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Multi-Criteria Decision Support for Cost Assessment Techniques in
Shipbuilding Industry
Jean-David Caprace, ANAST ULg, Liège/Belgium, jd.caprace@ulg.ac.be
Philippe Rigo, ANAST ULg, Liège/Belgium, ph.rigo@ulg.ac.be

Abstract
Cost is perhaps the most influential factor in the outcome of a product or service within many of
today’s industries. Cost assessment during the early stage of ship design is crucial. It influences the
go, no-go decision concerning a new development. Cost assessment occurs at various stages of ship
design development. Economic evaluation as early as possible, in the design phase, is therefore
crucial to find the best price–function compromise for the ship projects. This paper presents a Multi
Criteria Decision Aid (MCDA) method in order to select an appropriate cost assessment method at
each stage of the ship design. In order to compare the cost performance between all alternatives, the
evaluation of each alternative is performed by PROMETHEE.
1

Introduction

Cost is perhaps the most influential factor in the outcome of a product or service within many for
today’s industries. More often than not, reducing cost is essential for survival. To compete and
qualify, companies are increasingly required to improve their quality, flexibility, product variety, and
novelty while consistently maintaining or reducing their costs, Roy and Kerr (2003).
In short, customers expect higher quality at an ever-decreasing cost. Not surprisingly, cost reduction
initiatives are essential within today’s highly competitive market place. Concurrent engineering is one
of these initiatives. Since cost has become such an important factor of success, project development
needs to be carefully considered and planned. It is essential that the cost of a new project development
is understood before it actually begins. It could mean the difference between success and failure.
Cost assessments during the early stages of ship development are crucial. They influence the go, nogo decision concerning a new development, Roy and Kerr (2003). If an estimate is too high, it could
mean the loss of a business, for the benefit of a competitor. If the estimate is too low, it could mean
the company is unable to produce the ship and make a reasonable profit.
An ability to perform effective, detailed, and reliable ship cost assessment could finally create a
change in the way the shipyard is able to negotiate its contracts, Miroyannis (2006). Moreover, the
importance of a good cost assessment particularly at the early level of design can be crucial when
comparing different design proposals. A greater understanding of the factors that drive costs can
hopefully lead to a decrease in cost overruns for two reasons:
1. designers will be in a better position to quickly perform trade off studies and therefore
develop a better understanding of how their designs affect cost,
2. with an ability to perform reliable cost assessments at the preliminary level, the shipyards will
be able to negotiate more favorable contract terms that could decrease costs.
2

State of cost assessment in shipbuilding industry

To succeed commercially, shipyards must be able to accurately assess costs. Cost assessment is
necessary for the bid process, for change orders, and for trade-off studies. Numerous cost assessment
approaches exist. They are based on extrapolations from previously-built ships, detailed parameters,
and integrated physics-based analyses. The option for the production cost assessment differs in the
required information (input data). The less information is needed, the earlier a method can be used in
the design process. The more information is used, the finer differences between design alternatives
can be analyzed, Bertram et al. (2005).
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The methods for estimating production cost are classified into:
• Top-Down (macro, cost-down or historical, weight-based) approaches (empirical, statistical
and close-form equations, etc.), see Fig. 1 (a)
• Bottom-Up (micro, cost-up or engineering analysis, process-based) approaches (direct
rational assessment), see Fig. 1 (b)

(a) Top-down

(b) Bottom-up

Fig. 1: Top-down and bottom-up methodology
2.1

Top-Down approaches

The top-down approach is a parametric cost assessment methodology which uses empirical
relationships between product parameters and costs as a means to estimate the cost of new ships,
Geiger and Dilts (1996). In this case, top-down method means that the ship cost is predicted from its
higher level specifications, instead of its detailed design which may not be available at the time of
estimation. Parametric relationships are estimated by using statistical regression techniques from a
historical cost database. A parametric estimating system can then be continuously refined and recalibrated.
The top-down approach, also called weight based approach, determines the production cost from
global parameters such as the ship type and size, weight of the hull, the block coefficient, ship area,
complexity, etc. The relations between cost and global parameters are found by evaluation of previous
ships, Barentine (1996). Thus, the top-down approach is only applicable if the new design is similar to
these previous ships. Also, the cost estimation factors in the approach reflect past practices and
experience.
Cost reductions resulting from newly adopted and developing shipbuilding technologies and
production methods are not reflected in the existing historical based cost estimating techniques,
Christensen et al. (1992). Advanced shipbuilding technologies typically involve a modular, product
oriented approach which cuts across elements of the existing Ship Work Breakdown Structure
(SWBS). Moreover, these weight based cost assessment approach do not reflect improvements that
may occur in the production process, Ennis et al. (1998). For instance, if a new welding technique is
used which takes 25% less man-hours per meter of weld; no change would be reflected in cost,
because there is no change in the weight of the ship. Therefore, if a change in design or production
process has no impact on weight, then the cost assessment will not change.
However this approach is often used by facility in a very early design stages due to the fact that it is
easier to apply, gets “results” faster and does not require much design details. Weight is often used as
the primary driving factor for cost assessment as it encapsulates the amount of material and to some
extent work associated with an item. Weight is an important characteristic to establish early in the
design of any vessel and there are several parametric rules such as shown by Careyette (1977),
Kerlen, (1985), Schneekluth and Bertram (1998), Deschamps and Trumbule (2004), Ross and Aasen
(2005), which can be used to estimate weight based on such minimal information as the main
dimensions and hull form coefficients.
2.2

Bottom-Up approaches

The traditional costs assessments using system-based, weight-driven cost models are not always
sensitive to changes in production processes and advanced manufacturing techniques, Ennis et al.
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(1998). Thus the need exist for a cost model that can better relate to design and construction product
and process issues, to enable cost conscious decision making and more affordable ships.
The alternative method to compute the product cost is called bottom-up approach. This engineering
analysis cost assessment approach breaks the project into smaller and smaller interim products until
the most basic product (e.g. plate) is described. All costs of machining, tracking, coating, assembling
this product, along with its associated interim products, into the next more mature interim product are
estimated. The estimated cost of each layer interim product is summed with all preceding layers, thus
obtaining an aggregated cost that reflects an engineering analysis of the building process, Geiger and
Dilts (1996), Barentine (1996). In fact, the bottom-up approach breaks down the project into elements
of work and builds up a cost estimate in a detailed engineering analysis. Moe and Lund (1968),
Wolfram (1979), Southern (1980), Winkle and Baird (1986), Rigo (2001), Sasaki (2003) and Ross
(2004), developed simplified cost models based on direct calculation using quantities and unitary cost
to assess the global production cost. Welding position, accessibility, etc. can be considered using
additional corrections.
The major advantage of that technique is that it specifically considers the actual work content of the
product and provides a realistic cost estimate for the construction effort. The bottom-up approach
requires more effort and detailed information than the top-down approach, but unlike the top-down
approach, the bottom-up approach captures also differences in design details and are thus suitable for
scantling and shape optimizations, Caprace et al. (2006) and Bole (2006). Changing the local hull
geometry influences the number of frames which require bending, the effort in plate bending, and the
degree of weld automation which depends on the curvature of the weld joints. All these effects are
reflected by an appropriate decomposition of the total work process into its individual components. At
present, this approach is not available in most shipyards; neither are historical databases from which it
could be developed. It is then necessary to develop an appropriate approach, and collect the required
data. An advanced optimization application in this field is the work of ANAST for ship structures
using the LBR5 system Rigo et al. (2005) and Toderan et al. (2007). This is possibly the only such
system that has been applied in shipyard work.
2.3

Life cycle approaches

In order to improve the design of products and reduce design changes, cost, and time to market, Life
Cycle Engineering (LCE) has emerged as an effective approach to address these issues in today’s
competitive global market. As over 70% of the total Life Cycle Cost (LCC) of a product is committed
at the early design stage, Eyres (2001), designers can substantially reduce the LCC of products by
giving due consideration to the life cycle implications of their design decisions.
People are always concerned about product cost, which encompasses the entire product life from
conception to disposal. Manufacturers usually consider only how to reduce the cost of materials
acquisition, production, and logistics. In order to survive in the competitive market environment,
manufacturers now have to consider reducing the cost of the entire life cycle of a product, called the
LCC, Seo et al. (2002). Landamore et al. (2007), Gratsos and Zachariadis (2007), Turan et al. (2009)
has recently implemented methods for the investigation of economic and environmental costs within a
marine system. The LCC assessment approach is a promising future holistic methodology in order to
maintain the effectiveness of ships during their overall life.
3
3.1

Cost estimation method selection
Different cost assessment methods

Cost assessment occurs at various stages of ship design development. Economic evaluation as early as
possible, in the design phase, is therefore crucial to find the best price–function compromise for the
projects or product. However, economic evaluation during the design phase is not easy. It is very
different from assessment when the product/process design is complete and detailed which allows the
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cost of all optimization choices to be taken into account. In the design phase, the project or product is
never completely defined. It is necessary in this phase to implement rapid and more or less accurate
cost estimation methods (depending on available data) allowing the designer to select one solution in
preference to another on economic grounds.
In general, cost-estimating approaches can be broadly classified as intuitive, parametric or statistical
techniques, and analytical models. However, the most accurate cost estimates are made using the
analytical approach. Among the many methods for cost estimating, at the design stage, are those
based on knowledge bases, features, operations, weight, material, physical relationships, and
similarity laws, Shehab and Abdalla (2002). In this section, we present the information available to
select the most appropriate cost assessment methods among the following ones:
•
•
•
•
•
•
•
3.1.1

Intuitive method (IM) or Expert opinion
Case based reasoning (CBR) or Analogy analysis
Parametric method (PM) or Statistical analysis
Feature-Based Costing (FBC)
Fuzzy logic method (FLM)
Neural networks method (NNM)
Simulation method (SM)
Intuitive Method (IM) – Expert opinion

The role of the cost engineer in the design process is to provide models which are capable of
establishing a cost value from data available at the different design stages. Cost estimation is often
regarded as a mysterious art as it is somewhat more of a statistical discipline compared with the other
engineering activities. Establishing a cost estimate at any stage of the design requires a high degree of
appreciation of the processes which occur in both design and construction process, Bole (2006).
Detailed costing may require knowledge of how long it takes certain construction processes to be
conducted, for example, joining a stiffener to plate taking into account size, material and welding
technique, while costing for a concept design will require, for example, knowledge of how the
utilization of different spaces of the ship impacts on cost.
IM is based on the experience and the opinion of the estimator. The cost engineer requires both a good
database of historic information on previous ships and good contacts with industrial partners to
forecast how technical and financial changes may impact on construction costs. Once this information
is established, the cost engineer uses expertise to identify the cost estimation models which correlate
well with both the type of vessel and capabilities of the shipyard and experience to enhance
confidence in the result predicted by the model.
The result of the expert opinion analysis is always dependent on the estimator’s knowledge. It can
prove to be very effective but it can also be misleading. Generally, low estimates are generated by
persons whose interests are served by low estimates and high estimates are generated by persons
whose interest is served by high estimates. It may be seen that the competitiveness of a shipyard may
be encapsulated in the cost engineer’s knowledge.
3.1.2

Case Based Reasoning (CBR) – Analogy analysis

This method uses a direct comparison between two similar products or sub-products and is based on
the experience and knowledge of the designer. The effectiveness of this method depends largely upon
the ability of the designer to identify differences between the intended and existing systems. Although
most of the applications of this method are based on the judgment of a designer, some well-developed
applications are using CBR, Rehman and Guenov (1998), Duverlie and Castelain (1999). The implicit
assumption is that similar products have similar costs. By comparing products and adjusting for
differences it is possible to achieve a valid and useable assessment. The method requires the means of
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both identifying the similarities and differences of items. This can be through the use of experience or
databases of historical products.
CBR can be used to model, store, and re-use historical data, and capture knowledge for problemsolving tasks, Rush and Roy (2000). CBR uses solutions of past experiences to solve a problem. This
kind of reasoning uses the following basic operations: the recognition of the problem, the recall of
similar experiences and their solutions, the choice and the adaptation of one of the solutions (source
case) to the new problem (target case), the evaluation of the new situation and the learning of the
solved problem.
CBR follows the elementary steps proposed by Slade (1991) (see Fig. 2):
1. Retrieve relevant candidates from characteristics of new cases.
2. Select the best case of the preceding extraction with the help of a similarity measure.
3. Modify, and adapt selected cases in order to propose a solution or an interpretation for the
new case.
4. Test the proposed solution, to evaluate the solution.
5. Realize the learning by recording the new cases and release the indexation of cases.

Fig. 2: Case based reasoning process (CBR)
CBR provides the ability to propose a solution very rapidly. Moreover, it functions in a transparent
manner. At any time, the user knows the origin of the solution and can correct the result. Moreover,
CBR plays the role of the collective memory of the enterprise (as Knowledge Management System),
allowing the user to use solutions elaborated by others. That preserves the trade knowledge for the
employer when an employee leaves the enterprise or changes position, Duverlie and Castelain (1999).
The innovation can also be slowed because the design is always based on past experience.
3.1.3

Parametric Method (PM) – Statistical analysis

Also known as a top-down approach (see section 2.1), this method seeks to evaluate the cost of a
product based on certain characteristic parameters. Cost Estimation Relations (CER’s) and associated
mathematical algorithms are developed by establishing a relationship between one or more parameters
that are observed to change as cost changes. These parameters are typically referred to as cost drivers.
The principle and process of PM use the knowledge of a certain number of physical characteristics or
parameters such as the weight, the volume, and the number of items in order to evaluate the cost.
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To illustrate this concept more clearly the following example is presented. Typically, for ship
development, weight relates to the cost of production. That is, as the weight of the ship increases, so
does the cost of producing it. What’s more, this particular relationship is often described as linear, as
illustrated in Fig. 3. In this hypothetical example the points of the graph represent the relationship of
cost to weight for different ships. The line traversing the points represents a linear relationship i.e. as
the weight increases so does the cost. Using relatively simple algebra it is possible to derive a
mathematical relation between the cost and the weight. For the below graph the equation, y = a.x+b is
used to describe the line of best fit between the points. With the relationship described it is then
possible to use the formula to predict the cost of a future ship based on its weight alone. Within the
field of cost estimating this relationship is known as a Cost Estimating Relationship (CER) or Cost
Estimate Formulae (CEF).

Fig. 3: Simple linear cost estimating relationship
The primary advantage of parametric cost assessment is that the data reflect changing cost conditions.
Parametric method estimating can be used throughout the product life cycle. However, it is mainly
used during the early stages of design and for trade studies.
The parametric method is very useful because of its rapidity of execution. It can be criticized for
working like a "black box": that is to say that from the specifications the only results we obtain are
different costs, Duverlie and Castelain (1999). We do not know the origin of these costs, which can
discourage users. During the design step, not all information is available.
3.1.4

Feature-Based Costing (FBC)

FBC is a methodology for estimating the cost of a product based on the analysis of a series of its
elementary characteristics, called product features. Products can essentially be described as a number
of associated features such as holes, inner contour, outer contour, welding length, welding position,
cutouts, bevels, etc. It follows that each product feature has cost implications during production, since
the more features a product has the more manufacturing and planning it will require. The growth of
CAD/CAM technology and that of 3D modeling tools have largely influenced the development of
FBC, Giudice et al. (2006). With this approach, it is possible to evaluate the consequences that
choosing to include or exclude the feature will have not only on the costs of a single component, but
also on the system of costs of the entire life cycle of a product consisting of several components.
This approach, also called bottom-up approach (see section 2.2), allows the evaluation of cost from a
decomposition of the required work into elementary tasks and relies on detailed engineering analysis
and calculations. To apply this approach, the cost analyst needs detailed design and configuration
information for system components and accounting information for all materials, equipment, and
labor. This method finds its application when costing information for workshop processes is readily
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available. Given sufficient design detail, this method can make very accurate cost estimates, Roy and
Kerr (2003). However, it is very time-consuming and does require detailed knowledge about the
product being designed and the relevant processes.
One of the prerequisites of this approach is that the product model needs to be detailed enough to
allow materials and production labor to be established. This means that the structural definition,
systems and equipment need to be defined and may rule out this approach being used in the earliest
stages of design, Bole (2006). However, as ship design tools improve, it is becoming easier to add
preliminary production details at the start of design so that production considerations can be
incorporated in the design process. Consequently, this technique may be employed shortly after the
initiation of a design project.
This approach will capture enough detail to allow the effectiveness of production processes to be
evaluated and potentially optimized, Giudice et al. (2006), Rush and Roy (2000), Bole (2006). In the
past, extracting the information from the design to perform this kind of analysis would have been very
laborious because the cost engineer would have to measure production details directly from plans.
However, with modern ship product modeling software, the identification of parts and junctions can
be automated providing the cost engineer with a full breakdown.
3.1.5

Fuzzy Logic Method (FLM)

FLM is an essentially pragmatic, effective and generic approach, Chevrie and Guely (1998). It allows
systematization of empirical knowledge, which is hard to control. The theory of fuzzy sets offers a
suitable method that is easy to implement in real time applications, and enables knowledge of
designers and operators to be transcribed into dynamic control systems.
While most conventional methods of cost estimation are deterministic in nature, the design process is
characterized by intrinsic uncertainties. Fuzzy logic has been used to address the issue of uncertainty
in some ship design applications, Parsons et al. (1999) and Shehab and Abdalla (2002). In this
approach, a mapping between the characteristic parameters of a design and the cost function is
achieved through a set of if-then rules that incorporate fuzzy logic in terms of varied degrees of
membership of the parameters in the cost function.
A vital condition for the use of fuzzy rules is the existence of human expertise and know-how. Fuzzy
rule bases cannot provide a solution when no-one knows how the system operates or people are
unable to manually control it. When such know-how exists and can be transcribed in the form of
fuzzy rules, fuzzy logic simplifies its implementation, and operation is then easily understood by the
user. If human expertise exists, then fuzzy rules can be used, particularly when system knowledge is
tainted by imperfections, when the system is complex and hard to model and when the method used
requires a global view of some of its aspects.
3.1.6

Neural Networks Method (NNM)

NNM are a form of artificial intelligence that are used to simulate human thought processes and thus
can be used as a method of linking historic cost information with a proposed design model, Smith and
Mason (1996).
For cost estimating purposes, Roy and Kerr (2003), Seo et al. (2002) and Caprace et al. (2007), the
basic idea of using NNM is to make a computer program learn the effect of product-related attributes
to cost. That is, to provide data to a computer so that it can learn which product attributes mostly
influence the final cost. This is achieved by training the system with data from past case examples.
The ANN then approximates the functional relationship between the attribute values and the cost
during the training. Once trained, the attribute values of a product under development are supplied to
the network, which applies the approximated function obtained from the training data and computes a
prospective cost.
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Neural models can be developed and used for estimating all stages of a product life cycle provided the
data is available for training. A great advantage that a neural network has compared to parametric
costing is that it is able to detect hidden relationships among data.
Another important characteristic of ANN is that it can learn from their training experience. Learning
provides an adaptive capability that can extract nonlinear parametric relationships from the input and
the output vectors. It is probably the most accurate Data Mining (DM) method among the available
data driven prediction techniques. Unfortunately, from the point of view of interpretability it is
perceived as a "black box". This is no good if customers require a detailed list of the reasons and
assumptions behind the cost estimate.
Neural networks require a large learning DB in order to be effective, which would not suit industries
that produce limited product ranges. In addition, the DB needs to be comprised of similar products,
and new products need to be of a similar nature, to get an effective cost estimate. Thus, neural
networks cannot cope easily with novelty or innovation. The last issue involves a tradeoff between
over training and under training. Optimum training will capture the essential information in the
training data without being overly sensitive to noise.
3.1.7

Simulation method (SM)

