Robust Mission 
Planning is the evaluation whether the plan is executable. This includes formal checks of the created 
plan, which we will discuss in Section 6. 
 
4. On the influence of sea currents to the behaviour of a marine robot 
 
Marine robots are heavily affected in the execution of their missions by existing sea currents. Using 
their actuators like propellers, rudders, or fins, they are able to orient themselves and to maintain a 
movement with a certain velocity through the surrounding water. The yaw angle of a marine vehicle is 
denoted as heading ψ, while the surge speed through water is written as sW. Surge speed and heading 
form a velocity vector through water vW. Fig. 4 provides an overview. Vehicles are usually able to 
measure their heading by an Attitude Heading Reference System (AHRS), and they can estimate their 
surge speed based on the propulsion rate of the propellers and a simple vehicle model. 
 
Let vC be the vector describing the sea current in x- and y-direction. As shown in Fig. 4, the true 
vehicle movement over ground can then be described by the velocity over ground vector vG, where the 
following relation holds: 
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Fig. 4: The influence of sea current to a marine robot 

 

 cG vvv w += , (1) 
 
which results in an effective course angle χ. To measure the velocity over ground, vehicles need a 
device like a Doppler Velocity Log (DVL), which is relative expensive. 
 
Two important consequences can be derived from the discussion: 
 

• At a given location with a certain sea current, an intended mission with marine robots can be 
unfeasible. It might be impossible for all or for certain robots to execute parts of the mission plan, 
e.g. if a path is planed towards the sea current vector, and its magnitude is bigger than the 
maximum surge speed with can be obtained by the vehicle based on its propulsion system. 
Current marine robots usually operate at speeds around 1 to 2 m/s; sea currents can easily reach 
similar values at certain areas even close to the coast. 

 

    
Fig. 5: Desired and real behavior of two marine robots while collecting video data in an area with  
           strong sea currents 
 

• If a situation like the one in Fig. 4 occurs, the vehicle will move ‘northwards’ (in positive y-
direction), but it will be oriented as shown in the picture, facing towards the sea current with a 
heading angle ψ. This can result tremendous problems, because all sensors are usually rigidly 
mounted at the vehicle body and will therefore be turned away from the true movement direction 
χ by an angle of χ-ψ. This can be a serious problem for certain missions. In cases of cooperative 
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mapping, the recorded overlapping video data of two or more vehicles have to be combined after 
the mission. If the video cameras are turned, as described above, it can no longer be guaranteed 
that there will be an overlapping. Fig. 5 shows an appropriate example. It becomes clear that it is 
of advantage if the vehicles move with or against the current (as long as their propulsion is strong 
enough) to avoid side slipping. 

 
The discussion shows the importance of the consideration of known sea currents already in the 
planning phase of a multiple marine robots mission. An evaluation can show that a mission plan might 
be unfeasible; also, it is possible to show that an overlapping of decentralized sensor data requires a 
change in the planned formation. To this extend, we investigated on the existing formats for sea 
current data, and the possibilities to include them into a generic mission planning system like the one 
employed within MORPH. The results are presented in the next Section. 
 
5. Consideration of Sea Currents 
 
The first step for the consideration of sea currents was an analysis of existing free current data. During 
these studies it became clear that there are mainly two data formats for storing of current data. We will 
look at the file formats and describe how to interface them with the programming language Python 
used for the MORPH planning plug-in in QGIS. 
 
5.1. Freely available sea current information 
 
The main free sources for current data are the international meteorological and maritime institutions 
like the DWD (German Meteorological Service) and NOAA (National Oceanic and Atmospheric 
Administration). They typically provide data in grid dimension of about 30 to 100 km. These grid 
dimensions are not sufficient for the MORPH experiments, as the area in which the vehicles operate 
will usually be below a square with a side range of 1 km. Therefore we need to implement software to 
be able to save own recordings and to use them for further missions. The data from NOAA and DWD 
is saved in GRIB2 data format. Some more free current data is saved in a file format called NetCDF. 
The next step is to have a closer look at the file formats on how to load, manipulate, and save them in 
QGIS and Python. 
 
5.1.1. GRIB2 
 
The GRIB2 data format is a binary format based on a rectangular grid design. It was designed by the 
World Meteorologic Organization (WMO) to contain meteorological data. The main use is to save and 
exchange weather forecasts. The grib2 data consists of multiple independent data sets. One dataset on 
its own consists of two independent parts, namely the header and the data. The header contains the 
metadata and describes the data. The metadata includes an identification section, a production 
definition section, and a grid definition section, WMO (2003), page 17. In one dataset there is one type 
of data. For example if there is a file with temperature and current than there are two datasets inside 
the file. The possible data for grib2 is defined by the WMO, and the specification of the file format 
restricts it to this data types. 
 
GRIB2 data can be accessed and displayed in QGIS through the Geospatial Data Abstraction Library 
(GDAL). Furthermore the data can be processed by an existing Python library (pygrib). It is not 
possible to generate a new dataset with this software. 
 
5.1.2 NetCDF 
 
NetCDF or Network Common Data Form is a data format for array or grid oriented scientific data. 
The format is an open standard. The data is stored in an n-dimensional rectangular array. One NetCDF 
dataset can include different data types like temperature and current and salinity. NetCDF only 
describes the structure of the data. To ease the exchange of the data between different institutions a 
convention is needed like the Climate and Forecast Metadata Convention, Eaton et al. (2011). These 
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conventions specify the names and data types of variables, attributes, and groups inside the NetCDF 
file. The conventions enable NetCDF to be self-describing. 
 
NetCDF4 uses Hierarchical Data Format 5 (HDF5) as storage layer. Therefore, NetCDF4 is a 
compatible subset of HDF5. QGIS is able to read, write, and create NetCDF files through GDAL. 
Furthermore there are libraries to access NetCDF in different programming languages. For interfacing 
the NetCDF data with the morph tools the Python library netcdf-python from Unidata can be used,  
http://unidata.github.io/netcdf4-python. 
 
5.1.3 Comparison 
 
Both file formats offer the possibility to access and change data. The GRIB2 is very restrictive, and 
not every type of data can be put inside this file. Also, creating new grib2 files with the existing 
libraries is not possible. The NetCDF is more open, and we can put different data inside. With the 
existing libraries it is possible to interface, change, and create a NetCDF file. There are more tools and 
libraries available for NetCDF for later processing. Therefore we decided to use NetCDF as file 
format. 
 
For the GRIB2 files there is the possibility to transfer the data to the NetCDF format. For that task the 
toolbox Climate Data Operators from the Max Planck Institute can be used, CMAS (2015). 
 
5.2. Further work on implementation of sea currents 
 
As it became clear in the former discussions, the available current data is only of little use for the 
typical MOPRH missions and for AUVs in general. It can be stated that large scale current data is 
useful for path planning of vehicles travelling over huge distances, like normal ships or, in the case of 
marine robots, glider vehicles. This gave rise to the question, how sea current information can be used 
with AUV scenarios. Our current work is mainly focused on two aspects: 
 

a) to enable the ability to include existing current information into a customer created NetCDF 
file. 

b) to use the current information during planning, e.g. to verify the mission plan or to suggest 
reasonable alternatives 

 
5.2.1. Inclusion of customer created current information into a NetCDF file 
 
As discussed above, it is possible to include custom data into a NetCDF file. Current information for 
the (relatively small) area in which a MORPH mission is supposed to take place might be available 
from different sources. It is possible that the marine scientists who are considered as main users for the 
MORPH concept already have detailed current information about the area of interest. Another 
promising source is the evaluation of former MORPH missions achieved in the area. The MORPH 
supra vehicle employs an advanced navigation system which performs estimations about the sea 
current online. This data is geo-referenced and can therefore be included into a NetCDF file. To this 
extend, a separate generator plug-in for QGIS was created that can be used to create current data. The 
user creates a polyline within the current instance of QGIS and activates the generator plug-in. Within 
the generator GUI which is depicted in Fig. 6, the user can parameterize the current to be created, by 
editing its velocity and variance in knots, or the grid size of the pattern to be created. The software 
creates a pattern with the desired parameters and detects, which of the grates intersect with the original 
polyline. For each of these grates, the North- and East-part of the current is computed according to the 
user parameters and the shape of the polyline. If selected by the operator, a NetCDF file is created 
with the explained data, which is afterwards loaded into QGIS, and the different variables are added as 
individual layers to the chart view. Fig. 7 shows an example for a user created polyline and the created 
pattern. 
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Fig. 6: GUI to set the parameters of the current 

 

 
Fig. 7: Polyline and associated pattern 

 
5.2.2. Usage of the sea current information during mission planning. 
 
It is straightforward to test a mission plan on plausibility by checking whether the intended paths can 
be executed by the participating vehicles. This requires knowledge on the movement parameters of the 
vehicles and the sea current data in the format which was just described. The result of this evaluation 
is a strict yes/no- decision of the feasibility of the mission. That way, the consideration of sea currents 
contributes to the concept of Robust Mission Planning, but its influence is yet small. In our current 
work, we plan to evaluate new possibilities how existing sea current information can be employed to 
improve the quality of mission planning and therefore the overall achievement of the mission. We will 
explain the concept which is currently under development. To this extent, we look at a situation as 
depicted in Fig. 8. Let us assume that the MORPH Supra vehicle is intended to perform a cooperative 
mapping of a defined area of interest. It is straightforward to create a lawn-mowing maneuver, which 
has its legs covering the area. Usually, only the data collected during the legs is of high quality, 
because within the arcs of the lawnmower, the vehicle formation will exhibit a larger error. As dis-
cussed above, the optimal case would be if the legs of the lawnmower would be aligned with the sea 
current, allowing the vehicles to move along the paths without side slip. If the course of the sea current 
is known and matches the one displayed in Fig. 8, the orientation of the lawnmower is not optimal. 
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Fig. 8: Planned path for the MORPH Supra vehicle to map an area of interest 

 

 
Fig. 9: Updated path to consider the sea current in the area of interest 

 
We intend to perform an automatic re-planning of the lawnmower, as in Fig. 9. The lawnmower is 
split into several parts which are aligned to the sea current vectors in order to undershoot a settable 
minimum angle. The proposal of the new lawnmower will be presented to the user performing the 
mission planning who finally is responsible to accept or decline it. 
 
6. Mission Verification 
 
It is reasonable to implement some evaluation methods to automatically check a user generated 
mission file and to make sure that it is executable. Up to now, some simple tests were implemented to 
verify some issues in a mission file. These tests can be divided into offline and online checks. 
 
6.1  Offline checks 
 
The mission plan is checked whether the right MORPH Primitive is located at the start of the mission. 
Furthermore the mission has to end with a specific MP. This is checked by the planner when exporting 
the mission plan to a state chart xml file. If the primitives are not in place, the planner issues a 
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warning. In an additional test, the planner evaluates if the end primitive can be reached by a set of 
event switches, and that every state (except the end) can be exited by an event. If this is not possible, a 
warning is issued. 
 
This process only ensures that the final primitive can be reached and that there is a possibility to exit 
every state except the last one. As the MORPH missions are event driven, it cannot be ensured that 
there is no set of events that can create a loop and that the necessary events to finally reach the end is 
generated at all. Further tests that are performed include the evaluation whether the vehicles are on the 
right spot within the formation (e.g. whether the vehicle denoted as ‘left camera vehicle’ is at the left) 
and to make sure that the vehicles are always in the right formation for the coming primitive. 
 
6.2  Online checks 
 
When the operator starts a mission by clicking the button "start" on the mission console, the plugin 
checks whether all vehicles, which have been received so far by the morph status plugin, have the 
same mission plan and software version. Therefore, every vehicle sends back a hash on the running 
mission plan and on the version of the distributed revision control system Git that is used for the 
MORPH software. If the hash is the same on every vehicle, the plugin sends the start event through the 
network. If the hash differs on single vehicles, it will issue a warning and not send the event. 
 
There is an additional check for the operator. In the current version of the MORPH tools in QGIS, the 
start positions of the vehicles will be displayed in different colors related to the role of each vehicle. 
The vehicles will be displayed in different colors according to the start points. This should ease the 
process of doing pre-start checks as the operator can see if the vehicles are on the right spot for the 
mission to start. 
 
7. Simulative Validation of a Mission Plan 
 
The feasibility of MORPH mission plans is tested with Hardware in the Loop (HIL) simulation. HIL 
simulations are of big importance to test developed control systems in a safe environment before 
employing them on a real vehicle.  
 
Due to the huge number of heterogeneous vehicles that are used within the MOPRH project, a specific 
middleware system had to be designed for coordinated control. The very same system is also used for 
the HIL simulation to validate the Robust Mission Planning. The middleware system is based on ROS 
(Robot Operating System), https://www.willowgarage.com/pages/software/ros-platform, that is 
widespread in the worldwide robotic community. It allows keeping all existing control software from 
the vehicles and eases the progress of distributed code writing for different cooperative tasks, like 
control, navigation, or communication. Each individual software runs inside a so-called ROS wrapper, 
while the data exchanges at ROS level are well-defined. That allows using different programming 
languages and even operating systems for the realization of the single software components.  
 
In the MORPH simulation environment the original software components of the vehicles are used. 
This includes cooperative control algorithms, a mission handler to supervise the execution of the main 
mission plan, an algorithm to create data packs for acoustic communication, control software for 
single autonomous behavior of the employed vehicle. This system is coupled with a modem emulator 
(provided by the modem manufacturer) and with simulators for the dynamic vehicle model (provided 
by the vehicle provider). Furthermore UWSim, http://www.irs.uji.es/uwsim/, is used to simulate some 
sensors like cameras and some sonar sensors. It is not possible to simulate all vehicles in one UWSim, 
but the positions of multiple vehicles can be visualized, shown in Fig. 10. While the simulation with 
multiple vehicles is running, the MORPH console system can be used to print the paths of the vehicles 
and the mission plan as shown in Fig. 11. 
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Fig. 10: The simulation and visualization tool UWSim 

 

 
Fig. 11: MORPH console with two simulated vehicles 

 
8. Conclusion 
 
The development of an adequate mission planning tool at team level is of upmost importance for the 
realisation of teams of heterogeneous marine robots. We have developed a mission planning principle 
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in the course of the research project MORPH that is adapted to the specific requirements of the 
MORPH missions. Furthermore, we are performing research in the area of Robust Mission Planning 
(RMP) to guarantee for the feasibility of the created mission plan. This includes several offline and 
online checks and, as discussed, the possibility to consider available sea current information. As we 
came to the conclusion that freely available sea current information is not suited for usage in the 
MORPH project, we have created the possibility to enter customized current data that can be recorded 
during earlier MORPH missions into files according to the NetCDF format, and we are currently 
developing methods to consider this information during the planning process, in order to avoid 
situations in which the usage of vehicle sensors becomes limited due to the side slip that the vehicles 
might need to perform in order to deal with existing current. Our future research will be focused on 
including all the concepts in the planning software to provide the user with a unique tool to perform 
team-oriented mission planning for all possible scenarios within the MORPH project. 
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Abstract 
 

This paper gives an overview of all components making up the Sea Traffic Management (STM) con-
cept. STM builds upon information sharing in the whole maritime transport chain, where information 
is shared as early as possible about intentions and reached states. Sea System Wide Information 
Management will provide an infrastructure for a regulated and federated approach to information 
sharing. The functional sub-concepts are described: Strategic Voyage Management, Dynamic Voyage 
Management, Flow Management and Port Cooperative Decision Making. We will elaborate on how 
they complement each other and which benefits each of them has in regards to safety, environment 
and efficiency.   
 
1. Background 
 
In the EU, there are 29 000 port calls and 580 000 vessel movements yearly in the territorial waters of 
its members, EMSA (2011). Any improvement in efficiency would have a large impact. In the MO-
NALISA project, a study showed that 100M€ yearly can be saved by ship operators and society in the 
Baltic Sea Region, if the routes could be shortened by 1%. Societal savings, about half the total, come 
from less costs due to reduced emission. Ship operator savings, the other half, come from reductions 
in fuel consumption and other costs, Andersson and Ivehammar (2014). The Baltic Sea has around 
10% of the total sea traffic in Europe, Stankiewicz et al. (2010), which means that European yearly 
savings might be closer to 1 billion €, and the global savings even more. However, is it really realistic 
to reduce the distance sailed by 1%? A study by SSPA regarding traffic in the Kattegat analysed the 
AIS tracks of all large vessels during one month. SSPA then used an optimization tool on each vessel 
to calculate the fuel optimised route, Johansson and Markström (2012). The analysis showed a poten-
tial of 12% savings on bunker consumption due to about 4% shorter routes and other optimisation 
based on high resolution chart data, ship dimensions, current loading condition, and so forth,  
Markström and Holm (2013). 
 
The first MONALISA project showed how navigators improved their situational awareness when they 
had the possibility to see the planned routes of vessels in the vicinity, Porathe (2012); Porathe et al. 
(2014). Shore based services could further advise vessels on potential congestions ahead, environmen-
tally sensitive areas, safety notices and thus help optimise the route. By exchanging routes, benefits in 
three important areas are achieved: Safety, Environment and Efficiency. 
 
Information is key in the maritime industry, as in any other. The current information flow is based on 
point-to-point communication, and actors request information from each other expecting answers. 
Some asking for information based on the vessel movement are Vessel Traffic Services, Custom Au-
thorities, and ship and cargo owners. Ships in the same area will also want information from each oth-
er, Brodje et al (2010). The one responsible for answering all these requests is the captain on-board, 
Fig. 1, Svedberg (2013). This workload interferes with the focus on the navigational situational 
awareness. One argument is that the bridge personnel have plenty of time when they are at sea. How-
ever, information requests are much more frequent when navigating in coastal waters and exactly 
where and when navigational safety should be prioritised.  
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The captain is not entirely alone, ship agents usually take care of the information regarding port calls, 
and some shipping operators have shore based centres assisting. But as always, the responsibility 
stays with the captain. The information is usually manually distributed either by voice communication 
or by e-mail. A lot of the information exists in electronic format. But the level of systems integration 
between different actors is close to non-existing.  There are few if any standards, and communication 
costs are a concern since satellites often are the only possible means.  
 
As seen in Fig. 1 there are a lot of parties involved, and the picture is not complete. Other key infor-
mation is generated by linesmen at the quay preparing for the arrival of the ship and by people prepar-
ing the loading hose on an oil pier. What is true is that all the parties need information coming from 
many other parties involved in the successful and safe execution of a sea voyage. 
 

 
Fig. 1: The information flow to/from a vessel 

 
One key data point that the whole maritime transport chain refers to is the Estimated Time of Arrival 
(ETA) of a vessel at its port of destination. All planning in the port and the future schedule of the ves-
sel depend on this. In the port pilots, tug operators, terminals, stevedores, hinterland transportation, 
VTS, port authorities and many others rely on the ETA. The ETA is required to be sent to the ports 24 
hours before arrival. The planning horizon is thus limited and long term planning is a difficult task for 
the ports. And later changes of ETA are not communicated in an organised manner.  
 
There are some IS solutions that help vessels, ports and other actors. AIS was introduced in the 00s to 
help exchange information between ships sailing in the same limited geographic area, IMO (2014). It 
makes communication between the ships easier since the identity of oncoming ships is known. Earlier 
confusion stemming from a foggy radio call “Vessel on my starboard” on VHF – who is the caller, 
which of the ships on starboard do they mean – is now replaced by “This is  M/S MONA calling M/S 
LISA, what are your intentions?”. And AIS also has the advantage of adding knowledge about ships 
nearby not detect by radar, around tight corners in archipelagos for example. The solution increases 
situational awareness, but it does not share information regarding intentions, hence the typical VHF-
calls. The port of destination is part of the information but does not contain any indication of planned 
route or ETA. The true intention of oncoming traffic is still a mystery on the bridge.  
 
AIS information has become the source of new unforeseen shore-based applications. It is often fused 
with other information sources. VTS uses AIS and radar to monitor traffic, and experienced operators 
can make educated guesses how the traffic situation will develop, Brodje et al. (2010). AIS infor-
mation has become the number one source of finding vessel positions, e.g. www.maritimetraffic.com, 
and many use it to make educated guesses of ETAs in advance of the official report, often requiring 
manual labour.  
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In other transport modes, the integration of information flow has come further, replacing the old man-
ual processes, resulting in a higher efficiency. Sea Traffic Management takes some inspiration from 
the EU-supported SESAR initiative, which aims at improving the aviation transport chain.  
 
The purpose of this paper is to describe the components and sub-concepts of Sea Traffic Management, 
the effect it will have on the industry, and the opportunities for new services. 
 
2. The Sea Traffic Management Concept 
 
Sea Traffic Management is a concept encompassing all actors, actions, and services assisting maritime 
traffic from port to port. STM is a part of the multimodal logistics chain, including sea as well as 
shore-based operations. The operative services of STM are based on streams of data that are created 
by its actors. By enabling interoperable and harmonized systems, STM simplifies collaboration and 
the establishment of a common awareness in the maritime industry.  In the current definition of STM, 
the voyage is the central object of analysis and development. Sea Traffic Management covers all ac-
tors (both land- and sea based) and their operations from voyage planning and departure to port arrival 
and evaluation, Fig. 2. 
 

 
Fig. 2: The different phases of Sea Voyages (inspired by the SESAR project) 

 

 
Fig. 3: Sea Traffic Management, main and subordinate objectives 

 
The main focus of STM is to improve voyage safety, sea traffic efficiency and to reduce the overall 
environmental impact in the maritime sector. Additionally, there are seven sub-objectives that togeth-
er with the three main ones outline the scope of STM, Fig. 3. 
 
The basic logic behind STM builds upon five core principles. First, a voyage is defined and all attrib-
utes are bundled with a unique voyage identifier. Second, the operative intentions of sea- and land 
based actors are provided to others well in advance and kept up to date. Third, situational awareness is 
derived from multiple informational sources. Fourth, recommendations of optimized routes are coor-
dinated from authorised service providers. Finally, the fifth principle, secure and authorized service 
realisation, discovery and distribution are realised through an infrastructure governed by federation(s) 
relevant of industry members. 
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3. Four concepts enabling STM 
 
To meet these challenges Sea Traffic Management has defined four concepts: Strategic Voyage Man-
agement (SVM), Dynamic Voyage Management (DVM), Flow Management (FM) and Port Collabo-
rative Decision Making (Port CDM). These concepts define how the generated services will be ap-
plied and utilized in the different phases of the voyage, from the planning to the port call.  
 
3.1 Strategic Voyage Management (SVM) 
 
The SVM concept goal is to optimize a company’s initial planning phase of a voyage. This is done by 
providing services based on a current awareness of all influencing factors relating to the undertaking 
and success of the planned voyage. SVM enables the process at the earliest possible planning horizon 
prior to voyage commencement. The planning horizon can be years, months, weeks or only hours. 
 
Many parameters of a voyage are already planned before an order is issued. At this early planning 
stage, before the voyage has commenced, there is time to evaluate details of specific alternatives that 
influence the route and vessel type choices. Main services in SVM are: 
 

• Fleet Management 
The service helps shipping companies to keep track of all their ship voyages and voyage 
plans. By planning and monitoring the movements of the whole fleet the utilization can be op-
timized. This is a service that most shipping companies already have in house or from an ex-
ternal service provider. In an STM world, Fleet Management would connect to other STM 
services thus improving the performance of the service. 
 

• Voyage Optimisation 
Public data stream services provided by different entities to support route optimization, in-
cluding weather, ice conditions, Maritime Safety Information (MSI), Maritime Spatially 
Planned areas (MSP), distance, speed, traffic congestion, port and crew constrains and re-
quirements as well as bathymetric conditions. Services of DVM, FM and Port CDM will all 
be input into this service. 

 
Take a vessel plan for the transport of dangerous goods. The services could show information on re-
strictions or requirements along the route, e.g. that the vessel is required to use a pilot when approach-
ing the desired port. When the voyage plan is ready, it could use other services for nautical cross-
checking, service booking and confirmation. The final step would be to “release” the voyage, thus 
sharing the information with the different service providers like port authorities, pilot services, VTS 
centres. This action would also request them to confirm or decline their part of the plan or suggest 
changes. The voyage planner could adjust the plan and the final version could be executed.  
 
Supporting services help assigning a unique identifier for the voyage and specifying the actors with 
access to the information. Other services help analysing historical voyages in order improve future 
voyage optimisation and fleet management. Standard voyage plans might be collected in a data base 
to simplify the planning process.  
 
The STM services are open and could facilitate potential marketplaces where cargo owners, transport 
providers and possibly other actors can optimise their operations. 
 
3.2 Dynamic Voyage Management (DVM) 
 
Strategic Voyage Management and Dynamic Voyage Management are parts of the STM overall Voy-
age Management processes. The relationship between these two voyage management processes are 
shown in Fig. 4, Svedberg and Andreasson (2014). 
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To optimise the voyage it is important to have the latest information from all involved actors at hand. 
By using real-time information, the Voyage Plan becomes dynamic, changing along the way due to 
new facts and input from STM services and tools. The safety enhancing vessel-to-vessel tool that as-
sist bridge personnel in finding the out intentions of other vessels based on Route Exchange was one 
of the first benefits of STM, Siwe et al. (2014). Below we will, however, discuss optimisation, cross-
checking and navigational assistance services involving actors outside the vessels in more detail. 
 

• Route Cross-checking 
The intended voyage plan is sent to a service for cross checking, which can be done before a 
vessel’s departure or before arrival at a geographical area where the service applies. The con-
trol includes, but is not limited to, primarily an Under Keel Clearance (UKC), air draft check, 
no violation of MSP no-go areas, MSI and compliance with mandatory routing. No optimisa-
tion service as such is included in route cross-checking. Input will come from services in 
SVM and FM. 
 

• Route  Optimisation 
The initial optimised voyage will be affected by new events. The optimisation is an iterative 
process and will be performed continuously en route as needs and conditions changes. All 
plans can and must be changeable with short notice, and as soon as new orders and optimiza-
tions are completed a new agreement must be established and distributed. Input from FM and 
Port CDM will be important for safety and just-in-time arrival. 

 
• Assistance Services for route support 

In addition to monitoring, passive and automatic surveillance for detecting deviation from 
agreed routes, a voluntary Assistance Service for route support at various levels can be pro-
vided via the exchange of routes between a vessel and a service provider.  
 

The DVM service providers can be either public or private, but we believe that in either case they will 
be approved by a National Competent Authority (NCA). Another service worth mentioning since it 
happens during the voyage is the Tactical Route Service. It does not involve a service provider, but 
will be a standard in coming ECDIS versions. It is a ship-to-ship service broadcasting the next way-
points to surrounding vessels using AIS in order to support a common situational awareness, and thus 
help avoid collisions. COLREG (the International Regulations for Preventing Collisions at Sea) ap-
plies without any changes. 

 
Fig. 4: Linking Strategic Voyage Management to Dynamic Voyage Management 
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3.3 Flow Management (FM) 
 
Voyage Management concerns optimising everything regarding one single vessel. Flow Management 
is optimisation based on many vessels in an area, preferably all. FM aims at increasing the safety of 
the sea traffic flow, during all planning and executing phases, while taking to account other factors. 
Optimising traffic is achieved by coordination, not control, always leaving the final decision to the 
Master. The FM concept will not contradict any regulation on navigational safety, such as COLREG 
or UNCLOS. Authorities appointed by an NCA of Flag States will solely provide FM services; Port 
Control (existing organization), Vessel Traffic Service (VTS) (existing organization), or possibly new 
organisations, Lind et al. (2014). Some of the foreseen services are: 
 

• Enhanced monitoring in critical areas 
All ships participating in STM will have the ability to follow pre-planned routes that could be 
automatically or manually monitored and assisted from the FM providers along the route.  
Deviations from an agreed route will be detected on-board and on shore and measures taken 
when appropriate. Hence, the system will automatically detect if a ship is leaving its intended 
track or if a non-participating ship is manoeuvring in “strange patterns”. Input from DVM is 
necessary. 

 
• Traffic coordination and capacity management 

Route optimisation could potentially consider traffic in congested waters. Hence, some kind 
of traffic coordination service will be needed in order to manage all already planned voyages 
and synchronising those with new voyages. This is mainly performed by using the concept of 
the ETA window, setting the safe haven in the long track direction and dynamic separation 
setting the safe haven in the cross track direction. SVM, DVM and Port CDM all provide im-
portant data. 

 
Supporting services include 
 

• Having real-time updated traffic image over geographical areas is the basis for all other ser-
vices. Today, real-time traffic images are established within VTS and Port areas. In EU 
coastal waters, a near-time traffic image is established by the SafeSeaNet module STIRES. 
Still, in most areas a real-time traffic image will need to be established. 

 
• Seamless ship reporting within the EU has been mentioned and proposed. Thanks to the con-

tinuously updated information, all areas along the voyage will have current information, and 
new information relevant for the following areas is entered as soon as it is known. No report-
ing points or reports need to be established, the current information is accessible for all with 
authorized access. 

 
• Area management is the responsibility to collect local safety, environmental, and other data 

for a regional area. By securing the latest safety information and managing the static and dy-
namic no-go areas, route cross-checking and optimization can be enhanced. 

 
3.4 Port Collaborative Decision Making (Port CDM) 
 
Port CDM will be described in more detail in another paper at the COMPIT 2015 conference, Lind et 
al. (2015), thus only a short summary is in place. The number of different actors within a port means 
that an efficient handling of the port call requires a collaborative port environment. Inspired by airport 
CDM, Port CDM has been identified as a key enabler for reaching the full potential of Sea Traffic 
Management. Port CDM should provide processes and content for the collaboration between key ac-
tors within the port and between the port and its surroundings. The goal of Port CDM is to support 
just-in-time operations within ports and in relation to other actors. One driver for Port CDM is to ena-
ble high accuracy in predictability leading to, among other effects, optimal berth productivity (as the 
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number of cargo operations divided by the time at berth), Tirschwell (2013). Thus, essential boundary 
objects between sea and port are Estimated/Actual Time of Berth (ETB/ATB) and Estimated/Actual 
Time of Departure (ETD/ATD). ATB is defined as the time when the vessel is All Fast (at berth) and 
ATD as the time when the vessel is All Loose (from berth), Lind et al. (2014). Governance towards 
ETB and ETD give rise to green / slow steaming as well as to reducing unnecessary waiting times 
enabling substantial environmental and financial effects. 
 
The STM Port Call Services are based on the notion of states that converge in milestones and define 
the process of a port call. States are used to describe the resulting state of the different process steps 
and milestones are referring to states defined in a logically chain, consisting of one or several states 
and/or activities throughout the port approach process. Different states require different actors to col-
laborate to move ahead in the process. A graphical example of a generic port call process with, so far 
identified all possible, states is given in Fig. 5. Dependent on the characteristics of each port different 
states would be applicable why this more generic chart will be used as a basis for further adaptation.  
 

 
Fig. 5: A port call process, with different actors collaborating to complete each state and milestone,  
            Lind et al. (2015) 
 
Port CDM services include: 
 

• Port Call Synchronisation - Ports and ships would like to coordinate the approach with the 
readiness of the port. This enable the vessel to set the accurate speed for just-in-time approach 
to the “service meeting point” e.g., traffic area/ pilot station. At the same time each involved 
Port Call Service Provider can plan in advance to optimize turn-around times and resource 
utilization. This service is used to plan the port call. Vessel traffic in port and quay planning 
are important input. As well as SVM, DVM and FM information regarding the vessel. 
 

• Port Call Optimization - When the vessel have arrived to the traffic area all actors need to co-
ordinate and adjust their actions related to other actors shared intentions and performances, 
based on the set of states for the particular port call.  
 

• Port Call Monitoring - This service provides real-time images of the status (desired, commit-
ted, fulfilled actions by different actors) of upcoming and on-going port calls. It provides the 
basis for coordination through common situational awareness, and optimization. 
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• Port Call Evaluation - The conducted port calls form the basis for evaluation to establish 
means for optimizing future port calls. Weaknesses can be identified and different states of 
the port call can be monitored for future calls for example. 

 
4. The infrastructure necessary for Sea Traffic Management 
 
The digital infrastructure supporting STM is described in more detail in Lind et al. (2015), but another 
short summary is in place.  
 
Today, a lot of digital data streams exist in the shipping domain, yet there are no standards for these 
streams and no central directory for locating them and the associated documentation. As a result, the 
effective use of real-time data for shipping management is fragmented, uncoordinated, and not very 
efficient. Consequently, an unused potential for the exchange of real-time data between key actors 
exists. Thus, to enable System Wide Information Management at Sea (SeaSWIM), an interoperability 
infrastructure needs to be established to facilitate the exchange of real-time data, Lind et al. (2014). 
 
“A digital data stream consists of digital elements that describe an event (e.g., a sale, the berthing of a 
ship), concerning both intentions or the actual occurrence of the event, or the current state of an entity 
(e.g., the level of humidity in a field, the current mood of a person) that are available real-time. The 
seven basic elements of a digital data stream are the description of when, where, who, what, how, 
why, and outcome”, Watson (2014). 
 
The current situation favours an incremental, market-driven approach to the development of 
SeaSWIM. Step-by-step, these streams can be standardized, documented, and made available to au-
thorized accounts. As mentioned, data streams are the foundation of SeaSWIM, no matter its design. 
An incremental approach accelerates speed-to-operations and avoids trying to design a centralized 
system whose requirements will change as the value proposition of STM emerges from use and expe-
rience.  Thus, SeaSWIM becomes a central repository of data stream details. Core services for publi-
cation and discovery of services and identity management of actors fits well in the SeaSWIM infra-
structure which need to have governing bodies with credibility and wide general acceptance in order 
to be trustworthy. 
 
5. Concluding reflections 
 
We have shown how each component of STM will give benefits to different actors within the mari-
time transport chain. Some important ones were increased safety for vessels and coastal waters due to 
Dynamic Voyage Management and Flow Management, increased efficiency for ship operators due to 
Voyage Management and Port Collaborative Decision Making, resulting in improved environment as 
well. But the main gains are still unknown to us. We believe that by creating an infrastructure where 
information can flow freely in a secure manner, with open standards and interfaces as guidelines, we 
will inspire actors, within the transport chain as well as new entrepreneurs, to digitise existing services 
and invent new ones. Shipping by its nature involves numerous actors, and yet the digital transfor-
mation has only happened within companies or in small clusters. Key this transformation in such a 
conservative industry is to give the data owner complete control of its data. The owner decides what 
to share with whom and when. Some companies will be very open and others not quite so, and infor-
mation sharing will become a competitive factor and an efficiency driver. We believe that by intro-
ducing STM, the processes in the transport chain will be digitised and transformed. Some actors will 
disappear; new actors and functions will emerge. It is an opportunity to build on similar solutions 
from other industries when it comes to new and/or modified software and IT infrastructure.  
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Abstract 
 
The introduction of Sea Traffic Management services relies on infrastructures that enable trustworthy 
information sharing and service provisioning/consumption processes. For this purpose, a federated 
and regulated approach to information sharing and service distribution is proposed. Such an 
approach would position the governance of different services in the continuum of hierarchical (i.e. 
command and control) to market-driven approaches. In this paper the maritime infrastructure 
framework is presented and applied to Sea Traffic Management. The full potential and large-scale 
implementation would come when the same framework is applied in different areas of application that 
rely on information sharing, service interaction, and (digitized) actor collaboration. 
 
1. Introduction  
 
Digitization has enabled numerous possibilities in diverse industries. An ever-increased connectivity 
of people and things, together with Internet-based solutions, has enabled possibilities to decrease the 
distance between information sources and information consumers. The amount of data being 
generated is enormous which has enabled many new service opportunities. More and more services 
being distributed build upon continuous data streams and real-time data where service providers and 
consumers overrides the legacy of emergent information sharing structures.  
 
The maritime sector has however not yet used the full potential of a connected digital society. Over 
the past 10 years, parts of shipping have been introduced to automated information exchanges through 
the adoption of AIS. One of AIS’ major purposes is to increase navigators’ situational awareness 
through the automatic exchange of key ship data, primarily supporting peer-to-peer identification and 
navigational awareness in COLREG (International Regulations for Preventing Collisions at Sea 1972) 
situations. AIS is however not enough for gaining desired safety, efficiency, and sustainability effects. 
AIS data as such and existing mechanisms for sharing it, are not sufficiently secure and do not 
provide detail on a ship’s intended route or automatically and reliably updated estimated time of 
arrival, which results in a lack of shared situation awareness by maritime stakeholders. Essentially, 
AIS voyage related data contains an ETA field for recording the next port of call, but it is a manually 
updated and with low information reliability. Practice has shown that this field, if used at all, is 
updated somewhere around leaving a port, and seldom changed until leaving the next port, regardless 
of events underway. In principle, this field could be automatically updated by some other on board 
system and become useful. But how will we know if it’s valid, automatically updated data or not? At 
least we need to supplement it with some kind of verification, which we can rely on. The next 
problem is that we cannot be sure we have AIS coverage all the time during a ship’s voyage. 
Therefore, data need to be communicated in another way, such as using some other carrier than the 
AIS Static / Voyage data, through a controlled process. 
 
Building on the AIS concept of communicating intentions and reached states, Sea Traffic 
Management has been introduced as a concept “encompassing all actors, actions, and services 
assisting maritime traffic from port to port. STM is a part of the multimodal logistics chain, 
encompassing sea as well as shore based operations. The STM concept includes concepts for strategic 
and dynamic voyage management, flow management, port collaborative decision-making, and the 
service based communication infrastructure concept SeaSWIM. STM puts an emphasis on interopera-
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ble and harmonized systems allowing a ship to operate in a safe and efficient manner from port to port 
with a minimal impact on the environment” (as defined by the MONALISA 2.0 project. 
 
The need for STM comes from the opportunity for increased efficiency in the maritime business, i.e. 
the movement of goods (and passengers) on sea. There is a potential to reduce shipping’s 
environmental footprint by increased coordination supported by digitalization. Sea Traffic 
Management is concerned with the need to increase the efficiency in operations within and between 
ports. This could be enabled by maximizing the utilization of a port’s facilities and minimizing the use 
of energy to steam between two ports, constrained by safety considerations. Necessary for enabling 
these goals is increased digital data sharing. There is a need for a concomitant directory of the 
information services based on these shared digital data streams. Such a directory would support 
distribution, discoverability, and realization of information services. 
 
STM would thus enable continuous communication about intentions among different maritime 
stakeholders. Examples of such intentions are to continuously communicate when approaching a port, 
plans for synchronization with terminal operators, when the port is ready to take a particular vessel at 
berth, desired routes the vessel will take etc. There is thus a lot of data generated related to a particular 
voyage that could be used proactively for planning, realization, evaluation and reporting by different 
maritime actors. Reports from the industry, COWI (2013), indicate that the administrative burden is 
substantial for mariners, to a degree that is counter-productive and may even pose safety risks. By 
enlarging sharing of intentions and accomplishments for an increased common situational awareness 
among maritime stakeholders, there are apparently a lot of potential gains.  
 
It is, however, important to raise some concerns about this increased degree of connectivity. Based on 
its legacy the maritime industry is highly distributed, which is why it is important to facilitate the 
emergence of trustworthy, non-proprietary, data sharing environments. The willingness to share data 
with others in an industry, characterized by a high degree of autonomy and competition, requires that 
providers can trust that their data are utilized in accordance with their intentions and do not diminish 
their competitiveness. The value of aggregated information based on the combination of other sources 
of information, such as enhanced situational awareness, must exceed the cost of data sharing. In 
different industries federated and regulated approaches for service interaction has gained a lot of 
interest (c.f. the SWIFT organization for secure bank transactions). 
 
Contemporary approaches advocate a service orientation and episodic tight coupling enabling 
interaction and collaboration among different stakeholders when desired. In this short paper a 
maritime service and communication infrastructure framework for Sea Traffic Management is 
introduced. This is based on the maritime infrastructure framework proposed by Jensen et al. (2015a). 
In the definition of Sea Traffic Management concepts and services, SeaSWIM has been used to define 
the necessary needs for a federated approach to service distribution and service discovery. The 
Maritime Cloud solution for e-navigation, Jensen et al. (2015b), as a global service distribution 
platform has been identified as one possible realization of SeaSWIM. 
  
In the following section, the characteristics of Sea Traffic Management are outlined. Introducing the 
(generic) maritime infrastructure framework follows this. Then, this generic maritime infrastructure 
framework is applied to Sea Traffic Management proposing a service and communication 
infrastructure framework for Sea Traffic Management. This application, the maritime service and 
communication infrastructure framework for Sea Traffic Management, is then further detailed. The 
paper is concluded with some final reflections. 
 
2. The characteristics of Sea Traffic Management 
 
In the distributed world of Maritime transportation, different actors have taken up digitization in the 
way that it serves them best. Typically, big actors have created systems for coordinating their 
transport operations. They do however rely on other actors’ ability to become efficient. To overcome 
this situation, Sea Traffic Management has been proposed in which intentions of upcoming, and the 
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accomplishment of, actions are communicated prior to and during a sea voyage. STM puts an 
emphasis on interoperable and harmonized systems allowing a ship to operate in a safe and efficient 
manner while also lowering its carbon footprint.  
 
Maritime operations build upon the interplay between three types of core actors; shipping companies, 
ports, and cargo owners. This is an inseparable trinity meaning that neither of them exists without the 
other. Connected to this trinity there are numerous coordinators (such as the shipping agent) and 
service providers (such as tug operators) enabling efficient operations. The basic logic behind STM 
builds upon a few core principles:  
 
• a voyage is defined and all its attributes are bundled with a unique voyage identifier.  
• the intentions’ of sea and land based actors are provided to others well in advance and kept up to 

date as close to real-time as possible.  
• situational awareness is derived from multiple data sources. 
• digital data streams emanating from the various actors can be used for providing data to diverse 

systems used for different purposes. 
• recommendations of optimized routes are provided from authorised service providers.  
• secure information exchanges and authorized service realisation, discovery and distribution is 

realised through a service infrastructure governed by federations. 
 
The sub-concepts of Sea Traffic Management and some core services are: 
 
• Strategic Voyage Management which has the purpose of optimising a company’s initial planning 

phase for a voyage by enabling an up-to-date awareness of all influencing factors relating to the 
undertaking and success of the voyage being planned. The planning horizon can be years, months, 
weeks, or only hours.  Examples of core services are voyage_id manager, fleet management, and 
route optimization.  

• Dynamic Voyage Management with the purpose of providing ship operators with an up to date 
and dynamic flow of information to improve the efficiency and safety in the maritime industry, 
and reduce its environmental impact. Examples of core services are route optimization and route 
validation.  

• Flow Management with the purpose of optimising and increasing the safety of the sea traffic flow 
during all planning and executing phases based on a situational awareness founded in multiple 
instances of sea voyages. Examples of core services are enhanced monitoring and traffic 
coordination.  

• Port Collaborative Decision Making (Port CDM) with the purpose of supporting just-in-time 
operations within ports and in relation to other actors being coordinated by the efficient and 
collaborative port. Based on an enhanced common situational an increased ability to predict state 
changes will enable this. Examples of core services are Port Call Synchronization, Port Call 
Optimization, and Port Call Monitoring.  

 
The infrastructural realization of these four sub-concepts is enabled by a fifth concept; a Sea System 
Wide Information Management (SeaSWIM), facilitating sharing of data in a common service 
provision and consumption environment and structure. SeaSWIM has the purpose of enabling service 
interaction for different purposes. This paper is to be seen as a specialization of SeaSWIM for Sea 
Traffic Management purposes. Information management for the purpose of enabling Sea Traffic 
Management is conceived “as the collection and management of information from one or more 
sources and the distribution of that information to one or more audiences”, Wikipedia Information 
Management. Specifically this means that collection, management and distribution are performed 
collectively by different STM-actors according to the rules, registration and standards approved by the 
federation. The sub-concepts are defined by their services, which could be of different characteristics; 
core and add-on services with the characteristic of being back-end, operational and/or 
analytical/supportive services.  
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3. The components of the Maritime Infrastructure Framework 
 
3.1 The foundation of the Maritime Infrastructure Framework 
 
Contemporary developments within the maritime sector show trends towards increased connectivity. 
Streams of (near) real-time data support decreasing uncertainties and increased levels of quality 
assurance in maritime operations. Cooperating business clusters, large-scale ship operators and ICT 
and telecom providers are developing service infrastructures –‘clouds’ and platform solutions.  
 
However, a common, secure and interoperable framework for service publication, discovery, 
provision and use, where existing and new actors can participate on equal terms, would benefit not 
only the vision behind the e-navigation strategy, but also numerous other initiatives. Inspired by the 
OSI-model, http://en.wikipedia.org/wiki/OSI_model, the world of Digitization that the Maritime 
Infra-structure Framework address, can be positioned in different abstraction layers. In this section the 
Maritime Cloud and SeaSWIM concepts are introduced, and we consider how they fit as components 
of a common maritime infrastructure framework. 
 

 

Fig. 1: Conceiving digital infrastructure in the maritime sector by a layered model 
 
Looking at the common maritime infrastructure from the outside, there would be app stores for 
different domain specific information services and consequently be the portal to ‘the Maritime 
Cloud’. Such app stores will provide access to applications, as stand-alone devices (such as e.g. e-
navigation approved devices) as well as stand-alone application using other types of devices. The 
‘App store for STM’ will be the SeaSWIM portal to Applications approved for interaction through 
STM data services. Consequently, the Maritime Infrastructure Framework mainly concerns a data/ 
information service layer, and an application layer, but connected to a communication layer, Fig. 1. 
The communication service layer expresses communication as a service in which different 
communication techniques are identified. The data/information service layer (data/information as a 
service) provides access to diverse data/information sources (data streams or data stores) by 
standardized interfaces (such as APIs). On this layer access to data streams are provided further 
processed to create information. Typically, the data/information services registered in the service 
registry as empowered in Maritime cloud are used to provide access to data/information to be used in 
different applications. The application layer thus uses available data/information services in the 
creation of new front-end application and/or in the expansion of functionality in existing applications 
(as e.g. in administrative systems and/or navigational equipment). Access control, i.e. who can access 
which services under which conditions, is to be managed on the different levels and could be 
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constrained by dimensions of time, geographical location, and/ or which application that accesses the 
data/information service layer combined with the user of that application. The governance and 
monitoring of the emergence of the information services needs is according to the Maritime 
Infrastructure Framework proposed to be performed as a federated approach – more or less regulated 
(see section 3.3 below).  
 
3.1.1 The SeaSWIM concept and its characteristics 
 
SeaSWIM is a concept for system wide information management for the shipping industry that can be 
technologically implemented in different ways covering one or several communication channels. Its 
definition has been inspired by the aviation industry, but reflects the legacy of the maritime domain in 
which competition exists among autonomous and rational agents that episodically connect. The 
SeaSWIM concept is an invitation to a wide range of actors to become part of a regulated and 
federated data sharing and service provisioning ecosystem. The SeaSWIM concept acknowledges the 
maritime industry as a complex adaptive system, Cashili and Medda (2012), with a large number of 
self-organizing autonomous agents where there exists variation in coupling (from loosely to episodic 
tight coupling). Central to SeaSWIM is to provide access to data streams (on the data/information 
service layer (see Fig. 1 above). The SeaSWIM concept allows distribution of, and access, to data 
streams builds upon the assumptions that, Lind et al. (2014): 
 
• Digital data streams can be open, proprietary, or hybrid. The intentions and performance of a 

ship-owner’s operations can represent the competitive edge of the company. Thus such data can 
be very sensitive and shared only when necessary for the profitable operation of the owner.  The 
owner of a data stream mush control access rights. 

• There is a common standardized format for all data streams in a common repository. A data 
stream that is SeaSWIM-enabled (i.e. connected to SeaSWIM) must provide data according to a 
(SeaSWIM) defined data standard. The development of standards is evolutionary where the first 
service to use an information element defines the standard, which may then be refined and evolve 
as it is adopted by others. The main driver for standard development is to minimize transaction 
and coupling costs for participating actors.  

• There is a standardized API for accessing data streams to support interoperability. A data stream 
provider must provide a stream according to standardized definitions via a standardized 
SeaSWIM API. A fairly comprehensive inventory of needed data services enabled by SWIM 
should be exposed. 

• Access to data is governed by the data stream owner. The provider of the data assigns and 
manages access rights for a specific use of the data distributed in data streams, such as the 
voyage, to the requestor. Subsequently, there is a need for a repository of actors which can be 
used by the data provider to assign access rights for the use of the data (i.e., by whom it should be 
used and under which conditions). In a decentralized model of access control, the data stream 
owner handles validation. 

• The existence of a data stream is informed by a discoverability mechanism. SeaSWIM should 
contain mechanisms allowing a requester to learn about available data streams and access 
procedures. This means that a SeaSWIM-enabled data stream should be requested to submit the 
existence of any data related to a certain voyage, vessel etc. to this repository, but not the actual 
data. There is thus a need for a mechanism pointing at the existence of, and how a particular data 
stream can be found (e.g. data on a specific voyage, geographic area or port). The discovery 
mechanism should automate connectivity to the desired data stream. 

• Provision: Data streams are added as they come online and are added as technological change 
extends what can be sensed and measured. 

 
Such a distributed data sharing design also gives room for new actors to enter the domain by provid-
ing new services building on data made available by the various stakeholders. It should enable collab-
oration among stakeholders while preserving each stakeholder’s control of access to its data, support 
interoperability, as well as supporting the coordination of actions between single and multiple parties.  
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The SeaSWIM concept builds upon a governance structure in which federations on relevant parties 
create rules for and monitor the information exchange and service provision and discovery performed 
among the maritime stakeholders. The table below summarizes key aspects of the SeaSWIM concept 
that is brought into the development of the maritime infrastructure framework.  
 
Aspect Characterization 
Governance • Federated structure setting standards, rules, and regulations, monitoring, and performs 

service portfolio management  
Functionality • Identity management   

• Service management  
• Message services (exchange of pre-determined types of information object 

(subscription, pull, receipts of received messages, service interaction patterns (e.g. 
request-confirm))   

• Life-cycle based service governance by issuer 
• Service portfolio management to be performed by federation(s) 
• Mechanisms for discoverability 

Access control • Determined by the data/service provider (who, when, what) 
• Regulation of terms of condition for use, time validity and potential counter actions 

Business model • Market driven participation (competitive and imitative forces attract participation) 
• Depends on what data owners are willing to share (all or parts of a data stream) 
• Financed by the beneficiaries and utilizers (incl. authorities) 

Standardization • Evolutionary standardization (Proof of concept before standard) 
• Common standardized format for different types of information exchanges 
• Standardized and agreed definitions of used measures 
• Standardized API for access to data streams / data / information objects 
• Standardization for interoperability on different layers 

Technological 
implications 

• Workable within and between diverse communication channels 
• Platform independent on the different layers 

 
3.1.2 The Maritime Cloud concept and its characteristics 
 
Common to the findings of several e-navigation test bed projects, the need for an infrastructure 
supporting the following enabling elements have been identified, Fig. 2: 
 

• Management of Identities - shore based as well as ship borne 
• Mechanisms supporting authorization, validation and secure information transfer 
• Management, publication and discovery of standardized information services 
• Maintaining interoperability while separating an information service from a specific 

communication channel (enabling utilization of evolving communication technologies)  
• Enabling communication targeted a geographic context 

 

Fig. 2: Core elements of the maritime cloud Fig. 3: Enablers for service development 
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Identity management – the Maritime Identity Registry 
Providing an identification key like ships IMO number or MMSI number used for identification offer 
a limited level of confidence in with whom data are being exchanged. These identifying keys are not 
universal to all maritime stakeholders, or can by themselves be used for secure authentication in a 
digital conversation. In order to support access control and secure exchange of information, a uniform 
identity concept is needed, whereby different types of identities can be vetted by relevant federations 
or authorities to achieve a ‘chain of trust’, combined with secure mechanisms supporting verification 
of authenticity and integrity, as well as confidentiality. 
 
Service portfolio management – The Maritime Service Portfolio Registry 
A Service Registry contains provisioned service instances as defined by service specifications, Fig. 3, 
and will enable service providers, consumers, and regulatory authorities to share a marketplace for 
services. The service registry does not provide maritime information itself, but a specification of 
services and the information they carry, plus the technical interface to obtain it. The service registry 
enables the “provider” to “publish” its service instances so that “consumers” are able to “discover” 
them and obtain interface information required to use a service.  
 
A ‘service’ may in principle span from non-digital operational services (e.g. specifying a VHF 
working channel or phone number of a VTS, and describing services provided) to a technical 
machine-to-machine digital interface definition of a service enabling automated transfer of 
information in an automated Ship Reporting System using standardized data structures. Services may 
span public, standardized instances to proprietary. While some services are public, the mechanisms 
provided by the Maritime Identity Registry for identity and key management enable providers of 
information services to perform access control, thus enabling management of rights for access. This 
allows information owners to decide whom they share information with, based on validation on 
specific approved identities, or role based rights of access.  
 
Maritime Messaging Service (MMS) 
The MMS is a carrier agnostic messaging hub, designed to allow seamless roaming, enabling global 
interoperable connectivity across varying data links with varying technical characteristics and limited 
bandwidth. The MMS is not intended to carry all maritime communication, but to provide an enabler 
for roaming or authentication of identity in a digital conversation, possibly using another protocol. 
The MMS will enable a geo-aware protocol for ‘geocasting’ – a ‘logical broadcast’ with a coverage 
area, where other actors can ‘listen’ (subscribe). 
 
The ALMANAC 
A downloadable digital publication called ‘the ALMANAC’ will contain registered Identities, 
published contact information and service instances, plus public keys for encryption. This provides 
ships with a varying availability of communication links access to ‘white pages/yellow pages’ 
functions like identity and service discovery for initiation of secure peer-to-peer communication 
between registered parties without requiring online access to the central registries. 
 
3.3 The maritime infrastructure Framework 
 
3.3.1 Governance of the common maritime infrastructure framework 
 
The service infrastructure will be an enabler for a highly regulated (command and control) approach 
as well as a market driven approach, both in terms of service deployment and in terms of making 
business deals. The latter will enable the invitation of new services and actors to an open market. The 
service registry, as described in section 3.2 above, will allow standardized as well as proprietary or 
regional services to coexist. In this respect, the organization(s) governing the infrastructure 
framework will need to fill the continuum from highly regulated to market driven, as well as from 
proprietary to standardized solutions, Fig. 4.  
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Fig. 4: Filling the continuum requires commitment by stakeholders 
 
In achieving this, we proposed a governance structure, which allows federations of stakeholders who 
wish to expand the capabilities of the infrastructure to meet their specific needs, to achieve influence 
on the evolution of the infrastructure, by committing resources to its evolution and operation. 
 
3.3.2 A Governing Foundation or Consortium 
 
Several domains or federations of interested parties could have a stake in the infrastructure concept, 
which expands the scope beyond e-navigation. This calls for a multi-tenancy approach, whereby 
relevant stakeholders can cooperate on governing the operation and evolution. Inspiration could be 
found in the World Wide Web Consortium (W3C) - www.w3.org/Consortium/ governing standards 
for the internet, or the Eclipse Foundation (https://eclipse.org/home/index.php), gathering 
stakeholders on projects within the Automotive industry, as well as ‘the Internet of Things’.  
 

 

Fig. 5: Proposed federated approach to a foundation governing the evolution and operation of a  
           maritime infrastructure framework 



 298

 
In both of these examples, stakeholders who wish to influence the direction of evolution to support 
any given interest, will have to commit resources to the community, to achieve influence on the 
governing board. Fig. 5 shows the proposed governance model. It is a layered model in which room is 
given to one or several federations to semi-control the deployment and realization of services between 
maritime stakeholders. The framework acknowledges that most interactions among maritime 
stakeholders will occur on a peer-to-peer basis. A federation(s) needs to create an infrastructure 
trusted by maritime stakeholders using the framework as a common service provisioning 
infrastructure.  
 
One of the primary purposes of the infrastructure framework will be to enable secure exchange of 
information between trusted parties. Thus, vetting of identities by relevant federations or authorities 
will play a significant role in building a ‘Chain of trust’. The interests of federations willing to 
commit operational resources that benefit the community should be represented in the governing 
board. If for instance the IMO decides to recommend Flag States perform vetting of ships identities in 
the registry, an operational resource has been committed, which could secure the IMO a seat in the 
governing board. If organizations such as IALA or CIRM decide to commit resources for supporting 
technical harmonization and standardization within the community, it could buy them a seat on the 
board.  
 
3.3.3 Evolutionary processes within the community 
 
If the Service Infrastructure is to meet the needs of the maritime business in the long term, it will need 
to evolve with the business and societal demands as well as technological developments. This calls for 
evolutionary processes within the governing community: 
 

1. Organizational evolution – the composition of the Governing Board and the business model 
behind operation of the core services needs to evolve, to reflect the trends in the maritime 
business and societal demands. 

2. Technical Services exposed via the Service Infrastructure will evolve over time.  Based on 
lessons learned from introduction of ECDIS and AIS, it is foreseen that a structured 
evolutionary process for testing and harmonization of services leading to standardization, 
rather than standardization by committee before implementation, will support better quality 
software and improved usability  

 
3.3.4 How market demands may evolve the Service Infrastructure 
 
A significant cluster of industry partners, say within container shipping or offshore operations, might 
wish the Infrastructure to support its special interests – say sharing of data on simultaneous operations 
in a confined area. It would need to commit development or operational resources to get a seat in the 
governing board, securing those interests by evolving the operation and core services in their 
direction. In return, the community may focus the development efforts on supporting the needs of the 
industry cluster in question, in developing and deploying its services, while benefitting from the 
existing Infrastructure for service portfolio management, as well as identity and key management to 
support access control and billing, Fig. 6. 
 
A common maritime infrastructure framework supporting authorization, validation and secure 
information transfer, as well as management, publication and discovery of standardized information 
services, may benefit a large number of maritime stakeholders within different areas of application, 
Fig. 7. This is a call to harmonize contemporary efforts and join forces for a common framework to be 
applied in different settings and stimulate information sharing and service distribution among 
maritime stakeholders. The definition of a joint framework is the beginning of a journey towards a 
sustainable digital infrastructure for the maritime transport domain. 
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Fig. 6: Applying the service infrastructure to market demands 

 

 

Fig. 7: The digital infrastructure framework at the intersection of maritime activity 
 
The proposed framework is a synthesis of the efforts brought forward in the development of the 
Maritime Cloud and SeaSWIM concepts. This infrastructure framework will be established during 
2016-2018, and will evolve and be available for service demonstration and validation until 2018 
within different domains, among which the e-navigation domain is one of them, but long term 
sustainability depends on the success of efforts towards establishing a governing community. 
 
4. Maritime Service and Communication Infrastructure Framework for STM 
 
Building on the maritime infrastructure framework as proposed by Jensen et al. (2015a), the service 
infrastructure framework for federated and distributed service interaction for STM is shown in Fig. 8.  
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Fig. 8: Maritime service infrastructure for Sea Traffic Management 
 

4.1 Distributed service provision and discoverability for STM 
 
During MONALISA 2.0, the SeaSWIM concept has been defined for the purpose of enabling a 
technical infrastructure for service distribution and discoverability in such a way that access to 
different services are regulated by the information provider. This requires that functionality for 
identity and service portfolio management is enabled by the platforms providing access to STM 
services. Examples of identities are STM-actors, both as providers and consumers, (e.g. port 
operators, shipping operators), STM service providers, connected entities (e.g. vessels), and other 
service providers. These identities provide access to services building on diverse information sources. 
 

 

Fig. 9: Layered service framework for positioning different types of services in STM 
 
Within Sea Traffic Management, the notion of services is built upon a multi-layer framework, Fig. 9, 
where the role of digitization may play different roles without loosing the human agency. At the t op 
of this framework operational services are performed by organizations/humans directed to different 
beneficiaries. These operational services may be supported by (digitized) application services that are 
offered via platforms, such as the STM app store, capturing possible STM services, Jensen et al. 
(2015a). Application services build upon information/data services that are enabled by connecting 
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service distributors and service consumers in a trustworthy and regulated way. Different 
communication services are used for enabling communication between different maritime 
stakeholders. Operational services may also, fully or partly, be digitized performing actions on behalf 
of the organizations is a representative of. By changing one layer it should mean minimal or no 
impact on the other layers.  
 
The Maritime Cloud provides functionality for identity and service registry for the data layer. The 
service registry enables service providers to expose STM services and service consumers to discover 
STM services. Sea Traffic Management is defined by its services where the services are exposed by 
service providers for discovery by service consumers in the service registry. The service provider uses 
the identity registry as a basis to specify which actor or role that should have access to a certain 
service. When applicable, keys are issued and used for granting and getting access to the service. 
Access to real-time data streams would be given by a certain identity via a service listed in the service 
registry given that the service consumer has the right access key. 
 
As stated in the introduction, a key enabler for allowing communication about intentions “long” 
before the actual occurrence of the event, with a higher level of precision the closer in time to the 
actual occurrence, it is vital to bind the information to an identifier. The basic strategy for the 
deployment of a universal voyage_id is to settle a standard for the composition of the voyage_id and 
then let each organization that consume STM services that require the voyage as an identifier use that. 
At this stage the strategy is to have a standard to allocate a voyage_id that is bound to the organization 
and then let the organization connect use a number series when a new voyage id is needed. This is a 
solution similar to the product code (EAN codes), which would allow that a shipping company can 
different voyage_id’s for one (from port-to-port) or several legs (including visits to multiple ports). 
This means that the use of voyage_id could be adapted to the way that the shipping company conceive 
the constitution of a sea voyage. 
 

 

Fig. 10: Decentralized and semi-centralized as complementary solutions to the management of unique  
             voyage_id 
 
Two different, complementary, strategies for the implementation and use of voyage_id are considered. 
If the voyage_id is solely to be used as a basis for the interaction between the shipping company/ 
vessel operator and the service provider, a distributed solution is preferred, (left part of Fig. 10). The 
distributed solution is a first step towards the implementation of a unique voyage_id for the maritime 
industry.  
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A complementary solution is the introduction of a voyage_id manager service keeping track of all 
assigned voyage_ids enabling search possibilities for service providers planned, ongoing, and 
conducted voyages (right part of Fig. 10). One or several trusted service providers manage the 
voyage_id registry. Using a particular voyage id with adjacent access keys specified in the voyage_id 
registry will enable access to information about the voyage. In this way, diverse service providers will 
have possibilities to access, store, and use voyage information in their service provision. This semi-
centralized solution is to be seen as possible development step building on the distributed solution.  
Information about the voyage will consequently exist in the hands of multiple service providers. In 
order to keep track of who has information about a particular voyage, service providers need to allow 
search possibilities for service consumers of particular voyage_ids. The latter is a typical example of 
rules and regulations that the service provider needs to respond to when searching for approval for 
such type of service. The approval process is one task to be managed by the federation (see below) in 
its service portfolio management.  
 
When a service has been discovered by a service consumer, contact can be established between 
service provider and service consumer and foundations for coming to agreements of the service 
realization can be established. Relationships between provider and consumer are in this way 
established. The shipping industry is a complex adaptive system, Cashili and Medda (2012), with a 
large number of self-organizing autonomous agents where there exists variation in coupling (from 
loosely to episodic tight coupling). Watson and Boudreau (2011) have formulated the principle of 
episodic coupling principle as follows: 
 
“The disparate systems and individuals within society can coordinate their actions through the sharing 
of information about those episodes when they want to interact, such as catching a bus, going to the 
cinema, and finding a convenient flight. The two entities want to coordinate their actions for an 
episode or an event”. This means that the distribution of data about intentions, as e.g. when a certain 
waypoint is expected to be reached, becomes essential together with status updates, as e.g. when a 
waypoint is reached. Watson and Boudreau (2011) further claim “having the ability to learn what 
other entities are doing across a wide variety of timelines, from seconds to years away, enables people 
and enterprises in a highly decoupled society to coordinate their actions. Often this coordination is 
invisible to one of the parties, and there is no reason for it to be visible”. This would then mean a need 
for integration between the different actors, such as e.g. the vessel operator and the port of destination. 
Centralized service and identity registries enable the coupling. By acknowledging the distributed 
characteristics of the maritime sector, the service interaction in the production and consumption of 
services will though be enabled by peer-to-peer interaction (1:1 or 1:m).  
 
4.2 The role of federations for Sea Traffic Management Services 
 
Balancing between control and freedom is a crucial task in a world of rational, self-organizing 
autonomous agents. This autonomy in the maritime industry give rise to the need for governance 
structures that enable a trust among service providers and service consumers but at the same time 
avoiding centralized control of resources, actions, and performances. As claimed above service 
provisioning and consumption needs to be allowed on a peer-to-peer basis. Consequently, governance 
needs to be realized by other means. A federative approach is preferred for this task. Means for 
governance in a federated approach are service portfolio management and monitoring. A federation is 
a “loose organization” consisting of representatives from multiple organizations where this 
constellation of organizational entities together creates the necessary trust for service providers and 
service consumers to take part in the service ecosystem. A [service]federation is an organization that 
creates the legal framework that regulates how services will be shared, realized, monitored, and 
evaluated between different actors (public and private). A federation is an organizational constellation 
that could exist in different forms, such as myfederation, i.e. the single organization as its own 
federation (as e.g. Apple), as industrial cluster, i.e. a network of (often) commercial actors agreeing 
about joint efforts and regulations (as e.g. flight alliances), and as regulating body, such as e.g. IMO. 
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4.2.1 Service approval and service portfolio management 
 
The emergence of Sea Traffic Management builds upon possibilities for exponential growth of 
available services. Anyone should be allowed to search for approval of a particular STM-service to be 
offered (compare e.g. Apple appstore). Approved services will have a “quality-mark” as a STM-
service as way to show consumers that the service meets the standards. Such standards are both of 
generic characteristics, such as the service being specified in accordance to the service specification 
language, as well as domain specific characteristics, such as being compliant with established rules 
and set of emergent standards. Due to that most service interaction will be realized on peer-to-peer 
basis, standards for publish-subscribe services would be necessary to provide for the realization of 
such services.  
 
This means that standards play an essential role in this world of distributed service offerings. 
However, to avoid coming into time-consuming and detailed standardization processes as e.g. making 
universal information reference models, the service ecosystem of Sea Traffic Management relies on 
the principle of evolutionary standardization. This principle means that if a certain protocol and/or 
measure is being used that has not earlier been used, this first version, after proof of concept, will set 
the standard. This standard will then last until an argumentative base has been provided for refining 
this standard. Such an approach combined with that an exponential growth of available services is 
expected to facilitate many service opportunities. The role for the federation in performing service 
portfolio management thereby becomes crucial.  
 
In the efforts of defining Sea Traffic Management it has been essential to standardize a route 
exchange format to be included in the ECDIS standard. The ongoing revision of the test standard for 
ECDIS, IEC 61174, which is expected to be published as edition 4 by the end of 2015, has provided 
an opportunity for introducing a standardized route exchange format. The MONALISA 2.0 project 
has taken the opportunity of the establishment of the European Maritime Simulator Network to 
implement and test the suitability of this standardized exchange format for exchange of voyage plans 
and related information, in support of the development of STM concepts. 
 

 

Fig. 11: The role of the federation in the service lifecycle 
 
As depicted in Fig. 11, Sea Traffic Management covers multiple service domains, such as weather 
services, port services, navigational services, and more generic service infrastructure services etc. 
This requires the involvement of multiple federations where each of these has to be constituted by 
trustworthy organizational bodies. As e.g. it is natural that IALA is embodied as part of the federation 
for navigational services. Service portfolio management includes: 
 

• Setting the rules for which standards to meet for approved services 
• Coming to agreements about measures, rules, and protocols to be used 
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• Ensure that core services of Sea Traffic Management meet enough quality 
• Collect judgements and reports from the use of services as a basis for opportunity 

identification, and refinement, and exclusion, of services 
 
By a federative approach services claimed to realize the Sea Traffic Management can be trusted by 
the service consumers. For this purpose the different services listed in the service portfolio would 
have different status; proposed vs. approved. A proposed service can consequently be rejected and not 
taken up in the service portfolio. The services should however be seen as offers on an open market. 
Some services might be restricted to particular geographic zones, as e.g. only applicable for a 
particular port. The service ecosystem will thus allow for different kinds of services as well as the 
same kind of services issued by different service providers.  
 
4.2.2 Continuous monitoring, improvement and quality assurance  
 
When services have been approved and services are being provided and consumed it is essential that 
the federation undertake a role in continuously ensuring that the services are being realized in 
accordance with the established specifications and rules. An approval of a service will have a period 
of validity for enabling renewed requirements on the service to be refined by the service provider. 
This means that the federation can use terms of provision and validity in its role of ensuring quality of 
the services in the portfolio and promoting service refinements. Fig.11 shows the role of the 
federation in the service lifecycle is depicted. 
 
Peer-to-peer service interaction will impossible to monitor, but there are some other possibilities to 
monitor the realization of services: 
 
• First of all, services are requested which means that the federation can get continuous reports on 

which, and how often, particular services are requested for 
• Second, if a potential voyage_id manager service is introduced it would serve as a collector of the 

number of voyages being connected to the STM-network and services using information about  
the specific voyage. 

• Third, reports on service realization built into the terms of approval could be channelized to the 
federation for evaluation 

• Fourth, reports from the community about the quality of services should be provided to the 
federation  

 
5. Final remarks 
 
Sea Traffic Management is one possible domain for the application of a maritime infrastructure 
framework. In this short information paper, the instantiation of this generic framework has been 
brought forward for the purpose of understanding necessary infrastructural requirements enabling 
trustworthy service provision and consumption in Sea Traffic Management. It is to be noted that Sea 
Traffic Management is one domain of application for a generic service infrastructure framework. The 
full potential and large-scale implementation would come when the same maritime infrastructure 
framework is applied in different areas of application that rely on information sharing, service 
interaction, and (digitized) actor collaboration. Examples of such (overlapping) areas would be cargo 
management, inter-modal transport management, and e-navigation.  
 
Contrary to hierarchal governance, the federated approach could be applied for facilitating a market-
driven approach to service provisioning. This market-driven approach is portrayed in two ways; 
needed operational services for sustainable sea transports are exposed to service providers to bid on, 
and the same kind of informational services in the service repertoire could exist in multiple instances. 
The market will decide the use of them.  
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Abstract 
 
This paper presents a summary of human factor methods and results from the tests of the Ship Traffic 
Management (STM) system developed in the EU projects EfficienSea, MONALISA and ACCSEAS 
during the years 2009 to 2014. STM is a controversial concept with the possibility to move 
responsibility from the captain of the ship to the operator on land. However, the studies presented 
here showed a mostly positive and interested attitude towards the concept as it materialised in the 
prototype development. Focus for the studies presented have been on “professional acceptance” and 
safety and mostly qualitative data has been collected. 
 
1. Introduction 
 
On a beautiful day in May 2003 the 225 m long Chinese bulk carrier ‘Fu Shan Hai’ collided with the 
100 m long Cyprus registered container ship ‘Gdynia’ about 3 nautical miles north of the island of 
Bornholm in the southern Baltic Sea. According to Rule 15 in the International Regulations for 
Preventing Collisions at Sea 1972 (COLREGS) is was ‘Fu Shan Hai’,  which was coming from star-
board, which was the “stand-on vessel” with right of way. According to the rules, the Chinese vessel 
was compelled to keep her course and speed. ‘Gdynia’, being the “give-way vessel”, should by the 
same rule either turn starboard and pass behind ‘Fu Shan Hai’, or slow down and let ‘Fu Shan Hai’ 
pass in front of her. At 12 o’clock noon there is normally a change of watch on bridges of ships. On 
the ‘Gdynia’ the captain was relieved by the second officer (the time 12.00 is annotated in the chart 
image in Fig. 1 (right) from the Danish accident investigation). The ships were at that time 18 minutes 
from collision. 10 minutes later the captain on ‘Fu Shan Hai’ gives a signal with the whistle and stops 
his propeller. However the speed only slowly starts to decrease. At 12:11 h, the second mate on the 
‘Gdynia’ makes a small course change to starboard and 4 minutes later hard starboard rudder. The two 
ships collide 3 minutes later. The collision ripped open a hole in the forward part of ‘Fu Shan Hai’ 
which subsequently sank. The crew of 27 were all rescued, DMA (2003). 
 

   
Fig.1: Left: ‘Fu Shan Hai” sinking after the collision, Middle: ‘Gdynia’ after the collision. Right: 
Chart reconstructing the ship movements for the final 18 minutes up to the collision, DMA (2003) 
 
‘Fu Shan Hai’ had departed from Ventspils in Latvia on 30 May 2003 at 16:20 local time on a voyage 
to China. ‘Gdynia’ had departed from port of Gdynia in Poland the same evening at 23:25 on a 
voyage to Hull, England. The ‘Fu Shan Hai’ and ‘Gdynia’ collision serves as an example of the 10-15 
vessels every year that are lost after a collision at sea, Graham (2012). Although there is a lot to be 
said about the actions of the ships in the final stages before the collision, this paper will focus on the 
fact that both ships happened to be at the same place at the same time, the question being: could this 
have been avoided?  
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All larger vessels are required to make a berth-to-berth voyage plan before leaving port according to 
regulations by the International Maritime Organization. Both ships here had such plans. If these two 
plans had been superimposed in a central coordination system, it would, knowing the service speed of 
both vessels, in a perfect world have been possible to predict the collision. Of course, in reality, a 
prediction made several days ahead will be inexact as speed might change due to weather, engine 
performance, sea state and many other parameters. But as the system keeps calculating the prediction 
will become better and better as the time to the predicted moment decreases. In the case of ‘Fu Shan 
Hai’ and ‘Gdynia’, the system would have alerted the bridge crew on both ships about the predicted 
close quarter’s situation and might have recommended a minor speed change on one or both ships. 
Furthermore, information about the upcoming situation would have been available in the coordination 
centre where yet another pair of eyes would be alerted and could intervene. 
 
However, sharing one’s voyage plan with a coordination centre is a controversial issue challenging 
the captain’s ultimate control of the vessel. The presented studies here have been seeking to address 
the issue of professional acceptance of sharing future intended routes. The findings presented here 
result from work in three EU-projects:  
 

• EfficienSea (2009-2012), http://efficiensea.eu/,  
• MONALISA (2010-2014), http://sjofartsverket.se/monalisa, and  
• ACCSEAS (2012-2015), http://www.accseas.eu. 

 
1.2 A taxonomy of ships routes 
 
One might think of a ship’s future voyage as consisting of different parts: first there is the voyage 
plan. This plan can be made many months ahead of the journey and must be in place before the ship 
leaves port. We call this the ship’s strategic route. Then, once the ship is underway and the strategic 
route is uploaded to the navigation system on-board, there are new parameters that need to be taken 
into consideration, like weather, other ships in the area, etc. These parameters may change parts of the 
strategic route on short range (maybe 30-90 minutes ahead). We call this tactical part the intended 
route. On a very short range (0-3 minutes) there is also a predicted route which is relatively well 
determined by inertial characteristics of ship and environment, Fig. 2. 

 
Fig. 2: A suggested taxonomy for ship routes (Inspired by Jan Hendrik Oltmann, WSV) 

 
1.3. Ship Traffic Management (STM) 
 
Vessel Traffic Service (VTS) has a coordinating role in many parts of the world where ship traffic is 
dense. The tasks of the VTS are divided into Information Service (INS), Navigational Assistant 
Service (NAS), and Traffic Organisation Service (TOS), IALA (2008). The NAS and TOS to different 
extent have the ambition to coordinate ship traffic. However, VTS’s normally only manage a limited 
geographical area. The concept of Ship Traffic Management (STM) implies coordination of ship 
traffic in a much larger area, maybe as large as the North Sea or the Baltic Sea. The concept is 
investigated in projects like MONALISA and SESAME Straits, http://straits-stms.com/index.html.  
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The strategic route coordination process can be explained as follows, Fig. 3: The ship makes a voyage 
plan in its electronic chart system, just as today. (1) The route is then electronically sent to the 
coordination centre (2). While the centre looks at the route and checks it against close quarter’s 
situations to other ships, violations of NoGo areas etc. the route is dashed in yellow on the chart 
screen (3). Next one of two things can happen: The coordination centre recommends some changes to 
the route (4), and sends a new route suggestion where the “not recommended” part is in red and the 
new suggestion is in dashed green. There can then be a negotiation back and forward until there 
finally is a “recommended route” dashed in green (5). The ship finally “agrees” to the route and it 
becomes an agreed, coordinated route with a green backdrop (6), Porathe et al. (2014). 
 

 
Fig. 3: Route exchange process between ship and the Ship Traffic Coordination Centre (STCC) 

 
Strategic routes are not openly shared and only the coordination centre can see all ships strategic 
routes. Strategic routes can be planned years ahead as e.g. in the case of ferry companies. There will 
be priority issues here as well as there is with landing and start slots in the aviation industry. But these 
could be solved in a similar way. 
 
The tactical, intended route process is different and much straighter. In this case, a number of 
waypoints ahead of the ship’s present position is transmitted though AIS to all ships within radio 
range. They can then see other ships’ “intended route” by right-clicking on the ships’ AIS symbol in 
the electronic chart and select “show intended route”, Fig. 4. 
 

 
 

Fig. 4: A ship’s intended (tactical) route is displayed by right-clicking on the AIS symbol and 
selecting “Show intended route”. 
Together the strategic and tactical route exchange forms the Human Machine Interaction basis for a 
proposed STM concept. This concept then has to be tested and evaluated. And in the very early phase 
we need to investigate professional acceptance: Is this concept acceptable for the stakeholders that 
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work in this process today? The captains onboard in the first instance, because they are the ones that 
will carry the final responsibility. And then to VTS operators which today do traffic management in 
local areas. 
 
2. Method 
 
The Human-centred design philosophy was developed in the 1980s by psychologists like Norman 
(1988). The design process describes an iterative spiral of observation, idea generation, prototyping, 
and testing. The users are deeply involved in the whole process. This as a reaction to the usual process 
of an engineer making a specification that is then manufactured and sold, often with problems of 
usability as a result. One example is the Electronic Chart and Display Information Systems (ECDIS) 
mandatory on all vessels. It is most often a complex and difficult product with few standards and 
constant usability problems. The Chief Inspector of Marine Accidents wrote in the foreword of the 
2013 ‘Ovit’ grounding in the Dover Strait: “This is the third grounding investigated by the MAIB 
where watch-keepers’ failure to use an ECDIS properly has been identified as one of the causal 
factors. As this report is published, there are over 30 manufacturers of ECDIS equipment, each with 
their own designs of user interface, and little evidence that a common approach is developing,” MAIB 
(2014), p.9. 
 
2.1. Prototyping 
 
The starting point of the proposed STM solution has been the observation of real problems like the 
collision between ‘Fu Shan Hai’ and ‘Gdynia’ . Many other accident reports have contributed to the 
realisation that there is a problem. Field studies have also been conducted as well as focus groups with 
mariners, pilots and VTS operators.  
 
To be able to conduct user tests, the EPD (E-navigation Prototype Display) has been developed by the 
Danish Maritime Authority (DMA). The prototype system is able to mimic an ECDIS as well as 
shore-based VTS systems. The DMA software developers have been involved in the whole process 
and reprogrammed on the fly to improve functionality and HMI after user input.  The strategic and 
tactic route services have all been implemented on the EPD, Fig. 5. 
 

 
Fig. 5: Screen shot from the EPD prototype software developed by the Danish Maritime Authority as 
an experimental platform in order to be able to conduct simulator tests of the proposed STM 
 
Although not a fully functioning ECDIS, the EPD had all the necessary functions to connect the 
necessary navigation information both in simulator and onboard ships. Once the first implementation 
of the STM was in place on the EPD, the testing started. 
 
 
2.4. Testing 
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The testing was mostly done at the ship handling simulator at the Simulator Centre at Chalmers Uni-
versity of Technology in Gothenburg, Sweden. The simulator was a Transas 5000 with two bridges, 
each accommodating the bridge team in a bridge mock-up with 270° and 180° of surrounding visuali-
zation, respectively. The Transas’ ECDIS was rewired to show the EPD which in turn was fed with 
real-time data and AIS from the simulator. The original Transas’ radar screens were kept and could 
show AIS targets but not the new services or own ships planned route as it was made on the EPD. The 
benefits of using a simulator are many: compared to a real ship it is more cost and time effective, the 
scenarios can be repeated exactly and the realism is very high. 
 
2.4.1. Scenarios 
 
We will now give an overview of four studies conducted on the STM concept at different iterations 
during the years 2009-2014. The first study was conducted at the Simulator centre at Chalmers in 
2009, Porathe et al. (2013). The scenario was a passage through the Sound between Sweden and 
Denmark with two vessels, one passing from south to north, and one from north to south. The focus of 
this study was the tactical route exchange ship-to-ship.  
 
The second study was conducted at Chalmers in 2013, Porathe et al. (2014). The focus this time was 
the strategic route exchange ship-to-shore and shore-to-ship. The scenario was a ship entering a coor-
dination area at Skaw sending its voyage plan to the coordination centre, and negotiating a green 
route. Later the route is changed, first initiated by the ship due to weather, and later by the shore due 
to port delays, and then drifting timber.  
 
The second study was then repeated onboard two Korean training vessels in a Korean archipelago 
context in April 2014, Porathe et al. (2014). 
 
A final study focused again on the tactical route exchange and was conducted at Chalmers, Porathe et 
al. (2015). The environment was the Humber Estuary and the approach to the ports of Immingham 
and Hull in the UK with several scenarios with high traffic density and congestion. 
 
2.4.2. Participants 
 
The participants in all these studies were professional bridge officers and pilots with long experience 
and cadets and in relevant cases, pilots and VTS operators with experience from the areas simulated. 
The scenarios lasted often several hours. Therefore the number of participants was in the range of 10-
20 for each study, which inflicts somewhat on the validity. 
 
Qualitative data was collected by video during the simulations. Here the participants were encouraged 
to think aloud and comment on their experience and during debriefings after the scenarios.  
 
3. Results and discussion 
 
3.1. The Sound simulator study, 2009 
 
One of the most important aspects of testing new technical services such as the tactical and strategic 
route exchange is to look for unintended consequences of change, new behaviour that might lead to 
new types of accidents. One such new behaviour due to the presence of the new route intention was 
spotted during this test. The tanker was southbound in the Sound and was approaching the ferry 
crossing between Helsingborg and Helsingör. Several ferries cross the Sound here every hour and 
they might suddenly appear from the two ports on either side. According to COLREGS, ship should 
give way to other ships on their starboard side. But because of the narrow strait, the ferries normally 
give way for all passing traffic or delay their departure to fit an opening in the traffic flow. This is 
however a behaviour that has no support in COLREGS and may cause misunderstandings. When the 
tanker was approaching the ferry crossing from the north a ferry was departing from the Danish side 
on the tanker’s starboard. As the ferry started she broadcasted her intended route, a straight line over 
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to Helsingborg. The intention of the ferry was noticed by the tanker some 6-7 minutes away. Being 
the give-way ship according to COLREGS rule 15, the tanker announced her intentions to go astern of 
the ferry by adding a waypoint and dragging it west to just outside the port entrance. She then made 
the route active and it was automatically broadcasted to all ships that had the “show intended routes” 
switched on. However, the ferry intended to give way according to practice and added two new 
waypoints to her route and dragged one of them behind the tanker showing her intentions to turn port 
outside the pier head and go astern of the tanker. The pilot onboard the tanker then acknowledged this 
by dragging her waypoint back to resume her previous route. 
 
The behaviour of the bridge crew of the tanker and the ferry were quite surprising for us. The 
participants had not been instructed to use the intended route feature for anything else than take note 
of each other’s intentions. Today ships use the VHF radio to agree on counter COLREGS behaviour 
(for instance a meeting starboard to starboard).  Such behaviour is not recommended but is still 
common practice. Using intended routes to negotiate a meeting situation between two ships could 
serve just the same purpose, only with less risk of misunderstanding because the route intentions of 
both ships are displayed graphically, not only for the upcoming manoeuvre but also for the following. 
Possibly this behaviour could lead to avoiding entering into a close quarter’s situation. This might 
give operators a second chance if the manoeuvre fails. However, there might be hidden traps that will 
need to be investigated carefully. Using intended route feature this way might lead to complicated 
situations in congested waters with many ships present. As one close quarter situation is resolved, 
others might be created. Also showing intentions and then not carry them out might be very dangerous 
comparable to flashing the turn lights on a car and then not turning. 
 
An issue brought up by the participant was that there definitely was a limit when negotiations using 
the ECDIS had to be abandoned for old-fashioned collision avoidance looking out of the window.  
 
A similar feature named “suggested routes” was also tested. This feature allows a stakeholder, here 
the VTS, to send out a route segment to a designated ship. The VTS used this feature to send new 
routes to one ship with too deep draught to pass the Sound altogether (which instead was rerouted via 
The Belt, and a ship with a planned course leading directly aground (these two scenarios were based 
on real situations). These tests went smoothly without surprises. 
 
Findings from the test suggest that the intended route feature well serves its purpose. It may also serve 
as a less ambiguous ground for route negotiations, even if this behaviour was not intended from the 
start. Subjects were generally positive to the tool. But issues were raised as for instance on the 
cluttering of the chart in the VTS display and on that in very tight and time constrained collision 
situations none of the ships will have time to click intentions into the ECDIS. Another concern raised 
by the VTS operator was the question of responsibility for the route exchange. As an example, the 
VTS operator was contacted by one of the vessels asking him to send a suggested route to the other 
vessel to keep out of his way. Today, the Sound VTS is only entitled to give information services 
while the executive decisions on navigation remain the responsibility of a ship’s captain and the 
navigating crew. Sending routes from shore might eventually require to move some of this executive 
decision making power to shore to avoid unnecessary negotiations in critical situations. 
 
Results from the simulation were promising and solutions for the problems encountered was to be 
found for the next iteration of the route exchange service. 
 
3.2. The Kattegat simulator study 2013 
  
The focus of the study was the strategic route exchange ship-to-shore and shore-to-ship. Observations, 
comments and statements made during the debriefings were classified into four levels: conceptual, 
procedural, functional and HMI. Results on the detailed levels of functions and HMI will not be 
presented here. In this study participated 12 captains, 12 cadets, 5 VTS operators and 1 pilot. 
 

• Conceptual level - The hypothesis was that ship-board participants should be negative to the 
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route exchange concept but instead all participants were in general positive to the concept of 
voyage plan coordination; younger somewhat more than older. Even if older participants were 
more concerned with issues like de-skilling they still accepted the system. A pensioned 
captain with 40 years of experience said: “I don’t like this, but I see it coming, and I guess it 
is all right.” 

 
The most discussed issue was on control; if voyage plan coordination would lead to control 
being shifted from the ship to the shore. Most bridge officers pointed out that it was important 
that the captain still had the last word, being on the scene and experiencing the situation first 
hand. Several participants saw a likelihood of conflicts between the STCC and vessel on the 
issue of control, and between the STCC and ship owners on the issue of costs. 

 
From a shore perspective, the ability to check routes and see vessels’ intentions was 
welcomed but concerns were raised about the workload when dealing with several vessels in 
a heavy traffic or emergency situation. 

 
On the question of whether a route exchange system has a future, comments ranged from  

 
− it is inevitable, over 
− it may have a positive effect on the quality of navigation if captains can learn to trust it, to  
− it will never be accepted by captains and ship owners (said by participants not being 

captains or ship owners). 
 

• Procedural level - Participants in vessels and STCC felt that new routines were involved in 
operating the system, but within a familiar environment so that once they understood what 
was expected of them and how to do it, it was easy to get accustomed. With regard to vessel 
manning, some felt that the new system may require an extra person on the bridge in dense 
traffic situations to leave the on-watch officer free to navigate and avoid collision. Depending 
on the degree of freedom allowed to deviate from the planned course without changing the 
voyage plan, it was felt by some that the result would be extra an workload when having to go 
through a new route agreement each time you needed to deviate of your planned course for a 
fishing boat. 

 
Routines in the new coordination centre, as opposed to the existing VTS stations, would 
depend on the role of the new coordination centre. Issues raised by the operators were 
workload, the capacity to deal with heavy traffic, the ability to plan routes around 
obstructions and the time constraints involved. Most participants felt that the role of the 
STCC in the drifting timber scenario should be limited to entering the area on the chart not re-
routing affected vessels. 

 
• Survey - In a survey that was sent to the participants several weeks after they participated in 

the study the question “What is your opinion about the tested route exchange concept?” was 
asked. 18 answers where received out of 28. 14 were “positive” or “very positive” and 4 “did 
not know”. No one was negative. On the question “Do you think a similar route exchange 
concept will become reality in the future?” 17 answered “probably or most probably” and 
only 1 answered “probably not”. 

 
Most participants, both younger and older, were more or less positive to the ship traffic 
management concept. Having said that, there was discussion on the yet undecided scope of 
the proposed route exchange system and the role of the new coordination centre; would it be 
monitoring, advisory, assistance or full control? Would it involve a change to the established 
principle that the captain is ultimately responsible for the vessel? Would the captain be 
required to relinquish some degree of control of the vessel to the shore centre? Where would 
responsibility and liability lie for delays, costs incurred, accidents, etc.? Several participants 
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expressed the likelihood of conflict between the coordination centre and vessel on the issue of 
control and the coordination centre and ship-owners on the issue of costs. All participants 
agreed that the final decision needed to stay with the captain onboard. 

 
3.3. The Korean ship study 2014 
 
The test in South Korea was conducted during a 24 h exercise onboard two Korean maritime academy 
training ships. Due to safety concerns the tests was conducted back bridge without controlling the 
ship. Ten cadets and 8 experienced officers participated in the experiment. The scenarios was the 
same as in the Swedish test related above, but set in an Korean scenario on the route from Mokpo and 
Busan, respectively, and to Yeosu on the Korean south east coast. On the issue of acceptance, a 
questionnaire handed out to the participants after the test, Table I. The figures within parentheses are 
the answers from the 18 Swedish cadets and experienced officers that did the test above. 
 

Table I: Answers to the questionnaire handed out after the trial 
 Very 

good 

Good Don’t 

know 

Bad Very bad 

What is your opinion about the tested route 

exchange concept? 

 

11 

(4) 

8 

(9) 

0 

(4) 

0 

(0) 

0 

(0) 

 Most 

probably 

Probably Don’t 

know 

Probably 

not 

Most 

probably 

not 

Do you think a similar route exchange concept will 

become reality in the future? 

 

6 

(4) 

12 

(13) 

1 

(0) 

0 

(1) 

0 

(0) 

 
Table II: Professional Acceptance Rating Scale. The question was: What is your professional opinion 
about the system tested? (Put an X in the box which best fits your opinion) 
Scale 

value 

Scale name Description Results 

(numbers of x) 

0 Totally unacceptable I think this is a very bad idea. Definitely not.  0 

1 Not very acceptable Not a good idea. Best let it be. 0 

2 Neither for, nor 

against 

I am neutral.  0 

3 Acceptable Good idea. I am for it. 3 

4 Very acceptable I think this is a very good idea. I am definitely for it 14 

5 Extremely acceptable One of the best ideas I have heard of.  

(Even regular users would seldom give this score.) 

2 

 
The overall opinion of the concept was very positive from the Korean test persons (as for the Swedish 
participants from the 2013 test). However, concern was also expressed: 
 

• Effects of all non-AIS vessels including fishing vessels 
• Navigational risk by over-reliance on the route exchange system 
• In congested areas, during close encounter situations, and in narrow channels, the Officer of the 

Watch (OOW) needs to give full attention to look-out.  The work load may then be too large to 
allow an exchange of information between ship and coordination centre. 

• Human error due to display misunderstanding   
• The EPD terminal display represents an overflow of information.  Frequently, the OOW needs 

to have customized information and also a simplified screen.  Especially when there is not 
enough time to understand information shown in the display for urgent situations.   

• Shipping companies are not likely to open their ships’ route information. 
• A novice tends to over-rely on the EPD, while a senior officer may be reluctant to use the EPD.  
• In stressed situations, the OOW may fail to notice new route information including new 
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dangerous areas to be avoided.  
• The relieving officer may overlook new route information at handover. 

 
3.4. The Humber simulation study 2014 
 
11 professional British, Swedish and Danish bridge officers, harbour masters, pilots and VTS 
operators with experience from traffic in the Humber area participated in the test. 
 

• Conceptual level - All participants agreed that this service was valuable. “I might not have 
said so three days ago, but now having used it: Yes, the concept is very good. Provided the 
data that is displayed is correct.” (Humber pilot with 12 years’ experience). On a question if 
someone in the group was against the concept, there were head shakes and silence. Several of 
the participants soon got used to the service where they could see ships intentions; one said 
“after having used the system for six hours I find it annoying not being able to see ships’ 
intentions.” (He was referring to the fact that some of the target vessels intentionally did not 
send out Intended routes. Something we thought would be realistic.) 

 

 
Fig. 6: Screen shot from the EPD in the Humber Estuary. Own ship is west bound in the top channel, 
an east bound ship passing through the main channel below is sending its intended route. 
 

Several participants talked about the importance of “correct data”: that the voyage plan was 
updated and correct and from berth-to-berth. It is necessary that the bridge personal are 
trained and can handle the system. Generally today, the Humber participants explained, the 
tankers coming into river have very good passage plans because they are heavily vetted. The 
general cargo and bulk carries, however, generally tend to have a voyage plan that either stops 
at the pilot station, or – if it goes all the way to the berth – do so by a couple of haphazard 
waypoints. If the displayed data is not correct it could be a dangerous concept: you think you 
know where someone is going, but instead they are going a completely different route. E.g. 
there might be a change in the voyage plan and because the 2nd officer responsible for 
voyage planning is not on watch, the new intentions are not displayed. 

 
One of the pilots said: On a big ship like the P&O ferry they have the time and people to do 
the voyage plan prudently with the right speed on all legs, etc. But on a small coaster they 
will just click out the waypoints, they don’t have the time or the people to do anything else. 
“So my concern is not so much the quality of the proposed system, much more so, the quality 
of the people onboard that must be able to use the system.”  

 
The participants felt that it is important that rather than displaying all ships’ Intended routes 
all the time (which would clutter the display) you can (as indeed was the case) “interrogate” 
the display for intentions of vessels of interest. A discussion took place of what to do if a ship 
for some reason had to deviate from its route. One suggestion from the developers was that 
there should be an easy (or maybe even automatic) way of turning off the transmission of the 
Intended route if the vessel for some reason deviated too far from its intended voyage plan. 
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One of the pilots answered “Yes, having no data is better than having the wrong data.” There 
was an agreement that it could be a good thing if the system stopped sending route intentions 
if the ship was some predefined distance from its intended route for a predefined amount of 
time. But for minor deviations from the intended route, like overtaking, or giving extra space 
in a meeting situation, no one in the group felt it was necessary to stop sending, or changing 
the intended route. It would be obvious why the deviation was made. There was also an 
agreement that the Intended route service should not be used as a collision avoidance tool in 
close quarters situations. 

 
It was felt that the Intended route service was probably more important in open seas than in 
port approaches like the Humber River, because there is already a risk mitigation service like 
pilot onboard and VTS that keep an eye on things. For ships coming to the pilot station it is 
good, but there are also uses on the river. Approaches to junction points is an example where 
the Intended route service can be very valuable, e.g. a small ship leaving the Baltic Sea 
destined for Rotterdam may equally well take a route via The Sound, the Great Belt or the 
Kiel Canal. Being able to see the intended route allows an overtaking ship to place itself on 
the proper side of the other ship. 

 
One of the participants said on whether he would trust an Intended route, he would trust it in 
the same way he today trusts the AIS information. “I will not trust 100%, but it is helpful.”  

 
• Planned speed vs. current speed - There was a major discussion on whether planned speed or 

current speed should be used when calculating a ship’s future position. The Intended route 
service as it was implemented in the prototype system was using the planned ETA in all 
waypoints to calculate where own and other ships would be at a certain time. The planned 
speed was based on the notion that ships should be at their final destination precisely in the 
planned arrival time. However, one of the pilots commented that in reality ships will not be 
following their planned speed exactly. Thus the ETAs in different waypoints (at least the 
closest ones) should reflect the actual, current, speed of a vessel. “You always want to go a 
little bit faster to make sure that you can make your ETA. ‘Rush to wait’. You will burn a 
little bit more fuel, but it cost more to let the stevedores, the lorries, etc. wait.”  

 
• Procedural level - It was discussed if the Intended route service would increase workload 

compared with today to a point where you would need to have an extra person on bridge just 
to run the system. Observation during the test scenarios showed that the usability of the 
system was not optimal yet and the participants were given help when they did not know how 
to activate a feature. Several participants commented however that they would expect the 
handling of the service to be smooth once they mastered the system. The test scenarios took 
place close to port or in the approach and this is where you would normally be two persons on 
the bridge. In a deep-sea passage there would be only one officer on the bridge, but then the 
situations would normally be a lot calmer. “The workload re-mains the same, but the system 
will increase the quality of decision making,” was one comment. 

 
The Intended route service might lessen workload for the pilot as the rest of the bridge team 
can see the intentions and future whereabouts of other vessels. One of the pilots mentioned 
that he spent a lot of time explaining to the captain or watch officer what was the intentions of 
other ships in the area leaving berth or entering into the approach channel. 

 
One of the VTS operator said that, given the VTS had Traffic Organization Service (TOS) 
authority, the Intended route service would greatly increase the opportunity to organize the 
traffic. This would be of great value but would also increase the workload in the VTS. 
 

• Functional level - Normally you have your ECDIS off-centred with most of the space in front 
of your ship and very little space behind you. But sometimes you are overtaken by a much 
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faster ship.  If you use route CPA as a filter for turning on Intended routes automatically you 
might get too many intended routes visible cluttering the screen, but it would be nice if you 
could have a “guard zone” astern which would turn on Intended routes only from overtaking 
ships. It would probably be necessary to have a “harbour” and a “sea” mode with different 
route CPA filter settings. 

 
An issue could be when you are making an approach. You investigate the other vessels’ 
intended routes and you make a strategy for how you want to deal with upcoming meetings. 
Then one of the vessels changes his intended route. The chance is that you will not notice 
that. It might be useful with some form of highlighting of changed intentions. 

 
• HMI level - The user-friendliness of the system was discussed. It was pointed out that it was 

important that all watch officers on-board could use the system so that updates of Intended 
routes did not have to wait for that the responsible navigation officer (normally 2nd mate) was 
on watch. “But I think if we were here for another week we would be a lot quicker and 
comfortable with it. It is not a difficult system to use. It is more a question of familiarity, 
rather than the system being complicated.” 

 
During the first round of tests users commented on the HMI that it was difficult to distinguish 
intended routes from each other as they all had the same light green colour, and also to know 
which track belonged to which ship (the label with ship information was only shown on 
mouse-over on the vessel AIS target triangle).  Because we had the programmer present 
during the tests the interface was updated for the next set of trials starting the day after. In the 
new HMI an Intended track could be queried by pointing at it with the cursor. The track 
would then become highlighted in a darker green colour, the vessels icon would become 
highlighted with a circle and the position on the intended track line where the cursor pointed 
would be connected to the own ship’s position at the same time by a CPA Guidance Line. 
These lines could be used to query another ships track about the closest point of approach 
(CPA). The second round of participants found theses new features useful and de-cluttered 
the interface somewhat. 

 
Overtaking another vessel on a similar route is still difficult because the intended route of the 
other vessel may be hidden by your own route. It was also mentioned that routes needed to be 
transparent so that they did not hide e.g. depth figures. “The green colour of the intended 
routes makes them difficult to see; especially if you got more than one. Maybe you could use 
different colours; you need to be able to separate one vessel from another.” 

 
• Survey - The participants were asked to summarize their impressions about the service in a 

survey with three questions. 9 of the 11 participants answered the survey. 
 

1. “What is your opinion about the tested In-tended routes concept?” All participants 
answered “Good” or “Very good”. 

2. “Do you think a similar Intended routes concept will become reality in the future?” All 
participants answered “Probably” or “Most probably”.  

3. “What is your professional opinion about the system tested?” The participants were asked 
to rank their acceptance on a scale between 0 and 5 (0 = “Totally unacceptable”, 1 = “Not 
very acceptable”, 2 = “Neither for, nor against”, 3 = “Acceptable”, 4 = “Very acceptable”, 
5 = “Extremely acceptable”). The mean score was 3.7, i.e. between “Acceptable” and 
“Very acceptable”. 

 
4. Conclusions 
 
This paper summarised four studies focusing on human factors issues of the new Ship Traffic 
Management concept proposed in the EU projects EfficienSea, MONALISA and ACCSEAS. The 
work spans over a period of 6 years from 2009 up to 2015. The early studies were conducted with 



317 

early iterations of the user interface (HMI) and as time went on new and more mature versions were 
developed based on input from the earlier studies. 
 
The main focus has been on the “professional acceptance” of route sharing. Much to our surprise, the 
participants have been much more positive that expected all through the development period. Ideas 
and comments from the participants have greatly helped to improve the subsequent interface versions. 
 
Another focus has been safety and unintended consequences of the new system. But apart from the 
new behaviour of negotiating to avoid entering into a close quarter’s situation, we did not make any 
alarming observations. That does not mean that we in any way have explored all possible ways of 
misunderstanding or misusing it. 
 
For the coming year, simulations of route exchange using the newly developed European simulator 
network will be done. Up to twenty live ships (simulator bridges from all over Europe) will sail in 
scenarios involving both strategic and tactical route exchange. 
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Abstract 

 
This paper presents selected 3D applications from several phases in the lifecycle of a ship that have 
been implemented by Fraunhofer IGD in recent years. All are built on open standards and not tightly 
coupled to any software suite of a given 3D CAD vendor. This openness is the key for easy adaptation 
to any existing IT infrastructure and a high level of flexibility. To illustrate our approach, we present 
technical details of some of the developed applications as case studies. In the outlook section of the 
paper, we formulate some tasks for future work including specification of a lightweight exchange 
format for the maritime sector based on ISO standard JT. 

 
1. Motivation 
 
1.1 Using 3D in the lifecycle of a ship  
 
In the design phase of a ship we typically use one or several 3D representations of the future product. 
All shipyards and at least the larger suppliers already use a 3D CAD system and various 3D-based 
simulation and engineering tools such as FEM or CFD. We have a large amount of knowledge about 
the ship collected in this digital representation: Not only the geometry and details about the 
production process but also various aspects of the behaviour and the operation procedures. This 
intensive use of 3D technology in the engineering phase is an important enabler for increasing 
productivity and managing complexity.  
 
However, this “digital ship” will typically be used only in the design phase and feed the production 
phase with data. The big potential that resides in this data collection for later phases in the product 
lifecycle is not exploited at all, Fig. 1. Not even in the design phase we have a seamless integration of 
3D data if we think about data exchange between shipyards and the large number of suppliers.   
 

 
Fig. 1: Typical product lifecycle for a ship 

 
3D applications in later stages of the lifecycle do not reuse the available data but typically rely on 
completely new models built from scratch. We claim that this situation decreases the overall 
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productivity in the maritime sector. The stakeholders miss the opportunity for creating new (digital) 
business.   
  
We will present selected 3D applications from several phases in the lifecycle of a ship that were 
implemented by Fraunhofer IGD in the recent years: 
 
- Marketing: Interactive product configurator 
- Design/Engineering: Interactive simulation in 3D context 
- Procurement: Offering access to interactive 3D models to external partners 
- Production: mobile access to engineering data 
- Training: Virtual training environment 
 
1.2 Deficiencies 
 
Fig. 1 illustrates the use of 3D in various phases of the lifecycle. It was compiled by the forum 3D 
maritim in a non-representative survey among 17 shipyards and maritime suppliers in Germany. In 
the design phase, nearly all companies already support this process by 3D tools (75% of them 
completely and 25% at least partially). 
 

 
Fig. 2: Penetration of 3D technology in several phases of lifecycle in the maritime industry (Source:  
           3D maritim) 
 
Some more relevant findings from this survey concerning 3D usage in the maritime industry over the 
lifecycle of a ship are the following: 
 

• Those 17 companies use 18 different 3D tools in the design phase. The complete number of 
tools in the whole lifecycle is even higher. 

• AutoCAD has the highest penetration among those companies. 
• The shipyards use 5 - 9 3D systems in their company and the supplier 1 - 8 (on average 3). 
• All participating shipyards and nearly half of the suppliers plan to invest in additional 3D use 

in at least two phases of the lifecycle. 
• 3D data exchange today typically means CAD data exchange. It causes much trouble in 

practice resulting in unproductive processes for repairing / re-modelling data that could not be 
handled correctly by converter tools. 

• 75% of the participating companies see an increasing demand for exchanging 3D data 
between several tools internally or with external partners (classification society, suppliers, 
engineering service providers etc.). 
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Many problems stem from the (exaggerated) demand to offer complete and mathematically accurate 
product data as specified in a CAD model. However, in many cases of data exchange, complete data 
is not necessary or even not desired. In those situations the CAD data can be replaced by a visual 
representation. This will not include the design history or “intelligence” such as design features or 
parametrical models, but provide the geometry in an arbitrary level of accuracy and also the assembly 
structure. 
 
Various design departments already use such an approach in context of Digital Mock-Up or Virtual 
Reality. The visualization data derived from the CAD data are optimized for real-time rendering. It is 
not possible to change the geometry in those visualization formats, but for process steps such as joint 
reviews or interactive simulations (e.g. assembly or disassembly procedures) it is quite sufficient. 
 
We claim that open and standardized 3D visualization formats have a much higher potential. They 
can support the collaborative engineering and especially the stages in the lifecycle beyond production 
in a powerful way.  

 
2. Basic Technologies 

 
The aspect of openness has attracted much attention in recent years. One indicator for this is the Code 
for PLM openness, Prostep IVIP (2014). This codex has already been signed by more than 70 
companies – namely IT suppliers (e.g. Autodesk, Dassault Systèmes, Siemens PLM) and manufactur-
ing companies (e.g. Airbus, Bosch, Thyssen Krupp, Volkswagen).  
 
Open formats and interfaces offer many benefits – especially for end users: 
 

• Reducing costs by easy integration 
• Securing investments into IT infrastructure 
• Flexibility for best of breed solutions 
• Streamlined processes by continuous IT support 

 
First, we will present the cornerstones of the use cases described in the next section. Beside open 
formats/interfaces we will also introduce some technology details that will help to understand our 
approach. 
 
2.1 Open Data Format 
 
Reuse of existing 3D data in later phases of the lifecycle relies on an important concept: deriving a 
new model representation that preserves the overall structure and visual appearance of the model but 
clipping additional information from the design phase. The result should be a lightweight 
visualization model and a file format that offers high flexibility, published as an open standard. This 
format can be used to transfer geometry as a blocking volume from one CAD system to another or 
any other application that relies on the 3D model – inside and outside of the company of the model 
creator, Fig. 3. 
 
Beside openness, there are other properties that have to be taken into account when selecting an 
appropriate 3D format for the lifecycle. A list of relevant requirements can be found in Friedewald et 
al. (2011). The formats IGES; STEP, VRML97, X3D, JT and 3DPDF have been explored in the 
benchmark. Using twenty criteria, the concrete formats were compared with the following result: If 
only a visual representation is necessary, VRML and X3D can be recommended as well as JT. If 
additional product data such as Product Manufacturing Information is necessary, JT is the clear 
winner of this benchmark. 
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Fig. 3: Exchanging 3D models by means of open visualization formats 

 
2.2 X3DOM – 3D on the Web 
 
Even if the ISO standard X3D was designed for the delivery and integration of interactive 3D data 
over networks, it requires standalone player applications or browser plugins, Web3d (2011). Since the 
introduction of the standard WebGL, which has been adopted by all major web browsers, it is 
possible to visualize 3D models via X3DOM. Leveraging the power of modern graphics hardware, 
X3DOM requires no additional plugins. First described in Behr et al. (2009), X3DOM is a framework 
for visualizing X3D models in a web browser by integrating X3D nodes directly into HTML5 DOM 
content. This eases the integration of 3D content in modern web applications by directly mapping and 
synchronizing live DOM elements to an X3D scene model. The current SVG integration model for 
2D vector graphics uses a similar approach. The declarative integration of X3D into the DOM allows 
using common web development features like scripting, events, namespaces and CSS styling on the 
3D content. Furthermore, X3DOM requires no additional plugins. 
 
To increase the efficiency for implementing and deploying X3DOM applications, additional 
functionality is necessary. Behr (2014) presents instant3Dhub, a modular and very scalable approach 
for server-side conversion of 3D data and application provisioning. The hub can also analyse the 
graphics capabilities of the (mobile) device and the available bandwidth. This is used to offer an 
optimized balance between server-side rendering or client-side rendering. The architecture is based on 
open interfaces – mainly from the web community such as HTTP/2 which allows for easy integration 
of external solutions. 
 
2.3 Interactive Simulation  
 
In the field of digital prototyping, the visualization and simulation of virtual products used to put high 
requirements on hardware and software, preventing access for many users. Mesing et al. (2012) pre-
sented a solution for the visualization and simulation of virtual products illustrated by a parameterized 
simulation model for the movement of a davit. The simulation is a rigid body simulation. The 3D 
model of the davit was visualized in the virtual reality application Instant Reality, which was coupled 
with simulation results exported from Inventor, a 3D CAD software for product simulation. It is 
basically an offline simulation, where the simulation refers to one special motion sequence of the 
davit. The user can change parameters, such as depth and width of the casing or the size of the vessel, 
but is not able to control the simulation and influence the movement of the davit in all aspects. Only a 
graphical user interface is available for starting, pausing and stopping the motion sequence. In 
addition, the simulation model has to be prepared manually.  
 
The possibility to visualize and simulate virtual products with the help of standard web technologies 
substantially extends the field of virtual product development. Thus all persons involved in the 
lifecycle of a product can use the application. X3DOM, while a promising approach to deliver 3D 
content solely by web technology, provides only simple functionalities for the animation of 3D 
models. Physically correct behaviour such as gravity or collision detection is not taken into account. 
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To close this gap, web-based physics engines have been developed in the last few years. They are 
able to present virtual scenes much more realistically. In order to achieve this, a given 3D model in 
X3DOM has to be coupled with a web-based physics engine. Ideally, the process of coupling 
X3DOM with a physics engine should be executed fully automated, in order to derive a physical 
model for the simulation based on the given 3D model. The concept is based on Huber (2013). The 
coupling process is divided into three phases, Fig. 4: In a first step a pre-processing of the 3D model 
is required. The 3D model has to be abstracted, i.e. removing non-visible objects and merging several 
objects into a useful single object. The reduced model is completely sufficient for the physical model 
and decreases computing time. Then metadata has to be added to the 3D model, because the 3D 
model does not contain all the information required for the physical model. For example, the mass has 
to be added. This is required for the physical simulation but typically not included in the geometry 
model. Subsequently, the derivation of the physical model follows. In a first step for each object of 
the 3D model an equivalent physical object is derived from the geometric description. In a second 
step all generated physical objects are connected by so-called constraints to a complex multi-body 
system. Finally an equivalent physical model is available. Both physical and 3D model are 
permanently synchronized while the physics engine calculates movement changes of the physical 
model which are transferred to the 3D model.  
 

 
Fig. 4: Data exchange between 3D model and physical model via the interface 

 
3. Case Studies 
 
3.1 Marketing: Interactive product configurator  
 
One of the recent developments of Fraunhofer IGD is the Virtual Maritime Interior Configurator 
VI:MAR:CON. The system allows the configuration of a superyacht indoor space, Figs.5 and 6. The 
system combines interactively explorable 3D indoor models of a ship with a separate multi-touch 
interaction GUI. To individualize the interior, the user can scan samples of surface materials and 
apply them to parts of the interior. One of the main system design considerations was the 
development of a tool which should be easy and intuitive to use as it addresses customers of yacht 
designers, shipyards and interior outfitters. Today, it is common for superyacht and cruise ship 
interior design reviews to produce artistic renderings with the help of specialized modeling and 
rendering tools. To produce these photorealistic images and videos, expert tools need hours to days, 
using sophisticated rendering techniques like the so called ray-tracing.  
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Fig. 5: Interactive interior configurator VI:MAR:CON used for superyacht interior design in the 
virtual reality environment DAVE. A tablet is used to change interior components. The user can move 
around inside of the immersive scene. 
 

 
Fig. 6: VI:MAR:CON used on a setup for collaborative interior design review, consisting of a multi-
touch table and a wall-mounted high-resolution display for the rendered indoor space. The interaction 
GUI allows a quick change of materials and interior elements. 
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With VI:MAR:CON, customers can choose their own point of view inside of the virtual room and can 
interactively play with different material and color combinations. The goal was to achieve a realistic 
impression of the future indoor design while at the same time moving interactively through the room 
and changing the interior. 
 
Our approach uses 3D models of yacht designs made by design studios, the general arrangement plan 
or CAD files of shipyards at the first step. This model is converted into an interactive model which 
can be rendered by a mixed reality system. The prototype uses Instant Reality, which is capable to 
drive a lot of different input and output hardware (from mobile devices like tablet PCs and 
smartphones to large immersive VR installations) and offers many complex visualization and 
lightning techniques. 
 
In a second step, a special scanner is connected to the system. The device is a HDR-ABTF scanner, 
which is specifically designed to capture high-resolution images of materials such as textiles and 
leather, lit from different directions, precisely and especially quickly. More details on the scanner can 
be found in NN (2011). An approximated bidirectional texture function (ABTF), Kautz (2005), allows 
describing surface characteristics efficiently. Computers can then use stored ABTF data to simulate 
how an object (e.g. a suite) covered in that material will look like in changing light conditions, from 
different view angles. 
 
One important insight from talks with potential customers in the maritime sector was the fact that 
there is also a huge demand for cargo ships to get a first impression of the interior of crew cabins and 
public spaces in advance. Typically, this shipbuilding segment does not use interior design in early 
design phases. 
 
3.2.  Design/Engineering: Interactive Simulation in 3D context 
 
Fraunhofer IGD uses or enhances existing virtual technologies for simulation, combining them to 
customized solutions for the maritime industry. This enables shipbuilders to evaluate designs for new 
ships, avoid errors at an early stage and design special ships more quickly. One example in the 
context of maritime safety is the evacuation simulation in 3D context presented in Mesing et al. 
(2011). For special ships, engineers need to redevelop almost everything from the vessel’s bridge to 
the engine room. These ships consist of many partial systems in frequently very tight spaces which 
must be easy to access and operate. During the design process, hardly any ergonomics analyses are 
carried out. The questions whether operator workplaces or accommodations are designed ergonomi-
cally and how manageable the installed systems are, continue to remain unanswered for customers. 
Currently, such analyses are mostly carried out with physical mock-ups or static mannequins on 
CAD. During testing, there frequently occur time and cost intensive modifications. 
 
To overcome this situation, an integrated simulation system was implemented combining a simulation 
kernel for ergonomics analysis, a virtual reality system and a mobile interaction interface on a tablet 
computer. The user (engineer, designer or technician) will stay in an immersive VR environment and 
see the 3D model of the ship (provided in X3D or JT format). All movements are recorded in real 
time by an optical system (body tracker by A.R.T. or Microsoft Kinect) and transferred to a virtual 
person, an avatar inside the virtual ship. A simulation model continuously calculates in real-time 
whatever is in the person’s field of vision, which objects are within his arm’s reach in his current 
position and which physical strains he is exposed to. 
 
The ergonomics simulation RAMSIS by Human Solutions is used for these calculations. It provides a 
physiologically sound model of a human being, an “avatar”, for the VR system InstantReality envi-
ronment. The user is thus able to realistically evaluate the ergonomics and manageability of ships. For 
ergonomics considerations, the system will allow the following analyses in the future: 
 

• Collision analyses: colour highlighting of colliding elements 
• Stress analyses: consideration of maximum forces, avoidance of harmful posture and 
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overstressing 
• Reachability analyses 
• Vision analyses 
• Anthropometric database 
• Recording of results and movement ranges 

 

 
Fig. 7: The RAMSIS avatar in a ship showing sight analysis 

 
3.3. Production: Mobile access to engineering data 
 
The X3DOM approach presented in section 2.2 in combination with the instant3Dhub architecture 
forms the basis for mobile access. As there is no proprietary code but only HTML5 with appropriate 
libraries, such a web-application will not only run on a desktop PC but also on mobile platforms such 
as android tablets or iPhones. Two aspects for bringing 3D data to the worker shall be mentioned 
here: 
 

1. The user interface must take into account the level of IT experience of the users as well as the 
rough setting at the shipyard. However, HTML5 offers a high flexibility in designing user 
interfaces and even touch support. 

2. For some situations, complete sections or even the whole ship must be provided. By means of 
streaming technology and the flexibility to dynamically adjust the rendering power between 
client and server via instant3Dhub this challenge is handled with a high level of interactivity. 

 
3.4 Procurement: Offering access to interactive 3D models to external partners via web browser 
 
Simple access to static 3D models for external usage can already be implemented with the X3DOM 
approach as described above. However, in some cases, geometry alone is not enough. It can be 
necessary to observe also the functional/physical behavior in order to solve a task.  
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Based on the concepts described in section 2.3, a demonstrator was developed for the simulation of a 
davit. Some web-based physics engines were tested concerning their suitability for the coupling with 
X3DOM. Huber (2013) compared JavaScript physics engines using experiments in order to determine 
a suitable physics engine for the coupling with X3DOM. Table I shows the results of the comparison 
based on the davit example. In conclusion, the physics engine Ammo.js was chosen for the coupling 
with X3DOM. For the development of an interface between physics engine and X3DOM, all the 
phases described in the concept in section 2.3 were implemented.  

 
Table I: Results of the comparison of JavaScript physics engines, Huber (2013) 

Criteria Cannon.js Bullet.js JigLibJS Ammo.js 
Performance very good poor very good good 
Amount of shape 
types 

small numerous more than 
Cannon.js 

numerous 

Important built-in 
shape types 

yes yes yes yes 

Important user-
defined shape 
types 

yes no statement 
possible 

no yes 

Amount of 
constraints 

small small small numerous 

Important 
constraints 

yes yes no yes 

Functionality of 
constraints 

feasible inconclusive inconclusive feasible 

Data exchange no conversions 
required 

no conversions 
required 

conversions 
required 

no conversions 
required 

Developing 
activities 

yes inactive for more 
than two years 

inactive for more 
than two years 

yes 

 
The application shown in Fig. 8 can be opened and executed in any common web browser. In addition 
to the 3D model, which represents one of the cranes of a davit, a graphical user interface is available 
to control the model. By means of control elements the forces affecting the crane can be manipulated, 
which have an impact on the motion of the 3D model. Therefore the crane of the davit can be 
extended, in order to simulate a typical motion of a davit when it lifts lifeboats over a ship’s side. The 
demonstrator is developed purely with standard web technologies.  
 

 
Fig.8: Example of using web technologies for interactive simulations (model of a simulated davit 
system, using X3DOM for 3d rendering combined with a pure javascript based physics engine). 
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Standard web technologies allow popularizing and presenting such applications to all kind of users. 
Only a browser compatible with WebGL is required, to test and validate the functionality of the 
virtual product. The demonstrator was implemented for a davit, but can be assigned to other virtual 
products. This example shows how existing 3D geometry can be enriched easily with functional 
behavior and made available for download and interactive evaluation by external partners such as 
suppliers. 
 
Meanwhile the physics engine Ammo.js has been integrated into the X3DOM library, which makes it 
even easier to couple a 3D model with a physical model.  
 
3.5 Training: Virtual training environment 
 
In the maritime sector the training of personnel (on ships and offshore installations) is very important. 
Strict legal requirements, increasing complexity of technical systems and the trend to smaller crews 
lead to higher demands on training. With exception of bridge simulation training, virtual training 
systems for the maritime sector lack widely applicable training environments. Developed at great 
expense, they just cover very singular training aspects, and due to high costs are introduced broadly 
on the market. 
 
With the project “MarOpTra 3D - virtual training areas for the maritime sector” a combination of 
multiple authoring tools have been developed with which virtual training areas for the maritime sector 
can be created much more quickly. All existing data of a ship’s construction drawings can be 
processed for the use in a virtual environment and efficiently combined with the necessary training 
contents. Frequent structures can be reused and a library of objects (e.g. fire extinguishers or smoke 
detectors) can be established. This leads to an easy and quick operability of the simulation system. 
 

 
Fig. 9: Structure of the tools in the MarOpTra 3D framework 

 
Fraunhofer IGD and its project partners (Hochschule Wismar, Institut für Sicherheitstechnik/ 
Schiffssicherheit e.V., ANOVA GmbH, MARSIG GmbH and eSZett GmbH & Co. KG.) specified 
and designed prototype software modules which build on one another and which combine the 
following information in an interactive training area: 3D models, expert knowledge about maritime 
systems, knowledge about the correct operation and simulation of physical factors. The core of the 
system, and at the same time its USP (unique selling point), is formed by a generic data structure. 
Based on this structure, a lightweight and open interactive model can be created using existing 3D 
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data. The developed tools are: The Import Tool to import, filter and convert CAD data, so that it can 
can be used as a virtual training environment. The Generic Ship Model generates a 3D model of a 
ship on the basis of some parameters like ship type, length, and width. This simplified but consistent 
model can be used as a training environment, if no CAD data is available. In the trainings, the 
scenario is created in the Scenario Tool. The scenario is combined with the 3D data in the Scene 
Tool. The Generator combines all data needed and converts to formats which are consumed by the 
runtime engine which executes the virtual training environment. InstantReality is used in our 
prototype for this purpose, other engines – even game engines – could be used there in a similar way. 
During training all events and actions are logged for review with the Assessment Tool. Fig. 9 shows 
how all tools interact.  
 
4. Conclusion and further work 
 
The 3D model as an important result of the design phase is a powerful asset offering high potential 
for reuse in the whole lifecycle of a ship. It clearly goes beyond the current state, where it is mainly 
used to derive all the necessary input for the production phase. We have shown several applications in 
the various phases that can be useful for different stakeholders in the lifetime of a ship or maritime 
structure. 
 
Using open formats (such as X3D or JT) and open interfaces (such as web services) are the “glue” for 
easy integration of the several components that are typically necessary for covering an application. 
They are the basis for reuse of modules and the scalability of the solutions. 
 
After successful implementation of those 3D applications in the lifecycle of a ship and based on 
discussion in the forum 3D maritim, we have identified the following areas for future work in the 
context of open 3D formats: 
 

• Domain-specific JT specifications: the standardization of the JT format was mainly driven by 
the automotive sector. As in other IT challenges, the shipbuilding sector with the complexity 
of the products, the project character of newbuildings and the typical structure of small and 
medium sized companies has in specific requirements for the IT solutions. 3D maritim has 
launched an activity to collect requirements from the maritime security as a starting point for 
a section of domain-specific JT specifications. Starting with selecting and describing relevant 
applications, first information sets (e.g. flow direction and flow medium for circuit points) 
have been identified that are important for a seamless flow of information between shipyards 
and suppliers. These information sets must be completed, formally specified in the context of 
ISO 14306, implemented by converter tool and evaluated in industrial processes.   

 
• Protecting intellectual property: Distributing 3D models to suppliers, customers and/or 

partners can accelerate industrial processes. However, it may also lead to losing control over 
intellectual property. The digital prototype as a concept for a complete geometrical, visual 
and functional description of a (current or future) physical product includes many details 
about technical innovation, process know-how and supplier networks. This information 
should be controlled by the intellectual property owner and not be disclosed without good 
reasons. Otherwise competitors could easily produce counterfeits without the effort of 
research and development. 

 
Replacing CAD data by visualization data is a first step to protect the intellectual property. 
During conversion a lot of information that is inherently included in the CAD file 
(mathematical accuracy of the geometry, design features,…) can be removed. Many of those 
aspects can also be included in the visualization file if ISO standard JT is used. Nevertheless, 
additional measures should be implemented to protect visualization data with optional 
Product Manufacturing Information. Enterprise Rights Management (ERM) is the technology 
of choice to provide end end-to-end security between the sender and the receiver of files as 
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described in Lukas (2009). With ERM the data is protected via encryption. Access (read, 
print, edit,…) is only possible if the owner of the data has explicitly granted access. ERM 
infrastructures are available from various IT companies, and even integration with CAD 
tools, 3D viewers and PLM systems is available on the market. However, in-depth analyses 
of ERM working groups in the ProSTEP iViP association, e.g. in Henriques et al. (2010), 
show that there are still open issues for using ERM in collaborative engineering processes.  

  
• Business models: Solving the technical problems for widespread use of 3D data in the whole 

lifecycle of a ship is only half the battle. Another major challenge is implementing adequate 
business models: Without an incentive, no shipyard would give away a complete digital ship 
or a significant part of it that has been created with much intellectual effort. However, the 
digital ship offers many potential value-added services that could support various processes 
and stakeholders in the lifecycle. Only a part of it has been mentioned in this article. For the 
time being, it is not clear who will provide those services and how the value of the underlying 
digital model can be determined. 
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Abstract

 

A derivative-free global design optimization of the DTMB 5415 model is presented, using local 

hybridizations of two global algorithms, DIRECT (DIviding RECTangles) and PSO (Particle Swarm 

Optimization). The optimization aims at the reduction of the calm-water resistance at Fr = 0.25, using 

six design variables modifying hull and sonar dome. Simulations are conducted using potential flow 

with a friction model. Hybrid algorithms show a faster convergence towards the global minimum than 

the original global methods and are a viable option for design optimization, especially when 

computationally expensive objective functions are involved. A resistance reduction of 16% was 

achieved. 

 

1. Introduction 

 

Simulation-based design (SBD) optimization in ship hydrodynamics usually involves computationally 

expensive objective functions, whose values are often provided by systems of partial differential 

equations solved by black-box tools. In this context, the objective function is likely noisy and its 

derivatives are not directly provided. Furthermore, the existence of local minima cannot be excluded. 

For these reasons, derivative-free global optimization algorithms have been developed and applied, 

providing a global approximate solution at a reasonable computational cost. Even if global 

optimization approaches are a good compromise between exploration and exploitation of the research 

space, they could get trapped in a local minimum and the convergence to the global minimum cannot 

be proved. On the other hand, if the research region to explore is known a priori, local optimization 

approaches can give an accurate approximation of the local minimum, although their convergence 

may be computationally expensive. For these reasons, the hybridization of global optimization 

algorithms with local search methods is an interesting research field, where the qualities of both 

methods can be efficiently and robustly coupled. 

 

Here, four derivative-free optimization algorithms are presented and applied. Two algorithms are 

global optimization approaches, specifically (a) the DIRECT (DIviding RECTangles) algorithm, 

Jones et al. (1993), and (b) a deterministic version of the particle swarm optimization method 

(DPSO), Serani et al. (2014). The other two algorithms are global/local hybrid techniques for (a) and 

(b) respectively, enhancing the global methods with proved stationarity of the final solution: a hybrid 

DIRECT method coupled with line search-based derivative-free optimization, namely DIRMIN-2, 

Campana et al. (2014), and a hybrid particle swarm algorithm coupled with line search-based 

derivative-free optimization, namely LS-DF_PSO, Serani et al. (2015). 

  

The SBD application presented herein pertains to the hull-form optimization of a USS Arleigh Burke-

class destroyer, namely the DTMB 5415 model, an early version of the DDG-51. The DTMB 5415 

model, Table I, has been widely investigated through towing tank experiments, Stern et al. (2000), 

Longo and Stern (2005), and SBD studies, including hull-form optimization, Tahara et al. (2008). 

Recently, the DTMB 5415 model has been selected as the test case for the SBD activities within the 

NATO AVT-204 “Assess the Ability to Optimize Hull Forms of Sea Vehicles for Best Performance 

in a Sea Environment”, aimed at the multi-objective design optimization for multi-speed reduced 
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resistance and improved seakeeping performance, e.g. Serani et al. (2015). Herein, a single-speed 

single-objective SBD example is shown, aimed at the reduction of the total resistance in calm water at 

18 kn, corresponding to Froude number Fr = 0.25. An orthogonal representation of the shape 

modification is used. Specifically, two sets of orthogonal functions are applied for the modification of 

the hull and the sonar dome shapes, and controlled by a total number of design variables Ndv = 6. The 

constraints include fixed displacement and length, along with a 5%  maximum variation of beam and 

draft. The solver used is a linear potential flow code, Bassanini et al. (1994), allowing for the 

evaluation of the wave resistance by transversal wave cut, Telste and Reed (1994). The resistance due 

to friction is estimated by a local approximation based on flat-plate theory, Schlichting et al. (2000). 

 

2. Optimization problem and algorithms 

 

Consider the following objective function: 

 

( ): nf x  

and the global optimization problem 

 

min ( ), nf



x

x  

where  is a closed and bounded subset of   
n . The global minimization of the objective function f  

requires finding a vector a  so that: 

 

: ( ) ( )f f  b a b  

 

Then, a  is a global minimum for the function ( )f x  over . Since the solution of the minimization 

problem is in general a NP-hard problem, the exact identification of a global minimum might be very 

difficult. Therefore, solutions with sufficient good fitness, provided by heuristic procedures, are often 

considered acceptable for several practical purposes. In the optimization algorithm considered in the 

following, the candidate solutions will be denoted by x , with associated fitness ( )f x . Moreover, 

in this paper the compact set  is identified by box constraints.  

 

The two global algorithms (DIRECT and DPSO) and their global/local hybridizations (DIRMIN-2 

and LS-DF_PSO) are presented in the following.  

 

2.1 The DIRECT algorithm 

 

DIRECT is a sampling global derivative-free optimization algorithm and a modification of the 

Lipschitizian optimization method, Jones et al. (1993). It begins the optimization by transforming the 

domain of the problem into the unit hyper-cube. At the first step of DIRECT, ( )f x  is evaluated at the 

center of the search domain ; the hyper-cube is then partitioned into a set of smaller hyper-

rectangles and ( )f x  is evaluated at their centers. Let the partition of  at iteration k  be defined as 

 

{ : }i

k ki I  , with { : },i n I i

kx l x u i I       

 

where il , [0,1]iu  , 
ki I , and 

kI  is the set of indices identifying the subsets defining the current 

partition. At a generic k -th iteration of the algorithm, starting from the current partition 
k

 of  

into hyper-rectangles, a new partition, 
1k
, is built by subdividing a set of promising hyper-

rectangles of the previous partition 
k

. The identification of potentially optimal hyper-rectangles is 

based on some measure of the hyper-rectangle itself and on the value of f  at its center. The refine-

ment of the partition continues until a prescribed number of function evaluations have been 

performed, or another stopping criterion is satisfied. The minimum of f over all the centers of the 
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final partition, and the corresponding centers, provide an approximate solution to the problem. It may 

be noted that the box constraints are automatically satisfied. 

 

2.2 Local hybridization of the DIRECT algorithm: DIRMIN-2 

 

DIRMIN-2 is a global/local hybridization of the DIRECT algorithm. It is a more efficient variant of 

DIRMIN, Lucidi and Sciandrone (2002). A single local minimization is performed starting from the 

best point produced by dividing the potentially-optimal hyper-rectangles. This strategy should result 

in a more efficient algorithm, which is less demanding in terms of number of function evaluations and 

preserves a good capability to find global solutions. DIRMIN-2’s local minimization is used when the 

number of function evaluations reaches the activation trigger (N )dvb , with (0,1)  . The local mini-

mization proceeds until either the number of function evaluations exceeds (N )dvb  or the step size   

falls below a given tolerance . The local search is not allowed to violate the box constraints. Campa-

na et al. (2014) has studied the performance of the algorithm varying the tolerance  and the activa-

tion trigger , and applied DIRMIN-2 to a ship optimization problem. Herein the suggestion by Cam-

pana et al. (2014) is used, setting  = 10
-1 

and  =10
-4

. 

 

2.3 The DPSO algorithm 

 

Particle Swarm Optimization (PSO) was originally introduced by Kennedy and Eberhart (1995), 

based on the social-behavior metaphor of a flock of birds or a swarm of bees searching for food. PSO 

belongs to the class of heuristic algorithms for single-objective evolutionary derivative-free global 

optimization. In order to make PSO more efficient for use within SBD, a deterministic version of the 

algorithm (DPSO) was formulated by Campana et al. (2009) as follows 

 
1

1 , 2

1 1

( ) ( )k k k k

i i i pb i gb i

k k k

i i i

c c

 

        


 

v v x x x x

x x v
 

 

The above equations update velocity and position of the i -th particle at the k -th iteration, where 
 
is 

the constriction factor; 1c  and 2c  are the social and cognitive learning rate; ,i pbx  is the personal best 

position ever found by the i -th particle and gbx  is the global best position ever found by all particles. 

Serani et al. (2014) made a systematic study on the performance and the use of DPSO, defining a 

guideline, successfully applied on a ship design optimization problem. Herein the setup suggested by 

Serani et al. (2014) is used: (a) number of particles ( )pN  equal to 4 times the number of design vari-

ables; (b) particles initialization by Hammersly sequence sampling (HSS) distribution on domain and 

bounds with non-null velocity; (c) set of coefficient by Clerc (2006), i.e.,     0.721, 1 2c c  1.655; 

(d) semi-elastic wall-type approach for box constraints. Specifically, in the case a particle violates one 

of the box constraints, then the particle is moved on the active boundary while the associated velocity 

component is redefined as  
1

1 2( )j j
i iv v c c


   . 

 

2.4 Local hybridization of the DPSO algorithm: LS-DF_PSO 

 

Global convergence properties of a modified PSO scheme may be obtained by properly combining 

PSO with a line search-based derivative-free method, so that convergence to stationary points can be 

forced at a reasonable cost. Serani et al. (2015) provides a robust method to force the convergence of 

a subsequence of points toward a stationary point, which satisfies first order optimality conditions for 

the objective function.  
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The method, namely LS-DF_PSO, starts by coupling the DPSO scheme with a line search-based 

method. Specifically, a Positively Spanning Set (PSS) is used, where the set of search directions ( )D  

is defined by the unit vectors 
ie , 1, ,i n  , as shown in the following equation and in Fig.1. 

 

0 1 0 1
, , ,

1 0 1 0
D

        
         

        
  

 

 
Fig. 1: Example of PSSs in   

n  

 

After each DPSO iteration, the local search is performed if the swarm has not find a new global min-

imum. The initial step size ( )k for the local search is set equal to 0.25 times the variable domain 

range, and it is reduced by  0.5 at each local search iteration. Local searches continue in each di-

rection until the step size is greater than 310  . If the local search stops without providing a new 

global minimum, the actual global minimum is declared as a stationary point. The line search method 

is not allowed to violate the box constraints. 

 

3. Ship design problem 

 

Fig. 2 shows the geometry of a 5.720 m length DTMB 5415 model used for towing tank experiments, 

as seen at CNR-INSEAN, Stern et al. (2000). The main particulars of the full scale model and tests 

conditions are summarized in Tables I and II, respectively.  

 

 
Fig. 2: A 5.720 m length model of the DTMB 5415 (CNR-INSEAN model 2340) 

 

Table I: DTMB 5415 model main particulars (full scale) 

Displacement   8636 t 

Length between perpendiculars LBP 142.00 m 

Beam B 18.90 m 

Draft T 6.16 m 

Longitudinal center of gravity LCG 71.60 m 

Vertical center of gravity VCG 1.39 m 

 

Table II: Test conditions 

Speed U kn 18.00 

Water density  kg/m
3 

998.5 

Kinematic viscosity  m
2
/s 1.0910

-6
 

Gravity acceleration g m/s
2 

9.803 
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The objective function is the total resistance, RT, in calm water at Fr = 0.25. A six design space is 

considered. Design modifications are defined in terms of orthogonal functions, jψ ( 1, ,6)j   , 

defined over surface-body patches as 

 

 

   

(j)( , ) : sin sin

( , ) 0; 0;B

j j

j j j j k

j j

p q

A B

A

 
    

 

    
      

       


 

ψ e
  

 

The coefficient 
j  is the corresponding (dimensional) design variable; 

jp  and 
jq  define the order of 

the function in   and   direction, respectively; 
j  and 

j  are the corresponding spatial phases; 
jA  

and 
jB  define the patch dimension; and 

( )k je  is a unit vector. Modifications may be applied in x, y or 

z direction setting k (j) = 1, 2 or 3, respectively. Specifically, four orthogonal functions and design var-

iables are used for the hull, whereas two functions/variables are used for the sonar dome, as summa-

rized in Table III. The corresponding functions used for shape modification are shown in Figs.3 and 4. 

Upper and lower bounds used for dimensional ( )j  and non-dimensional design variables, 

, , ,2( ) / ( ) 1j j j min j max j minx        , are included in Table III.  

 

  
(j = 1, k = 2) (j = 2, k = 2) 

  

(j = 3, k = 2) (j = 4, k = 2) 

Fig. 3: Orthogonal functions ( , )j  ψ , j = 1,,4 for the hull modifications 

 

Table III: Orthogonal functions parameters, for shape modification 

 𝑗 𝑝𝑗 𝜙𝑗 𝑞𝑗 𝜒𝑗 𝑘(𝑗) 𝛼𝑗,min 𝛼𝑗,max 𝑥𝑗,min 𝑥𝑗,max 

Hull 

modification 

1 2.0 0 1.0 0 2 -2.0 2.0 -1.0 1.0 

2 3.0 0 1.0 0 2 -2.0 2.0 -1.0 1.0 

3 1.0 0 2.0 0 2 -1.0 1.0 -1.0 1.0 

4 1.0 0 3.0 0 2 -1.0 1.0 -1.0 1.0 

Sonar dome 

modification 

5 1.0 0 1.0 0 2 -0.6 0.6 -1.0 1.0 

6 0.5 𝜋/2 0.5 0 3 -1.0 1.0 -1.0 1.0 
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(j = 5, k = 2) (j = 6, k = 3) 

Fig. 4: Orthogonal functions ( , )j  ψ , j = 5,6 for the sonar dome modifications 

 

Geometric constraints include fixed length between perpendicular (LBP) and fixed displacement ( ), 

with beam (B) and draft (T) varying between 5%  of the original hull. Fixed LBP and   are satis-

fied by automatic geometry scaling, while constraints for B and T are handled using a penalty func-

tion method. 

 

Simulations are conducted using the code WARP (Wave Resistance Program), developed at CNR-

INSEAN. Wave resistance computations are based on linear potential flow theory; details of 

equations, numerical implementations and validation of the numerical solver are given in Bassanini et 

al. (1994). The wave resistance is evaluated with the transverse wave cut method, Telste and Reed 

(1994), whereas the frictional resistance is estimated using a flat-plate approximation, based on the 

local Reynolds number, Schlichting and Gersten (2000). Simulations are performed for the right 

demi-hull, taking advantage of symmetry about the xz plane. The computational domain for the free 

surface is defined within 1 hull length upstream, 3 lengths downstream and 1.5 lengths aside, as 

shown in Fig. 5. The associated panel grid used, Fig. 5, is summarized in Table IV and guarantees 

solution convergence. The validation of CFD analyses performed by WARP for the original hull 

versus experimental data collected at CNR-INSEAN is shown in Fig. 6, showing a reasonable 

agreement especially for low speeds. For optimization, a limit to the maximum number of function 

evaluations is set equal to 1536, i.e. 256 dvN . 

 

 
Fig. 5: Computational panel grid 

 

Table IV: Panel grid used for WARP 

Hull 
Free surface 

Total 
Upstream Hull side Downstream 

150 × 30 30 × 44 30 × 44 90 × 44 11k 
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Fig. 6: Total resistance coefficient 20.5 /T TC R U S  in calm water versus Fr 

 

4. Numerical results 

 

A preliminary sensitivity analysis for each design variable is presented in Fig. 7, showing the associ-

ated percent resistance reduction (obj) with respect to the parent hull. Unfeasible designs are not re-

ported in the plot. Changes in obj are found significant, revealing a possible reduction of the total re-

sistance at Fr = 0.25 close to 10%. 

 

  
Fig. 7: Sensitivity analysis of design variables    

           for DTMB 5415 model optimization 

Fig. 8: Objective function convergence history 

 

  
(a) 192 function evaluations (b) 1536 function evaluations 

Fig.9: Objective function convergence of optimal design variables  
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(a) DIRECT (b) DIRMIN-2 

  
(c) DPSO (d) LS-DF_PSO 

Fig.10: Optimal hull-form shape compared to the original using 192 function evaluations 

 

The analysis of SBD results is conducted setting apart results (i) for a low budget of 192 function 

evaluations (which corresponds to 32 dvN , an eighth of the full budget), and (ii) for the full budget of 

1536 function evaluations (which corresponds to 256 dvN ). 

 

For the case (i), the SBD optimization procedure achieves a resistance reduction of 13.68 and 15.45% 

using DIRECT and DIRMIN-2 respectively, and a reduction of 13.46 and 16.00% using DPSO and 

LS-DF_PSO respectively. The two global/local hybrid algorithms outperform their global version. In 

particular, LS-DF_PSO is found the most efficient algorithm for the present SBD problem, achieving 

the best design with the fastest convergence rate, as shown in Fig. 8. Fig. 9 presents the values of the 

optimal design variables, showing appreciable differences. Fig. 10 shows the corresponding optimized 

shapes, compared to the original. The reduction of the resistance is consistent with the reduction of 

the wave elevation pattern, both in terms of transverse and diverging Kelvin waves, Fig. 11. Fig. 12 

shows the pressure field on the optimized hulls compared to the original, showing a better pressure 

recovery towards the stern. 

 

For the case (ii), the SBD optimization procedure achieves a resistance reduction of 16.04 and 16.17% 

using DIRECT and DIRMIN-2 respectively, and a reduction of 16.19 and 16.20% using DPSO and 

LS-DF_PSO respectively. The convergence history of the objective function towards the minimum is 

shown in Fig. 8, confirming the efficiency and robustness of the two hybrid global/local approaches 

DIRMIN-2 and LS-DF_PSO. More in detail, LS-DF_PSO achieves the most significant reduction of 

the objective function overall, although all the solutions are very close in this case.  
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(a) DIRECT (b) DIRMIN-2 

  
(c) DPSO (d) LS-DF_PSO 

Fig.11: Wave patterns produced by optimal hull forms at Fr = 0.25 compared with original,  

192 function evaluations 

 

  
(a) DIRECT (b) DIRMIN-2 

  
(c) DPSO (d) LS-DF_PSO 

Fig.12: Pressure field on optimal hull forms at Fr = 0.25 compared with original,  

192 function evaluations 

 

Fig. 9 presents the values of the corresponding optimal design variables and Fig. 13 shows the opti-

mized shapes compared to the original. The close agreement of the solutions obtained by the different 

algorithms indicates that the global minimum region has been likely achieved. The reduction of the 

wave elevation pattern of the optimized shapes, both in terms of transverse and diverging Kelvin 

waves, is significant, as shown in Fig. 14. Fig. 15 presents the pressure field on the optimized hulls 

compared to the parent hull, showing a better pressure recovery towards the stern. Table V summariz-

es the optimization results.  
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(a) DIRECT 

 
(b) DIRMIN-2 

 
(c) DPSO 

 
(d) LS-DF_PSO 

Fig.13: Optimal hull-form shape compared to the original, 1536 function evaluations 

 

Table V: Summary of the optimization results for DTMB 5415 model 

 Design variables (non-dimensional) 𝑅𝑇 × 105(𝑁) 
N. of funct. eval. Algorithm x1 x2 x3 x4 x5 x6 value obj(%) 

192 

DIRECT 0.889 -0.667 -0.667 0.000 -0.667 0.000 2.964 -13.68 

DIRMIN-2 0.944 -0.833 -0.667 0.167 -1.000 0.667 2.906 -15.45 

DPSO 1.000 -0.749 -0.998 0.523 1.000 0.564 2.975 -13.46 

LS-DF_PSO 1.000 -1.000 -1.000 0.161 -1.000 0.612 2.885 -16.00 

1536 

DIRECT 0.999 -0.917 -0.669 0.108 -0.999 0.307 2.883 -16.04 

DIRMIN-2 1.000 -0.944 -0.774 0.172 -0.998 0.667 2.878 -16.17 

DPSO 1.000 -0.993 -0.971 0.291 -1.000 0.693 2.877 -16.19 

LS-DF_PSO 1.000 -1.000 -0.859 0.161 -0.990 0.745 2.877 -16.20 

 

5. Conclusions 

 

A derivative-free global design optimization of the DTMB 5415 model has been shown, using local 

hybridizations by line search methods of two well-known global algorithms, DIRECT and PSO 

respectively. The optimization aimed at the reduction of the total resistance in calm water at Fr = 0.25, 

using six design variables modifying the hull and the sonar dome shapes. Computer simulations were 

conducted using a linear potential flow code. The wave resistance has been assessed by the transversal 

wave cut method, whereas the frictional resistance has been estimated by a local approximation based 

on flat-plate theory. A resistance reduction of 16% has been achieved by the optimized designs. 
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(a) DIRECT (b) DIRMIN-2 

  
(c) DPSO (d) LS-DF_PSO 

Fig.14: Wave patterns produced by optimal hull forms at Fr = 0.25 compared with  original,  

1536 function evaluations 

 

  
(a) DIRECT (b) DIRMIN-2 

  
(c) DPSO (d) LS-DF_PSO 

Fig.15: Pressure field on optimal hull forms at Fr = 0.25 compared with original, 

1536 function evaluations 

 

The local hybridization methods, DIRMIN-2 and LS-DF_PSO, outperformed their original global 

algorithms, DIRECT and PSO respectively. This result has been found significant (about 2% 

difference in resistance reduction achieved) especially for low budgets of function evaluations. Hybrid 

algorithms have shown their capability to combine effectively the characteristics of global and local 

approaches, resulting in a faster (and computationally less expensive) convergence towards the global 

minimum. This, along with their derivative-free formulation and implementation, makes the present 

local hybridization methods a viable and effective option for SBD optimization, especially when 

computationally expensive objective functions are involved. 
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Abstract 
 

In this study, energy savings achieved with the aid of optimum-routing function of on-board voyage 
support system “Sea-Navi” is validated by full-scale trial navigation. “Sea-Navi” is an integrated on-
board system with both monitoring and optimum routing functions. In optimum-routing mode, the 
most energy-efficient route for a specific voyage condition is calculated using ship-specific 
performance data and weather and ocean-current forecast data. The trial navigation for the 
verification of “Sea-Navi” energy saving was conducted for 3 years on a large bulk carrier. 
Monitored performance data were analysed and energy saving for “Sea-Navi” optimum routes was 
evaluated by comparing the performance between optimum and normal routes. It was confirmed that 
a year-round average of 3 % in energy saving can be achieved by the optimum routing. 