Production simulation or Virtual Manufacturing (VM) enables the modeling and simulation of
production systems and processes to ensure, in advance of the start of production, that they operate at
peak efficiency. Simulation is a key new technology of the millennium with considerable expected
growth rates per year, Steinhauer (2003) and Bair (2009).
Simulation can be used in very different fields with a lot of different methods. The most common
method used to model the production and fabrication of product is called Discrete Event Simulation
(DES). DES only takes points in time (events) into consideration. Such events may, for example, be a
part entering a station or leaving it, or moving on to another machine.
Nowadays, DES tools like Plant Simulation or CATIA with DELMIA helps shipyards to increase the
efficiency and the workshop productivity, and to give computer-supported answers to the major
questions: when and where to produce what and with which resources depending on the availability
and restrictions of resources and materials.
One of the major advantages of the production simulation is that it is possible to integrate the
operating rules of each workshop and simulate the complex interactions between the different actors
(human and material resources, transportation, machinery and tools, etc.). The production simulation
is particularly effective to tackle phenomena such as the surface management, transport management,
flow management (identification of bottlenecks), management of failures and hazards, etc. that a
simple analytic workload simulation cannot integrate.
The cost assessment of a product starting from simulation model is a quite easy task. Indeed, all
individual process times of the manufacturing tasks are a result of the simulation and linked to various
resources. To assess the cost of the process, we can just multiply the utilization time of each resource
by his dedicated cost rate (Euros/hour).
3.2

Selection of cost assessment method

In the design phase, all the information is not available at the moment of the economic evaluation, and
that speed of evaluation is an important element (the main activity in design is not to make the cost
assessment).
Depending on the stage of analysis, the level of detail expected, and the extent of information
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available, different cost modeling techniques can be employed for the estimation of cost in design,
Iqbal and Hansen (2006) and Duverlie and Castelain (1999). These methods cannot be used during
the whole life cycle (see Table II). Some methods are better than others depending on the context and
design maturity (see Table I). When the data is available, all methods could be used. But different
estimation methods provide different projections of the anticipated costs. The projected differences in
cost could have a significant impact on the overall viability of a project or the selection of the
optimum design for a product or process.
Table I: Advantages and limitations of cost assessment methods
Method
IM

Advantages
•
•

Quick to produce
Flexible

PM

•
•
•
•
•
•

FBC

•
•
•

Can propose a solution rapidly
Plays the role of collective
Very good logic visibility
Avoid previously committed errors
Stores the knowledge of the company
Makes clear the influence of
parameters on cost
Repeatable and objective
Quick to produce
Enables integration of CAD/CAM with
cost information
Could be automated
Clear link between design choice and
cost
Very good logic visibility
Integration of the imperfection of the
model (fuzzy sets)
Accurate estimates possible
Can be updated and retrained
(adaptative capability)

CBR

•
•

FLM

•
•

NNM

•
•

SM

•
•

3.2.1

Good logic visibility (GUI)
Can easily vary the product and
organizational parameters

Drawbacks and limitations
•
•
•
•
•

Susceptible to bias
Unstructured
Different experts use different mechanisms
Need a reliable case base
Doesn’t handle innovative solutions

•
•
•

Parameters not included maybe important
Simplistic
Logic not visible (black box)

•
•

Require large resources to implement
No consensus on what features are

•
•

Need of human expertise and know-how
Doesn’t handle innovative solutions

•
•
•
•
•
•

Logic not visible (black box)
Complex
Require a large and reliable historical database
Doesn’t handle innovative solutions
Requires time and very important resources
Model building requires special training &
experience

Multi Criteria decision analysis

In the majority of practical design decision problems no alternative exists, which is the best in all
criteria. In fact, each alternative offers both strengths and weaknesses, which must be
counterbalanced. Therefore, Multi-Criteria Analysis (MCA) also called Multiple Criteria Decision
Making (MCDM) approaches have been developed to support structuring the problem, formalizing
the trade-offs between the alternatives and fostering the transparency of the decision.
Multi-criteria analysis is an especially important approach for the interpretation of the results of a
comparative analysis of technological alternatives and for addressing the relevance of the different
parameters of interest. Although MCDM models have been used in many applications in engineering
science, Chareonsuk et al. (1997) and Treitz et al. (2005), only a very few of such models can be
found in the field of shipbuilding industry.
We choose the PROMETHEE method (Preference Ranking Organization METHod for Enrichment
Evaluations) in order to perform the MCDM of the cost assessment techniques. PROMETHEE is
designed by Brans et al. (1988) and is one of the best outranking methods for multiple criteria
problems. The method and its applications have been described in more details in the paper Brans and
Mareschal (1992). The PROMETHEE method gives the ranking of the alternatives for the model,
once all the parameters and the values are presented.
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3.2.1.1

Definition of alternatives

The outcome of any decision making model depends on the information at its disposal and the type of
this information may vary according to the context in which one is operating, therefore it is useful for
decision making models to consider all the information as a whole. In MCDM the decision procedure
is normally carried out by choosing between different elements that the decision maker has to
examine and to assess using a set of criteria. These elements are called alternatives.
For this study, the different alternatives have already been described in section 3.1. Among them we
have the Intuitive Method (IM), the Case Based Reasoning (CBR), the Parametric Method (PM),
Feature-Based Costing (FBC), the Fuzzy logic method (FLM), the Neural Networks Method (NNM)
and the Simulation method (SM).
3.2.1.2

Definition of criterion

The criterion represents the tools which enable alternatives to be compared from a specific point of
view. It must be remembered that the selection of criteria is of prime importance in the resolution of a
given problem, meaning that it is vital to identify a coherent family of criteria. The number of criteria
is heavily dependent on the availability of both quantitative and qualitative information and data.
Tables II and III show the 17 criteria selected for this study. These criteria were gathered into 6
families (design applicability, accuracy, data needs, usability and cost) as listed in Table IV.
Table II: Cost assessment methods versus design stages ( applicable;  hardly applicable)
IM




Innovation
Trade Studies
Early Design Stage
Basic Design Stage
Detailed Design Stage
Production

CBR





PM





FBC







FLM

NNM













SM







Table III : Effectiveness of various types of cost assessment methods
Methods

IM
CBR
PM
FBC
FLM
NNM
SM
Methods

IM
CBR
PM
FBC
FLM
NNM
SM

Logic
Visibility
No
Yes
No
Yes
Yes
No
Yes

Reusable for
other
applications
No
No
No
No
Yes
Yes
Yes

Accuracy

Ability to reflect
Production changes

Ability to reflect
Design changes

Low
Fair
Fair
Very High
High
High
Very High

Possible
No
No
Yes
Possible
Yes
Yes

Possible
Possible
Possible
Yes
Possible
No
Yes

Historical
Data need

Cost DB
Size

Development
Cost

Computation
Time

Ease of
Use

No
Yes
Yes
No
No
Yes
No

Low
Some
Some
Large
Low
Large
Large

Low
Large
Low
Very Large
Moderate
Moderate
Very Large

Quick
Moderate
Quick
Slow
Quick
Quick
Moderate

Moderate
Moderate
High
High
Moderate
Moderate
Low

Compatibility
with other
software
Low
Possible
Possible
High
High
High
High
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3.2.1.3

Definition of weights and scenarios

The results of multi-criteria analysis hinge on the weightings allocated and thresholds set. The weights
express the importance of each criterion and obviously may deeply influence the final outcome of the
entire calculation procedure. For some authors, the problem of how to determine the weights to assign
is still unresolved since the different outranking methods do not lay down any standard procedure or
guidelines for determining them. In this study, 5 scenarios with 5 different weight vectors were
formulated to circumvent this problem, Table IV:
1. The first scenario W1, representing the base-case, was calculated attributing equal weights to
all family of criterion.
2. The second scenario W2 was calculated attributing the focus on cost (35%), usability (30%)
and accuracy (16%).
3. The third scenario W3 was calculated attributing the focus on accuracy (35%), usability
(30%) and design applicability (16%).
4. The fourth scenario W4 was calculated attributing the focus on design applicability (40%),
cost (30%) and usability (20%).
5. In order to finalize the set of scenarios that should be employed while evaluating the cost
assessment methods, suitable survey were designed and dispatched to a large number of
shipyards, ship owners and research centers. Based on majority opinion, the weight to be
adopted for the evaluation of cost assessment methods in scenario W5 have been defined
focusing on usability (36%), accuracy (29%) and cost (18%).
Table IV: Definition of scenarios
Family

Criteria
W1

Design Applicability

Trade studies

Accuracy

Accuracy
Ability to reflect prod.
changes
Ability to reflect design
changes
Historical data need
Cost DB size
Logic visibility
Reusable for other app.
Ease of use
Compatibility with other
software’s
Development cost
Computation time

Data Needs
Usability

Cost

3.2.1.4

3%
3%
3%
3%
3%
3%
7%
7%

20%

20%

7%
10%
10%
5%
5%
5%
5%
10%
10%

Scenarios
W3

W2
2%
2%
2%
2%
2%
2%
8%
4%

9%

16%

4%
20%
20%

20%

5%
5%
10%
5%
10%
5%
20%
15%

3%
3%
3%
3%
3%
3%
20%
8%

15%

35%

8%
10%
30%

35%

5%
5%
10%
5%
10%
5%
7%
3%

W4
7%
7%
7%
7%
7%
7%
3%
1%

W5
14%

5%

1%
10%
30%

10%

3%
3%
6%
4%
6%
4%
20%
10%

2%
2%
2%
2%
2%
2%
11%
5%

9%

29%

14%
5%
20%

30%

3%
5%
11%
12%
11%
3%
6%
12%

8%
36%

18%

Results

Fig. 5 presents the results regarding preferences (positive outranking flow φ+, negative outranking
flow φ- and global outranking flow φ) of the various alternatives expressed numerically for the
scenario W5. The higher the global outranking flows the better the alternative is. The small φ- flow for
the alternative FLM indicates, that is has a strong performance on most criteria, whereas the small φ+
flow of alternative CBR is a sign that this alternative is weak in most attribute values whatever the
scenario. This result is confirmed by the spider diagram of the net flows of each criterion (see Fig. 4)
which shows that FLM is the strongest alternative (maximization of the spider surface) and CBR is
the weakest alternative (minimization of the spider surface).
Hence, also a change of the weight of the different criteria will show the FLM as the outstanding
alternative, Fig. 6. However, this assessment technique requires absolutely the existence of human
expertise and know-how. Thus, we can not use it in all application cases.
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(a) IM

(b) CBR

(c) PM

(d) FBC

(e) FLM

(f) NNM

(g) SM
Fig. 4: Spider representation of ranking matrix for each alternative
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Fig. 5: Outranking flows of the alternatives for
the scenario W5
3.2.1.5

Fig. 6: Aggregated outranking flows of the
alternatives for each scenario

GAIA visualization

We also perform a GAIA visualization which provides a graphical representation of the various
alternatives for different criteria and a π decision axis in which direction the best alternative is located
according to the weight distribution. The GAIA plane is obtained by projection of the information in
the criteria space on a plane. The best plane is obtained by Principal Component Analysis (PCA)
technique. Through this projection some information is lost but most of the information is preserved.
In the present case preserved information amounts to δ = 86%.
The GAIA plane given in Fig. 7 clearly confirms the previous results. Indeed, we can observe the
following characteristics:
• Data needs, cost and accuracy are more discriminating than usability and design applicability
• Design applicability and usability are expressing a similar preference
• Cost and accuracy are expressing a conflicting preference
• Cost and accuracy are independent regarding data needs
• FBC and SM are strong for the accuracy, usability and design application but weak for the
cost
• IM is strong for data needs and cost but weak for design applicability and usability

Fig. 7: Gaia view of criterion, alternatives and scenarios (δ = 86%;-scenarios; -criterion;▲alternatives)
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In order to study the behavior of the decision model, we implemented different scenarios with
different weights. For all weight distribution, in this interval, the n decision vector remains oriented
towards the same sector of the plan. Such variation in weights can easily be handled and visualized on
the GAIA plane. It can be noticed that the alternatives FLM and FBC are still the best choice
whatever the scenario.
3.2.1.6

Sensitivity analysis

Sensitivity analysis is carried out for the variations in the subjective weights assigned to the criteria.
The results are shown in Fig. 8 where we present the weight stability intervals for each scenario. The
weight stability intervals give for each criterion family the limits within which its weight can be
modified without changing the complete ranking φ. The stability intervals are valid only when a single
weight is modified at a time and all the other weights do not change.

Fig. 8: Weight sensitivity analysis for each scenario
3.3

Conclusion

This study has highlighted the complex nature of decision making (PROMETHEE) involved in the
selection of the cost assessment methods for shipbuilding industry. The analysis identifies the best
cost assessment methods and particularly for uncertain decision environments (see scenarios). The
sensitivity analysis reveals the relative robustness of the different scenarios.
Multi-criteria analysis, as this paper demonstrates, can provide a technical-scientific decision making
support tool that is able to justify its choices clearly and consistently, especially in the shipbuilding
sector.
4
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Asset Integrity Management System for
Ships and Offshore Units Hull Maintenance
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Abstract
Marine offshore platforms (offshore platforms, ships, etc.) are exposed to a hostile environment. To
ensure their integrity, a complex Asset Integrity methodology is requested, with the objectives of managing the uncertainties and the risks for the people, the environment and the very expensive assets
throughout their service life. Based on the considerable R&D efforts in this area, the objective of the
HLC-AIMS project is to develop an innovative decision support system for the online maintenance of
platforms, resulting from the integration of Inspection campaigns, Risk Based Inspections (RBI), Finite element Model and Hull Condition Model based on an innovative neutral and standard exchange
file system, with a graphical interactive database using a 3D geometric modeller. In addition to increased platform safety, the expected benefit for the users is a single and on-line access to all inservice follow-up tools.
1. Applicability
This paper is derived from a project proposed to the Eurogia European cluster. The project applies to
multi-purpose marine offshore platforms dedicated to energy production, either fossil energy (oil and
gas FPSOs, jackets, semi-submersibles, column type units, methane hydrates extraction platforms) or
renewable energy (windmills, solar panels, waves energy, tidal energy platforms), Figs. 1 to 4.
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Fig.1: FPSO

Fig.2: Windmill platform

Fig.3: Semi-submersible unit

Fig.4: Tidal energy platform

There are many difficulties and profitability issues involved in developing renewable energy platforms: one fossil energy plant produces about 1000 MW, whereas a modern windmill of 90 m propeller diameter produces 2 MW only. Nevertheless, our purpose was to push forward an asset integrity
management (AIM) tool and not to study the design of those platforms as such. In the same way, this
project could be extended to high-value ships, such as gas carriers in ice conditions or any futuristic
kind of hotel or artificial leisure island, Figs. 5 to 7.

Fig.5: Arctic gas carrier

Fig.6: Floating town

Fig.7: Floating hotel

The nature of the platform remains rather independent of the various types of energy plants it must
accommodate. The platforms will be exposed to a hostile environment which must be taken in consideration from the loading and maintenance perspectives. Salty water, waves, tropical climate or icy
conditions will damage the structure and in all cases those platforms are submitted to corrosion and
large internal strains.
2. Expected benefits for the users
Operators do not want to overlook any future degradation, which could potentially lead to the interruption of energy production. Prevention of production interruption, through timely repairs, is their main
objective. Environmental damages, although happening seldom, must also be avoided, to favour good
relationship with the neighbouring countries.
In view of these concerns, this system will provide:
• A single and on-line access to all in-service follow-up tools, with a common format for entry of
data. By opposition, the current procedures are dispersed and not computerised, and gathering information can take weeks for decision making, starting from inspection campaigns;
• Increased platform safety, by providing a permanent easy and transparent access to all platforms
structural data;
• Coherence of measurements between successive measurements campaigns, because the measurements are in a structured electronic format;
• Applicability to any kind of platform, because the tool is based on a real 3D model and not on
pre-drawn sketches.
3. State of the art
• When a platform is initially designed, the structural elements are calculated to ensure the structure’s integrity in all circumstances, but, during life at sea, the structural elements are submitted to
coating degradation, corrosion and fatigue cracks. Periodical measurements and inspections are
performed to continuously monitor the condition of the structure. However, beyond those specific
measurements, a more global view of the structure's condition is required to assess its condition
and take maintenance decisions. Asset integrity management (AIM) refers to the continuous process of allowing decision making, to ensure the efficient operation of the asset, while checking its
integrity.
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The degradation phenomena develop in a random environment, therefore probabilistic methods
and risk analysis are at the heart of AIM tools. Failure scenarios start from an initial event and propagate to a final event which may lead to production interruption, costly repairs or environmental
consequences. Sometimes, mathematical utility functions are used under constraints (reliability,
safety, fitness-to-purpose). The final decision though, involves the operator's personal criteria.
• The basic idea of this project is to develop a set of integrated and interrelated AIM tools using a
common standard format for exchanging data and information between the main partners of the
AIM process: class societies, owners and thickness measurement (TM) companies. AIM tools are
usually disconnected: they will be connected in the project to achieve optimal decisions and will
use a common database, the hull condition model (HCM) standard.
• Major classification societies and several engineering companies are proposing AIM services to
their customers. They cover specialized fields such as plants, electric equipment, pressure vessels,
pipelines and sometimes the platform itself. The core of the service deals with failure modes,
chains of failures, effect and criticality analysis. Some R&D efforts (e.g. the MonitAS JIP lead by
MARIN) try to derive the condition of the platform from the stress measured by gauges installed
on board. Although the measured stresses give a useful estimate of the deterioration of the structure in a wide area around the gauges, they are not a proxy for a map of the structural elements'
condition and therefore cannot be used alone to specify the maintenance actions.
• There is little public documentation on detailed risk analysis of each individual structural member
as well as the follow-up of detailed structural measurements in current AIM software tools. Likewise, it remains unclear to what extent the specific constitutive software modules (e.g. finite element program and the risk based inspection module) are integrated and to what extent the data
capture can be done only once. The analysis usually consists of a methodology performed by a
human using a set of computerized tools, but there is no exhaustive software for RBI, for instance.
All existing AIM software is proprietary; thus no data or result can be read by another company's
software. The software is not centred on a standard format for the description of both structure and
assessment data.
• Tools like HLC-AIMS are, in the first place, a requirement from the operators, who want to be
helped to manage their installations and ask for more complete information, with quicker and easier access to this information. What is relevant is the mastering of the incurred risk to or caused by
the offshore platforms. For instance, for offshore oil production, there are in the whole world
about 100 units big enough to justify AIM services. One of those units represents a capital cost of
about 400 million €. Stopping its oil production would cost in the order of 10 million € per day.
Finally, it would potentially cost 200 million € in damages and interests, in case of major pollution
reaching nearby coasts.
4. Hull Condition Model (HCM) central database
The basic data necessary for all AIM tools are the same. All those tools need a description of the
platform's structure and the measurements values. Whence the idea of building our AIM system with a
database in the centre, containing the platform's structure and the measurements values, which will
exchange information with all surrounding AIM tools. The user will have a coherent set of tools at his
disposal, applying the same logics all along the process, thus minimizing interpretation errors and
training requirements.
The selected central database is the HCM standard, resulting from the European funded project called
CAS (2005-2008), which was initially designed to support ships' full thickness measurements process.
CAS resulted in the publication of the HCM standard, which contains, in XML format, the geometrical
description of the platform geometry and the associated measurements. The Open HCM consortium
was recently created to deal with the evolutions and the promotion of this standard. With HCM in its
centre, this AIM tool becomes an open system. It is open to other AIM tools, because their HCM
standard database can be read by HLC-AIMS: the platform's operator will not suffer any interruption,
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e.g. in case of a change of owner. HCM is also open, by principle, to all TM companies, which will
easily input their measurements into HLC-AIMS.
In this project, HCM will need expansion to cater the needs of an exhaustive set of AIM tools. Those
improvements will eventually be proposed to the Open HCM consortium. The starting point will be
the Open HCM standard, as currently published by the Open HCM Consortium and expansion to this
Open HCM standard will be provided:
• to model beam-type structures, such as FPSOs' topsides, jacket units structure or the beam-type
structure of semi-submersible units, between deck and floats, in addition to typical ship structures;
• to take care of thickness measurements, coating parameters, cracks, reports, pictures and films,
instead of taking care of thickness measurements only;
• to accommodate all processes supported by the new AIM integrated tool.
5. Platform model from shipyard
In this context, the existence of a 3D model for the platform is critical. It is always possible to build
from scratch, when the platform is in service, a 3D model good enough for the in-service monitoring,
but it is much quicker and cheaper if the shipyard model, used for building-up the platform, can be
exported towards HCM, Fig.8.
It is, however, too early to know whether the shipyards will consider this possibility:
• either as a commercial opportunity to expand their services to the owner, supplying an electronic
3D model in addition to the traditional paper drawings documentation, thus developing added
value and privileged relationship with their customers;
• or as a breach of design confidentiality, because some basic structural features are incorporated in
HCM and could be communicated to third parties. However, the HCM model is so simplified that
a competing shipyard would certainly not be able to build a sister ship from it.
The final business model for HCM based tools, either dedicated to a few sophisticated users or becoming the new state of the art, will thus depend to a large extent on the level of participation from the
shipyards.