 
1. Introduction 
 
In recent years the importance of reduction of Green-house Gases (GHG) emissions from ocean-going 
ships has been strongly recognized in maritime community.  Since most of the GHG emissions from 
ships are fuel oil consumption, fuel savings of ocean-going ships have been crucial issue from an 
environmental point of view. Fuel saving of ships in service can be achieved by several means, 
including hull-form improvement, machinery improvement, adaptation of energy-saving devices etc. 
Among them, the innovative bow shapes has demonstrated their effectiveness in improving 
hydrodynamic performance and fuel consumption in actual operations under the influence of ocean 
waves, Matsumoto et al. (1998), Hirota et al. (2005).  
 
More recently, a different approach by means of optimum routing (or weather routing) which 
optimizes voyage route in terms of minimum fuel-consumption based on weather and ocean current 
forecast has been employed widely for reducing GHG emissions and fuel consumptions in shipping. 
While this type of approach have been mainly employed as means to achieve safe operation, their 
potential as a mean for improved voyage economy has also recognized in their capability of reducing 
fuel consumption through voyage optimization. Acquisition of accurate weather data is also beneficial 
for conducting high-fidelity assessment of ship’s responses under actual sea weather conditions and 
enhancing ship’s operational safety. 
 
Under these backgrounds, Japan Marine United Corporation has developed voyage support system 
called “Sea-Navi” for reducing GHG emissions and fuel consumptions of ocean-going ships, Orihara 
and Yoshida. (2010), Orihara et al. (2014). “Sea-Navi” can optimize voyage route under actual 
operating conditions by taking account of relevant weather parameters, including wind, waves and 
ocean currents. In addition to the route optimising function, Sea-Navi possesses on-board monitoring 
capability which allows the users to see the actual condition of the vessel under operation. In addition,  
monitored ship’s performance data is used for calibrating the vessel’s theoretical performance model 
employed in optimum routing simulations to enhance the accuracy of the route optimization. “Sea-
Navi” is a trademark of Japan Marine United Corporation and registered in Japan. 
 
A brief description of “Sea-Navi” is given in the next section. Then the accuracy of weather forecast 
data and ship’s performance prediction procedure are examined by comparing “Sea-Navi” calculated 
results with on-board measured data. In the subsequent section, results of “Sea-Navi” full-scale trial 
navigation is presented, where “Sea-Navi”’s effectiveness in reducing fuel consumption is examined 
by analysing fuel consumptions for a large bulk carrier sailed along the “Sea-Navi” calculated 
optimum routes for 3 years. Brief conclusions are presented in the final section. 
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2. Description of voyage support system “Sea-Navi” 
 
Voyage support system “Sea-Navi” consists of the following two sub-systems,  Fig. 1: 
 

1) Optimum routing system  
Optimum route for safe, economic and ecological (least GHG emission) voyage is provided 
by use of vessel-specific characteristics of hull and machinery, weather and ocean current 
forecast data up to 12 days advance. 

 
2) On-board monitoring system 

Monitoring is made of actual state of weather encountered, hull responses, installed 
machinery conditions in timely manner. Monitored data are transmitted to the shore-based 
system’s server via satellite communication. With these monitored data, system’s users can 
conduct voyage performance analysis that confirms exact relationship between actual 
encountered weather and the vessel’s performance. 

 

 
Fig. 1: Conceptual sketch of “Sea-Navi” system 

 
2.1. Optimum routing system 
 
Sea-Navi optimum routing system calculates an optimum route for the specific voyage case using 
both vessel-specific performance characteristics and latest weather and ocean-current forecast avail-
able on-board ship. Ship’s actual operating condition is properly considered in optimum-routing 
calculation. Various route types, including great circle, rhumb line, minimum time, minimum fuel-
consumption routes can be selected in optimum routing calculation while satisfying safety constraints 
by setting the limits of safety criteria in terms of ship responses (roll angle, pitch angle, vertical 
acceleration, bow slamming green water on deck, propeller racing, etc.) as well as encountered 
weather conditions (wave height, absolute wind velocity etc.).  Thus, optimum routes are determined 
so that it does not pass the regions where either ships responses or encountered weather conditions 
exceed the specified safety limit values. In addition, user-specified arbitrary routes can be evaluated 
together with the optimum routes by simply specifying the way-points of each route. 
 
After execution of the routing calculation, users can easily compare a variety of parameters evaluated 
for the calculated routes, such as estimated time of arrival, total fuel consumption as well as the time 
histories of encountered weather parameters (wind, waves, currents etc.) and ship responses along the 
route. 
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For the optimum route searching, efficient searching algorithm based on the so-called A+ algorithm,  
Hart (1968), is employed. This enables efficient optimum route searching and allows the system PC 
to systematically evaluate all the possible routes satisfying user’s requirements in a reasonable amount 
of computation time. For normal conditions, “Sea-Navi” can complete optimum route search in a few 
minutes on the standard laptop-type PC for the case of trans-Pacific voyage. Using this efficient 
optimum-route searching capability, users can improve their route plan to a better one that best meets 
their requirements by trying several routes using Sea-Navi generated optimum routes as a reference. 
 
Route search calculations are conducted on a two-dimensional grid system which subdivides sea areas 
in latitude and longitude at a constant intervals. The cost (objective functions to be minimized in 
optimizing the route e.g. fuel consumption) is evaluated at each grid point along each possible route 
satisfying the user-defined constraints in terms of safety limits and time of arrival. The least-cost route  
(e.g. in terms of fuel consumption) is selected as optimum route. 
 
To enhance the benefits of optimum route navigation, optimum routing calculations are usually 
updated for the remaining leg at a user-specified interval after departure of voyage (usually 1 to 2 
days). By using updated routing results, incorrect influence due to uncertainty in weather forecast on 
optimum routing calculations can be eliminated. In addition, users can select more favourable route 
for the remaining leg of the voyage using latest weather forecast. 
 
Optimum routing system can be installed on both on-board Sea-Navi PC and shore-side user-terminal 
which is connected to the system’s shore-based Data Centre via Internet. Latest weather forecast data 
is downloaded twice daily from the Data Centre to the on-board PC (via INMARSAT communication 
channel) and the shore-side user (via Internet). Thus, optimum routing calculations can be conducted 
concurrently by all the users concerned, for example on-board personnel and shore-side operators. 
With this capability, shore-side uses could support on-board operations by sending suggestions 
concerning the voyage planning based on their “Sea-Navi” optimum routing calculations. 
 
2.2. On-board monitoring system 
 
Typical configuration of “Sea-Navi” monitoring system is shown in Fig. 2. This system primarily 
consists of a suite of sensors (whose combination differs for a particular ship) and a system’s PC to 
acquire, analyse and display data..  
 

 
Fig. 2: Configuration of “Sea-Navi” on-board monitoring system 
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Most of hull-related data (ship’s speed, course, heading wind, rudder angle etc.) are obtained from 
Voyage Data Recorder (VDR) as a LAN output data Machinery-related data (fuel-oil flow rate, fuel-
oil temperature, shaft power etc.) are obtained from an engine-room data logger. Ship motions and 
encountered waves are optional monitoring items and measured by using dedicated motions sensors 
and a radar wave analyser. Since the radar wave analyser uses radar image from on-board X-band 
navigational radar, wave measurement is conducted only several times a day by manually changing 
the radar setting to short range mode to enhance the resolution of radar image for normal duration of 
20 minutes. 
 
Measured data are merged as a time-history data file of 20-min length containing all the data items. 
Then, statistical analysis of the time-history data is conducted in the system’s PC. Average, minimum, 
maximum, standard deviation, significant value and zero up-cross period are calculated all the data 
items at an interval of 20-minute. 
 
Statistically analyzed monitored data are then uploaded to the shore-based Data Centre at a user-
defined arbitrary interval (usually 4 to 6-hour interval) for the assessment by shore-side users. Ship-
to-shore data communication is conducted via INMARSAT communication channel. 
 
2.3. Ship’s performance prediction procedure 
 
To accurately estimate ship’s hydrodynamic performance and main engine’s fuel consumption under 
way, “Sea-Navi” employs vessel-specific performance model which is derived from the results of 
model tests, sea trial and main-engine shop tests. 
 
Still-water speed and propulsive power relationships in a wide range of loading conditions are derived 
from model tests by taking account of the model-ship correlation obtained from sea trial results. Ship 
motion and added resistance characteristics in waves are evaluated on the basis of response amplitude 
operators (RAO’s) obtained from both model tests and theoretical calculations. Ship motions and 
added resistance in a seaway are evaluated by combining the RAO’s with appropriate wave energy 
spectra. Wind forces acting on the hull are evaluated from either wind-tunnel test results or empirical 
formulae. In a seaway, side force and turning moment due to wind and waves induce drifting of the 
vessel. Drifting increases ships hydrodynamic resistance mainly due to oblique motion of the hull. In 
Sea-Navi, the drifting resistance component is considered by evaluating the drifting angles under the 
influences of wind and waves. 
 
3. Verification of “Sea-Navi” weather forecast data and performance prediction 
 
Since the high accuracy in weather and ocean current forecast and the performance prediction 
procedure are indispensable in achieving high-fidelity optimum routing, their accuracies are verified 
by comparing with the on-board measurements. 
 
3.1. Verification of weather forecast data 
 
Estimated weather (wind and waves) and ocean current along the trial vessel’s actual route 
interpolated from the forecast data are compared with those obtained from Sea-Navi on-board 
monitoring system. 
 
In the following, monitored weather data obtained on board a large bulk carrier operating in Indian 
Ocean are used for the verification of forecast data. Westbound voyage leg (from Malacca strait to 
Cape of Good Hope) and eastbound voyage leg (from Cape of Good Hope to Lombok strait) are 
selected as representatives of ocean-going voyage.  
 
Comparisons are made of relative wind speed, significant wave height and relative ocean current 
speed, Figs. 3 and 4. Here, relative ocean current speed is defined as the ship’s lengthwise component 
of total ocean current speed. In the monitoring, difference between measured speed through water 
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(LOG speed) and speed over ground (GPS speed) is used as a parameter equivalent to measured 
relative ocean-current speed. Positive value of relative ocean current denotes against current relative 
to the ship’s advancing direction. In the figures, Time historical variations of weather parameters are 
shown on the basis of elapsed time after the start of the selected leg of the voyage. Measured data 
shown in closed circle are an average of 20-minute time-history data. 
 

 

 

 
Fig. 3: Comparison of encountered weather data, Indian Ocean westbound voyage 

 
Concerning wind speed, forecast data agree quite well with measured ones over an entire range of the 
voyage including the strong wind cases (around 16m/s wind speeds). The forecast data reproduce the 
wind velocities variations in the latter half of the westbound voyage case, Fig. 3, where absolute wind 
increased about 2 m/s. to around 16 m/s in 24 h. 
 
As for wave data comparison, forecast data again correlate fairly well with the measured one although 
the number of measured data is relatively small due to the manual measurement operation of the radar 
wave analyser. This favourable correlation in wave height can be considered reasonable since the 
ocean wave prediction is conducted on the bases of forecast wind field data. 
 
As for current data comparison, forecast data agree with the measured one with an equivalent 
accuracy. In particular, the agreement in the strong ocean current regions (e.g. at around 15 days from 
departure in Fig. 3) forecast data agree quite well with the on-board measurement. Since the ocean 
current contributes significantly to the ship’s fuel economy in operations (i.e. speed increase of 1 knot 
due to ocean current is approximately equivalent to 20% improvement in fuel consumption for large 
slow-speed vessels), these accurate nature of forecast is thought to be beneficial in the route 
optimizing process using ocean current forecast data. 
 
From the results of comparison with the measured data including wide range of weather conditions as 
described above, it can be considered that the weather and ocean current forecast data employed in 
“Sea-Navi” can predict actual weather conditions with sufficient accuracy for optimum routing 
calculations.  
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Fig. 4: Comparison of encountered weather data, Indian Ocean eastbound voyage 

 
3.2. Verification of performance prediction 
 
To examine the accuracy of the performance prediction procedure described in 2.3, estimated 
performance parameters are compared with the on-board measured ones obtained from “Sea-Navi” 
on-board monitoring. Ship’s performance parameters (speed, Power, FOC, ship motions) along the 
trial vessel’s actual route calculated using weather and ocean current forecast data are compared with 
those measured on-board. 
 
In the following, monitored ship’s performance data obtained on board a large bulk carrier operating 
in Indian Ocean (same vessel as employed for weather comparison) are used for the verification of 
“Sea-Navi” performance predictions. Two voyage legss same as the previous weather comparison, 
westbound voyage leg (from Malacca strait to Cape of Good Hope) and eastbound voyage leg (from 
Cape of Good Hope to Lombok strait), are selected as representatives of ocean-going voyage. 
 
Comparisons are made of ship’s speed over ground (speed O.G.), propulsive power (BHP), main 
engine fuel consumption, pitch angle and roll angle, as shown in Figs. 5 and 6. In these figures, time 
historical variations of performance parameters are shown on the basis of elapsed time after departure 
of the selected voyage leg. Except for roll and pitch angles, averaged values of each 20-minute time-
history data are shown in closed circles.  Measure roll and pitch angles shown are standard deviations 
obtained from same time-history data. 
 
As clearly seen from the figures, estimated performance parameters calculated using the procedures 
described in 2.3, agree reasonably well with the measured ones. Although some discrepancies are seen 
in several parameters such as speed O.G. and roll angle, estimations reproduce the general trends of 
performance variations with reasonable accuracy. From the agreement shown in Figs. 5 and 6, 
adequacy of the “Sea-Navi” performance prediction procedures can be confirmed. 
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Fig.5: Comparison of ship’s performance, Indian Ocean westbound voyage 

 
4. Optimum Routing by “Sea-Navi” 
 
Fuel-saving capability of “Sea-Navi” optimum routing system has been examined by the trial 
optimum-route navigation of a large bulk carrier (same vessel as employed for “Sea-Navi” 
verification in chapter 3). The trial navigation was conducted for 3 years on the route between Japan 
and Brazil via Indian Ocean (total of 9 round voyages) in which the test ship sailed along the “Sea-
Navi” recommended optimum routes calculated for each voyage based on specific loading and speed 
conditions.  
 
4.1. Routing and Performance Evaluation Procedures 
 
For each voyage, ship’s route is determined before departure using the results of “Sea-Navi” optimum 
routing calculation following the specific voyage conditions for loading and speed conducted by 
ship’s master. “Sea-Navi” recommended optimum route is then examined by ship’s master using 
ECDIS and charts from a safety point of view and partly modified if necessary. After departure, ship’s 
route is daily updated by recalculating optimum route for the remaining part from the ship’s current 
position to the destination using latest weather and ocean current data available on-board. 
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Fig.6: Comparison of ship’s performance, Indian Ocean eastbound voyage 

 
After arrival, monitored ship’s performance for the actually navigated route (speed, FOC etc.) was 
compared with those for the reference route established traditionally by the ship’s master. Reference 
route is normal and basically minimum-distance routes planned by ship’s master so that it avoids 
severe weather and other dangerous areas. Since the present full-scale trial was conducted using one 
ship only and one route performance can be obtained from the on-board monitoring, the following 
calculation-based procedure is employed for the route performance comparison: 
 
1) Ship’s still-water resistance and self-propulsion factors are corrected for fouling and aging effects 

by using monitored performance data to enhance the accuracy of performance prediction. 
2) Route calculations for both the actual (“Sea-Navi” recommended) route and the reference route are 

conducted using hind-cast weather and ocean current data for the same departure and arrival time 
settings. 

3) Actual route’s calculated voyage performance (e.g. speed, FOC) are compared with monitored to 
assess the accuracy of the route performance prediction. 

4) Difference between the calculated FOCs for actual and reference routes is evaluated as a FOC 
reduction due to the optimum routing.  
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4.2. Results and discussions 
 
As an example of optimum route navigation, Figs 7 and 8 show comparisons of two voyage cases in 
Indian Ocean leg ( 1) westbound: ballast condition, 2) eastbound: laden condition). For these voyage 
cases, quite large FOC reduction is obtained by optimum routing. FOC reductions in the Indian Ocean 
leg for 1) westbound ballast voyage and 2) eastbound laden voyage are 10% and 22%, respectively.  
 

 

 

 

 

 
Fig.7: Comparison of encountered weather and added resistances, Indian Ocean 

westbound voyage, ballast condition 
 
 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0

4

8

12

16

20

Time (day)

R
. W

in
d

 V
el

. (
m

/s
)

Ref. Route cal.
Act. Route cal.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0

2

4

6

W
av

e 
H

ei
g

h
t (

m
)

Time (day)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
−4

−2

0

2

4

Time (day)R
. C

rn
t. 

S
p

ee
d

 (k
t)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
−10

0

10

20

30

Time (day)

W
in

d
 R

st
. (

to
n

f)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
0

10

20

30

40

50

60

70

80

90

100

Time (day)

W
av

e 
R

st
. (

to
n

f)



 352

 

 

 

 

 
Fig.8: Comparison of encountered weather and added resistances, Indian Ocean 

eastbound voyage, laden condition 
 
In Figs. 7 and 8, weather and ocean current hind-cast data and calculated added resistances due to en-
countered weather effects are compared between the actual route (solid line) and reference route 
(dotted line). Comparisons are made of relative wind speed velocity, significant wave height, relative 
ocean current speed, wind added resistance and wave added resistance. 
 
Comparisons of encountered wind and waves in these figures shows that the weather conditions along 
the “Sea-Navi” recommended actual route are generally improved over the reference ones while 
higher wave condition exists on the actual route for some part of eastbound voyage case (Fig. 8). As 
for relative ocean current, the optimum routes experienced larger benefits of following current 
(negative relative current speed) than the reference routes. Difference in relative ocean current is 
significant in the eastbound voyage case, Fig. 8, where strong ocean currents (Agulhas Current and 
Wind Drifts) exist around the voyage area. 
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To consider the reasons for evaluated FOC reductions in more detail, analyses are made of time 
histories of hydrodynamic resistance components acting on the hull. Resistance components time-
histories are calculated using hind-cast encountered weather and ocean current data along the routes 
by means of the prediction procedure described previously in 2.3. Since the ship’s propulsive power 
and FOC are primarily determined from the amount of hydrodynamic resistance values experienced, 
magnitudes of these components can be used as a reasonable measure for a relative importance of the 
weather parameters inducing the respective resistance components. 
 
Figs. 7 and 8 show comparison of the added resistances due to wind and waves experienced for the 
actual and reference route. The added resistances are significantly reduced for the actual route. This is 
mainly due to the more favourable wind and wave conditions along the actual route as shown in the 
same figures. In the case of eastbound voyage, Fig. 8, wave added resistance along the actual route is 
quite small compared to the reference route although wave-height levels are comparable.  
This is due to the differences in wave direction relative to the ship’s heading. Since the wave added 
resistance for a ship is strongly dependent on the wave direction, its magnitude generally decreases as 
the wave direction changes from head wave to follow wave in which wave added resistance is quite 
small. 
 
FOC for the optimum route navigation is evaluated for all the voyage cases and compared with the 
reference-route’s FOC. FOC reduction for the optimum-route navigation is summarized in Fig. 9 for 
both laden and ballast voyage cases. In this figure, FOC reduction rates of the voyages (including the 
all the legs between japan and Brazil) are shown on the basis of elapsed time after the start of the full-
scale trial navigation. For the total of 9 voyages, averaged FOC reductions of 5.4 % for laden and 
2.5 % for ballast condition are achieved. It should be noted that the FOC reduction is greater for the 
case of laden voyages. This is mainly due to the difference in voyage areas in Indian Ocean between 
laden (eastbound) and ballast (westbound) voyages. In the case of eastbound voyage in which vessel 
sails southerly areas, encountered weather and ocean current conditions are generally severe and 
changing. Thus the possibility of route optimization by avoiding unfavourable weather becomes large 
and it can contribute to higher FOC reductions. 
 

 

 
Fig.9: Comparison of encountered weather and added resistances, Indian Ocean 
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5. Conclusions 
 
Energy savings capability of optimum-routing function of on-board voyage support system “Sea-Navi” 
is examined by full-scale trial navigation. The trial navigation for the verification of “Sea-Navi” 
energy saving is conducted for 3 years on a large bulk carrier on the route between Japan and Brazil. 
Monitored performance data are analysed and energy saving benefits from “Sea-Navi” optimum 
routing is evaluated by comparing the performance between optimum and normal routes. It is 
demonstrated that averaged FOC reduction of 5.4 % and 2.5 % is achieved for laden and ballast 
voyages can be achieved by the optimum routing. 
 
It is shown that both the reduction of wind and wave added resistance by avoiding severe weathers 
and the effective utilization of ocean current are the dominant factors for FOC reduction. Also noted 
is that the accuracies of weather and ocean current forecast and ship’s performance predictions are 
high enough to evaluate ship’s performance in service quantitatively under the effects of wind, waves 
ocean current. 
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From Single-Processor to Massively-Parallel CFD 
 

Milovan Peric, CD-adapco, Nürnberg/Germany, milovan.peric@cd-adapco.com 
 

Abstract 
 

This paper describes the development of parallel computing in CFD from the beginnings in the 1980s 
to today, based on personal experience and customer applications. The paper discusses key elements 
in parallel computing including latency, computing speed, data transfer rates, superposition of 
computation and communication, bottlenecks, optimization, and automatic parallelization in 
compiling. Selected applications from other industries indicate the future of marine CFD applica-
tions. 

 
1. Introduction 
 
Computational Fluid Dynamics (CFD) has become over the past three decades an important tool that 
is widely used in many industries to design and optimize products affected by fluid flow and heat 
transfer. Three major factors contributed to the acceptance of CFD and its spreading from research 
teams in public institutions to all classes of companies – from small consultancies to large 
manufacturers: 
 

• The availability of tools that enable handling of complex geometries and an automatic genera-
tion of computational grids; 

• The hardware development, making computing resources less expensive and affordable to 
medium and small businesses; 

• The development of parallelized numerical solution methods, making efficient computation 
on parallel computers – as well as on clusters of inexpensive workstations with multi-core 
processors – possible. 

 
This paper deals with the last topic – development of parallel CFD. It started in early 1980es with 
experimental computers and research codes, and the author was lucky to get involved in the process at 
the very early stage. The first experience with parallel computing was gathered at the Computer 
Science Department of the University of Erlangen in mid-80s. The experimental computer was built 
in 1983 by the Department and was called Distributed Reconfigurable MUltiprocessor (DIRMU), 
Händler et al. (1985). Its architecture was suitable for solving the discretized Navier-Stokes equa-
tions: each processor had its private memory but could also read from memory of its 7 neighbours. 
Structured or block-structured hexahedral grids were used those days, and thus each grid block had at 
most six neighbours. With its 25 processors Intel 8086/8087, the computer was quickly outdated. 
However, it played an important role since it enabled young researchers to implement and test parallel 
algorithms at a time when commercial parallel computers were not available. 
 

 
Fig. 1: DIRMU parallel computer, exhibited in the Regional Computer Centre Erlangen 
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The German Federal Ministry for Research and Technology launched in 1985 its SUPRENUM 
project (Super-Rechner für numerische Anwendungen = Super-Computer for numerical applications). 
The aim was to support industry and research institutions in building both a massively parallel 
computer and know-how in adapting numerical solution algorithms for parallel computing. It was 
clear that the increase in computing speed of a single processor had its limits and that future demands 
for computing power could only be met by parallel computing. However, the project was not 
continued after the first phase elapsed and only a few Suprenum computers were built and installed at 
university computer centers. 
 
At the same time, European Union was also funding research projects aimed at development of 
efficient parallel computing technologies. Several new companies started building parallel computers 
based on Transputers, processors aimed specifically at parallel computing applications. Meiko 
(http://en.wikipedia.org/wiki/Meiko_Scientific) and Parsytec (http://en.wikipedia.org/wiki/Parsytec) 
were the most successful ones and sold a number of systems that even made it into the Top500 fastest 
computers in the world. The transputer had a very favourable ratio of communication to computing 
speed but the latest model, T9000, failed to reach the target performance and was never released. In 
the end, most of the companies building parallel computers in those early days did not survive to the 
present time; among them were also Kendall Square Research and Thinking Machines Corporation 
from USA. 
 
While some of the manufacturers of mainframe parallel computers continued to supply research 
institutions funded by governments, the real breakthrough came with clusters made of off-the-shelf 
components used for PCs and game machines. Eventually, each processor became a parallel machine 
when multiple cores started to be incorporated on a single chip. It looks like the number of cores per 
processor will keep increasing for a while. Every computer vendor offers systems with various 
configurations with respect to number of processors and cores per processor, the communication 
network and input/output handling. These systems, being relatively cheap and easy to maintain, have 
spread across industries. 
 
An important aspect of parallel computing is the inter-processor communication. In the early days, 
each parallel computer had its own way of organizing this data exchange and computer codes had to 
be modified when porting them from one computer to another. This was seen as one of the major 
problems for commercial simulation tools, since porting of complex codes is a time-consuming 
process. In 1989, the Parallel Virtual Machine (PVM; http://www.csm.ornl.gov/pvm) was introduced, 
enabling easier porting of parallelized computer codes. The programmer could now call hardware-
independent routines to perform communication; the computer vendor would take care of the 
implementation on the particular hardware. Another popular message-passing library was TCGMSG, 
(http://hpc.pnl.gov/globalarrays/tcgmsg/index.shtml), but the Message Passing Interface (MPI), 
introduced in 1994, has nowadays become de facto standard in industry. There are both public and 
proprietary implementations, providing a portable and language-independent communication 
protocol. On the hardware side, faster networks were also developed, from several variants of 
Ethernet to the nowadays most widely spread InfiniBand. 
 
This development was accompanied by the corresponding adaptation of solution methods to allow 
implementation on parallel computers. Research in parallelization of solution methods used in CFD, 
along with multigrid methods, was the most popular topic for many years from mid-80s until late-90s. 
In 1989, the first international conference on Parallel Computational Fluid Dynamics was held in 
California; since then it has been taking place every year – a week after COMPIT the 27th conference 
in the series is taking place in Montreal (http://www.parcfd.org). In early 90s, European Union was 
supporting parallelization of some commercial EU software products, including STAR-CD from 
Computational Dynamics. All commercial and most public CFD codes are by now parallelized. 
 
In the following sections the major aspects of parallelization of CFD tools are discussed and some 
examples from both early and present days are shown. 
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2. Parallelization Concepts and Influencing Factors 
 
A typical CFD code is based on finite-volume method and is implicit in order to avoid restrictions on 
time-step size. Most present-day commercial and public CFD codes can work with arbitrary poly-
hedral control volumes and solve discretized equations iteratively, Fig. 2. One distinguishes between 
inner iterations within linear equation solver, and outer iterations which account for non-linearity and 
coupling of equations. Linearized equations are usually solved using an algebraic multigrid method, 
often combined with conjugate-gradient type methods. One can further distinguish between coupled 
and segregated solution methods. The former solve momentum, continuity and energy equation as a 
coupled system, before proceeding to other scalar equations (e.g. turbulence model, species 
concentration etc.). The later solve all equations one after another. 
 

 
Fig. 2: Flow chart of an implicit CFD code using a segregated iterative solution method 

 
Automatic parallelization of computer codes (e.g. by compilers) has been tried in the past, but the 
achievable efficiency is limited. Instead, domain decomposition has become the standard approach. 
The solution domain (or, in most cases, the computational grid for the solution domain as a whole) is 
split into subdomains and each subdomain is assigned to one process (typically one core of a 
processor). In a finite-volume method (which is used in almost all commercial and public CFD 
codes), subdomain boundaries correspond to control volume boundaries. Each core thus computes the 
solution in cells belonging to its subdomain. However, both the discretization and solution process 
require some data from neighbour subdomains (typically from one layer of cells whose at least one 
face lies in the same subdomain interface).  
 
In the case of shared-memory architecture, one could simply prior to the start of computation define 
pointers to cells allocated to neighbour subdomains and no special communication between processes 
would be needed for this purpose. However, shared-memory concept is not suitable for massively 
parallel systems, since memory access becomes a bottleneck. In distributed-memory systems, access 
to data in other subdomains is in general not directly possible and such data needs to be exchanged 
between processes. 
 
In order to avoid communication on cell-by-cell bases, each subdomain also includes copies of 
neighbour cells. Data associated with these cells is exchanged each time it is updated in the neighbour 
subdomain. Data exchange along subdomain boundaries constitutes local communication, taking 
place between two processes. The effort needed for this communications depends on the number of 
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neighbour subdomains and the amount of data that needs to be transferred; it does not depend on the 
total number of subdomains because communication takes place in parallel between pairs of 
neighbour subdomains. 
 
In addition to local communication between processes operating on neighbour subdomains, a certain 
amount of global communication is also necessary. This involves gathering of information to the 
master process or broadcasting it back to all other processes (e.g. when computing the residual norm 
or when evaluating scalar products). This is usually the limiting factor for massive parallelization and 
requires special attention if good scalability is to be achieved. 
 
The main factors affecting the communication between processors are: 
 

• Latency or set-up time for communication: this is the time needed to initialize sending or re-
ceiving data; 

• Data-transfer rate: the bandwidth of the communication channel (bits per second); 
• Amount of data to be transferred (bytes). 

 
How the communication affects the efficiency of parallel computing also depends on the computing 
speed (usually expressed in Flops – floating point operations per second). The same code can thus be 
more efficient on one architecture than on another. Knowing the above parameters allows in principle 
the prediction of communication overhead and where alternatives are possible, the selection of the 
most favourable one for given hardware is possible. 
 
3. Efficiency of Parallel Computation 
 
Some algorithms can be executed on parallel computer in exactly the same way as on a single 
processor, in spite of domain decomposition. However, most algorithms have to be modified to allow 
parallel processing, and the modified version may be less efficient on a single processor than the 
original version. This is important to note when evaluating the efficiency of parallelization. 
 
The total efficiency of a parallelized code can be expressed as, Schreck and Perić (1992,1993): 
 
En,tot = CT(best serial algorithm on one processor)/nCT(parallel algorithm on n processors)     (1) 
 
where n is the number of processors and CT(.) denotes the required computing time to reach the pre-
defined convergence criterion. One will often encounter in literature definitions involving parallelized 
algorithm executed on a single and on multiple processors; this usually leads to higher values for 
efficiency, but is unfair since the comparison of the parallelized and original algorithm on a single 
processor may already reveal a substantial degradation in performance. 
 
One can decompose the total efficiency into a product of three individual efficiencies: numerical, 
parallel and load balancing efficiency, Schreck and Perić (1992,1993): 
 
En,tot = En,num En,par En,lb             (2) 
 
The numerical efficiency is defined as follows: 
 
En,num = OP(best serial algorithm on one processor)/OP(parallel algorithm on n processors)       (3) 
 
where OP(.) denotes the required number of floating-point operations. This accounts for the necessary 
modifications of the algorithm, so that the number of iterations required to reached the convergence 
criterion and the number of operations per iteration differ from the original serial algorithm. 
 
The parallel efficiency is defined as: 
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En,par = CT(one iter., parallel alg., one processor)/nCT(one iter., parallel alg., n processors)       (4) 
 
where CT(.) again defines the computing time, but now for a single iteration, i.e. the same number of 
floating point operations for one and for n processors. This takes into account the communication 
overhead, i.e. the time during which the computation is halted while waiting for data exchange to be 
finished. 
 
The load balancing efficiency is defined as: 
 
En,lb = CT(one iter., parallel alg., whole domain)/nCT(one iter., parallel alg., largest subd.)       (4) 
 
where CT(.) denotes computing time for one processor and one iteration with parallelized algorithm 
on the whole solution domain and on the largest subdomain, respectively. This accounts for uneven 
load when subdomains are not of the same size, or when some subdomains require additional floating 
point operations to be performed due to special boundary conditions or other physics models. 
 
In addition to efficiency, one often presents the speed-up factor in parallel computing: 
 
Sn = CT(one processor)/CT(n processors)           (5) 
 
Ideally, Sn = n, but in reality lower values are obtained, although one can sometimes obtain even a 
superlinear speedup due to cashing issues. 
 

 
Fig. 3: Matrix equation solved for a single domain (upper left) and for two subdomains in parallel   
(lower), on a Cartesian 2D grid (upper right) 
 
In the case of domain decomposition, the iterative process needs to be modified, since otherwise 
blocking communication on cell-by-cell basis would be required and that would dramatically reduce 
the parallel efficiency. Therefore, the iterative solver for linear equation systems runs on each 
subdomain independently of other subdomains; whenever the data from neighbour subdomains is 
required, it is taken from the temporary storage with one iteration lag. This is sketched in Fig. 3 for a 
solution domain split into two subdomains. The use of data from previous iteration along subdomain 
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boundaries is akin to the so called “deferred correction”, which is used at each cell to compute parts of 
convection and diffusion fluxes which refer to more distant neighbours. However, while the explicit 
parts of diffusion and convection fluxes are updated only after each outer iteration. The data along 
subdomain boundaries is updated after each inner iteration. 
 
The consequence of domain decomposition is, that the iterative solution process becomes more 
“explicit”. In the limit of subdomains containing one cell only (number of processors equal to number 
of cells), any iterative solution method would reduce to the Jacobi method, which is the most 
inefficient solution method. This sounds like an extreme case, but in multigrid methods the coarsest 
grid usually has just one cell per subdomain. Actually, in most CFD codes re-partitioning is 
performed when coarse grid levels are reached; multiple subdomains are joined and assigned to one 
processor, while some processors are left idle until the multigrid solver comes back to the particular 
grid level. It is more efficient to have some processors idle and let fewer processors perform 
computation on coarse grids efficiently than allow for very poor performance of all processors 
computing on extremely coarse grids. 
 
As noted earlier, the parallel efficiency can be predicted if the communication pattern, the computing 
speed, the latency and the data transfer rate are known. Schreck and Perić (1992) compared predicted 
and measured communication times on Suprenum and Meiko computers. Fig. 4 shows that the local 
communication time remains independent of the number of processors. This is due to the fact that 
with such a coarse grid, the amount of data to be exchanged is small and the latency dominates. The 
time needed for global communication increases linearly as the number of processors is increased. 
The predicted and measured total CPU-times agree well. 
 
 

 
Fig. 4: Predicted and measured total computing time and predicted contributions from calculation, 
global and local communication for flow computation on a 32 x 8 CV grid on Suprenum computer  
using different numbers of processors, Schreck and Perić (1992) 
 
Fig. 5 shows the effect of grid size on parallel efficiency. On a coarse grid, the efficiency drops 
substantially as the number of processors is increased, since the ratio of communication to computing 
effort is unfavourable. On the two finest grids (which are still rather coarse by today’s standards), the 
parallel efficiency is over 90%. 
 
An important aspect of parallel computing is overlapping of computation and communication. This 
was possible already in the mid-90s and most modern parallel computers and clusters allow 
continuation of code execution after communication was initiated. However, this can only be 
exploited if the data to be transferred is not needed in the next step of the algorithm.  
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Fig. 5: Predicted (lines) and measured (symbols) parallel efficiency for flow computation on a Meiko 
computer using different grids and numbers of processors, Schreck and Perić (1992) 
 
For example, local communication at subdomain boundaries can be hidden to a large degree by the 
following approach. At the beginning of a new iteration, exchange of subdomain boundary data is 
initiated. After that, computation for the new iteration is performed in cells which do not need data 
from other subdomains. When this step is finished, one continues with computation in cells along 
subdomain boundaries. Except for coarse grids, data exchange will by then be finished and the 
communication can thus be completely hidden. 
 
Hiding global communication is a bit less straightforward. Convergence check can be based on 
residual norm from previous iteration and the projected convergence rate, so the global 
communication required to sum up residuals from all subdomains can be overlapped by the 
computation time from one full iteration. In the case of conjugate-gradient type solvers, the amount of 
computation that can be overlapped with communication of scalar products is limited, unless the 
number of cells per subdomain is large enough. In any case, the algorithm needs to be adapted from 
its best sequential form in order to allow scalable performance on parallel computers. Schreck and 
Perić (1995) analysed various aspects of overlapping computation and communication. 
 
If one keeps adding more processors for a grid of fixed size, at some stage the communication load 
will become too big and the total computing time will start increasing – the scalability limit is 
reached. If one is computing unsteady flow using an implicit solution method that requires several 
outer iterations per time step, it is possible to solve for several time steps in parallel. Normally, one 
would start a new time step once the converged solution at the previous time step is obtained. 
However, one can start solving for the new time step as soon as the first estimate of the solution at the 
preceding time step is available (i.e. after the first outer iteration). The solution from previous time 
step is then updated after each outer iteration rather than being fixed. This affects the numerical 
efficiency, but computing two or four time steps in parallel usually does not require additional outer 
iterations per time step.  
 
The communication of data between processors is one-way and can be overlapped with a large 
amount of computing operations, so the parallel efficiency is almost 100%. There are no additional 
load balancing issues since the grid is the same in all time steps. Thus, when the saturation of speed-
up in domain decomposition in space is reached, one can improve the scalability by switching on 
time-parallelism. One of the first implementations of time-parallel computation of Navier-Stokes 
equations is described by Horton (1991); see also Seidl et al. (1996) for another implementation. 
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4. Parallel Computing of Present Days 
 
Since the early days of parallel computing in late 80s, CFD has moved from research institutions into 
industry and became a tool in design and optimization of products and processes. Commercial CFD 
codes were parallelized in early 90s and are routinely used on parallel computers and clusters. As the 
grids are getting larger, grid generation algorithms are also being parallelized. However, grid 
generation tools are not as readily parallelized as a well-structured discretization and solution scheme. 
Still, substantial speed-ups compared to serial grid generation on a single processor can be obtained.  
Fig. 6 shows an example: a trimmed Cartesian grid with prism layers along walls with 60 million cells 
(for the computation of external aerodynamic flow around a vehicle) is generated 27 times faster on 
128 processors than on a single processor. The efficiency is thus only around 21%, but the reduction 
in grid generation time is significant. This is important since grids usually have to be re-created 
several times until an optimal distribution and quality is achieved. 
 

 
Fig. 6: Speed-up in parallelized  grid generation for a trimmed grid around a car with 60 million cells 
(source: CD-adapco) 
 
Typical industrial user of commercial CFD tools is nowadays using around 64 to 256 cores and the 
grids contain tens of millions of cells. In companies which have been using CFD for a while and have 
integrated simulation in their daily development work, clusters with few thousands of cores are 
available. Fig. 7 shows an example of daily use of CFD in automotive vehicle design, where a section 
through the car is shown, revealing a high level of geometrical detail. 
 
When studying vehicle heat management, a very detailed geometrical representation is needed, since 
sensitive parts need to be shielded from excessive heat and even small parts can influence the local 
flow features significantly. Up to 1000 parts are involved in such analysis and grids with 20 to 100 
million cells are routinely used on clusters with around 1000 cores. 
 
Massively parallel computation is usually taking place in larger computer centers (or in a “cloud”). In 
some industries, grids with hundreds of millions cells are already being used (e.g. in design of racing 
cars). Figure 8 shows the speed-up obtained on a grid with 104 million cells using different numbers 
of cores and different code versions. With 12288 cores, there are less than 8,500 cells in each 
subdomain. Still, the latest version of the code provides a substantial speed-up and still shows good 
scalability. This figure also shows that software vendors are investing significant effort to improve the 
efficiency and the scalability of parallel computing with their software. 
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Commercial software is usually licensed to the user; to run on a massively parallel computer, one 
needs an adequate license. In the past, one needed a license for each processor (or core) used. In 
recent years, other licensing models which are better suited for parallel computing were introduced. 
For example, CD-adapco provides for their software STAR-CCM+ two license types that allow the 
use of an unlimited number of cores: “Power-Session” and “Power-on-Demand”. The latter is suitable 
for cloud computing and occasional (peak load) use; it only counts elapsed (wall-clock) time of the 
simulation, irrespective of the number of cores used and the location of the computer. Figure 9 shows 
that cloud computing is becoming popular: while in the first two years after the licensing scheme was 
introduced only few tens of thousands of computing hours were used, in 2014 the figure reached 3 
million hours, with an increasing trend. 
 
The providers of cloud computing are also introducing novel cost schemes. For example, the 
University of Texas at Austin operates a cluster named STAMPEDE with over 100,000 cores. 
Industrial users pay an upfront yearly fee of 25,000 $ to be able to access up to 10,240 cores; in 
addition, for every simulation an additional fee of 2.5 cents per core-hour usage is charged. Thus, the 

 

 
Fig. 7: Computational grid (upper) and temperature distribution (lower) in a horizontal section 
through a vehicle, showing the level of geometrical detail (source: Daimler AG) 
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additional cost for running a simulation on 512 cores over 24 h is around 300 $. This service is used 
by several companies performing CFD simulations in marine and offshore sector, e.g. by the Houston-
based consulting company Technip, Bøckmann et al. (2014). 
 

 

 
Fig. 8: Speed-up (top) in computation of flow around a racing car (bottom) on a grid with 104 million 
cells for different code releases (v7: 2012; v8: 2013; v9: 2014;  source: CD-adapco) 
 
Thanks to massively parallel computing, simulation of complex flows under realistic conditions and 
with detailed geometry are nowadays possible. For example, Westinghouse used CFD simulation to 
study the effects of a possible accident (blowdown, loss of coolant, debris creation in the cooling 
system) on heat and mass transfer in a nuclear reactor. The reactor geometry (both solid parts and 
fluid volume) were included in full detail – only the spacer grids were simulated as porous medium. 
The computational model for conjugate heat transfer and phase change (boiling) included over 1.2 
billion cells. The transient simulation covered 94 s of physical time, was run on 1800 cores and lasted 
55 days, Xu et al. (2013). This sounds like a very long simulation time; however, taking into account 
that an investigation of such accident scenarios is hardly possible in a laboratory, this is still an 
acceptable effort worthwhile investing to find answers on important safety-related questions. 
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Fig. 9: Acceptance of “Power-on-Demand” licence for STAR-CCM+ and usage per year (source: CD-
adapco) 
 
5. Future Trends in Parallel Computing 
 
The future of hardware development is difficult to predict, but it is more than certain that CFD 
simulations will be more and more massively parallel in future. For certain applications (like 
prediction of resistance of a ship), Reynolds-averaged Navier-Stokes equations and grids of the order 
of 10 million cells will be still sufficient in many cases. However, simulation using CFD will expand 
into new areas, studying situations which require larger grids, longer simulation times and thousands 
of variants to be evaluated (design optimization, accident scenarios, system performance taking into 
account fluid-structure interaction etc.). 
 
Larger grids and more processors are a great challenge for both software and hardware vendors. It is 
not only necessary to enable efficient computation on massively parallel computers; the management 
of the huge amount of data resulting from transient computations using Large-Eddy-Simulation (LES) 
type of modeling (e.g. for studying cavitation or noise generation) is a challenge in itself. Saving the 
results from thousands of time steps for classical post-processing is hardly possible. Today’s networks 
can transfer data from an outside cloud computer at a rate of 100 Mbit/s; even at a 10 times higher 
data transfer rate, it would take more than 24 h to transfer just 1 TByte of data; a transient simulation 
with a billion of cells would generate thousands of terabytes of data. Thus, data reduction is a must. 
One possibility is to process the data on-the-fly: if the user knows which information is needed from 
the simulation, than extraction and processing of that information can be set-up in advance. This 
slows down the simulation to some extent (depending on how many reports, monitors, plots etc. needs 
to be created and how frequently this is done), but reduces the amount of data to be transferred from 
cloud computer to the own workstation.  
 
Not only is the transfer of large amount of data between remote computers a problem – even saving 
that data on the same computer is a challenge. It is therefore essential to adapt both software and 
hardware for overlapping of computing and data transfer. Although this is already practiced to some 
extent, the highest potential for improvements in both scalability and efficiency lies in this area: 
ensuring that computation is not halted by communication.  
 
Finally, introduction of ever more processors affects the numerical efficiency of the solution 
algorithms, as discussed in Sect. 3. As long as the number of cells per processor is high enough (of the 
order of 10,000 or more), this is not a major problem. However, as the trend is to perform more and 
more transient simulations over a long physical time (e.g. study of wave-structure interaction during 
several hours), one will be forced to use many processors even when the grids are not extremely fine. 
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Time-parallel simulation can partially help to improve the parallel efficiency, but new solution 
strategies that suffer less from domain-decomposition effects need to be developed. Re-partitioning is 
already used for multigrid methods on coarse grid levels; there is scope for expanding that approach 
in order to minimize the loss of numerical efficiency. Also, as simulations involve more and more 
multi-physics approach (structure, heat and mass transfer, phase change, multi-component multi-
phase flow, electro-chemistry and electro-magnetics etc.), more flexibility as well as complexity 
arises for the design of parallelization concepts. These are the opportunities for software creators to 
leap ahead of competitors. 
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Abstract 
 

The paper describes an approach to optimize speed profiles on ship voyages to save fuel and reduce 
emissions. A software system is under development to integrate a shipping schedule system for slow 
steaming with a system for just-in-time voyage planning, taking weather conditions into consideration. 
The project involves a field tests using 40 vessels, including cement carriers, oil tankers and ro-ro 
ships. The field test shall demonstrate the effectiveness of the system with a newly-developed meas-
urement/reporting/verification system for CO2 emission reductions.  
 
1. Introduction 
 
By 2050, greenhouse gas (GHG) emissions from marine transport are expected to increase three-fold 
from 2007 levels due to rising economic activities especially from emerging nations. Within the UN 
Framework Convention on Climate Change (UNFCCC), needs for CO2 reduction measures for marine 
transport were strongly expressed in the post-Kyoto Protocol discussions. The Fukushima nuclear 
accident has also made it an urgent issue to establish a coherent policy that is less reliance on nuclear 
power while responding to global warming. In light of this, continued efforts are needed to promote 
low carbon initiatives for the marine sector. 
 
The International Maritime Organization (IMO) promotes research on technical, operational, and eco-
nomic means to reduce GHG emissions from ocean-going ships. As part of the research on operation-
al measures, the organization fosters a study on achieving higher efficiency in ship operations through 
improved voyage planning. Reduced speed operation of ships holds the prospective effect on signifi-
cant CO2 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. Scheduling 
and voyage planning are also carried out separately, which prevents ships from effectively implement-
ing reduced speed operation. 
 
The project is to develop a ship scheduling system allowing for reduced speed operation and to inte-
grate that system with a just-in-time voyage planning system taking into account the effects of weath-
er and other factors on ships. Through real-time calculation of estimated arrival schedules, i.e., calcu-
lation based on speed reduction due to weather, marine, and other conditions, the goal of the project is 
to allow environmentally friendly operation and optimal routing at the minimum required speed and 
to significantly reduce the amount of CO2 emissions by ships while mitigating the risk of delay in 
arrival. In this effort, in a three-year plan beginning in FY2013, the National Maritime Research Insti-
tute (NMRI) has collaborated with shippers, shipping companies, and other entities to use the system 
developed to complete demonstrative experiments on 40 vessels including cement tankers, oil tankers, 
and ro-ro ships that represent coastal shipping transport work, and to validate the effect of the system 
in CO2 reduction using evaluation methodologies proposed under the study. 
 
2. Outline of the Eco-shipping Project  
 
2.1 Participating organizations 
 
NMRI is implementing the project in cooperation with entities including the Railway Technical Re-
search Institute (RTRI), Ube Mitsubishi Cement Corporation, Idemitsu Kosan Co., Ltd., Tsurumaru 
Shipping Co., Ltd., Ube Kosan Shipping and Logistics, Ltd., Asahi Tanker Co., Ltd., and Nippon 
Shipping Co., Ltd. 
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The Dissemination Consideration Committee, chaired by Masaru Hojo from the Japan Institute of 
Logistics Systems, is considering how to disseminate the results. Fig.1 shows implementation struc-
ture of the project. 
 

 
Fig. 1: Implementation structure of project 

 
2.2 Schedule 
 
Implementation of the project follows the schedule below. Due to the significant number of entities 
involved, liaison meetings have been held with shipping companies and other parties to facilitate shar-
ing of information in relation to the project. 
 

 
Fig. 2: Project schedule 

 
3. Research and Development 
 
3. 1. Algorithm development for navigation and ship scheduling optimization  
 
3.1.1 Ship scheduling algorithm 
 
In this paper, we consider the fleet scheduling problem for shipping that accommodates demands for 
transportation orders and requests, in time with lowest cost, Fig. 3.  
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Fig. 3: Ship fleet scheduling 

 
We developed a ship scheduling algorithm, Seta and Kano (2013), which used a integer planning. The 
calculation time required to create ship scheduling for the target ships was ten minutes or less. The 
index used for cost is based on FOC. The total navigation distance was reduced 8%, Fig. 4. This is 
due to the reduction of empty navigation distance. The optimization by operating ship scheduling 
support system shows ~9% reduction effects compared with the manually created schedule, Fig. 5, 
(compare (c) with (d)). Additionaly ~6% reduction effects are achieved by considering speed 
reduction (comparison of (b) with(d)). Eventually, the optimization by considering ship scheduling 
and speed reduction leads to improve 14% of fuel consumption(FOC) (compare (a) with (d)).  
 

 
Fig. 4: Distance of ship’s scheduling support system 

 

 
Fig. 5: Effect of Ship’s Scheduling Support System 

 
3.1.2 Ship speed planning algorithm 
 
To develop a ship speed planning algorithm, dynamic programing was applied. One minute or less 
was required to calculate for output. Fig. 6 presents an image of dynamic programing. The arcs and 
the nodes corresponds cost and total costs respectively. Fig. 7 shows a result of simulation study on 
cement tanker sailed from port of Kanda West part of Japan) to Tokyo. Actual voyage takes 42 h and 
20 min; it was 2 h 40 min early arrive than required time of arrival (RTA) and total fuel oil consump-
tion (FOC) was 16,180 less. For the speed reduction (a) (1750 kw) takes 43 h 59 min and total FOC 
(14,918 less) is reduced by about 8% compared with actual voyage. Furthermore, for speed reduction 
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(b) (1650 kw) takes 44 h 58 min (on time) and total FOC is reduced by about 11%. These results show 
possible CO2 reduction.  

 
Fig. 6: Image of dynamic programing 

 
Fig. 7: Effect of reduced-speed navigation (Simulation Study) 

 
3.1.3 Estimation of Ship performance at actual sea 
 
Fig. 8 shows the flow of estimation of ship propulsion performance at actual sea. At first, the monitor-
ing data is input and cleaned. Ship at calm sea performance is determined using by calm sea condi-
tions. Then, external effect coefficients determined by fitting the calculated values of wind, Fujiwara 
(2006), and wave resistance model, Tsujimoto et al. (2013), and actual data. Beside, relations of rpm 
of main engine and FOC/h determined by monitoring data. 
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Fig. 8: Flow of estimation of ship performance at actual sea 

 
(i) Ship performance in calm sea coefficients 
 
Fig. 9 shows an example of RORO ship performance in calm sea. Gray circle represents all data, and 
black dot represents data of calm sea (relative wind speed less than 5 m/s and wave height less than 
0.5 m). Ship performance in calm sea (baseline) describes by Eq.(1). The external effects of wind and 
wave are obtained as the difference between actual � and �′ at base line at same actual ship’s speed. 
 

 �＝���^3 � 	 (1) 
�
 : Ship speed through the water 
� : Fuel oil consumption in unit time (little-fuel/hr) 

 

 
Fig. 9: Ship performance in calm sea 

 
(ii)  Wind effect coefficient 
 
Wind effect coefficients ����  is determined by fitting the calculated wind resistance, Fujiwara 
(2006), and actual data as follows. Calculated wind resistance is shown as Eq. (2). 
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��: Air density 
��: Projected transverse area above water line 
�� : Relative wind speed 
��（�）: Drag coefficients due to wind by Fujiwara’s method 
 
Additional main engine power ∆� increases in proportion to ∆�, introduced by wind resistance. And 
the value of ∆�	is able to observe. 
 

 ∆� � � � ∆� (3) 
 
Moreover, ∆P is expressed using the additional resistance introduced by wind ∆����  
 

 ∆� � ∆���� � �
 �⁄  (4) 
�: Propulsion efficiency 
 
Therefore, the following equation is obtained by using the proportional constant α	"� η/μ&. 
 

 '� �
⁄ � ����∆���� 
(5) 

 
'�: Additional fuel oil consumption per hour caused by waves; f – f’ 
 
The wind effect coefficient ���� is obtained by least squares method using the actual data and calcu-
lated data. Wind effect estimation is taken into account the relative wind direction. Fig. 10 shows the 
fuel oil consumption per hour based comparison of actual wind effect and estimated wind effect. 
Black circle presents actual wind effect and blue square presents estimated wind effect using Eq. (5) 
 

 
Fig. 10: Wind effect estimation 

 
(iii)  Wave effect coefficient 
 
Wave effect coefficients ���() determined by fitting the calculated wave resistance, Tsujimoto et al. 
(2013), and monitoring data as follows. Calculated wave resistance is shown as Eq.(6). 
 

 ∆���� �
1
2
������,��（�） (2) 
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 ∆���() � -8�/0,12�3
, 4 566789:; (6) 

�: Sea water density 
/: Gravitational acceleration 
0: Wave height 
566: Length between perpendiculars 
12�3: Beam max 
89:;: Non dimensional added resistance in waves 
 
Additional fuel oil consumption per hour caused by waves is described by Eq. (7).  

 
 '� �
⁄ � ���()"<��()&∆���() (7) 

<��(): Relative wave direction 
 
The ���() is obtained by least squares method using the actual data and calculated data, Eq. (7). 
Wave effect estimation is taken into account the relative wave direction. Fig. 11 shows the fuel oil 
consumption per hour based comparison of actual wave effect and estimated wave effect. Data is di-
vided for each 30°, red dots represent actual wind effect and green dots represent estimated wind ef-
fect using Eq. (7).  

 
Fig. 11: Wave effect estimation 

 
(iv)  Relation fuel oil consumption and rpm of the engine 
 
The coefficient = between the rpm of the engine and the fuel consumption per unit time is obtained by 
monitoring data. The relation between those parameters is, 

 
 �＝= � >6

? (8) 

 �＝= � ">@ � A&? (9) 
�: Engine power 
>6: Propeller rotation per minute 
>@: Engine rotation per minute 
A: Gear ratio 
 
From the above mentioned equations, 

 �＝= � ">@ � A&?/� (10) 
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 �＝�) � >@?		-�) � -= � AB ?⁄ 7/�7 (11) 
 

Fig. 12 shows the relationship of fuel oil consumption in unit time and Np. 

 
Fig. 12: Relationship of fuel oil consumption in unit time and Np 

 
(v) Ship speed estimation 
 
From the above mentioned equations, ship performance is presented as follows. 

 
 � � ��
? � ����'���� � ���()"<��()&'���() (12) 

 
Fig. 13 shows the histogram of the difference between actual and estimated ship speed. The mean 
value is 0.07 kn and the standard deviation is 0.57 kn. The estimation result is accurately estimated. 
 

 
Fig. 13: Histogram of the difference between actual ship speed and estimate speed 

 
3.1.4 Development of onboard device to handle navigation plan input and output data on ship 
 
In response to the demand for onboard navigation planning, NMRI developed an ECDIS based 
onboard device as a GUI to display speed planning information from the support system on ship. 
NMRI planned and decided what items need to be displayed, in line with which the manufacturer 
made the necessary improvements to the display function of an existing onboard device.  
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Fig. 14: On-board display 

 
3.1.5 Integration of navigation and ship allocation planning support systems 
 
NMRI built a practical prototype of an information-linkage system.  
 

 
Fig. 15: Eco-shipping Support Information System 

 
3.2 MRV system 
 
In light of developments at the International Maritime Organization (IMO) and elsewhere, we under-
took technical considerations on methodologies for quantifying greenhouse gas emission reductions 
achieved through the support system developed as part of this project. To evaluate the CO2 emission 
for vessel in operation, EEOI proposed at IMO 2009 was considered as an indicator. EEOI was based 
on weight cargo carried so that it was not able to evaluate at empty voyage and did not show physical 
meaning and also its values are divergent relatively.  
 
One of the authors has developed two methodologies to evaluate the CO2 emission reduction from 
vessel in operation by using the system. First, the Average Energy Efficiency Navigational Indicator 
(EENI) was proposed as an indicator to evaluate CO2 emission both carried and empty conditions, in 
different size and speed of ships. It had been confirmed that it becomes almost convergent after taking 
the average of approximately 10 voyages in the case of ro-ro ship. In addition, EENI has a physical 
meaning; it shows that it is proportional to the square of vessel speed and inversely with the third root 
of displacement. So, Kn was introduced to exclude ship speed effect, Kn makes the operational per-
formance not only to same ship but also different ships comparable.  



 

376 

The EENI for a voyage is the ratio between navigational work and CO2 emission of a vessel with a 
displacement of W tons and sailing distance D shown as follows. 
 

CC>D �
∑ F;G�;HII

:�J
             (13)	

 
Where: j is the fuel type; FCj is the fuel mass to CO2 mass conversion factor for fuel j; W is the dis-
placement (tonnes); D is the distance in nautical miles corresponding to the navigation.  
 
The other was average FOC per hour or average output (kw) of the main engine as an indicator to 
estimate CO2 emission when the ship navigates the same route at different power by using monitoring 
data from actual navigations. Consequently, the applicability was confirmed to the ro-ro ship, Kano et 
al. (2014). Some of results presented at COMPIT 2013. 
 
The effect of CO2 emission reduction is based on a comparison between the case using the Eco-
Shipping Support System and the case without using the system. NMRI has incorporated an evalua-
tion methodology for the CO2 emission reduction by using the system. To confirm the validity of our 
evaluation methodology, we had an independent assessment institution (LRQA: Lloyd’s Register of 
Quality assurance Limited) review it as an evaluation methodology under the J-Credit Scheme. 
 
4. Demonstrative experiment 
 
4.1. Demonstrative experiment 
 
NMRI started demonstrative experiment including cement tanker, oil tanker, and ro-ro ship (covering 
more than 60% of Japanese coastal shipping transport work), together with shippers and shipping 
companies in the beginning of 2015. The target ships are 19 middle sized cement tanker, 17 five thou-
sand DWT oil tankers and 5 coastal ro-ro ships. Validation of CO2 emission reduction through intro-
duction of the Eco-Shipping Support System will be conducted by the proposed methodologies in the 
end of FY2015.  
 
4.2. Field test  
 
4.2.1 Preparation 
 
For the experiment, we explained the proposed procedures of the experiment at liaison meetings with 
shipping companies and other parties, and the onboard device manufacturer visited the aforemen-
tioned ships to brief crews on how to use the device based on the operating manual. 
 

 
Fig. 16: User’s manual 



 

377 

4.2.2 Preliminary test 
 
We used this prototype to conduct onboard device linkage test and real-time tests on-site, as well as 
preliminary test with the device on an actual ship (Fig. 17), confirming operation under actual use 
conditions. Using the results, we began demonstrative experiment starting with those ships on which 
preparation had been completed. 
 

 
Fig. 17: Visiting ship for briefings, and preliminary test 

 
4.3.  Procedure of the field test  

 
• Step1: Before the Voyage (Departure) 

Before a vessel’s departure from the original port, or while en route to the destination port, the 
captain input navigation conditions such as ports, date & time of departure and destination, 
RTA (Required Time of Arrival) etc. to the on-board device. This information is sent by 
ship’s communication system to land server of NMRI, MTL (Non Profitable Organization 
‘Marine Technologist’). The land server calculates minimum power plan for RTA and FOC 
saving amount by considering the ship performance and weather effect. And optimum power 
plan and these results of analysis return to the on-board device. Then, the captain decides the 
main engine power referred to recommended power plan and these calculation results for the 
voyage. Besides, NMRI, MTL (Non Profitable Organization ‘Marine Technologist’) obtain 
monitoring data related to ship’s performance from on-board devices, weather forecast infor-
mation from Japan weather association, and analyses the ship’s performance at sea. 

 
• Step2: During the voyage 

NMRI, MTL would provide the power plan and estimated passing time and ship’s speed at  
way point on route, then the captain recognize on time navigation or delay at almost 3 h inter-
val. Because the renewal timing of the weather forecast information (wind and wave) is every 
three hours, but current forecast is 1day interval.  
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• Step3: After the voyage (arrival) 
After the voyage, the captain input arrival ports, date & time and FOC for the voyage to the 
on-board device. This information is sent to the land server. The server would return to the 
device navigation report that includes amount of fuel consumption saving and CO2 reduction 
compared to BAU. 

 
4.4. Case Study 
 
NMRI began conducting the experiment in the beginning of 2015. Here, we show a case of the ce-
ment tanker as an example, Table I. The ship sailed from Niigata to Kanda, Fig. 18.  
 

 
Fig. 18: Route of the target ship 

 
 Table I: Principal particulars and navigation conditions 

 
Fig. 19 shows FOC/h and RPM of the propeller shaft obtained monitoring data for the duration of 10 
month from January to October 2014. This case shows BAU without using the system. These values 
target cement tanker are convergent. We decided the 467 l/h as BAU of FOC/h of the Ship A.  
 
Fig. 20 shows result of case study. In the case of without the Eco-Shipping Support System, it was 
estimated time of arrival and total FOC was 23:53,21st of February 2015 and 14.6 kL navigating with 
467 l/h (BAU) by the methodology. The ship arrived 3 h 6 min earlier. Actual voyage used the Eco-
Shipping Support System, it takes 33 h 40 min; it arrived 50 min earlier than required time of arrival 
and total fuel oil consumption (FOC) was 12.8 kL. In this voyage it was taken 380 l/h in average. It 
reduced approximately 12% more fuel than BAU voyage. Furthermore, the voyage of the recom-
mended speed reduction takes 34 hours 3 minutes and total FOC was 12.5 kL which reduced 14% 
more fuel than BAU. We succeeded in improving operational energy efficiency and these results 
show possible CO2 reduction.  

 Ship A Navigation Condition 
Length 111.60 m Departure Niigata 13:00,20/01/2015 
Breadth 18.00 m Arrival Ube 06:19,22,01/2015 
Depth 9.3/7.5m Displacement 4910(t) Ballast Condition 
MCO 3089kW Distance 426(mile)  
Gross tonnage 4944tons FOC 12.76(kl) Heavy Oil 
Nominal Speed 13.2knots BAU 467(l/h)  
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Fig. 19: FOC/h and RPM of the propeller shaft obtained monitoring data (BAU) 

 
Fig. 20: Case study (Cement Tanker) 
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5. Conclusion  
 
This paper outlined the eco-shipping project and overviewed the developing technologies of the pro-
ject such as ship scheduling algorithm, shipping navigation support system, evaluation method of ship 
performance at sea, on-board equipment and MRV that are evaluation methodologies of reducing CO2 
emission. 
 
According to the simulation study, Eco-Shipping Support System could expect 14% of CO2 emission 
reduction compared with the case without optimization and speed reduction. Prototype of Eco-
Shipping Support System was constructed and demonstrative experiment started at the beginning of 
2014. A case of a cement tanker was shown as example. Using the navigation support system saved 
an estimated 12-14% of CO2 compared with the case without the system. Demonstrative experiment 
will continue until March 2016, and we will verify the effectiveness by the developed MRV of CO2 
reduction effects. 
 
The Eco-Shipping Support System will enable the eco-friendly voyage at minimum speed by integrat-
ing shipping schedule system that considers slow steaming and a system that provides just-in-time 
voyage planning considering weather effects. 
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Abstract 
 

Managing and tracking welds, as typically practiced in shipbuilding, is notoriously inefficient and 
error-prone. It is laborious, unintuitive, and disconnected from other processes. This is significant 
because welding can account for 20-30% of production hours and approximately 10% of total cost. 
With shipbuilders expanding into the offshore market where weld standards are tougher, addressing 
this weakness is critical. Therefore, SSI has completely rethought weld management by tightly 
integrating it with an associative 3D model that provides data-rich intuitive visualizations that can be 
easily generated and utilized by anyone in an organization using standard tools, thereby improving 
communication.

 
1. Introduction 
 
The management of welding continues to grow in importance. Since the financial crisis of 2008, 
margins have grown tighter and shipyards have been analysing ways to become leaner. An obvious 
place to search for savings is the welding process due to the amount of money involved. While it can 
vary depending on the type of project, anecdotal evidence from a cross section of SSI clientele 
indicates that Boekholt (2011) is correct in his estimation that welding can account for 20-30% of 
production hours and approximately 10% of total cost. 
 
Another driver for re-examining weld management is the diversification of numerous shipyards into 
the offshore sector which over the last few years has been significantly more buoyant (and lucrative) 
than most of the rest of the marine construction market. In that sector, weld management comes to the 
foreground due to heighted environmental and safety considerations. Weld standards are more 
stringent for both oil rig construction as well as for the fabrication of tankers. 
 
Yet, this new emphasis presents problems. The need for greater rigor in regards to quality, estimation, 
inspections, and traceability for warranty purposes often is challenging for organizations whose 
current weld management methods are inefficient at best and rudimentary at worst, with various tools, 
processes and stakeholders disconnected from each other. Inevitably, there are preventable errors and 
waste. Clearly, the time has come for a new approach. 
 
2. What is Weld Management? 
 
Before going further, the scope of what we are talking about should be defined and elaborated. When 
we speak of managing welding from engineering through to production and inspection and beyond, 
weld management encompasses all of the area shown in Fig.1. The scope of what weld management 
encompasses is therefore quite extensive. A great deal of information must be efficiently and 
effectively tracked and utilized. Table I shows the purposes and beneficiaries of this overall process. 
 

Table I: Beneficiaries of Weld Management 
USE CASES CLIENT TYPE 
Estimation Shipyard 
Weld Documentation Design Agency, Shipyard 
Quality Design Agency, Shipyard 
Management Shipyard 
Production floor integration Shipyard, Offshore Project 



383 

 
Fig.1: Areas encompassed by weld management 

 
3. Current Methods and Their Limitations 
 
Despite the benefits noted above, at the moment, certain organizations shy away from sophisticated 
weld management because it is a labour intensive undertaking with seemingly little payoff. A 
traditional approach in engineering is simply to document welds on workshop/assembly drawings 
using rudimentary CAD functionality and inspection and progress records consist of little more than 
tables full of text. 
 
At a greater degree of sophistication, there are 3D CAD marine solutions that offer some tools for 
generating welds and documenting them on drawings. However, the overall process of management is 
unchanged. Thus, the benefit of these supposedly sophisticated solutions is marginal at best. 
 

 
Fig.2: Traditional weld management report is text heavy 
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The reports are also unintuitive. For instance, consider a typical report on the daily weld progress. 
(See Fig.2 for an example.) A typical report would contain columns of text showing Weld Name, Tag, 
Status and Location, etc. This report might be generated via the information contained in the product 
data model but it does not harness the model’s complete capabilities. It requires time consuming, 
careful consideration and interpretation by the reader. That is because a text-only report is not really 
fully taking advantage of today’s advanced 3D technology. 

 
4. The Ideal Solution 
 
3D is the key to understanding the problem and 3D is also the solution. Below are the key features 
required for any modern weld management software. 
 
4.1. Integrated weld standards and weld schedules 
 
Catalogs, libraries and rules should be incorporated into a weld management program for the same 
reason that they are incorporated into modern marine software products in other disciplines. You want 
your experienced and knowledgeable team members to populate the catalogs and set up the rules from 
which other members of the team can select. Catalogs make work easier and also increase quality. 
 
A catalog of weld standards used for the project should be able to be defined which should contain all 
relevant information (weld processes, symbolic representation, attributes, etc.). Then, if a standard 
was changed, it should be able to be propagated throughout the entire project with little or no effort 
required by a user. Automatic propagation would enhance quality and efficiency as long as 
appropriate permissions were required to ensure that only the users who understood the effects of the 
changes had the power to make them. Thus, the ability to set permissions is also a key part of an ideal 
weld management solution. 
 
On a related note, an ideal weld management software application would additionally include support 
for weld schedules. These are rules to specify the valid weld standard for a specific weld. Organiza-
tions may have schedules such as this but they are typically created in spreadsheets that are 
disconnected from the product model which of course is problematic. It’s not the tool that is at fault 
per se, just the disconnection. In fact, familiar Excel style features and views are a must for an ideal 
weld management solution because there would be less of a learning curve and errors would be 
reduced if the workflow was similar to current processes. 
 
Another required feature is that weld schedules should be able to be easily exportable to a standard 
format to allow approval by class societies and / or other stakeholders. During this process, it is ex-
tremely important that the weld schedule be correct and exporting the information entered in the weld 
management program is the best way to achieve that goal. This is because you are taking information 
directly from a single source of truth. 
 
Finally, it is always important to be able to identify welds throughout the lifecycle. This means that an 
ideal weld management program would give a weld a unique name or tag which would never change. 
To help manage this important requirement, the weld management program should support a weld 
naming convention. 
  
4.2. Identifying Welds 
 
After all the above setup is done, the next area to look at is how welds would be identified in an ideal 
weld management solution. With all the geometry contained in the product data model, automatic 
weld geometry/path generation is a necessity. In fact, it is always surprising to see that companies 
manually trace all the weld paths to determine the weld lengths. This is an inefficient way to calculate 
weld paths and the problem becomes compounded when people are forced to wait until the 3D detail 
design is complete just to do weld path calculation. 
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A second critical requirement for identifying welds is that automatic identification should include all 
geometry, even if the product data model lacks a defined relationship between parts. It is true that if a 
relationship is defined by the connecting geometry, other enhancements can be implemented (e.g. 
automatically setting weld standard by determining parts relationship and part properties). However, 
having a relationship between parts should not be a requirement for creating a weld. 
 
Finally, an ideal program should be able to handle cases where the automatic weld generation in-
cludes welds between parts which are not needed. As is done with clash detection, these should be set 
to be ignored. 
 
4.3. Interacting with welds in a 3D environment 
 
At this point, some notes about the value of an interactive 3D environment should be expanded upon 
to show how it significantly increases usability, reduces man hours and improves final results. Besides 
being simply more intuitive, it also is ideally suited for handling the differing needs of different 
individuals who require unique sets of tools, features and user experiences (UX) in software. Consider 
the needs of different personae involved: 
 
Persona 1 is a Designer/Engineer with the task of assigning the appropriate weld standard to each 
weld. After all the weld geometry/paths are generated by the automatic method mentioned above, it is 
up to the engineer to select the appropriate weld standard for each weld. Doing this one by one with 
no visual reference would be a daunting task. However, using the 3D representation of the weld and 
the 3D representation of the adjoining parts with sophisticated selection criteria would speed up this 
process. Therefore, once welds are assigned to a weld standard they should be represented differently 
visually in order to easily communicate important information to the user without the need to perform 
any other action.  
 
Persona 2 is a Checker/Shop floor worker/Inspector/Manager who needs the ability to view the welds 
and their properties in a fast and light manner. He would only need to review the welds and their 
properties but would not need all the features required for Persona 1. He would require the ability to 
see a more complete section of the project (i.e. entire block or unit) and would need to navigate the 
model which contains the welds (with attribute information) and parts very quickly. Since he would 
be viewing a larger portion of the model and only need a subset of features, a specific workflow and 
Graphical User Interface (GUI) would be recommended to enhance user experience. 
 
The ability to generate different representations is one key advantage of an interactive 3D 
environment. More benefits will be shared later on. 
 
4.4. Integrated change management  
 
But all the benefits would be irrelevant if a program couldn’t handle change which is a constant in the 
real world. To meet the demanding schedules of marine and offshore projects, an ideal weld 
management solution would need to work in a concurrent engineering workflow. This means that the 
solution would have to allow users to start generating and assigning weld standards before the detail 
model is complete. When the model changes, welds should automatically be updated with new paths 
while retaining their previous properties. Also, when welds are updated, there needs to be a basic level 
of revision control to notify the user of the changes. Then, the user should be able to decide on the 
appropriate action which may simply be to accept the new geometry path with no other changes. 
 
Another critical change management feature is the ability to handle weld property changes arising 
from external sources such as from the production floor. These changes should update the properties 
(i.e. weld status: Created/Applied/Approved) of the weld without effecting other weld characteristics. 
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4.5. Documentation: Exchange of info between engineering and planning & production 
 
Change Management is important but there is another requirement that is perhaps even more critical 
and that is how a weld management software solution deals with documentation. It does not matter 
how efficient the previous steps are, if you cannot produce accurate and comprehensive 
documentation in formats required by planning and production, all previous efforts are for nothing. 
There are several types of documentation required: 
 
4.5.1. Production drawings 
 
First of all, there are production drawings. On the production floor, the typical way to communicate 
weld information is via weld symbols on assembly or workshop drawings. Creation of the weld 
symbolic representation should be done by the weld management program itself and should use the 
weld standard information stored in the catalog. This is because using information directly from the 
model would significantly reduce the time users need to detail a production drawing and also improve 
its accuracy Changes to the model should also easily be propagated to the production drawings while 
allowing users  the ability to view changes in case extra modification is required. 
 
4.5.2. Reports 
 
Reports are a second required type of documentation that should be generated directly from the 3D 
model. One use case that should be supported is reports for determining the amount of weld length per 
weld standard in a user selected assembly. Another use case could be a report which illustrates the 
progress of welds completed on the shop floor. These, and other reports generated should be able to 
be easily customized for different departments and use cases by selecting any weld property contained 
in the product data model.  
 