Fig.8: Export HCM from shipyard
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6. General architecture
The HCM database collects all input in an homogenous format and shares the information between the
specialised modules. All modules needed for asset integrity management of a platform are organised
coherently around this HCM database. The individual modules are discussed in the following:

Fig.9: HLC-AIMS schema
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•

NDT input module: This module deals with entry of thickness measurements, cracks and
coating condition. This module will fit the various operational modes which are expected to
be used by TM companies all around the world.

•

Modeller: This module defines the geometry of the structural elements. It will include the
modelling of beam-type structures, such as FPSOs' topsides, jacket units’ structure or the
beam-type structure of semi-submersible units, between deck and floats.

•

Viewer/Navigator: This module translates the HCM database into a 3D model display of the
platform. All inspection data (thickness measurements, coating condition, cracks, inspection
reports, pictures, video films), can be visualized at the same time on this 3D model. Miscellaneous mechanical equipment (pumps, valves, etc) and means of access (ladders, platforms,
etc), will be displayed as objects taken out of a library of 3D objects. Visualization facilitation
functions, such as colour codes to show the thicknesses, removal of some elements to have a
better view of other elements and wire-line representation will be provided. A tree representation of the structure will ease the navigation inside the model.

•

Survey data: "Flags" will be displayed on the 3D model to attract the user's attention, Fig.10.
Clicking on the "Flags" will trigger the display of the inspection data previously attached to
this location. The user will adjust the level of details to be shown on the screen, and the type
of information he wishes to see. The display may also show all inspection data recorded between two given dates.

•

F.E.M. module: The finite element module (F.E.M), will provide the level of stress in the
structure, corresponding to the real corroded scantling of the structure, when submitted to
class-defined loads. This updating of stresses (to be made in accordance with the real corroded scantling) is sometimes required by the operator at the time of the platform's classification certificate renewal. The input of measurements will be automatically interfaced with the
finite elements calculation. The HCM based geometrical model, made of plates and stiffeners,
will be automatically translated into a finite element model, Fig.11. This finite element model
is of a very different nature than that of the geometrical model, because it consists of finite
elements for the calculation of stress and not of physical plates and stiffeners.

Fig.10: "Flags" to locate inspection data

Fig.11: Geometric to finite element model
• RBI module: The risk matrix (i.e. probability of failure vs. consequence of the failure of a structural element) will be established from:
-

the wastage, stress or level of fatigue of each structural element, as recorded in either HCM
or the Finite Element Model, providing the probability of failure of the structural element;

-

the level of gravity of the consequences of failure for each structural element.

Each structural element will thus be positioned in one cell of the risk matrix. The most critical
cells (in red in Fif. 12) contain the most critical structural elements, which need to be surveyed
more often than the others. An RBI plan can thus be deducted from this matrix. The most critical
structural elements (red and yellow on the sketch) will appear on the 3D model display. The
degradation of those elements will be carefully followed-up, with alarms popping-up in case of
large or accelerated degradation.

Fig.12: RBI matrix
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• Rules Assessment: This module checks the conformity of the platform's structure, in its present
condition, with the classification rules, Fig.13, extracted from the work of SMTU in St Petersburg in the frame of the CAS project. In particular, the thickness of each plate and stiffener will
be checked in relation to the rules requirements for this type of platform and classification notations. Traditional checking, based upon the structural wastages, as well as the new Common
Structural Rules (CSR) checking, with wastage allowances expressed in millimetres, will be dealt
with. This module will show the elements with substantial corrosion and to be repaired, which
will be also displayed with colour codes, . Buckling criteria will be taken into account. Predictive
probabilistic simulations will provide the future condition of the platform as calculated in 5 years,
10 years, etc.

Fig.13: Rules assessment display
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Abstract
This study proposes the design technique by using robust optimization to consider the error of an
analysis method. The new method has two important features. First, input & output information of an
analysis are not defined as a fixed value but as an indeterminate value using the concept of expected
value and standard deviation. Another is standard deviation of output is calculated by the law of
propagation of errors. Some examples using the proposed technique are shown at the end the paper.
1. Introduction
Decision of principal particulars is the first stage of ship design. This stage is an important stage
where essential information of the ship is decided and the influences on the cost and the performance
are extremely large. However, various kinds of analyses those have certain error margins are used
because detailed information on the ship is not available. Present design technique uses margins on
weight based on past experience to consider this problem. However, re-doing of the design and the
deterioration of the performance occur although the margins and so on are considered.
On the other hand, the accuracies of various analytical techniques which can be used in ship design
have been improved in recent years. However, we cannot say that such analyses are effectively used
in real ship design. Generally, the longer calculation time is required when we use an analysis with
high accuracy. However, it is difficult to discuss the merit on the performance and/or cost
quantitatively by using it.
Based on the above discussions, influence of errors caused by analyses should be considered
quantitatively to improve the design of principal particulars. Therefore the purpose of this study is to
propose the design technique in which the influence of errors are considered quantitatively by using
robust optimization. It assumes that the factors those cause errors in analyses are known.
2. Influence of the Errors of Analyses on the Design Activities
2.1. Gray zone in the design
In this paper, ship design is assumed to be one of the optimization problems. Generally, optimization
problem is defined by the design variables, constraint conditions and objective functions. Hence,
design area is restricted by the
(1)
(2)
constraint conditions, Fig.1(1).
When analyses used to calculate
Constraint condition 1
Gray zone
the constraint conditions include
(Optimal solution)
the errors, borderlines of the
design area become opaque. This
opaque area is called “gray zone”
and design area without gray zone
Safety zone
Constraint
Constraint
is called “safety zone” in this
condition
3
condition 2
study, Fig.1(2).
Fig.1: Definitions of the gray zone
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2.2. Influences of gray zone on the optimal solution
Influences of gray zone on the optimal solution can be classified into three types when we assume that
design solution is decided within the area of safety zone.
(1) Disappearance of design solution
When errors of analyses are quite large, all design area might be covered by gray zone. In such a case,
the safety zone disappears, and the design solution cannot be obtained.
(2) Deterioration of the objective function
When gray zone is placed on the active constraint conditions, objective function will be deteriorated.
However, a quantitative influence on the objective function is different according to the situation.
When the objective function has changed gently in the gray zone as shown in Fig.2(1), the
deterioration of the objective function is comparatively small. On the other hand, when an objective
function has changed rapidly in the gray zone as shown in Fig.2(2), the objective function is greatly
deteriorated.
(3) No influence
When gray zone is placed on the non-active constraint conditions, optimal solution might be within
the safety zone. In such a case, appearance of gray zone has no influence on the designed product.

(1)

(2)

Gray zone

Influences on
Objective
Function

Influences on
Objective
Function

Gray zone

Fig.2: Influences of the gray zone on objective function

2.3. Influences of gray zone on the re-doing of the design
In the previous section, we assume that design solution is decided within the safety zone. However,
there is a possibility that design solution might be decided within the gray zone to prevent the bad
influences on the performance. In such a case, re-doing of the design might be occurred and risk of redoing of the design depends on the decided solutions. Relation between decided solution and re-doing
of design is shown in Fig.3. As shown in Fig.3(1), risk of re-doing is relatively small when design
solution near safety zone is selected. On the other hand, re-doing of design will be required in high
possibility when design solution is selected like Fig.3(2).

(2)

(1)

(2)

(1)
Risk of Re-design
Fig.3: Influences of the gray zone on re-design
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2.4. Influences of compound use of analyses on design
Many analyses are used in the design of principal particulars. Some examples of compound use of
analyses are shown in Fig.4. In Fig.4(1), three analyses are used to calculate the value of constraint
condition A’. In such a case, some of them might have large influence on the final error although the
influences of the others are quite small. Moreover, the error of one analysis might generate two or
more gray zone as shown in Fig.4(2).

(1)

(2)

1

Checking

A’

3

A

B’

B

6

C’

C

4

2
:Analysis Method

5

:Result of analyses

:Constant condition

Fig.4: Examples of the analysis flow

2.5. Requirements to the design support system
It is very important to use the proper analyses with different accuracies to obtain the good design
solution within a limited time. Moreover, it is also important to set an appropriate margin in
consideration of the influences of the performance and risk of the re-design. In order to support these
considerations, gray zone are paid attention to in this paper, and design support system with following
characteristics are developed;
1) The gray zone should be specified.
2) The qualitative and quantitative influences of the gray zone on the design solution should be
examined.
3) Design solution and its margin can be examined in consideration of the risk of re-design and
the deterioration of the performance.
4) Influence of each analysis should be examined in consideration of the compound use of
analyses.
3. Design Support System in this Study
3.1. Robust optimization
The robust optimization is an optimization technique in which influence of the errors of design
variables are considered to find a better solution point with less influence of errors. This study uses
Genetic Algorithm with Robust Solution Searching Scheme (GA/RS3) as a technique of robust
optimization, Tsutsui et al. (1996). In this technique, it is required to evaluate the expected value of
objective function. Eq. (1) gives the expected value ‘F(x)’ of objective function ‘f(x)’.
F ( x) = ∫ f ( x + δ ) ⋅ q(δ ) dδ

(1)

δ

where x is the design variable, δ is the error of the design variable, q (δ ) is probability density
function. In this study probability density function is expressed using Gauss distribution.
3.2. Basic concept of this study
As discussed in section 3.1, the robust optimization is an optimization technique in which influence of
the errors of design variables are considered. On the other hand, in order to apply robust optimization
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to the design of principal particulars, it is required to consider the errors caused by analyses as
discussed in section 2. Therefore, new robust optimization technique to deal with errors of analyses is
proposed in this paper. Basic concept of the proposed method is shown in the followings;
3.2.1. Basic components of an analysis
To deal with errors of analyses, input and output information are not defined as a fixed value but those
are treated as indeterminate values by using the concept of expected value and standard deviation,
Fig.5. In addition, flow of analyses is expressed by the chain of basic components, Fig.6. Based on
this expression method, the error of preceding analysis is treated as the error of input information on
the next analysis. In the next analysis, output information is calculated by considering the errors of
input information and the analysis.
Mechanism

Input

Output

Output
σY

Expected
value
X1

Expected
value
Y1

Y1

Standard
deviation
σX

Input
X1

Standard
deviation
σY

σX

Fig.5: Basic component of an analysis
1
2
3
:Design variables

:Analysis with error

:Input and output information Including the error

Fig.6: Evaluation flow by using components

3.2.2. Calculations of the expected value and standard deviation
In order to realize the concept shown in section 3.2.1, the expected value and standard deviation of
output information should be calculated in consideration of expected value of input information,
standard deviation of input information and errors of analyses. In this study, expected value of output
is alternated by the output value without error. In addition, standard deviation of output information is
calculated using the law of the propagation of errors, Damodar (1995). The standard deviation of
‘F(l1,l2,･･･,ln)’ can be evaluated using Eq. (2). The under lined portion in the equation indicates the
covariance. In most of analyses used in the design of principal particulars, it is not needed to consider
covariance except the following six cases, that is, full load displacement, wetted surface area,
effective horse power, hull efficiency, brake horsepower and Eq. by Kanda.
 ∂F 

2

 ∂F 

2

 ∂F  ∂F 

σ 12 + L
σ F2 =   σ 12 +   σ 22 + L + 2 
 ∂l1 
 ∂l 2 
 ∂l1  ∂l 2 
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(2)

3.2.3. Quantification of the risk of the re-design
The risk of the re-design caused by errors of analyses can be quantified by using the proposed method.
In Gauss distribution, the probability density function has an infinite domain. On the other hand, the
area of quite low risk is disregarded in the actual design as shown in the concept of six-sigma, Harry
(1988). This means that Eq.(1) has an integral interval. Therefore, setting the margin is replaced with
the setting the integral interval in Eq.(1). In such a case, the possibility to satisfy the constraint
condition when errors are included in the analyses is expressed by Eq.(3), and it is possible to deal
with the risk of re-design quantitatively.

∫

b

a

q(δ )dδ

(3)

3.3. Correspondences to the requirements
How does the basic concept shown in the previous section, correspond to the requirements shown in
section 2.5 are discussed in this section. Among the four requirements, the influences of the
compound use of analyses are already discussed in section 3.2.1 and 3.2.2. Therefore,
correspondences to the other requirements are shown in the followings;
(1) Specifications of the gray zone
In this study, calculation result of the constraint condition is expressed by the expected value and
standard deviation. On the other hand, the range of the error margin which the designer considers is
provided by the integral interval. Therefore, the integral interval is set as a relative value to standard
deviation based on the input of the designer. In other words, when the designer sets the integral
interval as ±3σ, the range corresponding to the designer’s input is specified for a gray zone by using
the standard deviation.
(2) Influences of the gray zone on the design solution
When gray zone is specified as above (1), influences of the gray zone on design solution can be
understood by comparing the optimal solutions with and without gray zone;
• When we cannot obtain the optimal solution which satisfies the constraint conditions by
setting the gray zone, it is judged that that the safety zone disappeared.
• Deterioration of the performance of the designed product can be understood quantitatively by
comparing the value of objective function of optimal solutions with and without gray zone.
(3) Support the decision of setting the margin
It is possible to understand the influences of integral interval on the optimal solution by repeating the
robust optimization with changing the integral interval. On the other hand, risk of re-design is
calculated quantitatively by Eq. (3). Therefore, it is possible to understand the influences of margin on
the risk of re-design and the deterioration of the performance, and it is expected to support the
decision of setting margin.
4. System Development and Verification
4.1. Development of the design support system
Based on the foregoing discussions, robust optimization system for the design of principal particulars
of bulk carrier is developed. Design variables, constraint conditions and objective function are set as:
•
•
•

Design Variables: Length(Lpp), Breadth(B), Depth(D), Draft(d), Horsepower of Main
engine(MCR)
Constraint conditions: Manoeuvrability, Deadweight, Brake horsepower, Freeboard from
ILLC, Minimum bow height, Cargo hold capacity
Objective Function: Light weight (minimum)
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In the calculation of above constraint conditions and the objective function, 53 analyses are used.
These analyses are prepared based on the reference, Motozuna et al. (1982), and 23 analyses shown in
Table I are assumed to include the errors.
Table I: Analyses including error factor
No.
1
2
3
4
5
6
7
8
9
10
11
12

Analysis
Hull weight without equipments
Weight of equipments
Machnery weight
Deadweight
Appendage displacement
Run coefficient
Entrance coefficient
Form factor
Frictional resistance coefficient
Roughness allowance coefficient
Wave making resistance
Bulbous bow

No.
13
14
15
16
17
18
19
20
21
22
23

Analysis
Wetted surface area
Thrust deduction fraction
Wake fraction (Model)
Wake fraction (Ship)
Tabular freeboard type "A"
Tabular freeboard type "B"
Water plane coefficeint
Eq.by Kanda
Stringer plate
Average height of sheer
Cargohold capacity

4.2. Verifications of the proposed method
The validity of proposed system is discussed in this section. Monte Carlo simulation is used to
confirm the validity of expected value and standard deviation of proposed technique which has an
enough number of samples (two million times). Standard deviations of 23 analyses including errors
are taken as 2% of output of analyses. Table II compares results from the Monte Carlo simulation and
the proposed method. Clearly, the proposed method has enough accuracy. Moreover, it is understood
that the calculation time has been greatly shortened because standard deviations of the output
information is calculated by the use of the law of the propagation of errors.
Table II: Comparisons of the proposed method and Monte Carlo simulation

Objective Function

Light weight
Deadweight
Maneuverability
Brake horsepower
Constraint Conditions
Freeboard from ILLC
Minimum bow height
Cargohold capacity
Calculate time(sec)

Monte-Carlo
Expected Value
10186
49000
0.129
10369
1.67
5.93
62160
69

σ
161
1540
0.003
404
0.066
0.106
1274

Proposed Method
Expected Value
σ
10185
157
49001
1502
0.129 0.003
10368
417
1.67 0.065
5.93 0.104
62160
1243
0.3

5. Design of Principal Particulars using the Proposed Method
5.1. Influences of the margin setting
5.1.1. Problem definition
The influence of the margin setting is discussed quantitatively in this section by executing following
two kinds of optimizations;
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•

•

Case1 (Present design technique): The result is calculated by present design technique which
is normal optimization in which the error distribution is not considered and a weight margin
2% is given.
Case2 (Proposed technique): Robust optimization is carried out for different integral intervals.
The standard deviations of analyses are given as 2% of output information. The setting of
integral interval is important because the result of robust optimization is satisfied with
constraint conditions within the integral interval. The integral interval indicates that the range
of error is considered. Therefore, the design is safer when the integral interval is bigger.