4.5.3 Production inspection 
 
A subset of reports is an inspection report. With the increased requirement to have a significant 
amount of welds inspected using non-destructive testing, there is a need to have information available 
for inspectors in a format that they can utilize when managing their inspections. This information, if 
provided in a representation that is disconnected from the product model (e.g. Excel spreadsheet), 
must support the ability to be imported back into the product data model. This is not ideal. What you 
would really want is for the weld inspectors to access and modify the live information contained in the 
product data model but the reality is that most yards currently do not support the means to do so. 
Therefore, seamlessly importing the information back into the model is a minimum requirement for an 
ideal weld management solution.  
 
4.5.4. Traceability and “Trackability” 
 
All throughout the design, engineering and production process, traceability and “trackability” are 
important. Even when the job is supposedly finished, you still should be able to trace and track welds 
for repair and warranty purposes. To satisfy these conditions it is essential that the weld management 
solution support a unique name for each weld that never changes. It should also record all the changes 
to these welds. This includes the generation of the weld path to the final approver of the weld. These 
revisions should be easily accessed via an easily generated report. 
 
5. Workflow: ShipConstructor WeldManagement for Weld Management 
 
Incorporating the principles above, SSI has now developed a product called ShipConstructor Weld-
Management as part of its ShipConstructor portfolio of CAD tools. The work flow for implementing 
ShipConstructor’s solution is as follows: 
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6. Setup 
 
6.1. Project specific weld standards and symbols 
 
First the user needs to create a project specific weld schedule consisting of project specific weld 
standards and weld types. A few notes about these catalogs are shared below. 
 

 
Fig.3: Relationship between weld schedule setup of weld standards and weld types 

 
6.1.1. Weld Types 
 
The Weld Types catalog is prefilled with eighteen definitions of basic weld procedure symbols such 
as fillet, bevel, v-groove and other types that may be modified by users to adjust the appearance or 
size of a default symbol in paper space. Each weld type represents the type of weld done on a single 
pass of the welder. 
 
6.1.2. Weld Standards 
 
After weld types have been defined, weld standards are defined. The Weld Standards catalog presents 
a library of all weld procedures used by a shipyard. Each weld in a project has a weld standard 
assigned to it so that the welder knows what types of welds to apply to a given join, how many passes 
are required, and any other details. A weld standard is made up of one or more weld processes where 
each process is one of the types defined in the previous stage. Once all desired processes have been 
added, the symbol can be further customized. 
 
6.1.3. Weld Schedule 
 
The Weld Schedules catalog contains a table that lists general sizes, locations and member types as 
well as assignments of weld standards to various combinations of the first three parameters. It is used 
to organize weld standards into particular scenarios where they will be used. These scenarios consist 
of a physical location on the ship, as well as two types of parts to be welded together. Each of these 
scenarios is further subdivided by the minimum thickness columns which represent the thickness of 
the smaller part to be welded. 
 
6.1.4. Weld Statuses 
 
Another catalog, Weld Statuses, presents a user-configurable list of different states that may apply to 
individual welds as part of the quality control process. By default, every project has the Created, 
Approved, and Rejected statuses. This list can be expanded by the user. 
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A key point to note is that different statuses have different colors. Color differentiation is extremely 
important to provide instant, intuitive, visual understanding throughout the entire weld management 
process. This point will be highlighted later on. 
 
6.2. Import/Export 
 
As per the requirement of the ideal weld management solution noted before, ShipConstructor allows 
the ability to export weld schedules and other data to Excel via TSV files. Exports are done for a 
variety of purposes. For instance, Excel files of weld schedules are often included with work packages 
for production. They also could be used for quality inspection. Of additional benefit is the fact that the 
information flow goes both ways since the Excel files can be changed and the information can be 
imported back to ShipConstructor. 
 
6.3 Naming Conventions 
 
As per the requirements noted earlier, for traceability purposes, every weld needs a unique Weld Tag 
that is generated on weld creation. Therefore, defining a naming conventions is an important part of 
the setup. The naming convention may consist of information pertinent to the weld such as the unit 
and assembly that the welded parts exist in. It could also have any other user defined text. 
 
7.  Detail Modelling 
 
Once the project is set up, the user may proceed to generating and managing welds. This is done in 
weld management drawings in conjunction with what is called the Weld Manager which is the 
primary interface for defining and modifying welds. 
 
ShipConstructor WeldManagement automatically finds and generates weld paths. The welds are 
generated for assemblies that exist in what in ShipConstructor terminology is called the “primary 
product hierarchy” tree. For practical purposes, the primary product hierarchy can be explained as all 
the parts in an assembly sequence for a particular build strategy. 
 

 
Fig.4: Weld Manager Dialog over top of a Weld Management Drawing inside ShipConstructor.  
          Weld types and statuses are displayed in different colors on the drawing. 
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The weld generation operation searches the ShipConstructor product data model for physical 
connections between individual parts and larger assemblies and creates one or more weld objects for 
each connection. A key point is that, as per the requirements specified earlier, it finds and tracks 
undefined welds, even if the product data model lacks a defined relationship between parts. 

 
7.1. Interactively assign weld standards to welds 
 
Next, the user needs to decide which weld standards to assign to individual welds depending on the 
parts, thicknesses, locations, and material grades used in places where different welds apply. It is a 
very interactive process. The Weld Manager dialog offers a convenient interface that presents 
multiple columns populated with data that can help the user to make the correct choice of weld 
standard based on weld schedule. When choosing weld standards, some users may find it is sufficient 
just to look at data present in the Weld Manager dialog. Others may want some visualization of this 
process because seeing the actual weld in the drawing can be helpful. For that you would look at the 
weld management drawing. The weld management drawing is a special type of production drawing 
that acts as a viewport into the database. (See Fig.4 to see the interrelationship between the Weld 
Manager and weld management drawing.) 
 

 
Fig.5: Weld Manager 

 
7.2 Visual verification for quality control 
 
A key feature for quality control purposes is visual verification. Specifically, colors in weld 
management drawings play a critical role in promoting quality because an “at a glance” inspection can 
show if a certain weld has the incorrect type; you see that the color is wrong. A check can be 
performed and the status can be changed to indicate that the check has been completed. A status view 
could then be selected and, as explained earlier, once again, the different statuses would be delineated 
by color. This provides another way to ensure quality in the workflow. 
 
7.3 Updatable when 3D Model Changes 
 
But visual inspections with colors are not enough to ensure quality if one is inspecting the wrong 
thing. That is why, as per the requirement explained previously, the ShipConstructor Weld-
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Management product updates information when the underlying 3D product data model changes. 
When the model is modified, welds automatically are updated with new paths while retaining their 
previous properties. The reason this is possible is because everything is tied back to the 
ShipConstructor Product Data Model, the Marine Information Model (MIM). 
 

 
Fig.6: Data from the Marine Information Model Database 

 
8. Production Planning 
 
Back to the workflow, next comes production planning. Here, a key advantage of this weld 
management solution is its usefulness for estimation. You can estimate without weld properties with 
little effort and this will still give you improved planning related to welding labour which, as noted 
earlier, is a major cost. If you go further and actually do estimates with weld properties, still with very 
little effort compared to value, you can get a really accurate estimate of material usage which will 
reduce overstock and thus costs. Furthermore, you can do estimates on weld orientation which is 
critical information related to the strength of joints. Based on your analysis of the above factors you 
can make changes and then, due to the connection to the Marine Information Model, have those 
changes instantly reflected in the build strategy. 
 
9. Production Documentation 
 
The next item to be mentioned in the workflow is the creation of production documentation such as 
reports and production drawings. 
 
9.1. Reports (Status and Estimation) 
 
From WeldManagement, customizable reports can be created to show status of welds for various 
assemblies. And, as highlighted above, because the lengths are all known, reports can be created for 
estimating the amount of weld material required.  
 
9.2. Production Drawings 
 
Once the welds have been generated and assigned with standards in the WeldManagement product, 
the user may proceed to production output. Assembly Drawings are automatically generated and weld 
objects can be included in ShipConstructor assembly drawings by checking a single box in a dialog. 
From there, the user can label welds as annotations from an assembly drawing Bill of Materials 
(BOM) table that contains data retrieved by a “weld collector”. Labelling then is done via 
ShipConstructor / AutoCAD’s regular methods and tools for this process. As of the release of 
ShipConstructor 2015 R2, the labels displayed Weld Tags only but future versions will display weld 
standard symbols. 
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Fig.7: Assembly Drawing with welds labelled and identified in Bill of Materials table 
 

10. Management 
 
As mentioned earlier, on an ongoing basis, WeldManagement will be used for exactly what its name 
implies: management. You can use the tool to find out the progress of detail modelling, whether or not 
all welds are accounted for, estimation, and progress of implementation. And, you can have confi-
dence in the information knowing that it is up to date since it is coming from one source of truth. 
 
You can get information and interact with information via textual reports or, even better, via visual 
representation. This visual representation requires no CAD experience to generate. The visual 
representation is so different and such a vast improvement over current methods, that it bears 
highlighting which will be done in the next section regarding inspection. 
 
11. Inspection: visualization and Production Inspection using Navisworks 
 
The next step in the overall weld management process is down on the waterfront. An example from 
here really shows the advantage of the visual approach using the 3D Marine Information Model. The 
example would be when an inspector or project manager wishes to determine the progress of welds of 
the ship or offshore structure under construction.  
 
Inspectors need to generate and document daily work in order to make plans. They then need to 
import the results back to the product data model so that everyone and everything is updated. Any 
inspector would want to be able to identify: 
 

• Welds that have been welded 
• Welds that have not yet been welded 
• Welds that have been inspected 
• Welds that have passed inspection 
• Welds that have failed inspection 
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Typically, to determine the weld progress, one would have to look at numerous pages of weld reports 
from the inspectors and consolidate all the information mentally. This method of determining the weld 
progress is very time consuming and requires a lot of effort to collect, merge and process the 
information that is provided. 

With ShipConstructor’s WeldManagement product, the process of determining the progress of welds 
is much more efficient and requires significantly less mental effort from the user. The main reason is 
that it communicates this information visually rather than by using pages of text via reports or Excel. 

 
Fig.8: 3D Visualization of welds with status shown in different colors 

 
Fig.8 instantly shows where welds are located in relationship to structure and weld statuses are 
immediately apparent. You can configure the settings so that the screen shows whether or not things 
have been welded or not. Alternatively, you could display different colors showing what has passed 
and failed inspection.  
 
This is a dramatic contrast with a text report, as shown in Fig.2. A text report would typically require 
about 10 pages to illustrate the same information displayed visually in a full color 3D diagram. 
Therefore, the visual method communicates the data in a much more intuitive way. It’s the same 
information, but it’s far more user-friendly. Furthermore, the 3D method is not just a static drawing. It 
is actually an immersive virtual world that can be “flown through” using the Autodesk Virtual Reality 
viewer application, Autodesk Navisworks. 
 
Navisworks is a cost effective program that is part of SSI’s complete solution because it enables 3D 
design review, customer review, supply chain collaboration, project scheduling and shop floor 3D 
applications. It works seamlessly with ShipConstructor due to the shared Autodesk Platform along 
with several tools that ShipConstructor incorporates for quickly gathering and sharing information. 
This information is comprehensive in that it includes all the object properties from ShipConstructor 
which are available in Navisworks at the click of a mouse. 
 
Even better, the integration works both ways because Navisworks users are able to navigate back to 
the original ShipConstructor drawing to make any required changes. This allows external non-CAD 
users to comment in the light weight Navisworks model and then have a CAD user take the 
appropriate actions on the model by directly opening the affected ShipConstructor drawing. The 
reason for emphasizing the normality of this in the context of a discussion of weld management is that 
some people think that creating and interacting with a visual representation of the weld progress 
requires some sort of special skills and tools. That is not true. With ShipConstructor extending the 
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AutoCAD foundation, it really makes the process very easy for anyone, even someone with no CAD 
experience, to create a visual representation model of welds. A workflow description shows how this 
can be done in just a few steps. 
 
The process is seamless. And, it should be noted that viewing these fly-throughs does not have to be 
done in an engineering office. A key advantage of utilizing Navisworks is that it allows viewing the 
model on tablet computers down in production. In Navisworks, ShipConstructor models can be 
viewed on commonly available tablet devices with the same fidelity as they can be displayed on 
desktop computers. In addition to navigating the model, this includes the availability of all properties 
from the ShipConstructor model and the ability to measure and control visibility of various portions of 
the model. Using tablet devices really makes the 3D solution accessible and available to everyone. 
 
12. Warranty / Faults 
 
Records for warranty and fault tracking are a requirement for some types of projects. Every 
aspect of the weld lifecycle is captured for future analysis. This includes who defined the 
weld schedule, the user/checker who approved the weld, the inspector, and even the welder. 
 
13. Conclusion 
 
In conclusion, there are many stakeholders involved in weld management, each with their own skills 
and knowledge. A modern weld management solution provides the right tool and context for each 
stakeholder to produce and consume information efficiently and effectively. That starts from Setup 
and carries on throughout the entire process. To make this possible, SSI has developed a weld 
management software application that works from one source of truth, is visual and interactive, and 
promotes quality at all stages by reducing the chance of errors. It is a complete solution for the entire 
lifecycle of managing welds in any project. 
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Abstract 

 
The paper describes progress in software and business solutions for advanced CFD applications. 
Adaptive grid algorithms are shown to be mature for industry applications, refining and coarsening 
grids in unsteady flow problems, e.g. for capturing free surfaces around ships, cavitation at 
propellers, etc. The “NUMECA on Demand” business model allows occasional users renting high-
performance computing hardware along with parallel CFD licenses to compute resource-intensive 
applications. Examples from marine applications and related industries serve as illustrations.  

 
1. Introduction 
 
To adapt [ə`dæpt]: vt make (sth) suitable for a new use, need, situation (Hornby (1974)). 
Adaptivity [ə`dæp`tɪvɪtɪ]: the ability to adapt. 
 
Adaptivity is an expression which is meant in several ways and applied to numerous disciplines. In a 
broader sense, adaptivity is the key to all live. It forms the basis of evolution. Today, it is widely 
accepted, that all species and organisms are advancing by permanently undergoing natural selection. 
This selection process usually leaves the choice of failing or passing. If an organism passes selection, 
it will incorporate the lessons learned, hence leading to a fitter and/or more intelligent organism. The 
ability to adapt to new situations, changing needs or altering conditions, is crucial for survival. Along 
these lines, new conditions and needs can also mean new flow conditions in a CFD simulation or 
changing customer demands when it comes to the commercial use of massively parallel hard- and 
software. Wherever the challenge for organisms, individuals, organisations or software codes comes 
from – adaptivity is the key! 
 
In the context of this paper, adaptivity is considered in two meanings and as a reaction to changes 
coming from two different disciplines: First, a technical or numerical one, and second a business one. 
Both areas cover techniques, procedures and business models of the most efficient usage of 
computational resources for CFD applications.  
 
Here, technical (numerical) adaptation means techniques and procedures of a most efficient usage of 
computational resources for CFD applications. Technical (numerical) adaptivity can be accomplished 
by adapting the numerical accuracy to the changing conditions of a converging (or non-converging) 
flow solution. Accuracy is expensive to achieve, let it be the scheme or the grid resolution. Therefore 
it makes a lot of sense to be as accurate as needed – but not more. In other words, being accurate only 
where it really matters. Good is good enough. Numerical accuracy is driven by a number of factors of 
influence. The grid resolution and the numerical scheme are two of these factors which are well suited 
for adaptivity.   
 
The commercial viewpoint is similar to the numerical one. Only use, provide and pay for what is 
really needed. The commercial aspect covers an adaptive business model where the user is no longer 
stuck with the traditional commercial license models. Software licenses are expensive resources, 
which are purchased or rented scarcely. In times of high workloads maxed out licenses are quite 
common, while in other times (or even in other departments within the same company) expensive 
software licenses are idling. The same holds true for the massively parallel hardware needed for high 
level CFD simulations. 
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The paper is structured in two parts. The first part covers the CFD flow solver incorporated in 
FINE™/Marine and the adaptive grid refinement algorithm illustrated on a number of practical 
examples. The second part describes the commercial adaptivity in terms of intelligent hardware 
allocation and license management.  
 
2. Adaptivity – The Technical One 
 

• General Considerations 
Adaptivity always works via two pivot elements. First, there is a driver or trigger, which 
might be an event, circumstance or change initiating the adaptivity. The trigger is secondly 
followed by a procedure or scheme reacting on the trigger and adapting the organism, 
software code or business model to the changed boundary conditions. 

 
How to apply adaptivity to CFD? The global objective of each numerical scheme is to obtain a 
sufficiently good overall result with the least computational effort. Numerical adaptivity in CFD 
describes techniques and procedures to adapt the local accuracy and/or resolution of a flow 
solution only in regions where it matters. In simple words, this means for mesh adaptation that the 
mesh should only be refined where high flow gradients call for a high mesh resolution. 
Consequently, the mesh should be coarsened in flow regions without serious gradients. Therefore 
the most efficient use of a given number of – computationally expensive – mesh cells can be 
ensured. But how does the CFD code know, how accurate it has to be at which location? It is the 
gradients that matter. For one, gradients can be spatial gradients, e.g. regions in the flow field 
where severe changes in the flow quantities take place within a very limited spatial region. 
Examples for high spatial velocity gradients are the boundary layer around the ship hull or on the 
propeller blades, where the flow velocity changes from zero on the wall to full speed within a very 
small distance. Another quite dominant flow gradient in free surface flow is the density gradient at 
the position of the free surface. Between water and air the density varies approximately by a factor 
of thousand. Pressure gradients linked to wave patterns are another prominent example of spatial 
flow gradients. Similar to spatial gradients, temporal gradients exist in unsteady flow fields. 
Examples are time dependent events such as impact investigations, or sliding grid propeller 
simulations.   

 
In general, when talking about numerical adaptation in CFD there are two different 
techniques, which can be employed either separately, combined or in different space and time 
combinations within the computational domain. The most influencing factors of numerical 
accuracy are the mesh resolution and quality and the order of the numerical scheme. 
Consequently, the numerical adaptivity uses these two key factors in order to improve or 
reduce the local accuracy. In most people’s mind, adaptation mainly refers to refinement. But 
it is worthwhile mentioning that adaptation also means de-refinement in regions or in times 
where a high resolution is not necessary.   

 
• Grid Adaptation 

Grid adaptation works by modifying the numerical grid, hence the local resolution of the 
discretization scheme according to the needs – the gradients of the flow as discussed above. 
There are two different methods for grid adaptation: 

 
1. Adaptation of the mesh refinement by redistribution, also called r-adaptation, Fig. 1. 

Here, the mesh distribution is modified in accordance with the flow gradients. The num-
ber of mesh nodes as well as the mesh topology and the connectivity remain unchanged. 
The redistribution is achieved by moving grid points or lines around, following the flow 
gradients. This method is in general somewhat limited, since a refinement in one area 
may result in excessive coarsening in another. An advantage is that r-adaptation can in 
principle be applied for structured grids also, while most other methods only work for 
unstructured grids. Grid quality however, might be difficult to control or maintain. 
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Fig.1: Example of simple r-adaptation, CFD Online (2012) 

 
2. H-adaptation adds or removes mesh points. The overall number of nodes usually 

(although not mandatorily) changes. The node distribution and the mesh topology are 
altered in any case. Various strategies exist for h-adaptation. Simple procedures subdivide 
cells, more complex strategies insert or remove or cells, Fig. 2. In general, h-adaptation 
only works on an un-structured level, let it be the overall mesh, or – in case of structured 
meshes – the block arrangement. 

 

 
Fig 2: Example of h-adaptation, Mevis Research 

 
• Scheme Adaptation 

Adapting the resolution of the numerical scheme to the flow gradients can also be achieved by 
changing the polynomial order of the numerical scheme. Most CFD solvers available today 
are (theoretically) second order in space. However, hardly anyone reads the small print in the 
ads, saying that this only holds true for smoothly varying grids. And most practical grids are 
definitely not smoothly varying. The adaptation of the numerical scheme is also called p-
adaptation. When p-adaptation kicks in, the resolution of the numerical scheme is increased 
from second order to higher orders. Consequently scheme “coarsening” can be accomplished 
by reducing the order to one. 

 
• Combined Adaptation 

Mesh and scheme adaptation procedures can also be combined. These techniques are then 
called e.g. hp-adaptation. 

  
2.1. CFD System FINE™/Marine 
 
All applications of technical adaptivity presented in the frame of this paper are performed using 
FINE™/Marine, a marine specific CFD system by NUMECA International S.A. FINE™/Marine is a 
complete CFD tool chain, described e.g. in Visonneau et al. (2012). It incorporates the following 
modules: 

1. Mesh generator HEXPRESS™: A full hexahedral unstructured mesh generator, which is 
capable of solver driven mesh refinement and coarsening (h-adaptation). It features body 
fitted meshes with a high quality boundary layer resolution. Grid refinement and coarsening, 
during the initial generation process as well as in later adaptations is achieved by means of 
hanging nodes, Fig. 3. An example of a HEXPRESS™ mesh of ship hull appendages system 
is shown in Fig.4. 
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Fig 3: Hanging Node, Mevis research 

 

  
Fig.4: HEXPRESS™ mesh 

 
2. Flow solver ISIS: The flow solver inside FINE™/Marine is a steady and unsteady 

incompressible free-surface RANS-Code (Reynolds-Averaged-Navier-Stokes) presented in 
detail by Duvigneau et al. (2003), Queutey and Visonneau (2007). The spatial discretisation 
of the transport equations is accomplished by a finite volume method. The velocity field is 
obtained from the momentum conservation equations and the pressure field is extracted from 
the mass conservation constraint, or continuity equation, transformed into a pressure equation, 
Schrooyen et al. (2014). Pressure-velocity coupling is obtained through a Rhie & Chow 
SIMPLE type method. No specific requirements for the topology of the cells are imposed. 
The grid can be completely unstructured and cells with an arbitrary number of arbitrarily-
shaped faces are accepted. In the usual case of turbulent flows, additional transport equations 
for turbulent entities are introduced. Several turbulence models ranging from relatively simple 
one-equation Spalart-Almaras to advanced EARSM (Extended Algebraic Reynolds Stress) 
models, Duvigneau et al. (2003), are implemented. Free-surface flow is represented by a VOF 
(Volume of Fluid) technique with an interface capturing approach. Both non-miscible flow 
phases (air and water) are modelled through the use of a conservation equation for a volume 
fraction of phase. The free-surface location corresponds to the iso-surface with a volume 
fraction of 0.5. To avoid smearing of the interface, the volume fraction transport equations are 
discretized with a specific discretization scheme, which ensures the accuracy and sharpness of 
the interface, Queutey and Visonneau (2007). Furthermore, the flow solver features 6 DOF 
motion for the simulation of freely moving ships, Leroyer and Visonneau (2005). Parallelisa-
tion is based on domain decomposition. 
 

3. Flow visualisation system CFView™: This system incorporates also marine specific plug-ins. 
The visualisation of characteristic features such as wave patterns, the free surface, wetted 
surface as well as the calculation of forces, momentum and angles is done by a mouse-click. 
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2.2. Adaptive Grid Refinement 

FINE™/Marine incorporates adaptive grid refinement (AGR). When a flow simulation with adaptive 
grid refinement is launched, the refinement procedure is called every n time steps in order to keep the 
grid adapted to the evolving flow solution. Usually, the flow solver is first run on the initial mesh for a 
given number of times steps, after which the adaptation algorithm is activated. The existing flow 
solution is then evaluated and in case one or several adaptation criteria indicate the mesh is too coarse 
at certain locations, the cells in question are then refined, or cut. The flow solution of the previous 
step is then interpolated on the refined (=adapted) grid and the flow solver continues for a given 
number of iterations. Thereafter, the adaptation procedure is called again, and the adaptation criteria 
are applied. In addition to the first step, all further adaptation steps do not only have the option to 
refine, but also to de-refine, meaning that earlier refinement steps can be undone. This cycle is then 
repeated a number of user defined time steps. This technique is described in more detail e.g. in 
Wackers et al. (2010a,b,2011). It is designed with a broad range of applications in mind and written in 
an as general way as possible, Visonneau et al. (2012). To ensure an equal processor load even with 
adapting meshes, the newly created cells are distributed automatically between the partitions by the 
flow solver. Hence the total number of cells on each processor is comparable and an efficient usage of 
all processors is achieved. Several refinement criteria are available and can be selected separately, 
combined or in succession of each other according to the task at hand. Examples are:  

• Free surface criterion, Fig. 5: This criterion refines close to the free surface. Since the free 
surface is clearly characterised by the gradient of the volume fraction normal to the surface, 
the refinement is employed to refine the grid in the direction normal to the surface only. In 
large regions of the flow domain this directional (= anisotropic) refinement will be applied in 
order to keep the number of additional grid points as low as possible. The resulting zone of 
directional refinement includes the undisturbed water surface, as well as smooth wave 
patterns. Only in cases where the free surface seriously deviates from the main grid 
directions, such as breaking waves, isotropic refinement is used, Wackers et al. (2010a). 
 

 
Fig.5: Directional and isotropic refinement at the free surface, Wackers et al. (2010a) 

• Gradient criteria: A second group of refinement criteria is based on the absolute values of the 
gradients of solution quantities in each cell. These criteria detect the regions where the flow 
field changes rapidly; they react to most features of a flow and are thus more general than the 
free-surface criterion. Also, they are obviously not restricted to the vicinity of the free surface 
and can refine in the whole computational domain. Three gradient criteria are available in 
FINE™/Marine. 

1. Pressure gradient 
2. Velocity gradient 
3. Vorticity gradient 

 

• Hessian based criteria: This criterion works with the second spatial derivative of the pressure. 
It is a very robust refinement criterion, yielding good results for a variety of applications. In 
contrast to velocity based gradients, it does not introduce any unnecessary refinement into the 
already refined boundary layer, Wackers et al. (2014). 
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The effect of mesh adaptation is nicely visible in Fig. 6, showing an impacting cone probe, the 
splashing scheme and the adapted mesh. 

The efficiency of adaptive mesh refinement is highlighted in Fig. 7. In this case, the adapted mesh has 
only about 40% more cells than the initial mesh, still the surface wave pattern is considerably more 
detailed showing features which do not appear in the original mesh. 

 
Fig. 6: Impacting probe and adapted mesh 

 

 
Fig. 7: Wave pattern without (top) and with (bottom) mesh adaptation 

Numerical experiments have shown, that similar or even better resolution of flow features can be 
obtained on properly adapted grids, having not even a fifth of the mesh count compared to a fine mesh 
without adaptation. 
 
2.3. HPC – and Parallelisation 

High level CFD simulations in the maritime field are challenging due to numerous computationally 
very expensive features. Examples are: 

• 6 Degree of Freedom (DOF) simulation for arbitrary movements of multiple bodies 
• Wave breaking and splashing 
• Full unsteady simulations and sliding grid computations of rotating propellers 
• Acceleration and dynamic positioning 
• Seakeeping and self-propulsion 
• Optimisation 

Obviously, these tasks, despite all the artful programming of intelligent features which increase the 
efficiency of computations, call for extreme computing power. Even relatively simple resistance 
calculations – the bread and butter business of maritime CFD – should be finished in less than one 
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hour. At least, this is what is on the naval architect’s wish list. So, High Performance Computing 
(HPC), and along with it, parallelisation is key.  

Full (or more realistically nearly full) and automatic parallelisation is therefore a highly important 
property of a CFD code. But parallelisation of adaptive grids is not obvious. In non-adaptive 
calculations, usually a domain-decomposition is performed before the computation is initialised. The 
decomposed regions (partitions) of the grid are then distributed over the available cores, which may 
even have different individual performances. The number and size of the decomposed regions depend 
on the number and performance of the computing nodes. Each domain is then put on one core. The 
communication is ensured by parallel libraries, which in the case of FINE™/Marine is MPI (Message 
Passing Interface). When it comes to adaptive grids, the initially decomposed regions will not remain 
constant in size. The refinement (or coarsening) algorithm will alter the number of nodes in one 
partition. Keeping the original decomposition constant, would mean a severe degradation of 
computational performance due to load imbalance between the processors. Image one region having 
five times the number of nodes would still run on the same type or number of cores as smaller 
regions. So, a new decomposition and redistribution over the parallel hardware will become necessary 
after each adaptation step. In FINE™/Marine the grid refinement is capable of dealing with massively 
parallel hardware. It includes an automatic dynamic load balancing which redistributes the refined 
grid over the already allocated cores when some regions have been refined or coarsened. 
 
3. Adaptivity – The Business Perspective 
 
3.1. General Considerations on Speeding Up CFD Simulations 
 
CFD is certainly one of the CAE disciplines which require the highest level of numerical effort. This 
holds true despite of all the intellectual effort put into the coding of highly efficient numerical 
schemes, such as adaptive grids, pseudo time stepping, predictor-corrector algorithms and the more. 
Therefore high hardware requirements are quite common in the maritime CFD environment as shown 
in section 2.3. It is in this region of the highest hardware demands where Moore’s law, predicting a 
doubling of processor performance every 18 months started to lose momentum around 2003. The 
loophole out of this dilemma is parallelisation. The computational problem is no longer tackled by 
one single processor, but by many instead. Many can mean several hundreds or even thousands. In 
exceptional cases Large Eddy Simulations (LES) of a towing tank model ship on 200.000 cores have 
been successfully demonstrated, Nishikawa et al. (2013). 
 
Parallelisation, also called High Performance Computing (HPC), is based on two pillars: 
 

1. A hardware architecture providing a sufficient number of processors. 
2. Software which is capable of running efficiently on these many processors.  

 
In this context efficient means scalable. No software ever will run ten times as fast on ten processors 
as it does on one, although this should be the objective. In this case one would already talk of good 
scalability, if it would run something like eight times faster than on a single processor, ideally 
maintaining this ratio independently of an increasing number of cores. One of the reasons for this non-
perfect speed-up is that some parts of the software cannot be parallelised while other parts need to do 
the communication between the processors. By using Amdahl’s law, Amdahl (1967), it can easily be 
demonstrated that even small portions of the software code, which are not running in parallel, will 
lead to a seriously limited maximum speed-up, which will be asymptotically reached with increasing 
processor number, but never exceeded, Fig. 8. 
 
To makes things worse, usually the scalability will go further down when the processor count 
increases, due to the decreasing volume-to-surface ratio of the single partitions running on each core. 
More cores mean smaller partitions. The volume of the partitions (= problem size) drops by one over 
the power of three, while the surface (= communication size) only goes down by one over square.  
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In any case, if future CFD requirements are to be met, users will find themselves in a situation where 
they have to invest in large hardware and, in case of commercial CFD codes, also in licenses. How 
can be guaranteed that these investments will pay off? 
 

 
 

Fig. 8: Amdahl’s Law – Maximum speed-up as function the parallel portion of a software code 
 
3.2. Adaptivity as a Business Model 
 
As for the numerical adaptivity, the business adaptivity works in a very similar way. Again, there is a 
driver or trigger, which initiates the process of adaptation in order to match the resources to the 
expected outcome. When the trigger kicks in, a procedure or scheme reacts on the trigger and adapts 
the business model to the changed boundary conditions. Now, what is the trigger, or changed 
boundary conditions and how does the adaptation mechanism look like? 
 
Nowadays the use of especially powerful, but also very costly computational resources in industry and 
academics is standard. In a traditional business model these resources will be bought once, are 
completely to be maintained during their useful life span and disposed of thereafter. Apart from the 
costly disposal, the business model for licenses of commercial software is not much different. This 
traditional business model makes perfect sense, if a constantly high usage of both, licenses and 
hardware, can be ensured. But if this is not the case, maintaining huge computers and a large license 
pool becomes uneconomic. Buying computer hardware and licenses will also tie up huge amounts of 
capital and human resources. Again, as in numerical problems, adaptivity is the solution. The 
hardware as well as the licenses should be provided only in times when they are needed. Although 
this option seems obvious and not very new at first it has hardly been applied before.  
 
What do you do with a 2000 core cluster when you do not need it? Shutting it down and mothballing 
it is probably not an option, if you might need it unexpectedly tomorrow, when model tests have 
shown that you need to optimise your hull design. Also, the 2000 cores and other hardware 
architecture are perishable goods. They have a “best before” date stamped on them. So, better use 
them now. Also scalability is an issue. You may use 2000 cores occasionally, but only 200 
permanently.  
 
In terms of software things are quite similar. You cannot stop paying for annual software licenses just 
because your CFD team goes to summer holidays. On the opposite side, shortly before the year ends 
there is usually a peak load, where you might need three times the normal license volume. Usage or 
non-usage is clearly the trigger of business adaptation. Now, how to realise it? 
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One viable avenue is to employ an external provider. The self-evident question then is, why should an 
external provider be capable of dealing with fluctuating demands better than oneself? The high 
volume of these requests with which an external provider has to deal is the key. One strongly 
fluctuating demand might be a problem for a company, but hundred fluctuating request are standing a 
good chance of leading to a solid average load with only small seasonal deviations. One single 
company (or individual, or academic institute) may need 2000 cores for a couple of weeks, which are 
then on idle for next few months, ready to be used by another client. An external provider who deals 
with several dozens or hundreds of clients then profits from an averaging effect. It is statistically 
highly unlikely that all his clients have their up- and downtimes at the same time. While one 
company’s cores might go idle, they will soon be picked up by another one, who has a peak demand. 
Clearly, the provider will need a certain overhead which increases the cost slightly, but in total it will 
be less expensive for his clients than maintaining their own hardware which runs with a much smaller 
load factor than the provider’s. What has been said for the hardware works out just the same for the 
software. Ideally, hard- and software will be coupled. They are only employed together and there is no 
need to have a 2000 parallel license sitting around, when your cluster only features 200 cores. 
 
Key issues of this concept are of course security and availability on very high levels, but this can be 
accomplished. Equally important are high computational performance and a transparent scheduling 
and workload sharing. CPU 24/7 is one such provider who offers hard- and software as a bundle. Due 
to many years of experience and expertise, CPU 24/7 is very conscious about the special requirements 
of on-demand licensed computing power resources (HPC On Demand), in particular for CAE 
applications for industrial or high level academic purposes. In parallel to the computer hardware, an 
intelligent and adaptive license management, which enables a tailored license usage, is desired. The 
“NUMECA On Demand” concept, Fig. 9, combines arbitrarily scalable HPC resources with an on-
demand license management for FINE™/Marine.  

  
Fig. 9: “NUMECA on Demand” @ CPU 24/7 

 
3.3. Putting Adaptive HPC Resources into Practice 

Since 2006 CPU 24/7 has been offering on-demand computing power resources and provides custom-
made and dedicated HPC systems and capabilities with a completely pre-configured, secure and easy-
to-use remote simulation environment. This is realised as an all-inclusive package taking in the HPC 
instance on bare metal servers with related CAE applications such as FINE™/Marine. A competent 
hot-line technical support, sufficient and flexible storage and broad band data traffic are the 
ingredients to make this concept viable for CAE users. 

HPC On Demand has become primarily of interest to those companies, struggling to cope with budget 
restrictions and a fluctuating demand for computing and licensing capacity. Investing in their own 
HPC clusters is very cost-intensive, binds valuable capital and expertise as well as requires the 
services of staff whose skills and capabilities are not central to a company’s core business activities. 
For such investments in order to remain profitable, it is essential that all available capacity is 
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constantly being utilised. If this is not the case, renting the access to High Performance Computing 
capacity instead of binding one’s capital in a complex IT infrastructure and a large license pool might 
be the smarter option. 

It is the temporary, dynamic aspect that makes HPC On Demand so attractive. One advantage of 
acquiring access to HPC resources for a specified period, for example for a particular project, is that it 
involves paying only for the capacity and for the duration of the computing services that one actually 
requires. HPC remote resources are available either as flexibly and online bookable (Fig.9) computing 
capacities (Resource Area) or also as continuous state-of-the-art HPC systems geared to one’s 
individual needs (Tailored Configurations). In both cases, it is possible to handle the resources due to 
a cluster management system respectively a job queueing system. This ensures an efficient use 
considering a dynamic change of hardware requests like number of cores, main memory etc. due to an 
adaptive resource management. An important aspect is the right setting of several system parameters 
in the queuing system which is a service from the resource provider. This basic concept fulfils the 
requirements regarding dynamically changing job characteristics as for example during the adaptation 
steps of a CFD code. 
 

3.4. License Management 

The HPC power is just one part of the equation which is necessary for up to date numerical 
simulations. The second pillar is the CAE software, which is usually licensed, let it be a commercial, 
in-house, or even your personal version of an open source code. The standard business model during 
the last years was fixed license contracts over a period of several months or years. Such a static 
license model does not follow a dynamic and “On-Demand” use of HPC resources and can also 
hinder the handling of adaptive simulation procedures. Imagine your license features 64 parallel cores, 
which are fully used at the initialisation of a CFD simulation. Soon, the first adaptation step kicks in 
and calls for a refinement of certain regions. The job is then automatically re-launched, starting with a 
fresh decomposition, which would be optimal only for a higher core count, if – your parallel license 
feature would not be exhausted! 

As a response, NUMECA now provides a dynamic and adaptive licensing model which enables the 
user to get the licenses he needs spontaneously and tailored to the real demand. If more features, such 
as parallel cores are needed, they will be automatically provided, respecting a user-defined upper (or 
lower) threshold. 
 
3.5. Commercial Considerations 
 
Also commercially some fresh thinking is needed. The traditional steps of a commercial sales process 
starting with a quotation, followed by a purchase order, the delivery and finally an invoice do not fit 
anymore to a dynamic allocation of hard- and software. Instead, the user books the required resources 
of hard- and software on-line, at completely transparent costs. The entire allocation, technically as 
well as commercially is completed with a couple of mouse-clicks within 10 minutes, Fig.10. 

Fig. 10: Time sequence of HPC allocation 
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4. Conclusion 
 
The paper describes the benefits of adaptation for maritime CFD applications. In particular the mesh 
h-adaptation driven by various gradient based criteria is discussed. A showcase demonstrates that with 
only a moderate increase in mesh cell count, a substantial improvement in the quality of the results 
can be achieved. However, adaptivity can not only be applied to numerical problems, but also is a 
viable concept if utilized in a business perspective. Hardware as well as software licenses are 
traditionally purchased in a static business model, which is non-reactive to a fluctuating demand. The 
“NUMECA on Demand” approach offers a flexible and demand-driven way to allocate computational 
resources in a tailored way, according to the task at hand. The challenges of aligning adaptivity 
concepts, the numerical and the business ones, have been addressed. In combination, numerical and 
business adaptivity offer the potential to achieve the high requirements of full featured maritime CFD 
at a fraction of the cost of the traditional approach. 
 
5. Acknowledements 
 
The authors are very grateful to Volker Bertram, DNV GL, who constantly motivated and challenged 
the NUMECA and CPU 24/7 teams to pursue the goal of this work.  
 
References 
 
AMDAHL, G.M. (1967) Validity of the single processor approach to achieving large-scale compu-
ting capabilities, AFIPS Conf. (30), pp.483–485 
 
CFD Online (2012), http://www.cfd-online.com/Wiki/Mesh_adaptation 
 
DUVIGNEAU, R.; VISONNEAU, M.; DENG, G.B. (2003), On the role played by turbulence 
closures in hull shape optimization at model and full scale, J. Marine Science and Technology 8/1, 
pp.1-25 
 
HORNBY, A.S.; (1974) Oxford advanced learners dictionary of current English, Oxford University 
Press, p.10 
 
LEROYER, A.; VISONNEAU, M. (2005), Numerical methods for RANSE simulations of a self-
propelled fish-like body, J. Fluid & Structures 20/3, pp.975-991 
 
MEVIS RESEARCH, http://www.mevis-research.de/~tp/LargeScaleFE 
 
NISHIKAWA, T.; YAMADE, Y.; KATO, C. (2013), Fully resolved Large Eddy Simulation as an 
alternative to towing tank resistance tests – 32 billion cells computation on K computer, 16th 
Numerical Towing Tank Symposium (NuTTS), Mülheim 
 
QUEUTEY, P.; VISONNEAU, M. (2007), An interface capturing method for free-surface hydrody-
namic flows, Computers & Fluids 36/9, pp.1481-1510 
 
SCHROOYEN, I.; RANDLE, K.; HERRY, B.; MALLOL, B. (2014), A Methodology for quick and 
accurate CFD calculations of self-propelled ships using sliding grids and dynamic RPM control, 13th 
Conf. Computer and IT Appl. Maritime Ind. (COMPIT), Redworth, pp.49-59 
 
VISONNEAU, M; QUEUTEY, P; DENG, G.B; WACKERS, J; GUILMINEAU, E; LEROYER, A; 
MALLOL, B, (2012), Computation of free-surface viscous flows around self-propelled ships with the 
help of sliding grids, 11th Conf. Computer and IT Appl. Maritime Ind. (COMPIT), Liege, pp.344-358 
 
WACKERS, J.; AIT SAID, K.; DENG, G.B.; MIZINE, I.; QUEUTEY, P.; VISONNEAU, M. 
(2010a), Adaptive grid refinement applied to RANS ship flow computation, 28th ONR Workshop on 



405 

Naval Hydrodynamics, Pasadena 
 
WACKERS, J.; DENG, G.B.; VISONNEAU, M. (2010b), Tensor-based grid refinement criteria for 
ship flow simulation, 12th Numerical Towing Tank Symp. (NuTTS), Duisburg 
 
WACKERS, J.; DENG, G.B.; VISONNEAU, M. (2011), Combined tensor-based refinement criteria 
for anisotropic mesh adaptation in ship wave simulation, ADMOS 2011, Paris 
 
WACKERS, J.; DENG, G.B.; GUILMINEAU, E.; LEROYER, A.; QUEUTEY, P.; VISONNEAU, 
M. (2014), Combined refinement criteria for anisotropic grid refinement in free-surface flow 
simulation, Computers & Fluids 92, pp.209–222 



 406

A Complete CAE Process for Structural Design in Shipbuilding 
 

Jan Stilhammer, Altair Engineering, Cologne/Germany, stilhammer@altair.de 
Christian Steenbock, Altair Engineering, Hanover/Germany, steenbock@altair.de 

 Michael Bohm, Nobiskrug, Rendsburg/Germany, michael.bohm@nobiskrug.com 
 

Abstract 
 

This paper describes how the Altair HyperWorks platform can cover the whole structural design 
process within one environment. It highlights the different phases including current problems and 
challenges and how they can be met. The semi-automated process-set starts with the creation of the 
global model from hull and the general arrangement plan for analysis of the basic design. For 
detailed FEM analysis based on CAD data (e.g. AVEVA Marine), a direct combination of geometry 
and meshing tools allows building connected shell models without the need of unnecessary tied 
contacts and ensures to integrate design changes during the whole process. Furthermore, the paper 
gives an overview how you can use optimization technology throughout the design process in order to 
reduce design iterations and help making decisions.  

 
1. Introduction 
 
We are considering various structural design phases in shipbuilding, Fig. 1. In the following, it will be 
described how the whole process chain could be covered with Altair HyperWorks: 
 
Altair HyperWorks Desktop is an integrated user environment for modeling and visualization. It can 
be used to pre-and post-process finite element and multi-body dynamics simulations as well as to 
manage and visualize simulation and test data. The following applications are part of the HyperWorks 
desktop framework: HyperMesh, MotionView, HyperView, HyperGraph, MediaView and TextView. 
The applications interact with each other. For example, the view (rotations, pan, zoom) between 
clients can be synchronized, or time history animations are synchronized. The open environment 
allows various customizations of the user interface, report and process automation. 
 
Altair HyperMesh is a high-performance finite element pre-and post-processor for major finite 
element solvers, which allows engineers to analyse design conditions in a highly interactive and visual 
environment. HyperMesh’s user-interface supports the direct use of CAD geometry and existing finite 
element models, providing robust interoperability and efficiency. 
 
Altair OptiStruct is an industry proven, modern structural analysis solver for linear and non-linear 
structural problems under static and dynamic loadings. Based on finite-element and multi-body 
dynamics technology, and through advanced analysis and optimization algorithms, OptiStruct helps to 
rapidly develop innovative, lightweight and structurally efficient designs. 
 

 
Fig. 1: Overview of structural design phases in shipbuilding 
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After going through the different phases  
 

• Extracting 2D data + organization of decks and hull in 3D 
• Extruding walls, trimming geometry 
• 1D + 2D mesh 
• Assigning materials, properties, stiffness 
• Mass application 
• Load distribution 
• Definition of subcases 

 
a robust global FE model (GFEM) will be available. It will be ready for further evaluations, like 
 

• Integration of various submodels for detailed considerations (DFEM) 
• Various analysis types like normal modes, frequency response 

 
and could be used for arbitrary applications, e.g. certification methods or weld line evaluation.  
 
Three things that are driving the process introduced above are considered as the most important in this 
kind of development: The process is getting 
 

1. faster, 
2. more accurate and robust, 
3. cheaper  

 
Fast GFEM modelling offers options to optimize the basic design right from the start. Currently in 
many cases the initial design is estimated or taken from an existing ship. Setting up a totally new FE 
model is too time-consuming and therefore too expensive. Mostly these assumptions are very 
conservative and do not tap the full potential. Possibly required design changes are recognized late, 
producing unnecessary costs. 
 
Our approach is described as simulation driven design, i.e. construction and calculation are taking 
place in parallel from the beginning, Fig. 2. The progress compared to the traditional approach is 
obvious. Besides the advantages mentioned above, it offers totally new opportunities: A GFEM model 
could be used already in the contract phase to emphasize requirements and to encourage confidence 
between shipyard and customer. 

 
Fig. 2: CAE driven design 
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2. Global FEM Model (GFEM) 
 
In the following, the workflow from a 2D dataset to an executable 3D FEM model is described. 
 
2.1 Extracting data from 2D CAD files + organizing decks and hull in 3D HyperMesh database 
 
According to Fig. 1, the initial data is a 2D structure plan, Fig. 3. This data contains all necessary in-
formation like positions, grids, walls etc. Additionally there might be several individual sources for 
e.g. materials, sections or various thicknesses of plates, which could be summarized in a tabular 
format: 
 
 Height [mm] T_deck [mm] T_long. [mm] T_trans [mm] 
…     
Lower deck 5200 8 6 6 
Main Deck 8600 8 6 6 
…     
 

 
Fig.3: 2D structure plan 

 
The CAD file is imported and then all decks are automatically organized based on their position 
according to the hull. As far as possible in this stage, all properties and materials are assigned. The 
result is a CAE database containing a well-organized model based on the initial 2D data, Fig. 4. 
 

 
Fig.4: Organized database 
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Since there are always parts or details that do not follow such a structured organization, the user can 
influence or change the outcome manually at any phase. 
 
2.2 Extruding walls and creating 2D geometries 
 
The starting point for the next step is a set of 1D lines that are positioned according to their 
coordinates in the ship. 
 
A small tool guides the user through the various decks, extracting or creating surfaces for the floors 
and all walls. There might be positions where manual rework or additional parts are necessary which 
can be done at any time. The grid for the future longitudinal and transverse stiffeners is used to trim 
already existing surfaces. The result could look as shown in Fig. 5. Afterwards the hull has to be 
trimmed according to the positions of all frames and stringers, Fig. 6. 
 

 
Fig. 5: New 2D geometries in each deck 

 
Fig. 6: Grid pattern in the hull 

 
Finally all surfaces are stitched automatically, so that a future mesh does not have any gaps and no 
contact definitions are needed. This reduces the numerical effort especially for larger models. These 
two methods could be combined, e.g. the whole trimmed and connected deck structure could be glued 
into the hull. This is useful if deck and hull show different grid patterns. 
 
2.3 2D mesh 
 
As next step, the whole structure is meshed. The grid is part of the geometry i.e. an automatic mesh 
creation based on it should yield good results. To fulfill e.g. individual element criteria, HyperMesh 
offers several options to predefine these settings and consider them while meshing or adapting the 
mesh afterwards. During the whole process, geometry and elements are connected to each other so 
that modifications can be done on both levels. Fig. 7 shows a complete 2D mesh. 
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Fig. 7: Final 2D mesh of the deck structure 

 
2.4 Integration of frames, stiffeners and other 1D elements 
 
2.4.1 Deck structure 
 
In many cases, decks have installation levels, Fig. 8, where bigger frames, possibly with large cut-
outs, can be found. These frames are modelled via 2D elements, easily offsetting the height and 
extruding the flanges in the required directions. If necessary, a tool to automatically create the cut-
outs can be provided. Another best practice is to decrease the stiffness e.g. via the properties. 
 

 
Fig. 8: Exemplary installation levels below floors 

 
However, most profiles in the ship can be represented with 1D elements. In Fig. 8, this can be seen at 
the longitudinal frames in local z-direction. For that purpose, a library with all Holland profiles has 
been created, Fig. 9. If necessary other profile libraries can be used or created, of course. The library 
is used to assign the correct properties for all beam elements. The element creation and its orientation 
are done with the tools provided by the application. 
  

 
Fig.9: Extract from profile list 
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Fig.10: Stiffeners modelled with Beam-Elements 

 
Another detail in this context is the connection of pillars to the deck structure, Fig. 10. Spot 
connectors are used, providing a mesh-independent solution that ensures good element quality and 
flexible handling throughout the whole process. The connectors consist of a beam element and two 
RBE3 elements to distribute the forces to the adjacent nodes, Fig. 11. An advantage of using 
connector definitions is that all elements are defined as one entity. Thus the beam and all methods of 
joining the parts can easily be controlled and adapted at any time. All other minor grids (e.g. all pillars 
in the walls) will be mapped within the material and property, i.e. the stiffness values will be smeared 
to provide the correct global behavior. 
 

 
Fig.11: Exemplary pillar connection between decks 

 
2.4.2 Hull structure 
 
In general, the implementation of frames and stringers in the hull is identical to the one described in 
the previous chapter. But the directions and orientations of the frames are a bit more special since they 
are not as trivial as in the deck sections. 
The hull is a curved structure and the process has to ensure that all frames in the hull are following it. 
Therefore, a small tool is integrated into the process that orientates all 1D elements according to their 
normal position in the hull. At the end all beam webs are exactly normal to the adjacent hull elements, 
Fig. 12. 
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Fig. 12: Automatic positioning of 1D frames w.r.t. hull (3D element representation) 

 
2.5 Doors and holes 
 
Many structural elements have cut-outs for various reasons; the most obvious one is the need of 
installations holes. Some of them influence the structure such that they cannot be neglected. Within 
HyperMesh, several tools offer options to create such holes, but if useful many uniform holes can be 
created in one shot. Only the positions (center) and the basics dimensions (circle, ellipse) are 
necessary. A bit more effort is needed when adding doors. It is possible to create a door library and 
after defining the door’s position, the cut-out is created automatically. Additionally, door frames are 
modelled again using 1D elements, Fig. 13. 
 

 
Fig. 13: Door with surrounding structure 

 
3. Mass application 
 
Based on the use case, many mass applications might be possible. Here e.g. an equipment list gives 
information about additional masses and their positions. 
 

 
 

calculated / 
preliminary

approved / weighted

Bgr. Item No. Department Description
Weight-
budget

Weight Source
to be 

weighted
Weight Source lcg tcg vcg Xmin Xmax lcg tcg vcg

[kg] [kg] yes/no [kg] [m] [m] [m] [m] [m]

Rudder Stock PS 600.0 0 2.36 2.05 0.00 1413.00 1230.00
Rudder Stock SB 600.0 0 -2.36 2.05 0.00 -1413.00 1230.00

Lower Bearing PS / Trunk 400.0 0 2.36 1.87 0.00 942.00 746.40
Lower Bearing SB / Trunk 400.0 0 -2.36 1.87 0.00 -942.00 746.40

Rudder Skeg 303.0 0 2.36 2.00 0.00 713.57 606.00
Rudder Skeg 303.0 0 -2.36 2.00 0.00 -713.57 606.00

2210 Anchor PS 765.0 52.99 2.00 4.30 40537.35 1530.00 3289.50

relating to x=0, y=0 (P=+,S=-), z=0Component
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This list will be parsed and each mass will be modelled as an FE mass that is connected via an 
interpolation element with the subjacent floor, Fig. 14. 
 

 
Fig.14: Connection of mass element and subjacent floor 

 
The individual setup might require several other additional masses. Good examples are the weights of 
tanks/fuel, including various levels that have to be considered. This could be modelled by filling the 
tanks with solids. Alternatively, especially for frequency analyses (normal modes, frequency response 
analysis), the use of damping shell elements offers a simple workflow to respect different states. Fig. 
15 shows a tank with a certain fluid level. The eigenvalues illustrate the influence of respecting or 
neglecting the fluid in FEM. 
 

 
Fig. 15: Fluid mass will reduce eigenfrequency of the tank.  

FE model (left), with fluid mass (centre), w/o fluid mass (right) 
 
4. Mass distribution 
 
A very important topic is the compliance of the correct mass distribution which ensures that no 
undesirable effects e.g. due to bending moments in the FEM analysis appear. The mass target can be 
defined in many ways. It is possible to use detailed data from CAD or the current FE mass results can 
be compared with the water displacement and be adapted in order to achieve a better distribution. 
 
In the described workflow, target weights of each section have to be available in e.g. table format. 
Each section can be adapted by applying non-structural masses on specific elements. The application 
offers the possibility to distribute the additional mass steadily or based on individual, e.g. percentage, 
requirements. 
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5. Definition of subcases 
 
Finally the GFEM is fully set up. A first approach of getting an overview of the ship’s behaviour is to 
perform an analysis regarding sagging and hogging. After an automated iterative process to achieve 
equilibrium between water displacement and the ship’s mass, the two sinusoidal waterlines are 
positioned and the corresponding hydrostatic pressure applied, Fig. 16. 
 

 
Fig.16: Sagging and hogging subcases 

 
A first impression is given by checking the eigenmodes and frequencies; this analysis setup is 
included automatically: 
 

 
Fig. 17: Normal modes of GFEM 

 
6. Detailed FEM Model (DFEM) 
 
Based on the structural design phases, Fig. 1, detailed models of certain areas (DFEM) are created 
parallel to the GFEM. The best approach to integrate them into the GFEM is to interpolate the 
displacements of the interface zone and use them as boundary conditions in the DFEM. This 
interpolation is done automatically in the pre-processing or directly in the solver, Fig. 18. 
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Fig. 18: GFEM (left) and DFEM (right)with interpolated boundary conditions 

 
Independent from the used approach this offers a simple workflow to handle the GFEM during the 
whole process and integrate one or more DFEM models to perform more accurate evaluations without 
the need to create structural connections between the two models or change them, respectively. 
 
7. Further applications 
 
The described workflow offers a wide range of further applications. Some of them are introduced 
below, but the process can also be customized in many other directions. 
 
7.1 NVH analysis 
 
Continuative considerations like frequency response analyses (FRA) can easily be integrated. FRA is 
used to calculate the response of a structure to steady-state oscillatory excitation. Typical applications 
are noise, vibration and harshness (NVH) analyses of vehicles, rotating machinery, transmissions, and 
powertrain systems. It is easy to parse e.g. a table with load application, response points and the 
required frequency spectrum. OptiStruct provides a wide range of solver and post-processing 
capabilities to define and evaluate either modal or direct FRA for the whole structure. 
 
7.2 Design optimization 
 
In another step, applications for numerical optimization could be integrated. Currently the 
shipbuilding process is not really focussing on optimizing e.g. weight, mass or more detailed 
numerical values. Still the main challenge is to define the complex set of hull, deck arrangements etc. 
Potential for structural optimization comes out too late to be realized, but the simulation driven design 
process could offer a new approach concerning this topic, Dodkins and Goodwin (2011). 
 
Four key methods are integrated in OptiStruct: 
 

• Topology optimization 
• Free-size optimization 
• Size optimization 
• Shape optimization 

 
The first ones are mainly used to find new concepts via detecting areas that are structurally important 
and structurally redundant under a given set of loads, objectives and constraints. These types of 
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analyses typically can be found at the beginning of the design process. Topology and free-size 
optimization are mathematical techniques that produce an optimized shape and material distribution 
for a structure within a given package space. 
 
The rest is used for a more detailed optimization, typically during a later design phase: In size 
optimization, the properties of structural elements such as shell thickness, beam cross-sectional 
properties, spring stiffness, and mass are modified to solve the optimization problem. In shape 
optimization, the outer boundary of the structure is modified to solve the optimization problem. Using 
finite element models, the shape is defined by the grid point locations. Hence, shape modifications 
change those locations. 
 
7.3 Post-processing 
 
Post-processing has not been considered in detail so far. Based on commonly used certification 
methods, the process offers a lot of possibilities to implement them. One example might be buckling 
evaluation according to DIN18800, Fig. 19. The following steps would be implemented: 
 

• Selection of areas and definition of dimensions for single fields 
• Extraction of membrane stresses for each subcase 
• Calculation of buckling value according to certification 
• Plotting of areas based on these results. 

 

 
Fig.19: Definition of plate fields subject to buckling, DNV GL (2014) 

 
8. Conclusions 
 
Current challenges in the structural design phases in shipbuilding have been highlighted. Based on 
these assumptions, a process has been illustrated that guides the user through the different phases of 
building a GFEM model and additional DFEM integrations.  
 
Beside some necessary CAD or analytical input the whole workflow has been realized in 
HyperWorks, which makes the sequenced phases simpler, more efficient, therefore faster and cost 
saving. 
 
Tools to import and organize the initial CAD data into a 3D FEM database have been introduced. 
Automated processes were implemented to create and modify all kinds of structural 1D, 2D and 3D 
entities and customizable input data according to weight and load setup can be used.  
 
Finally a very robust FEM model was set up. Due to e.g. stitched surfaces to avoid unnecessary 
contact definition in the GFEM, the solver setup is straight-forward and design changes can easily be 
implemented. 
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Additionally right from the start the whole process is simulation driven, i.e. numerical analyses can be 
used to support the CAD design phase and vice versa. Changes and model updates can be integrated 
easily into the database.  
 
Even in the early contract phase, the fast setup offers additional flexible or totally new opportunities 
with respect to requirements and customer relationship that have not been available before. 
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Abstract 
 
This paper presents some of the tools of a Finite Element Analysis (FEA) system (Strand7) that can be 
used to model and analyse marine structures. It also discusses how routine and repetitive tasks can be 
automated so that the repetition is executed by the software rather than by human effort. This can, for 
instance, be done by using a programming interface (API). Strand7 offers a well-documented proce-
dural API, which does not require the user to have experience in object oriented (OO) programming, 
nor does it impose any particular programming language or development environment. The API can 
be used through traditional programming languages like Fortran, Pascal, and C, OO languages like 
C++ and C#, interpretative environments such as Python and Matlab, and even VBA inside an Excel 
worksheet. 
 
1. Introduction  
 
The use of simulation and analysis can reduce cost and time to market through optimized design 
cycles, less prototyping and reduced physical testing. In many companies Finite Element Analysis 
(FEA) is an integral part of the design cycle, which in today’s competitive markets needs to be as 
short as possible. Reducing the modelling and analysis time, while ensuring accuracy of results, is 
thus becoming more and more important.  
 
Although most FEA is still undertaken using a graphical pre/post-processor interface (CAD or other), 
some FEA programs offer the user a programming interface, the so-called API (Application 
Programming Interface). Such an environment can significantly increase the power of the FEA 
system, allowing for not only the customization of analysis types, but also the possibility of 
developing in-house tools for repetitive and time consuming tasks. Besides the automation of tasks, 
the API can also be used for structural design optimisation (Arkinstall and Carfrae, 2006), and for 
further post processing of analysis results. This could be related to code checking, or for performing 
fatigue or buckling calculations, for instance. 
 
Specifically, the Strand7 API offers the user the ability to interact with Strand7 via an external 
computer program. This provides the capability to completely bypass the Strand7 GUI (graphical user 
interface) to perform specialised functions including the generation of meshes, the execution of the 
solvers, and the extraction of results. As a procedural API, it does not require the user to be a 
computer programmer with years of OO experience. This is important in an office consisting of 
practicing engineers rather than professional programmers. And because the core of the API is a 
standard Windows DLL (dynamic link library), it allows the user to choose from a wide range of 
programming languages or development platforms from which to program it. This includes traditional 
programming languages (e.g., Fortran), object oriented languages (e.g., C++), and interpretative 
environments (e.g., Matlab). It can also be used through Excel’s VBA environment. 
 
In essence, the API can be used to execute one or more of the many functions offered by Strand7. 
This includes many of the modelling tools that can significantly reduce the time to model ship and 
marine structures in general. By integrating these functions within other programs, the API can be 
used to develop completely new applications. 
 
An objective of this paper is to give a brief overview of some of the relevant modelling tools that 
Strand7 offers for ship and marine structures. It will also show how time consuming and repetitive 
tasks can be automated through the API by describing the development of a tool that automatically 
checks typical stiffened panels, as found in ship structures, for buckling against a typical design code.  
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2. Ship modelling tools 
  
Strand7 offers dedicated tools for creating all types of monocoque structures. These can reduce the 
time it takes to create a Finite Element (FE) model of a hull structure, for example, including complex 
offsets. As the meshing phase is often a significant part of the FE cycle, a reduction in modelling time 
usually means a significant reduction in total design cycle time. The next sections illustrate how 
Strand7 tools can be used to generate a mesh of a ship hull in a fast and relatively easy way. Included 
are tools to define the offsets at each frame, automatic lofting between frames, automatic creation of 
longitudinal stiffeners and automatic extrusion of frames with riders. 
 
2.1. Initial mesh 
 
The first step in creating a FE model of a ship usually involves the import of a CAD geometry, 
Fig.1a. The geometry file of the hull surface, either as surfaces or as facets, can be imported into 
Strand7. If the geometry is composed of facets, i.e. three- or four-node polylines in programs such as 
AutoCAD, then these can be imported into Strand7 as plate elements via the AutoCAD DXF format. 
Alternatively, if one has the surface geometry, e.g. as NURBS surfaces, then these surfaces can be 
imported directly into Strand7 and the facets generated by Strand7’s automatic mesh generator. After 
importing the geometry and generating the facets, there is a basic surface onto which to construct the 
frames. If the structure is symmetric (e.g., about the longitudinal axis), half of the structure can be 
modelled, Fig.1b. This part can then finally be mirrored to obtain the entire structure. 
 

 
Fig. 1: Complete (a) and half (b) CAD geometry of a ship hull 

 
2.2. Offset lines 
 
In order to generate a structured surface mesh from this initial mesh, the offset lines at the required 
frame spacing need to be generated first. A plane slicing tool is used to automatically produce the off-
set lines that are defined as line elements, Fig. 2, and which are projected onto the surface of the hull. 
 

 
Fig. 2: Offset lines generated automatically using the plane slice tool 

a) b) 
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2.3. Lofting 
 
The offset lines can be used by the lofting tool to generate a structured mesh of the hull (Fig. 3). This 
tool also offers the option to automatically generate the cross beams (longitudinal stiffeners), which 
run orthogonally, Fig. 4, to the transverse stiffeners that are created from the offset lines. The 
generation of the hull mesh and the cross beams is all performed in one action. Continuing with this 
process, the entire hull can be meshed. 
 

 
Fig. 3: Lofted ship hull mesh 

 

 
Fig. 4: Longitudinal and transverse beam elements of the lofted ship hull 

 
The transverse stiffeners can also be used to create the transverse frames (plate elements) by using the 
‘extrude by thickness’ tool, Figs. 4 and 5. The basic mesh is now complete with plating, transverse 
and longitudinal stiffeners. The mismatch of the transverse stiffeners at the bottom of the hull, Fig. 5, 
can be adjusted with the fillet tool. 
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Fig. 5: Lofted ship hull mesh with plate elements representing the transverse stiffeners 

 
2.4. Beam alignment and offsets 
 
The cross section of the stiffeners, Fig. 6, can be defined either directly, or chosen from a cross- 
section library. By default the beam elements are not aligned with the plate elements. The alignment 
can be easily performed within Strand7 by using the alignment tool, which aligns the beams to the 
plates automatically. The full rendering of the beam cross-section makes it easy to verify the correct 
alignment. The beams can also be automatically offset from the hull plating, Fig. 7. 
 

   
Fig. 6: Rendered view of longitudinal stiffeners, represented by beam elements 

 

 
Fig. 7: Outer hull surface with stiffeners before (a) and after offsetting (b) 

a) b) 
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2.4. Generating substructure 
 
From the generated structure it is straightforward to construct substructures. As an example here, the 
top of the transverse frame is generated with a small number of plate elements, Fig. 8. The grading 
tool can be used to generate the fillets at the top left part of the frame, Fig. 8, while the edit element 
tool makes it fairly easy to reconnect the newly created top frame to the curved hull mesh, Fig. 9. 

 
Fig. 8: Graded top frame structure with fillet (marked) and transverse stiffeners 

 

 
Fig. 9: Graded top frame structure, hull, transverse frames and longitudinal stiffeners 

 
Fig. 9 shows the complete structure, consisting of hull, transverse frames and longitudinal stiffeners. 
In order to create the deck plating, the longitudinal stiffeners at the centre line of the ship can be 
extruded across the width of the ship to generate plate elements, using the ‘extrude by increment’ 
tool.  
 
Substructures can also be copied from other files. Once the model has been completed, it can be 
analysed using linear (e.g. static, buckling and natural frequency) or nonlinear solvers (e.g. static, 
quasi-static and dynamic). Hydrostatic loads on the hull can be automatically applied (e.g. outer 
surface of the hull) using an equation input, Fig. 10. 
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Fig. 10: Hydrostatic load applied to the ship hull 

 
The result can be analysed for displacements and stresses, or if needed for force and moment 
distributions. If an area of interest has a high stress distribution, one can create a sub-model of this 
region for a more detailed analysis (e.g. local buckling). For the global strength analysis of the 
complete ship, Strand7 offers an inertia relief solver so that an unrestrained model can be easily 
analysed. The results of a pitch connecting moment case are presented in Fig. 11. 
 

 
Fig. 11: Pitch connecting moment load case applied to the ship hull 

 
The next section looks at a computer code (using the API) that automatically generates different types 
of deck substructure and checks automatically for buckling. 
 
3. Finite Element Analysis automation and buckling check of a typical stiffened panel 
 
The objective of this section is to automate the procedure of buckling code checking for a typical 
stiffened panel, Fig. 13, according to naval standards provided by DNV (2010) and ABS (2004a). 
First, a simplified stiffened deck model will be built within Strand7 using shell/beam elements, and 
then a linear analysis of this structure subjected to typical compressive loads will be carried out. The 
deck will be subdivided into a number of grid panels, delimited by stiffeners and frames as the 
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boundaries of each panel. The stress output from the solver will be extracted and code checked 
against typical buckling limit stresses on a panel-by panel basis to determine the critical areas of the 
structure. Contours of the buckling state of each panel are available as well as Excel spreadsheets 
briefing the buckling checks for easy interpretation of the results.  
 
Performing all of these calculations manually can be a very tedious and time consuming task, 
therefore the entire procedure described above will be automated using the Strand7 API. The API 
allows for the automation of repetitive tasks such as code checking, by integrating the functions of a 
FEA software with a programming interface designed by the user. The VBA language in-built in 
Excel is used for the task, combining the capabilities of both Strand7 and Excel. The user interacts 
only through an Excel interface; all the commands are handled through VBA code inside Excel and 
passed to Strand7. Similarly, outputs from Strand7 are passed back to Excel. 
 

 
 

Fig. 12: Typical FEA workflow used to perform a buckling code check of a stiffened panel 
 
The typical FEA workflow for analysing a stiffened panel, Fig. 12, has been completely automated in 
order to allow for easy buckling code checking and optimisation of the structure. This automation not 
only reduces time and effort, but is also a less error-prone operation than a manual procedure. 
 
3.1. Automation of the pre-processing stage 
 
Marine structures such as decks or walls often consist of numerous stiffened panels. A typical 
stiffened panel can be seen in Fig. 13. Stiffeners in the panels are usually installed equally spaced, 
parallel or perpendicular to panel edges in the direction of dominant load, and are supported by 
heavier and more widely-spaced ‘deep supporting members’ (i.e. girders), ABS (2004a). The bending 
stiffness is increased by placing longitudinal and transverse girders and as well as stringers along the 
panel. Each of the stiffened panels can be further subdivided into plates; each of these comprises of 
stiffeners, longitudinal/transverse girders along their boundaries, and thin plating in between, Fig. 13. 
The nomenclature of the elements throughout the paper is according to this figure. 
 
Given the simplicity of the deck structure, the mesh creation can be fully automated based on a few 
input parameters, Table I, subject to the user’s choice in the Excel spreadsheet. This approach 
enhances the optimisation capabilities of the subsequent iteration procedure, allowing for sizing and 
topological optimisation of the stiffened panel. The deck plating is meshed using shell elements. The 
girders and stiffeners can be modelled using beam or shell elements. 
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Fig. 13: Sectional dimensions of a typical stiffened panel as defined by the ABS (2004b) 

 
Table I: Input parameters for the automated mesh construction of the stiffened panel 

Stiffened panel - Plating 
Dimensions 

Panel length 
Panel width 
Thickness 

Mesh size - 

Stringers / Longitudinal or 
Transverse Girders 

Shape Tee, Bulb, Flat 

Dimensions 

Depth 
Breadth 

Thickness 
Spacing between stiffeners 

Mesh size - 
 

 
Fig. 14: FE mesh of the stiffened panel and group structure automatically created with Strand7 API 

 
The mesh is automatically created based on the above input parameters. The VBA code runs through 
multiple loops creating the nodes and defining their coordinates. Subsequently, shell and beam 
elements are defined based on the created nodes. In addition, the elements are automatically 
organized into a group structure for user reference and also for further use within the buckling code 
check. Fig. 14 shows an example of a stiffened panel FE mesh, automatically built (some of the 
longitudinal and transverse girders are hidden for clarity). 
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Typical steel material properties and tee cross sections are used by default for the purpose of this 
demonstration. However, users are free to specify material properties or assign any material available 
in the Strand7 materials library. This can be done seamlessly in the Excel spreadsheet, Fig. 15.  
 

 
 

Fig. 15: Bill of materials (partial view) available within the Excel spreadsheet 
 
Typical compressive edge stresses are applied at the boundary edges as well as deck normal pressure 
(lateral loads). The stiffened panel is assumed to be simply supported along its perimeter. Regarding 
the buckling code check tool, only the compressive and shear stresses at the boundary of each 
component are important; therefore any boundary conditions or loading could be applied.  
 
3.2. Buckling code checking 
 
Several methods to assess buckling structural integrity can be used: e.g., buckling code checking, 
linear buckling analysis (eigenvalue problem), nonlinear static analysis, and physical testing provide 
different ways to tackle the same problem. The aim of this section is to automate the buckling code 
checking and stress extraction using the FEA results and the API functions.  
 
Typically, the code checking method is described in guides or standards such as the ABS (2004a) or 
the DNV (2010) buckling assessment guides. The main goal is to simplify and standardize the buck-
ling assessment via a step-by-step procedure. Linear stress analysis, either via a FEA software or by 
hand calculations, provide stress results to be checked and compared against buckling limits de-
scribed in the design codes. 
 
The first and often most complicated task is finding and classifying the different plates in the FE 
model. The FE mesh has to be assigned into different groups describing the different components of 
the stiffened panel as shown in Fig. 13. This stage was already accomplished as the mesh was 
automatically created and assigned into different groups in Strand7.  
 
The second stage is to extract the appropriate stresses from the linear analysis to be post-processed. A 
number of assumptions have to be made when discretizing the continuum of the stiffened panels into 
a FE mesh, for example regarding the stress extraction and how to translate FEA results to stresses 
that can be used for the buckling checks, Fig. 16. Typically, the compressive state of each structural 
component of the stiffened panel may be assessed based on the compressive and shear stress at the 
boundary of each component as well as the lateral pressure load. Two different approaches are 
presented for obtaining the stress input for the buckling code checking. 
 
The third stage compares the compressive state of each panel based on the extracted stresses from 
FEA to typical buckling limits expressed in the ABS buckling assessment guide, ABS (2004a).  
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Fig. 16: Global-XX stress (ratio of the global XX stress over applied edge stress) at the mid-plane of 
the shell elements (a), and typical stress input for buckling code checking ABS (2004b) (b) 

 
3.2.1. Stress extraction 
 
Depending on the type of buckling check to be assessed (local buckling, torsional buckling, flexural 
buckling, etc.), the required stress input may differ. Nonetheless, given some assumptions the stress 
state at the boundary of each component usually suffices to describe the compressive state of the 
component. The stiffened panel components are the plating panels, the longitudinal stiffener web and 
flange panels, and the longitudinal/transverse girder web and flange panels. Each of them is automati-
cally recognised in the FE mesh and numbered as shown in Fig. 17 to be subsequently post-processed 
by the buckling check module. 

Fig. 17: Automatic recognition and numbering of each plating panel, longitudinal stiffener web and 
flange panels, and longitudinal/transverse girder web and flange panels. a) Top view, b) Side view 

 
Once the components have been identified, the stress extraction can proceed. Two different 
approaches have been implemented. The first one is based on directly extracting stress results from 
the FEA model at the boundaries of each component panel. The second one relies on extracting the 
forces from the Free Body Diagram (FBD) of the required component. The FBD is a special feature 
of the Strand7 post processing tools, which is very useful for design calculations. Based on the FBD 
the uniform compressive stresses, bending stresses and shear stresses can be extracted as well. 
 

1. Direct stress extraction 
 

Some assumptions have to be made according to the location of the stresses to be extracted, 
and the quantity to be extracted. Fig. 16b shows the acceptable primary loads and effects on 
the stiffened panel, which can be summarized as follows, ABS (2004b): 
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− Uniform in-plane compression, σax, σay. 
− In-plane bending, σbx, σby. 
− Uniform edge shear, τ. 
− Uniform lateral loads, q. 
− Combinations of the above. 

 
Therefore, the stress distribution from the FE mesh has to be extracted according to these 
limitations imposed by the code checking input. Several assumptions can be made from the 
point of view of the analyst at this stage; often the most conservative approach is to be 
chosen. 

 
Typically, the compressive stresses can be extracted from the outer perimeter nodes of each 
component panel. This is illustrated for plate panel no. 6 in Fig. 18, where the compressive 
XX-stress is contoured and graphed for the transverse free edges. For the longitudinal edges 
the normal stress is extracted (i.e. YY-stress). The shear stress at the perimeter of each 
component is extracted in a similar fashion. Although the buckling code check assumes up to 
linear compressive stress variation along the edges and equal values at both edges, it is 
obvious that the stresses from the FEA are often not linear and not equal at both edges. 
Assumptions such as extracting the average compressive stress, or extracting the maximum 
compressive stress and assigning a uniform distribution equal to this value can be made for 
these cases. On the one hand, extracting the most compressive stress can be quite 
conservative, especially when stress singularities are present in a model. On the other hand, 
average stress results avoid this issue but cannot be generally regarded as a conservative 
approach. 
 

Fig. 18: Automatic extraction of compressive XX-stress along transverse edge of plate panel no.6 
 

2. Free body diagram extraction 
 

Another approach based on forces extracted from the FBD of the component, rather than 
direct stress results from the FEA model, has been implemented. Strand7 offers the capability 
of contouring and extracting the FBD of any element or group of elements in the mesh. 

 
The uniform in-plane compression, in-plane bending and shear stresses can be extracted 
based on the resultants of the free body forces of the perimeter nodes and the geometrical 
properties of the plate (thickness, length, width, etc.). Fig. 19 shows an example on how the 
algorithm extracts the stresses for the transverse edges of plating panel no.6. The main ad-
vantage of this method is that nodal equilibrium is always satisfied, whereas the direct stress 
extraction method is mesh dependant and can be disrupted by the presence of singularities in 
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the mesh. The FBD method directly extracts the in-plane compression and bending stresses 
separately as well. However, some assumptions still have to be made concerning the fact that 
the code checking assumes that opposite edges have the same stress state. 

 
Altogether, the stress extraction procedure interacts with the Strand7 API which allows 
extracting all the results quantities through VBA commands. The compressive stresses, shear 
stresses and lateral loads are automatically extracted along the boundaries of each component 
and they are conveniently stored for further utilisation in the buckling check module. 

 

Fig. 19: Automatic extraction of FBD and subsequent stresses along transverse perimeter of plate  
             panel no. 6 
 
3.2.2. ABS buckling and strength assessment 
 
The Buckling and ultimate strength assessment for offshore structures, ABS (2004a), guide has been 
used to demonstrate the buckling code checking capabilities. So far, different buckling and strength 
assessments have been incorporated to the code, including: Plate Panels Buckling State Limit, 
Ultimate Strength under Combined In-plane Stresses, Strength under Uniform Lateral Pressure, Local 
Buckling of Stiffener Web, Flange and Face Plate and Local Buckling of Girders. 
 
As reproducing all the formulae associated to the buckling and strength assessment would be 
impractical, the reader is referred to Section 3 of the buckling guide of ABS (2004a). The buckling 
and ultimate strength equations in the ABS Guide provide an estimate of the average strength of the 
components considered. Typically, the local buckling state of a component is regarded as not buckled 
if the following formula is satisfied: 
 

 
 
where the compressive and shear stresses previously extracted are compared and added up relative to 
the critical buckling stresses of the local component: 
 

• σx,max, σy,max, and τ are the maximum compressive stress in the longitudinal and transverse 
direction as well as the edge shear stress. These stresses are extracted from the linear static 
analysis in the Stress Extraction module. 

• σCx, σCy, τC are the critical buckling stresses for compression in the longitudinal and 
transverse direction as well as the critical edge shear stress. The critical stresses can be 
assessed according to the ABS guide; these usually depend on the aspect ratio of the 
component, thickness, boundary conditions, material properties, type of loading, etc. 
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• η is the maximum allowable strength utilization factor which depends on the loading condition of 
the offshore structure, type of structural component and the failure consequence. It can be seen as 
the inverse of safety factors. 

 
On the other hand, the strength assessment formulae are described in a similar fashion as per the 
following equation: 

 
 
where the compressive and shear stresses extracted from the linear analysis are now compared to the 
ultimate strength stresses in the longitudinal, transverse and shear directions. These are based on 
geometrical properties of the component, material properties, interaction between transverse and 
longitudinal loading, etc. 
 
Other buckling and strength assessments follow a similar structure and are described in ABS (2004a). 
The buckling and strength state of each of the stiffened panel components, as defined in Fig. 13, are 
automatically checked against typical standard buckling limits for plates using the API. The buckling 
and strength assessment pseudo code for a typical component (e.g., a plate panel) is given below: 
 

• Opening of the Linear Static Results. 
• Extraction of the adjustment factor according to utilization of the offshore structure. 
• Looping through all the equal components (e.g., For Plate Panel 1 to Plate Panel N). 

− Extracting the material and geometric properties of the component from the FEA model. 
− Assessing the ultimate buckling limits in the longitudinal, transverse and shear directions 

according to the extracted properties. 
− Calling the Stress Extraction Module. This will extract the longitudinal and compressive 

stress as well as the shear stress of the component from the results. 
− Assessing the buckling state based on the above extracted stresses and the buckling limits 

of the component. 
− Extracting, if required, additional material and geometrical properties for strength 

assessment. 
− Assessing the ultimate strength limits. 
− Assessing the strength state based on the above extracted stresses and the strength limits 

of the component. 
− Extracting the buckling and strength states into the spreadsheets. 

• Next Component. 
• Contouring the buckling and strength states according to the user’s choice. 

 
3.2.3. Results 
 
The stress extraction and buckling/strength assessment procedures lead to multiple buckling and 
strength state coefficients; one for every component analysed and type of assessment. All of these 
results have to be conveniently stored and finally presented to the user. The results are available in 
two different formats. The first being in the form of spreadsheets where the state of each component 
and type of assessment undertaken is written in typical Excel format; the second being contour plots 
of the state of each component through Strand7’s contour capabilities. The use of the API aids in this 
regard, facilitating the automation and extraction of an extensive amount of data which needs to be 
post-processed. 
 
The previous stiffened panel, Fig. 16a, was subjected to in-plane edge pressure loads as well as a 
lateral pressure load with simply supported boundary conditions. The geometric and material 
properties, loading and boundary conditions of the panel were arbitrarily selected but still physically 
coherent, being just a means for demonstration. 
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Fig. 20: Summary of local buckling state of each component and detailed view of local buckling  
             coefficients for each shell element 
 

 
The buckling and strength state of each component can be easily checked within the Excel 
spreadsheets. An example is shown in Fig. 20, where the local buckling state of all the components is 
automatically summarized into one spreadsheet. For further inspection (Fig. 20 outlined box), the 
precise utilisation factor is available in other spreadsheets for each FE plate of the model or for each 
component (a value below one means not buckled; one or above means buckled). 
 
The possibility to contour different results is readily handled through Excel. The results from the 
spreadsheets are transmitted and contoured in a Strand7 graphical window as user defined contours. 
For example, the local buckling state of all the components is contoured in Fig. 21. Regarding the 
local buckling utilisation of the components in this example, it can be seen that the outer plate panels 
have buckled (a factor slightly higher than one) whereas the central panels are still far off from the 
onset of buckling. Local buckling of such components is allowed in the Guides, if the structure is 
demonstrated to be capable of retaining stability as a whole. The buckling state of the flanges is close 
to zero due to its narrow dimensions and low in-plane loading of the flanges in this example. All the 
different buckling and strength assessments can be extracted and contoured in a similar way. 
 

 
Fig. 21: Local buckling state contour of all the stiffened panel components under edge load and lateral  
             pressure, panel simply supported. Top view (left) and isometric view (right) 
 
3.3. Optimising the stiffened panel buckling utilisation 
 
Finally, based on the buckling state results, an optimization procedure could be carried out to opti-
mise the buckling and strength utilisation of each component. This optimization loop may take into 
account topological parameters such as using different frame/stiffener sections or sizing parameters 
such as the stiffener/frame pitch, deck thickness, number of stiffeners per panel or assigning different 
material properties from the bill of materials. Using the API, the entire procedure described in this 
section can be repeated to obtain an optimal buckling and strength utilisation of the stiffened panel. 
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Abstract 

 
This paper reviews the state-of-the-art of the EconomyPlanner system which enables skippers to 
optimise cargo volumes and to reduce fuel consumption by energy efficient ship operation. The 
principle is based on collaborative data collection by inland ships. The development of the 
EconomyPlanner is commissioned by the European Commission and Rijkswaterstaat. The projects 
are carried out by a consortium consisting of knowledge institutes, waterway authorities and 
representatives of the inland navigation branch.  

 
1. Introduction 
 
The use of inland waterways can be optimized if real time water depths and clearance below bridges 
are known more accurately. For the projects MoVeIT and CoVadem a principle is developed for 
collaborative data collection by inland ships. On the basis of these data, individual ships gain access 
to real time river depth information.  
 
Real time and future water depth information can be used to maximize the cargo capacity and avoid 
grounding and collisions with bridges. During low water, Fig. 1, ships cannot be fully loaded and 
measures need to be taken in order to pass the critical sections on the route. On the other hand during 
high water levels, the air clearance under bridges becomes important, Fig. 2. 
 

 
Fig. 1: Low water in the river Rhine, Rijkswaterstaat 2011 photo GPD 

 
The principle of sharing information is also used in car navigation systems for many years. As you 
drive with a navigation device, you generate location data. This data on your device is anonymous, 
aggregated and redistributed, to make everyone journeys faster and more predictable. The 
EconomyPlanner system enables individual inland ships to share existing sensor data like GPS, 
loading gauge and echo soundings with a server on shore. These data has to be processed for the 
generation of a real time local water depth chart. Data processing involves intelligent water level 
predictions and advanced trim and squat calculations. 
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Fig. 2: Cargo too high, source: Waldnet 

 
2. The EconomyPlanner system 
 
In general, the EconomyPlanner integrates both current and upcoming water depth information in 
order to provide the best possible voyage information and planning in terms of economy, environment 
and efficiency. Fig. 3 shows the basic functionalities of the EconomyPlanner. 
  

 
Fig. 3: Basic functionalities of the EconomyPlanner 

 
The developed EconomyPlanner is able to: 
 

• Generate a real time local water depth chart based on cooperative depth measurements. 
• Determine the maximum allowable loading condition for a voyage based on real time and 

future water depth information. 
• Determine the optimal track in terms of minimum fuel consumption. 
• Advise skippers on optimal rpm during the voyage in relation to the desired ETA, for which 

fuel consumption and emissions are minimal. 
 
A detailed description of the design overview of the EconomyPlanner is completed in Molenmaker 
(2014), containing the description of the file formats of data to be exchanged between the different 
modules of the EconomyPlanner, the technical description of the interfaces and several use cases. 
 
2.2. Real time water depth chart 
 
The main goal for the development of the EconomyPlanner is the generation of a real time water 
depth chart based on cooperative depth measurements. This is the basis for other EconomyPlanner 
features like the determination of the optimal track and maximum allowable cargo capacity.  
 
2.2.1. Cooperative depth measurements 
 
Currently over 50 inland ships are equipped with the EconomyPlanner and participate in the 
CoVadem project. These ships navigate the European inland waterways, continuously sharing water 
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depth information. The echo-sounder, loading gauges and GPS already present onboard an inland ship 
are linked to one another via a compact device of the EconomyPlanner. Each second this device 
gathers data from these sensors and will be forwarded to a server onshore, Fig. 4.  
 

 
Fig. 4: Sensor data from GPS, loading gauge and echo soundings are gathered onshore. 

 
Fig. 5 shows a schematic overview of the data process to make real time water depth data available on 
a web server. First, each individual ship forwards real time measurement data to a server onshore with 
an upload frequency of 1 Hz. The most important measurement parameters are: local time, under keel 
clearance, initial draught and GPS position. Furthermore some main particulars of the ship are 
required, which has to be defined once during the installation of the EconomyPlanner device onboard. 
This measurement database (M-db) gathers data of all the participating ships and makes these data 
available via an interface.  
 

 
Fig. 5: Schematic overview data process EconomyPlanner. 

 
Next the data processing unit polls the measurement server at a certain interval period. The time 
interval can be set, for example every 3 hours new data will be requested.  The measurement data will 
be filtered and processed by the data processing unit. Since we are interested in the local water depth, 
the measured under keel clearance has to be corrected for initial draught and squat. Squat is the 
reduction of under keel clearance resulting from bodily sinkage and change of trim, which occurs 
when a ship moves through the water, especially in confined water. The next section addresses the 
implementation of this hydrodynamic phenomenon in the EconomyPlanner. The data processing unit 
provides a database file that be updated with the same time interval as the measurement database is 
polled by the data processing unit. An http request via the internet browser or mobile phone triggers 
the web server to read this database file. Now the water depth chart can be generated. 
 
2.2.2. Creating real-time water-depth chart 
 
This section describes how the local water depth chart is created based on cooperative navigable depth 
measurements. First, the navigable river waterway will be divided in a grid of 25m x 25m cells. Ships, 
equipped with the EconomyPlanner, provide measurement data for every grid cell they pass during a 
preset time interval (e.g. 3 h). For each grid cell a water depth will be determined based on the 
collected measurement points during a certain time period. The chosen dimensions of the grid cell is 
an optimum between gathering enough measurement points during a certain time period and to 
avoiding of missing dunes or obstacles in the river. First the data processing unit of the 
EconomyPlanner corrects the measured under keel clearances for initial draught and squat effect in 
order to determine water depths. In case more than one water depth result is available for a grid cell, 
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the mean value will be calculated for this cell. For each grid cell the following use cases can be 
distinguished: 
 

• In between 1 to 4 water depth results are available during the preset time interval. A mean 
water depth value with a low reliability can be determined for this cell. The cell will get an 
orange boundary. An example is given in Fig. 6. 

• More than 5 water depth results are available during the preset time interval. A (mean) water 
depth value with a high reliability can be determined for this cell. The cell will get a green 
boundary. 

• No water depth results are available during the preset time interval. The water depth can only 
be determined by interpolation and using history data. 

 

 
Fig. 6: Calculated water depth in centimeters based on 4 measurements in a grid cell 

 
Incorrect measurement data and calculated water depth data are filtered by the data processing unit of 
the EconomyPlanner. In general the following errors can occur; measurement errors, errors introduced 
by the conversion of under keel clearances to water depths and errors due to the chosen analysis 
approach. Profits can be made by reducing the first two types of errors. Filtering data in order to 
reduce input errors will not be discussed in this document; for more information see Molenmaker 
(2014). Finally a real time water depth chart can be generated and presented on for example a Google 
Earth map, as shown in Fig. 7.  
 

 
Fig. 7: Real time water depth chart presented on Google Earth. 

 
The cell colours vary from green (deep water) to red (shallow water). The current water depth chart 
presented in Google Earth with the chosen cell colours are just a choice made by the participants of 
the involved research projects to proof that it is possible to create a reliable real time water depth chart 
based on cooperative depth measurements. Further discussion with ship owners is required about the 
representation of real time water depth data, which is convenient for them. For research purposes, also 
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the number of measurement points and the number of ships who provided these points can be shown 
for each grid cell.  
  
With permission of all the participating ships, measurement data of individual ships is anonymous, 
aggregated and redistributed, to the benefit of all participants. We create profiles of the European 
waterways, not of people. 
 
2.3. Squat prediction model 
 
Squat plays an important role in the calculation of the local water depth based on measurement data. 
The measured under keel clearance has to be corrected for initial draught and squat. Squat is the 
dynamic trim and sinkage resulting in a reduction of under keel clearance. The moving ship displaces 
the water. As this displaced water is also bounded by the cross section of the waterway, the water 
needs to be accelerated as it has to pass the reduced available cross section area in the same time than 
the flow would have using the full cross section area without a ship. The velocity field produces a 
hydrodynamic pressure change along the hull (Bernoulli effect). The weight of the ship is carried by 
this reduced hydrodynamic pressure, such that equilibrium can only be reached when the ship is 
sinking deeper to be exposed to higher pressures. This equilibrium is usually found at an increased 
sinkage (positive downward) and at a different trim (positive bow up). This combination of sinkage 
and change in trim is called ship squat, Ankudinov et al. (1996). 
 
The initial draft of the ship is known at the beginning of the voyage and can be automatically 
retrieved from the on board loading computer. The Virtual Ship, as developed by MARIN, calculates 
squat based on the squat prediction model proposed by Ankudinov et al. (1996). Also the contributions 
of Tuck to the field of mathematical ship-squat prediction, Gourlay (2011), are considered. 
Nowadays, squat coefficients are checked by systematic CFD calculations at MARIN. At this stage 
the ship squat predictions of Ankudinov seems to be the most promising for our purpose. 
 
The Ankudinov method uses easily obtainable ship parameters for calculating sinkage and trim 
coefficients. These ship parameters have to be defined once during the installation of the 
EconomyPlanner. Besides ship data, morphological data and current velocities along the entire route 
are required for the calculation of squat. The data processing unit of the EconomyPlanner obtains 
these data via a web server from Deltares. Deltares uses their FEWS-Waterways hydrological 
forecasting system to predict the water depths, flow velocities and air clearances, which is addressed 
in the next section.  
 

 
Fig. 8: Bow sinkage for constant sounded depth 

 
The contribution of squat to the total sinkage and trim of the ship can be substantial, especially in 
shallow water. An example for a typical inland ship is given in the chart below. In here you can see 
the theoretical influence of ship speed and water depth on the ship’s sinkage and trim. The bow 
sinkage due to squat goes to 60 cm in shallow water of 2 m and a high speed of 15 km/h. However, 
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validation results of the participating ships are required to calibrate and further improve the Virtual 
Ship of the EconomyPlanner. 
 
2.4. FEWS-Waterways: hydrological prediction model 
 
An essential role in the EconomyPlanner plays FEWS-Waterways model of Deltares. This model is 
based on the Delft-FEWS, which is an operational real time hydrological forecasting system which 
links data and models in real time. Because of its unique characteristics concerning data importing 
and model connections, Delft-FEWS is very suitable to interconnect and run several different 
operational models and update these models using new measurements. (Real time) data are imported, 
numerical calculations are performed using these data, and the results of forecasts are 
exported/presented to an external server or website. As a start, the system has been developed for the 
Dutch waterways, but can be extended quite easily as soon as hydrodynamic and morphological 
models of other countries become available. 
 
The operational system computes actual and future water depths and flow velocities in two 
dimensions (width and length of the waterway). These data are input for the EconomyPlanner in order 
to calculate the optimal track in the river and the maximum amount of cargo that can be transported. 
In addition the optimal speed during the entire voyage will be calculated in relation to the desired 
ETA, for which fuel consumption and emissions are minimal.  
 
Since the calculation of future predictions needs the real time situation as input, the more ships collect 
and share their data with each other, the more detailed and accurate the actual navigation depth chart 
becomes, and the more accurate the future predictions become. More detailed information about the 
FEWS-Waterways module can be read in Mark et al. (2014).  
  

 
Fig. 9: Example detail of the hydrodynamic model of FEWS-Waterways, compared to real situation  
          of a Rhine branch in the Netherlands 
 
2.5. Virtual ship 
 
Based on real time water depth information, services are being developed that support energy efficient 
ship operation. One of the services of the EconomyPlanner is the Virtual Ship module developed by 
MARIN which optimizes total fuel consumption for a given route. Furthermore, the Virtual Ships 
advices skippers on optimal rpm during the voyage.  
 
Restrictions in water depth and width are important factors in the energy consumption of inland ships. 
In confined waters the propeller hull interaction becomes less favourable resulting in a reduced 
propeller efficiency and therefore in increased fuel consumption. Since restrictions in water depth 
have a negative effect on the fuel consumption, the Virtual Ship will look for the deepest part of a 
river for a given route, taken into account the turning circle of the ship. In order to determine the 
optimal track not only real time water depths are needed, but also the expected water depths along the 
entire route and during the entire voyage. Real time water depth information is obtained from the 
cooperative depth measurements and future water depth information from the Deltares server as 
explained in the previous chapters. The red line in Fig. 10 shows the optimal track on the ECDIS.  
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Fig. 10: track showed on ECDIS, based on real-time water depths 

 
A route is just a sequence of waypoints to indicate the point of departure and arrival and the track to 
be taken. The skipper has to input this route in the user interface of EconomyPlanner. In addition he 
has to provide the time of departure (ETD) and the desired expected time of arrival (ETA). 
Considering the cost criterion, voyage planning is finding the best balance between ETA and the total 
cost of the voyage. The first check by the Virtual Ship is whether the ship is able to execute the 
voyage for a given loading condition. The loading condition is obtained from the on board loading 
computer.  
 
The effective thrust to counteract any resistance that the ship may experience will be calculated by the 
Virtual Ship. This calculation requires main ship parameters and engine characteristics as input, which 
only has to be provided once during the installation of EconomyPlanner. The power and resistance 
calculations in the Virtual Ships are based on MARIN’s QDESP software version developed for 
inland ships. QDESP predicts the resistance and propulsion characteristics of displacement ships. The 
predictions are based on formulas obtained from a regression analysis on results of MARIN model 
experiments and sea trials. The Virtual Ship corrects the calculated speed power tables for shallow 
water effect based on Schlichting &Landweber methods. 
 
When an ETA becomes critical the ship may use its maximum power to meet the ETA, but that 
should remain an exception. The Virtual Ship divides the optimal track in a number of legs with 
corresponding gradient, current speed and water depth. Then it optimises fuel consumption for a 
voyage consisting of several legs with different water depths, in such a way that given ETA is 
achieved.  From work previously performed within the scope of the RISING project, www.rising.eu, 
it was found that minimum fuel consumption is achieved on a waterway by operating in constant 
power mode as long as there are no limits with regard to current velocities and power setting. 
Constant power does not imply constant rpm since rpm depends also on propeller hull interaction 
which is affected by keel clearance and channel width. In general on inland ships engine rpm is set 
and controlled by the engine regulator, resulting in variable power and therefore variable fuel 
consumption depending on the waterway conditions. For a complete voyage, optimum fuel 
consumption is achieved by keeping the power constant, which requires rpm setting to vary with 
waterway conditions. The rpm advice of the Virtual Ship will be provided as a table for each leg. 
Adjusting revs according to this table makes the ship reach destination just in time and with minimum 
fuel expenditure. 
 
The results of the measurements are used to calibrate and further improve the Virtual Ship model. 
Also the definition of “optimal track” is still under investigation as the local water depth is not the 
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only aspect that plays a role. For example, waiting times at terminals and locks on the route also 
influence the operating time and the overall transport efficiency. 
 
3. Validation 
 
At this stage validation of the results is ongoing in the running research projects involved with the 
development of the EconomyPlanner. Until know the main focus has been on the development of the 
EconomyPlanner concept and make it up and running on the participating ships. This principle is 
currently being tested by a selection of over 50 inland ships. The more location data that is generated 
the more accurate our products and services become and the better the experience for everyone.  
 
The first checks regarding the accuracy of the results lead to promising conclusions. At the moment a 
few water depths calculated by the EconomyPlanner based on measured data by ships have been 
compared with reference measurements on locations with a relatively fixed bottom profiles. Due to 
many uncertainties it is complex to find good reliable reference measurement points for validation on 
the inland fairways. At a certain time t and a position P, a reference water depth Dref is calculated by 
the water level height hwater minus the height of the river bed level hbed, both in relation to NAP 
(Amsterdam Ordnance Datum). Reference point errors can be made with the determination of the 
components hwater and hbed: e.g. errors due wrong measurements, interpolation between measurements 
of two measurement stations, due to differences in water level height within a cross section of the 
river, due to existence of river dunes etc.  
 

 
Fig. 11: Parameters involved in the determination of local water depth based on ship measurements 

(a) River bed position related to fixed point of reference; (b) Distance between depth sensor and river 
/ bottom; (c) Longitude, (d) Latitude; (e) Vertical distance between waterline and depth sensor at zero 
speed, (f) Dynamic squat and trim of the ship; (g) Vertical distance between waterline and highest 
point of the ship at zero speed; (h) Bridge clearance; (k) Actual water depth; (l) Vertical distance be-
tween the bridge related and fixed point of reference; (m) River current longitudinal direction; (n) 
River current transverse direction; (o) Longitudinal speed over ground ship; (p) Transverse speed 
over ground ship; (q) Water level starboard river bank related to mid-river; (r)  Water level portside 
river bank related to mid-river; (s) Time (moment of measurement); (t) Distance between  GPS sen-
sor and depth sensor; (u) Reference water depth 
 
Recently advanced data analyses were performed within the CoVadem project, www.CoVadem.nl, on 
a pilot section on the river Waal. Very accurate measurements are carried out on this section by the 
company IGL which is accredited by Rijkswaterstaat, by means of multi-beam measurements. This 
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reference data is used for validation. Unfortunately, this validation is work in progress and results 
cannot be published yet. Most of the participating ships measure the bottom profile correctly with no 
significant horizontal and vertical phase differences. Some ships require further research to determine 
which errors may cause phase differences in horizontal and/or vertical directions.  
 
Fig. 11 reviews the many parameters involved in the determination of local water depths based on 
measurements by an individual ship. Besides the errors that can be made by the determination of these 
parameters, also dependencies between those parameters exist, which makes validation even more 
complex. The figure illustrates the complexity of generating a real time water depth chart based on 
cooperative measurements. However it is necessary here to clarify that the goal of the Economy-
Planner is not to create the most accurate bottom profile of the river. It is already a major improve-
ment to have real time water depth information with at least the same accuracy as the currently 
available water depth information. Nowadays, water depth information is not real time and not 
available for every part of the European waterways. 
 
4. Conclusions and recommendations 
 
A concept version of the EconomyPlanner has been developed and installed on over 50 ships 
navigating the European inland waterways. A principle for collaborative data collection by inland 
ships is developed. On the basis of these data, the individual ships gain access to actual river depths 
information. The EconomyPlanner is able generate a real time water depth chart based on cooperative 
depth measurements. With this information the ship operator is capable to optimize his voyage in 
terms of cargo, reliability and fuel economy.   
 
The first added value for ship owners is the provision of the maximum allowable loading condition 
for a given a route, in such a way that critical points on the route can be passed. The Virtual Ship 
module of the EconomyPlanner determines the optimal track in relation to minimum fuel 
consumption. In addition the optimal rpm is provided during the journey, in such a way that given 
ETA is achieved with minimized fuel consumption.   
 
The main focus of the development of the EconomyPlanner is on the provision of real time river 
depths and air draught information, which needs to be further validated on accuracy and availability. 
This is important to conclude before further developments of other EconomyPlanner functionalities 
can be done efficiently. It should be emphasized that it would be already a great improvement if the 
EconomyPlanner provides real time water depth information along the entire route and entire voyage 
of ships using the European inland waterways, with at least the same accuracy as the currently 
available water depth information. Validation results are also needed to further calibrate and improve 
the hydrodynamic and hydrological prediction models of the EconomyPlanner. 
 
The principle of collaborative data for improved performance for inland shipping is being further 
enhanced to provide automated performance administration, thus enabling inland ship owners to gain 
better insight in the performance of their ship in all different conditions. In addition, ship owners can 
compare their own performance with the performance of an anonymous, but relevant selection of 
others. 
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Abstract

 
This paper illustrates the implementation of ‘One Portal’ as a single source for all information that is 
relevant for an employee working in a shipbuilding organization. It should facilitate an employee 
entering or working in an organization to exactly navigate or search for their processes and go 
through the work instructions and training material relevant to their process tasks. On the other hand 
it should allow for searching the physical details, logistical details, planning details etc. of products 
and orders as required for work on a day-to-day basis. Such information, which is spread across 
different applications, should become available within few steps (or clicks). A business case has been 
created for proving business feasibility for such concept which shows that the information searching 
in ‘One Portal’ is faster.  

 
1. Introduction  
 
Information handling and searching is a complex phenomenon in ship building industry. Especially in 
the collaborative ship building from the conceptualization of the ship design to its final delivery the 
information gets scattered across different shipbuilding units namely engineering, production, 
procurement and logistics, project management etc. Moreover in order to adapt to the changing 
market dynamics ship building companies enter into partnerships, acquisitions, mergers, sub-
contracting for capacity expansion or reduction. For instance, two engineering units used for the same 
project might have their own process and product data management or CAD systems resulting into 
non-uniformity and ambiguity in information searching and communication. In addition, engineers 
need information from the ERP system as well, but are not very familiar with terminology and 
interface of that application. Also, the failure to communicate the latest updates in the information 
between departments in timely manner results in additional working hours. Different shipbuilding 
units can also be located in the different parts of the world thus creating isolation. Such functional and 
geographical isolation thus results into verbose information set for a project, complicating the 
information retrieval. Effective project completion requires that all the relevant information is 
available to all the stakeholders involved in an accurate and time bound manner.   
 

 
Fig.1: Impression of the different Information Sources to deal with in shipbuilding 
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Apart from this the information stored at different units may have different database software and 
formats of file for the documents and data as shown in Fig. 1. Engineers tend to lose a lot of time 
searching for information from different sources making wrong assumptions. More often a worker has 
to depend on somebody else’s knowledge to find and search for the information. In order to address 
this issue, a concept of information retrieval & communication via a portal was envisaged which 
could facilitate all the searching and communication of information related to product, processes and 
training from different sources. Such a portal, acting as single information retrieval platform for all 
the information spread across different sources in the organization, has many advantages providing all 
the stakeholders involved with the latest information in an interactive and secure manner. The name 
adopted for this portal in the course of the project of building such solution is ‘One Portal’.  
 
2. Background 
 
The One Portal described here is the extension of the conceptual project which was carried out as a 
part of ‘Program Integral Cooperation’ that targeted the improvement of the competitiveness of Dutch 
Maritime Industry. The final result of this project was a ‘3D Information Viewer’ which was a pilot 
version which served as a platform to produce various product related data. The ‘3D Information 
Viewer’ project thus mainly proposed a manner in which the product related data can be structured 
and showed to the desired user. During this pilot studies functionalities were defined to quickly 
access, query and search the product related information and how it can be structured, Asmara et al. 
(2012). The concept of 3D Information Viewer was more focused on product related information thus 
all the users needing the information with product as a reference shall be the final end user. But the 
users mainly targeted during this pilot studies can be broadly classified as “Designers” i.e. the concept 
designers, engineers, draughts men, people in work preparation from ship yard and sub-contractors. 
The ‘3D information Viewer’ pilot project was carried out at Royal IHC (previous IHC Merwede) and 
its sub-contractors which concluded with proving the technical feasibility of such concept.  
 
Though the concept was proved technically, its business feasibility was yet to be established. It was 
concluded in the ‘3D Information Viewer’ project that the amount of time saved and the improvement 
in accuracy by such implementation for information retrieval was unknown. Additionally, detailed 
user requirements for the user groups apart from the “Designers” were to be explored and it was 
needed to expand such information retrieval to a wider user base not limited to product related data 
alone. Keeping these two conclusions in mind a further studies were carried out to attend both these 
open ended questions.  
 
This paper will thus focus on the findings of the gathered in establishing business case and the 
insights gained in the implementation of One Portal which was developed to address the broader user 
base and information handling.  
 
The final implementation of such information retrieval software - the One Portal project - is carried 
out at Royal IHC where the pilot studies were also carried out. One Portal project was taken up as the 
part of One IHC program at Royal IHC. The One IHC program is focussed on making the processes 
and related information structure and application landscape uniform for facilitating better efficiency, 
internationalization, transparency and collaboration in the entire organization which has its footings 
across the world.  
 
The main goals of One Portal are: 
 

1) Act as single window to search and query all information (related to product, processes, 
knowledge (work instructions, training etc.)) present in Organization. 

2) Reduce navigation times between the different systems in use. 
3) Dash boarding and reporting from the data spread across different systems thus contributing 

to Business Intelligence. 
4) Integrating different software systems without connecting them. 
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5) Provide opportunity for visualization of the product/entity wherever available thus increasing 
awareness. In such scenario a smooth navigations should be possible between visualization 
(could be 3D) and related information 

6) Assist in Product Life Cycle management. 
7) Facilitate in paper less production.  
8) Provide customized views to address the perspectives of different end users. 

3. Business Case 
 
In order to implement the One Portal it was necessary to establish the business feasibility of such 
concept. In order to find some conclusive results it was decided to setup a comparative study between 
One Portal and the existing situation. As the implementation of the One Portal was planned to be 
carried out in Royal IHC, the experiment was also conducted in the context of Royal IHC. Though the 
framework of the comparative study is generic, the results obtained shall be specific to Royal IHC 
because the existing situation varies from Company to Company. In order to obtain concrete results a 
consistent methodology needs to be devised for such comparative studies. For more details, see 
Thakker (2013). 
 
3.1. Methodology 
 
3.1.1. Prototype 
 
In order to carry out the comparative studies of the One Portal with existing situation a working 
prototype was needed before the implementation of One Portal begun. Thus prototype was created in 
a wire framing software ‘Axure’ which provides high fidelity and thus the required functionality can 
be closely mocked.  
 
3.1.2. Measures 
 
The main measure of the comparative study was the accuracy (number of correct answers) and 
efficiency (Correct Answers / Time taken for correct answers) of finding the information. In order to 
measure the accuracy and efficiency of the information a means was provided in form of a 
Questionnaire. The Questionnaire contained nine multiple choice questions which covered some day 
to day information searching that a production employee would come across. The number of 
questions was limited in order to limit the time of experiment to less than 60 minutes as this was 
advisable, Nielsen (2005).  

 
3.1.3. Participants 
 
The participants were chosen to be the students (TU Delft mainly) and professionals (Royal IHC 
mainly) with a fair bit of knowledge of engineering drawing. The selected professionals were not 
associated with the production activities, in order to avoid any kind of bias in the results due to past 
knowledge or experience. Another reason to exclude them from the test was to prevent scepticism of 
future end users by introducing a partially functional (because it’s a prototype) One Portal. In total 24 
participants took the experiment tests.  
 
3.2. Experiment 
 

A two group pre-test post-test experiment design was chosen in order to carry out the comparative 
studies, Thakker (2013). In this design because of the presence of the pre-test, the pre-existing 
differences in the two group of participants can be accounted for. The differences in the pre-test 
scores can then be adjusted in the posttest score. The participants were given standard instruction at 
the beginning of the experiment. They were introduced to the purpose of experiment with the target 
goal of the experiment. As per the design of the experiment all the participants (mix of both groups) 
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were required to answer a questionnaire for information searching through drawings and documents in 
directory/folder as in the existing situation on the pretest. In order to replicate directory/folder setup, a 
logical set of folder order was created imitating directory/folder setup in actual scenario at Royal IHC 
and the test documents (which in this case were selected to be the section drawings and details etc.) 
were placed in the respective folders. At the end of the pre-test questionnaire, the participants were 
randomly picked with one group doing questionnaire with One Portal prototype and the other with 
existing situation for posttest. Again similar questions were asked to each group. The time and the 
number of correct answers by all the participants on pre-test and post-test were recorded. 
 
3.3. Result 
 
In order to get accurate and conclusive results both descriptive and inferential statistics were used to 
analyse experimental data with an appropriate guide, Neuman (1994), Trochim (2006), Lazar (2010). 
The descriptive statistics gave the exact difference in the result while the inferential statistics does 
more data analysis to eventually prove that a difference observed in descriptive statistics is significant 
or not. In the inferential statistics after removing a couple of outlier results, it was found that the 
change in efficiency was statistically significant while that in case of accuracy it wasn't. The results at 
the experiments conducted showed around 18% improvement in efficiency of the information 
searching in the descriptive statistics. Thus the results of improvement in efficiency can be more 
confidently concluded to be valid. Fig. 2 shows the efficiency test scores in the pre-test (marked as ‘1’ 
on X- Axis) and post-test (marked as ‘2’ on Y-Axis) obtained from the statistical repeated measure 
ANOVA analysis of the test data in SPSS. The widening of the line at the post-test reflects the 
increase in efficiency of Treatment line representing participants with One Portal test scores compared 
to the Control line representing participants with directory/folder setup. 

 

 
Fig. 2: Pre-test Post-test interaction from Repeated measure Anova in SPSS of efficiency test scores 

 
3.4. Conclusion 
 
Eventually the increase in 18% efficiency is in the information searching. Thus to establish a realistic 
business case we need to find the total amount of time spent by different employees in different 
department on information searching during their normal working hours. The percentage time saved 
in information searching will be the increase in efficiency and this figure when multiplied by the 
average hourly rate will establish a concrete business case for such One Portal. 
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4. One Portal Development 
 
4.1 One Portal User Requirements: 
 
Defining the User Requirements for an application which is planned to be used in such broad 
perspective as suggested in the introduction is difficult. In order to make the first implementation of 
One Portal the primary processes within Royal IHC were addressed. These primary processes were 
defined in the One Process Design project as a part of One IHC program. In One Process Design 
project all the as-is processes with different business units of Royal IHC were mapped and a uniform 
to-be processes for all the business units were defined. The main primary processes within Royal IHC 
are divided into different Functional Areas (FA’s) Sell, Define Product (Basic & Detail engineering), 
Make (Production Engineering, Production), Procure and Logistics, Finance & Legal, Project 
Management (includes planning), Operations Management, Service. Additionally the One Portal will 
also be available to External Parties (Classification, Customer, Sub Contractors etc.). 
 
In order to build the User Requirement, each of the FA’s was considered individually and the user 
needs were identified with the representatives of each FA’s. Additionally, the desired functionalities 
that were concluded in the ‘3D Information Viewer’ were used, Asmara et al. (2012). Finally, the 
functional requirements were drawn based on which One Portal was built. The following table gives 
some of the User Requirements from the long list to give a brief overview of the kind of cases that 
One Portal can handle. 
 

Table I: Examples of functional area specific user requirement 
Functional 

Area 
User Requirement Example 

Sell The sales manager can easily search the customer information from the database by 
name. User can see the Orders from that customer and eventually see the product 
details in 3D etc. This product detail from historic orders can be used to show it to the 
potential new customer during sales negotiation in the tablets. 

Define 
Product 

The engineer detailing the piping routing needs to collaborate with the engineer 
detailing HVAC ducts routing with the 3D model view to have a better overview in 
the discussion. 

Make Welder user finds it difficult to weld the bulb angle as shown in a convenient position. 
Production personnel will make a markup in the 3D model or on the section drawing 
with relevant comments so that the engineering can make relevant changes. 
Foreman needs to find the details of the welding code mentioned in the section 
drawing. He/she can directly click on the code in the section drawing can see the 
required latest welding procedure standard immediately. 

Procure & 
Logistics 

User wants to know the status of the delivery of parts order within yard. 

Finance  
& Legal 

User wants to see the financial summary of a certain period on a dashboard in an 
interactive and easily comprehensible manner. 

Project 
Management 

Project Manager wants have an overview of the status of the pipe spool installed in a 
section. 

Operations 
Manager 

Operations Manager wants to see the interactive dashboard with the Key performance 
Indicators for the production in last month  

Service Service Call Centre wants to quickly search the customer order details, guarantee 
conditions, pre-recorded service requests quickly while on the service call.  

External 
Parties 

Classification surveyor, product Owner wants to see the status of production.  
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It is found that users belonging to different Functional Area would prefer to approach same set of data 
from different entry points. Royal IHC also produces other products which are not ships in different 
business units. Thus different business units also have their own preference of information searching 
based on their business model. In short, One Portal which can show same data but with different 
arrangement specific to a user group was required. In the following sections it is briefly elaborated on 
how the architecture of and user interface of One Portal is planned to achieve high flexibility.  
 
4.2 One Portal Architecture: 
 
In order to realize the concept of One Portal different options were explored starting from building it 
in-house to completely adopt an external and fully functional product of the shelf. There are already 
products available in the market which were built along similar lines (e.g. Aveva Net, Siemens Active 
Workspace and PTC). But eventually the One Portal team settled for the combination of Oracle 
Webcenter Portal and Autovue for the development and implementation. Webcenter provides general 
web-pages for content and Autovue is used to visualize the CAD files (both 2D and 3D) and 
documents (Oracle Autovue). CAD files can be viewed in Autovue without the need of a heavy CAD 
application (or a license on it). Webcenter Portal will be built in Spaces on top of Oracle WebLogic 
and uses ADF framework for creating webpages and web interfaces (Oracle Webcenter online 
documentation). This combination provides opportunity to have one global portal using maximum of 
its own functionality and for missing functionality it can grants access to all back end applications in 
contrast to an independent and standalone web solutions for product management. Thus eventually in 
lines with goals of One Portal an application can be built where the product related information, 
process related information and the other knowledge stored across the company can be accessible, 
searchable and queried with the same look and feel and at the same time customizable for the relevant 
end user. For search functionality it is decided to use Oracle Secure Enterprise Search which can 
search through all the back end applications where necessary. 
 
The One Portal as implemented in Royal IHC is used only to view the data and not edit it. The data 
object used within One Portal is adopted from the parent applications and structured as per the One 
Portal specific requirement. In its current implementation, One Portal has the possibility to show the 
information from ERP (IFS Solutions), PDM/CAD (Siemens Teamcenter), Planning (Primavera) and 
CRM (Oracle Sales Cloud) applications, Fig. 3. Over time it will also be linked to other applications.  
 

 
Fig.3: Linking of different applications to the Portal 

 
The brief architecture of how the One Portal would receive its data is shown in Fig. 4. All the 
information flow between the applications and the portal will go through middleware application. One 
exception can be/are the CAD drawings for Autovue. This is because the CAD files are big and would 
impact the middleware servers where this is not required. Thus this connection is point to point. When 
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the user logs into One Portal a unique identity is given to the user via the Identity and Access 
Management application. This identity will determine the amount of data that the user can view, 
search or query. As seen from the user requirements, a different arrangement of the same information 
is desirable for different group of FA users. ‘Spaces’ in the Webcenter portal framework is used in 
order to achieve the desired freedom in lay-outing. With the help of Spaces different parts of the One 
Portal can be created as component. These components can then be enabled or disabled and arranged 
within One Portal as per the requirements of the user group (which is now FA, but could also be 
department specific going head) to create a personalized portal.  
 

 
Fig. 4: Architecture of One Portal 

 
4.3 One Portal User Interface 
 
The user interface described in this section is the one seen by the administrator of One Portal, thus 
with all components of Oracle Webcenter Spaces. The One Portal in its basic form is divided into 
three sections namely the Tree View, Content View and Detail View. Fig. 5 shows the wireframe of 
the One Portal application which was created to show first setup of user interface including the three 
views.  
 
4.3.1 Tree View  
 
It will contain the tree structure of the selected object. The tree structure of One Portal is created on 
the basis of One Object Model which was created as a part of One IHC program. During the phase of 
determining the User Requirements it was found that the list of Orders, Customers, Projects and 
Products are good starting points for information searching for the users of different FAs. For 
instance, Define Product and Make will prefer to start from the Product list they are entitled to view 
directly, while Project Management will prefer to start will Project list they are entitled to view. Once 
a ship product is chosen there is a possibility to further navigate via Location, Functionality and 
Systems. These divisions are decided based on the standard product breakdown structure (PBS) in 
place at Royal IHC. Thus, in case of other products apart from ship the arrangement will depend on 
respective PBS. 
 
4.3.2 Content View 
 
It will have the possibility to show Info, 3D view, 2D view, Planning, Relations of the selected item in 
the tree. These options will not be visible all the time. It depends on the item selected by the user. If a 
user clicks on an item (example: section item) for which it is linked to the planning then it will show 
up. Similarly when a user wants to view a drawing it will open up the 2D Viewer tab. The 3D Viewer 
and 2D Viewer are Autovue sessions which are triggered when the 3D and 2D files/documents 
attached to the part are opened. The 2D documents can be simple pdf, excel or word files also.  
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4.3.3 Detail View  
 
It shows the physical details, logistical details, planning details and documents attached to selected 
item in the Tree View and Content View (selectable items). The detail view can be hidden or shown 
as per the requirement.  
 
The Search is available in the Tree View which should give results that can be shown as a list or table 
based on the users choices. Spaces in Webcenter Portal provides with the opportunity to build One 
Portal in small components. Thus all the tabs that are visible in the Tree View in Fig. 5 of the draft 
One Portal Wireframe are constructed as separate components in Webcenter Spaces. Similarly all the 
options available in Content View and details available in Detail View are also made as separate 
component in spaces. Therefore the final One Portal might not necessarily have all the components 
for different user group. Thus, e.g., the user group of Make may not see the Customer or Order tab at 
all in its user interface contrary to the one in Fig. 5 (where Order and Customer tab are visible) and 
will see only the Product tab with a list of products the user is entitled to see.  

Fig. 5: One Portal user interface wireframe draft 
 
5. One Portal Functionalities 
 
The User Requirements defined in One Portal project are satisfied with the help of set of 
functionalities in One Portal and arrangement of data/information in user friendly manner. Some of 
the functionalities which are used in One Portal were envisaged in ‘3D Information Viewer’ project. 
These functionalities were further modified and new ones are introduced in the implementation of 
One Portal. Each of these functionalities as implemented are briefly discussed here to give a general 
overview of how they are finally implemented: 
 

• Mark Up 
Mark Up functionality can be used to mark parts by simple clouding in the 3D models or 2D 
drawings. A comment or detailed description can be attached to the Mark Up. Additionally, 
the name of the person to be notified can also be specified or the department to be notified 
will be specified. The comments in the Mark Up are thus used for communications/dis-
cussions and for future records..  
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• Collaborations 
One Portal provides the opportunity for collaborations during which two users can chat or talk 
over a 3D model. Users can also give control of their screen to the each other if needed within 
the collaboration sessions. The chats of the collaborations are stored in One Portal for future 
record.  

 
• Hot Spotting 

Hot spotting functionality in One Portal is used for smoothly navigating between 2D and 3D 
drawings and quickly viewing the Details of the items directly from the 3D models or 2D 
drawings or document. For instance, when a PID (Piping and Instrumentation drawing) is 
open in the 2D Viewer for the relevant system, all the identified part numbers in the database 
are highlighted in the PID drawing. Clicking on the part number will give the detail of the 
part in Detail View.  

 
Additionally any document of pdf, word or excel (One Portal can read large number of file 
formats) can be dragged and dropped in the 2D Viewer and all the selectable items found in 
the database will be highlighted for selection possibility. Thus if a purchase order in pdf 
format is dragged and dropped in the 2D Viewer all the part numbers found in database will 
be highlighted and can be clicked for details in the Detail View. Fig. 6 shows an example of 
highlighting of the parts. 

 

 
Fig. 6: Hot spotting the part numbers in 2D Viewer. 

 
• Status Changes 

There is a possibility to change the colour of items in One Portal based on its current status. 
The colour changes can be done both in 2D Viewer and 3D Viewer, thus documents, 
drawings or 3D models. Different user groups are interested in different kind of statuses like 
production status (Example: part in sub assembly, part in section building etc.), logistic status 
(part received, part in warehouse, part in production), procure/stock status (sufficient part 
stock, insufficient part stock). Based on the statuses selected from the dropdown (one or 
multiple) 3D Model, drawings or documents will be highlighted in different colours showing 
the colour legend to identify which colour represents which status. Thus a BOM can be 
dragged and dropped in 2D viewer and show status can be selected which will highlight all 
the part numbers with different colour related to its status. Fig. 7 shows an example of such 
colouring. 
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Fig. 7: Status Changes based on colours in 3D Viewer & 2D Viewer 

 
 

• Filter, Search & Query 
The items in the Tree View can be filtered out based on characters typed in the filter tab. Thus 
it helps in getting rid of the unwanted items in the tree. The search functionality in the One 
Portal will give a list or tables (user can choose) of results based on the search term. With the 
help of Query or Advanced Search functionality the user will be able to drill down quickly to 
the required set of information by choosing the objects they want to search in, statuses they 
want to see etc. Querying is one of the important feature of One Portal and is getting more 
detailed currently.  

 
The functionalities of Mark Up, Collaborations, Hot Spotting are by default available in Autovue. But 
in case of Hot Spotting the trigger event to highlight the required parts comes from Webcenter. 
Conversely the trigger event to show the required detail of part when it is selected in the document or 
model goes from Autovue to Webcenter. On similar lines interaction of Autovue and Webcenter is 
used for Status Changes and Filter/Search/Query functionality.  
 
6. Path Ahead 
 
The main aim of the One Portal team in the first phase of its implementation is to link One Portal to 
the different applications as shown in the Fig. 4. Thus all the project and product related information 
will be accessible though One Portal. One Portal team plans to improve the User Interface further for 
making a better experience. Additionally, the Search & Query functionalities needs to be further 
developed so that the User can even more easily filter out the most relevant search results for him/her 
in the fastest and most convenient way. This will mark the completion of the first phase for One 
Portal. The roll out of the One Portal is according to the One IHC program planning where in which 
different business units within Royal IHC are strategically sequenced for implementation. The One 
Portal will have periodic new versions based on feedback available from the actual user in the 
different stages of roll out from different business units. 
  
As per the goal of One Portal to become a single source to search all kinds of information spread 
across the organization, options are explored to merge the process models in One Portal as next step. 
Process model is the business process models for different kind of orders ranging from design to order 
to sell from stock that are used for impact analysis and governance at the company. As mentioned 
already these processes are defined in the One Process Design project. A pilot application for showing 
the processes within a company in a more interactive and visual manner is already created at Royal 
IHC and is called as Process Portal. Attempts are made to merge the Process Portal with work 
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instructions and training materials of all Applications (ERP, PDM, CRM etc.) which are built using 
Oracle UPK. The Process data is stored in the Mavim Application at Royal IHC which is exported 
and imported in Process Portal to show it in a more interactive way. Thus moving ahead One Portal 
will also facilitate information retrieval for process information, work instructions, training etc. 
Currently, One Portal is built with the minimum number of roles and authorization permutations and 
combinations thus further development on this aspect will be carried out. Finally, One Portal is 
required to be available on tablets, thus a separate layout for tablets needs to be designed and tested. 
These aspects will be detailed in later publications.  
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Abstract 
 

This paper reports on a case study of the applicability of Fairway for the modelling and design of 
propeller blades. Fairway is a geometric modeller, tailored at the computer aided-design of ship hulls 
and other floating structures, that avoids the limitations of NURBS patches by not using them; instead 
it defines a surface by transfinitely interpolating a non-regular network of curves. Compared to the 
modelling of a ship hull, the modelling of a propeller blade differs with higher requirements on accu-
racy and curvature continuity, while its geometry is typified by large variations in curvature. 

 
1. Introduction 
 
In computer graphics and computer-aided design (CAD), the class of surfaces denoted to be of arbi-
trary topology is typically comprised of the surfaces that cannot be covered completely by a regular 
patchwork of four-sided regions without overlaps, degenerate sides or degenerate corners. Many ship 
hulls are of this class. The blades of most open propellers fall into this class as well, and because the 
CAD system Fairway is specifically devised to deal with surfaces of arbitrary topology, it may be well 
worth asking: “How about using Fairway for propeller design?” In the following, an introduction is 
given of how propeller blades are usually modelled, accompanied with relevant technical background 
on geometric modelling. The challenges of this approach will be covered in detail.  
 
1.1 Common methodology 
 
The usual way of constructing a CAD model of a propeller blade is the skinning or lofting of a 
NURBS surface through cylindrical sections of different radii through the propeller blade in axial 
direction, Nowacki et al. (1995). The radius of each section is defined dimensionless as the ratio �/�, 
where � is the radius of the section cylinder and � equals half the propeller diameter. 
 
The section curves are NURBS fitted though points on the propeller blade at given �/� that are gen-
erated by specialised algorithms. These algorithms typically modify common foil profiles such as the 
NACA series, Carlton (2012), to specified distributions of pitch angle, chord length, thickness, cam-
ber, rake, skew and blends into a specific nose radius, as a function of �/�. 
 
The process of NURBS surface skinning, Piegl and Tiller (1995), involves making the section splines 
compatible in terms of degree and knot vector by the principles of loss-less degree raising and knot 
insertion. This can potentially increase the number of control points significantly (by a factor propor-
tional to the square of the number of sections) so that it is advisable to fit the data points on each sec-
tion with splines of identical degree and parameterisation and that data points are equal in number and 
proportionally spaced across sections. Care must be taken that under these constraints the fit is suffi-
ciently accurate and fair. Then for each control point on a section an interpolating NURBS curve of 
fixed degree and parameterisation is computed that connects the corresponding control points on all 
other sections. The resulting set of control points form the control network of the skinned NURBS 
surface. This process is typically implemented in CAD software and beyond the control of the user. 
 
1.2 Challenges and problems 
 
NURBS surfaces are defined on a rectangular bi-parametric domain (�, �) . The original section 
curves are now isoparametric lines on the skinned surface, meaning that each section curve is de-
scribed by the skinned surface for some fixed � while � varies along the section. The isoparametric 
lines in the orthogonal parametric direction (fixed �) run across corresponding positions on successive 
sections: from the blade root they initially fan out with increasing chord length, then turn towards 
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each other to eventually implode in a singularity at the blade tip. This implies various problems, some 
of which can be solved in theory but not in practice; for others there exist a practical solution that 
lacks theoretical perfection. 
 
Firstly, the interpolation in � direction by the skinning algorithm is typically performed without tak-
ing into account, or the possibility to define, any boundary conditions of tangency or curvature. That 
is that the � isoparametric lines tend to converge in a cusp at the blade tip and that there is a sharp 
discontinuity in the blade outline where the leading edge meets the trailing edge, Fig. 1. By the same 
principle the thickness of the blade tends to become too thin too quickly. 
 

  
In theory this can be remedied by constraining the last two control points of the interpolating splines 
in � direction in a common tangent plane. It should even be possible to achieve geometric curvature 
continuity at the singularity by choosing appropriate weights for the control points of rational splines, 
in the same way that a single NURBS patch is capable of describing a perfect sphere, Rogers and 
Adams (1990). However, users are not expected to have this kind of theoretical background, and I 
know of no skinning implementation that exposes these kinds of internals or provides some kind of 
interface for defining boundary conditions.  
 
The pragmatic approach to preserve the blade outline and thickness as much as possible is to reduce 
this effect by providing more sections towards the tip at smaller steps of �/�, Kaplan and MacPher-
son (2014). This, together with the ever shorter chord length towards the tip, inherently leads to an-
other problem: a very high density of control points, much, much higher than in any other region of 
the blade – without there being a fundamental difference in local geometry. This imposes very high 
accuracy requirements on the input data and jeopardises the fairness in the tip region. In any case this 
rules out manual manipulation of control points and tweaking the tip geometry is thereby out of the 
question. 
 
The third problem is due to the highly skewed mapping between the parametric space of the NURBS 
patch and Euclidean space: the isoparametric lines in � and � direction, which are orthogonal in par-
ametric space, run almost parallel to each other along the rim in the tip region of the blade. This can 
easily lead to ripples at the slightest inaccuracy, and it is practically impossible to fair these away by 
hand. 
 
And fourthly, the singularity at the blade tip, together with the tightly spaced sections and rapidly 
changing chord length, thickness and section shape, produce highly concentrated and severe curvature 
at the back, Kaplan and MacPherson (2014). Since there is no way to address this with decent model-
ling practices due to the infestation of control points and skewed parameterisation, curvature is effec-
tively out of control and the problem can only be worked around. The current state of the art, Kaplan 

 
Fig. 1: Isoparametric lines of a skinned propeller blade (grey). Lack of boundary conditions can cause  
           deviation from a curvature continuous (desired) blade outline (black). 
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and MacPherson (2014), is to end the loft not in a single point but on a specially crafted tip section, 
seen in Fig. 2. This replaces a singular discontinuity with a larger discontinuous region, which is like-
ly to come with its own hydrodynamic drawbacks.  
 

 
Fig. 2 shows NURBS surfaces as skinned in Rhino, looking down at the tip region on the back of the 
blade from the leading edge in the foreground towards the trailing edge in the background. Visible is 
the special tip section due to Kaplan and MacPherson (2014) replacing the singularity in which the 
skinned surface would collapse, in an attempt to control local curvature. A sudden change in direction 
of the reflection lines indicates a high curvature gradient, and a discontinuity in the lines indicates 
tangential discontinuity in the surface, i.e., a chine. Beware that there are several distinct methods for 
surface inspection, which all depend on the camera position and produce a striped pattern, but their 
resulting images cannot be compared: 1) Slicing produces contours of equal distance to the observer, 
2) isophotes are the contours of equal luminance and 3) reflection lines simulate the reflection of a 
striped pattern. The popular term “zebra stripes” does not differentiate between these, and should be 
avoided. Curvature discontinuities are best detected using reflection lines. Note that a different orien-
tation of the stripe pattern produces a different reflection, so that reflection lines produced on different 
systems cannot be compared directly, but only serve individual interpretation. Rhino implements re-
flection lines using a flat environment map with horizontal or vertical stripes. Flat surfaces produce 
parallel running reflection lines in Rhino, but the contours can be fuzzy. Fairway implements reflec-
tion lines on the GPU with stripes that can be thought to run along the wall of a tunnel placed around 
the camera, which always produces sharp contours. The reflected lines on flat surfaces in this imple-
mentation are straight but not necessarily parallel, and can show a “star” if either end of the tunnel is 
reflected, where all lines meet at infinity. The stripes can be animated, like rotating the tunnel around 
its centre line, to allow inspection of the continuous surface at fixed camera positions. 
 
Finally there are some additional limitations that are minor in comparison, but their consequence has 
some significance nonetheless. In practice all standard foil profiles need thickening for marine propel-
ler purposes to provide enough strength, Carlton (2012). This requires a specific nose radius and (pos-
sibly) tail radius to be faired into the foil shape by means of a conic section such as a circular or an 
elliptical arc. Conic sections require rational B-splines and double knot values at the connection with 
the foil profile. The compatibility requirement of the skinning procedure then dictates that the double 
knots and rational splines must be repeated over the entire length of the edge. Double knots imply 
discontinuity of curvature, while the skinning of rational sections comes with a host of other potential 
problems, Piegl and Tiller (1995), pp.469-471. Features that extend over a limited domain of the 
edge, such as an anti-singing edge, Carlton (2012), sec.21.7, are intricate to be modelled as an integral 
part of the skinned surface. 

 
Fig. 2: NURBS surfaces  as skinned in Rhino 
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2. Fairway’s methodology 
 
Fairway is a geometric modeller developed by SARC B.V., conceived specifically to circumvent the 
limitations of NURBS surfaces in the design of curved shapes of arbitrary topology. Although Fair-
way deals with solids and their surfaces, its modelling interface is constructed around the manipula-
tion of curves, Fig. 3. An essential property of Fairway is its functionality for curve fairing; in fact 
Fairway is frequently applied to fair ship hull models produced on other systems to make them fit for 
production. Equally powerful is its ability to derive a surface description from the curves, which pres-
ently is primarily used for visualisation, the interpolation of new section curves and the computation 
of stretch in shell plate expansions. 
 

    
Fig. 3: Excerpt of the Fairway GUI showing the panes for curve manipulation 

 
Because the manufacturing process for a marine propeller is so very different from the construction of 
a ship hull, Fairway is not obviously an appropriate tool for propeller modelling. In ship construction 
the contour of stiffeners and profiles, of plates and of templates is all-important and governed by 
curves, for which Fairway is the perfect fit. In earlier days, even propeller moulds were carved using 
flat patterns and templates. But nowadays, high quality surface models are required in support of NC 
milling and robot grinding and polishing. As we will see, this is not what Fairway excels at, yet. 
 
2.1 Fairway internals 
 
The curves that describe the surface of a solid model in Fairway are NURBS curves whose only re-
quirement is that they start and end on another curve in the model. Typically, curves run along exten-
sive parts of the surface, intersecting many other curves, together forming a smoothly curved network. 
There is no regularity requirement on the network, and the holes or meshes in it can have any number 
of sides. The surface description is then formed by filling each mesh in the network by a transfinite 
interpolation of its bounding curve sections. Unlike a NURBS surface patch, which can only be made 
to fit a finite number of arbitrary distinct points, a transfinite interpolation exactly matches its bound-
ing curves at a non-denumerable (transfinite) number of points, i.e., everywhere. The curves can have 
arbitrary shape and definition, as long as they are parametric. Most importantly, the curves that bound 
the same interpolating patch may have a completely independent definition —contrary to NURBS 
patches where the same number of control points and the same parameterisation applies to the whole 
surface from one side of the patch to the opposite side, which is the cause of the control point infesta-
tion near the tip of a skinned propeller blade. A consequence of transfinite interpolation is that there 
are no gaps between surface patches, by which Fairway is capable of producing triangulations that are 
absolutely seamless. (Note the gap in the Rhino model of Fig. 2. Many modellers like Rhino have 
special tools to check connecting surfaces for gaps, which Fairway conveniently can do without.) 
 
Adjacent surface patches in a Fairway model are given the same tangent across their shared bounda-
ries by having them interpolate not only the shape of the bounding curves but also continuous cross-
boundary tangent information. This information is provided by so-called tangent ribbons that run 
along the curves, which are derived by interpolating the tangent planes that are defined at each node 
of the network by the curves that intersect in that node.  
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This is where control of the surface shape ends in the current incarnation of Fairway: The internal 
shape of the transfinitely interpolating patches cannot be manipulated and there is no absolute curva-
ture continuity across patch boundaries. However, the combined surface is implicitly curvature con-
tinuous where smooth curves intersect. So by adding curves to the network, control is gained over the 
shape that was previously internal and the increased number of curve intersections mean that the span 
of curvature discontinuities are reduced, as well as their magnitude. Due to the high number of frames 
and stiffeners in typical ship hull structures, finished Fairway models are in general approximately 
curvature continuous and well within production tolerances. 
 

 
Fig. 4: Offset tables imported into Fairway 

 

 
Fig. 5: Poor surface quality when there are few curve intersections 

 

 
Fig. 6: Additional connecting curves add detail and improve continuity 
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3. Case study 
 
Fig. 4 shows the input data in the form of imported offset tables generated by PropCad, courtesy of 
HydroComp, Inc. These can then be connected to describe smooth curves, and Fairway’s detection 
algorithm can find the matching boundary representation. Based on the topological information of the 
boundary representation and the geometric information of the curves, appropriate transfinite interpola-
tions can be performed to compute the surface shape. 
 
When we connect the cylindrical sections with few curves initially, Fig. 5, we can make a few obser-
vations. Remember that the earlier mentioned tangent ribbons interpolate tangential information at 
curve intersections. In the case of Fig. 5 these are too far apart and their difference is too great, which 
make the tangent ribbons twist uncontrolled around the curves, which in turn causes the surface to 
bulge up and down in between the sections and occasionally even protrude the other side of the blade. 
The sharp cusps in the zebra stripes across the sections indicate the curvature discontinuities there, but 
they are continuous meaning that there is tangent continuity. More importantly, at the curve intersec-
tions there are no sharp cusps, illustrating the implicit curvature continuity at these locations. 
 
By connecting all offset points across sections (analogous to the � isoparametric curves of the skinned 
blade of Fig. 1) we achieve better support for the geometry: large-scale bulges are eliminated and 
curvature continuity is greatly improved, see Fig. 6. Note that Figs. 5 and 6 use the same input data, 
just the connectivity has been increased. 
 
3.1 Blade tip 
 
Since Fairway is not limited to regular networks, there is no need to let all connecting curves extend 
over their full length and have them all meet in one point as in Fig. 6; this causes the same difficulties 
in Fairway as does the control point infestation in skinned surfaces. Instead, we can end some curves 
earlier to maintain a reasonable mesh size, and divert other curves to run along the rim, continuously 
connecting the leading edge with the trailing edge. We can then also design a natural tip region, Fig. 
7, with a continuous transition between the rounded leading edge and the butt trailing edge, replacing 
the tip section and its continuity complications visible in Fig. 2. This illustrates the available control 
over local surface features and curvature. However, doing this is not at all an automated process and 
involves careful surface inspection, precise control in curve manipulation and fairing, as well as mak-
ing the right choices in defining the curve network. It is like a craft that you get better at with time. 

 

 
Fig. 7: Redesigned tip region in Fairway 
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3.2 Leading edge 
 
Lets shift our focus to the leading edge of the blade. For reference, Fig. 8 shows that the skinned Rhi-
no model is not without issues either: there are two rather large curvature discontinuities along the 
leading edge, indicated by the cusps in the reflection lines, that border a trip of negative curvature 
where the �-isoparametric curve can be observed to briefly bend inward. 
 
With the help of Fairway’s fairing capabilities the unintended inflections could be removed; which is 
normally a smooth operation but was complicated by the fact that the sections should remain cylindri-
cal, for which Fairway has no instruments. 
 
Nevertheless, undulations along the leading edge are much more severe in Fairway than in Rhino,  
Fig. 9. This is in fact the same phenomenon as we saw in Fig. 5: tangent information is spaced too far 
apart relative to its variation, which allows tangent ribbons to sway unintentionally. Another issue is 
that the section curves intersect the profile at an oblique angle, which could induce twist to tangent 
ribbons. Fig. 10 shows that adding interpolated curves that are more or less perpendicular to the blade 
outline can reduce these undulations as they provide more support for the ribbons. Still, the nose of 
the profile, where curvature is highest, would benefit from additional curves running along the leading 
edge. 
 

Fig. 8: Close-up of leading edge in Rhino showing undulation and curvature discontinuity 
 

 
3.3 Shape features 
 
The use of Fairway is not limited to fairing. Fig. 11 illustrates that it is possible to add integrated 
shape features to the model like an anti-singing edge and a winglet. Likewise the root fillet can be 
designed, not generated. However, due to the lack of a reference system this is not a straightforward 
exercise. 
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Fig. 9: Undulations along the leading edge in Fairway 

 
Fig. 10: Added support reduces undulations 

 
 

Fig.11: Study of integrated shape features: anti-singing edge and winglet 
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3.4 Evaluation 
 
As we have seen, the common method of modelling propeller blades using NURBS surfaces is largely 
based on automated algorithms that produce results quickly. These results are not free of issues: some 
are fundamental and others incidental. Either way, problems can hardly be resolved manually after the  
fact; the only viable option is to tweak the procedures and generators of the method. 
 
Working with Fairway, on the other hand, is a manually operated process characterised by incremen-
tal progress. Quality is improved gradually, up to the point where an acceptable accuracy is reached. 
Without much effort a surface quality is reached over large parts of the blade that is on par with the 
reference method. But especially where curvatures are high, and curvature gradients are high, Fairway 
shows deficiencies as a surface modeller, in that it produces results that are not intended by the de-
signer. Exercising more control can reduce unintended effects, but they tend to reappear on a smaller 
scale. Theoretically there is no limit to the possibilities, in practice everything depends on the time of 
the operator. 
 
3.5 Now what? 
 
Let’s not forget the main objective. The main objective for obtaining a CAD model is to support the 
numerical control of milling machines and robots. Fairway does not generate tool paths and this will 
remain out of its scope for the foreseeable future. Therefore we need an appropriate interface to other 
software that does this well. 
 
Fairway is capable of exporting the geometry in STL format, which is essentially a large collection of 
small triangles. Although suitable for 3D printing of prototype models, we may hit practical limits in 
attempting to describe full-scale propeller blades at sufficiently high accuracy in STL. 
 
Another option is the export in IGES format, which is a vendor neutral data format for the exchange 
of geometric models among CAD systems. However, the data volume will be several orders of magni-
tude higher than the single skinned NURBS surface that we are competing with: Fairway exports 
IGES by matching every mesh in the network of curves with at least one NURBS surface patch; sev-
eral patches in the case of 	-sided meshes. Currently this matching happens by approximation to meet 
a certain tolerance, which works well on ship hulls but could be on the low side for propeller blades. 
A practical test is outside the scope of this paper. 
 
Fairway is capable to run in a special headless mode to act as a hull server, in which external software 
can request intersection curves at arbitrary positions using a special protocol. Fairway will then gener-
ate the curves on the fly and communicate the result back to the client. This method was implemented 
in support of structural CAD systems, and it could probably be used by tool path generating systems 
as well. We might need to extend the communication with surface normal information, and possibly 
means to prevent collision. Nevertheless this option remains hypothetic until an NC partner steps for-
ward to collaborate on this. 
 
4. Potential improvements 
 
As it stands, Fairway is not a convincing competitor of contemporary methods of propeller modelling. 
Fortunately, improvements can be made both in surface generation and in the implementation of in-
struments tailored for propeller design. 
 
4.1. Advances in transfinite interpolation 
 
The algorithms for transfinite interpolation on which Fairway is based, Koelman (1999), date back 
several decades, most notably Gregory (1982). Although these are still adequate for the typical use 
case in which Fairway is applied today, some advances in transfinite interpolation have been made 
recently that can improve Fairway’s applicability to demanding cases such as marine propellers. 
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Traditional methods for the interpolation of tangent ribbons are enhanced and extended by Várady et 
al. (2011) and Salvi et al. (2014) to minimize shape artefacts and to provide a more natural patch inte-
rior for 	-sided patches of irregular shape. Salvi and Várady (2014) achieve transfinite interpolation 
that is curvature continuous across patch boundaries by the introduction of curvature ribbons. If these 
developments help patch shapes to better match design intentions, then there will be fewer cases 
where additional curves are needed for improved control, which results in a sparser network with 
fewer meshes and thereby fewer exported IGES surfaces. This could be a deciding factor that makes 
Fairway fit for propeller production. 
 
Várady et al. (2012) investigate ways to control the interior shape of patches and consider scaling of 
ribbons as well as auxiliary internal vertices and curves. Another approach could be to provide addi-
tional control of the orientation of tangent ribbons in between network nodes, for example by manipu-
lation of tangents at intermediate positions. 
 
4.2 New types of constraints and draggers 
 
Apart from spatial curves that can be manipulated in all three dimensions of space, Fairway supports 
curves that are constrained in a plane. These serve several purposes: Firstly, by rendering curves that 
are constrained in one of the main planes in distinct colours, the trained naval architect easily inter-
prets a three-dimensional projection of a doubly curved shape as he recognises the traditional frames, 
waterlines and buttocks. Secondly, fairness is easier controlled on planar curves than on spatial curves 
because they have only curvature in one direction. And thirdly, some curves must adhere to a prede-
fined arbitrary plane such as those that define a flat transom stern. But, in propeller design planar sec-
tions are of very little value, so that currently all defining curves on a propeller blade are spatial. 
 
In Fairway, points on planar curves are manipulated with a dragger that can only be dragged in the 
plane of definition, or only linear if multiple planes intersect in the point in question. Spatial curves on 
the other hand are manipulated with a dragger that can be cycled to work in any of the three main 
planes in succession. This is however not a productive fit for manipulation of blade sections that are 
supposed to remain on a cylindrical surface of a specific radius. Manipulation of blade sections is 
relevant in case the imported offset tables contain few points in the nose of the foil profile which 
cause unwanted inflections, or for fairing away curvature discontinuities in the transition of the lead-
ing edge into the back of the propeller. So, for the purpose of propeller design, an additional cylindri-
cal constraint and a cylindrical dragger is desirable. 
 
To improve control in the manipulation of arbitrary spatial curves it may work well if the user could 
change the dragger planes from the main Cartesian coordinate system to a local coordinate system 
with a more appropriate orientation. In the manipulation of control points the orientation can be based 
on the position of adjacent control points. And in the manipulation of points on the curve the local 
Frenet frame of the curve could be used: One axis would then run tangential to the curve, the second 
axis in the direction of curvature and the third axis perpendicular to the former two. Obviously the 
Frenet frame changes due to the manipulation of the curve and in absolutely straight sections it is 
undefined, which is a complicating factor. A general alternative would be the ability to configure an 
arbitrary direction of dragging as the difference between two points in space, but that is more involved 
for the user. 
 
5. Conclusion 
 
In principle, Fairway with its present feature set is able to eliminate the problems that are experienced 
when CAD models are constructed by skinning or lofting blade sections with a NURBS surface. 
However, it does not do this with the mere press of a button. Fairway offers local control to any finite 
level of detail by manually manipulating curves that describe the surface. It is just that the require-
ments to detail are so high on a propeller blade and the geometry so challenging in comparison to 
Fairway’s usual field of application, that in practice the job requires many hours of labour. This case 
study has identified several potential features that would improve the efficiency of Fairway in propel-
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ler modelling, as well as improve the quality of the produced surface. These might get implemented in 
the future, given enough interest from the industry. 
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Abstract 

 
A key to promoting efficiency and quality in shipbuilding, design and engineering is to have one 
“source of truth” for data throughout the entire process. By utilizing a single 3D product data model, 
both for subsequent design phases but also for interdepartmental communication, organizations can 
reduce errors and cost by maintaining information at various handoff stages. The information 
preserved is not only the obvious geometric and attribute data, but also the design intent that is 
incrementally built into the product model. This paper will show the advantages gained by various 
companies that have utilized this approach via the Marine Information Model from SSI’s 
ShipConstructor software. 