Constraint conditions set in these optimizations are shown in Table III.
Table III: Constraint conditions set in the optimizations
C1
C2
C3
C4
C5
C6

Constraint Conditions
Deadweight
Maneuverability
Brake horsepower
Fr eeboard from ILLC
Minimum bow height
Cargohold capacity

Value
45000 (t)
0.16
15.4 (kns)(NOR,15%SM)
0 (m)
0 (m)
50920(m3)

5.1.2. Simulation Results
Simulation results are shown in Table IV. In Table IV, margins of each optimal solution to constraint
conditions are shown as well as the objective function. As shown in Table IV, deadweight is the
active constraint condition in this problem. Moreover, it is understood that present technique with a
weight margin 2% and robust optimization with the range of ±0.95σ are same result.
Table IV: Simulation results on margin
Integral Interval

Light weight

±0σ
±0.5σ
±0.95σ
±1σ
±1.5σ
±2σ
Weight margin 2%

9636
9733
9830
9836
9933
10047
9830

Margin to Constraint Condition (σ)
C1
C2
C3
C4
C5
C6
0
11.7 2.1 22.9 43.9 6.9
0.5
8.2
2.4
6.5 25.1 6.7
0.99 17.8 2.1
5.2 29.4 6.1
1
5.5
1.8 20.4
40
6.1
1.5
7.6
2.7 30.4 51.5 9.4
2
10.6 2.4
4.3 25.6 5.9
0.99 17.8 2.1
5.2 29.4 6.1

Light weight (t)
10100
10050
10000
9950
9900
9850
9800
9750
9700
9650
9600

Weight margin 2%

0

20

40

60

80

100

Possibility
of design
Possibility
(%) (%)

Fig.7: Relations between light weight and robustness
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Therefore, trade-off relation between light weight and possibility to satisfy the deadweight is shown in
Fig.7. The range of ±0.95σ of Gauss distribution means about 65.7%, that is, the possibility to be
satisfied the constraint condition of present design technique with a weight margin 2% is about 65.7%.
In addition, we can select suitable solution in consideration of the trade-off relation between
robustness of design and light weight. Therefore the proposed technique is useful to help designer to
take suitable decision about margin setting.
5.2. Influences of the accuracies of the analyses
5.2.1. Problem definition
The effect of improvement of accuracies of analyses is discussed in this section. First, proposed
technique is carried out with standard deviations of 23 analyses are set as 2% of output. Next, it
assumes that the accuracy of one analysis is improved from 2% to 1% and proposed technique is
carried out. The integral interval is set as ±1.5σ. Constraint conditions and target ship are same as
section 5.1.
5.2.2. Simulation results
Simulation results are shown in Table V. As shown in Table V, improvement of the accuracy of hull
weight analysis and deadweight analysis cause decrease in the light weight but that of appendage
displacement analysis does not have any affect on lightweight.
Recently, the some analyses which have high accuracy are developed. However, these analyses might
not be used in real design. By the use of proposed technique, it is possible to evaluate the
effectiveness to introduce new analyses quantitatively, and it might lead to introduce new analyses
into the design of principal particulars.
Table V: Influences of the improvements of the accuracy of an analysis on lightweight LW
Conditions
All 2%
Hull weight without equipments (2%→ 1%)
Weight of equipments (2%→ 1%)
Machnery weight (2%→ 1%)
Deadweight (2%→ 1%)
Appendage displacement (2%→ 1%)

LW(t) ⊿LW(t)
9934.6
－
9862.3
-72.3
9932.3
-2.3
9932.3
-2.3
9880.4
-54.2
9934.6
0

6. Conclusions
This study proposes the design technique by using robust optimization to consider the error of an
analysis method. The characteristics of the proposed technique are following points:
1)
2)
3)
4)

Input information and output information of an analysis are defined as an indeterminate
value by using the concept of expected value and standard deviation.
Expected value of the output is alternated by the output value without error.
Standard deviation of output is calculated by using the law of propagation of errors.
The accumulation of the error margin is calculated by repeating the above-mentioned
process.

The validity of proposed technique is shown by comparing the new technique with Monte Carlo
simulation. In addition, this study shows that the effect of margin setting and the effect of the
improvement of each analysis are discussed quantitative by using the proposed technique.
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Abstract
The application of three-dimensional computer aided design (CAD) is becoming more popular for
design and production in many industrial fields, and digital manufacturing is spreading. With
preconstruction planning and simulation of the production process using a three-dimensional digital
model, the efficiency and safety of production can be improved at each stage of work and optimization
of manufacturing can be achieved. This paper first describes the concept of digital manufacturing in
shipbuilding, in which the three-dimensional CAD system is indispensable for effective application
because the ship structure is three-dimensionally complex and many parties cooperate to handle
structures of complex shape. Some examples of the successful applications in IHI Marine United, Inc.,
are shown: Erection of a complex hull block, scaffolding planning, and human simulation.
1. Introduction
In the shipbuilding industry of Japan, computer-integrated manufacturing (CIM) has been developed
and has entered the stage of practical use. The CIM system has until now focused on product
modeling, three-dimensional computer-aided design (CAD), and network technology. A dramatic
breakthrough in shipbuilding is expected through the effective use of the CIM in future, which means
that global optimization and renovation can be achieved through digital manufacturing as a substitute
for current human-based production. This paper describes the principle of digital manufacturing in
shipbuilding and shows the result of using it in hull block production.
2. Digital Manufacturing
The concept of digital manufacturing started in the 1980s, and such concepts as lean production, justin-time, concurrent engineering, and CIM were introduced in 1990s. Now digital manufacturing is
positioned as a basic function of product life-cycle management (PLM), and various supporting tools
have been marketed, Okumoto et al. (2005).
Shipbuilding has traditionally used a lot of tacit knowledge. It is necessary to make this knowledge
explicit through digitizing information in order to promote innovative manufacturing management
and engineering, i.e. digital manufacturing. Information technology (IT) utilization is essential for the
globalization of manufacturing and the speeding up of production. Digital manufacturing is defined as
the innovation of manufacturing by utilizing IT fully, as well as converting tacit knowledge to explicit
knowledge (digitalization and quantification). Seino and Ikeda (2003) specify the following items as
parts of this process:
1) The digitization of technology and skill
2) Conversion and utilization of numerical data into a form useful for decision-making and
judgment
3) Virtual design and manufacturing: early production prediction by a computer simulation
4) Integration and utilization of the data in all divisions, from upstream to downstream fields
5) Global remote management: the utilization of the network
The production methods in shipbuilding are traditionally human centered and experience based, and
the items that Seino and Ikeda specify are particularly applicable for the shipbuilding field. Production
work in the field is an area in which ambiguity has notably remained. Application of assembly work is
introduced hereafter, focused on virtual manufacturing.
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3. Application of Three-Dimensional System
3.1 Two-dimensional modeling
Until recently, complicated three-dimensional ships were modeled as two-dimensional shapes due to
the insufficient ability of computer capacity and performance, and the systematization was
individually developed. Each department conceptualized and modeled an object from its viewpoint
according to its specific purpose, and the model was used only in the department that generated it,
Fig.1. The investment cost was low, since the system was composed of simple two-dimensional
models. However, linkage and consistency with other systems lacked. When the data were modified
in one system, it was difficult to transmit them to another system. This process was inadequate for
“concurrent engineering” in complicated production processes as found in shipbuilding.

Complex 3-D object
Simple 2-D model

Each model for each user and purpose

Fig.1: System using 2-d model

Complex 3-D object
Analogical 3-D model

Common model for each user

Fig.2: System using 3-dmodel

3.2 Three-dimensional modeling
Three-dimensional data processing has become possible due to improvements of capacity and
performance of computers in recent years, Okumoto et al. (2006). A 3-d model of the ship is the
central and common starting point for many dedicated application in specialized analyses, Fig.2. In
this way, data is unified and control of each subsystem made relatively easy. Data correction and
modification can become more dynamic and speedy, making concurrent engineering feasible.
Fig.3 shows the effects of 3-d modeling. Collaboration between departments can be achieved using a
common model and database for the design department, production technology department, and the
production management department. Information can be quickly transmitted and backtracking work
resulting from errors in information transfer decreases, and in turn the lead time of production. In
addition, a precise model allows accurate production simulation and various optimizations before
production in site. The decreased backtracking and futile work improves productivity. The keywords
are collaboration, optimization, and decreasing of lead time. In the automobile industry, much
improvement has been achieved by applying CAD/CAM/CAE using 3-d modeling to its full extent.
In shipbuilding, the merits of introducing 3-d CAD models include (depending on the case):
1) Decreasing lead time: The current time from purchase order to delivery is usually 16 months
for cargo ships, Fig.4. This may be reduced.
2) Effective production without backtracking: Most shipbuilding work depends on human skill.
If systematization is possible, trial-and-error work is eliminated and manufacturing efficiency
increased. Labor cost is now 30% to 40% of the total ship cost, but this can be reduced with
effective production method.
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Each user uses common data.

Multi-section can cooperate.
→ Collaboration

Similar model for the object

Improvement of simulation accuracy

Speeding up of communication,
decreasing of try-and-error

Optimization can be achieved.

Decreasing of back tracking
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Fig.3: Effects of 3-d model
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Fig.4: Current ship production schedule
3) Decreasing material cost: Material cost is 60% to 70% of the total ship cost usually. Effective
simulation for optimization may save material cost.
4) Non-skilled production: The number of skilled workers in Japanese shipyards has decreased
drastically, and shipyards now rely on non-skilled workers. Skilled work can be replaced by
systematization and automation using IT.
5) Development of new vessels: Shipyard can switch from the mass production of conventional
merchant ships to the manufacturing of more advanced ships.
6) Increasing work safety: Industrial accidents and work-related health problems in the shipyards still
occur. A system to construct the ships safely is needed. Health care of workers is also important.
4. Application to Hull Production
4.1 Production simulation
Of the many examples for production simulation, the most effective applications are, Okumoto et al.
(2006):
1) To check the feasibility of the construction procedure and efficiency of the work: whether it is
possible, easy, or difficult, safe. There are many examples using large 3-d models.
2) To assess the interference of human and structures, and also structures themselves in the space.
It is possible to check the production process in the 3-d space using dynamic moving images.
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Though even skilled workers have weak points and often make a mistake, simulation can
compensate for these errors and raise the integrity of the engineering.
3) Optimization of the construction process. In shipbuilding production, most of the work depends on the cooperation of multiple workers. In accordance with scale and difficulty of the
work, the related field increases and the workers also increase. In order to construct a ship efficiently and safely, it is necessary for all related workers to have a common acknowledge
base and to work in cooperation. Using the product model which is the core of the CIM, design and production planning of the simulation base can be carried out, and global optimization is obtained. In the field, digital manufacturing based on this optimization plan can be
done. Hereunder, some examples applied in IHI Marine United Inc. (IHI MU) are shown.
4.2 Erection planning
The main process of ship hull construction is erection work, which stores hull blocks on a building
dock or building berth, and connects them to each other using cranes in sequence. Since the efficiency
of this process affects the total production period, planning the erection work with all departments
concerned is very important, considering work efficiency as well as safety. Fig.5 shows workers
discussing the erection process in the office.

Fig.5: Discussing the erection process

Fig.6: Simulation of crane work

Frequently blocks are turned and pre-connected using a series of cranes. Interferences between blocks,
ship hull, and facilities should be avoided. Fig.6 shows the work of a set of cranes lifting a block of
the fore part from a barge outside the dock.
Block installation in the engine room involves complex procedures due to the many fittings (e.g.
piping, equipment, and machinery) and many workers engaged in this area. It is also very dangerous
due to the unstable condition of the crane suspension. Fig.7 shows a simulation of a hull block carried
out before actual block installation, which enabled safe and efficient construction. With simulation,
smooth installation is possible and problems concerning the block erection can be solved.
Fig.8 shows the installation of an inserted block between the peripheral four blocks in the engine room.
The relation between the inserted block and the adjacent structures installed in advance is very complicated. Blocks are finished on the ground, where the work environment is good and equipment is
mounted on the blocks as much as possible. After that, the block must be maneuvered so as to keep
away various obstructions during the lifting down process. That work requires delicate and skillful
operation of multiple large cranes of several hundred tons to set the block into position accurately. It is
very difficult to consider the dynamic relationship between the complicated three-dimensional structures in the mind. Three-dimensional CAD can comprehensibly express such a transitional and complicated situation, and preconstruction simulation can enable smooth construction without discrepancies between the work parties.
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Fig.7: Installation simulation of a hull block

Fig.8: Installation of insert block

4.3 Scaffolding planning
Scaffolding is needed for safe and efficient ship construction in higher places. A lot of scaffolding
equipment has been utilized until now in accordance with the structures and yards. Recently, aerial
vehicles have been applied, substituting temporary scaffolds. They are used in the building dock in the
inside and outside of ship hull. However, IHI MU continued to use temporary scaffolds in the cargo
hold division of container ships, because it is difficult to avoid interference between the boom of the
aerial vehicles and the complex hull structure in the hold. Fig.10 shows the simulation of the motion
of an aerial vehicle.
IHIMU was able to stop the use of temporary scaffolds, because 3-d simulations of boom movements
of aerial vehicles allowed determining interference more precisely beforehand. Participants from many
construction parties together viewed the construction simulation and were able to achieve complicated
installation safely on site without interference between the dock facility and hull structures. This work
still requires much skill and good workmanship, but less experienced workers can do it efficiently and
safely using computer simulation.

Fig.9: Boom movements of aerial vehicles

Fig.10: Digital human model

5. Human simulation
5.1 Digital human
Shipbuilding involves flexible manufacturing; full automation is not feasible. Thus the human factor
plays still an important role in the diversified human centered production. Average age of workers in
Japanese shipbuilding companies has increased noticeably in recent years and this tendency will
continue in future. Hence, it is important to avoid large physical burdens on workers to the extent
possible. Health and safety must be considered carefully especially for older workers. Human motion
can be simulated on a computer and the physical strain on can be estimated using digital human
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models and biomechanical analysis. Fig.10 shows an example of such a simulation for a worker
pushing parts. Human behavior simulation combined with a digital factory model can make virtual
manufacturing including workers possible, as illustrated by two examples in the following, Okumoto
et al. (2002).
5.2 Access through opening
The physical strain should be kept small while workers pass through openings in hull structures.
However, sometimes there are difficult holes to pass due to the restriction on the ship hull structure.
There are many cases in which the physical strain is heavy and body fatigue accumulates. The typical
shape of access openings is 500 mm ∅, though there are many peculiar holes: horizontally arranged
ellipse holes, holes with the flange at the free edge, openings with a grab handle in the upper part,
openings with a foot step in the lower part, etc. It is difficult to access such holes. Here, a hole with
500 mm ∅ opening with 550 mm sill height was studied as a typical hole.
The human posture going through this hole was animated as shown in Fig.11. One cycle of passing
through the hole is assumed as 5 s, and the lower back compression force is calculated every 0.5 s. As
shown in Fig.12, the burden increases within 2.5 s of the passing when the human just straddles the
hole (Fig.11(c)) and 3.5 s, when the human just pulls up the second foot (Fig.11(d)).The calculated
maximum value is 1800 N, while the allowable value of the low back compression force for a man
over 60 years old is 2300 N in accordance with NIOSH. Since these two values are close, passing
through an opening will be critical for aged people.

(a)

(b)

(d)

(c)

(e)

Fig.11: Digital human passing an opening
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Fig.12: Calculation results at passing an opening

5.3 Ladder climbing
Statistics for work casualties show that there are many accidents in ladder access. Many workers fall
down from a step due to their unbalanced posture during climbing up and down a temporary ladder.
Therefore, sufficient countermeasures for safety are necessary, because the load on a knee is large and
workers easily lose balance as they climb a ladder.
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The optimization is done for climbing a ladder here. The width of the ladder is 400 mm, and the step
intervals 300 mm as a standard value in shipyards. The ladder inclination is in the range of 45 - 90°,
Fig.13, and the loads on the knee and compression forces on the low back were calculated by the
input of the force (0-25 kgf) supported by both arms. The compression force on the 1ow back is said
to induce backache, which afflicts many workers in shipyards. The pushing force on arms is loaded in
the case of an inclined angle of 65° or less because the center of gravity of the human body is located
in front of the feet, while the pulling force is loaded in the case of over 65° because the center of
gravity is located behind the feet.
The results of the calculated torque are shown in Fig. 14 for the right knee and in Fig.15 for low back
compression force. Concerning the torque of the right knee, the optimum value becomes 70° for non
arm force and 75° for 20-25 kgf arm force, Fig.14. From the results on the torque of both knees, 75°
inclination at an arm force of 15 to 20 kgf seems to be optimum. Regarding the compression force on
the low back, Fig.15 shows that the load increases most at an inclination of 75 – 80° at 25 kgf of arm
force, which is the reverse for the load on a knee. Conclusively in going up and down a ladder, it
seems optimum to make the arm force 10 kgf at an inclined angle of 75°.

(a) θ=45°

(b) θ=60°

(c) θ=75°

(d) θ=90°

Fig.13: Human model climbing a ladder
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6. Conclusions
This paper stressed the importance of production simulation using three-dimensional CAD as a center
of a digital manufacturing. It also introduced some examples of production simulation that have been
applied successfully in actual production in IHI MU Kure shipyard, Japan, where a fully-fledged CIM
system was developed and applied. Examples of human simulation are also introduced. Such a simulation approach will enable ships to be built rationally and safely.
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Management Information Systems in Shiprepair
George Bruce, Newcastle University, Newcastle/UK, george.bruce@ncl.ac.uk
Abstract
Planning and control of shiprepair is inhibited by the inherently volatile nature of the business. There
are inevitable, short-term changes in work scope as contracts are estimated, secured and then
progressed. Management systems for the shiprepair sector must be designed to cope with changes.
Where planning is difficult, there is more importance associated with the rapid and accurate access to
up to date information on the status of a contract. This paper discusses the main characteristics of
shiprepair, and the management requirements of the business. It highlights the benefits of using
computerised management information systems (MIS) and the obstacles to achieving these benefits. It
then describes how developments in information technology can overcome these obstacles, and how
such developments can be exploited to enhance both initial planning of contracts and maintaining
control during their execution.
1. Introduction
Variously described as “complex”, “dynamic”, “fast-moving”, “chaotic”, the business of shiprepair is
undoubtedly inherently difficult to plan and then manage. There are some very different categories of
shiprepair, in addition to conversion to prepare a ship for some new service. A shiprepair contract can
vary in duration from a few hours, to days, weeks or even months. Main types of work are:
-

Voyage repairs, where minor repairs are carried out with a ship in service.

-

Routine docking, where the ship is docked for hull coating renewal, and for any other
required underwater work, when the opportunity is usually taken to make other repairs.

-

Docking for special survey, at five year intervals, when steelwork renewal may be needed.

-

Damage repairs, where extensive work, particularly to the ship’s structure, may be required.

-

Conversion, where a ship is refitted for a different use.

The planning and management needs vary according to the category of work and vessel type. Major
conversions and refits are considered to be closer in organization and management terms to new
construction, but what management systems are available to support routine and emergency repairs?
This is a particular problem for the smaller companies, which have limited management resources.
2. Management Control of Shiprepair
Repair work creates more problems than ship construction:
1. The forward workload is often not certain at the time of commencing the contract work. A
conversion usually includes some initial uncertainty about the existing ship condition, but
thereafter can be partially planned.
2. After inspection as the contract progresses, more work may be required than was initially
envisaged and this may sometimes lead to the cancellation of other, less urgent jobs, to allow
the total cost of the repairs to remain within a budget total.
3. Unlike ship construction, where a cost estimate for the contract is based on measures of
productivity for past work, most of which is reasonably routine, the workload is variable.
Only limited measures for productivity are available in shiprepair.
If a shipbuilding contract requires additional man-hours to finish, usually the shipyard bears a loss. In
shiprepair the requirement for additional man-hours may increase turnover and profit. Most other
industry sectors selling services and repair facilities have non-unique products or are able to allow
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completion dates to slip. As an example, road vehicle maintenance generally can substitute another,
similar vehicle if an unexpected delay to repairs is encountered. In shipping, almost all ships are
unique, operate worldwide, and so substitution is much more difficult.
3. Possible Software solutions
The volatility of shiprepair makes particular demands on the management information systems (MIS).
Management is often conducted relatively informally so decisions are taken locally to expedite work
processes with formal paperwork catching up later. To keep control as the contract progresses it is
essential to collect accurate progress information and transmit this rapidly to the contract management
team. Almost real-time data collection is desirable to be able to manage rapid changes in work scope.
In ship construction any change in work or schedule is avoided if at all possible, whereas in shiprepair
change is inevitable. This can leave conventional planning software struggling to keep up with
progress on the ship. Accounting software provides an accurate cost outcome (subject to the input
information being correct), but is essentially designed for historical cost recording. It is not usually
designed to give the flexibility in updating, particularly variations in work scope and cancellations,
that shiprepair requires.
There is a need for an integrated system to manage the specific problems found in a shiprepair
contract. There is a further need to look across all the contracts which are current in the shiprepair
yard, and to take into account any enquiries which may be converted in the period covered by the
shipyard planning horizon. The rapidly changing contract situation and the possibility of a damaged
ship requiring immediate attention also contribute to the volatility of the management situation.
How a system can be developed, especially one which is specifically designed for a shiprepair
company, can be described by stereotyping the architectures of customisable, procedural systems into
one of the following, Fig.1:
•

Big Ball of Mud;

•

Hub and Spoke;

•

Lego Brick.