 
1. Introduction 
 
Ship design, engineering and construction have historically been somewhat linear processes with 
work proceeding in a step-by-step fashion though various stages. Along the way, different workers 
with different skillsets have performed isolated activities using specialized tools. However, in recent 
years due to time and cost pressures along with advances in software capabilities, there has been 
growing usage of concurrent work methods and an increasing recognition that designers, naval 
architects and engineers along with associated sub-disciplines should work together to achieve 
optimum results. 
 
Despite this growing overlap, there is still much separation between individuals, departments and 
tools. There are many products and have been many papers that espouse the need for a continuation of 
the product model between each phase of design. However for activities like visualization, 
engineering review, owner operator review, analysis and more within those phases, the direct exploi-
tation of a 3D product model is still disjointed and fragmented. The question therefore is how 
information should be shared and utilized. It is the contention of this paper that utilizing a single 3D 
product data model is the best way to increase clarity, quality, and speed. 
 
2. Benefits of Concurrency 
 
Before talking about the actual tool, the advantages of the integrated and concurrent method should be 
stressed. The naval architecture and engineering firm Vripack from the Netherlands has been a 
particularly vocal advocate of this philosophy, dubbing it the “holistic approach”. For instance, in a 
recent paper for the 23rd International HISWA Symposium on Yacht Design and Construction, the 
company pointed out the inefficiency of operating in isolated silos, Markov and Abma (2014). The 
focus of the paper was on the critical interrelationship between design, naval architecture and 
engineering. One of the key slogans of the paper was an almost word for word echo of a prominent 
point of another recent paper by British shipbuilder Mustang Marine related to the overlap of 
production and engineering, Paine et al.(2013). Both papers said to adopt a “right the first time” or 
“first time right” approach since the wrong decisions at earlier parts of the process ripple through 
subsequent stages and are much more costly and time consuming to fix later on. 
 
The fact that this holistic approach is the optimal methodology can be seen even at the very beginning 
of a project. Starting from the first few weeks of Concept Design, decisions are made regarding main 
dimensions, building materials, location of the engine room, propulsion concept, shape of the hull, 
and internal volume versus the length etc. Each of these decisions affects cost and performance and it 
is a delicate balance to make the right trade-offs. Thus, during the process of making these decisions it 
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is important to have accurate information to check feasibility of certain approaches so various 
software tools are used to perform calculations and model various ideas. This back and forth interplay 
between different shipbuilding disciplines ideally continues throughout the entire project so that all 
stakeholders can give input to each other and work together for optimum results.  
 
For instance, at project commencement, pure concept designers may be mainly concerned with the 
overall looks. However, very early on they should be getting input from the naval architect in regards 
to factors such as weight and center of gravity. Of course, you also have to consider engineering 
factors such as technical specifications and not long after that, as concept design fades into the basic 
design/engineering phase, you should also start thinking about more engineering factors such as 
where some primary systems might go.  
 
The efficient overlapping relationship between each of these disciplines has been conveniently 
highlighted in the infographic from Vripack, Fig. 1. 
 

 
Fig. 1: Holistic Approach shows relationship between Design, Naval Architecture and Engineering 

 

 
Fig. 2: Concurrent engineering 
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Fig. 2 shows the obvious logical time compression that occurs when different steps in engineering run 
at the same time. This is an additional driver of the growing recognition that a concurrent approach 
within engineering itself is desirable. 
 
Then there is the fact that even when procedures were less connected and more linear, there was still 
inevitably a measure of overlap in various disciplines because companies simply could not afford to 
wait until, say, Class finally gave approval to move forward. Companies would always want to start 
doing something to make a project progress, even if some things had to change later on. 
 
3. Typical Communication 
 
With all this talk about different people and departments working together and interacting with each 
other, consideration of the means of communication comes to the forefront. Therefore, an analysis of 
how this is typically done is warranted. 
 
3.1 Inefficient Method: Drawings 
 
In this regard, the traditional method of choice has always been some kind of drawing. But these days, 
really, what is a drawing? Too often organizations act as if a drawing is a source of truth. This is 
wrong. Not only is a drawing not a source of truth, it is not truly a source at all. For anyone using a 
product data model (and these days, at a certain point, for any sizeable project, a vessel will be put 
into a PDM), a drawing is actually just a representation of a collection of information regarding a 
specific portion of the product model, usually for a specific purpose. For instance, an assembly 
drawing brings together standards, libraries, product hierarchies, part, spool or assembly attribute data 
relationships and other details. This provides enough information for production workers to perform 
certain tasks. Other drawings bring together other collections of information about the underlying 
product model for other purposes. However, no matter how much information a drawing contains, it 
only contains a tiny fraction of all the data contained in the vessel’s product data model. 
 
This point has practical consequences. Drawings are not going anywhere; they are great for many 
tasks, but they are not the right representation for many others. They are usually only ideal for the 
primary tasks for which they were originally created, not for the various other purposes that drawing-
centric organizations use them for. The information on many drawings is either insufficient or not 
enough. One might ask why the shipbuilding industry uses drawings so much. One of the answers has 
to do with interoperability challenges when dealing with different software used for different purposes 
or by different companies or organizations. Sometimes this is a valid point; until there is a greater 
amount of standardization, drawings will be a natural method of communication with Class Societies 
and other organizations. However, a less significant, though perhaps more important reason is that for 
many companies, drawings are simply what they are used to. They know how to create, use, read, 
transmit and interact with them and do not believe it worth the efficiency and quality gains to do 
anything otherwise. 
 
3.1.1. Loss of Information during Copying 
 
These organizations should consider more carefully the downsides of this approach. Every time you 
have to transfer information from one format to another, it takes more time and also inevitably leads 
to errors during the transmission process. When anything changes, someone has to remember to 
correctly update all the drawings and identify exactly what had been altered. With the thousands upon 
thousands of drawings generated during the ship design and building process, this is an extremely 
difficult undertaking and the source of an enormous amount of errors. 
 
3.1.2. Loss of Design Intent 
 
A further reflection upon the issue shows an even deeper concern. When you transfer information to a 
static drawing, often the design intent is lost, thus increasing the chance of later errors yet again. 
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A non-shipbuilding example, albeit somewhat contrived, may perhaps make this point more clear. 
Consider Microsoft Word and the usage of various Style types, e.g. Heading 1, Heading 2, Heading 3 
and Normal. The usage of these styles indicates the intent of the author, i.e. certain words do not just 
randomly change appearance; they are headings to group information and they are organized in a 
hierarchical fashion. 
 
Now consider the case where Word is used to create a software manual. At the stage where the 
manual is to be provided to another department for the creation of help files, a PDF file is saved and 
sent. This secondary team has enough information to create the help file, but if they wish to convert, 
modify or otherwise reuse the information for anything other than a direct copy they need to infer the 
intent of a particular piece of text from the visual presentation of that text. The intent of the original 
author has been lost in translation.  
  
On the other hand, if the help team was exploiting the Microsoft Word document itself, you would be 
able to simply look at the Navigation pane and go to the relevant section with full knowledge of how 
everything fit into the hierarchical outline of the manual. 
 
A silly example? Perhaps. But the key point is that the source of the information incorporates 
relationships that are easily discoverable by the user and can be leveraged to provide other 
functionality (e.g. in this case, things such as an auto-generated table of contents if one desires.)  
 
That is a simple illustration using a simple program with little in the way of relationships. Now 
consider shipbuilding, one of the most complex construction fields that exist, with part counts and 
interrelationships that dwarf even aircraft production. There are massive amounts of complicated 
relationships that are found in a product data model. Hopefully a drawing makes the relevant 
relationships clear to a particular user but real world experience at shipyards show that this is by no 
means always a warranted assumption.  
 
4. Marine Information Modelling (MIM) 
 
More and more, ship designers and builders are realising that the ideal method of communication is to 
work as much as possible by directly leveraging a unified 3D product data model. Similar to Building 
Information Modelling (BIM) in the architecture, engineering and construction industry, SSI calls this 
approach Marine Information Modelling (MIM).  
 
To be clear, we are not proposing that all tools within and across phases of the ship design and 
construction process come from a single vendor. Quite the contrary as this does not lead to selection 
of a tool based on its own strengths and weaknesses but rather just based on the logo on the box (a 
dubious criteria for selection). We propose that the information in the product model (or more 
specifically in the source of truth for that information) be leveraged directly without conversion, or 
translation whenever feasible. 
 
We are also not arguing that a single monolithic data store should be the source of truth for all 
information. As an example ERP systems should take engineering data from the product model and 
turn it into purchasing data to be stored within the ERP system. We are proposing that there should 
only be one source of truth for any particular piece of information. As an example, software used to 
perform final detailing and submittal of class drawings should not extract that information from the 
design and engineering product model to do so. 
 
Section 5 outlines how several of SSI’s clients utilize this method to unite various disciplines: design, 
naval architecture, engineering and production. As much as possible, from the beginning to the end of 
a project, they construct and interact with the product data model in SSI’s ShipConstructor 
CAD/CAM software. 
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4.1 Requirements for Effective Use of a Product Model 
 
This approach cannot be implemented with any and every product modelling software. The primary 
requirement of any product model to be used in this type of approach is that all information is 
available, in context, to other applications and processes as required. In general this requirement can 
be satisfied in many ways but this paper will focus on two ways in particular: neutral standards and 
platformization. 
 
4.1.1 Neutral Standards 
 
One way to ensure other applications and processes can access information directly is to ensure that 
the native formats used by the product model are standards themselves. It isn’t sufficient to simply 
export to a suitable standard as this disconnects the information from the product model and can lead 
to the challenges described earlier in the paper. While the Autodesk DWG and SQL behind 
ShipConstructor are not technically ‘neutral’ standards, they have become ubiquitous enough to 
satisfy this requirement fairly well in the real world.  
 
4.1.2 Platformization 
 
A step beyond the use or application of standards is the move towards platform development, not 
product development. This trend, inelegantly referred to as ‘platformization’, opens the door for the 
type of direct use of product models being proposed earlier in the paper. Unfortunately this is not a 
trend that is as common in the shipbuilding industry as it is in other industries. A key pillar in SSI’s 
approach to platformization of the Marine Information Model is the SSI EnterprisePlatform. This 
paper will not cover the details of the EnterprisePlatform which has been well documented in Morais 
and Waldie (2013). 
 
5. Example MIM Implementations 
 
A few example SSI clients who have adopted a MIM approach are the naval architecture firms 
Vripack from the Netherlands and Britain’s BMT Nigel Gee. Both of these companies are well known 
for designing super yachts and innovative workboats. Another firm featured is the designer of many 
US Naval warships, Gibbs & Cox.  
 
5.1 Concept Design 
 
Design, Naval Architecture and Engineering functions overlap, Fig. 1, and naturally different people 
would be using different software to perform different tasks. However, as early as possible, 
companies want to get things into the ShipConstructor product data model so that they can start and 
keep using the data that incrementally gains more connections and depth. Of course, there are certain 
risks involved. A naval architect does not want to do too much work at the beginning if it is suspected 
that a project is not going to go forward. But if it’s clear that it will become a build, the work in 
ShipConstructor could start as early as towards the end of the Concept Design Stage or what some 
companies might call the preliminary design phase. 
 
The purpose here would be to start some basic modelling to help validate some design parameters 
such as weight and center of gravity. ShipConstructor is ideally suited for quickly building these types 
of models. You might just do a section or two to get a handle on things. Remember, this is a 
collaborative process that is being used to check various assumptions to optimize design and prevent 
expensive downstream changes. 
 
5.2 Basic Design 
 
Then, going forward into the Basic Design phase, the naval architects explained that they would use 
ShipConstructor to increase fidelity of modelling, primarily in structure. The goal, again, would be to 
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ensure that things were correct. Gibbs & Cox explained that they might do some simple arrangement 
of machinery spaces and arrangement of other complex and congested areas such as an engine room 
of a navy ship. They would also look at using ShipConstructor for volumes for priority routing of 
distributed systems, i.e. planning where major piping and HVAC was going. Vripack emphasized that 
even at the very beginning you have to take this into account on a yacht. “In the end we all know that 
HVAC space requirements will happen, so why not better take this into account from day one,” is a 
quote from the recent paper by Markov and Abma (2014).  
 
Of course though, one of biggest facets of Basic Design is a series of FEA calculations. There are 
methods for doing this in Autodesk based products such as AutoFEM which can directly take 
information from the ShipConstructor model. However, other programs such as NSC Nastran are 
known for particular strengths in this regard. No-one wants to duplicate work but which model to start 
in would depend on particular circumstances. Gibbs & Cox explained that if they were just doing a 
foundation they would put it in MSC Nastran first. On the other hand, if they were doing global 
analysis of hull/structure, they would put it in the ShipConstructor model first. 
 
5.3 Detail Engineering 
 
As you hit the detailed engineering phase, you need to generate drawings for Class Approval. Yes, 
they are 2D drawings, not 3D drawings, much less 3D fly-throughs of the model. But still, if the data 
is in ShipConstructor’s Product Data Model, ShipConstructor has a method of automatically creating 
this 2D documentation in native AutoCAD DWG format with appropriate symbology. Note that these 
drawings, despite being in the DWG format which is a common delivery format to the class societies, 
have not lost their design intent; they are still connected to the product model and know what portions 
of the product model they represent, even as they are delivered to class. 
 
BMT Nigel Gee explained that on typical projects this literally cuts the time in half. There is no need 
to spend time creating 2D classification drawings and then copying them into a 3D model. You just 
put things directly into the ShipConstructor product data model and then not only can this be used for 
class drawings, this information can continue on and be leveraged for the rest of the ship design, 
engineering and building process. Furthermore, if any changes are required, because the AutoCAD 
based documents are interactively linked back to the model via ShipConstructor’s Associative DWG 
technology, notification can be provided and all relevant drawings automatically updated. Indeed, this 
associativity principle underlies the change management strengths that ShipConstructor provides 
throughout all aspects of a project. If something is linked to the single source of truth, if anything 
happens, change can be seamlessly managed efficiently and effectively. 
 
5.4 Production Support (Production Design/Engineering)  
 
In both Detail Engineering and Production Engineering, organizations typically use a program called 
Navisworks as a virtual reality collaboration tool. Navisworks is an Autodesk product, and therefore, 
part of SSI’s overall Autodesk based shipbuilding software solution. It is part of the solution because 
SSI’s ShipConstructor itself is built on top of an Autodesk platform and an AutoCAD foundation. 
 
Navisworks is an ideal tool for interference checking. It is used for walkthroughs and analysis of 
design for production. In an SSI solution it is also typically the primary tool for collaboration between 
naval architects, shipyards and subcontractors because it allows everyone to see what is going on.  
 
All of these strengths are delivered directly from the Marine Information Model. While a Navisworks 
model can be disconnected from the ShipConstructor product model, it can also be (and is typically) a 
real time dynamic view of the product model, complete with attributes and intelligence. Gibbs & Cox 
also highlighted how Navisworks is a common integrator of model information from other sources, 
including other computer programs, and even point clouds and as-built scans. You can process data in 
Autodesk ReCap and then use Navisworks to do the overlay between point cloud and model. Gibbs & 
Cox has found this works well. 
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10. Communication with Owner/Operator  
 
Navisworks is a visualization tool for virtual reality but if one wants photo realistic renders and even 
animations, the tool that naval architects typically use is Autodesk 3D Studio Max, which, being a 
related Autodesk based product, SSI treats as part of its scalable software solution. As part of the 
integrated solution, it seamlessly leverages ShipConstructor’s product data model to create movie 
quality images. Indeed, 3ds Max, as it is known, is the tool of choice for renderings in numerous 
Hollywood blockbusters such as the Harry Potter and X-Men series. When dealing with billionaire 
buyers of super yachts at any stage of the project, one can understand why the presentation of 
appealing images is critical for a firm such as Vripack. But Gibbs & Cox also notes that the same is 
true for a number of its projects as well. 
 
11. During Sail Phase  
 
During the final phase of Vripack’s chart in Fig. 1, when a vessel is actually launched and at sail, the 
value of the product data model is still apparent. As an example, the US Coast Guard has recently 
recognized this and for its latest Offshore Patrol Cutters has required that an as-built model 
compatible with ShipConstructor be part of any shipyard’s final deliverables. Gibbs & Cox is 
currently working with one of the bidding shipbuilders, Bollinger, to construct a ShipConstructor 
model of the ship which, upon completion of construction, would be handed over to the government 
should they be awarded the contract. There is so much information in the 3D product data model that 
it could be used for purchasing and in-service maintenance planning and there are ongoing talks 
regarding various possibilities. 
 
An obvious advantage of having an as-built product data model would be for retrofit or repair. Gibbs 
& Cox already has used ShipConstructor on retrofit projects in the past such as a situation where the 
firm worked on an in-service modification project involving a model of an exhaust after treatment 
system for a commercial ship. Another time, the company used ShipConstructor to model a complex 
cofferdam to repair a vessel that had had a collision. Having a 3D model in those situations helped 
speed up the repair process, even though the models had to be created from scratch. If Gibbs & Cox 
already had had the model in place, the repairs would have gone even faster, thus, once again 
demonstrating that utilizing a single product data model has benefits from concept design, though to 
ship launch and even during in-service maintenance activities. In fact, the product data model could 
even help with decommissioning and the recycling requirements involved with scrapping. There is an 
enormous amount of information stored in the ShipConstructor product data model. Increasingly, 
organizations are learning how to harness its power. 
 
12. Conclusion 
 
Having workers in multiple disciplines collaborate and work concurrently increases quality and 
reduces costs. However, it is crucial that a tool exists to enhance communication and that there be one 
source of truth as a reference point. As much as possible, that reference point should be a single 
product data model. SSI’s ShipConstructor software, due to its associativity with AutoCAD drawings 
and tight interconnection with other software provides tools to support the creation and interaction 
with a product data model. SSI’s clients have proved that the model is capable of being used, to 
substantial benefit, at all stages of ship design, engineering, production, and beyond. 
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Challenges and Solutions in Speed and Route Optimization 
 

Martin Shields, Thomas Weber, Applied Weather Technology, Hamburg/Germany, thom-
asw@appliedweather.com 

 
Abstract 
 
The paper discusses advances in speed and route optimization from a practical point of view. The 
paper outlines the complex calculations required for speed and route optimization in general. Optimi-
zation objectives considered include minimum cost route optimization either with or without a re-
quired time of arrival as constraint. The approach is implemented in the AWT SmartSpeed. The soft-
ware combines vessel specifications and voyage details with AWT’s up-to-date weather and oceano-
graphic information to calculate optimum speed settings across an entire voyage. 
 
1. Objective functions for routing 
 
The optimum track is designed either as minimum time, minimum fuel (cost) or minimum total cost 
track. The exact type of objective function depends on the shipping business, e.g. liner or tramp ship-
ping and on the available information about hire rate and fuel prices. 
 
Minimum time tracks are used in tramp shipping where the vessel’s operator sets the instructed speed 
which is often derived from the guaranteed speed and consumption rate(s) that have been agreed in 
the charter party. Minimum total cost routes are also used in tramp shipping for those routes with an 
‘open’ arrival time where the speed can either be constrained to charter party speeds or be variable 
depending on operational requirements.  
 
In (container) liner shipping, the objective function for optimum routing is minimum fuel (cost) for 
required arrival time. If the fuel prices are known then the fuel cost can be minimized, otherwise the 
fuel quantity will be minimized.  
 
Why is the fuel price information important? Emission Control Areas have been established in Europe 
and along the US east and west coast as well as around Hawaii and in the Caribbean Sea some years 
ago, Fig. 1. The permissible sulphur content of the fuel oil consumed in these areas has been de-
creased step by step over the years. Until recently vessels have been allowed to consume fuel oil with 
max. 1% sulfur (LSFO) when sailing within ECA. With effect from 01 January 2015 ships are only 
allowed to burn fuel oil with less than 0.1% sulfur (MGO) while being in any ECA, Fig. 2. Outside 
the ECA the vessels can still consume high sulphur fuel oil (IFO) with a sulphur content of maximum 
3.5%. As a result there is a spread in the price of the fuel oil that can be consumed inside and outside 
of the ECA. In major bunker ports the price spread of LSFO to IFO did often not exceed 10% while 
nowadays the spread of MGO to IFO price is 70% and more.  
 
The ECA has no impact to the routing decision from/to ports within the European ECA but it has a 
huge impact on any route from/to ports within the USEC and USWC ECA. The best weather route as 
well as a minimum ECA route will usually not be the cost minimum. The optimum entry/exit point is 
“somewhere” in between. This requires route as well as speed optimization for minimizing the chosen 
objective function. 
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Fig. 1: Presently active Emission Control Areas 

 

 
Fig. 2: MARPOL Annex VI Fuel Sulphur Limits, www.dieselnet.com 

 
2. AWT’s routing services 
 
AWT serviced approximately 50.000 voyages in 2014. These voyages have often been multiple-leg 
voyages. Almost two third of these voyages have been routed based on an instructed speed, more than 
20% have been services for liner shipping with a required arrival time, about 10% have been perfor-
mance monitoring only and 4% some other services like tropical advisory.  
 
The basic ship routing service is the minimum time track based on a single instructed speed. This 
service may not always be suitable in the today’s tramp market which is characterized by low hire and 
fright rates compared to relatively high fuel prices. 
 
AWT offers a service that evaluates the optimum track for a given set of speed and consumption rates. 
The speed and consumption rates need to be advised by the vessel’s operator and may be taken direct-
ly from the vessel Chart Party (c/p) description. Instructing a vessel to proceed as per c/p would enti-
tle the operator to hold the owner responsible for any losses in case of any under-performance of the 
vessel compared to the c/p speed and consumption warranty. Alternatively any speed and consump-
tion number could be used for this evaluation but there would then be no option of any performance 
comparison to c/p description. If for a certain speed no consumption rate is known then AWT can also 
predict same by means of proprietary consumption curves.  
 
The major voyage performance numbers are calculated for each pair of speed and consumption, such 
as distance, voyage time, eta, fuel consumption inside/outside ECA. If the hire rate and fuel prices are 
known then the costs related to both are calculated as well. This calculation is updated daily during 
the voyage. The voyage performance parameters are calculated on the basis of expected positions for 
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the remainder of the voyage, enabling the vessel operator to review the speed instruction daily and 
make and necessary adjustments. 
 

 
Fig. 3: Sample en route report detailing the effects of various speed options 

 
In addition to routing vessels based on an instructed speed, AWT also provide services that recom-
mend optimum route and required speed in order to arrive on time. AWT’s speed recommendations 
are based on the power=constant concept as this is more fuel efficient than RPM= constant. The 
speeds recommended by AWT are calm sea speeds. In view of the ECA regulations effective since 01 
January 2015 AWT offers a DualSpeed recommendation capability. DualSpeed consists of two calm 
sea speeds, Fig. 4; one for inside and one for outside ECA in order to arrive at the destination at the 
required arrival time with minimum total fuel cost. The price of the fuel consumed inside and outside 
ECA must be known because the speed (SC) ratio depends on the fuel price (C) ratio which can be 
described as follows: 

 
Besides determining the right speed ratio determining the optimum point for entering and leaving the 
ECA is of importance too. This is a complex optimization task which can also be solved by means of 
AWT’s on board voyage planning and optimization system BonVoyage, Fig. 5. 
 

 
Fig. 4: Sample of a DualSpeed track 
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Fig. 5: Optimum ECA entry point for minimum fuel cost and equal arrival time depending on fuel  
           price spread 
 
Identifying the power settings for a calm sea speed is not always as simple. Modern engines are usual-
ly controlled by RPM settings. While setting a constant RPM rate is easy, it is not always fuel effi-
cient. Therefore AWT can assist the Master in setting the right variable RPM in order to keep the 
power constant by providing guidelines as shown in Fig. 6.  
 

Fig. 6: Speed recommendation with %MCR and RPM details for a vessel proceeding at minimum  
           power 
 
For safety reasons, AWT may recommend speed adjustments, either to outrun or to allow heavy con-
ditions to diminish or pass ahead of a vessel. These speed adjustments are usually designed by setting 
a deadline for passing a certain latitude or longitude, Fig. 7.  
 
  

TO:MASTER/*** 
FM:AWT 
 
TKS YRS.  
 
TO MEET DESIRED ARRIVAL TIME LONG BEACH 03 MAY, 110 0Z 
BASED ON DR POSN 43.9N 144.9W AT 30 APR 0000Z 
 
SUGGEST POWER SETTING TO PRODUCE : 18.0 KTS IN CALM  SEAS 
                      % MCR :    34 
 APPROXIMATE DISTANCE TO GO :  1417 NM 
 APPROXIMATE TIME REMAINING :  83.00 HOURS 
     AVERAGE WEATHER FACTOR :  -0.93 KTS 
     AVERAGE CURRENT FACTOR :  0.00 KTS 
  AVERAGE SPEED OVER GROUND :  17.07 KTS 
     CALCULATED CONSUMPTION :  427.5 MT 
 
- POWER SETTING IS ADJUSTED TO ACCOUNT FOR STOPPAGE AND/OR 
REQUIRED SPEED REDUCTION APPROACHING PORT EQUIVALENT TO 3.0 
HRS. 
 
- BASED ON LATEST FORECAST, SUGGEST MAINTAIN THIS P OWER 
SETTING THROUGHOUT THE VOYAGE RECOGNIZING THAT SPEED WILL 
DECREASE AS WEATHER INCREASES, ALL AS SAFE NAVIGATI ON 
PERMITS 
 
1.WEATHER: SEE LATEST WEATHER DATA VIA YOUR BON VOYAGE 
SYSTEM: 
FORECAST             WIND/SEA     SWELL           S IGWV 
DD/HH   LAT    LON  DIR/BF/HGT  DIR/HGT /PRD      D /HT 
30/00Z 43.9N 144.9W ENE/2/0.5M  WNW/2.5M/11S   WNW/ 2.5M 
30/12Z 42.4N 140.7W NNE/4/1.0M  WNW/2.5M/11S   WNW/ 2.5M 
01/00Z 40.8N 136.7W  SE/7/3.5M  SSE/2.5M/8S     SE/ 4.0M 
01/12Z 39.2N 133.1W SSE/6/2.5M  SSW/2.0M/9S    SSE/ 3.0M 
02/00Z 37.3N 129.4W   W/4/1.0M  WNW/1.5M/11S   WNW/ 2.0M 
02/12Z 35.3N 125.9W NNW/4/1.0M  WNW/1.5M/11S   WNW/ 1.5M 
03/00Z 34.2N 121.9W  NW/6/2.5M    S/1.0M/17S    NW/ 3.0M  

DD/HH    LAT   LON     WX F/CUR F(KTS)  RPM   %MCR 
30/00Z  43.9N 144.9W    -0.12/-0.11     71.0   34 
30/12Z  42.4N 140.7W    -0.22/-0.12     71.0   34 
01/00Z  40.8N 136.7W    -0.97/-0.25     70.0   34 
01/12Z  39.2N 133.1W    -0.39/0.13      71.0   34 
02/00Z  37.3N 129.4W    -0.14/0.04      71.0   34 
02/12Z  35.3N 125.9W    -0.12/0.17      71.0   34 
03/00Z  34.2N 121.9W    -0.07/0.04      71.5   34 
 
2. ROUTE: GC ABEAM SANTA BARBARA CHANNEL ISLANDS ST ILL  
VALID, AS CONDITIONS AND SAFE NAVIGATION PERMIT.   
 
VESSEL EXPECTED TO MINIMIZE DURATION OF EXPOSURE TO ENHANCED  
SE'LYS EAST OF EASTERN PACIFIC GALE NEXT 48 HOURS.  
 
THANKS YOUR COOPERATION 
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GOOD DAY CAPTAIN, RECEIVED YOUR MSGS WITH THANKS 
 
1.WEATHER: SEE LATEST WEATHER DATA VIA YOUR BON VOYAGE 
SYSTEM: 
FORECAST WIND(D/BF/SEA) SWELL(D/HT/PD) SIGWV(D/HT) 
21/00Z   SSW/6/2.5M      SW/2.5M/9S    SSW/3.5M 
21/12Z   SSW/7/3.0M       W/2.5M/14S   SSW/4.0M 
22/00Z    SW/6/2.5M       W/3.5M/15S     W/4.0M 
22/12Z     N/6/2.5M       W/3.5M/14S     W/4.5M 
23/00Z    NW/6/2.5M       W/3.0M/14S     W/4.0M 
23/12Z    NW/5/2.0M       W/4.5M/12S     W/5.0M 
24/00Z   WSW/5/2.0M      NW/6.5M/16S    NW/6.5M 
24/12Z   WSW/6/2.5M     NNW/6.5M/15S   NNW/7.0M 
25/00Z   WSW/6/2.5M     NNW/5.0M/15S   NNW/5.5M 
 
2. ROUTE: RL ENGLISH CHANNEL, ADJUSTING SPEED AS NEEDED TO ENSURE NOT 
PASSING 20W UNTIL THE 25TH/0000UTC 
 
REASON: SUGGEST ADJUSTING SPEED TO NOT PASS 20W UNTIL THE 25TH IN ORDER 
TO KEEP VESSEL SOUTH AND WEST OF AREAS OF +8 METER SEAS AND PROLONGED 
GALES EXPECTED TO AFFECT AREAS SOUTH OF IRELAND TOWARDS THE BAY OF 
BISCAY ON THE 23RD- 25TH.  PLEASE NOTE BELOW CONDITIONS WOULD BE EX-
PECTED IF REMAINING ALONG A DIRECT ROUTE AT PRESENT SPEED: 
 
FORECAST WIND(D/BF/SEA) SWELL(D/HT/PD) SIGWV(D/HT) 
21/00Z   SSW/6/2.5M      SW/2.5M/9S    SSW/3.5M 
21/12Z   SSW/7/3.0M       W/2.0M/14S   SSW/4.0M 
22/00Z    SW/6/2.5M       W/3.0M/15S     W/4.0M 
22/12Z   WNW/5/2.0M       W/3.5M/15S     W/4.0M 
23/00Z   WNW/7/3.0M       W/3.5M/15S     W/4.5M 
23/12Z   WNW/7/3.0M      NW/6.5M/16S    NW/7.0M 
24/00Z   WNW/7/3.0M      NW/10.0M/18S   NW/10.5M 
24/12Z   WNW/7/3.5M      NW/9.5M/18S    NW/10.0M 
25/00Z   WNW/7/3.0M      NW/7.5M/16S    NW/8.0M 
 
PLEASE CONFIRM YOUR SAILING INTENTIONS 

Fig. 7: Recommendation of speed adjustments to allow conditions to diminish 
 
A further option that AWT can offer is the recommendation of a variable speed profile called Smart-
Speed. The variable speed profile will be calculated to meet the required arrival time. This option may 
be beneficial under a very time-variant weather pattern or constraints. Fig. 6 compares the speed, con-
sumption and speed down profile of a variable speed track to constant calm sea speed track. The voy-
age was executed from San Diego to Ulsan in November 2014. As can be seen the idea was to delay 
the voyage initially compared to the constant speed option in order to allow some forecast heavier 
forecast conditions at mid voyage to diminish. This resulted in a lower average speed loss. The time 
loss was compensated by a higher speed during the 2nd portion of the voyage. This caused a higher 
consumption on the latter part of the voyage than on the first part but the latter consumption was pro-
portionally less than experienced earlier, which resulted in an overall saving . It can be clearly seen 
that the left area between the consumption curves is larger than the right area. The actual saving was 
5.7%. It should however be pointed out that any savings will most likely not occur in a time-invariant 
environment. So, SmartSpeed is basically the optimum timing of the voyage; this can also be seen in 
Fig. 8.  
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Fig. 8: Constant and variable consumption rate and calm sea speed as well as weather factor along the  
           track (dimensionless)  
 
The best speed recommendation is however worthless when it is ignored by the Master. AWT has 
developed fleet management tools that enable their clients to closely monitor all voyages and compare 
the progress of the voyage to any available schedule. The remaining voyage time, distance, weather 
and current conditions are always known and are used to calculate the optimum progress of the vessel 
which is then compared to the actual progress with any route diversions, changes in schedule or fore-
cast taken into account. All associated graphs are updated daily during the voyage.  
 

 
Fig. 9: Vessel progress graph 

 

 
Fig. 10: Vessel progress graph 
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As example, Fig. 9 shows a progress graph which reveals a very good speed setting during the voyage 
as the gaps between actual and optimum progress are very small (distance in nm). The vessel was 
temporarily only 10 nm behind the optimum progress and during the final phase of the voyage exactly 
where she should have been. Fig. 10 highlights a different case. The vessel was constantly ahead of 
schedule and the gap was almost continuously increasing. Even one day before arrival the vessel was 
100 nm ahead.   
 
In addition to the bespoke shore-based routing services AWT offers with its BonVoyage System an 
onboard voyage planning and optimization suite which provides weather data and the tools that are 
needed for efficient ship operations directly onboard. BVS provides a forecast of up to 16 days  up-
dated up to four times daily. Parameters forecast include surface pressure, wind, sig. wave, swell, 
wind sea, tropical storms, currents (incl. tidal), rogue wave, visibility, icebergs, vessel icing, port 
forecast, etc. BVS enables the user to easily create route options where speed, passage time and stop 
times can be varied for any en route Waypoint. The voyage optimization offers various objective 
functions and includes consideration of weather induced constraints as well as user defined and no-go 
areas. Tracks between any port pairs can be optimized which is important for speed optimization 
along coastal routes, Fig. 12. BVS includes a heavy roll motions avoidance tool. Last but not least all 
considered tracks can be simulated simultaneously and superimposed with forecast data, Fig. 11.  
 

 
Fig. 11: BVS voyage simulation of three tracks with some weather and motion alerts. 

 

 
Fig. 12: Accurately optimized tracks in coastal waters 
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Big Data - Business Insight Building on AIS Data 
 

Kay Dausendschön, DNV GL, Hamburg/Germany, kay.dausendschoen@dnvgl.com 
 

Abstract 
 

This paper describes first experience for AIS-based performance monitoring services. The “big data” 
approach links AIS data (such as ship positions) with business models, port information and ship 
schedules. Combining various data sources with business intelligence software creates new data 
insight. This helps to determine the cause of vessel delays, ports with shorter anchorage times or best 
retrofit solutions. Selected case studies demonstrate that the approach can be used for a variety of 
applications supporting ship operators and ports alike. 

 
1. Introduction 
 
Compared to other industries, the maritime sector is not very IT (information technology) savvy. 
Apart from corporate ERP (enterprise resource planning), cargo booking and maintenance planning 
software, shipping companies use few IT applications throughout their value chain. In part, this can be 
explained by the high fragmentation of the industry, which results in low market transparency. 
Traditionally, profits largely relied on personal relationships, access to markets, experience and 
timing. This is changing dramatically. 
 
Business intelligence applications to better understand the external market (as in retail, banking, etc.) 
have been be almost completely absent in the shipping sector. Data mining has become a powerful 
differentiator in those sectors, where understanding customers and competitors better may make the 
difference between loss and profit. For the shipping sector, we believe that AIS (Automatic 
Identification System) data mining may become a fundamental game changer.  
 
The origins of AIS data go back about 10 years. For reasons of navigational safety, ships were 
equipped with transponders so that other ships and coastal traffic control could see them on their 
monitoring systems. Initially, only land-based antennas picked up the signals, but over time satellites 
have been installed with AIS receivers making today global AIS monitoring possible. AIS data 
include the MMSI (Maritime Mobile Service Identity) and IMO number, ship name, position, speed, 
draft and main dimensions. AIS data are commercially available by various providers, who offer also 
AIS-data derived information of different quality.  
 
That is not entirely true as ships may turn off their transponders and become “invisible”. Usually this 
is done in case of bad intentions (e.g. smuggling), risk of being the victim of bad intentions of others 
(e.g. piracy) or to confuse traders who live by transparency in the market (as discussed below). Based 
on our analyses, we estimate that more than 90% of the vessels are visible at all times and with more 
satellite coverage this number will increase. This gives us confidence that AIS-based market analyses 
will have sufficient credibility. At present, some 100,000 ships with IMO (International Maritime 
Organization) numbers and more than 300,000 other ships are equipped with transponders. AIS 
signals are received with intervals between every few seconds to up to a few hours (in remote areas of 
the oceans). Storing and processing this “big data” requires significant hardware and software 
resources. 
 
2. Applications 
 
There are many potential applications for AIS data mining, e.g.: 
 

• Ship owners can see the position of their fleets quasi in real-time. Ships can be tracked for 
route and speed over ground. When properly updated, ships can be monitored for next port of 
call with estimated arrival time. 
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• Navigational safety and security have been increased by monitoring unexpected and unwant-
ed ship movements. 

• Snapshot overviews of ships in ports or in certain regional areas can be provided for cargo 
owners looking for available ships or status information on chartered ships. 

• Cargo flows can be visualized by ship calling in certain export ports and import ports after 
that.  

 
We believe that this is only the tip of the iceberg of what can be done with AIS data. All these 
examples basically only require AIS data, an electronic map and a set of GPS (Global Positioning 
System) coordinates to identify key areas (ports, quays, emission control areas, etc.), Fig.1. But even 
more interesting insight can be gained from combining AIS data with other data, e.g. data on fuel 
consumption, emissions, weather and sea state, granular geospatial objects, or ship schedules. AIS-
based insight can support maritime business at operational, tactical or strategic level, Table I.  
 

 
Fig.1: Port and terminal shapes are used to identify entering and departure time for key areas  
          in AIS analyses (Example: Los Angeles / Long Beach) 
 

Table I: AIS-based decision support for daily operation, tactical and strategic planning 
 daily tactical strategic 
Fleet management Fuel consumption 

monitoring 
Charter fleet 
performance 
Off-hire analysis 

New fleet operating 
profile 
Carbon footprint profile 

Port operations Berth availability in 
next port of call 

Turnaround time 
Anchorage time 

Change port of call 

Voyage operations Schedule integrity 
Speed profiles 

Delay management 
of competitors 

ECA zone routing 

Overall operations Average trade lane 
utilization 

Pro-forma schedules 
(port/anchorage/sea) 

Cost curve modelling  
(fuel, asset, port, …) 

Purchasing Recent bunkering 
activity in next ports 

Choose experienced 
repair yard 

Competitor bunkering 
footprint 

 
Typical issues that may be addressed through AIS data mining and post-processing software are: 
 

• How do partners / competitors run their networks? How many direct connections and tran-
shipment do they offer? 
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• Which charter vessels have higher chance of marine growth? 
• Which ports / terminals have congestion issues? 
• Do partners / competitors manage port operation faster? Why? 
• Will the targeted berth be available on time? 
• How do partners / competitors perform in terms of slow steaming and constant speed profile? 

How does that affect their fuel bill? 
• How well are others performing regarding schedule integrity? 
• What is the operational cost breakdown of other players? 
• How much time do others spend in port and anchorage? How does this affect average speed? 
• Which bunkering footprint do partners and competitors have? 
• How efficient do others bunker? 

• Where do competitors dry-dock? 

Specific opportunities will be discussed in the following sub-chapters. 
 
2.1.  Emission monitoring  
 
Our emission monitoring and control unit has its origins in Norway where DNV GL was tasked with 
verification of the NOX fund, e.g. Nore (2011). Initially we monitored the coastal traffic in Norwegian 
waters to determine the emissions for each ship. By now, we can create an emission inventory 
modeling to any part of the world. 

 
2.2.  Fuel efficiency monitoring 
 
We combine AIS positions and corresponding speed with our knowhow on fuel consumption to create 
accurate proxies on (daily) fuel consumption for a whole range of vessels. Our “ECO Insight” tool, 
www.dnv.com/industry/maritime/servicessolutions/consulting/solutions/eco_insight/, allows verifica-
tion of noon report data with data obtained through AIS monitoring. An additional feature is the 
benchmarking of average fuel consumption against similar vessels of other owners on similar routes. 
 
2.3. Business intelligence 
 
We define business intelligence as market information, which is accessible and helps companies to 
take faster and smarter decisions. This applies to different stakeholders in the maritime industry, ship 
operators and owners, port operators and authorities, insurance companies, commodity traders, 
maritime service providers, etc. In order to generate the business intelligence, we merge data sources 
to extract new insight. With billions of data records per year and terabytes of data, this demands 
powerful data warehousing and processing capabilities. 
 
The following case studies may illustrate how the market may benefit from better business intelli-
gence: 
 

1. Dry-dock selection 
A chemical tanker owner needs to send two of his chemical tankers to dry-dock in 6 months 
from now. His superintendent needs to send out tenders to suitable yards. From his experi-
ence, he knows a few that he used to send his vessels to some years ago but his knowledge is 
a little rusty. Combining the chemical tanker movements with the geospatial object infor-
mation of where all the yards are located can generate a quick overview which vessels went to 
which yards and how long they stayed there.  
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2. Delay management in container shipping 
In container shipping, delays are of the rule rather than the exception. A delay can become 
costly as berths become unavailable, speeding up burns more fuel, cargo from skipped ports 
need to be repositioned, etc. Hence a good delay management system is important. An opera-
tions’ department manager would benefit from a review of where his services run out of 
schedule (root cause analysis) and what mitigation actions were taken (speed up, skip port, 
cut and run, etc.). With this information, he can discuss mitigating costs with the sales de-
partment that is interested in keeping the ship to its original port call schedule to avoid cus-
tomer complaints. By combining schedule data with vessel port call/anchorage time data, we 
can pinpoint where operations went wrong and with speed data we can see where vessels sped 
up to catch up again. AIS data allow even a peek into competing services to see how competi-
tors manage to keep their ships on schedule. 

 
3. Port selection  

An oil major has congestion problems in certain ports. The supply chain manager of the oil 
major believes that the vessel turnaround time is the problem as he believes that in other ports 
in the same region this all goes much faster. In order to reduce charter hire and avoid supply 
chain bottlenecks he is keen to identify how to reduce the berth turnaround time of the ves-
sels. The AIS analysis could give average turnaround times for crude and product tankers in 
neighboring ports for vessels of similar size as benchmark values.  

 
4. Berth selection 

A container carrier contemplates a schedule change and needs berthing availability of various 
terminals in ports within a region. Acquiring berthing availability can be a lengthy process 
mainly caused by delays in communications between container carrier and terminal operator. 
We could give a snapshot overview which terminals are underutilized on which day of the 
week. Being able to see arrival and departure times of vessels by terminal for the recent 
weeks/months allow us a relatively accurate picture how busy/quiet each terminal is by period 
of the week. Of course, such observations are only the starting point for more detailed discus-
sions with a terminal operator. Fig.2 gives an example of such an analysis looking at termi-
nals in Los Angeles / Long Beach port.  

 

 
Fig.2: Utilization analysis of port and berths (Example: Los Angeles / Long Beach) 
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5. Voyage management 
AIS data can be used to analyse own and competitors’ performance regarding voyage 
management. For example, AIS gives speed information with much higher data density than 
noon reports. Detailed AIS data, Fig.3, can be used to derive various key indicators: 
 

• Speed variability during deep sea passage – Too high starting speed, slowing down 
later on to match arrival time in port indicates poor voyage planning. Speed variations 
around a constant mean may be due to weather. 

• Average sea passage speed – Too high pro-forma speed may indicate poor pro-forma 
scheduling.  

• Operating profile standard deviation (head-haul/back-haul) 
• Port times – Long port stays may indicate poor port productivity or poor coordination 

with terminal operator. 
• Anchorage times – Anchorage times due to early arrival may indicate poor voyage 

planning. 
• Nautical miles / day 
• … 

 
For one client, irregular speed patterns resulted in ~2 mUSD higher fuel bill per year for an 
8500 TEU containership. Table II gives three ship operators (made anonymous as A, B, and 
C), illustrating the quantitative insight harvested from our AIS analyses. Fig.4 illustrates a 
subsequent root-cause analysis for delays. The specific ship is tracked looking at mooring 
times awaiting transit to the port of Hamburg, where the ship was repositioned to another 
quay after three days.  

 
Table II: AIS data analysis for overall operations for three ship operators A, B, and C on same trade 

 A B C 
Time share sea passage 69.5% 71.5% 70.0% 
Time share maneuvering   5.0%   5.4%   5.4% 
Time share anchoring   7.4%   6.0%   6.0% 
Time share mooring 18.1% 17.1% 17.8% 
Average sea passage speed 16.5 kn 16.0 kn 16.1 kn 
Standard deviation in speed 2.78 kn 2.45 kn 2.81 kn 
Nautical miles / day 291 nm 291 nm 285 nm 

 

 
Fig.3: Speed profiles reveal systematically too high speeds at voyage start 
 
There are many more potential applications for AIS-based business intelligence, but these examples 
may suffice to realize the scope and power of this new technology.  
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Fig.4: Long waiting and cargo handling times can be identified by AIS analyses. The numbers in  
          light-blue circles indicate Day 1, Day 3, Day 6 and Day 8 in a month.  
 
4. Conclusions 
 
We believe that AIS information will fundamentally change the transparency in the shipping market 
and that early adapters will hugely benefit from this effect. 
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Abstract 
 
This paper describes the basic characteristics of a six degrees of freedom dynamic model of an 
innovative ocean-going unmanned surface vehicle. The model will be used in an explicit and implicit 
way to ensure the operation of the autonomously acting vehicle, which serves as communication node 
between surface and underwater parts of a complex deep-sea monitoring system. Properties of the 
acoustic communication have been taken into account when designing the unmanned surface vehicle. 
Finally, it has been built as a shallow submerged vehicle with water surface-piercing towers to assure 
a reliable acoustic communication and positioning link up to a depth of 6000m even in heavy sea 
states. As the vehicle motion has a decisive impact on its operation, the basic characteristics of the 
motion of the vehicle in waves have been investigated from the quasi-static case using potential theory 
to simpler dynamic models for the specific degree of freedom. Further, these models can be used to 
predict the impact of the prevailing environmental disturbances during the vehicle operation. 
 
1. Motivation 
 
Worldwide increasing activities for exploring and surveying the seabed can be observed in the mari-
time industry. This is mainly due to the rising demands on winning raw materials from the deep-sea in 
up to 6000 m depth. In order to comply with these demands, high-capacity monitoring systems have 
to be developed. Within the research project SMIS (Subsea Monitoring via Intelligent Swarms, fund-
ed by the German Federal Ministry of Economics and Technology (BMWi - FKZ 03SX348)), differ-
ent unmanned underwater and surface vehicles will be designed and combined to an innovative sys-
tem for efficient monitoring of large-scale deep-sea areas. In that way, the project partners (IMPaC 
Offshore Engineering GmbH, ENITECH Energietechnik – Elektronik GmbH, TU Berlin, Karlsruhe 
Institute of Technology, Leibniz Institute for Baltic Sea Research Warnemünde, University of Ros-
tock) are developing specialized vehicles, including an unmanned surface vehicle (USV), autonomous 
underwater vehicles (AUVs) and a seabed station (SBS), which operate as an intelligent team to ac-
complish various missions. The full autonomous deep-sea operations last several days, where the 
AUVs can recharge at the SBS. For more details about the complexity of the SMIS system see Boeck 
et al. (2014).  
 
The central element of the SMIS system is the autonomously acting USV, which serves as communi-
cation node between the surface and the underwater parts. In that way, the vehicle provides geo-
references to the underwater vehicles via ultra-short baseline (USBL) acoustic link and sends states of 
the complete system to an operator via satellite communication. The USV is an ocean-going vehicle, 
which has been designed as a shallow submerged vehicle with water surface-piercing towers. This 
concept assures a reliable acoustic communication and USBL-positioning even in heavy sea states 
Ritz et al. (2014). Moreover, the vehicle is designed for long endurance operations up to seven days, 
where continuous power supply is provided by a hybrid energy concept consisting of lithium polymer 
batteries and a solid oxide fuel cell (SOFC). It will reduce the acoustic noise that would be generated 
by conventional combustion engines. Certainly, the vehicle is equipped with various sensors for 
measuring the position, attitude and velocities. For the purpose of enhancing the autonomy, the vehi-
cle utilizes an Automatic Identification System (AIS) and radar system and integrates itself into the 
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shipping traffic. Detailed information about the automation of the USV can be found in Rentzow et al. 
(2015). 
 
As the vehicle acts autonomously, it has to be equipped with a hierarchical system for guidance, navi-
gation and control (GNC) to fulfill the respective missions. The main application of the USV is to up-
date the positions of the underwater vehicles, even in heavy sea states when the communication capa-
bility is reduced due to large roll and pitch angles of the surface vehicle. The GNC system is based on 
a dynamic model of the vehicle’s motion, which is e.g. used for predicting states, synthesis of hetero-
geneous low-level and high-level controllers and diverse mission planning tasks. 
 
For conventional operations of USV for hydrographic surveys or special applications like Search-and-
Rescue, Majohr and Buch (2006), Kurowski and Lampe (2014), it is sufficient to consider the motion 
of the vehicle in three degrees of freedom (3DoF). In contrast to that, the total motion of the SMIS 
USV has to be considered in 6DoF as it has been addressed in several publications, e.g. Krishna-
murthy et al. (2005). During the design phase, calculations based on potential theory and computa-
tional fluid dynamics (CFD) can be made to set-up or change significant design parameters of the ve-
hicle, Kutz (2015). Furthermore, they can be used to calculate extreme values in motion, which can be 
applied in a predictive way in the guidance system of the vehicle. In practice, it is a cumbersome task 
to identify the unknown parameters of such nonlinear models, due to strong couplings of the motion 
variables, measurement noise and unknown disturbances. Hence, simplifications should be made to 
identify the basic characteristics of the dynamic behavior of the vehicle, especially in roll and pitch 
motion. In order to parameterize the resulting models, special maneuvers have to be carried out to de-
couple the motions and identify the corresponding parameters. Afterwards, these simpler models can 
be used to update the mission settings and ensure the reliable operation as communication node. 
 
2. Properties of the acoustic communication 
 
This section starts with a short introduction to acoustic underwater communication and its physical 
properties. Afterward some of the difficulties in this field are investigated, supported by results of 
field experiments. The acquired insight is then used to discuss some design specifications of the USV. 
 
Compared to terrestrial communication, the underwater channel is a harsh environment in terms of 
data transfer. Electromagnetic waves, used in common radio communication, will be absorbed by 
seawater within less than 100 m. Only with frequencies lower than 300 Hz it is possible to communi-
cate over larger ranges; however this requires big antennas and excessive transmission power, Peach 
and Yarali (2013). The only operational solution for long range communication in underwater envi-
ronments is acoustics. Underwater acoustic systems however, yield some particularities that need to 
be addressed.  
 
2.1. Sound velocity 
 
The sound velocity in water mainly depends on three factors: pressure, temperature and salinity. 
While pressure primarily correlates with the water depth, temperature and salinity can vary widely 
from one sea to another and changes over the water column. Due to the change of sound velocity, 
acoustic signals will be deflected from their original propagation direction. A popular example of this 
phenomenon is the SOFAR channel, where, through refraction effects, sound waves can propagate 
thousands of kilometers before dissipating, Lerch et al. (2009). These refraction effects also concern 
the communication capabilities of the USV. Fig. 1 shows how sound waves get deflected for different 
radiation angle when transmitting a signal from the surface. Here, the computed sound ray refraction 
is solely based on Snell’s Law, Jensen et al. (2011), neglecting all other possible influences like shad-
owing and air bubbles. The illustration utilizes a typical sound velocity profile for the Middle Atlantic 
Ocean, showed in simplified terms on the left side. As shown by the diagram, sound waves that prop-
agate vertically from top to bottom are less affected by refraction, than those signals with a horizontal 
angle of propagation. Considering this, the communication beam has a curved body. For simplifica-
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tion reasons, this can be neglected when assuming a reduced radiation angle, which leads to the ap-
proximation of a communication cone. 
 

 
Fig. 1: Simplified sound velocity profile for the Middle Atlantic Ocean (left), sound diffusion with  
           varying radiation angle (right) 
 
2.2. Absorption 
 
Due to divergence, acoustic signal intensity decreases quadratic with distance to the source. Further-
more, frequency dependent relaxation attenuation impairs signal energy and thus communication 
range. In order to identify the maximal communication range under real conditions, multiple experi-
ments were conducted in the Middle Atlantic Ocean, Neumann et al. (2015). The experiments have 
shown that communication was still possible with a slant range of more than 9000 m, however the 
success ration of delivered packages dropped rapidly at ~8500 m slant range from sender to receiver, 
Fig. 2.  

 
Fig. 2: Delivered and failed packages due to the communication slant-range 
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2.3. Acoustic noise 
 
Like in every communication channel, noise is almost ubiquitous. Natural acoustic noise is introduced 
mainly at the water surface by wind, streams, rain and waves. In addition to the volume, air bubbles, 
caused by waves, produce big signal absorption at the water surface. This reduces the communication 
range of surface to surface transmissions, depending on the weather conditions. For a transceiver at 
the water surface, this can even result in a total communication break down during heavy sea. How-
ever, the risk of communication loss decreases rapidly when placing the acoustic transceiver further 
away from the surface. Also an acoustic baffle, that mutes the surface noise, can help to increase the 
signal to noise ratio for a surface transceiver. These considerations where taken into account during 
the design of the USV. 
 
In addition to the natural noise sources, artificial noise like motor noise leads to a significantly in-
creased noise pollution. The impact on noise level of a passing ship has been investigated experimen-
tally by measuring the noise with an acoustic modem that was attached to a GPS equipped buoy. De-
tails to the experimental set-up can be found in Neumann et al. (2015). The modem was located at a 
depth of around two meters and the research vessel passed by several times with a constant velocity of 
8 knots. Fig. 3 shows the impact of the passing ship on the noise level. Besides noise of other vehi-
cles, the propulsion system of the USV produces its own noise. These effects and their implication to 
the communication capabilities of the USV could not be investigated so far and need further analysis. 
 

 
Fig. 3: Impact of a passing ship on the noise level 

 
3. The USV as communication node 
 
During a SMIS team operation, the USV acts as a communication node between the underwater seg-
ments and the control station (operator), which can be placed on a ship in the operation area or on-
shore. Furthermore, it provides geo-references (global satellite based position data) to the underwater 
vehicles by utilizing acoustic USBL transmissions to correct the resulting drift of the position due to 
dead reckoning. The surface communication is realized by different redundant radio and satellite te-
lemetry links, depending on distance and data volume. While the underwater vehicles perform meas-
uring and monitoring tasks in up to 6000 m depth, the USV has to contact them in cyclic intervals to 
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transmit position references and control commands or to receive state information. Fig. 4 shows a 
SMIS team, consisting of an USV, several AUVs performing a lawn-mowing maneuver and a SBS. In 
addition, a cone indicates the acoustic communication and localization area. Based on the experiments 
described in Section 2, the sound beam is approximated by a cone, whose lateral surface depicts the 
maximal underwater communication range. The USV positions itself above the respective operation 
area to assure the cyclic communication with the underwater vehicles. 
 

 
Fig. 4: SMIS Team with USV as communication node 

 
Depending on the depth of the respective communication partner, the communication area can be 
defined to be the area at the base of the cone. Using the experimental determined maximum slant 
ranges, the angle of beam spread � and the radius of the base of the communication cone � can be 
calculated by trigonometrical relations, Fig. 5. Hence, the acoustical outshined volume or rather the 
swept area is obtained by the circular surface. Table I shows the results of the experiments in the 
Atlantic Ocean. The respective rows represent the data at the time of communication dropout for 
several long distance measurements. 
 

Table I: Experimental results of long-range communication and localization trials  
Depth 
[m] 

Slant range 
[m] 

Angle of beam 
spread � [°] 

radius of the 
cone base, � 
[km] 

swept area 
[km²] 

4800 8542 111.62 6.32 125.46 
5000 8542 108.35 6.16 119.13 
5000 9694 117.90 7.16 160.98 
 

 
Fig. 5: Swept area and communication cone 
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In heavy sea states the reliable communication area shrinks to the intersection of all resulting sound 
beams due to the pitch and roll motion of the USV. Transferred to the cone approximation, the angle 
of beam spread is reduced by the pitch and roll angles and the swept area becomes an elliptic shape. 
In that way, the vehicle used as deep-sea communication node has to be designed in a special way, as 
described in Section 4. Furthermore, the automation system and the GNC system have to be devel-
oped to secure a reliable localization of the underwater vehicles even in case of harsh environmental 
conditions. Therefore, the basic dynamic characteristics of the USV will be considered in Section 5.  
 
4. Design background of the USV 
 
The main requirements influencing the USV design are minimal motions in waves, self-righting 
behavior after capsizing and minimal resistance. Furthermore, internal space for the equipment has to 
be provided. In order to limit production costs and efforts, a simplified line arrangement is considered. 
The requirement of a minimal response to waves and the fast recovery of stability after capsizing 
seem to be inconsistent. Therefore, a submerged body with three surface piercing struts is considered 
for the USV, Fig. 6. Moreover, this SWA-Concept (Small Waterplane Area) influenced design 
reduces the excitation forces due to waves. As reaction to heeling due to lateral wind load, the struts 
immerge, which generate additional buoyancy and counteract the heeling moment. Moreover, the 
three surface piecing struts build the base for the antenna platform for terrestrial radio communication 
and satellite data transfer and provide a ventilation trunk for the fuel cell. The operational components 
and the payload are located underneath the waterline. The hull wraps the components and forms a 
hydrodynamic beneficial shape. Most of the components are placed in flooded sections. This has the 
advantage that heat is released into the environment, and possible gas leakages cannot lead to an 
explosive mixture. 
 

 
Fig. 6: Sectional view of the SMIS-USV, 1 sensor-platform, 2 fuel cell, 3 LiPo-batteries, 4 watertight  
          casted components, 5 gas container 
 
The gas containers supply the hybrid energy concept. The electric motor is supplied by waterproof 
batteries with an energy capacity for some hours of operation. The SOFC reloads the batteries 
permanently and extends the operational range up to one week. Dry compartments can be found at the 
top end of the submerged body and in the center. The fuel cell for instance has to be placed into a dry 
environment. At the bottom of the USV a modular payload keel is arranged. It enables the user to 
customize the vehicle to different operational tasks. In the SMIS-arrangement, the acoustic USBL-
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modem is covered by a streamlined hood, but also scientific sensors like an ADCP (Acoustic-
Doppler-current-profiler), a multi-beam sonar or a sub-bottom-profiler are possible payloads. The 
spatial separation of the heavy elements as batteries and payload at the bottom and air filled 
compartments at the top leads to a low center of gravity. The center of buoyancy is higher; thereby a 
positive initial stability is accomplished. The open hull design with flooded compartments makes the 
vehicle light weight and manageable on deck of an expedition ship, but at the same time inertial 
enough in operation state to counteract wave and wind loads. The weight in air is about 500 kg but the 
hull displaces 1250 liters. This feature makes the USV the perfect choice as communication node 
between satellites and underwater vehicles such as AUVs and stationary bottom based vehicles. For 
the underwater communication, it is essential to reduce the body motion and keep position above 
specific coordinates. Every movement (rolling or pitching) would scatter the emission of the acoustic 
cone over a distance of up to 6000 m. An ambitious task is to determine the hydrodynamic properties. 
Due to unsteady flow pattern and thereby generated pressure distribution on the vehicles surface, 
spontaneously increasing moments, mostly in pitch, can appear. This phenomenon, based on the so 
called Munk-Moment, Munk (1979), and the effect of waves generated from a vehicle on or near the 
surface, has to be estimated for the autonomous operation over the full speed range. This pitch-/heave 
instability is also known from SWATH-ships or submarines in surface operation. Therefore, many 
different variants of the USV (variation of bow geometry, positions of center of gravity, position of 
struts and so on) were analyzed by unsteady CFD with focus on the dynamic motion behavior over the 
complete speed range. The final version has an optimized stern to reduce the resistance and due to the 
arrangement of the struts the pitch-/heave instability could be prevented over the complete speed 
range with an option to extend the speed range by 50%, Ritz et al. (2014). The results are shown in 
Fig. 7. There are still heave and pitch motions with raising velocity, but no immediate instability. 

 
Fig. 7: Results of the hydrodynamic calculations, resistance, heave and pitch over speed; Kutz (2015) 
 
Besides analytical and computer aided calculations, a lot of hands-on experience was considered in 
order to find a suitable design. From several on site expeditions to the Baltic Sea and the Atlantic 
Ocean on German research vessels, some improvements to existing research equipment can be found 
in the USV design. The complete stern geometry is made of robust fiber-reinforced plastic and is 
easily removable in order to increase the accessibility of the complex electronic components. New 
materials such as lightweight aluminum-foam sandwich panels are used to enhance stiffness and 
resistance against wave loads. Moreover, hatch covers are installed on deck, thereby quick access to 
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data loggers, gas containers and the fuel cell is guaranteed. A very important aspect of working with 
research vehicles on site is the launch and recovery procedure. The seaman’s task to recover the 
vehicle can be simplified by adding big lugs or handles to the superstructure. The USV has a 
tightened cable rope between bow tip and first strut. On the aft deck big handles are provided.  
 
Nevertheless, cost efficiency is a design criterion as well. The CFD resistance optimized vehicle 
length reduces the operational cost or increases the operational radius respectively. The midship 
section geometry is greatly influenced by the dimensions of the fuel cell. This box-shaped section 
continues along the parallel central body then bends with single-curved alloy-sheets towards the bow 
tip. The stern is molded, to support a harmonic propeller inflow. To improve the propulsion effi-
ciency, a steering duct was designed. Hence, the ship length could be reduced as the rudder stock is 
located in the propeller plane and not behind it.  
 
5. Basic models of the USV  
 
Different model descriptions are used during the design process and the operation of marine vessels. 
In the design process preferably quasi-static models are used in form of motion response amplitude 
operator (RAO) to identify extreme values in the motion of the vehicle at certain wave frequencies 
and wave heights. For guidance, navigation and control of marine vehicles, dynamical models of the 
vessel are needed to be used during the operation. The complexity of the used model depends on its 
application. For conventional operations of USV for hydrographic surveys in calm water, it is possible 
to reduce the equations of motion to a lower order dimension. For instance, the given GNC task for 
measuring USV allows limiting the motion to the nearly undisturbed water surface and neglecting the 
motions in heave, roll and pitch. Dynamic modeling and parameterization for GNC of measuring 
USV was described in Kurowski et al. (2015). Obviously, the attitude of the vehicle, especially in roll 
and pitch, has to be considered with respect to accomplish applications as communication node in a 
deep-sea monitoring system. On the one hand, the attitude information is fed into the communication 
system to improve the acoustic localization. On the other hand, the control system uses these data to 
predict the vehicle motion and adapts the mission control task itself.  
 
5.1. Motion response amplitude operator (RAO) 
 
Motion RAOs are used to determine the behavior of a ship operating in a given state of sea. They are 
calculated by using potential theory to compute frequency-dependent added mass ��, potential 
damping coefficients ��, restoring matrix � as well as amplitudes and phases of the first-order wave 
load between the vehicle and the waves for a given wave direction and frequency. This correlation can 
be written in linear case as equation of motion 
 

�� +��
�� ⋅ �� + �
�� ⋅ �� + � ⋅ � = �
��, (1) 
 
where � is the position and attitude vector (6DoF) of the rigid body, � is the mass and inertia of the 
rigid body, � is the wave frequency and �
�� is the harmonic excitation force proportional to the 
wave height. The Motion RAO parameters for the SMIS USV have been computed using the 
commercial program WAMIT. Furthermore, it puts out the magnitude and the phase of the Motion 
RAO transfer functions  
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which represent the vehicles motion due to the wave elevation ℎ�. The Motion RAOs have to be 
calculated for different ship speeds and encountering wave angles  ; see Fossen (2011) for more 
details. Fig. 8 shows the Motion RAO of the USV in case of zero vehicle speed and waves abeam of 
the ship, which is the worst case scenario because of the vehicle design. Scatter plots show the 
statistic distribution of wave frequencies and wave heights in a certain area. The USV deployed as 
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communication node will act in the Atlantic Ocean, where the probable frequency range is given by 
0.5�$%/' < � < 1.0�$%/' and the mean significant wave height is 1* < ℎ� < 3*. That scenario 
shows unfavorable extreme values in pitch motion despite of the wave direction. In this context, it 
should be noticed that the motion angles of the vehicle are only valid up to 15° due to the assumed 
linearity. 
 

 
Fig. 8: Motion RAOs at zero speed for wave encountering angle 90° 

 
The equation of motion (1) can be used to compute a time series of the motion of the vehicle in terms 
of harmonic wave excitation. Thereby, a probable wave frequency is chosen to simulate the potential 
operating conditions of the vehicle in a certain area. An extension to different standard wave spectra is 
provided in the Marine Systems Simulator MSS (2010). In that case, the motion of the vehicle is 
summarized about varying wave frequencies and wave directions around the defined mean values. 
Thereby, the Motion RAOs are interpolated between the encountering wave angles.  
 

 
Fig. 9: Time series of the USV motion  
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Fig. 9 shows the simulation of the USV using significant wave height ℎ� = 2*, wave encountering 
range 80° <  < 110° and wave frequency 0.7�$%/' < � < 1.0�$%/'. Especially the pitch motion 
shows a considerably oscillatory behavior. However, the mainly excited roll motion has only slight 
oscillatory extent. 
 
Normally, these time series cannot be used to predict the motion of the vehicle in practice due to 
insufficient information about the prevailing environmental disturbances. Hence, a simpler dynamical 
model has to be used to describe the basic characteristics of the motion of the vehicle relative to the 
wave excitation. 
 
5.2. Dynamic modeling 
 
The primary control task of the USV is to maintain the communication and localization capability 
even in heavy sea states. Therefore, the vehicle has to follow the underwater vehicles to keep them in 
the communication cone or reduce its own motions in waves by changing its heading or speed. These 
two different tasks have to be decoupled. Typically, the mission control task is realized using a GNC 
system. Thereby, the low frequency motion is computed by decoupling it from the motion of the 
vehicle in waves using standard filter techniques presented in Kurowski et al. (2015). In order to solve 
the second task, an additional model of the vehicle motion in waves is needed. The supposed model 
should be described using a simple structure, which can be updated online and used implicitly for the 
control task. The simplest way to achieve that is to adapt the Motion RAO transfer function to a fixed 
second-order-system for the specific degree of freedom. Doing so, the state space representation is 
given by 
 

01�2� 3 = 0 0 1
−��� −2���

3 0123 + 0 0
4���

3 5
6�, (3) 

 
defining the damping ratio �, the undamped angular frequency ��, the gain factor 4, the roll rate 2, 
the roll angle 1 and the excitation 5
6�. Obviously, the model parameters change due to the mean 
wave frequency, the wave height, the encountering direction and the speed of the vehicle. 
Nevertheless, this simple model can be updated online due to the characteristics of the prevailing state 
of sea and the vehicle operating point. In order to validate the structure and to obtain the parameters 
for the acoustic relevant degree of freedom in roll and pitch, negative step response trails have been 
carried out in the towing tank of the Technical University of Berlin. The parameters have been 
determined from the step responses by using the prediction error method. Fig. 10 illustrates this test in 
case of exciting the roll motion.  
 

 
Fig. 10: Photo series from the roll maneuver in steps of 1 s 

 
Due to the floating position of the vehicle, nonlinear effects occur if the hull emerges from the water.  
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In order to handle this effect, the nonlinear model  
 

01�2� 3 = 0 0 1
−�� −�73 0

1
23 + 0 0 �3 5
6� (4) 

 
has been considered, which is adapted from Perez (2005). In that description the parameters 
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are functions of the model states. Fig. 11 shows the identification results of both models. The dashed 
line depicts the measurement. As can be seen, the amplitudes of the linear model (solid line) cannot be 
fitted to the roll motion of the vehicle, especially if larger roll angles occur. The nonlinear model 
(dotted line) shows satisfactory results even in cases of larger roll angles. 
 

 
Fig. 11: Identification results of the roll motion 

 
5.3. Operation 
 
Most of the operation time, the USV will move at slight speed, even in cases of significant vehicle 
motion due to waves. The resulting swept area can be calculated as described in Section 3, using the 
beam spread reduction angle F, Fig. 5. Certainly, this angle is estimated from the motion of the 
vehicle. The resulting swept areas due to varying beam spread reduction angles are given in Table II. 
 
Table II: Reduction of swept area assuming constant depth (5000 m), Slant range (8500 m) and Angle 

of beam spread α (100°) 
Beam spread reduction angle F  Radius of the cone base � swept area 

5° 6.01 km 113.49 km² 
10° 5.46 km 93.78 km² 
15° 4.88 km 74.67 km² 
20° 4.25 km 56.75 km² 
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In that way, the acoustic node will operate in a kind of dynamic positioning task and moves primarily 
against wind, current and wave drifts. Due to the vehicle design and the actuators, the heave, roll and 
pitch motion cannot be controlled actively. Therefore, the disturbances have to be measured or 
estimated as accurate as possible to find an optimal heading and speed, which ensures a minimum 
motion of the vehicle in waves and secures a minimal influence on the acoustic relevant degrees of 
freedom. Wind and current are measured by a weather sensor and respectively by a Doppler log. 
Against that, the motion of the vehicle in waves has to be estimated from measurements of the Atti-
tude-heading-reference-system using simple dynamic models to be used online during the operation 
of the vehicle. 
 
6. Conclusion and further work 
 
The paper describes operational aspects of an ocean-going USV, which acts as communication node 
within a complex deep-sea monitoring system. In that way, the characteristics of the acoustic 
communication has been carried out and adapted to the operation of the USV. The vehicle has been 
designed as semi-submerged and partly flooded vehicle to satisfy the requirement of being a low noise 
vehicle with reduced motions in waves. Nevertheless, the roll and pitch motion of the vehicle have a 
decisive impact of the mission control system of the vehicle. Hence, the basic characteristics of the 
motion of the vehicle in waves have been investigated from the quasi-static case to the simple linear 
and nonlinear dynamic models of the uncoupled motion of the vehicle in roll and pitch. Simulations of 
the vehicle motion as described in Section 5 are further used to design superior control schemes to 
adapt the mission control task in advance. Additionally, they can be used to parameterize and test the 
controllers. The simple dynamic models are used to predict the impact of the prevailing environmental 
disturbances. Moreover, these calculations can be used to feed some kind of extremum-seeking 
controller to minimize the motion or maximize the swept area of the acoustic communication cone, 
which is essential for the localization of the underwater vehicles operating in deep-sea areas. 
 
Currently towing tests are carried out in the towing tank of TU Berlin. After that, the vehicle is fully 
equipped in Rostock and Sassnitz, where the vehicle was built by REAN shipyard. Experimental trials 
in the port of Rostock and at the Baltic Sea should demonstrate the robustness and reliability of USV. 
As part of deep-sea trials at the Atlantic or Pacific Ocean, the USV will show its capabilities as 
communication node at high sea states and worse environmental conditions within the complex SMIS 
monitoring system. 
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Abstract 
 
The intermodal points of any transport chain are crucial for its overall efficiency. Sea Traffic 
Management (STM), and its sub-concept Port Collaborative Decision Making (PortCDM), can play a 
vital role in improving the overall efficiency of the maritime transport chain. Inspired by a similar 
concept applied for collaborative decision making within and between airports, PortCDM is a way of 
establishing not only a common view of all available information, but using this information as a tool 
to create a common situational awareness supporting the involved actors to make more efficient 
collective decisions. We show in detail how this would work for better planning of arrival and 
departure times, how the port would interact with vessels in order to optimize the port approach. As a 
consequence arriving vessels can adjust their speed and thus arrive just-in-time. Savings on fuel 
consumption and lower emissions are obvious benefits. For the vessels and the port, higher 
predictability will yield efficiency based on integrated performance. PortCDM not only makes the 
processes in one port more efficient but also how the information will help other ports on a vessel’s 
voyage. By making the operations berth-to-berth as predictable as possible by multiple updates, ports 
will gain in efficiency on the inbound and outbound. By continuously sharing more accurate 
Estimated Time of Arrivals (ETAs), planners of shore transport are greatly supported. 
 
1. Background 
 
STM is concerned with increasing efficiency in operations within and between ports. This can can be 
achieved by maximizing the utilization of the facilities in ports and minimizing the use of energy to 
steam between two ports, constrained by safety considerations. It has been estimated that the bunker 
cost to steam between two port constitute between 35-70 % of a voyage’s total cost, Stopford (2009), 
Wigforss (2012). From a port gate-to-gate perspective, the actual sea voyage is estimated at 27% of 
the full cost, Fig. 1, Anderson and Wincoop (2004). 
 

 
Fig. 1: Cost distribution of sea transport 
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Consequently, the main concerns of STM are four-fold: 
 

• Provide a basis for right routing, resulting shorter voyages and thus optimize the use of 
energy. 

• Synchronize the port approach between vessel arrival and port readiness enabling green 
steaming in the latter stage of a voyage.  

• Enable a fast turn-around process by giving a port’s various service providers the information 
to permit just-in-time operations. 

• Synchronize the processes related to departing and arriving vessels and port readiness. 
 
Overall, STM will contribute to environmental sustainability, operational efficiency, and high safety 
during sea transports. In order to ensure environmentally sustainable solutions, green steaming is 
preferred when appropriate. It requires a high degree of predictability in approaches to and departures 
from ports to enable just-in-time operations. In terms of operational efficiency, affected stakeholders, 
such as, shipping companies, vessel operators, towage companies, pilot organizations, terminals and 
the port, need to coordinate closely to execute each step of a sea voyage.  
 
Coordination requires that the destination port communicates its resource availabilities to approaching 
vessels and matches this with the vessel’s needs. Such an integrative approach would close the loop in 
STM, expanding and acknowledging the need to interact with the port of destination to enable 
efficient and sustainable sea operations. Due to the non-uniformity of ports operations, an unresolved 
quest is what to communicate and how digital collaboration could be established, inside the port, and 
in relation to other actors. STM enable ports to subscribe to information about upcoming port calls. A 
port call message should be initiated automatically as soon as the port of destination is decided by the 
shipping company and entered into the vessel’s navigation system by the captain.  
 
The ability to predict accurately times for when diverse operations should occur in port approaches is 
difficult due to numerous actors involved and the lack of situational awareness. It should also be 
emphasized that the willingness to share information to some parties is low due to the market 
characteristics of maritime transports. Sharing data might create a competitive disadvantage.  
 
PortCDM enables the port to be efficient in its operations, and at the same time as shipping companies 
are given good basis for optimizing sea voyages by, as early as possible, coming to an agreement with 
the port of when to arrive. In the realization of STM, the integration with ports is vital. Thus each 
vessel needs to clearly communicate its intentions and needs as soon as feasible so the port as a 
complete picture of future resource demand and can plan accordingly. 
 
Physically, a port approach is initiated by a vessel reaching the traffic area outside the port and 
concluded by a vessel’s departure from the same after fulfilling the purpose of its visit. During a port 
approach, there are numerous actors engaged in enabling an efficient, seamless, and smooth approach. 
This requires providing sufficient data for potential and engaged actors to plan and optimize their 
operations. Given all these requirements, a port approach needs to be initiated long time before the 
vessel’s physical approach to the port. An unresolved question is, however, how information about 
intentions, needs and changes, well in advance of the port approach, can be shared among engaged 
actors. Today there are numerous systems that partly enable such objectives, as e.g. Single Window, 
Port Control Systems, Port Community Systems. None of these, however, provides a common 
approach to real-time sharing of information and the building of situational awareness as the 
foundation for distributed coordination.  
 
Even if the number of port approaches has decreased due to increased capacity of individual vessels, 
many approaches are performed without a reliable measure of when a vessel can leave the berth, and 
this often cause delays for new arrivals to the berth. This leads to escalated delays in the port planning 
operation. In order to increase the predictability of the estimated time to berth (all fast) for a certain 
port approach a special concern is, among other aspects, when the former vessel occupying the berth 
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can leave and give room for the next approaching vessel. It has been acknowledged that the ETA (to 
the traffic area/port limits) for a vessel most times corresponds with the actual time of arrival. The 
problem many times centres on the inability to predict when the berth is available for the vessel to 
make berth.  
 
One essential need is, therefore, that the diverse actors engaged in a port approach share information 
about different states (e.g., estimated time of arrival, desires of when a certain state is to be reached, 
commitments related to certain terms of condition, and the changes of the different states that has 
occurred). Inspired by the aviation industry (airport CDM), http://www.euro-cdm.org, this 
collaborative approach to information sharing and decision-making has been coined PortCDM (Port 
Collaborative Decision Making). 
 
There are several similarities between airport and (sea) PortCDM, including: 
 

• Airport and (Sea) Port Collaborative Decision Making (CDM) aim at improving Traffic Flow 
and Capacity Management by reducing delays, improving the predictability of events and op-
timizing the utilization of resources.  

• Airport/PortCDM allows Airport/(Sea)PortCDM Partners to make the right decisions in col-
laboration with other Airport/(Sea)PortCDM Partners, knowing their preferences and con-
straints and the actual and predicted situation. 

• The decision making by the Airport/(Sea)PortCDM Partners is facilitated by the sharing of 
accurate and timely information and by adapted procedures, mechanisms and tools. 

 
Airport CDM concept upon collaboration between different airports with management by a 
centralized organizational body (Eurocontrol). This principle is however readily adaptable to the 
maritime sector because operations are more distributed and the presence of competing autonomous 
agents. (Sea)PortCDM does thus needs develop a distributed coordinating structure that recognizes 
and responds to market forces.  It cannot apply Airport CDM’s hierarchal approach. 
 

 

Fig. 2: The inseparable trinity in sea transports 
 
Ports do not exist in isolation. Without any shipping companies ports and cargo owners (transport 
buyers) have no reason to exist. The same goes for shipping companies – they depend on cargo 
owners and port operators. For the purpose of defining Sea Traffic Management within MONALISA 
2.0, this phenomenon of stakeholder/actor relationships has been coined an inseparable trinity, Fig. 2. 
The purpose with this paper is to elaborate on the goals and constituents of PortCDM. 
 
2. Port operations of today 
 
Deficiencies and new roles undertaken by ports clearly points highlights that port call processes need 
to be coordinated and operatively handled in a optimal way – both during planning and in the 
realization as well as the evaluation of conducted port calls. In this section, the different role and 
assignment a port can undertake are elaborated. We make the case for digitized solutions to enhance 
situational awareness and to provide a basis for the coordination functions that a port can facilitate. 
 
In this paper, a port call is defined as the activities performed prior, during, and after the (physical) 
turn-around process, Fig. 3. A port call process is initiated when the port is informed for the first time, 
about a vessel steaming to the port. Thus, port calls are information-wise initiated well before the 
actual physical approach.  
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Fig. 3: The scope of the port call process 
 
2.1 The current business situation  
 
The coordination of port approaches is highly fragmented since involved port actors historically have 
tried to get access to and retain control of information that is of value to them for their optimization 
goals. This does mean that port approaches are uncoordinated; but as information about intentions, 
desires, commitment, and outcomes is not shared coordination is challenging. 
 
For Europe, maritime transport has been a catalyst of economic development and prosperity 
throughout its history. Europe's ports are vital gateways, linking its transport corridors to the rest of 
the world. Some 74% of goods entering or leaving Europe go by sea, and Europe hosts some of the 
finest port facilities in the world. Ports also play a crucial role both in the exchange of goods within 
the internal market and in linking peripheral and island areas with the mainland (European 
Commission). 
 
Nowadays different generations of ports can be identified depending on their modernization, 
specialization, and handling capacity levels. The United Nations Conference on Trade and Develop-
ment (UNCTAD) identifies four different generations of ports according to these three parameters:  
 
• First-generation ports offering basic port services to vessels by generic port terminals and generic 

handling means. 
• Second-generation ports specializing in operations related to different type of cargo (containers, 

ro-ro, liquid bulk, solid bulk). 
• Third-generation ports enlarging their service scope to transform into effective logistics plat-

forms for trade beyond the port boundary. 
• Fourth-generation ports characterized by diversification and internationalization of their activi-

ties, automation of operations, strong cooperation between the port community and complemen-
tary ports in view to increase its competitive advantages and to support transformation into a 
networked port, perfectly integrated in the logistics chain and in global supply chains where the 
handling and distribution of information is a cornerstone. 

 
These divisions give rise to different kinds of organization regarding a port approach and different 
information flows, which mean that the functionality and features of associated information systems 
may differ significantly from port to port. To understand these differences and to optimally coordinate 
the port call, PortCDM must accommodate this diverse environment. .  
 
2.2 The current institutional situation  
 
The European Commission defines a Port Authority as, “the entity which, whether or not in 
conjunction with other activities, has as its objective under national law or regulation the 
administration and management of the port infrastructures, and the co-ordination and control of the 
activities of the different operators present in the port”, SeaPorts (2010). 
 
However we can find different types of port authorities depending on their size, the kind of traffic 
they manage, their political, social and geographical environment, their main objective, the way they 
approach their functions, and the role and strategies they adopt. All these factors will influence 



503 

directly the way port authorities approach ICT and e-maritime solutions. Port authorities traditionally 
have assumed three functions, SeaPorts (2010): landlord, regulator and operator, but nowadays this 
concept has evolved in light of socioeconomic changes and strategic challenges. 
 
• The landlord function consists on the management, maintenance and provision of infrastructure 

and facilities as well as the conception and implementation of policies and strategies. The 
landlord function can be considered as a fundamental function of contemporary port authorities. 
This role is subject to important changes due to important influencing factors such as competitive 
pressure for investments, financial pressure, and the competition for land-use. 

• The regulator function mainly focusing on control, surveillance, and policy to ensure safe and 
secure cargo operations.  

• The operator function provides different types of services such as the physical transfer of goods 
and passengers between sea and land, technical-nautical services (such as pilotage, towage and 
mooring), and ancillary services (provision of water, provision of electricity, waste disposal or 
warehousing and logistics services). 

 
Thus, the former operator function has given way to landlord and regulatory functions that have 
gained a strong community focus leading ports to a new community manager function. This new 
function lies in coordinating private and public port community members to solve problems and 
develop efficient operations inside and outside the port with a global door-to-door corridor or supply 
chain perspective. 
 
2.3 The current operational situation 
 
A port call has many actors. Thus there is a need for coordination on a level beyond the single actor. 
Today, because of a lack of data sharing, it is hard to foresee when a port approach will occur. It is a 
great challenge to predict when a vessel might depart from a berth and thereby give space for a new 
approaching vessel. Data indicate that the expected departure time from a berth deviates highly among 
the different actors who provide a departure forecast. This could, for example, caused by very late 
assignments on additional services, such as a change of lubrication oil or bunker operations. The 
challenge is thus to overcome this low ability to predict state changes leading to poor coordination of 
port activities (arrival, activities at berth, and departure).  
 
Besides some pre-defined interaction patterns, which information should be communicated to who 
and at what time is unclear. Actors do not share the same definition of measures to be used. For 
example, they might vary in their of definition of a vessel’s state or change of state. Reasons for this 
lack of precision include: 
 

• Diverse systems with closed and proprietary solutions for information management 
• Operators’ guesses based on multiple information sources on which, and when, approaches 

will be conducted 
• The ability of each operator’s to plan for needed capacity (short- and long-term) is low. 

 
Consequently, there is a need to communicate accurate estimates on when a certain state will be 
reached, such as vessels’ approach to the traffic area, and the transmission of another signal when the 
state is reached. Different actors have a need for an overview of current and coming events of the port 
and their status.  
 
In the current situation there are numerous states that are reached during a port approach, Fig. 9. 
Many states are intermediary points for reaching a high accuracy on actual time of berth (ATB), i.e. 
ALL FAST, and Actual Time of Departure (ATD), ALL LOOSE. Fig. 4 shows some typical 
processes and some typical states for reaching the state of All Fast (ATB). 
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Fig. 4: Typical processes and states to reach during a port call with its basis in the port-to-port process 
 
2. PortCDM as a key enabler for integrating Sea Transport in the inter-modal transport chain 
 
2.1 Objectives and its scope with PortCDM 
 
Ports are departure and arrival hubs for different means of transportation requiring a coordinated 
approach, addressing the goals of the transport system as a whole, with smooth and seamless 
operations at sea, at port (reaching the port, departing from port, performing loading and unloading 
operations (and sometimes other maintenance and extraordinary administrative tasks)) as well as 
connections to hinterland transportation. Seamless and sustainable transports enabled by STM require 
an efficient and collaborative port. PortCDM has been identified as a key enabler for reaching the full 
effects of STM. The purpose of PortCDM is to provide a basis (processes, content etc.) for the 
collaboration, enabling decisions that are based on, and have consequences for others, between key 
actors within the port and between the port and its surroundings.  
 

 
Fig. 5: Objectives on Port CDM - The efficient and collaborative port  

 
The overall goal of PortCDM is to support just-in-time operations within ports and in relation to other 
actors being coordinated by the efficient and coordinated port, Fig. 5. PortCDM constitute the 
interface between sea operations and port operations within the STM concept. Essential boundary 
objects between sea and port, in the ship to shore interaction, are thus Estimated/Actual Time of Berth 
(ETB/ATB) and Estimated/Actual Time of Departure (ETD/ATD). ATB is defined as the time when 
the vessel is All Fast (at berth) and ATD as the time when the vessel is All Loose (from berth). 
Governance towards a high accuracy on ETB and ETD can support green or slow steaming as well as 
reducing unnecessary waiting times, which will reduce environmental impacts and increase financial 
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returns. Examples of unnecessary waiting times are waiting for cargo operations and delays in leaving 
after cargo operations are completed. Enabling increased berth productivity should drive a port’s 
decision making. A high predictability of ETB/ETD, optimal use of berths/resources, optimal turn-
around time, and flexibility in the port approach planning are means for an high port efficiency and 
minimal waiting or anchoring times for shipping companies. 
 
To summarize, the most important driver for PortCDM is high event timing accuracy, leading to, 
among other effects, optimal berth utilization. This would support increased berth productivity (by 
being ready to perform cargo operation as early as possible after ALL FAST and leaving from berth 
as soon as possible after the cargo operations and other actions that require the vessel at berth have 
been finished). 
 
2.2. The Scope of PortCDM 
 
PortCDM focuses on four collaborative arenas for enabling sustainable transports as a whole. These 
collaborative arenas are, Fig. 6: 
 
1. Collaboration among actors operating within a port  
2. Collaboration between port and actors on realizing sea voyages  
3. Collaboration between port and actors realizing inbound & outbound transportation (besides sea 

voyages) 
4. Collaboration among ports 
 

 

Fig. 6: Port CDM as enabler for integration in four collaborative arenas for inter-modal performance 
 
Within each collaborative arena, PortCDM should support the development of efficient operations 
(e.g., integrating processes in the port (collaborative arena #1) so that the port is prepared for arriving 
vessels, creating conditions for efficient sea voyages (just-in-time arrival) (collaborative arena #2) 
etc.). PortCDM, as a common measurement, collaborative decision, and information sharing system 
would thus support the integration of different processes and permit each area of collaboration 
identified previously to operate highly efficiently, resulting in just-in-time operations within and 
between the collaborative arenas,. Such cooperation will advance efficiency in inter-modal 
transportation.  
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3. The basics components PortCDM 
 
3.1 Common measures as coordination mechanisms and boundary objects  
 
The overall aim is to reach agreement on the definition of key measures, Thus,  ensuring that different 
actors are striving to reach a certain state (in time and place). This means that ports need to ensure that 
a port, and the actors involved in its activities, are prepared for incoming vessels and making port 
operations related to those vessels as efficient as possible (i.e. ensuring a fast and efficient turn-around 
process). The same goes for hinterland (inbound and outbound) transportation, which means that ports 
have dual, inter-linked, turn around processes. This requires coordination and planning the integration 
of the different operational processes within a port. Important coordination mechanisms for such 
planning, however, have their origins with actors operating outside the port, such as information about 
when the vessel is about to reach the port communicated well in advance of the physical approach. 
 
3.2 Visualizing state of states for enabling coordination 
 
PortCDM builds upon visualizing desired states to enable different operators to act in such a way that 
the port call (arrival, at berth and departure) can be performed as just-in-time as possible. The overall 
goal is that involved actors can trust the prediction of when a certain state will be reached and thereby 
can optimize their performance, in time (not too early, not too late) and by their optimal capacity. In 
PortCDM, so far, the interface to the port has been identified in relation to vessels’ operations. This, 
among other effects, is to enable green and optimal steaming. 
 
PortCDM builds upon the logic that communication about upcoming port approaches is made as soon 
as it is known and that changes are communicated as early as possible (both from the vessel’s and 
from the port’s point of view). The collaboration diagram, Fig. 7, points that as soon as an impending 
arrival is known by the receipt of a voyage order, it becomes possible for the port to initiate planning. 
 

 

Fig. 7: Information exchanges during the port call 
 
3.3 Matching estimates with actual times for an increased predictability  
 
In order for a port to optimize its operations, it is essential to receive real time information of the 
status, together with updated estimates, of different operations/transports that are affecting the 
operations within the port. This means that the same measures functions both as coordination 
mechanism for optimizing port operations (and creating readiness for managing necessary loading/ 
unloading operations) and as boundary objects towards other actors outside the port for their 
optimization. These measures are at the core related to information being shared and the agreements 
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being made within the collaborative arenas identified previously. The measures are used for giving 
estimates (such as ETB and ETD as two essential boundary objects), giving actual times of when 
certain states are reached, and as a basis for evaluation. Sharing information and supporting 
collaborative decision-making will require enabling technologies of different kinds, such as the 
maritime cloud, single window, SeaSWIM, e-navigational services, and various port community 
systems, Lind et al. (2015).  
 
The mean for reaching a high degree of predictability for a certain port approach is to strive towards a 
low deviation between the estimate (ETx) and the actual occurrence (ATx) (ETx – ATx should be as 
close to zero as possible). PortCDM is based on the actor’s provision of estimates multiple times 
before the actual occurrence/state change. The resulting deviation represents the predictability (i.e., 
the ability for the port to predict) of the port as such, and represents a measure of how well the port 
performs in a synchronized transport chain (enabled by STM). This in turn would enable different 
actors to optimize their operations and the utilization of their physical infrastructure and variable 
resources (e.g. personnel).  
 
3.4 State dependencies as the coordination mechanism for vessel and port operations 
 
The design idea is built upon that, at the time of initiation of the sea voyage (by the voyage order and 
first tactical route planning), different ETAs (to waypoints and at the destination) are made available 
via SeaSWIM (as a representation of a common information sharing and service distribution 
environment),  Lind et al. (2015). The destination port subscribes to this information, puts this it into a 
port data cloud accessible for relevant actors, and sets up an instance of an ETB tree (with status 
objects that need to be green at the time of arrival to port) and an instance of an ETD tree for that 
voyage. A green status objects means that the necessary actions can be realized during the port 
approach. Preliminary ETB and ETD are generated by PortCDM information services forming the 
basis for other actors necessary to reach ETB and ETD to (potentially bid), agree, and plan for a 
successful realization. The status is continually fine-tuned based on the updates of a vessel’s ETAs 
(via noon reports and arrival reports, or more frequently if appropriate) and other actors’ desires and 
possibilities to perform operations related to a vessel’s port approach. To ensure a minimal adminis-
trative burden in its introduction, a PortCDM system needs to be interfacing other existing systems to 
ensure one single point for reporting/providing intentions. This could be enabled by systematized 
structure of related principles of subscription between relevant systems, Fig. 8.  
 

 

Fig. 8: Integration with Port information environment 
 
Fig. 9 indicates that the different states are dependent on each other. Thus they should occur in 
parallel and in sequence for milestones to be reached smoothly. The different states depend also time-
wise on each other, such as booking a pilot should be followed by the pilot’s confirmation, or that a 
terminal needs to confirm when it is ready to receive a vessel at berth based on the vessels ETA.  
 
Using states as coordination mechanisms for STM requires a commonality for the perception of and 
use of states as information exchanges. For this purpose a common nomenclature for the definition 
and the description of states has been developed. 
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Fig. 9: States and milestones for the port call process 

 
The construction is founded in Speech Act Theory, Austin (1962), Searle (1969), regarding the 
timestamp as a communicative act constituted by the following basic components: sender, recipient, 
communicative function and propositional content. In the nomenclature the communicative function 
corresponds to time type (i.e., Arrival, Departure, Start, Complete), the propositional content is 
translated into the combination of time sequence in relation to location/service/administrative process 
and reference object, the sender is labelled as the information provider and the recipient as the 
information consumer.  In the nomenclature, states are expressed using timestamps to combine 
relevant information categories (Time type, Time sequence, Reference object, Information provider 
and Information consumer) to a certain Location, Service or administrative Process based on a 
particular Data Source being reported at a certain time (Time Reported). Therefore “timestamps” are 
the generic set of combined categories, Fig. 10, used to express a state based on the nomenclature, and 
“states” are the actual information communicated.  
 

 

Fig. 10: Nomenclature for timestamps (i.e. States) (instances derived so far) 
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To exemplify how a certain state can be classified according to the nomenclature, we use the 
following state: “Estimated Time to Arrival at Berth”, communicated from the Vessel to the Terminal 
at the arriving port. The following categories can be derived [Time Type: Estimated Time], to [Time 
sequence: Arrival ] at [Location: Berth], for [Reference object: Vessel], from [Information Provider: 
Vessel] to [Information Consumer: Terminal ] communicated at [Time_Reported]. This basic 
classification can be used to express all possible variants of states.  
 
The nomenclature categories are defined as follows:  
 

• Time types 
− Estimated times: Estimations of Time sequences (i.e. Arrival and Departure to/from a 

specific location and Start and Completion of Services/processes), to be regarded as a 
communication of intentions, continuously updated, used for capacity planning.  

− Requested times: Requested times for service operations, to be used as a basis for 
negotiation (request, recommendation and confirmation) between actors, such as vessel 
and terminal, to be updated due to changes (changes in request, availability, traffic etc.) 
leading to new negotiations and committed times. An estimated time for arrival to a port 
area can be used as a requested time for services operations. Although, it is important to 
distinguish between the communicative function of an estimation, as a communicated 
intention of a certain occurrence, and a request for a service at a specific time. 

− Committed times: Committed times correspond to agreed (between two or more actors) 
times based on a negotiation following an interaction of communicated requested times, 
recommended times and confirmed times. An obsolete committed time requires a new 
negotiation initiated by an updated estimated or requested time (complemented with root 
cause notification). Committed times can be used as a basis for actors to plan and fine-
tune a realization (i.e. reserve capacity, adjust speed, initiate services, etc.). Committed 
times should continuously be confirmed by involved parties to ensure a high reliability of 
time stamps communicated. 

− Actual times: Actual times is realized times for time sequences, used for evaluation based 
on the actual occurrence related to estimated, requested and/or committed times. Actual 
times can also be used for billing, logbooks and/or statement of facts.  

 
• Time Sequence 

Two sets of time sequences have been identified due to if the subsequent category is a certain 
location, or a service/process. The first set of time sequence is used to define the events for a 
certain location, using Arrival or Departure. The latter set defines services and/or administra-
tive processes as started and/or completed.  

 
• Location/ Service/ Process 

To reach a higher precision in the communication of states a distinction between geographical 
location, services and administrative processes has been made. The services are the set of port 
related operational services available. 

 
• Reference object  

What the communication is about (e.g., vessel arrival to a certain location or pilot arrival to 
that same location).  

 
• Information Provider 

The actor that communicates or makes a certain information component (e.g., state) available 
for other actors to consume.  

 
• Information Consumer 

The information consumer category defines which actor is using the information from a 
certain provider.  
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• Data Source 

The data source from which the information is collected. 
 

• Time reported 
The time of which the message was created. 
 

3.5 PortCDM as an enabler for sustainable (sea) transportation processes 
 
To reach the full effects of STM and thereby enable sustainable sea transport processes, high accuracy 
(based on solid estimations) related to berthing, unloading, loading, and departure, becomes 
necessary. Solid conditions for the ultimate sea voyage can be established by enabling high accuracy 
on the arrival, port operations, and the departure. Different planning horizons are associated with 
different levels of tolerance for deviation between the estimated and actually reached state (the 
outcome), Fig. 11. The deviation should be diminishing with time; the closer to the Execution Phase 
the smaller the tolerance for deviation should be, until the actual moment of occurrence is reached for 
a certain state. This allows a planning process, performed by the different actors, with different time 
horizons (i.e. long-term, mid-term, and short-term planning) to be performed optimally, based on the 
information about the interval of the outcome (e.g. a time span of the reaching of a certain state). Sea 
transportation is a multi-organizational business with numerous actors positioning and coordinating 
their performance in relation to different control points. Related to STM, PortCDM closes the loop in 
the transport chain by establishing conditions for the realization of the sustainable sea voyage. STM 
will be realized by sharing information about status and values related to identified control points (e.g. 
states) for the particular voyage. 
 

 

Fig. 11: Acceptable deviation between estimate and actual occurrence (in different time slots), 
             Haraldson and Lind (2005) 
 
3.5.1 State management and performance metrics for PortCDM 
 
Estimates and actual times are the key parameters in PortCDM. The backbone is the vessel arriving in 
a port, performing berth operations, and departing from a berth and consequently from the traffic 
area/port limits. These times are used as basic parameters for the calculation of other metrics. Besides 
the necessity to capture the times for the estimates (e.g., ETA, ETB, ETD) and real occurrences (e.g., 
ATA, ATB, ATD), the updates of the estimates are crucial in order to calculate key performance 
measures. Consequently different updates on actual state changes become important for performing 
evaluation of how well the port functions.  
 
There are two ways for ensuring that different states are reached according to desires: 
 

• To communicate about desires and possibilities for actions well in time 
• To include intermediary states to govern towards and as a basis for evaluating the probability 

to reach latter states. 
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The ambition is to identify relevant (intermediary) states to use for ensuring that certain states with 
higher degree of coordination force (expressed as milestones) are reached in time. Two examples 
illustrate this idea:  
 

• One actor might want to have information about estimated times to different waypoints of the 
sea voyage in order to judge the probability of that the vessel reaches the traffic area/port lim-
its according to the estimated time of arrival.  

• Another actor might want to include a state when the pilot vessel is departing from its berth in 
order to judge whether the pilot will be at the pilot station according to the estimate.  

 
By adopting principles of state management and identifying root causes for non-successful 
performances the idea is to enable the inclusion of additional states to govern towards. The goal is to 
have a list of possible states to increase the ability to predict the occurrences of important milestones 
and to share experiences among different ports.  
 
The governance towards states is the basis for making calculations for the following measures:   
 

• Predictability  - an essential coordination mechanism for increased punctuality and hence just-
in-time operations. Predictability means the ability to estimate the time of a specified state. 
Hence predictability can be used to determine how well one actor or a group of actors 
succeeds in estimating one or several occurrences. There exist several predictability measures 
that can be used separately or as aggregates, Fig. 12. In order to measure the effects of 
PortCDM the following predictability measures are recommended to be included in the 
baseline (as the reference point): Predictability in relation to xTA, xTB, xTC and xTD (x = 
Estimated or Actual). The measure should reveal the predictability for the key states 
identified (e.g., milestones) for a specific approach and certain actor. Then predictability as 
compound measure can be calculated by aggregating the performance measures. The 
PortCDM solution contributes to synchronized and coordinated port approaches. By 
increasing the predictability of when different states are about to occur, other actors can 
optimally plan for their contribution to the ecosystem. One basic start is to identify data 
sources for different estimates made for different accurate states. It is the sum of all data 
sources from several port related system that should contribute to situational awareness of the 
port approach. One assumption is that multiple estimates for the same state, Fig. 11, should 
allow for an increased degree of precision about the estimates for a particular occurrence.  

 

Fig. 12: Basis for the ability to predict 
 

• Punctuality - a measure of how well in time different actors performed their actions. Similar 
to Predictability, Punctuality can be calculated for single or group of actors, for particular 
milestones or for a certain or a sum of approaches, Fig. 9. In order to measure the effects of 
PortCDM the following punctuality measures are recommended to be included in the 
analysis: punctuality in relation to xTA, xTB, xTC and xTD. The measure should reveal the 
punctuality for the key states identified (e.g., milestones), for a specific approach and actor. 
Then punctuality as compound measure can be calculated by aggregating the performance 
measures.  
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• Berth Productivity - an international measure used to compare different ports in relation to 
each other. When it comes to container traffic, the berth productivity measure is defined as: 
“[…] the number of total container moves (on-load, off-load, and re-positioning) divided by 
the number of hours during which the vessel is at berth (time between berth arrival, or ‘lines 
down (all fast)’ and berth departure, or “lines up”), without adjustments for equipment and 
labor down time,” Piers (2013). This means that there is an interest to govern port approaches 
towards xTB and xTD and enabling just-in-time operations to as a high degree as possible. By 
actors sharing intentions of when different contributions are meant to take place, they could 
optimize the coordination/planning of their operations. It is not obvious that the berth 
productivity will be changed due to the introduction of PortCDM, but it is necessary to show 
that the berth productivity will stay on the same level or increase. Increased predictability and 
punctuality related to the milestones for more just-in-time operations, will affect the berth 
productivity, such as reduced waiting time at the berth due to the need for waiting for 
linesmen, tugs, documents, or pilots.  

  
• Waiting times/Anchoring times - an overall goal of PortCDM is to enable optimal planning 

for operations. One measure that expresses the ability to optimally plan, and to respond to the 
commitments being made, is waiting times/anchoring times. Waiting/anchoring times can be 
derived in two ways; either the actor accumulate waiting times related to each milestone or 
that waiting times are derived from when singular state changes occur in relation to 
compound state changes at a particular milestone (e.g., the difference between the time when 
the pilot is at pilot station (e.g., agreed meeting point) and the time when the vessel is at the 
pilot station).  

 
• Capacity utilization - PortCDM should also form the basis for enabling involved actors to 

plan for utilization of the infrastructure they govern/utilize in an optimal way. A strong desire 
is to achieve information about intended actions as early as possible. This is made possible 
through PortCDM by sharing intentions, desires, requests, and commitments as early as 
possible (such as a port subscribes to information about upcoming port approaches via the 
SeaSWIM-layer). Measures for capacity utilization are based on the time the infrastructure is 
used, divided by the availability of the infrastructure. 

 
3.5.2 Thresholds for built-in inertia – the logic behind the PortCallManager 
 
In order to avoid multiple re-planning due to small changes by updates on estimates of when a certain 
state is to occur PortCDM provide a built-in inertia by using thresholds for when counter-actions (i.e., 
updated commitments) are needed. The thresholds to be applied have their bases in time frames of 
when different actors can perform their operations. Analytically, the different time frames of when a 
particular actor can perform its operations should overlap and as long as it is still possible to perform 
the operations due to changes in estimates (e.g., an earlier or delayed approach to the traffic area/port 
limits).  
 
3.6 Core services in PortCDM 
 
The PortCDM concept is defined by the PortCDM services. These are both of operational and 
informational characteristics. These services are based on design criteria founded in an approach for 
service-oriented architecture, and distributed and federated service development. 
 
3.6.1 Operational services in PortCDM 
 
At its core, four operational services define the PortCDM concept: 
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Port Call Synchronization Service 
Objective: Coordinate the vessels approach with a port’s readiness. Enable the vessel to set 

an accurate speed for a just-in-time approach to the “service meeting point,” such 
as traffic area/ pilot station. Enable each involved Port Call Service Provider to 
plan in advance enabling optimized turn-around times and resource utilization. 

Description: Synchronization is enabled by coordinating service planning and realization 
(requested needs and available capacity) for involved actors, using information 
about service realization (time, spatial and infrastructure) as the basis. 

Service provider: Port Authority or Company/ Private Service Provider 
Area of 
operation: 

Berth to Berth 

Port Call Optimization Service 
Objective: To coordinate and adjust actions related to other actors shared intentions and 

performances, based on the set of states for a particular port call 
Description: An optimization service for planning and on-going activities for actors involved 

in a port call, based on an instantiated generic port call process 
Service provider: Port authority or company/private service provider 
Area of 
operation: 

The turn-around from arriving to the traffic area / pilot station, to departure from 
the traffic area / pilot station. 

Port Call Monitoring Service 
Objective: To provide situational awareness for upcoming and on-going port calls and actors 

performance, to enable involved actors to monitor particular (and/or parts of) port 
calls (based on each actors accessibility to provided information).  

Description: This service provides real-time images of the status (desired, committed, fulfilled 
actions by different actors) of upcoming and on-going Port Calls. Provide basis 
for monitoring, coordination, and optimization. 

Service provider: Port authority or company/private service provider 
Area of 
operation: 

The turn-around from arriving to the traffic area / pilot station to leaving from the 
traffic area / pilot station after loading/unloading 

Port Call Improvement Service 
Objective: To evaluate and propose means for optimizing future port calls. 
Description: This service uses conducted port calls as a basis for evaluation to establish means 

for optimizing future port calls. Generic process definitions of a port call are up-
dated and then used as the basis for future port call instances. 

Service provider: Port authority or company/private service provider 
Area of 
operation: 

The turn-around from arriving to traffic area / pilot station, to leaving from traffic 
area / pilot station after loading/unloading and information exchanges related to 
port call.  

 
3.6.2 Information services in PortCDM 
 
Three types of information sharing services are distinguished; Commitment/expectation management 
services, Capacity planning services, and Port Approach Optimization services, Fig. 11.  
 

Service Description 
Planning services 

ETA_Planning service  
 

Based on the vessel’s desired ETA to the traffic area/port limits, a response 
is given of when the port operators have the capacity of taking the vessel to 
berth. 

PortCall_Managing 
service  
 

To establish/update a network/tree of related desires/intentions/ outcomes/ 
capacities for a certain port approach, where involved actors inform each 
other about their status. 

Capacity_Planning 
service  

To provide operators with plans for how available capacity could be 
utilized optimally in respect to upcoming port approaches (short-term, and 
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 long-term) expected efforts 
State_Indicator service  
 

To provide service consumers with the current state, and planned state 
changes, of a certain object 

PortCall_Status service  To provide service consumers with a status report of how the port approach 
is planned for/is being realized 

Noon_Reports_Sniffer 
service  

To provide service consumer with noon reports (of updates about states 
and forthcoming ETAs) by searching multiple entry points 

Port_Service_Planning 
service  

To match the vessel operator’s needs of services and service providers’ 
capability (and/or capacity) to provide needed services and expected 
realization. 

Execution services 
State_Updates service To provide information about changed states related to the ETx-Manager 

and ETA_Planner for one voyage or several voyages) 
Commitment_Mgmt 
service 

To provide real-time information about changed states, and patterns of 
behaviour related to commitments as a basis to manage actor relations and 
real-time evaluation in relation to commitments and established SLAs.   

Evaluation services 
ETAT_Evaluator 
service  

To provide an evaluation of the capability to predict the actual time for a 
particular state change. 

Root_Cause_Analyser To provide root causes for, and solutions to, why a certain port approach 
(arrival, berth, departure) did not fully correspond to the expectations. 

Waiting_Time_Statistics 
service  

To provide information about waiting time per operator for a particular 
port approach and/or accumulated waiting time for a certain operator 
and/or sum of waiting time per voyage. 

Commitment_ 
Monitoring service  

To provide information of broken commitments during planning and/or 
realization. This information (sometimes combined with the Root_Cause_ 
Analyser) can function as a basis to manage commitments per actor and/or 
per voyage to improve future estimates and realization patterns. 

Other services 
Port_Maturity service  To provide a judgement of a port’s maturity level and what requirements 

there are for moving to the next level based on the result from several port 
approaches 

Berth_Productivity 
service  

To provide a measure of the berth productivity for a certain time period for 
a certain terminal 

Port_Approach_Analyse 
service  

A Port_Approach_Analyser allows simulating and re-planning approaches 
based on a range of estimated and real time based input parameters (e.g., 
number of voyages, type of vessels, port operators’ capacity) for optimal 
realization and capacity utilization for a specific approach. 

 
4. Stakeholder benefits  
 
One of the benefits of PortCDM is the ability to predict and provide conditions for enabling “green-
steaming” to port. Potentially, there are great savings in energy and bunker consumption, if waiting 
times in pre-cargo operations and anchoring could be eliminated. This, of course requires changes in 
business contracts and industry practices (such as virtual ETA, Virtual Laycan). This would mean that 
a port with good predictability, would enable a shipping company to earn more by green-steaming, 
than going to another port, all other things being equal It would become a competitive parameter for 
the port and all its actors. A reliable and collaborative port is a profitable port for a vessel. 
 
Terminal operators can also benefit from an increased ability to predict the port approach. A terminal 
would be able to better align its resources to the requirements and planned operations. The principles 
of the commitment tree, could also be applied internally for the terminal, using the same logic and 
giving the same benefits as for the approach. Capacity management for other actors, such as pilots, 
tug operators, linesmen, and stevedores, would also yield benefits.  
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Other port service providers could also gain better efficiency and planning capabilities from an 
implemented PortCDM, when their contribution to the approach and port call were better planned and 
predicted. This does however require a high degree of willingness to share information for the benefit 
of getting more back. 
 
5. Final remarks 
 
In this paper we have elaborated on PortCDM as the mean for closing the loop in STM. Ports are 
arrival and departure hubs that create requirements on fast turn-around processes and actions. Due to 
the existence of multiple actors there is a need for (distributed) coordination. In such an environment, 
such cooperation relies on information sharing between involved actors. In this paper, we have 
elaborated on the constituents of such interaction to enable high predictability and thereby high 
punctuality, reduced waiting and anchoring times, high capacity utilization creating means for 
governing towards high berth productivity. Such performance metrics would enable green and optimal 
steaming and thereby closing the loop in the transport chain. Digitizing port operations with CDM can 
enhance the efficiency and sustainability of shipping.  
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Abstract 
 
This paper gives an overview on Enterprise Architecture Management (EAM), its goals and ap-
proaches and discusses the application of the methodology in the context of shipbuilding PLM illus-
trating the advantages but also the main challenges. Therewith the paper gives an answer to the ques-
tion “how can we systematically manage a system whose only constant is change?” 
 
1. Long-term reliability by Enterprise Architecture Management 
 
Today's IT departments are facing business demands that state the need for the best support of their 
business processes and methods at almost no additional costs and the shortest period of time for the 
implementation and maintenance of the resulting IT environment. The outcome of these IT projects 
are in the majority of cases IT solutions that might work in the short-run, but lack in long-term relia-
bility (especially for effectivity and efficiency). Companies who wish to encounter these trends and 
focus more on long-term reliability will have to manage their business and IT with a more holistic 
approach like Enterprise Architecture Management (EAM). 
 
1.1.  Practice EAM 

 
1.1.1 Enterprise Architecture 
 
Though Enterprise Architecture (EA) is generally understood as a discipline for aligning business 
with IT on strategic and operational levels, EA is a synonym for the blueprint that defines holistically 
the structure and operation of a company's business and IT, http://www.gartner.com/it-
glossary/enterprise-architecture-ea/, Weber (2011). An EA blueprint is therefore an instrument of the 
EA discipline and it integrates the following architectural layers with each other:  
 

• The business layer describes the organization, the processes and methods of the enterprise; it is 
the doman of the business process management 

• The information layer details the business objects that are created, changed or otherwise used 
by the business processes and methods as well as their allocation in IT data objects, 

• The application layer details the applications or tools, that support or implement the business 
processes and methods, plus the interfaces between the tools, 

• The technology layer specifies the components of the underlying IT infrastructure, such as plat-
forms, hardware and network topologies; this is the domain for the IT management. 

 
The information and application architectural layers are the interfaces that link business process man-
agement and IT management to one another. This is the main working area for the alignment of busi-
ness and IT architecture with the goal to improve the performance of the entire company. 
 
1.1.2 Enterprise Architecture Management 
 
Enterprise Architecture Management (EAM) is the practice of the EA discipline and thereby the con-
tinuous enhancement process of the EA blueprint. That means an EA blueprint is not only created 
once but rather it is continuously enhanced with changing conditions or requirements over time as 
shown in Fig. 1. 
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Fig. 1: Management of an enterprise architecture 

 
Companies benefit from the continuous enhancement of the holistic EA blueprint in many ways:  
 

• Transparent business processes support the definition of requirements and specifications for IT 
applications; 

• Standardized business processes and methods ease the selection of the most effective and effi-
cient IT tools; 

• Company-wide standardized business objects enable the business to design continuous infor-
mation flows and the IT to develop a consistent data management. 

 
Since EAM is not totally new to the industry there are quite a few EA approaches (resp. EA frame-
works) and EA tools available. They all have in common the promise to standardize EAM and make 
its execution as efficient as necessary. In the next paragraphs we take a closer look on those promises. 
 
1.2.  EA Frameworks: Basis for EAM 
 
EA Frameworks were developed as conventions, principles and practices for the description of enter-
prise architectures established within a specific domain of application and/or community of stake-
holders, ISO/IEC/IEEE (2011).  
 
Today there are most promising and well-known EA Frameworks, such as Zachman (1999), TOGAF, 
http://pubs.opengroup.org/architecture/togaf9-doc/arch/, FEA, https://www.whitehouse.gov/omb/e-
gov/FEA, and the Gartner Methodology. However, a comparison of these frameworks shows that 
there are fundamental differences between them, Sessions (2007), Cameron (2013). Therewith the 
company who wants to practice EA faces the challenge to choose between a large multiplicity of EA 
frameworks. The comparison not only shows the differences but also that the different EA frame-
works complement one another in focusing on different features. Therefore the best advice for the EA 
practitioner is to find out what are the best working features of each framework in the given situation 
and design a framework customized for the specific company. The main features provided by the EA 
frameworks can be grouped in a manageable set of criteria.  
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1.2.1. Guidance and support of EA implementation and practice 
 
One mayor aspect of an EA framework is the support and guidance in implementing and practicing 
EA in an actual company. For example: TOGAF provides an entire process description with its Archi-
tecture Development Method (ADM). Other frameworks such as Zachman (1999) do not give any 
guidance on how to implement and realize EA. Therefore a company should adapt existing process 
descriptions for their purpose and document them as guidance and support to realize EAM. 
 
1.2.2. Support the description and analysis of the relevant EA artifacts (metamodel) for differ-

ent use cases 
 
EA frameworks are mostly based on a metamodel that describes and classifies the architectural arti-
facts (such as business processes, data entities or IT applications) and their relations to one another. 
Herein the Zachman framework is well-known for the entire focus on the classification of the various 
artifacts. Other frameworks focus more on the relations between those artifacts such as in the TOGAF 
content metamodel. For this reason companies implementing EAM should decide on the used meta-
model for the architectural artifact description and classification, but will almost certainly have to 
adapt this metamodel for their specific use cases. 
 
1.2.3. Standards and reference models for more efficiency in EAM 
 
Due to the fact that EAM is continuous EA practice there will be recurring work to be done. Standards 
and reference models that were developed by experts and documented in an EA framework can be 
used to reduce efforts and create comparable results in EAM. 
 
1.2.4. Tool and vendor neutrality 
 
Though there are advantages by the implementation of the framework's developer in its own tool, the 
biggest disadvantage is that companies have to use this tool and are bound to a specific practice of 
EA. Therefore most promising EA frameworks are provided in neutrality to tool and vendor.  
 
1.3.  EA Tools: Support for EA practitioners 
 
In the same manner as with the frameworks, the IT market offers a great deal of different tools for the 
EAM support. These EA tools were developed from three main origins: model-based systems engi-
neering, business process management and data modelling. The EA tools from all origins converge in 
case of functionalities and features which are driven by the following main aspects for support of EA 
practitioners: Structured management of architectural artifacts, efficient input and link of EA content 
(architectural artifacts) and easy preparation of reports, visualization and publishing. 
 
1.3.1. Structured management of architectural artifacts in a Repository 

 
• Metamodel adaptability 

Most EA tools provide a good selection of metamodels from popular EA frameworks. The 
metamodel covers the available modeling types (e.g. diagrams) and model elements (e.g. 
business process or data entity) as well as their description or classification. In the case of a 
metamodel following basically an existing EA framework, the EA practitioner will have to 
adapt the metamodel provided by the EA tool.  

 
• Teamwork and collaboration 

The holistic approach in EAM demands that the company’s vertical (that means business and 
IT) is mapped in the EA blueprint. With reference to the therefore required know-how, team-
work and collaboration is essential to achieve an overall success by EAM. For this reason the 
EA tools' repositories mostly provide functions to work on model contents simultaneously and 
to manage roles, rights and access permissions differently for user groups and users. 
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• Traceability and change management 
The EA practitioners not only compare an as-is-situation and a to-be-definition of the EA 
blueprint but also simulate changes to the enterprise at the different architectural layers in or-
der to evaluate the consequences before the change is done. Therefore an EA tool should pro-
vide change management and trace functionalities to most effectively support EAM. 

 
1.3.2. Efficient acquisition and collection of EA input data 
 

• WYSIWYG Editing and modeling 
EAM is a company-wide concern for IT management as well as for business. This means 
EAM should not be an experts' working practice but rather a company-wide understandable 
and living methodology.  Ideally, domain experts of the company should be enabled to con-
tribute EA content from his/her perspective. For this reason the EA tool must provide an user 
interface that makes viewing and even entering of EA content easy to understand and to fulfill 
(for example: WYSIWYG editor or graphical modeling interface according to an easy-use 
modeling notation). 

 
• Automated consistency check 

The consistency of a holistic EA model is one major issue for the practicability of the EA da-
ta. Modeling experts would spend much time, if they had to check evolving EA models for 
consistency. This effort can be avoided, if the model consistency criteria are checked already 
as part of the modeling process and detected inconsistencies are resolved right in this process 
by the right persons in charge. EA tools should therefore provide a consistency rule set that 
can be checked automatically in the modeling process. 

 
• Import and export interfaces 

Most of today's companies are ISO 9001 certified and therefore often have implemented al-
ready a business process management (BPM). EAM builds upon those business processes in 
the metamodel and therefore the EA needs to integrate the business process data. In addition 
to BPM other EA-relevant input data can be found in other systems (such as database models, 
PLM workflows etc.), so that an EA tool should include relevant import and export interfaces 
here as well. 

 
1.3.3. Easy preparation of transparent reports, visualizations and publishing 
 
An EA blueprint must be communicated and discussed with different stakeholders, so that the weak 
points in the existing EA (such as bottlenecks, redundancies, obsolences…) can be analysed and 
solved. An additional use for communicating an EA blueprint is that a team can go through possible 
as-if scenarios in order that action strategies can be developed. Therefore EA tools should provide 
functionalities to create reports and visualization of the collected data and support workflows where 
these results can be shared with others. Ideally, the results are shared in a neutral format that is for 
everyone accessible. 
 
2. Challenges for Managing Shipbuilding PLM 
 
PLM is a strategic business approach that provides a consistent set of business solutions (including 
concepts, methods and services) to support the collaborative creation, management, dissemination, 
and use of product information across the total value chain and along the whole product lifecycle from 
concept to end of life - thereby integrating people, processes, business systems, and information, 
CIMdata (2015). It forms the product information backbone for a company and its extended enter-
prise.  
 
The PLM business solutions are grouped into four different categories, Fig. 2: 
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Fig. 2: Categories of PLM business solutions, Cabos et al. (2013) 

 
• Strategic Enterprise sets objectives and manages the global requirements or constraints for the 

product creation and operation; 
• Engineering creates the product definition and ensures that the product creation and operation 

is in accordance with requirements; 
• Engineering Management are all PLM concepts that manage the product creation and opera-

tion processes as well as the product information; 
• Extended Enterprise integrates external and internal value chain partners in order to fulfill the 

requirements in the product creation and operation process. 
 
The introduction or enhancement of PLM services in a business includes the implementation of or-
ganization, processes, methods and tools. PLM services in shipbuilding are highly affected by the 
characteristics of the shipbuilding process as well as its industry-specific set of methods and tools. 
 
2.1. Challenges for Shipbuilding PLM 
 
Shipbuilding PLM is mainly affected by the business characteristics that can be described in the fol-
lowing categories, Fig. 3. 
 

 
Fig. 3: Business characteristics for shipbuilding PLM 
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2.1.1. Impact of System Context 
 
The System Context covers all interactions between the ship (resp. “system of interest”) and external 
surrounding systems. The shipyards design special purpose ships driven by the market requirements, 
customer needs and other external conditions. For example: a ship may be built for a route, a specific 
mission and an operational context. The ship is always an economic asset for the ship owner and sub-
ject to many national and international laws, rules and regulations. To safeguard this asset the ship 
owner identifies safety critical components such as the bearing of the main engine so that he can as-
sure the function by bearing wear monitoring. The conformity of the ship according to the rules that 
are set by the surrounding systems (such as customer demands, rules, regulations and international as 
well as national laws) has to be planned, managed and verified by PLM along the entire product 
lifecycle:  
 

• Strategic Enterprise Concepts are used to maintain the conformity rules for products and pro-
cesses. 

• PLM concepts from Engineering provide the functionality to prove conformity of products 
and processes. Conformity can only be ensured if PLM includes a consistently integrated re-
quirements management that is used to manage all relevant conformity rules and relate them 
to the processes and products. 

• The shipyards trace back requirements and design solutions with PLM concepts for Engineer-
ing Management in order to manage the evidence of conformity for products and processes 

• PLM concepts for Extended Enterprise ensure the conformity along the entire supply chainso 
that the ship design meets global requirements such as rules and regulations from flag states 
and classification societies. 
 

2.1.2. Complex Breakdown Structure 
 
The entire system ship is structured into subsequent systems to handle its complexity. Those sub-
systems are classified according to standardized breakdown structures such as the internationally 
known “Expanded Ship Work Breakdown Structure” (ESWBS) for the collaborative product defini-
tion with customers, suppliers and other value chain partners. 
 
In addition to these standardized structures the shipyards develop different interrelated partial models 
of the ship, which define the requirements, the functional, logical and physical product definition. 
Herein the customer requirements are further detailed and linked to the functionalities that are provid-
ed by different logical concepts. The logical concepts however are represented by physical compo-
nents or sub-systems of the ship. The interrelations between those different breakdown structures 
cause that changes in elements of one structure have a direct effect on elements in the other structures. 
For example: if one main engine with sufficient power supply (logical) cannot be integrated in the 
ship but it is possible to integrate two smaller engines (physical) then the logical model has to be ad-
justed. As the question of power supply is directly related to the customer requirements, the customer 
would have to approve the change of the ship’s specification. 
 
From the IT’s point of view, the breakdown structure can be implemented in two opposing approach-
es: a hierarchical (with relations) or a classified (with attributes) product structure approach. Conven-
tionally, product breakdown structures are built as a hierarchy because of the considerable IT expens-
es and low performances in the implementation of a classified structure approach, but the advantage 
of the classified approach is that it is most suitable for the multi-disciplinary working practice in the 
shipbuilding business (for example: service structure parallel to production or design structure). To-
day’s PLM software solutions might invite IT departments to take a second look on their IT infra-
structure with these business requirements in mind. 
 
The products’ break down structure has to be planned, managed and verified like supported by PLM 
business solutions as follows: 
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• Strategic Enterprise helps to align the products to the conformity rules so that the products are 
compliant to corporate, statutory or regulatory definitions. 

• Engineering structures and relates design solutions in the products’ context. 
• The challenges to manage the complex system structures with their multiple, interrelated sub-

systems can be addressed by Engineering Management concepts that support to evaluate inter-
actions between design solutions. 

• The PLM concepts for Extended Enterprise support the collaboration of the parties involved in 
integration and validation scenarios and integrate design solutions into the products. 
 

2.2.  Iterative Design Process 
 
The ship design process is based on principles comparable to the main aspects of a V-Model. Due to 
the product complexity, ship design proceeds in evolutionary or iterative design steps (e.g. prelimi-
nary, basic and detailed design). This best practice is well known as “from coarse to fine” or repre-
sented by the ship design spirale. Within this process the product definition is further detailed step by 
step according to the step-wise completion of the customer requirements and each step is verified by 
engineering analysis and simulation. The changes to the requirements have to be systematically han-
dled to avoid cost-intensive errors in the product definition. Additionally the complexity of the system 
“ship” has to be handled by a multi-disciplinary approach, which requires a multitude of different 
views on the product or product models. PLM here connects the requirements and models across the 
design steps. From the ship owners’ point of view the maintenance procedures are refined iteratively 
moving from breakdown maintenance, via planned maintenance towards condition based or reliability 
centered maintenance. The iterative process and the stepwise product definition are supported by 
PLM as follows: 
 

• Strategic Enterprise concepts guide the processes in compliance to rules and regulations. 
• The shipyards can simultaneously work on different product definition process streams with 

multi-disciplinary Engineering business solutions that provide methods for different disciplines 
to create design solutions. 

• Engineering Management business solutions manage a multidisciplinary engineering process 
and maintain the information consistency over multi-disciplinary views and models. 

• Extended Enterprise business solutions integrate processes along the entire supply chain. 
 

2.3. Life Cycle 
 
Due to the breakdown structure a ship and its subsystems are always subject to one or many lifecy-
cles. This does not only apply to the ship but also to its sub-systems and components. Today the rec-
ognized ship lifecycle on many shipyards starts with the first customer contact and ends with the de-
livery of the ship. While shipyards only begin to identify this area as a potential part of their business, 
after sales contact today is dominated by the suppliers. 
 
Consequently the lifecycle of one component can subsequently be a part of the lifecycle of a system, 
such as the ship’s development lifecycle on a shipyard forms part of its entire lifecycle from cradle-to-
grave. In addition the lifecycles of the ship’s sub-systems and components differ from the total ship’s 
lifecycle in time span and other characteristics. The challenge of integrating these lifecycles consists 
of integrating different stakeholders with different information requirements, different concerns e.g. 
with respect to intellectual property protection and with different IT infrastructures. In many cases the 
information flow over the ship’s total lifecycle is blocked by technical and organizational barriers. 
In case of ship operation the bearing wear monitoring example shows another point of view: the ship 
owner adapts the maintenance procedures depending on the life cycle state of the component. For 
economic reasons condition based maintenance might be useful for new vessels of the fleet but not in 
use for older vessels. 
 
The lifecycle of product information as well as the physical systems and components can be planned 
and managed systematically by PLM as follows: 
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• Enterprise Strategy provides the capability to define products and plan processes for an opti-
mal product lifecycle. 

• PLM business solutions for Engineering are used to develop a product with regard to opera-
bility and maintainability therefore the capability is to complement tangible goods and ser-
vices for an optimal product lifecycle 

• Engineering Management concepts maintain consistent information along the entire product 
lifecycle and support a concurrent engineering process. 

• Each lifecycle partner along the entire product lifecycle is supplied with consistent infor-
mation based on Extended Enterprise business solutions. In Addition, a shipyard has to main-
tain data for 30 or more years in case of after sales services. 
 

 
Fig. 4: Capabilities supported by PLM business solutions for shipbuilding 

 
2.4. Consequences for EAM in Shipbuilding PLM 
 
The PLM business solutions that support the above mentioned capabilities, Fig. 4, should be managed 
keeping the following aspects in mind. 
 
The business demands on PLM business solutions are higly affected by customers: Customer needs 
not only focus on the product as such, but also on the processes of the manufacturer e.g. configuration 
management for product documentation or specified format for requirements management. This also 
affects the EA and therefore the business requirements for IT support. Therefore Customer needs 
drive changes in the IT infrastructure (e.g. safety, configuration management, formats...).  
 
Short product development phase in relation to entire product lifecycle drives time pressure also on 
EAM projects and processes. In combination with the one-of-a-kind quality of shipbuilding compa-
nies, EAM activities are under high pressure to control the costs and companies most certainly choose 
the pragmatic and on the first look cheaper solution prior a solution with long-term reliability. There-
fore EAM should enhance the cost transparency and show the long-term advantage of a managed 
EA.The interlinked and interrelated multi-disciplinary processes are the main reasons for the wide 



524 

variety of business demands and most certainly lead to multiple tools that have to be integrated into 
the information flow and the entire process chain along the products lifecycle. For this reason, EAM 
faces the challenge to manage a heterogenous IT infrastructure and diverse business demands from 
different disciplines. 
 
3. Uses Cases for EAM in Shipbuilding PLM 
 
Business process management, IT Management and their alignment to one another define the use 
cases for EAM in shipbuilding PLM. This chapter introduces some of those use cases. An example 
integrates all the different architectural layers and shows the advantages of EAM and the use of EA 
Frameworks and tools. 
 
3.1. Business Process Management 
 
Business process management focuses on the optimization of the processes, the organizational struc-
ture and the information flow, e.g.: 
 

• Harmonization of the company’s functions in case of processes, methods and information 
flow in Merger and Acquisition (M&A) scenarios 

• Standardized methods for business functions and processes (e.g. change management, 3D de-
sign, configuration management etc.) 

• Consistent and continuous information flow in cross-disciplinary and cross-departmental pro-
cesses (e.g. information flow for requirements management, product data management etc.) 
 

3.2. Business and IT Alignment 
 
The goal of business and IT alignment is to improve the communication between business and IT and 
to find the right solutions for multi-disciplinary processes with integrated methods and consistent 
informations. Relevant EAM topics are: 
 

• Standardization of IT data formats to smooth the information flow 
• Implement IT applications that reliably support the business processes in the right manner 
• Consolidate the cross-disciplinary and cross-departmental information flow 

 

3.3. IT Management 
 
IT Management focuses on the optimization of the IT infrastructure (such as software, hardware com-
ponents and network topologies). Relevant tasks for EAM in this are: 
 

• Integrate IT applications to consistenly support a continuous process 
• Replace an existing technology for an used IT application 
• Reduction of data silos and physical data consolidation 

 
3.4. Example: Integrated Requirements Management 
 
This example is presented based on the ARIS toolset and the included ARIS Framework. For the use 
cases, the ARIS Framework was adapted taking the methods from other frameworks such as TOGAF 
and Zachman into account. One main challenge in the shipbuilding business is requirements manage-
ment and the processes that are used for this example are shown in Fig. 5: technical sales analyzes the 
customer’s request to identify the customer requiremens, the system engineer designs a ship’s system 
in compliance to customer requirements, as well as to rules, regulations and laws, downstream pro-
cesses have to ensure that their work and their results are compliant to the identified requirements. But 
the companies might face significant obstacles impeding the implementation of the integrated re-
quirements management process.  
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Fig. 5: Business processes used in the example 

 
On the business architectural layer, the implemented methods for requirements analysis (direct com-
munication to customer, internal technical communication…) and documentation (document-based 
vs. object-oriented; different classifications of requirements/attributes) might differ widely. Fig. 5 
shows the requirements management process for this example as described by a functional breakdown 
diagram. The business processes technical specification, develop system and specify functional com-
ponent are shown in the Event-driven Process Chain (EPC) diagram from the ARIS framework. These 
diagrams are the basis for the enterprise architecture presented in this example. 
 
Herein, the Technical Sales department is in direct contact with the customer and negotiates the con-
tract details and the Technical Specification of the requested product. In this process, Technical Sales 
do not want to be impeded by a formalized requirements management approach. In most cases, the 
requirements are described coherently in a textual specification document and are not managed as 
single requirement objects that are needed in the downstream processes, such as system design and 
construction, for the tracability between requirements and product. The EAM pracitioner faces the 
challenge to define a consistent and continuous information flow based on the differences in the used 
business objects (here for example: Technical Specification Document and Technical Specification 
Requirement). Herein a matrix diagram proves very useful to detect inconsistencies (e.g. functional 
requirements are needed as preconditions for different processes but are not created in one of the pro-
cesses) in the cross-disciplinary information flow along the product’s lifecycle, Fig. 6. 
 
On the application architectural layer, the business services that are needed to realize the processes 
and to implement the methods are used to define the right IT application support. Fig. 7 shows a sec-
tion of the application architecture which is modeled with the goal to identify the IT applications and 
the software components (for example: the IT application Requirements Management is implemented 
by the software components REQ Database and WICKETS in Fig. 7) that support the business ser-
vices (here: create/change/prioritize/trace requirement). Therewith IT management can easily evaluate 
the requirements on the IT applications over the business services that are needed by the business 
processes. 
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Fig. 6: Consistency matrix for business objects and process functions 

 

 
Fig. 7: Requirements management capabilities supported by IT applications (example) 

 
On the information architectural layer (example shown in Fig. 8), business defines the information 
(business objects) that have to be managed and IT defines the available data entities, how those in-
formations are stored. Therewith IT can optimize the exisiting data structures (represented by physical 
data entities) on the technology architectural layer based on the required continuity of the information 
flow (represented by business objects) over the business processes. This allows the consolidation of 
the data management with reference to: who (role) creates or changes which (business object) data 
how (application/service), where (physical data entity) and when (process/function).   
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Fig. 8: Data entities in the example 

 
In the given example, the relations between the architectural artifacts (such as business object, pro-
cess, function and application) enable the EAM pracitioner to identify gaps (like inconsistencies, and 
redundancies) and define the actions required to improve the technological architecture. 
 
4. Conclusion 
 
Shipbuilding is a complex and challenging field for PLM. Besides the imminent pressure on costs and 
time, shipbuilding companies have to manage customer needs that affect not only the product but also 
the business processes. Therefore IT not only faces the challenge to provide the best support for the 
business processes but also to react to customer initiated changes to these processes. This situation 
drives the need for a fast reacting IT department that provides a reliable and secure IT application and 
information landscape based on a due to cost reductions standardized technology infrastructure. Here-
in EAM shows a large potential based on the integrated management of the different architectural 
layers. In short words, EAM helps to manage the change. 
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Abstract 

 
This paper presents the vision of a future maritime condition monitoring system, and how existing and 
new technologies can be used to create a scalable, flexible and future-proof implementation. The 
paper focuses on three key elements; ship data model, CM analysis and the data storage and 
processing platform, and discusses suitable technology options and implementation approaches for 
each of them.  

  
1. Introduction  
 
Imagine a new generation of Condition Monitoring (CM) systems where all ships are fitted with 
sensors, and all these sensor signals are utilized to monitor the condition and performance of all criti-
cal components and systems. These sensors can have logging frequencies ranging from below 1 Hz 
for temperatures, fuel consumption, trim, etc. up to 100 kHz for vibration and combustion 
measurements. And there may be thousands or even tens of thousands of sensors on a single vessel. In 
addition the data feed could also include less structured data including: images and video, documents, 
and technical drawings. Considering the need to capture data over the lifetime of the vessel, and 
multiply with the tens of thousands of ships in class, most of them unique or built in small series of 
sister vessels, and you have a staggering amount of data with a wide variety of data types coming 
from very different systems. This data needs to be accessible to managers, engineers, manufacturers, 
class and others. Traditional methods of handling these data, using relational databases and static 
schemas, are limited with regards to data volume and variety, and also the dynamic structuring of data 
which is unique for each vessel, and may change due to retrofits, maintenance and rebuilds 
throughout the vessel lifetime. 
 
In this paper we envision and sketch a solution and architecture for such a CM system, and we present 
a demo application using the concept on a limited system. We also point to the current technologies 
we are using in the demo application and what we plan to use to realise a larger system. The pre-
sented framework is thus still in its infancy, and it is still research work in progress where some parts 
are implemented while implementation of others is planned. Nevertheless, the outlined approach is 
modular and allows for an approach where one starts with a relatively simple system and few vessels 
and uses this to build a scalable system for the future. 

 
2. Maritime CM application design and requirements 
 
These are the key benefits stakeholders will expect from a maritime CM application:  
 

• Save maintenance costs by smart scheduling of maintenance  
• Save survey costs by smart scheduling of surveys  
• Improve profitability due to increased availability and improved performance  
• Improve safety due to better and more dynamic insight  
• Improve design of components & systems  

 
To realize these benefits, the maritime CM application needs to include features such as:  
 

• Online decision support tool providing operational advice to ship operators  
• Enhancement of existing maintenance and survey planning systems  
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• Data repository to be used for offline research and analysis  
• Scalability in terms of processing complexity and sheer data volumes.  
• Infrastructure allowing sharing of operational data between relevant stakeholders  

 
Fig. 1: Potential technologies in a maritime Condition Monitoring system 

 
Many technologies and building blocks are needed to build a working and scalable CM system,     
Fig. 1. In this paper we will focus on the following three parts: 
 

• Ship data model  
• CM Analysis methods  
• Data storage and processing platform  

 
All three are considered critical success factors for a maritime CM system, and in the following 
subsections, required and desirable capabilities are discussed for each part.  
 
2.1 Requirements to a ship data model  
 
A maritime CM application needs a data model describing the components and equipment on-board 
the vessel to serve several purposes;  
 

• Unique identification and consistent naming of all components and systems subject to 
monitoring  

• Tagging of CM data to the relevant component/system e.g. sensor measurements tagged with 
the component which it is sensoring, and CM results (e.g. health status or notifications) 
connected to the part(s) of the ship it is relevant for.  

• Hierarchical structure of ship functions and composition to support  
− upwards propagation and of events and status information  
− drill-down from top level to underlying events and measurements  

• Definition of failure modes and other parameters associated to a particular component, e.g. 
limits, operational ranges or other technical characteristics.  

• Visualization of CM processed results e.g. health status, Fig. 2.  
• Easy and efficient access to repository of historic sensor data e.g. to support research and off-

line analysis  
• Supporting reasoning and queries from human operator or computers (automated 

applications) to provide information about the composition of a given ship.  
• General structure for representing the composition of any ship, to enable cross-vessel 

comparisons and fleet-wide statistics  
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• Data exchange of ship data between different companies requires concise definitions of 
terminologies in interface specifications to create a “common language”.  

 

 
Fig. 2: Data model used by the GUI to visualise health status 

 
In addition to these needs coming from the CM application, it is also important that a new ship data 
model is expandable and flexible enough to support future applications using ship data. The solutions 
chosen for the data model is described in Section 3. 
 
2.2 Requirements to the CM application 
 
Condition monitoring applications rely on sensor data from instrumented equipment and analytics for 
the extraction of health information from the data. In order to achieve a robust and effective CM 
application both aspects need to be carefully tackled. The first step consists in the definition of the 
types of measurements and the location points where these measurements are taken from. This can be 
realized through a structured approach to design where the operation and maintenance of the asset is 
taken into account. Reliability Centred Maintenance, Knutsen et al. (2014), is one of these design 
strategies that considers failure modes and criticality and facilitates the definition a health 
management strategy for assets from the design phase. In this phase sensor accuracy and other details 
that can guarantee the reliability of sensors and the quality of the deriving data are also taken into 
account in order to set the basis for powerful CM applications. The other aspect of a CM application 
is the analytics part. Analytics are application-specific and many approaches exist, from model based 
to data-driven as well as methods that harvest from both approaches. At high level, the requirements 
for analytics should be set in such a way to define robust and adaptive applications that can be used in 
real case scenarios. 
 
2.3 Requirements to raw data storage and processing 
 
As indicated above the raw data is collected from a wide range of sensor systems on-board vessels 
resulting in a large collection of heterogeneous time series. And this could result in situations where it 
will be a challenge to handle the complexity and size of the data even for a single vessel. The 
objective of the on-shore data infrastructure is to be a system which can join and combine disparate 
sources of data and make both real time and historical combinations of data available to end-users 
throughout the life cycle of a large collection of vessels. The technical framework for storing and 
analysing these data must therefore be very flexible and at the same time, be able to scale with very 
large data volumes in a cost efficient way. Other requirement are the ability to analyse and detect 
anomalies and take actions (set alarms) as the data is flowing into the system, fast access to specific 
datasets, and the ability to analyse large volumes of data on the platform without moving it out first. 
Additionally, the system must support and implement methods for data privacy protection and access 
control since the system will contain business critical data from different (competing) customers and 
stakeholders. 
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Based on these requirements, we decided to build our solution on the Apache Hadoop system, 
https://hadoop.apache.org/. Hadoop is a fast evolving ecosystem of scalable open source tools for 
handling and analysis of big data. Specifically, we use the NoSQL HBase system, 
http://hbase.apache.org/ and the Hadoop Distributed File System (HDFS), 
https://hadoop.apache.org/docs/r1.2.1/hdfs_design.html, for storing of and fast access to time series 
data, Hive, https://hive.apache.org/, for SQL access to the data, the Spark framework, 
https://spark.apache.org/, for batch analysis of data, Kafka, http://kafka.apache.org/, and Storm, 
https://storm.apache.org/, for in-stream analysis of incoming data, and Elasticsearch,  
https://www.elastic.co/products/elasticsearch, for indexing/search and efficient aggregation of time 
series. The overall architecture of the “data handling backend” is described in Section 4. 
 
3. Ship Data Model for CM 
 
DNV GL’s own Generic Data Model (GMOD) was considered a suitable starting point for a CM ship 
data model because it satisfied many of the requirements outlined above:  
 

• Mature definitions of vessel functions and components 
• Mature definitions of vessel equipment suitable for tagging sensor measurements  
• Functional and Physical hierarchy suitable for failure propagation and drill-up/drill-down and 

visualization in CM applications user interface.  
• Model is in wide use, for all 14000 DNV GL classed vessels, corresponding to 18% of the 

classed world fleet.  
 
However GMOD did not satisfy all CM requirements with regards to granularity and properties, 
which lead us to extend GMOD and develop a new model using the Web Ontology Language (OWL). 
GMOD is further explained in Section 3.1, while the new OWL model is presented in Section 3.2.  
 
3.1 GMOD - DNV GLs legacy ship data model 
 
DNV GLs Generic Data Model (GMOD) is based on a functionally oriented description of the vessel, 
comprising a hierarchical function structure, a library of components and definitions of legal 
connections between functions and components. Procedural requirements related to classification, as 
documentation requirements for plan approval and survey requirements are attached to the model. 
Based on the generic vessel data model, vessel specific models (product models) are defined for each 
vessel classed by DNV GL.  
 
GMOD was developed in DNV 2000-2005 with the purpose to provide a uniform framework for use 
in DNV’s classification work and is used for structured storage of class documentation such as plan 
approval documentation, certificates and survey reports, as well as storage, retrieval and analysis of 
generic and vessel specific information. The design of GMOD was based on modelling principles 
defined in ISO 15926, ISO (2003), to support classification work through all lifecycle phases for a 
vessel, i.e. design, new building, operation and decommissioning.  
 
3.1.2. Functions  
 
The backbone of the Generic product model is the hierarchy of Functions. The term Functions refers 
primarily to ‘vessel functions’, i.e. the ability to perform or prevent certain actions. Examples are 
structural integrity, anchoring, propulsion, navigation, fire prevention and drilling. The definition of 
the Functions comprises a hierarchical structure, a naming convention and a coding system associated 
with the hierarchical structure, based on the Universal Decimal Classification (UDC) numbering 
system 
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Fig. 3: GMOD Functions hierarchy 

 
A total of about 2500 Functions are currently defined in GMOD. Fig. 3 shows the top-level Functions 
(to the left) and a breakdown of the hierarchy for the “Machinery and Piping systems”. The following 
Function types are defined:  
 

• Function compositions: groups of Functions with a parent and children, where the children 
together constitute the parent  

• Function selections: groups of Functions with a parent and children, with the children being 
specialised instances of the parent. 

• Function groups: ad-hoc groups of Functions with a parent and children 
• Function leaves: the end nodes in the Function hierarchy 

 
The Function leaves are the links between the functional domain and the physical domain in the mod-
el, because the function leaves may be connected to the physical component fulfilling that particular 
function. This is called ‘normal assignment’.   
 
3.1.3. Equipment 
 
The second main part of the Generic product model is the library of Components. The term 
Equipment is used for groups of Components, e.g. electrical equipment. The definition of the 
Components comprises a grouping structure, a naming convention and a coding system associated 
with the grouping structure. The Components are grouped according to engineering Disciplines, and 
the letter corresponding to the discipline forms part of the unique Code for each component, e.g. 
“N52” for Gyro compass, a component belonging in the Navigation discipline, Fig. 4. The equipment 
types include: 
 

• Components: a library of physical items e.g. pumps, diesel engines, generators, lifeboats 
and piping.  

• Components selections: groups of Components with a parent and children, with the 
children being specialised instances of the parent.  

 
For further details regarding GMOD refer to Vindøy (2008).  
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Fig. 4: Grouping of components (left) and examples of components (right) 

 
3.2 3 OWLMOD – a new ship data model for CM 
 
Although GMOD satisfied many of the CM requirements, the following limitations were recognized:  
 

• More granularities in subcomponents needed to represent the sensored parts.  
• Sensors and failure modes need to be added to model, and linked to components 
• Need for a more modern representation of the model, to improve maintenance, ease-of-use 

and flexibility for use with future applications  
 
The solution was to make a new ship data model in the Web Ontology Language (OWL), which is 
presented in the following.  
 
OWL is designed for use by applications that need to process content of information rather than just 
presenting information to humans, http://www.w3.org/TR/owl-features/. Therefore OWL is a 
technology which supports W3C’s vision of a “Semantic Web” of linked data, in which information 
is given explicit meaning, making it easier for computers to automate processing and integration of 
information available on the Web. The Semantic Web builds on the ability of XML (Extensible 
Markup Language) to define customized tagging schemes and the flexibility of RDF (Resource 
Description Framework) to represent data. However, an ontology language going beyond the basic 
semantics of RDF schema is required to formally describe the meaning of terminology used in Web 
documents, thereby allowing computers performing useful reasoning on those documents. OWL has 
been designed to meet this need, and was released as a recommendation by W3C in 2004, and later 
followed up with a revision (OWL2) in 2012.  
 
OWL has some inherent advantages, www.cambridgesemantics.com/semantic-university/owl-101: 
 

• Expressiveness: Although legacy languages may be adequate for defining classes and 
properties and building simple hierarchical relationships, OWL is able to express more 
complicated and subtle ideas about the data.  

• Flexibility: As all modelling statements in OWL are RDF triplets, the data model can easily 
be modified by modifying the relevant triple or add new ones. Compare this to changing a 
property in a relational database, where you may have to delete the entire column for that 
property and then create an entirely new table holding all of those property values plus a 
foreign key reference.  

• Efficiency: OWL allows you to use your data model to support reasoning tasks and 
consistency checking.  
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• Tools availability: Many OWL-compatible ontology editors (e.g. Protege and TopBraid 
Composer) and software packages (e.g. FluidOps’ Information Workbench) are available in 
the market place. With the available tools, it is relatively easy to view, navigate, edit, reason, 
and query OWL models.  

 
Further, a ship data model represented in OWL opens up for further opportunities:  
 

• W3C compatibility aligns with Internet of Things (IoT) developments in other industries, 
creating synergies for technical solutions and applications development. For example it is 
easy to import and use already defined ontologies.  