Fig.1: Basic architectures: Big Ball of Mud (left), Hub & Spoke (centre), Lego brick (right)
The Big Ball of Mud architecture can be described as “a haphazardly structured, sprawling, sloppy,
duct-tape-and-baling-wire, spaghetti-code jungle. These systems show unmistakable signs of
unregulated growth, and repeated, expedient repair. Information is shared promiscuously among
distant elements of the system, often to the point where nearly all the important information becomes
global or duplicated.” This is the default architecture for complex, procedural software systems,
particularly those with an extended life. Big Balls of Mud have high support costs as they frequently
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become, in effect, bespoke systems for each customer). It is difficult to customise them beyond preplanned limits, and which usually relies on a process of customisation by unclear configuration &
undocumented procedures.
Hub and Spoke architectures have a common core into which optional spokes of functionality can be
plugged. Customisation is a matter of selecting the required spokes and then tailoring these. A Hub
and Spoke architecture offers a coarse grained component model, where the components risk
becoming interdependent Small Balls of Mud. Alternatively the hub tends to expand over time at the
expense of the spokes, becoming itself a Big Ball of Mud.
Lego Brick is the finest grain component model. Functionality is broken down to as low a level as
possible. Each component is linked only to its direct dependencies. Lego Bricks offer the lowest
support cost and easiest customer specific system of these architectures.
4. Shiprepair Specific Management Information System (MIS)
The specific needs of the shiprepair industry must direct the development of any effective
management information system. These needs can be summarised:
Marketing must provide the shipyard with a stream of “good” enquiries; that is where there is a good
chance of a contract with reasonable profit. Management of the client base, which is likely to be
international, even for a small shipyard, and must track the companies, agents, management
companies, owners and their ships which need repair. The data must be accessed and updated
remotely, so a shipyard manages rapidly changing circumstances.
Management of Enquiries. The typical repair contract is small and the success rate on enquiries is
typically no better than one in five. A significant number of live enquiries must be managed at any
time, linked to the client data base and their status must be updated frequently.
Man-hour Estimates are ideally based on some, however limited, analysis of past performance so that
they can be “realistic”, that is the contract is won, will be profitable. Materials and Supply Estimates.
These are built up over time using readily accessible past data, supplier estimates of cost, subcontractor rates and standard tariffs. In particular, rapid and easy access to past estimates and contract
data is a valuable addition to the process.
The contract negotiations can be protracted, with changes in specification and work scope. Easy
tracking of the changes and status increase the chances of success.
Production Planning, once an estimate has been converted to a contract, must convert that estimate
into a work schedule, which is then maintained in an up to date form as the work scope changes. The
schedule is often variable, as new work emerges and tasks may be cancelled or reduced in scope.
Progress Monitoring. The work schedule is also the base on which to record actual man-hours, and
other costs and also to track progress. This allows the state of a contract to be assessed quickly, along
with its potential profitability. It also allows easy comparison with the estimate to monitor changes.
Control of the operations is essential to ensure that the contract outcome is as predictable as possible
and any potential problems, especially affecting delivery, are flagged early so action can be taken.
Invoicing. The completed work schedule, with the hours and costs associated with each task should
lead to an accurate invoice. The outcome can be compared with the estimate, extras highlighted and
client agreement can be managed more effectively. Maintaining up to date and readily accessible
contract information benefits both shipyard and owner. The data from the contract management
process includes information required for other functions.
Accurate man-hour recording against tasks provides the information necessary to support the payroll,
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whether this is internal or sub-contracted. This is also accessible for future estimate as are the
estimated and then final costs of bought in items and services.
By building a series of standard processes around a central database an effective and integrated
system can be developed. With all data residing in one place, easy and flexible reporting is possible.
Current and historical data can be aggregated, allowing a corporate ‘memory’ to be built up. The data
can be consistent and thorough, preventing errors and trapping all costs.
5. Real World Obstacles
Having specified how an “ideal” management information system would support a repair shipyard,
there are however multiple obstacles to effective management of ship repair using such a system:
•

‘Garbage In, Garbage Out’
Management information is only as current and as useful as the data entered. Existing
software may permit swift, efficient reporting, but often has cumbersome data entry
procedures especially where changes occur. The quality of the data is inversely related to how
painful it is to enter.

•

Winners vs. Losers
Often those charged with entering the data perceive little value for themselves from a system.
They view such effort interfering with their ‘real’ work, or worse, an irrelevance. In contrast
those who extract information from a system can gain great benefit, and place ever greater
reliance on it. This gap in user ‘buy-in’ hinders the inevitable cultural changes required if a
system is to be a success.

•

The 80/20 Rule Does Not Apply
Computer systems are very good at accelerating repetitive and predictable processes, but
implicitly acknowledge that events that fall outside routine will be managed manually. This is
not sufficient in ship repair where even a single error or missed cost can turn a contract’s
profitability. Every time a situation is beyond the system capabilities, the system is devalued.

•

No Single World View
MIS use some fixed model of the business they manage. This can either be generic for an
industry or can be expensively designed for a single shipyard. In an industry as flexible and
changeable as ship repair, the former leads to compromise and the latter to large development
costs.

•

A Trading Community
Traditionally management systems have a static view of the world. The data structures are
created according to a snapshot of the business at a single moment in time. This can be
misleading and inappropriate. For instance, marketing data is often an extended address book
with a strict hierarchical structure of companies, employees and ships. In reality a yard
operates in a dynamic community in which relationships between companies, people and
ships are constantly changing.

•

Single Source Fallacy
Within computing there has been a traditional separation between database data, electronic
files such as spreadsheets and word processed documents, and, importantly, e-mail. The
database itself rarely holds all the information pertinent to a contract. And this is without
considering paper records.

•

Sharing of Information
MIS systems may be seen as the first step to an electronic marketplace. Ship repair relies
upon effective and remarkably sophisticated supply chains but Electronic Data Interchange
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within ship repair has yet to deliver. It is hard to beat the efficiency of the traditional phone
call to a favoured supplier, avoiding proprietary databases, “harmonized” product catalogues,
and security concerns.
6. Modern Trends to Overcome the Obstacles
Despite these obstacles, successful information systems have been introduced in the ship repair
industry. In the most successful UK examples considerable effort has been made to tailor the systems
to the yards’ requirements, generally over enough time to affect cultural change as well. Such costly
effort has been funded either by the yards themselves or through collaborative research. Modern
trends in IT technology and software development practice are bringing the cost down:
•

Technology – GUI
Systems have long been capable of the data processing requirements necessary in MIS. A
bigger obstacle has been the interface to the user. All too frequently, GUI’s reflect the needs
of the software developer, rather than the needs of the user. They cause user confusion and
distrust which hamper adoption. The art of GUI design is maturing to a point where genuinely
friendly interfaces are available. For example, ‘progressive disclosure’ (to show the minimum
information necessary but offer an immediate way to access further data) is now becoming
common in IT development.

•

Technology – Data Storage
The traditional separation between database data and other electronic formats such as
documents and email is being eroded. Modern search engines can comb multiple formats, and
can be installed on a yard’s own computers. Next generation operating systems are looking to
remove the barriers completely. Their aim is make available any data, from any database or
file, immediately accessible.

•

Technology – Internet
It is perhaps necessary here to distinguish the World Wide Web from the internet. The
ubiquity of the web leads it to be confused as being the ‘internet’. In reality the web is only a
single tool that runs across the internet. Much focus has been given to web-enabled
applications that offer a service-based approach to functional provision. However web-based
systems rely on a fast, robust, secure IT infrastructure that shipyards may not have the skills,
resources or inclination to maintain. User experience of web-based systems is limited.
Modern trends are to revert back to the richer, more functional GUI’s that require traditionally
installed programs. Thus using the web to distribute data to users is not relevant. However the
boom in web programming has encouraged the development of several other collaborative
technologies that run across the internet. These are generally invisible to users but allow
systems to be monitored, maintained, supported, and even remotely. Effective remote support
means the option of adopting sophisticated, tailored systems is possible even for yards with
limited IT resource of their own.

•

Development Practice
Notwithstanding these trends, technology has not been the limiting factor in producing
effective MIS. The real issue has often been customisation. Every shipyard has unique
features, so ideally requires a unique MIS. The core obstacle is the cost of developing such a
unique system. Current commercially available MIS may be very expensive custom systems,
or cheap ‘off the shelf’ products. Tailored MIS are expensive in order to cover high
development costs. Low cost, generic MIS must apply anywhere.

•

Agile Development
What is needed is a means to bring down the development costs for custom-built systems.
This is the objective of the ‘agile development’ movement within the IT industry. It needs a
combination of tools and best practice that can be used to produce software faster and at
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lower cost. The core concept is iterative development involving users. Software is released
‘early and often’ allowing immediate feedback, a more accurate understanding of
requirements especially for GUIs, and crucially generating buy-in (or at least a lot of interest)
with the future users. This frequent release process necessitates a modular design of systems.
This can avoid attempts to commission a system in one ‘big bang’ and resultant cultural
problems. A system that is developed bit by bit is inherently useable bit by bit. Moreover each
area of functionality can be developed to be just good enough, and no more. All this allows an
incremental, ‘benefits-first’ approach to adoption.
•

Open Source
The single most important trend within the software development world has been the growth
of open-source software, developed and available for free. Thousands of programmers work
for nothing producing software that can be used by others within their own products. The
open source movement is hard to comprehend but easy to take advantage of. It has made it
possible for small development teams to produce software at vastly less cost than in the past.
Open source has also re-emphasised the benefits of collaboration, standards, and ‘good
enough’ computing, all of which favour the small, low cost strategies of agile development.

•

Affordable MIS
The happy combination of agile development and open source is reducing the cost of
development. They permit rapid and focussed customisation. Technology advances are
supporting this and allowing for cheaper post-sale support and maintenance. Maturing design
processes can smooth the cultural changes necessary when adopting an MIS, and lower the
indirect costs such as training. Sophisticated Management Information Systems are becoming
affordable. The key is the “lego brick” approach to the architecture as outlined earlier. Small
elements of proven code provide the bricks which can be rapidly and easily assembled to
meet specific management requirements. They can also easily be reorganized to extend or
amend as management requirements change. This can be a process of development or to
create a “different” system for a new user.

7. Summary
The benefits of MIS are great. However there are significant obstacles. The key is customisation,
which allows a yard to tailor its MIS to its business and cultural needs. Customisation has always
been possible, but at a cost untenable to most yards. Modern improvements in software design and
development are reducing these costs, offering the possibility of an affordable, tailored system for
every ship yard.
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Adaptive Grid Refinement for Hydrodynamic Flow Simulation
Jeroen Wackers, Zaib Ali, Patrick Queutey, Michel Visonneau,
CNRS / Ecole Centrale de Nantes, Nantes/France, jeroen.wackers@ec-nantes.fr
Abstract
An automatic grid refinement method is presented for the simulation of ship flows. It provides
directional refinement of unstructured grids, is fully parallel, and includes automatic dynamic load
balancing. Results confirm the increased accuracy of solutions obtained on refined grids.
1. Introduction
ISIS-CFD, developed by the Numerical Modelling group of the Laboratoire de Mécanique des
Fluides, is a finite-volume Reynolds-averaged Navier-Stokes solver for hydrodynamic flow
simulation, Queutey and Visonneau (2007). This commercialised flow solver is aimed at the largescale simulation of water flow around ships with complex geometries, in industry environments. The
code uses arbitrary unstructured meshes and is fully parallelised for distributed memory systems,
using domain decomposition and the MPI toolbox.
An automatic mesh adaptation method has been developed for ISIS-CFD. The goal of the
development was to produce a method that can be used in daily practice for all the applications of this
code, notably complex geometries, steady and unsteady flows, free-surface capturing, and grid
deformation for the imposed or resolved motion of ship hulls. Furthermore, the method needs to be
easily maintainable as the code develops over the years. Therefore, the mesh adaptation method has
been made general: it allows unstructured grids, directional refinement to keep the size of 3D refined
grids low, and derefinement of refined grids to enable unsteady flow simulation. The method is
flexible to allow the easy changing of refinement criteria and, like the flow solver, it is completely
parallel. Full integration of the refinement method in the flow solver is planned in the near future.
2. Refinement technique
The refinement procedure is called repeatedly during a flow calculation, to keep the grid permanently
adapted to the developing solution. It does not necessarily continue to refine an already refined grid;
on reaching a steady state, the grid is no longer changed when the procedure is called. A more
detailed description of the procedure can be found in Wackers and Visonneau (2008).
2.1. Data structure
The refinement is cell-based. At this moment, it is limited to unstructured hexahedral cells, but the
code is written such, that other cell types can be easily included. The grid data structure of ISIS-CFD,
that uses node coordinates and pointers between cells, faces, and nodes, is used as the basis for the
grid refinement. The number of extra pointers is limited, the main addition is a system of cell family
ties that contains the history of the refinement. Thus, a refined grid can be derefined to recover the
original grid.
2.2. Refinement decision
For maximum flexibility, the code is divided in three separate parts: the calculation of the refinement
criterion, the refinement decision, and the actual (de)refinement. To permit the user choice of
refinement criteria and the easy incorporation of new refinement criteria in the code, the criterion is
computed as a field variable (comparable to the velocity or the pressure). It does not depend explicitly
on the type or the orientation of the cells.
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In the second step, this refinement criterion is transformed into the decision of which cells to refine or
to derefine. While this decision may depend on the type of the cells, it does not depend on the specific
way in which the refinement criterion is calculated. It remains the same for any refinement criterion.
During the refinement decision step, the decision in each cell is adapted to its neighbour cells. To
guarantee the quality of the mesh, extra cells may need to be refined, or derefinement of cells may be
prevented. At the end of this step, before a single cell is refined, the refinement of the whole mesh is
known; this makes the actual refinement much easier.
2.3. Refinement
The actual (de)refinement is done cell by cell. Care is taken, after the treatment of each individual
cell, to leave a valid mesh with all the pointers between cells, faces, and nodes in place, even if one
knows that certain pointers will be changed again when a neighbour cell is refined later on. This
guarantees that, when a cell is refined, it does not have to distinguish between neighbour cells that are
refined, that will be refined, or that remain unchanged. The added flexibility and robustness of the
code are well worth the extra work this represents.
Furthermore, in the code, the refinement of cells and faces is completely decoupled. These parts
exchange only minimal information; a face does not need to know all the details of the refinement of
its neighbour cells. This greatly facilitates unstructured-grid and directional refinement. Finally, the
derefinement and refinement procedures are separated. Derefinement is performed first.
2.4. Parallel redistribution
For efficient parallel flow computation, automatic redistribution of the cells over the processes is
included in the grid adaptation procedure. This redistribution is completely integrated, it is performed
between the derefinement and refinement steps; at that moment, the grid is at its smallest. Due to the
preceding calculation of the refinement decision, the final topology of the grid is already known then.
Using this information, the grid is first repartitioned in parallel with ParMETIS, ParMETIS.
The next step is the actual displacement of cells between the processes. This step is complicated by
the strictly local numbering used in each block. To solve this problem, each block is domaindecomposed itself into sub-blocks destined at specific processes. The data structure for each subblock is the same as the structure of the blocks and each individual sub-block gets its own local
numbering. These sub-blocks are exchanged between the processes by MPI and then concatenated to
produce the new blocks.
3. Refinement criteria
The refinement criterion has to be carefully chosen depending on the flow problem that is simulated.
Several criteria, for different ship flow problems, have been developed or are currently under study.

3.1. Free-surface criterion
Refinement in the neighbourhood of the water surface, for water-air two-phase flow, has been chosen
as a first refinement criterion. This directional criterion refines normal to the water surface only.
Where the free surface is diagonal with respect to the grid directions, isotropic refinement is used, but
where the surface is horizontal, directional refinement is chosen to keep the total number of cells low.
The zone of directional refinement includes the undisturbed water surface, as well as smooth wave
crests and troughs. Fig.1 shows a ship grid with isotropic refinement in the bow wave region and
directional refinement around the undisturbed surface.
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Fig.1: X cross-section (i.e. bow-to-stern view) through a refined grid for a Series 60 ship, showing
refinement around the bow wave.
3.2. Pressure gradient criterion
Recently, initial tests have been performed with a criterion that is based on the absolute value of the
pressure gradient. This criterion reacts to most features of a flow field and is thus more general than
the free-surface criterion. The reason for choosing the pressure gradient over the gradients of other
flow quantities is that the pressure varies little in boundary layers. Thus, costly and unnecessary
refinement in all boundary layer cells is prevented; the boundary layer is only refined there, where it
is dictated by the flow outside. Initially, the pressure gradient criterion has been applied to single-fluid
flows.
3.3. Error estimation
Earlier work on grid adaptation and refinement criteria has been performed within the Numerical
Modelling group by A. Hay, Hay et al. (2004), Hay and Visonneau (2006). One of the refinement
criteria that he studied is an error indicating criterion based on the second spatial derivatives of flow
quantities. Also, he developed a sophisticated estimation of the error production, derived from the
residual obtained when a high-order accurate discretisation of the flow equations is applied to the
solution. Both of these criteria proved to be highly successful, producing accurate solutions on grids
with a small number of cells.
Currently, these techniques are being parallelised and adapted to the type of grids produced by the
present grid refinement method.
4. Test cases
Three test cases are presented which show that the grid refinement improves free-surface wave and
viscous flow computations, and that it is able to handle unsteady flow and interaction with moving
bodies.
4.1. Virtue Container Ship
The first case is the Virtue Container ship, a test case in the European project VIRTUE in which ECN
participates. Experiments for this ship have been performed by the Hamburg Ship Model Basin
HSVA. The free-surface criterion is used for this test case. The results in Fig.2 show the great
increase in solution accuracy obtained with refined grids, both for a model scale and a full scale case.
The bow and stern waves are more sharply defined and damp out less; small flow details are resolved
better.
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Fig.2: Improvement in solution quality on a refined grid, compared with a non-refined grid, for the
Virtue Container ship. Model scale Re=1.84e7 (left), the grids have 3.88M and 3.07M cells. Full scale
Re=2.89e9 (right), 4.92M / 3.87M cells.

Fig.3: Improvement in solution quality for the Virtue Container ship: comparison of computations on
a refined and a non-refined grid with experiments, model scale. Y cross-sections of the free surface at
the side of the ship (left) and behind the ship (right).

Fig.4: Scale effects in the breaking waves at the stern, for the Virtue Container Ship. The topology
difference in the model-scale and full-scale flows on refined grids (right) cannot be observed on the
original grids (left).
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A comparison with experiments, Fig.3, confirms the better resolution of the larger waves and the
presence of more small wave details. Among others, the breaking stern wave is resolved notably
better, which improves the entire wave field behind the ship. In Fig.4, a small breaking wave is
observed just behind the stern for the model scale computation; this wave disappears at full scale. The
figure shows that this scale effect can only be observed on the refined grids.

Fig.5: DTMB 5412 with free trim and sinkage. Improvement in wave pattern on refined grid (2.03M
cells) versus original grid (0.57M cells) (right). Wave cut on hull and symmetry plane (left).
4.2. DTMB 5412
The second test case is the DTMB 5412 frigate in still water with free trim and sinkage, Fr=0.280, the
case 1.3 of the CFD Workshop Tokyo 2005, Hino (2005). The computation is performed by
combining the refinement procedure with the mesh deformation capability of ISIS-CFD, Leroyer and
Visonneau (2006), to resolve the free ship motion. Here, too, the free-surface criterion is used. Like
for the Virtue Container ship, the bow and stern waves are resolved better, Fig.5 (left). However, as
this wave train is less complex, it is already resolved well on the original grid, especially near the ship
hull; therefore, the refinement does not change the solution much on the hull, Fig.5 (right). This is
also indicated by the ship's motion, Fig.6, which remains close to the one on the original grid.
The important point of this test case is that the grid refinement procedure (called every 0.5 s) does not
disturb the ship motion. Thus, its combination with the resolved motion capability of ISIS-CFD is
successful.