• Ontology based data access: breaking down the data access barrier because engineers/users 
can use their own terminology (through predefined mappings) rather than having to relate to 
cryptic schema templates or relying on IT experts to perform manual translations  

• Once the OWL model is established to support one application (here CM), OWL’s flexibility 
may be utilized to expand the model with new relationships or components to support other 
applications.  

 
4. Infrastructure for handling, storing and analysing CM data 
 
Fig.5 shows the on-shore back-end of the CM application. The architecture is based on scalable 
free/open-source components put together to match the requirements on flexibility, scalability and 
security outlined in Section 2.4. 

 
Fig.5: Data handling, storage and analysis infrastructure for the condition monitoring application: (1) 
data sources (i.e. vessels), (2) a data ingestion and (3) real time processing framework, (4) a scalable 
data store, (5) an application layer, (6) a search engine, (7) a data access and governance framework, 
and (8) the end user/application 
 
The data sources (1) are individual vessels and components on-board vessels. This data is sent over 
the public Internet and into the data ingestion part of the platform (2). The data ingestion layer allows 
push of data into the system and the heterogeneous nature of the source systems adds requirements to 
the flexibility of this system, as is must support/expose standard and custom REST HTTP APIs, 
publish/subscribe interfaces like MQTT in addition to sandboxed custom and vendor specific 
solutions. As data is flowing into the system it is either stored directly into the Hadoop data store (4) 
and/or analysed in (near) real time in the stream analysis layer (3). The in-stream analysis determines 
component health status and pushes the resulting data into the data store and application layer (5) 
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which can create alarms and propagate these to the end users. In the streaming layer we plan to use 
the Kafka/Storm technologies. The data store (4) is a scalable Hadoop system where different 
components are used for different tasks. For this application the most relevant components are: the 
scalable and fault tolerant Hadoop distributed file system HDFS which in the end is used for all data 
storage, the NoSQL database HBase which is used for scalable access to raw data, Hive which gives 
an SQL interface for queries and batch analyses, and the Spark framework which is a framework and 
a set of high level APIs for scalable analysis, statistics and machine learning. In addition to this we 
integrate a search engine (6) with the data store to facilitate search and automatic aggregation of time 
series data. The latter is very important since this allows for trending and visualization of high 
frequency data over long time periods. For this we use Elasticsearch. Requests from the outside world 
(8) is handled by the application layer (5) which currently exposes REST HTTP APIs and exchange 
data in JSON or XML format. Currently the data-application layer is implemented using Python and 
the Django framework, https://www.djangoproject.com/. The whole infrastructure is also surrounded 
by a very important data governance/security and access control system (7); which ensures data 
privacy, enforces encryption of communication channels, and handles data linage, integrity and 
potentially data quality. 
 
5.  Data Model-Enabled Health Management Analytics 
 
The ultimate goal of the technologies presented in this paper is to facilitate the analysis of sensor data 
streams related to systems and components. The Data Model is a core element in this respect: it 
organizes the information available about system subparts and highlights the relations existing 
between them. 
 
In this paper we focus our attention on health management applications. There are two levels of 
interest: component level and system level. The goals of these applications are to estimate health 
status indicators at components and system levels respectively. 
 
Techniques of Health Management based on sensor data can be distinguished in Fault Detection, 
Fault Identification, and Prognostics, Manno et al. (2014a). Fault Detection aims at revealing the 
presence of a developing fault somewhere in the system or components; Fault Identification deals 
with the identification of the root cause of the developing fault; and Prognostic deals with the 
estimation of the Residual Useful Life (RUL) of a component or system given it has survived until the 
time of analysis. 
 
In order to relate system and component level health management applications, indicators such as the 
RUL represent a valid tool that relies on formalized and structured approaches of Reliability Theory. 
RUL at components level is application-specific and several methods can be used for the estimation. 
It is out of the scope of this paper to review these methods; hence, we will assume that at any time the 
RUL of a component can be estimated given the historical sensor readings up to the time of analysis. 
In case of components with multiple failure modes which have different effects, RUL estimations 
should be conducted for each of such effects – the RUL represents the residual time until the failure 
effect will manifest itself. With these assumptions components have a binary state “working” or 
“failed” in relation to each failure effect that can be manifested. The information needed to retrieve 
health indicators at the component level is accessible through the data model. In particular, each node 
representing a component in the data model points to information related to measurement signals, 
failure modes and failure effects, sensor, meta and other static data location and analytics types and 
location for evaluating selected health indicator such as the RUL of the component.  
 
To proceed to the system level health estimation let us recall the data model structure - it follows a 
hierarchical compositional structure to describe a system. When failure modes are defined at the 
component level, the effect of the occurrence of these failure modes must be described in the upper 
level of the hierarchy. This mapping between failure modes acting at different levels of the hierarchy 
is information that is contained in the data model. In particular an intermediate node in the hierarchy 
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will have a failure mode whose occurrence is dictated by the occurrences of failure modes at the 
lower lever of the hierarchy. Therefore, the data model provides the possibility to propagate the 
occurrence of failure modes in the system. In particular, RUL estimates at components levels can be 
propagated at the system level to retrieve RUL estimates for the system (or functional level). 
 
This can be achieved by Fault Tree analysis, Chiacchio et al. (2011a,b), Manno et al. (2014b), by 
converting intermediate nodes of the data model into OR gates and leaf nodes into basic events for the 
Fault Tree. The tree is built considering one of the failure modes at the top of the hierarchy and 
relating the lower level failure modes that lead to the occurrence of the upper level failure mode 
trough OR gates. The computation of the system level RUL can then be computed trough quantitative 
Fault Tree analysis with RUL of components (intended as the conditional mean time to failure, 
MTTF) as inputs the and using Boolean algebra to evaluate MTTFs at the upper levels, including the 
system level failure mode. In case of redundancies, AND gates are used as inputs to OR gates. 
 
6. CM demonstrator implementation for tunnel thruster  
 
Towards the end of the project a CM demonstrator application will be developed, using the actual 
technologies for the various building blocks. To focus efforts a limited part of a ship was selected for 
the demonstrator, namely a tunnel thruster system installed in the bow of an Offshore Service Vessel 
(OSV) in DNV GL class. The tunnel thruster system was chosen as it is a relatively simple system, 
and had many sensors installed on the actual test ship. This section will outline the planned 
implementation.  
 

 
Fig. 6: Case study implementation framework 

 
Fig. 6 shows the case study implementation framework. It is organized into three main layers: the 
data storage and processing layer, the data model layer and the application and GUI layer. As 
described in the previous sections, each layer accounts for specific tasks within the overall frame-
work. The first layer is where data are pushed into the system and organized through the Hadoop 
storage paradigm. In this layer the first operations on the data are carried out to ensure quality of the 
data. This layer is also responsible for processing information as requested from the upper layers and 
process data on the go as it is received and passed to high level applications. The second layer is the 
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data model where information which is useful to retrieve and analyse data is stored. The application 
layer is where analytics for specific purposes are defined and are linked to the GUI for input 
manipulation and result visualization as well as to the data model in order to direct such analyses 
towards specific components, subsystems, and system functions. . In the remainder of this chapter 
these concepts are shown trough a case demonstrator of a tunnel thruster on an OSV. 
 
6.2 OWLMOD – a new ship data model for CM  
 
The chosen solution for the ship data model implementation was to create OWLMOD, a new data 
model in OWL language based on the existing the GMOD representation of the tunnel thruster. As 
GMOD did not have the necessary granularity, the additional subcomponents had to be identified and 
added to the model (as shown by the red boxes in Fig. 7).  
 

 
Fig. 7: GMOD data model of tunnel thruster system expanded with additional subcomponents (in red) 
 

 
Fig. 8: OWL representation of "Watercraft_thruster" 
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OWLMOD was developed in Protege and the model was split into several files to allow parallel 
development and modular reuse. The new data model was connected upwards to ISO 15926 classes, 
implying that components already defined in ISO 15926 libraries could be reused when building the 
model. In order to keep compatibility, some of the GMOD nomenclatures were modified, Fig. 8. 
 
The new model OWLMOD will be used to:  
 

• support ontology based access to raw data, making it possible to retrieve sensor raw data 
based on logical names given by the ontology defined by the model  

• support reasoning and queries such as ”find all failure modes which are not covered by any 
sensor ” , “find all sensors in the electro motor” , “find all temperature sensors” and “find all 
sensors that inputs data to failure modes pertaining to watercraft thrusters”.  

• support the CM application’s access/writing of output data such as health metric or calculated 
failure rates  

 
The final version of the OWLMOD will contain failure modes and sensors. Failure modes have been 
established as classes, and instances of failure modes are linked to the components which may exhibit 
those failure modes. In the demonstrator case, we will focus on a limited set of failure modes, Table I.  
 

Table I: Failure modes which are relevant in the demonstrator  
Component Location Failure mode Failure indicator(s) 

Electric motor Electric motor windings Temperature rise Temperature 

Rolling bearing Electric motor and thruster Inner race failure Vibration, Temperature, Oil 

sample 

Rolling bearing 
Electric motor and thruster 

Outer race failure 
Vibration, Temperature, Oil 

sample 

Rolling bearing Electric motor and thruster Cage failure Vibration, Temperature, Oil 

sample 

Rolling bearing Electric motor and thruster Rolling element failure Vibration, Temperature, Oil 

sample 

 

 
Fig. 9: Visualisation of components submerged in oil 
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A sensor class is also established, and each sensor will be associated with properties such as sensor 
type, measurement unit, make and model, measurement interval and validity range. The sensor 
instances are also linked to the component where it is installed, and to the failure modes it may 
provide relevant data for. In the demonstrator application we will focus on temperature sensors 
(installed by the rolling bearings and stator windings) and a vibration sensor installed in underwater 
unit part of the tunnel thruster.  
 
Fig. 9 shows a simple example of the OWL capabilities; when building the new OWL model a new 
relationship “isSubmergedIn” was defined, which allowed registering in the data model which of the 
tunnel thruster subcomponents are submerged in oil and thereby potentially affected by oil 
contamination and/or degradation. Once registered, it is easy to query and visualise the components 
sharing this characteristic.  
 
6.3 Connecting data model to data  
 
The collected sensor data is made available and connected to the higher level data model through 
URLs which exposes simple REST APIs. This makes it possible to link the high level data model to 
the collected data from sensors, and it allows end users to access, query, and visualize the low level 
sensor signals (both raw and processed form) Also this enables efficient and transparent zooming in 
and out of large time series as the backend can return data aggregated to “appropriate” time resolution 
depending on the queried time interval. A simple example of this would be if the end user would ask 
for the full year trend from a high frequency sensor signal, and the back-end returns a time series with 
data aggregated pr. day. 
 
6.4 Analysis approach in Tunnel Thruster demonstrator application  
 
In order to show the applicability of the Data Model to Health Management application let us 
consider the model of the tunnel thruster shown above in Fig. 7. For the sake of simplicity let us 
assume that each node in the hierarchy has only one failure mode and consider the Top Event “Loss 
of propulsion” at the top node of the hierarchy. To build the fault tree we proceed to the next level in 
the hierarchy and assign an OR gate to the node if it is an intermediate node or a Basic Event if a leaf 
node.  
 
The result of this process is shown in Fig. 10 where leaf nodes are represented as circles and OR gates 
by the conventional symbol for OR gates. The colours in the figure identify different conditions for 
the quantitative evaluation of the tree. Nodes in grey are not considered further in the analysis (i.e., 
failure rate set to 0), nodes in orange have a constant failure rate (i.e., no monitoring application), 
nodes in bright orange have a continuously estimated failure rate on the basis of the monitoring data, 
and nodes in green are nodes that require evaluation. 
 
To evaluate system level indicators we can proceed in several ways. A general approach is to 
compute the RUL of monitored components and use this value as the inverse of the failure rates of 
components. In this way, at each time, a failure rate is available for each component and one can use 
the rules of Boolean algebra to compute the failure rate, reliability or mean time to failure of the Top 
Event. In the case of Fig. 10, due to the presence of OR gates only, the system failure rate is the sum 
of the individual failure rates of components. 

 
As mentioned earlier, nodes in bright orange are subjected to monitoring. Here we briefly describe the 
strategy that has being used for the RUL estimation. 
 

• Bearings: a FFT approach is used for bearing fault classification. Four stages of degradation 
were identified, each distinguishable from the signature of the main frequencies in the 
spectrum given by the measurements. The knowledge of the degradation stage is combined 
with a model-based statistical approach. The maximum bearing life is computed according to 
the L10 life-expectancy model. For each degradation stage a percentage (evaluated from 
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statistics of historical data) of such life is associated with the bearing.  
- Windings: the Proportional Hazard Model (PHM) is used here to compute the RUL of 

windings using as covariate the temperature at the windings and extrapolating future values 
for prediction of future hazard function values. 

 
Fig. 10: Health management failure tree for the tunnel thruster 

 
6.5 Graphical User Interface (GUI)  
 
The final layer of the architecture shown in Fig. 6 is the GUI where users have access to analytics, 
data and analysis results. An example of such a GUI is shown in Fig. 11. The main components of the 
GUI are: system and sub-system level condition indicators, health information about components, 
recommendations and the setting plane. The setting plane allows defining the boundary conditions of 
the analysis such as the mission time and weather/voyage conditions. These elements influence the 
results of the analysis which are shown as main functions and sub-function health status (represented 
in terms of reliability and RUL of the function).  
 
The GUI also shows the health status of components and sorts them in terms of criticality for the 
system. Finally, a section with recommended actions is also given based on the current condition and 
mission profiles. 
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Fig. 11: Possible Condition Monitoring Graphical User Interface (GUI) 

 
7. Conclusions 
 
A possible implementation of a future maritime condition monitoring (CM) system has been 
presented.   
 

• Using DNV GLs internal data model GMOD, a new ship data model (OWLMOD) 
represented in OWL has been developed.  

• Based on the Hadoop eco-system, a scalable infrastructure for storage, processing and 
analysis has been outlined.    

• An approach for Data Model-Enabled Health Management Analytics has been 
proposed.    

 
Based on the above elements, DNV GL Strategic Research & Innovation are currently in the 
process to implement a CM demonstrator application to be tested on real sensor data for a 
limited part (tunnel thruster) of an OSV.    
 
References 
 
CHIACCHIO, F.; COMPAGNO, L.; D’URSO, D.; MANNO, G.; TRAPANI, N. (2011a), Dynamic 
fault trees resolution: a conscious trade-off between analytical and simulative approaches, Reliability 
Eng. & System Safety 96/11, pp.1515-1526 
 
CHIACCHIO, F.; COMPAGNO, L.; D’URSO, D.; MANNO, G.; TRAPANI, N. (2011b), An open-
source application to model and solve dynamic fault tree of real industrial systems, 5th Int. Conf. 



543 

Software, Knowledge Information, Ind. Management and Applications (SKIMA), 6174521, pp. 1-8 
 
ISO (2003), Industrial automation systems and integration—Integration of life-cycle data for process 
plants including oil and gas production facilities, ISO 15926 
 
KNUTSEN, K.E.; VARTDAL: B. J., MANNO, G. (2014), Beyond condition monitoring in the 
maritime industry, DNV GL Position Paper  
 
MANNO, G.; MANNO, G.; KNUTSEN, K.E: VARTDAL, B. J. (2014a), A risk-based approach to 
system level condition monitoring of ship machinery systems, MFPT Conf., Manchester  
 
MANNO, G.; CHIACCHIO, F.; COMPAGNO, L.; D’URSO, D.; TRAPANI, N. (2014b), Conception 
of repairable DFT and resolution by the use of RAATSS, a Matlab Toolbox based on the ATS 
formalism, Reliability Eng. & System Safety  
 
VINDØY, V. (2008), A functionally oriented vessel data model used as basis for classification, 7th 
Conf. Computer and IT Applications in the Maritime Industries (COMPIT), Liège, pp.60-69 
 
 



544 

The European Maritime Simulator Network –  
A Technical Test Bed for Future Innovation 

 
Christian Grube, Rheinmetall Defence Electronics, Bremen/Germany, 

christian.grube@rheinmetall.com 
 

Abstract 
 

This paper describes the technical setup of the first civil maritime distributed simulator network. It 
will describe the challenges and how to face these from a technical, an organizational and business 
perspective. We will discuss the use of EMSN as a test tool for Sea Traffic Management, the task it 
was considered a necessity for. The scalability of the network and its potential growth will be 
described from a technical perspective and we will look at different alternatives of governance. We 
will describe how it can be used for testing new services, complex traffic situations and other future 
potential uses, like multi bridge training, online simulations of port approaches or interdependent 
team training. We will finally conclude to what EMSN is providing and what it is not intended for. 
 
1. Introduction  
 
The MONALISA project and its successor MONALISA 2.0 (www.monalisaproject.eu) want to 
improve safety and efficiency of sea transport by developing a Sea Traffic Management System. Sea 
Traffic Management wants to make sea traffic data available in real time to all interested and 
authorized stakeholders. This shall result in applications that can access this data and perform safety 
relevant operations like issuing navigation warnings, informing crews about weather and traffic 
conditions or enabling negotiation of safe routes. Such applications will also have economic and 
ecologic effects when optimizing routing and resulting in lesser environmental impact of participating 
vessels. To get a sustainable and practicable Sea Traffic Management System, a holistic approach was 
chosen to cover organizational, legal, business, information and technical aspects. With concepts and 
technologies being developed and defined during MONALISA, need arose to test and evaluate these 
before they can be integrated and put at work.  
 
2. General Concept and Test Bed Requirements 
 
Testing newly developed procedures and technologies as in MONALISA 2.0 needs a test and 
evaluation environment. A simulated environment has been chosen to avoid testing new equipment 
and procedures on live platforms at sea. This does reduce costs and limits risks to a minimum, where 
exposition of personal and material to the risks of live trials can be totally eliminated. Wear and tear 
of used equipment can be limited to lab conditions since its durability is not to be tested during the 
MONALISA 2.0 project. Cost advantages are covered in more detail in chapter 3.3. 
 
Given the fact that only simulators could provide a safe and cost effective way to test and evaluate all 
new Sea Traffic Management procedures and their outcomes, it was at hand that existing simulation 
equipment should be used which was available at the sites of MONALISA and MONALISA 2.0 
project members. Connecting all participating members and their simulators could create a test- and 
evaluation environment which can perform all needed tests and distribute its results immediately. 
 
This does initially look like a technical challenge, but at a second glance the scale and diversity of the 
systems and people involved give an idea on administrative and economic challenges as well. The 
following requirements had to be met to deliver a fully qualified test bed. 
 

• Capability to test and evaluate all relevant procedures and technologies developed during the 
project 

• Support of all existing hard- and software infrastructures, including interfaces 
• Support of in-exercise communication equipment 
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• Inclusion of all subject matter experts which are located at various sites across Europe 
• Communication and management support for exercise and trial preparation, supervision, 

debriefing and evaluation 
 
3. Chances and Challenges 
 
3.1. Technical 
 
3.1.1 General Aspects and Prerequisites 
 
Using simulators for testing, training or evaluation purposes usually needs a dedicated simulation 
system. Those systems are specific and therefore limited by definition regarding their capabilities and 
usability. To cover a broader bandwidth of use cases you could either create a new and more generic 
simulation system, or you could find a way to connect existing simulation systems to leverage their 
capabilities in a combined manner. Therefore from a technical point of view networking of existing 
simulation systems was the most effective approach for a possible solution in MONALISA 2.0. This 
did limit initial investment in system development and operator training. In comparison to a newly 
developed simulation suite, existing systems could be (re-)used after minor adaptations and operators 
are already trained and in place.  
 
To meet the requirements of complex scenarios with dozens of simulated interacting entities, a single 
and independent simulation system would not be sufficient, since its lack of scalability and flexibility 
which was needed for a scale and geographic distribution as in MONALISA 2.0. 
 
3.1.2 System of System Approach 
 
A system of systems approach (SoS) was chosen to meet all requirements. Using several independent 
systems in connection as a whole new system can be most efficient. Careful task dependant selection 
of complementary systems will result in synergies from added functionalities. In a simple example, 
connection of one or more ship handling simulators (SHS) with a vessel traffic service (VTS) 
simulator can train both crews independently in a common way or together as interactive team 
training. It has to be noticed that using elements standalone or as part of a system of systems approach 
is complementary and does no substitute each other.  
 
The use of a system of systems approach has several advantages since it supports a variety of aspects 
that need to be taken care for the EMSN. Managerial independence, Maier (1998), of each element or 
sub system does reduce infrastructure management needs at EMSN management level. Since all 
simulators of the EMSN are owned by different project members they are already under local 
management regarding maintenance, scheduling or safety supervision. Local regulations, laws or 
infrastructural specifics (i.e. voltage) are dealt locally by local system management. Operational 
independence, Maier (1998), is closely related and points to the fact that you can benefit from existing 
operator personnel.  
 
The initial set of simulators being used by MONALISA 2.0 participants, came from three different 
simulator providers with different interfacing capabilities. It is trivial to show that a common interface 
was needed to connect all of them. Heterogeneity of systems, Delaurentis (2005), as described here is 
no problem in a system of systems, since all elements are connected by a standardized middleware. 
Such a connection can be spread over very long distances, which also addresses the next aspect. 
 
Geographical distribution of systems is another key in this approach. In fact it is a key requirement of 
the test bed that distributed resources, subject matter experts and stakeholders are connected for 
cooperative work during the whole test and evaluation phase. Nowadays a distributed system can 
easily be made available using available networking technologies, i.e. over the internet. The 
implementation is shown in detail in chapter 3.1.3. 
 



546 

Interdisciplinary teams and studies, Delaurentis (2005), are also part of the MONALISA 2.0 project 
where i.e. human factors are studied when people are exposed to new technologies and procedures of 
the project. The availability of interdisciplinary observations is a direct outcome of the heterogeneity 
of the super system. If a ship handling simulator is connected to a ship engine simulator which can 
simulate the exhaust production, you can directly observe environmental impact of different 
manoeuvring or routing. Green shipping studies for instance can benefit from such systems.    
 
Given the available resources and obvious advantages of a system of system approach regarding the 
set preconditions an Acknowledged System of Systems design was selected to build the European 
Maritime Simulator Network.  That means that it has recognized objectives, a designated manager, 
and designated resources for the SoS. However, the constituent systems retain their independent 
ownership, objectives, funding, and development and sustainment approaches. Changes in the systems 
are based on cooperative agreements between the SoS and the system, Dahmann and Baldwin (2008).  
 
3.1.3 Infrastructure 
 
The chosen system of systems approach calls for a standardized interfaces which can even spread over 
several layers, Maier (1998). To keep complexity and technical risk as low as possible, already 
existing standards have been investigated. IP based internet connections were found to be the best 
transport channel to exchange needed data, since all participating sites already had existing internet 
connections available.  
 
Required data to be exchanged would be voice, data from Sea Traffic Management applications, data 
from administrative and simulation management as well as simulation (object) data. Sea Traffic 
Management applications represent a compiled or perceived view into a simulated world. This view is 
called “perceived truth”. Data describing an uncompiled “true” value of a simulated asset is called 
“ground truth”, Jensen (2009). The difference is made clear when thinking of a simulated ship.  The 
simulated true position is calculated and distributed (ground truth). A connected radar simulation 
received this true position, simulates measurement errors and outputs a perceived picture with a 
slightly different view into the world (perceived truth). All these data domains can be seen as different 
logic layers inside the network, Fig. 1. This approach of different domain layers separates data in a 
semantic and technical way. It can be used as a general approach for simulation networks. Technical 
separation is achieved in terms of different formatting and encoding, but can be extended by 
separating these data domains into several physical or virtual networks where needed. This might be 
useful in large networks with huge data load, where data management and load balancing is easier in 
separated nets. 
 
    

Fig. 1: EMSN domains 
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Voice can be easily encoded in Voice-Over-IP (VoIP) formatted data to be sent over an internet 
connection. All planned Sea Traffic Management and simulation management applications did use 
standard TCP/IP connections. Implementation was therefore considered trivial for these data types. 
Simulation data in contrast still had to be transformed into a standardized format to be accessible to all 
different simulators. “These standards, sometimes referred to as middleware, will most likely be built 
on distributed object and messaging frameworks”, Maier (1998). Following this approach, an existing 
IEEE standard “Standard for Distributed Interactive Simulation - Application Protocols” (DIS), IEEE 
(1996), had been chosen and agreed upon between all simulation providers taking part in 
MONALISA 2.0. DIS data is sent via broadcast or multicast packets, which is not allowed over 
standard internet connections due to its nature of routing and transportation. To be able to transport it 
over an internet connection it had to be encapsulated into a GRE/mGRE tunnel. IT-Security and 
privacy is established through an encrypted virtual private network tunnel (VPN).  
 
Once we defined what kind of data needs to be transported and how this data is organized, we have to 
specify how the network layout has to be designed. For EMSN a typical Hub-Spoke-Configuration 
with its star shaped topology was chosen. Every participant connects its applications and simulations 
to a local networking device that works locally just as a normal local hub that connects all local 
systems. When connected to the internet it automatically connects to a specified hub and works as a 
router and spoke regarding all in- and outbound traffic. The remote connection to its specified hub 
over the internet is secured by an encrypted IPsec connection spanning a huge virtual private network 
(VPN). When a second spoke connects to the same hub in the same manner, local applications 
connected to spoke 1 can communicate with local applications on spoke 2. They virtually share the 
same network which makes the actual distance in between them transparent to all applications. In 
terms of network communications it actually makes no difference if the applications reside inside the 
same lab or are separated by thousands of kilometres. (In fact networking delays may apply, 
depending on the network and its quality in between. EMSN applications did experience networking 
delays of a typical maximum of 200ms which was appropriate and did not affect the quality of the 
consuming services.) To all connected applications the spanning technologies are transparent and 
connected devices at remote spokes appear in the same network, just as if they were connected 
locally.  
    

 
Fig. 2: General EMSN infrastructure 

 



548 

Since all spokes connect to the same hub to be able to communicate to each other two major problems 
arise and need to be addressed. At first it becomes clear that the hub device is a single point of failure. 
In case the hub device fails for any reason communication between spokes immediately becomes un-
available. To overcome this issue a second hub is prepared for hot standby. If hub 1 fails, spokes au-
tomatically establish a connection with hub 2 to handle all traffic over hub 2 from now on. Depending 
on configuration of hubs and spokes this failover strategy can even be refined in a way that connec-
tions to hub 2 are readily prepared even though hub 1 is fully operational. This configuration is useful 
if no delay shall occur in case a failover has to be done. There are even a few more failover strategies 
possible with the chosen network design, including falling back to spoke to spoke communication. 
The chosen strategy should always fit to the intended applications and available infrastructure. 
 
A second possible problem is hub performance. As it could be seen in Fig. 2, all communication has 
to pass hub 1. This means that hub 1 needs a robust and performant hardware as well as a stable and 
performant internet connection. Especially when the intended network has to connect many spokes 
performance of the hub is important. Choosing the right hub is very important because saving a few 
hundred euros in favour for a smaller category can often end up buying a better one at a later stage. 
Saving time for troubleshooting or dealing with performance issues will easily cost more than a more 
performant hub. More detail on economic aspects of managing a simulation network will be given in 
chapter 3.3. Keeping redundancy in mind it is strongly advised to have hubs of the same type. Due to 
minimized troubleshooting and configuration management same spoke types are also strongly encour-
aged. 
 
Internet connections are generally available today where the traps are found in technical details. As 
from a general view it can be said that bandwidth, latency and stability are the most important features 
to look at. Detailed advice and descriptions can only be given when number of devices and types of 
intended services and their data are known. Therefore specific advice is left to an analysis of required 
connection services needed. To give a general idea on what can be expected, it can be said that 
connection of 2 modern ship handling simulators with usual voice communication could even be done 
with modern mobile 3G and 4G networks. This implies that no video is transmitted over the network. 
Simulator networks are usually larger and need a dedicated DSL connection. At spoke sites a standard 
DSL internet connection can sufficient where upload bandwidth can be significantly lower than 
download. This is ok since spoke sites usually consume more data from the network than they deliver. 
Hub sites instead should have a synchronous line where upload and download bandwidth are both 
high. If synchronous lines are unavailable at a planned hub site, focus should then be on an upload 
rate that is performant enough to cover the planned amount of data. 
 
As distances get larger, network latency times will grow. If timing sensitive applications or services 
are planned, fast lines and supporting measures like optimized routing and quality of service (QoS) 
support should be taken into consideration, especially if satellite connections are involved.     
 
3.1.3 IT-Security 
 
Whenever IT systems are planned, IT security has to be taken into consideration, especially when ex-
posing systems and services to the internet security measures are mandatory. The EMSN does use the 
internet as backbone for its data transportation needs. To keep data and involved systems away from 
possible threats various precautions haven been taken from which some important shall be listed here. 
 
Data exchanged should be subject to confidentiality and authenticity. There are even more aspects to 
cover in IT-Security but this description shall be limited to these and how they were addressed in 
EMSN. At first authenticity has to be made sure before any other type of data is exchanged. You can 
imagine this process with someone ringing at your door. The first thing you will do is checking who it 
is by looking at the visitor or asking for identification over the intercom. Once you identified the visi-
tor you automatically decide what role he has and what information you might want to share or not. A 
similar process has to happen in a distributed network. Each simulator site is given an authorization 
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key which will identify it as authorized participant when trying to enter the network. Once this author-
ization procedure was successful, opening a secure and confident line of communication is started.  
 
Confidentiality of data is usually achieved by encryption. Sender and receiver of a communication 
line have knowledge about an encryption/decryption scheme and corresponding code which shall not 
be known to unauthorized participants. This is done using a Virtual Private Network, where an en-
crypted line is established between two authorized participants. Once this line is created, data will be 
encrypted at sender side and decrypted at receiver side. EMSN does use VPN enabled routers to es-
tablish such secured lines of communication automatically.  
 

 
Fig. 3: EMSN layers 

 
Further IT security measures were also taken to protect local IT from unauthorized access from other 
parts of the simulator network. Firewalls and authentication procedures protect local networks and 
their content behind spokes. Even though participants of a simulator network want to share data 
across a common network, they might not want to share everything and not give away control of their 
systems. Especially since the network is designed to be easily extendible, it is very important that 
each participant is assured that local data remains under local control. 
 
3.2. Organizational 
 
Organization and management gets more important as the complexity of a system rises. A complex 
system like a network with its nodes spread across a whole continent is an organizational challenge, 
which needs a dedicated management system. This management system needs to recognize and 
answer challenges that come when working with remote work places, from different cultural 
backgrounds in different time zones with different knowledge and infrastructure. 
 
Due to the nature of a distributed system of systems, management will be divided in two levels, where 
there is a general simulation network management at SoS level and local management at each 
simulation site as seen in Fig. 4. 
 
Simulation network managers will have a general management role and will be responsible for 
funding, outbound communication and commercial tasks. 
 
Technical support manager instead is responsible for all technical questions, network design, security 
and performance. This management role is i.e. responsible for connecting new sites to the network 
and changing network configurations. Network coordination managers work project oriented in a way 
that they coordinate availability of resources and overall performance for specific programs and 
projects. 
 
Local management at each site in comparison is focused on management of local resources and the 
delivery of agreed resources and their performance towards the SoS level. 
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Fig. 4: Sample simulation network management structure 

 
From a functional point of view such a management system can be broken down into four operational 
fields. 
 

• Management of Objectives 
• Management of People 
• Management of Time 
• Management of Subsystems 

 
3.2.1 Management of objectives 
 
Before you can start planning and undergoing tests and exercises, you need to define what you want 
to achieve. This will result in a list of objectives that have to be reached. An objective defines a single 
goal to achieve, i.e. to test if a specific procedure has a significant advantage over a different 
procedure in a specified situation. Using business analysis tools and methods can help to define, 
document and manage these objectives. 
 
Requirements engineering offers a very good approach to cover many aspects of managing objectives. 
In a first identification process, new objectives are identified, defined and documented. During 
analysis phase, these objectives are checked (i.e. for redundancy) against each other. Objectives have 
to be categorized and prioritized. This will be very useful if objectives have to be cancelled at a later 
stage in the project due to restricted time or funding. Stakeholder conflicts might exist and should be 
resolved in this analysis phase, too. 
 
Once all objectives are clear - a planning phase is started in which all steps and measures are planned 
which shall achieve the objectives. This will typically result in a test- and evaluation plan. If the 
simulator network is intended for training purposes, a training plan is created accordingly. The 
planning process does not only cover the list of objectives but also takes into consideration what 
resources are available at what times to achieve these objectives. 
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The next step is a validation if all objectives are fully covered by the planned activities. After these 
steps a management process steps in that continuously cycles through these steps.  
 

 
Fig. 4: Management of objectives 

 
It is advisable that managers of distributed simulator networks continuously track objectives and their 
status. Requirements engineering is a common process which is known to many project managers and 
supported by a variety of tools which will help them to do so, especially since new objectives will 
arise and existing ones will change. But whatever tool has been chosen to support this process, active 
communication of objectives, their status and discussion of conflicts is a key to a successful 
simulation network management.        
 
3.2.2 Management of people 
 
Managing people was a task that was needed even before division of labour was developed by hu-
mans. From these days on a huge experience doing this task has been summed up, written down, dis-
cussed and even been subject to politics, art and cultural work. Industrialization during 19th century 
gave it an extra boost and most universities deal with human resource studies and social sciences. Our 
societies are based on social life where the success of everybody as well as for the whole society de-
pends on how well people interact with each other. Even though it seems undoubtful that a lot of 
knowledge exists in this wide field, it is often the most challenging task of a manager to get people to 
do what is needed to get a task done. This is often due to the fact that most managers do not get a pro-
found training on how to deal with people. This paper will not give a complete plan, but highlight a 
few topics which can help managing teams in a large scaled simulation network in comparison to lo-
cal teams. 
 
There are three major aspects that differ from managing teams locally or in a distributed environment 
– social and intercultural competence, communication and geographic distribution itself. At first there 
is geographic distribution which is implicit in this comparison. Managing a local team means that you 
usually have immediate direct access to your team members. Managing remote team members there-
fore is more time consuming resulting in generally longer project duration and higher percentage of 
team management. This is due to the asynchronous way of communication in remote teams in com-
parison to a more often synchronous communication in local teams and needs to be reflected in all 
project planning phases. Local team members come from a more homogeneous background which 
leads to a more common communication basis. Local team members can interact in a more empathic 
way, due to the fact that they already know themselves much better. Remote team members may not 
even meet face to face at all. 
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Working with third party languages as project language might also lead to difficulties in communica-
tion. Remote team managers have to make sure that all parties of a communication process have a 
common understanding of what is to be understood. Failed expectations are frustrating and will re-
duce willingness to cooperation, which is vital for every successful team.  
 
Availability of team members may not lie in responsibility of managers of simulation networks. 
EMSN has been setup as an acknowledged system of system, where the super system level accepts 
local responsibility for availability of team members for work at SoS level. Resource planning is due 
to agreements between these levels and usually cannot be enforced. Remote managers may find it 
frustrating if needed personnel is unavailable for a certain timeslot which makes early planning and 
pro-active communication indispensable.   
 
The major conclusion is that communication is the key to successful management of people. It needs a 
manager who is aware of all team members, their backgrounds and stakes to successfully lead a re-
mote team. 
 
This can get even more complex when people from different time zones have to collaborate, which 
leads to the aspects of management of time. You might have to make people change their daily habits 
to meet timeslots that can fit an international team. Some might need to get up early or stay up late to 
take part in online meetings or meet deadlines. Managers of super scaled simulation networks have to 
be aware that this can mean a lot of stress to each participant since this way of collaboration is usually 
uncommon. Paying respect to the needs of people is even more important in such a socially heteroge-
neous working environment. 
 
Tools can support managing remote teams. A huge suite of collaboration tools is available. A distrib-
uted simulation network should have an agreed set of common ways and tools of communication. 
Both synchronous (phone, video conferences) as well as asynchronous ways (email, online portals, 
project sites, etc.) should be available. It is important that it is an agreed pool of communication tools 
to make sure that common communication channels are used instead of a self-organized set of tools. 
This way it is made sure that team members are available for contact in a dedicated way. Such a 
communication pool should be revised from time to time. If different ways of communications are 
used more often by team members, this may point to a demand which is not covered by the agreed set. 
But again agreed discipline should be maintained if agreed tools cover communication needs.  
 
Despite all the hard times that can happen when managing peopling, it can also be the most rewarding 
task for manager. 
 
3.2.3 Management of time 
 
It has already been stated that remote teams need a more anticipatory management due to a more often 
asynchronous way of communication. To support a better management of time, all team members 
should be dedicated to an agreed style of discipline when it comes to keeping timelines. It is absolute-
ly vital for a successful simulation network like the EMSN that all team members pay respect to the 
efforts of each other. It can be helpful to agree upon a code of conduct, especially if all members will 
work together in a very independent way.  
 
Simulation network managers will have to plan way ahead of time, revise these plans continuously 
and communicate every change of state. Various tools and methods are available to support these. 
Like having an agreed set of communication tools, a common time planning procedure should be 
agreed to every participant has access to. Once timelines have been set, they need to be communicated 
and continuously revised and updated. Communication of complete time plans are encouraged since it 
will help to understand complexity and interdependencies between tasks and milestones. It will also 
help to communicate what impact a missed timeline would have. The use of early reminders can help 
to keep team members informed and alerted about their tasks.  
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In conclusion it can be said that communication again is the key to success. This is very important to 
understand since often communication is reduced to save time, which would have an opposite effect 
for management of large scaled simulation networks.  
 
3.2.4 Management of Subsystems 
 
Systems of Systems like the EMSN have two levels of responsibility. Most of the responsibility for 
resources lies at subsystem level, since resources like simulators are owned by the participating 
members of a simulation network. Only minor resources (and responsibility for it) reside at super 
system level, mainly resources for overall management and coordination. This has an advantage for a 
manager of a simulation network who just has to make sure that a required subsystem is made 
available by a party due to agreement. It is usually up to the owner of the subsystem to make sure how 
it is achieved. The disadvantage is that simulation managers in return have to make independent 
agreements with these owners and still meet a common goal. Having communicated such a common 
goal will improve cooperation and availability of resources. 
 
Simulation network management has to assure that all required assets are available to meet the agreed 
objectives by making agreements with all system owners. The use of standards does help to include 
heterogeneous systems. EMSN would not be possible without reliable and standardized interfaces like 
Virtual Private Networking (VPN), IEEE (1996) (DIS), or even TCP/IP which drives the data on the 
internet. Heterogeneous simulation systems will usually use different data sources as input and will 
produce different types of data as output. Consistency of data needs to be addressed to make sure that 
system behaviour is as expected and results are valid. Simulation exercises will need a common 
ground of data for both objects and environment. Management of a simulation network has to make 
sure that such common data is available to all participants. 
 
The use of standards might lead to adaptations to existing systems in case they do not already meet 
these. These adaptations are less expensive than new systems and ensure a future extension of the 
whole system at all. 
 
3.3. Economic Aspects 
 
Creating a complex system like EMSN with all its subsystems from scratch would be very costly 
while still bearing the technical risk of a new development. Therefore it was obvious to use existing 
simulation systems and connect those to a larger network. To get a realistic view on the overall costs 
of a simulation network, each case has to be investigated individually. But for a general overview a 
few assumptions can be made. 
 
Two major costs can be defined, which are initial readiness investments and runtime costs. 
 
3.3.1 Initial investments 
 
In case existing simulator equipment does not already feature agreed standardized networking inter-
faces like DIS, IEEE (1996), or HLA, IEEE (2010), such capabilities have to be integrated at an initial 
cost. For today’s modern simulation systems, this should be possible at about 10% of the initial price 
of a simulation system. This figure is a rough estimate and your mileage may vary significantly de-
pending on the size and complexity of your system. Also the amount of features implemented will 
have an impact.  
 
Installation of performant internet connections and required networking hardware is the second posi-
tion on the list of initial investments for a simulation network. This can range from a few hundred to a 
few thousand euros, depending on the size of the targeted simulation network.  
 
Investment for communication equipment and collaboration tools is the last but not least since we 
have already seen how important communication is for the success of the simulation network. Those 
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costs vary depending on the agreed set of communication tools. Small sized simulation networks can 
easily be organized using free or least cost communication tools like email, phone, skype or any of the 
various online project management tools. Due to the vast amount and variety of such tools, it is left to 
the reader to choose the ones that fit in terms of functionality and budget. As for the EMSN email, 
phone, teamspeak and projectplace (www.projectplace.com) have been chosen as appropriate. 
 
3.3.2 Runtime costs 
 
Once everything is at hand and a simulation network starts working, runtime costs will be generated. 
Due to the nature of the chosen system of systems approach it is important to differ between costs at 
subsystem level and costs at SoS level. Usually they are separate legal entities and therefore inde-
pendently responsible for these different costs. 
 
Most of the costs during runtime of the network will sum up at subsystem level where the simulation 
systems reside. Simulator sites are responsible for most of the hardware and personnel by far where 
they will have to plan resources for test or training sessions, maintain the systems and operate them 
during exercises. Additionally normal runtime costs for site infrastructure, system consumption and 
replacements occur. It is very important that these costs are estimated at forehand according to the 
agreed test plans. Handling of these costs and possible compensations are an important part of agree-
ments between subsystem and SoS level. Unclear responsibility for these costs and possible claims for 
compensation are a serious risk for the success of a large scaled simulation network and should there-
fore be dealt with accordingly.  
  
At system of systems level runtime costs are easy to plan. The general manager of the whole network, 
technical support manager and network coordinators will sum up to most of the cost at SoS level. On-
ly minor hardware and infrastructure costs will occur, usually only equipment for primary and backup 
hubs, high performant internet connections and a small set of monitoring hardware (PCs or laptops). 
 
4. Outlook and Extendibility 
 
The European Maritime Simulator Network has been designed to be flexible and easily extendible. 
This has been made sure due to the chosen system of systems approach, topology, technologies and 
the consequent use of standardized hardware and interfaces. Such an approach also pays respect to 
cost and risk minimizing at the beginning, where most of the participating parties did not have sub-
stantial experience in running and managing a large scaled simulator network. While experience 
grows and members of the EMSN discover the capabilities and chances of such a network, ideas are 
spread and network enhancements can be made step by step. Parts of the network can be used inde-
pendently or in parallel to running operations if approved. The system of systems approach supports 
such independent operations resulting in a boost of efficiency while it is still strongly advised to agree 
upon parallel operations to avoid unwanted interference. 
 
Given the general infrastructure and know-how the European Maritime Simulator Network can un-
leash its full potential in the future by adding new members and supporting new applications. Once a 
new member has a network enabled simulator it can easily join with a minimal set of networking 
hardware. Basically it is as easy as plugging a networking cable into a box (EMSN spoke router) 
which is connected to the internet. By using standards wherever possible, the entry barrier is kept ex-
tremely low which shall open the door for as many as possible interested parties.  
 
Possible new applications can be all successors of MONALISA 2.0 as well as training cooperation, or 
commercial services. Simulator operators could offer simulation services like risk analysis, naval de-
sign or maritime consultancy services to interested parties. At the first time a commercial simulator 
network at this scale is available to interconnect different types of simulation to test, evaluate and 
train interdependent chains that have not been evaluated before. Optimization of logistic chains or on-
board communication procedures for instance can now be brought to a new level. All kinds of IP-
based connections can be realized using the EMSN in a secured, monitored and supported environ-
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ment. This gives a great flexibility to all kinds of new applications. There only few technical limita-
tions like bandwidth and router performance but even those can be scaled. The network can change its 
size instantaneously as needed where new members can commit for an intermediate amount of time 
only if wanted. This gives a great flexibility in terms of predictability of budget and commitment.  
 
5. Conclusion 
 
Setting up a simulator network like EMSN needs four things: Network enabled simulators, 
appropriate infrastructure, know-how and a good reason. The last one was given by the subjects of 
MONALISA and MONALISA 2.0 who defined the need for a test bed to test and evaluate their 
concepts, procedures and applications. The other three prerequisites were provided by the 
participating members of MONALISA 2.0. Thanks to the great team play within this project the 
EMSN became a success story. Other than expected a large scaled simulator network like the 
European Maritime Simulator Network is not a technical challenge at all, but a challenge of 
collaboration. Once the network is installed it is totally up to the participating parties to make good 
use of this powerful platform. It is like a technical (play-) ground to test and evaluate new ideas and to 
train what has been proven to be worth. Whatever is built upon this ground has to be thought, agreed 
and collaboratively implemented first. Therefore management of such a simulator network using 
strong communication skills is the key to success. Good management of assets, time, people (and their 
stakes) will keep the parties together and form a community. This is the most essential part of the 
network. 
 
References 
 
DELAURENTIS, D. (2005), Understanding transportation as a system of systems design problem, 
43rd AIAA Aerospace Sciences Meeting, Reno 
 
DAHMANN, J., BALDWIN, K.J. (2008), Understanding the current state of US defense systems of 
systems and the implications for systems engineering, 2nd Annual IEEE Systems Conf. 1/7 
 
IEEE (1996), Standard for distributed interactive simulation - Application protocols, IEEE Std. 
1278.1-1995 
 
IEEE (2010), Standard for Modeling and Simulation (M&S) High Level Architecture (HLA)-- 
Federate Interface Specification, IEEE Std 1516.1-2010  
 
JENSEN, R. (2009), Assessing perceived truth versus ground truth in after action review, 
Interservice/Industry Training, Simulation, and Education Conf. (I/ITSEC), paper no. 9274   
 
MAIER, M.W. (1998), Architecting principles for systems-of-systems, Systems Eng. 1/4, pp.267-284 
 



 556

Simulation Environment for the Integration of 3D-Sensors into Automated 
Maritime Production Facilities 

 
Jens Meißner, Fraunhofer AGP, Rostock/Germany, jens.meissner@hro.ipa.fraunhofer.de 

Jan Sender, Fraunhofer AGP, Rostock/Germany, jan.sender@hro.ipa.fraunhofer.de 
Björn Weidemann, TKMS, Kiel/Germany, Bjoern.Weidemann@Thyssenkrupp.com 

Martin-Christoph Wanner , Fraunhofer AGP, Rostock/Germany, martin-
christoph.wanner@hro.ipa.fraunhofer.de 

 
Abstract 

 
This paper describes an approach for the simulation of 3D-sensors in a robot simulation 
environment and its integration into the virtual planning process of maritime production 
facilities. The application is intended especially for the micro panel assembly. To implement 
3D-sensors into robot simulation tools an approach was developed to model the functionality 
of 3D-measuring systems by simulating their physical parameter and behavior. The 
simulation of the beam path using collision detection and ray-casting algorithms is the 
principal technique applied within the approach. The prototype of the software was tested in 
a virtual environment and demonstrated, that sensor selection and allocation within a 
production system can be performed completely virtual and reduce ramp-up time.  

 
1. Introduction 
 
The automation of manufacturing and assembly processes by robotics is well advanced in many 
industries. It is possible to produce a large number of products by a constant high quality. The main 
requirement for an economical utilization of automation solutions is a large production number, so 
that it is possible to distribute the high costs to many products. Industries such as automotive, 
electronics or the aviation offer the best prerequisites, Litzenberger (2014). However, the maritime 
industry is characterized by a high unique character. In the context of the high competition intensity 
and the increasing specialization of the shipbuilding, yards are required to have a high level of 
diversification today. That means a wide variety of products, e.g. passenger ships, tankers or offshore 
installation vessels. Therefore a high degree of flexibility of the maritime manufacturing facilities is 
necessary. Despite the high diversification the shipbuilding pre-assembly production already has a 
high degree of mechanization and automation. In particular, welding robots are used increasingly. A 
high utilization of those welding robots can only be achieved through efficient robot-programming 
methods. There are different approaches. In addition to CAD based offline-programming methods 
also sensor based online-programming methods are used. (e.g. tactile, image-based, 3D-sensor data 
based, etc.) Zych developed an approach for automatic 3D-sensor based robot-programming in the 
micro panel assembly, Zych et al. (2008), Wanner et al. (2008). The robot-programming based on 3D-
sensor data is considered due to the described constraints (large spatial structures, high tolerances, 
etc.) and the achievable accuracy in measurement as the most efficient method, Zych (2010).  
 
The development and commissioning of such production facilities constitute the manufacturer to great 
challenges. For the hardware components there exist many planning tools for early validation and 
commissioning in a 3D-simulation environment. However, the integration of 3D-sensors and the 
development of associated data processing algorithms have so far only been possible on the real 
production system, because no efficient methodology for an early validation of 3D-sensor concepts 
before real commissioning exists. 
 
This paper describes an approach, how planning errors can be prevented with the help of the 3D-
simulation, and the effort for the commissioning of production systems with 3D-sensors can be 
minimized. 
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2. Virtual Commissioning 
 
By using 3D-simulation, whole production systems can be pre-tested and also commissioned virtually 
before. Especially in the high technology-oriented industries such as the automotive and aviation 
industries the virtual commissioning is already established. The aim is to perform virtual function 
tests to detect design errors early and to shorten the planning process to the start of production 
significantly, Bracht et al. (2014), Schoch (2010). Fig. 1 summarizes the basic thought of the virtual 
commissioning in accordance with Wünsch and Zäh (2005).  
 

 
Fig.1: Time reduction through virtual commissioning 

 
Typical software tools for 3D-simulation include the modelling of the product, process and resource 
data and their integrated management. The virtual mechanical 3D-models of the designed production 
facilities, including the developed control programs, are coupled and simulated in appropriated 
software tools. Leading 3D-simulation tools for automated production systems are offered by Dassault 
Systèmes and Siemens PLM. In the past the main research and development activities referred to the 
coupling of kinematics with the PLC, IRC and NC controllers. Sensors are only considered based on 
mainly binary input and output signals (e.g. on/off). Optical 3D-sensors were not part of the 
developments so far, Bracht et al. (2011), Engel et al. (2010), Schoch (2010). 
 
3. Commissioning of optical 3D-sensors 
 
Because of the mentioned requirements to the production technology, 3D-measuring sensors are used 
increasingly, Sackewitz (2010). The sensor manufacturers are offering an enormous range of 3D-
sensors with different operating principles for various applications. Typical applications are quality 
control, creation or adaption of robot paths, i.e. for welding or bonding, or identification and 
orientation of objects for the assembly, Demant et al. (2011), Hesse (2014), Tränkler et al. (2014). 
The integration of 3D-sensors into the planning process often takes place just at the real 
commissioning of the production system. Usually the manufacturers integrate the 3D-sensors by trial-
and-error to the real system. In addition, the algorithms for the processing of the 3D-data in form of 
point clouds can only be developed or adjusted at this time on the basis of real measured data. 
Otherwise, expensive mock-ups are required. Because of the high acquisition costs of 3D-sensors, the 
production system and its functionality are often adapted subsequently to the sensor technology, 
although another sensor, for example with a larger measuring range, could perform the task without 
adjustment of the production system. Besides the selection of the right sensor (working principle, 
range, resolution, etc.) the positioning and orientation relative to the object of interest and the facility 
itself also play a key role in the planning process, especially if various measuring positions or whole 
measuring paths are necessary. On the one hand it must be able to lead the sensor system collision-
free to the measuring positions and on the other hand the sensor must see the object of interest in the 
sensor specific range free of shading.  
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4. Virtualization of optical 3D-sensors 
 
For the virtual representation of 3D-measuring sensors in a 3D-simulation environment, both the 
geometric model and the measuring principle with the specific properties are of importance. Through 
to the description of the measurement volume and the measuring resolution all common optical 
sensors can be depicted in a 3D-simulation environment. The CAD-models of the 3D-sensors are 
usually delivered free by the sensor manufacturer. However, a virtual model of the measuring 
principle is missing. In the presented approach the measuring principle was realized by a 
programming interface, which was provided by the robot simulation software Tecnomatix Process 
Simulate by Siemens PLM, Meissner (2014). The measuring inside of the simulation environment 
was implemented in two ways. The first way is the use of collision detection algorithms to determine 
the measuring beam path and intersection point with a virtual object. The second and most performant 
realized way is the usage of ray-tracing algorithms. In the computer graphics ray-tracing or ray-
casting is the tracking and intersection calculation of a ray with a virtual object or a face of that 
object, Bungartz et al. (2013). Fig. 2 illustrates the general principle of the 3D-measuring in the 
virtual environment. 
 

 
Fig.2: General principle of 3D-measuring in the virtual environment 

 
Because of the complex geometry of a robot cell and the robot environment the calculation algorithms 
for the generation of virtual point clouds are performed on the graphics board (GPU) by using 
NVIDIA CUDA®. Due to the utilization of the multi-core architecture of the graphics boards and the 
associated parallel processing the computation time could be reduced significantly and thus enhances 
the usability for the user. If appropriate hardware is not available, a conventional computation on the 
central processing unit (CPU) is also possible. Via a graphical user interface (GUI) sensor parameters 
can be loaded from a sensor library in form of configuration sets and if necessary also can be adapted 
through the GUI. After configuration the 3D-sensor can be positioned fix and also can be moved like 
a conventional tool by kinematic objects (e.g. robots or linear axis) in the virtual space. Thanks to the 
direct visualization of the measuring volume, the planner can make initial conclusions about the 
choice and also about the positioning and orientation of the sensor and is able to correct it 
immediately. Fig.3 shows the developed GUI and two examples for the visualization of the measuring 
volume of different 3D-sensors. 
 
But to obtain meaningful information about the right choice and integration of the sensors, it is 
essential to make a dynamic investigation. Therefore sensor specific control-commands, which trigger 
a virtual measurement, can be added to the simulated robot program. The results are one or more 
virtual point clouds, which can be used for assessment and further processing.   
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Fig.3: GUI and examples for visualization of the measuring volume of different 3D-sensors 

 
5. Simulation-based sensor data processing 
 
A documented plug-in-interface based on Microsoft.NET can be used to implement algorithms for 
processing the 3D-sensor data directly in the simulation environment. Thus, return values, which were 
generated by implemented 3D-sensor data processing algorithms, can be considered or used for the 
simulation based offline-programming of the robot, Meissner et al. (2015). On the other side it is also 
possible to use the approach for an early testing and training of the data processing algorithms. In 
particular, unforeseen events, e.g. because of an occurred disturbing geometry as a result of moving 
components in the measurement field of the sensor, could be identified early. In the previously static 
examination it would have been difficult to recognize. Furthermore it is also possible to implement 
automatisms for the determination of optimal sensor positions or for the planning of measuring paths. 
Especially for large and complex objects, such as they can be found in shipbuilding, an intuitive 
support for the sensor positioning plays an important role.   
 
6. Virtual validation of 3D-sensor based micro panel assembly 
 
As mentioned before, despite the high unique character of the pre-assembly structures in the 
shipbuilding process, the micro panel assembly is already largely automated or at least mechanized. 
Micro panels are shipbuilding sub-assemblies, which are installed as frames and bulkheads in the unit 
assembly (e.g. double bottom). They consist of a flat steel plate and thereon welded profiles. (e.g. HP-
stiffeners, plates, t-profiles, etc.) Usually they have a maximum dimension of 16 x 4 m. The profiles 
have a height of maximum 500 mm and different start- and end-cuts, Klenk (1996). Fig. 4 shows 
exemplary a micro panel and different start- and end-cuts, which have to be considered for the robot-
programming. 
 
After mechanized placing and tack welding of the profiles on the plates, the horizontal and vertical 
welding seams are welded by automated devices such as welding robots on a gantry. Because of the 
large dimensions, tolerances and inexact positioning of the micro panels in the working space, sensors 
are an important part of the robotic welding system. 
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Fig.4: Exemplary micro panel and different start- and end-cuts, Zych (2010) 

 
Zych developed an approach for the automated programming of welding robots in the micro panel 
assembly with the utilization of 3D-sensors for the digitalization of the micro panels. Thus all relevant 
information for the programming of the welding seams can be determined by the usage of the 3D-
data, Zych et al. (2008). The commissioning of the sensor concept was performed on an existing 
micro panel production line. To achieve the optimal position and orientation of the used 3D-laser 
camera, it was installed with three fixed axes for adaption during the commissioning and with three 
variable and programmable axes to move the sensor to different measuring positions above the 
workpiece support later during the operation. The final settings of the axes were determined 
empirically on the real system. That means, it could be determined by several tests, how the three 
fixed axes must be set, so that the micro panels or welding seams can be detected with minimal 
shading and the developed sensor data processing algorithms work stable. In the end the sensor were 
driven by the three moving axes in 40 pre-defined measurement positions above the workpiece 
support. This iterative commissioning process, in particular the choice of the right 3D-sensor, the 
configuration of the axes and the determination of the optimal measurement positions took a high 
proportion of the real commissioning time. For this time the micro panel production was not available 
for the ongoing production. This is where the above presented approach starts up. On the one hand, 
this process can now be brought forward into the virtual environment, so that the production system 
can still be used. And on the other hand planning errors can be detected and prevented early. Thus the 
real commissioning process can be reduced and unplanned costs due to planning errors are avoided.  
 

 
Fig.5: Visual assistance for checking the 3D-measurement  

 
The sensor data processing algorithms, in this case for the determination of the welding seams of the 
micro panels, were integrated successfully into the simulation environment over the described 
interface. For a quick review of the correct sensor data acquisition the data processing algorithms has 
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been extended with an automatism, which compares, if the welding seams were detected completely 
or not. In addition to a textual support the planner also gets different visual assistance, about the 
detected welding seams. So it is able to derive the quality of the interaction of the facility, sensor and 
sensor data processing algorithms, Fig.5. Based on this, fast improvements can be made. This 
accelerates the commissioning process in the virtual environment and consequently the ramp-up time. 
The developed solution now can be used to validate new concepts for the 3D-sensor based robot-
programming for the welding of micro panels, among other with a new or an existing facility-design, 
like a gantry with a lower height or other kinematics for the movement of the 3D-sensor into the 
different measuring positions. 
 
7. Conclusion and Outlook 
 
The presented approach enables an early and comprehensive validation of 3D-sensor concepts in 
automated production systems. Through implementing in a vendor-neutral simulation environment, 
this approach represents a decisive step towards an integral virtual validation of intelligent production 
systems. The possibility of selecting any 3D-measuring sensor with different parameters and the 
integration of any data processing algorithm into the 3D-robot simulation environment enables the 
experts to check the developed concepts virtually before the real commissioning. 
 
In the shipbuilding production is the use of offline-programmed welding robots in many areas of the 
sub-assembly production state of the art. They are often not efficient, because of the high amount for 
the robot-programming. Zych has demonstrated that the 3D-sensor based robot-programming can 
resolve this problem. In addition to the micro panel assembly, possible applications of the 3D-sensor 
based robot-programming are the double-bottom manufacturing and the production of curved panels. 
However, the size and complex geometry of these sub-assemblies make high demands on the 3D-
sensor system and the methods for the 3D-data processing. Due to the possibility of an early, 
comprehensive and virtual validation of 3D-sensor concepts in automated production systems, this 
issue can be addressed efficiently and further automation in the shipbuilding process can be taken 
forward, despite of the high unique character. 
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Abstract 
 

This paper presents a unified designer-centred workflow between modelling and analysis for the 
evaluation of complex ships and offshore structures. Advancements in CAD-CAE technologies have 
enabled the shift of work once performed by dedicated experts to a large number of designers and 
engineers. Here we describe the workflow connecting the designer’s personal problem solving 
environment to the set of tools enabling him to carry out combined Structural and Hydrodynamic 
verification using the same model and platform. This will be presented through a step by step  design 
example utilizing BVB CAFE modeller and MIDAS NFX total solution from high-end structural 
analysis functions (contact, non-linear, explicit dynamics and fatigue analysis) to high-end fluid 
analysis functions (moving mesh, free surface analysis and mass transfer analysis).  
 
1. Introduction  
 
The process of shipbuilding is quite a complex one and comprises of several stages, each of which 
requires a specific and a different kind of expertise. Over the years the ship-building process has been 
split into different modules, each of which is handled by a group of people possessing the expertise to 
perform the activities demanded of them. The end result of each module is then handed forward to the 
next group/department to make a contribution on their part to the ship design process. Now this work 
flow, although classic in nature, is gradually changing and so is the level of involvement of the indi-
vidual group members. Collaborative design is gaining popularity where different parties communi-
cate on the same design with real-time data, make design decisions and consider requests from all in-
volved parties in the design process (designers, producers, buyers, suppliers etc.). 
 
Another very important issue these days, from a manager’s point of view is administrating the licens-
ing costs. Commercial software on the market comes at a relatively high cost these days and efforts 
are being made to keep these costs to a minimum. If one considers the entire ship design process, it is 
not unusual for 3-5 licensed software products to be used for various purposes. Thus planning the en-
tire workflow is of extreme importance wherein one needs to study the capabilities of each software 
product being used and the compatibility with other software products. Nowadays we have several FE 
codes on the market that are looking to offer the users a one-code solution. This means that as op-
posed to using different software modules to perform different kinds of analyses, the user now has the 
possibility of using one single software product having the capability of performing a wide range of 
analyses relevant to different engineering fields. This in turn means a substantial saving for the user 
on the licensing front and also simplifies the work flow to a great extent! 
 
2. The Integrated Platform 
 
2.1. Conceptual Approach  
 
In the era of global competition, demands on the use of CAE are growing faster than ever in the 
process of product design simulations. These can be summarized below: 
 

Current State of Market Expected Effects Through CAE 
Increased Cost of Raw Materials Cost Reduction 

Requested High Quality Improvement of Quality 
Short Product Cycle Short Development Period 
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For design productivity and product competitiveness, the CAE tool must be capable enough for 
sophisticated analyses and yet be sufficiently easy for the product designers to use.  
 
This paper is based on a workflow fitted around MIDAS NFX platform which delivers to the user an 
integrated environment for modelling, meshing, solving and post-processing problems for a variety 
natural phenomena as: Linear Static Analysis, Modal/Buckling Analysis, Heat Transfer/Thermal 
Stress Analysis, Nonlinear Static Analysis, Explicit/Implicit Dynamic Analysis, Fatigue Analysis, 
Topology Optimization, CFD Aerodynamics and free-surface Hydrodynamics.  
 

 
Fig.1: Product development process, NFX (2013) 

 
The MIDAS NFX platform represents a change of paradigm in the CAE industry, work once 
performed by the combination of several dedicated platforms and few experts is now shifted to an 
integrated platform and a large number of designers, enabling them to easily verify and predict the 
product performance, thus connecting the design and analysis department. Here we present in 
different stages a real case study on 70t bollard-pull tugboat, imposed into hydrodynamic loads and 
lastly into a collision with part of an offshore installation. The process described enables the user to 
concentrate all effort and project results in one platform by utilizing diverse solver capabilities.   
 
2.2. Hull form and CFD Pre-Processing 
 
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 usable 
output found in most of CAE software that design offices, shipyards and classification societies have 
is the *.iges output. After the geometry is imported, MIDAS NFX provides a number of dedicated 
functions to repair the geometry.  
 

 
Fig.2: Hull surfaces imported and converted to B-Rep solid 
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For CFD based simulations the creation of the fluid domain is one of the most critical processes. Its 
quality will, in turn, affect the quality of the mesh and finally the quality of the results. For this 
purpose we have started by correcting minor edge problems of the imported models and then 
continued with merging the surfaces into B-Rep Solid. Converting the hull surfaces into a B-Rep 
Solid, enables its easy use as tool on a Boolean Operation, that will subtract its imprint from the fluid 
domain. The fluid domain itself can simply be a rectangular solid with specified dimensions based on 
the model particulars and the requested analysis.  The size of the air domain has a breadth of 30 m, a 
length of 110 m and has 10.1 m height. The sea domain shares the same breadth and length and has 
20.6 m depth. The domain’s inlet is 26 m far from the models forward part and the aft part has 50.3 m 
distance from the domains end, giving enough space for the wake to develop properly. 
 

 
 

Fig.3: Fluid domain and hull Boolean operation 
 

After having defined the dimensions of the fluid domain, we subtracted the hull model’s imprint 
through the Boolean Operation feature that MIDAS NFX has to offer. The domain is divided into two 
parts, namely the air and the sea domain. Both parts finally shared the same mesh size. On the sea and 
air domain interface, it is necessary that we define a size edge control so that more accurate results are 
obtained in that area. Great attention needs to be given concerning the CAD detail of our model and 
thus, its imprint’s corresponding one. Subsequently, we follow an iterative procedure which involves 
trial and error and more specifically, checking the mesh quality and altering or simplifying the 
imprint’s geometry. The upper procedure involves mainly rebuilding or joining the most complex 
edges of our model’s geometry. We have to consider the edge size of the domain as an aiding factor in 
our attempt to achieve a fine mesh. After we got an acceptable mesh quality, we move on optimizing 
it. The problem in our specific mesh topology was situated in the middle lower area of the hull and in 
the upper hull chines. To overcome it, we reduced the number of unnecessary edge size controls and 
concluded in using a main size control in the interface of the two domains and on the upper chines of 
the hull. The finest mesh quality was achieved testing a number of mesh sizes combined with the 
corresponding edge size and was finally obtained for mesh size 0.124 m and edge size of 0.62 m (2:1 
ratio). 
 

 
Fig.4: Fluid domain meshing; sea and air 

 
2.3. Structural Modelling and FEM Pre-Processing  
 
To complement our workflow we have in this stage introduced BVB CAFE, a dedicated tool for rapid 
structural modelling of ships and offshore structures. Models created here integrate well with MIDAS 
NFX and can be readily used for applying loading conditions and solving them.  
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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. 
The imported iges model can be directly used in BVB CAFE for preparing the structural entities.  
Following the import 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, and 
decks. Whether we are working with an existing design or a new concept an 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. Further to that all structural elements such as deck and hull stiffeners are modelled 
by the parametric entities provided within BVB CAFE.  
 
After the completion of detailing with respect to stiffeners, beams, etc. we have a complete structural 
“half-model”. The model was then meshed using the powerful meshing algorithm in CAFE, Fig. 5. A 
global mesh size of 100 mm was used. 

 
 

Fig.5: Fluid domain m, sea and air  
 
While creating entities in CAFE, we appropriately assign different thicknesses to different areas of the 
model. To perform a visual check of the assigned thicknesses, the user can activate a “plate thickness” 
filter and by means of a contour plot easily identify the areas with different thicknesses. Similar filter 
can also be used to plot the profiles, materials, etc. 
 

 
Fig.6: Model contours displaying variations in thickness 

 
Basic mesh regeneration and node merging is performed in CAFE itself. For more complicated mesh 
corrections we shall resort to the functionalities of midasNFX, which we shall also use as our solver. 
 
After completing basic mesh adjustments, the model is exported as a NASTRAN Data file (*.dat).  
This file format is read into midasNFX. The entities with different thicknesses are treated as separate 
“properties” in midasNFX, Fig.7. 
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Fig.7: CAFE model directly imported into MIDAS NFX 

 
We then proceed to use the wide palette of functions that midasNFX offers in order to fix various 
areas in the mesh. Fig.8 shows examples of some problematic areas. 

 
 
 
 
 
 

Fig.8: Mesh refinement within MIDAS NFX 
 

After mesh refinement, a quick check for element quality and topology is done by the provided 
dedicated tools. The model is then tested for connectivities, contacts, etc. by means of a modal 
analysis. Performing the modal analysis guarantees that there are no free faces or singularities in the 
model by utilizing simple fixed constraints. The “half-model” is then mirrored about the central axis 
to obtain a complete model of the aft hull of the tug boat. The circular structure at the thruster 
foundation is modelled in a simplistic manner by adding rigid mass elements. 
 

 
 

Fig.9: Modal check and mirrored topology 
 

3. Analysis & Results 
 
3.1. CFD Results and Pressure Mapping  
 
Following the pre-processing of the two models, one for the hydrodynamic analysis and one for the 
structural analysis, it is now time to solve them and post-process. Starting the with the CFD case what 
we want is to get the pressure distribution on the aft part of the tug in order to utilized the pressure as 
an input to the structural model solution. For that purpose we have used a Transient CFD function and 
an inlet of 2.42 m/s defined by the following expression 2.42+0.6*sin(3.66*t) to give a sine wave 
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form applied to the hull form. The hull itself is free to Translate and Rotate along the Z axis. Starting 
the simulation we can check the initial domain pressure distribution with reference to the defined free 
surface.  
 
 
 
 
 
 
 
 
 
 
 

Fig.10: First step pressure distribution 
 

For the purpose of this paper we have used a rather coarse mesh with symmetry and small number of 
steps ‘1000’ with a 0.01 s increment. The simulation gives the following results: Pressure 
Distribution, Total Velocity, Level Set and Total Deformation. Here, we are interested in the pressure 
distribution on the aft part of the hull.  
 

 
Fig.11: Level set deformation 

 

 
 

Fig.12: Mapping of pressure per Element Face 
 
After our simulation has converged to the 1000 steps we can directly post-process the results within 
MIDAS NFX which provides an array of useful tools to visualize the results. There are also specific 
functions that will help us map the requested pressure forces on the hull. Under the results tree we can 
select pressure results and then the utility Extract Results for any of the time steps of the simulations. 
Here we will use results from the final step and filter them by Element Face selection in order to 
select the ones on the aft part of the model. This allows us to store internally the pressure scale by 
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element face as shown in Fig.12 and utilize it in the next stage as a load for the structural analysis. 
The free surface feature within MIDAS NFX is based on the ODDLS finite element method on 
unstructured mesh. In addition to pressure, all other CFD results as well as temperature load can be 
entered into the structural model within the same work environment and applied for further analysis. 
Fig.12 shows an example on how pressure per element face is extracted from the time step results. 
They can also be stored as an MS Excel table of a normal text document.  
 
3.1. FEM Linear Static Results  
 
Next step of this case is to apply the pressure load to our prepared FEM model for a linear static 
analysis. Since the structural model we have developed comes from the same geometry we have 
ensured that orientation and position of geometry is correct. Also external hull model (coming from 
BVB CAFE) used in CFD is also utilized within MIDAS NFX structural model and mapping of 
pressure forces can be relatively easy. It is however difficult to match the mesh position since the hull 
has been allowed to move during the Transient CFD simulation and careful translation of the faces 
has to be carried out in general. A specific function has been implemented with MIDAS NFX called 
‘Create Load from Results’ in order to be able to utilize results from one simulation to another and for 
mapping them successfully there is an interpolation function were we select the Result Type – Normal 
Pressure (Scalar) in our case the object with want to use 2D element (for Hull Shell) and then import 
the stored data points as shown in Fig.12. The model is then constrained appropriately and a linear 
static case is defined. From that we have just in a few seconds the results of Total Translation, Von 
Misses Stress and Overall Safety Factor plotted. The pre and post-processing functions are quite 
intuitive and that is why they are referring to both simulation experts and designers, increasing thus 
the productivity of the Design and Analysis department. Multiple number of analysis cases for a 
single project can be assigned and the result compared by drag and drop method.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13: FEM Linear Static Results-1 
 
FEM analysis of Ship Structures required realistic loads that re generally generated under assumed 
conditions. Regarding the hull-water interaction the most realistic way to account for load is the 
utilization of CFD simulation results. The structural analysis needs to account for external loads 
(caused by hydrodynamic pressures onto the ship hull) as well as for internal loads (weight and inertia 
forces caused by the hull structure and cargo). Thus, performing design verification based on CFD 
loads involves several tasks such as: Mesh Generation matching the structural properties of the hull; 
Selection of loading conditions for analysis; Mass assignment to the finite element model, relevant to 
those loading conditions; CFD mesh generation matching the hull’s shell; Selection of  appropriate 
wave loads to be simulated; Computing and post-processing of pressures at the hull surface; 
Computation of external FEM loads by mapping the pressure loads from the CFD mesh to the FEM 
mesh; Balancing the external FEM loads by appropriate internal loads; and finally Performing the 
structural analysis based on those FEM loads. Fig.14 shows results of this last stage.  
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Fig.14: FEM Linear Static Results-2 

 
3.2. Collision Investigation through Explicit Dynamic Solver 
 
It is interesting to demonstrate the ability to utilize the Explicit Dynamic Solvers within MIDAS 
NFX. This can be used to analyse a collision case between the aft part of the structure that we already 
have and a Pillar as part of an offshore structure installation. The existing model is then enhanced 
with an initial nodal velocity with direction towards the pillar with is fixed in space. For 
demonstration reasons we have not taken into account any other occurring forces. Again result are 
directly post-processed in MIDAS NFX and can be combined with the linear structural analysis to 
give the total deformation in the area of the thruster foundations which would be a very interesting 
results in terms of the collision and hydrodynamic forces combined affecting the propulsion 
capabilities of the vessel. 
 

  
Fig.15: Collision analysis set-up and results 

 
4. Conclusions  
 
Applying the previously described technologies within an integrated platform providing several 
solving and processing capabilities, ship designers are able to perform structural FEM-analysis with 
CFD-based loads utilizing the same models and without having to worry about major compatibility of 
modelling issues. The additional overhead related to fluid-structure coupling is negligible. 
Computational resources are only severely consumed by the CFD simulation, while the FEM and 
even the Explicit can be run almost instantly. Most of the working time is needed for modelling the 
distributions related to the loading conditions and for balancing the ship to final equilibrium. MIDAS 
NFX in combination with BVB CAFE can provide an integrated approach to FEM-CFD based 
calculations dedicated to Ship and Offshore Structures.  
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