Fig.6: Ship motion during computation for the DTMB 5412 with free trim and sinkage.
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Fig.7: KVLCC2 tanker, cuts in the propeller plane at X=0.0175L. Grid cross-sections and axial
velocity u/U∞ isolines are shown on the original coarse grid (58k cells) and the refined grids for the
k-ω SST model (803k cells) and the EASM model (1.07M cells). The isolines are compared with
measurements.
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4.3. KVLCC2
Finally, the double model flow around the KVLCC2 tanker is computed using the pressure gradient
criterion. This computation was one of the test cases in the Gothenburg 2000 workshop, Larsson et al.
(2000). The computations are started from a very coarse mesh, to see if the refinement criterion is able
to effectively create an entire fine mesh.
The cuts in the propeller plane, Fig.7, show that the pressure gradient criterion indeed adapts the grid
to the dominant flow features. Two different turbulence models were used, the Menter k-ω SST
model and the Explicit Algebraic Stress Model (EASM). The flow strongly depends on the turbulence
model; only EASM is able to reproduce the hook shape found in the experimental velocity profile.
However, the solutions for both turbulence models are consistent with results obtained on equivalent
manually generated locally refined grids. Yet, with the automatic grid adaptation procedure, the
expert knowledge needed to manually create these grids is not needed.
5. Conclusion
An automatic grid refinement method is presented for ship flows. The method offers directional
refinement on unstructured meshes; it is completely parallel and includes automatic dynamic load
balancing. Different refinement criteria are under development. A ship test case with a complex wave
field demonstrates the increase in wave accuracy that can be obtained using grid refinement near the
free surface. A second case with free ship motion shows the successful combination of the refinement
with unsteady mesh deformation. Finally, a double model case proves that the refinement procedure
can be used to create entire fine grids that give accurate reproduction of flow details.
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Abstract

This paper will describe a design model combining the knowledge based system Quaestor and
the CAD program Rhinoceros to investigate an innovative tug and barge system in order to
optimize and reactivate the use of the small European inland waterways. An introduction of
aspects concerning the use of the small inland waterways is followed by a short description of
the new concept and an overview of the developed design model. The paper concludes with an
overview of the cost model, anticipated further development and recommendations.
1. Introduction
In recent years there has been an increase in the total cargo capacity in the European inland fleet.
However, the number of ships sailing on the inland waterways is reduced. This means there is an
increase in scale for the inland fleet. The reason is that bigger ships can transport their cargo for a
lower price than smaller ships. That is due to the fact that the costs structure of the small inland ships
the majority of the costs (more then 50%) are made up by the crew costs. If one adds the repair and
maintenance costs, interest costs and deprecation then more then 70% of the costs of the small ships
are made up by costs. These costs per ton cargo are reduced if the size of the ship grows As a result,
the number of small ships (<1500 ton), especially the smallest ships (<600 ton), has been reduced. In
the last 40 years, there are hardly any new building projects in the category of the smallest ships. On
top of that, a lot of small ships have been sold to new EU member states where these ships can be
operated at an economical basis due to the lower crew costs.
The shortage of the small ships has been one of the reasons that have lead to more road transport
instead of inland navigation and, without intervention, in the near future the small inland waterways
risk not to be used at all. However, due to growing road congestion and an increasing awareness for
environmental care, the small inland waterways can play a vital role in providing solutions for the
mention problems. These waterways, especially the small ones in the Netherlands and Belgium,
connect many regions to important hubs like the ports of Rotterdam and Antwerp, enabling transport of
a major part of their hinterland cargo over these inland waterways.
The goal of this paper is to develop a new, innovative inland navigation concept able to reactivate the
use of the small inland waterways. First, an overview of the concept is given. The main part of the
paper deals with the tug and barge design model as created in the knowledge based system Quaestor, in
combination whit the CAD program Rhinoceros. Finally, a short description of the logistical model
and cost model is given that has been added as part of the design model.

2. Concept description
The developed concept can be described as a two stage tug and barge concept. In the first stage the tug
and barge concept sails in its usual configuration with several barges pushed by a single tug and
travelling through large inland waterways from sea ports to the entrance of small inland waterways. In
the second stage, at the entrance of a small inland waterway, the convoy is uncoupled and the several
small barges will sail separately and in a self-sustained manner to their different destinations on this
waterway. Fig.1 gives a schematic overview of the concept.
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Fig 1: schematic overview of the concept
For propulsion, the barges use electric engines powered by batteries located in the double bottom of the
barge. Several systems could be used to charge the batteries. A power connection to the shore can be
used while loading and unloading, favourably using electricity from a grid based on “green” energy
such as wind or solar power. If recharging through the grid is not possible due to too high costs or not
sufficient equipment present at the quays at the small waterways, the batteries can be recharged by the
main engines of the tug while sailing in the tug and barge configuration.
The main focus of the concept is to combine economies of scale on large rivers (i.e. tugs and barges
together) while the individual barges are small and economically feasible enough to sail on small
waterways. An additional advantage is that the loading and unloading of the barges is separated from
the sailing part. One of the problems for inland ships is that they experience a very long waiting time in
the ports, on average 10 to 16 hours. The costs - and thus the charter price- for inland ships are
increased due do these waiting times. Thus in our proposed concept, the most expensive part of the
inland ship, the main engines and the crew, will be sailing as much as possible because the push ship
does not have to wait in the port to load and unload the barges. It only has to spend time in the port to
couple and uncouple the barges. Another potential advantage is that the barges can be handled by the
port terminals at off-peak hours. The handling costs of a container in the sea port (unloading and
loading) make up the majority of the total costs, so that a reduction in the handling costs there will
have a large impact on the total costs.
Fig.1 shows that at least three times as many barges are needed as the number of them sailing in the tug
and barge stage at one moment. One set of four will stay at the sea port, one set will be in the tug and
barge configuration and the last set is in several places on the small waterway. The barges are
“swapped” at the beginning of the small waterway. The barges can travel to and from the swapping
point until the convoy arrives.
3. Barge model
3.1. Schematic overview of the barge design model
In Fig.2 the design schema of the barge can be seen in which all the relations between the different
parts of the design model are given. The shape parameters, the number of containers, the speed, the
water depth, the number of thrusters and the sailing time need to be given in this model. The
knowledge based system Quaestor is used to solve the iterative relations between the weight and the
displacement to determine the draft of the barge. Also the other relations, which are used in the model,
are solved within the model. When the calculations are finished a Rhinoceros 3D model will be made

61

with the data that has been calculated in Quaestor. The 3D model can be used by the user to check its
design. It is much easier to compare different designs if one can see the designs as 3D models instead
of only numerical data.

Fig.2: schematic overview of the barge design model
3.2. Hull shape
The geometry of the barge that is being used is the same as the geometry that has been used in an
empirical resistance model of barges. The empirical modal is described in Van Terswiga et al. (1990)
and the geometry can be seen in Fig.3.

Fig 3: local and global form parameters of the barge
The length of the barge is a function of the sum of Lstern, Lenter and by the length of the mid ship.
The latter is determined by the number of containers that have to be placed inside the barge which has
to be given by the user of the model. Lenter is defined by the angle alphaI and Lst is set to 4 meters.
Htr is defined by the angle AlphaST and the length of Lst. The beam of the barge is determined by the
width of the smallest lock that the barge has to pass. Bmid is calculated as the difference between B
and the width of the side tanks. The draft of the vessel will be calculated by the model so that the
displacement of the barge equals the total weight of the barge. The depth of the barge is set to be 1.4 T.
3.2. Resistance
There are several methods to calculate the resistance of a barge in calm water. In Terwisga (1989)
several empirical models are given such as the formula of Latorre and Ashcroft (1981), where the
resistance was spilt into a frictional and a wave making part, and the methods of Howe (1961) and
Bronzini (1981) where these models calculate the resistance of barge trains including the tug.
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The downside of these formulas is that there is not a very good description of the shape of the barge
and that scale effects are not taken into account. Also those formulas only hold for “normal” large
barges and not for the smaller ones. Therefore the resistance model in Terwiga et al. (1990) is used in
the barge design model. The big advantage of that model is that it uses a regression model of a large set
of resistance date of model barges (which have been towed in a towing tank) which is based on the
hydro mechanical theory. Therefore the data of the small barge models can be used in 1:1 scale if a
correlation correction is applied. Another advantage is that the barge has a better description of its
shape so that the influence of different shapes of barges can be investigated.
The barges have to sail on small inland waterways which are shallow so that the effect of shallow
water resistance will be incorporated in the model. In Terwiga (1989) a shallow water correction for
inland ships of Karpov Basin et al. (1976) is given. That method was implemented in the developed
model.
3.3. Construction of the barge
In order to determine the construction weight of the barge a design of the construction of the barge is
made. The scantlings of the construction design are determined with the rules of the Germanischer
Lloyd. If all the scantlings of all the different parts of the construction are known then the weight of the
construction can be calculated as the sum of the weight of all the different components. Then it is also
possible to determine the centre of gravity in height and length of the barge. Those values are needed
to calculate the stability (GM) and the trim of the barge.
The choice has been made to design a barge with a double bottom and side tanks so that the barge has a
double hull. This will be obligated in the future for all inland ships. The choice has been made to have
a transverse stiffeners system instead of a longitudinal stiffeners system in the barge because for ships
with a length not longer then 60 meters a transverse stiffeners system has a preference above the
longitudinal stiffeners system. The barges that need to be designed are normally not longer then 60
meters (length is limited by the locks on the small inland water ways) so that the choice for a
transverse stiffeners system is the most logical option.
The scantlings of the barge are determined with the rules of the Germanischer Lloyd Inland vessels
where the scantling rules are taken from Part B, Hull Design and Construction, Chapter 5, Hull
Scantlings. The choice has been made to use the scantlings rules of the non-propelled cargo ships.
3.4. Propulsion
If the user of the model opts for an independent sailing barge then the barge will be outfitted with
thrusters. There is a choice in the model to install 0, 2 or 4 thrusters in the aft part of the double bottom
of the barge. An extra thruster will be placed in bow of the barge. This bow thruster will give the barge
the ability, along with the thrusters in the aft ship, to turn and manoeuvre. The thrusters are located in
the double bottom of the barge so that the thrusters do not stick out under the bottom of the barge
because that can be a problem especially when the barge is sailing in shallow water. Hydraulic
thrusters will be used which will be driven by a hydraulic pump which will be powered by an electric
engine. The choice for hydraulic thrusters is done due to the fact that such a system is better suitable
for intensive use and long runs then electric thrusters.
The choice for the thrusters will be made on basis of the required power that the barge will need to
have to sail at a certain speed. The speed that the barge will sail at the small inland waterway can be
given by the user of the model but also a default speed is given as the maximum speed that is allowed
on that waterway. The maximum speeds are normally between 6 to 7 km/h. The water depth of the
waterway for instance has an influence on the resistance and thus on the effective power thus also on
the thrust that is needed. The power that needs to be installed is given in the next formula in which the
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sailing margin is set to be 25%. (Sailing margin is an equivalent of a sea margin):

P_thruster_barge =

R Shallow_barge * V * (1+sailing margin)
number of thrusters installed

(3.1)

P_Thruster_barge = Installed power per thruster [kW]
R_shallow_barge = resistance of the barge in shallow water [kN]
V = speed of the barge while sailing independently [m/s]
The amount of power that the thrusters can deliver is given in the product data. Based on the needed
amount of power and the product data the right thrusters will be selected. The size of the thrusters in
the bow of the barge is set to be equal to the selected thrusters in the aft ship.
If the thrusters need to deliver more power then the power that is needed for the required speed the user
can determine to select the thrusters that can deliver the largest amount of power. This can be useful if
the barge needs extra power to do some special manoeuvres such as sailing in and out of locks that are
located at large rivers or the pass large ships in port.
Every thruster has his own dimensions and weight. Thus if a lot of power is needed then the
dimensions and weight of the thrusters will be increased. As mentioned before the thrusters are placed
inside the double bottom of the barge and therefore the height of the double bottom will be linked to
the dimensions of the thrusters. If the thrusters do not fit inside the double hull then the height of the
double bottom will be increased until the batteries do fit.
The electric engines takes there energy from the batteries that are installed in the barge. These batteries
are also installed in the double bottom and are centred in the mid ship of the barge around the centre of
gravity in length.
The amount of batteries that are needed is depended on the speed that is required for the barge
(V_barge) and the time the barge has to sail at that speed (T_Barge = Distance(SR)/V_barge). On top
of that 1 hour (T_Top) sailing on full power (P_max_power) is added. That has been done so that the
barge has extra power to overcome strong currents on some places and sail in and out of locks.
If the choice in the model has been made that the barges do not have to sail independently then there
are no batteries, electric engines and thrusters installed. If the choice has been made that the barge only
has to manoeuvre in and out of a lock on the small waterways then T_Barge will set at 2 hours. Those
2 hours should be enough time to sail in out of a lock.
The total energy that is needed can be calculated with the next relation. The total energy is doubled so
that the barge can also sail back on the small waterway.

E_Barge = (T_Barge * Pe_Barge + P_Max_installed*T_top)*2 (kWh)

(3.2)

The capacity of a battery is given in Ah (ampere hours). By multiplying the capacity with the voltage
in Volts the amount of energy that is stored in a battery is known in kWh.

E_batt =

12 v * 225 Ah
(kWh)
1000

(3.3)

With formula 3.2 and 3.3 the amount of batteries can be calculated:

#_batt =

E_Barge
(-)
E_batt

(3.4)

These batteries have a weight and dimensions which are taken from the product information of a
battery producer.
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The batteries are fitted in the double hull of the barge and are allocated around the centre of the mid
ship of the barge. The reason for that is that the centre of gravity of the batteries will (almost) go inside
with the centre of buoyancy of the barge so that the barge is trimmed.
Fig.4 shows the allocation of the batteries. The batteries are the blocks in the mid ship of the barge.
The design here is a design where the barge will sail at a speed of 6 km/h and has to travel a distance of
45 km. There are also chosen for four thrusters in the aft.

Fig 4: Propulsion lay-out of the barge

Fig 5: total picture of the barge
Fig.5 shows the total barge where on the fore ship of the barge there is a wheelhouse placed if the
barge has to sail independently on the small inland waterway. If the barge does not have to sail
independently then no wheelhouse will be placed.
3.5. New building costs
The newbuilding price of the barge will be calculated within the model. The costs of the barge are
calculated at a basis of the total amount of steel needed to make the empty hull of the barge and its
installed equipment. In order to calculate the costs of the empty hull a few assumptions have been
made. The first assumption made is that the total amount of man hours needed to build one ton of
barge is equal to 25. A typical value of man hours is between 20 and 30, so 25 is an average value. The
second assumption made is that 85% of work done on the barge is steelwork (building of the
construction). The other 15% are costs made for painting, welding material and finishing the barge.
The total costs to build the hull of the barge can be calculated with the following formula:
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Costs_Barge_Hull = S.W.(Barge) *( 25 * Cost__man_hour + Costs_steel)*1.15

(3.5)

S.W. = total steel weight of the barge [ton]
Cost_man_hour = 55 EUR/h which is a typical value for West-European ship yards
Costs_Steel = 1200 EUR per ton for 6 mm steel panels1
The total costs of the total barge can now be calculated as the sum of the costs of the empty hull plus
all the different components that are installed in the barges. The costs for the wheelhouse2, thrusters3,
electric engines4, batteries5 and winches6 are taken from product information of the manufactures of
those components. On top of the summation of all the costs an extra margin of 7% is added to
incorporate the profit margin of the ship yard. In the model it is possible to change the costs of steel or
the costs per hour for the shipyard personnel in order to investigate the influence of those parameters
can be investigated.
The calculated costs are based on typical values for man hours and steel work costs. These costs are
verified with a ship yard but it is essential to know that this is only an estimation of the costs and the
real costs of the barges can be different then the calculate values in the model due to changing market
conditions of the ship yards, steel prices, etc.
4. Barge Trains
The resistance of a barge train is lower then the resistance of the sum of all the single barges. This can
be seen in the next formula where the ratio of the coupled resistance and the sum of the single barges is
called the barge train coefficient.

barge train coëfficiënt =

R train
<1
∑ R barge

(4.1)

R_train = resistance of the total barge train [kN]
R barge = sum of the resistance of the separate barges [kN]

∑

This effect can be explained that if the barges are placed aside the wetted surface is reduced and
therefore also the frictional resistance. If the barges are coupled in length then there will be only one
bow wave instate of two. Therefore the wave making resistance will be lower. If a 2x2 formation is
applied then both effects will happen.
In order to determine the resistance of a barge train the following procedure had been followed: the
barge design model has been used to determine the resistance of a barge with a length of 52 meters and
width of 6 meters. Then the resistance of a barge with the same length but with the double width (12
meters) has been calculated. The barge width the double width has been adjusted so that the draft is the
same and the displacement is doubled if it is being compared to the single barge. Thus from those two
values the barge train coefficient as function of the speed will be calculated.
The same has been done but then for the same width and doubled length. Due to the fact that the two
single barges do not align perfectly in length due to the shape of the aft ship of the barge the barge train
coefficient (BTC) has been increased with 10% (estimation) to incorporate that effect.
1

http://www.staalprijzen.nl/files/1_Bruto_%20prijslijst_platen.pdf (in Dutch) (2007)
Personal contact with: ALUBOUW de Mooy (2007)
3
http://side-power.com/ (2007)
4
http://www.kolmer.nl/ (2007)
5
Mastervolt AGM 12/225 (2007)
6
Personal contact with: Van der Velden Marine Systems (2007)
2
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The BTC for the situation of two barges in line and two barges aside is calculated as the product of the
BTC of two barges in line times the BTC of two barges a side. The same procedure has been followed
to calculate the BTC for the 3x2 formation where the BTC of the 3x1 formation is multiplied with the
two wide formation.
Beside the BTC for barges with a width of 6 meters also the BTC for barges width a width of 7 and 8
meters are calculated. If a designed barge has a width that is in between two calculated values then the
BTC will be interpolated between those values.
5. Push Ship
5.1. Schematic overview of the tug design model
Fig.6 shows the schematic push ship design model. In this part of the model the user has to define what
the main dimensions are of the push ship. These dimensions determine the hull form and thus the
resistance and the steel weight of the push ship. Based on the total resistance (inclusive the resistance
of the barges) and the number of installed propellers the engines are dimensioned (based in the
required power) and are placed inside the push ship.

Fig 6: Schematic overview of the push ship design model
In the model the user has the choice between a diesel direct and a diesel electrical propulsion layout.
The user has to check via the Rhinoceros 3D output file if all the engines, gearboxes, fuel tanks etc are
located inside the ship. If there is not enough space available then the user has to adjust the main
dimensions and re run the calculations. The model will check if the displacement of the push ship is
equal to the weight of the push ship if that is not the case then the user also has to redefine the main
dimensions.
5.2. Hull shape
The hull shape of the push ship is set to be roughly the same as the hull shape of the barge. There are
some fixed shapes in the hull and these are taken from Terswiga (1989) such as AlphaST_PS and
AlphaST_PS_2. The angle alphaI_PS, the Lmid_PS, T and B need to be given by the user of the
model. The schematic hull form of the push ship can be seen in Fig.7.
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Fig 7: Hull shape of the push ship
The aft ship is determined by the design of the propeller tunnels. The shape of these tunnels is taken
from an example ship and can be seen in Fig.8. In the model the propeller diameter is set equal to the
draft of the ship so that the propeller diameter is as large as possible. The larger the propeller diameter
the higher the open water efficiency of the propeller will be.

Fig.8: Shape of the aft ship with three propellers
5.3. Resistance
The main dimensions of the push ship are needed to calculate the resistance of the push ship. Normally
the resistance of the push ships is left outside consideration when calculating the resistance of the total
barge train because that resistance of the tug is very small if it is compared to the total resistance of all
the barges. Due to the fact that the barges are relatively small the resistance of the push ships must also
be taken into account. The same resistance model that has been used to calculate the resistance of the
barges is used because the hull shape of the push ship is almost the same as the barge. The total
resistance of the convoy on which the needed power of the push ship will be determined can then be
calculated by the following relation:

R total = R barge train + R push ship

(5.1)

5.4. Propulsion
In the model the user can give a required speed that the total convoy has to sail on the large inland
waterway. The user can also choose between a diesel direct propulsion system or a diesel electric
propulsion system and the number of propellers that are installed (from 1 to 4). The required power
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that is needed to sail at the given speed is determined by the needed thrust which can be calculated
with the following relations where the wake fraction and thrust deduction are taken from Terswiga et
al. (1989):

Ttotaal =

R total
(1-t)

(5.2)

t = 0.8 * w * (w + 0.25)
w = 0.11 +

(5.3)

∆1/3
D prop

0.16
* Cb x
x

(x = number of propellers)

(5.4)

From the required thrust and the number of propellers the propeller can be designed if the user gives
the number of propeller blades. The Ae/A0 ratio can be calculated with the following relation:

(1.3 + 0.3*Z ) *

Ttotal
# Proppelers

AE
=
T
A0
(100 + ρ *g* - 1.72 )*D prop 2
2

+ 0.2

(5.5)

In this relation Z is the number of propeller blades (can varied from 3 to 5). The extra 0.2 in the
relation is added because the propellers will have a large load due to the small draft (and thus small
propeller diameter) of the push ship. With the calculated AE/A0 ratio (restricted between 0.3 and 1.2)
and the by the user given Pitch/Diameter ratio the propeller diagram can be calculated. The choice has
been made to use the Wageningen B-series propellers. When the propeller is designed the intersection
of the Kt-propeller line and the Kt-ship line will be calculated in the model. When that point is known
then also the open water efficiency is known with the next relation:

η0 =

J * Kt
K q * 2 *π

(5.6)

The needed power sail at a certain speed can be calculated with the following relations:

Pb = # Proppelers *

Tprop Vs

(5.7)

ηd

Where:

η

d

= η0 * ηR * ηH * ηshaft

ηshaft = 0.97

, ηR = 1

(5.8)
, ηh =

1- t
1- w

(5.9,10,11)

The total power that needs to be installed is then equal to the power needed to sail plus 25 percent
(sailing margin), the power needed to charge the batteries of the barges and the electrical power (taken
from an example ship) needed for the push ship:

P b_ installled = P b *1 .2 5 + P B a tt + Pe le c

Pbatt = number of barges *
Pelec = 150 kW

E barge
T_LR

(T_LR is time sailed at large river)

(5.12)
(5.13)
(5.14)
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If the user chooses for diesel direct propulsion system then the numbers of diesels that are installed are
set equal to the number of propellers. The electric power will be delivered by two small generator-sets
and the power needed to charge the batteries of the barge(s) will be delivered by the main engines via
the power take of in the gear boxes. A small data base has been added to the model from which the
appropriate diesels, generator sets and gear boxes will be selected. The data of the generator sets, gear
boxes and diesel engines are taken from product data of Caterpillar, Wartsila and Reintjes. Fig.9 shows
the allocation of the equipment. The design features three propellers and a convoy of four barges has to
be pushed at a speed of 14.5 km/h.

Fig 9: Diesel-direct lay-out
If the user opts for a diesel electric option then he must define the number of generator-set he wants to
install. In the power calculations an extra efficiency is added to incorporate the losses of all the
electrical components. This efficiency is set to be 0.9 (thus 10% losses). The diesel electrical option
has an extra feature for the user. The user can define two different “cases” for which the model will
design the propulsion lay out. The user can choose to give two different speeds, or two different
formations or two different water depths where combinations are also possible. If two different
formations are chosen, for instance pushing two and four barges, then the model will design the
propeller for the heaviest condition. The other (second design) condition will have another Kt-ship line
and thus another intersection point with the Kt-line of the propeller and will thus have a different
efficiency. In the diesel-electric option, the electrical power demand, including the power needed to
charge the batteries of the push ship, is also incorporated in the propulsion lay-out. Fig.10 shows the
propulsion lay-out of the push ship with a diesel electrical power lay out which can sail at 14.5 km/h
and have to push two and four barges.

Fig 10: Diesel-electric lay-out
If the space in the push ship is restricted then the electric engines are placed above the propeller shafts.
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The propellers are then driven by a belt from the electric engines. If there is more space available then
the electric engines will be placed after the propeller shafts.
When the engines are selected then the specific fuel consumptions (g/kWh) of the engines are known.
With the needed power and a given range of the convoy the amount of fuel that is needed can be
calculated. The user has to define the range of the tug and barge convoy in number of trips that has to
be made. The fuel is placed in the double bottom of the ship. If more fuel is needed then there is space
available in the double bottom then the side tanks of the ship are filled up. The lubrication oil and dirty
oil tanks are placed under the engines where the volumes of these tanks are taken from an example
ship. The fresh and the grey water tanks are placed in the bow of the push ship. The volumes of these
tanks are determined by the rules (150 liter per person). The volume of the grey water tanks is set to be
half the volume of the fresh water tanks. The available space that is left in the fore ships is used to
accommodate the ballast tanks to trim the push ship. If more ballast water is needed then that can be
placed, then the model will only install as much ballast water as is possible and the maximum trim
reduction will be given. Fig.11 shows the different tanks in the tug.

Fig.11: Different tanks in the push ship
5.5. Lay out push ship
The accommodation on the push ship will be a function of the number of crew members that are
needed on the push ship. The number of crew members are determined by the rules on basis of the
length of the total convoy and the chosen regime on the ship (full continues or semi continuous). The
dimensions of the wheelhouse are taken from an example ship (NeoKemp) and the wheelhouse is
placed on a hydraulic lifting system so that the wheelhouse can be lowered if a bridge has to be passed.
The push shoulders are dimensioned so that the top of the push shoulders is equal to the highest point
of the barge when it is empty. The anchor system will be determined by the rules and the coupling
winches7 are taken from product data. Fig.12 shows the total tug and barge convoy. The design that is
made is able to push 2 barges aside with a speed of 14.5 km/h with a diesel direct propulsion system.
There are three propellers installed and the choice has been made to sail at a semi continuous regime.
5.6. Emissions
When the push ship has been designed the fuel consumption is known and thus it is possible to
determine the amount of emissions that are produced. The model will calculate the following emissions
per TEU*km based on a 100% occupation rate of the barges: CO2, PM10, NOx and SOx. The
emissions will be produced by the push ship only because the barge will not have emissions due to the
electric propulsion. The calculated values will be used to compare the emissions of this design with
regular inland ships, road transport and rail operation.
7

Personal contact with: Van der Velden Marine Systems (2007)
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Fig 12: total design of the push convoy
5.7. New building costs
The new building costs of the push ship are calculated as the sum of costs of the hull of the push ship,
engines, wheelhouse, winches, etc. The costs of the hull of the push ships are calculated in the same
way as the push barges. But there are some additional costs such as rudders, steering equipment, etc.
Therefore the following relation is used to calculate those costs:

Costs_Push_Ship_Hull = S.W. (tug) *(25 * Cost__man_hour + Costs_steel)*1.25

(5.15)

S.W.(Tug) = total steel weight of the tug [ton]
The steel weight in the formula 5.15 is the total weight of the push ship without the weight of the
engines, propellers, generator-sets, gear boxes and electrical engines. The costs of the generator sets
are set at 3308 EUR per installed kW and the costs for diesel engines are set at 2008 EUR per installed
kW. These values are estimates and are given by a manufacture and needs to be treated as a rule
thumb. The costs of the other components are determined with the manufactures information of the
components. These components are steering equipment9, hydraulic winches9, wheelhouse9, gear
boxes.10 The total new building costs are then determined as the sum of all the different components
plus a 7% profit margin for the ship yard.

6. Logistics and costs
In the model, predefined routes, with the logistics information, needs to be selected by the user in order
to calculate the transportation costs per TEU or ton cargo. The distance on the small and large
waterway, the water depths on the small and large river and the number of locks on the route are given
in those routes. All these components are influencing the transportation costs. For example the locks
will affect the time and thus the crew costs. Fig.13 gives the routes. The dots on the map are the
locations where the convoy can be broken up into the smaller, independently sailing barges. All the
routes start from Antwerp and the routes 1 to 4 have a destination at a small waterway where route
number 5 has a destination at a larger waterway (up to class four). In the model, it is also possible to
choose for an option where more routes are sailed with one push ship.
8

Given by Wartsila in a TU Delft lecture in (2005)
Personal contact with: Van der Velden Marine Systems (2007)
10
Personal contact with: Reintjes (2008)
9
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Fig 13: Predefined routes in the model
It is also possible in the model to choose for a logistical concept where the push ship will also sail on
the small waterway to push one barge to the final destination. Larger convoys can not sail on the small
waterway due to the restrictions of the dimensions of the waterway. Then at every lock the barge has to
be uncoupled from the tug and the two has to pass every lock one by one. With the developed model it
is also possible to design a “normal” push convoy with non-independent sailing barges. If the user opts
for that option then no batteries, thrusters or a wheelhouse will be placed on the barges. Also the aft
ship of the barges changes into the aft ship of a normal push barge. Route number 5 is a route in the
model wherefore this option can be used.
The costs of the developed concept depend on the chosen logistics option and are calculated as the sum
of the following components: fuel costs, crew costs, repair and maintenance, insurance, depreciation
and interest costs, NEA (2003). The fuel costs depend on the required power, including the amount of
power needed to charge the batteries of the barges, the specific fuel consumption of the engines, the
traveled distance and the fuel price per ton fuel. If the push ship also sails on the small waterway then
also that distance with the required power to sail on that waterway is added to the fuel costs. If the
barges sail independently, there are no fuel costs for those barges due to the fact that the barges are
powered by the batteries. In the model, it is possible to vary the fuel price per ton fuel so that the
influence of the fuel price on the concept can be investigated.
The crew costs are calculated on the basis of the minimum number of crew members that need to be on
the push convoy and the amount of hours that the crew needs to make. That time consists of the sailing
time from the start to the destination, lock passing, coupling of the barges and time required to moor
the barges in the sea port and on the small waterway. The wages of the crew members are determined
by the collective labor agreement plus 80% to incorporate the total costs for the employer. When the
barges are sailing independently on the small inland waterways, the barge needs to be manned by a
captain and a mate, as required by law. In the model, it is possible to choose for the option that the
barge only needs to have one captain instead of a captain and a mate. This will have a large effect on
the crew costs of the concept. If the barges sail independently on the small waterways, the captains of
the barges are moved back to the starting point of the waterway. These costs too are incorporated in the
total costs and are called crew logistics costs. The repair and maintenance costs are taken from [3] and
are the costs per sailing hour for normal inland ships. The repair and maintenance costs for the
developed concept are doubled compared to the normal values due to all the electric equipment that is
installed in the barges.
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The three cost components mentioned are the variable costs. Insurance costs, interest and depreciation
are the fixed costs. These three components are dependent on the total newbuilding price of the
convoy. The total newbuilding costs are made up from the newbuilding price of the push ship and the
price of the barges. The insurance costs can be varied in the model but a default value of 2 % of the
total new building price per year is given11. The rest value of the barges and the push ship is set to be
15 % and all the barges plus tug will be fully depreciated with a linear depreciation. These values can
be varied in the model. The interest costs are determined by the financing structure of the barges and
push ship. The financing structure consists of the interest rate which is set at 5.5 %, which again can be
varied in the model, and the gearing of the loan, which needs to be given by the user of the model.
From the calculated costs the price per TEU or ton can be calculated if the total amount of cargo that
will be transported by the barges per year is given by the user. The price will be determined so that a
given Internal Rate of Return on the invested amount of money has been reached.

7. Conclusion and future developments
This paper has described a design model combining the knowledge based system Quaestor and CAD
program Rhinoceros that can be used to investigate if the developed concept can be used to reactivate
the small inland waterways. The main purpose of the (design) model is to investigate what the effects
are of design and/or logistical changes on the design of the barges and the tug. These changes will have
an effect the costs per transported TEU or ton cargo and will thus determine if a competitive price can
be offered.
The next step in the model is to compare the price of the concept with the prices of the competing
modes such as inland ships, road and rail transport. For the selected routes the generalized costs of
alternatives modes will be determined. Also combinations of transporting containers with the
developed concept from the sea port to a destination on a small waterway and from there further with
road transport will be investigated.
The technical model will be further developed with better product information of the push ship
equipment. Also the new building price of the push ship needs more data from ship yards and more
design knowledge of other push ship will be used in the model such as the required spacing between
the hull and the engines, superstructure lay-out.
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Fuzzy Optimal General Arrangements in Naval Surface Ship Design
Eleanor K. Nick Kirtley, University of Michigan & The Glosten Associates, Seattle/USA,
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Abstract
A new approach to generating, evaluating, and optimizing general arrangements of naval surface
ships is presented in this paper. Beginning from a known hull form with fixed main structural
members, the user edits the continuous longitudinal passages and the default list of relevant ship
spaces with associated constraints for location, adjacency, and shape. Spaces are allocated to
discrete regions of the ship called Zone-decks. Operating one Zone-deck at a time, the topology and
geometry are solved iteratively. The geometry step returns all of the spaces’ and accesses’ bulkhead
locations on an orthogonal grid and a cost function evaluation to the genetic algorithm optimization
on topology. The proposed algorithm returns an optimal arrangement as defined by the user specified
goals and constraints and by utilization of the available area.
1.

Introduction and Overview of Zone-deck Arrangement Problem

The arrangement has a substantial effect on the overall performance of a ship. From manning battle
stations to accommodating human factors, how quickly and effectively an operation can be performed
is a function of the usability of the arrangement of the space. Thus, an integrated and optimal solution
must be found. However, there is currently no precise assessment of arrangements. They are typically
generated later in the design stage and by a naval architect with years of experience dictating an
acceptable feasible solution. Rules and criteria for these ad-hoc methods are documented, but they do
not include all of the consideration needed for a highly effective arrangement solution. As the
workforce and its accumulated experience ages, it is important to capture these methodologies for
preservation. This requires the difficult task of translating the art and science of arrangement into a
series of rational decisions. Further, through implementation in a computer program, the optimization
can be linked to an extensive database of goals and constraints imposed by requirements and best
practice. With thousands of constraints needing to be simultaneously considered, the need for
computational optimization is clear. A further goal of this project is to develop a cost function to
validate and defend solutions beyond their present subjectivity.
A new approach to generating, evaluating, and optimizing general arrangements of naval surface ships
is presented in this paper. Beginning from a user editable database of spaces for a ship with a fixed
hull form and main structural members, the proposed algorithm returns an optimized arrangement as
defined by the user specified goals and constraints for the spaces’ location, adjacency, and shape. The
advantage of making smart decisions earlier in design is frequently addressed. Changes made in the
later design phases become increasingly more costly. This tool will allow the designer to generate and
evaluate more solutions that are closer to optimal quickly and easily in the preliminary design stage.

Fig.1: Allocation Inboard Profile

75

A fully autonomous problem solver is neither feasible nor desirable. Arrangements are both an art and
a science. There are too many subjective and multifaceted decisions to be fully handled by the
computer, and the user must also be kept in the loop to control the quantitative goals and constraints
which ultimately are used to calculate the arrangement’s utility. The goal is to provide the naval
architect with a semi-automated tool.
This work is part of a team project at the University of Michigan developing a full-scale prototype
software called ISA (Intelligent Ship Arrangements), Parsons et al. (2008). ISA will be compatible
with the Navy's ship design software ASSET (Advanced Submarine and Ship Evaluation Tool) and
LEAPS (Leading Edge Architecture for Prototyping Systems), Ames and Van Eseltine (2001). ISA is
intended to be used as a preliminary design tool after ASSET or another equivalent synthesis tool,
ASSET (2005). ASSET returns a hull form with decks and main bulkheads and a list of spaces for the
ship. ISA refines the design by placing the joiner bulkheads separating the ships’ spaces and accesses.
The arrangement task is undertaken in two parts: 1) allocation and 2) arrangement. Allocation is the
assignment of a space to a region of a ship. The unit region used here is called a Zone-deck. The
Zone-deck is the intersection of one deck and one subdivision. This is essentially a large-scale
combinatorial bin-packing problem. With the added complexity of constraints on spaces’ locations
and area utilization, this also becomes a type of quadratic assignment problem. Fig.1 is an example
allocation solution for a 17 Zone-deck ship. Spaces numbered 1 to 70 are assigned to a one of the
Zone-decks. The allocation in Fig.1 was optimized to satisfy the constraints with a genetic algorithm
by Nick et al. (2006). Within ISA, the allocation problem has been solved by Daniels using a hybrid
agent and genetic algorithm approach, Daniels and Parsons (2007, 2008). This paper will address the
second part (arrangement), assuming a known allocation solution. After allocation determines which
spaces reside in a Zone-deck, arrangement defines the spaces’ exact locations within the Zone-Deck.
Arrangement handles one Zone-deck at a time defining its assigned spaces' joiner bulkhead locations.
This is done in two iterative steps: topology and geometry. Topology gives the relative fore, aft, port,
and starboard position of each space’s seed location. These locations are translated onto an orthogonal
grid. In the second step, spaces are expanded to have size and shape filling the available area of the
Zone-deck in a stochastic growth loop. Each topology is looped over the geometry generation step a
modest number n times, creating n probabilistically unique geometry solutions. The best of the n
geometries returns all of its bulkhead locations on the grid and a cost function evaluation of the
solution to the genetic algorithm optimization on topology. This two-part and double-loop structure is
shown in Fig.2. The arrangement research completed consisted of both a novel optimization technique
and design approach. The presented paper primarily explores the design algorithms.
Part 1

Allocation

Part 2: Arrangement

Topology

Geometry

Section 4

DCD Section 5
BDCD Section 6

Solution

Fig.2: Overall Arrangements Optimization schematic
2.

Comparison of Selected Previous and Current Approaches

A great amount was learned from past authors. Like Cort and Hills (1987), the algorithm presented
here will follow the example of Nehrling (1985) by applying fuzzy logic to evaluate design criteria. A
Genetic Algorithm is the chosen optimization method for many past and current works. The set-ups of
Medjdoub and Yannou (2000) and Michalek et al. (2002) will be adapted by formulating a two step,
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topology and geometry, arrangement problem. The two steps will be undertaken after first allocating
spaces to Zone-decks. Called a zone in Cort and Hills (1987), Slapnicar and Grubisic (2002) and
others, the case for breaking the ship into discrete bins for allocation is well supported from the earlier
works. This coarse and then fine delineation of available area greatly simplifies and reduces the
computational effort. For Zone-decks on the Damage Control Deck, passages will be set as they were
by Lee et al. (2002) except with very different controls. A fixed envelope of the available volume is
an input here following the example of past authors mentioned prior and unlike the current authors
Andrews and Pawling (2003) and Van Oers et al. (2007) who allow for a variable hullform. In the
work presented, it is assumed that the synthesis tool (ie. ASSET) has sized the envelope adequately.
An orthogonal grid overlaying the area is justified by multiple past works. Similar to Michalek et al.
(2002) room variable definitions, the geometry solution variable bulkhead locations will be defined
with respect to the grid's origin. The three box approach to be introduced is reminiscent of CASGAP's
use of chunks, Carlson and Cebulski (1974). Successful features of earlier and current work are
incorporated into the presented methodology.
The presented methodology advances previous work by returning a higher level of fidelity, focusing
on access, and achieving optimal area utilization. An informal review of general arrangement designs
of built ships clearly showed that spaces were frequently not rectangular. Blockages such as exhaust
trunks, ventilation ducts, internal spaces, or stairtowers required spaces to have L or T shapes. The
three-box approach accounts for these complexities. The unique handling of Below Damage Control
Deck (BDCD) spaces and stairtowers extending to the BDCD and is an achievement unique to this
paper’s work. Access must be accounted for in a feasible solution. Available areas to be arranged
were classified by their accessways. By establishing passageways upfront, computational time was
saved by not dealing with infeasible designs while still giving spaces top priority. Space area needs
and area utilization were treated with multiple mechanisms. The allocation step gives an appropriate
match between available area and required area in the course placement to Zone-decks with
perspective on the whole ship. Then the heuristic selection functions in the stochastic growth loop
probabilistically results in well sized spaces. Previous parametric studies and validation studies
showed that the stochastic growth loop is robust and can efficiently handle few or many spaces, Nick
(2008). Results shared in section 8 attest to these claims.
3.

Topology & Physical Problem Formulation on Damage Control Deck and Below Decks

Damage Control Deck (DCD) Zone-decks are characterized by having two continuous main passages
extending fore and aft along most of the deck. These subdivide the Zone-decks into a port, center, and
starboard Sub-Zone-deck (SZD), Nick and Parsons (2007). In the initial problem formulation within
ISA, the designer can edit the default placement of these longitudinal passages, Fig.3. Also in this
window, the designer designates whether the Zone-deck's stairtowers reside to the inside (in the
Center SZD) or to the outside (Port or Starboard SZD) of the main port or starboard longitudinal
passages (PLP or SLP). Athwartships passages (TP) are included here, but not fixed. The longitudinal
position of the TP and port and starboard stairtowers (PST and SST) are set by the topology
optimization. Table I shows two alternative DCD topology solutions. SZDs are listed port to
starboard, and within the SZD, spaces are listed fore to aft.
In each subdivision, the Zone-deck on the DCD is arranged first. Due to the relatively thin dimensions
of the port and starboard SZDs, the available area there is divided simply by the proportional area
requirements of the spaces using the given topology. Spaces are purely rectangular except when a
fixed object is present or a stairtower has to be placed. The center SZD problem is simplified by
splitting the bow and stern section with the TP, if one is designated by the topology.
Unit area spaces are first placed to mandate connectivity to access, and then they are grown (and
shrunk) in the stochastic growth loop until the geometry converges. The algorithm separates the PST
and SST longitudinally, if possible, for better utilization of the available area. Once the stairtowers are
located on the Damage Control Deck they become fixed objects above to the superstructure and to
Below Damage Control Decks (BDCDs) to ensure stair continuity.
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Fig.3: ISA Screenshot of Damage Control Deck Passages and Stairtowers
Table I: Damage Control Deck Zone-deck Sample Topologies
Topology 1:
Topology 2:

Port SZD
1 2 3
3 1 2

PST PLP
PST PLP

4
4

5
6

Center SZD
6 TP 7 8
9 10 TP 7

9
8

Stbd SZD
10 SST SLP 11 12 13 14
5 SST SLP 12 11 14 13

Zone-decks below the DCD are arranged after the Zone-deck above it on the DCD is arranged. Short
passages are drawn adjacent to the stairtowers to the inside or outside as they were above. The spaces
connected to the passage control how it grows and shrinks. Therefore, there is no internal division to
define multiple Sub-Zone-decks. The entire available area in the lower decks is considered one SubZone-deck and arranged all at once. For BDCDs, the topology is simply an ordered list of all its
spaces assigned in the allocation step. BDCDs will be detailed further in Section 6.
4.

Genetic Algorithm Optimization on Topology

Topology is the independent variable (also called a chromosome) written and edited within the
optimization by a genetic algorithm (GA). Topology variables are combinatorial and discrete. GAs are
particularly useful for searching very large, sparse, and multi-modal domains like the topology here
by operating on a population of solutions, Gen and Cheng (1997), Goldberg (1989). The stochastic
nature of a GA combines elements of existing solutions to produce improved solutions. A custom GA
for either DCD or BDCD is applied to each Zone-deck in sequence by priority to establish the
topology that yields the highest utility geometry. The GAs use two-space swap, crossover, roulette
selection, and an adaptive probability roulette for solution search operations, Nick (2008). The first
loop of the double loop structure, Fig.2, alternates between the topology chromosome manipulation
and the geometry cost function in each generation of the GA. Because a topology can produce many
geometries, multiple geometries are generated in the stochastic growth loop for each topology in the
second loop. The best geometry with the highest cost function value is returned; section 7 defines the
cost function. After the optimization of topologies, the best geometry for the best topology is the
solution.
5.

Damage Control Deck (DCD) Geometry Formulation

The Zone-deck geometry is modeled on an orthogonal grid. Each grid cell represents equal area at a
grid spacing corresponding to the frame spacing, 1 m, or other practical reference distance for the
design. The origin is at the aft port corner of the bounding box defined by the max beam and length of
the Zone-deck, Fig.4. Previous literature supports the orthogonal grid approach. After the arrangement
is generated, the geometry manipulation algorithm in ISA truncates and adjusts the orthogonal grid to
fit a curved hull form. From the hull form and bulkhead inputs, the dimensions of the available space
envelope are known. Longitudinal passages are immovable once designated.
5.1

Three-Box Approach

The independent design variables used in the arrangement algorithm are the placement of the spaces'
fore (+x), starboard (+y), aft (-x), and port (-y) side bulkheads on the grid. Each space is modeled
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using a three-box model. At first only a center (C) box is placed. Up to two additional appendage
boxes (A and B) may grow adjacent to the center box. With this three box formulation, spaces can
take on the more variable shapes, L's, T's, Z's etc., needed to grow around other spaces, stairtowers,
fixed objects, and blockages.
The sample space J shown in Fig.4 has grown an additional A appendage box enabling it to fit around
the center box of adjacent space J+1 and to satisfy its area constraint. Space J's corresponding solution
variable matrix of bulkhead locations is given in Table II. The center box's aft bulkhead and the A
appendage's forward bulkhead are at the same location (7) because they must be connected, but there
is no physical bulkhead along the overlap. The current geometry solution is always updated
graphically on the “Map”, Fig.4, and in matrix form.

Fig.4: Sample Zone-Deck and Three Box Model

Direction

Table II: Sample space J Geometry Variable
Box
C
A
B
+x
11
7
0
+y
14 10
0
-x
7
5
0
-y
6
6
0
5.2

Center Box Mapping from Topology

The center box is the first box to be placed on the grid. On the DCD Center SZD, they are spread out
in order longitudinally down the center and then expanded and attached to the port or starboard
passage to establish connectivity. Direction is chosen by area availability or as specified by the user to
satisfy adjacency or global location requirements.

5.3

Stochastic Growth Loop

Once the center boxes have been placed, the stochastic growth loop is activated, Fig.5, Nick and
Parsons (2007). Each iteration begins with three selections to determine the attempted move: space,
direction, and growth. Then the move is tested according to a series of rules. If the move is allowed,
the Map and the space's bulkhead locations in the variable matrix are updated. Looping continues
until a stopping condition is reached. The converged arrangement is then evaluated.
The cost function reveals strong solutions obtained by applying a method of reasoned randomness to
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the initial selections. Each of the three selections is made probabilistically to improve the
arrangement. For example, a small space has a higher probability to grow rather than to shrink.
However, by using a roulette selection to choose from these probabilities, the random draw may
return a move that is disadvantageous. This is necessary to prevent premature convergence or
stagnation. Even if one space is fully satisfied, it may have to move in an unfavorable way to allow
another space to attain its needs.

Fig.5: Stochastic Growth Loop

5.3.1

Probabilistic Selections

Three selections are made: space, growth, and direction. Each space within a SZD is subject to
random change in the stochastic growth loop selections. A larger difference between required area and
acquired area leads to a higher probability of a space's selection. The probability of selection is also
based on the remaining unoccupied area. Therefore, there is always a non-zero chance of selection so
that no space becomes fixed before all available space is occupied. Second, the growth value, [-3,-2,1, 1, 2, 3], is chosen based on the selected space's area needs. Negative values prompt the space to try
to shrink by one grid unit. Positive values prompt an attempt to grow larger by one unit at a time up to
as many steps as the growth value. Particularly at early iterations when the spaces are all small and
somewhat spread out, this stepping mechanism allows for quicker area filling. The three selection
functions constitute a substantial contribution to the computation time of each loop iteration. By
allowing multiple step moves without re-selecting the move, efficiency is increased. The last selection
made is to one of the four directions. This choice is based on aspect ratio. All boxes of the selected
space attempt the move except an appendage attached opposite to the selected direction and the center
box if an appendage has already grown in the selected direction. The move is the combination of the
three selections.

5.3.2

Attempt Move

The series of checks to pass or fail an attempted growth move are shown in Fig.6. A feasible positive
growth move must be within bounds and into available grid spots. Bounds are defined by passages,
watertight bulkheads, and the outer hull. No two compartments (space, passage, vertical access, or any
other blockage) may occupy the same spot at the same time. If all adjacent spots are open, then the
bulkhead is moved. Otherwise, if there are blockages anywhere along the length of the bulkhead to be
advanced, then the move fails if attempted by an appendage. Additional rules apply depending on
what the blockage is when encountered by a center box. If a center box is blocked by another space or
something immovable, then it can grow an appendage if the available width exceeds the minimum
width. Up to two appendages can grow off the center box. In Fig.6, feasible moves have green boxes
and infeasible moves are shown in a red box. After a failed growth move, remaining steps are not
taken, as they would also fail.
A successful growth move is tested to see whether the new bulkhead location has reached an extent
and should be fixed. If the space's acquired area does not exceed required area by more than 10% and
if its aspect ratio is within the acceptable range, then the moved bulkhead direction is designated
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“NoShrink” Once a box reaches an extent, it is advantageous to adhere to it. This reduces chattering
and speeds convergence.
Start
Is adjacent line
in bounds?

Fail
No

Yes
Grow Unblocked

Are all adjacent
spots open?

Yes

No

Is the active box a
center box?

No

Fail

Yes
Push blockage and
Grow Unblocked

Is the blockage a
movable ST or passage?

Yes

No

Grow Appendage

Is there an opening in the adjacent
spots wider than the minimum
Yes width, and is the current number of
appendages < 2?

No

Fail

Fig.6: Attempt Growth Move Rules Flowchart
When a negative growth value is chosen, the move first queries whether the selected direction is a
NoShrink direction. A center box is also not allowed to shrink smaller than a specified minimum
dimension. An appendage that attempts to shrink smaller than the minimum dimension in any
direction is simply deleted. If a shrink move decreases the overlap between center box and appendage
to the extent that the boxes are essentially two separate spaces, then the appendage is deleted. Shrink
rules maintain required connectivity between a space and its passage and between appendages and the
center box.

5.3.3

Appendage Repair

Additional repair functions preserve the integrity of the three-box formulation. The first two functions
look at redundancy, Fig.7. An appendage that is as wide as the center box no longer looks like a
separate appendage. In this case, it is included in the center box. In the same way, two adjoining
appendages that grew in the same direction and to the same length away from the center box are rewritten as one appendage. These two repair operations are called for every space every ten iterations.
It is also beneficial to periodically delete small appendages. Before this clean-up repair, final solutions
often had small jogs in the spaces' overall outer footprint due to appendages that were only 1 unit
long. Although appendages are deleted when they shrink past minimum dimensions on any iteration,
appendages only start growth one unit long. Every 50 iterations, appendages that are still one unit
long are deleted. The flexibility to have two appendages at once is essential while they are continually
grown and deleted in the stochastic growth loop even though the best solutions rarely contain spaces
with two appendages.

Box C

A

Box C

A

Box C

B

Fig.7: Redundant Appendage Model Repairs

5.3.4

Stopping Conditions

Looping ceases when one of two stopping conditions is reached. Either a maximum number of
iterations has been reached or there are no more open spots left. Smaller sections arranged on the
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Damage Control Deck typically exited upon filling all the available area. Below the DCD, the
maximum number of iterations is usually the active stopping mechanism. A parametric study was
performed to optimize the maximum stochastic growth loop iteration and number of geometries
generated to find the best solutions in the least time, Nick (2008).

6.

Below Damage Control Deck (BDCD) Geometry Formulation

6.1

Center Box Mapping from Topology

Location for BDCD center boxes only roughly translates to the relative port to starboard and a fore to
aft ordering as compared to the DCD topology chromosome. Rather than follow a strict definition of
topology, attachment to access is the priority when mapping center boxes to the grid. By order in the
topology chromosome, the first spaces that constitute up to half of the ZD’s spaces’ total required area
are assigned to the port passage. The remaining spaces attach to starboard. Then, the smallest space on
each passage is relegated to the outside of the passage unless it requires two connectivities to access.
This logic was added after generating many geometries and finding that the best geometries
consistently had this layout. All other spaces attach to the ends or to the inside of the passage in
longitudinal order dictated by the topology.
An attachment to the port or starboard side of a passage is in a NoShrink direction (it can neither grow
nor shrink in that direction). An end attachment at the fore or aft extent of the passage is not a
NoShrink direction to allow for the passages' variable length as the end space grows and shrinks in the
attachment direction. As the center boxes are mapped to the grid, the passages grow longer to make
room and to avoid interference between center boxes and for spaces extending across the center to
attach to both passages. The number of accessways for each space is an editable constraint primarily
determined by the space's personnel capacity, particularly in battle manning.

Fig.8: Sample BDCD Center Box Attachments
Fig.8 show the relevant portion of a BDCD Zone-deck to illustrate two alternate mappings on to the
passages extending off the port (PST) and starboard stairtower (SST) brought down from the Zd
above. The numbers 1 to 7 correspond to the space order in the chromosome and S is the smallest
space already placed to the outside. Space 2 and 7 in Fig.8 (left) required two accessways. Only space
1 requires two accessways in Fig.8 (right).

6.2

Passage length control on a BDCD

Side and end attachments can both grow and shrink the passage(s) to which they are attached. If the
space is attached to two passages, then it will attempt to adjust both passages as necessary. Only
center boxes have this control as they grow and shrink in the fore and aft directions. Passages only
orient longitudinally. Transverse passages were found not to be necessary; it is assumed that
personnel could traverse through connecting spaces or hatches. Passages should only be as long as
needed to reach all the spaces attached to it. It is preferable to assign available area to the spaces
rather than to circulation.
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Passage growth is activated by a space attempting to shrink away from the passage such that the
passage must grow to stay connected. An end space shrinking from its attachment direction will
automatically “pull” the passage, Fig.9 (left). Since the passage grows into a spot freed by the
shrinking space no additional test is necessary to allow the move. Each time a space attached on a side
shrinks from the fore or aft direction it tests to make sure that it maintains the required overlap for
access. If, for example, a shrink from the aft direction would bring the aft bulkhead to the same
location as the passage's fore bulkhead (zero overlap), then the space tries to pull the passage forward.
The grid spot just beyond the passage must be open to let the passage grow. Often, the end is capped,
and the pull fails, Fig.9 (right). If the side space cannot pull the passage to retain access, then the
space's shrink move fails.

Fig.9: Passage Growth Attempts

Fig.10: Passage Shrink Attempts

Passages shrink when a center box grows, Fig.10. This typically occurs after the adjoining space has
shrunk away (pulling the passage) and it is now growing back. Two checks are performed. First, the
passage is not allowed to shrink if it would disconnect from any other spaces. In Fig.10 (left), the top
space is allowed to grow, but it does not shrink the passage, because the bottom space would
disconnect. Second, the passage will not shrink shorter than its stairtower's extents. Any time that an
end attachment grows in the direction of the passage it has to perform these checks to allow the
space’s growth and passage push. The side attachments only check when their previous attachment
position may have been the one limiting the longer passage length and the growth might enable the
passage to be pushed back. Passages are only as long as is required to keep contact.

7.

Mathematical Problem Formulation

After a geometry has reached a stopping condition, see Section 5.3.4, it is evaluated. The cost function
definition satisfies two of the project goals. In explicitly and quantitatively defining the arrangement
constraints and hereby defining what qualifies as a “good” arrangement, design logic is recorded for
preservation and the utility of an arrangement is defendable beyond present subjectivity.
Criterion success is assessed using fuzzy utility membership functions [Section 7.1]. The measure of
interest x is found from the spaces’ bulkhead locations. X is then the argument of a fuzzy preference
function y=U(x) to calculate a corresponding fuzzy utility value between zero and one. Calculations
are performed for the following design criteria: area, aspect ratio (AR), minimum overall dimension
(MOD), minimum segment dimension (MSD), perimeter (Per) [Section 7.2], adjacency (Adj),
separation (Sep) [Section 7.3], and access (Acc) [Section 7.4].
The criteria currently included are not assumed to be an exhaustive list. These constraints illustrate
how fuzzy logic and a single objective function [Section 7.5] can successfully be used to evaluate an
arrangement, but the criteria and the way they are incorporated into the cost function are meant to be
editable and expandable. The presented algorithm already produces good arrangements, but the
determination of a “good” geometry is only with respect to how good is defined in the cost function.
The current structure is robust and generic enough to include more (or less) criteria in the future.

7.1

Fuzzy Logic

Ship arrangement is characterized by a large number of vaguely defined, conflicting and subjective
considerations, opinions, and preferences as well as a plethora of explicit requirements and
constraints. In response to the non-analytic environment in which designers made decisions Nehrling
(1985) first advocated for fuzzy logic as an ideal way to evaluate all the cost function goals and
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constraints. Criteria measures are translated to fuzzy utility values via fuzzy membership functions.
The domain of the functions are the possible parameter values for the preference in question; variables
can be rigid or flexible and either discrete, such as for the preference for a space to be located in one
certain Zone-deck on the ship, or continuous, such as for a constraint for a radar room to be within the
maximum wave-guide length of its associated antennae. Fuzzy logic is able to handle constraints of
varied scales and units. The range of the fuzzy membership functions is a continuous scale between
zero and one. Zero corresponds to unsatisfactory. One is perfectly satisfied. A utility of 0.8 might
signify “great”, while 0.6 is “good”. Utility functions are piece-wise continuous and linear. The user
edits, as desired, the control points of the linear segments. With the freedom given to the user of
editing fuzzy preference values and membership functions, the user has the capability and
responsibility to give constraints and inputs that truly reflect the design intent.

7.2

Shape Factors

The Required Area Satisfaction RAS is the ratio of the space's acquired area to its required area; the
corresponding URAS function is seen in Fig.11. A space with more area than necessary, RAS > 1, is
more comfortable. However, the extra acquired area is likely the result of another space’s shortage of
space. If a space is too small, it may no longer be able to provide the intended function.
Aspect Ratio AR is the ratio of overall dimensions, ∆x and ∆y, from all boxes. Fig.12 illustrates ∆x,
∆y, and minimum segment dimension MSD. Large deviations from an aspect ratio of 1 result in
inefficiently shaped spaces and are thusly assigned a lower utility value, UAR. In the default utility
function, spaces with an Aspect Ratio between 1/3 and 3 are considered acceptable.
Required Area Utility

1

MSD

0.8
S
A
R

0.6

U

∆y

0.4
0.2
0
0

0.5

1

1.5

2

∆x

RAS [ND]

Fig.11: Default URAS function

Fig.12: Sample shape with overall and minimum dimensions

The lesser of ∆x and ∆y is taken as the minimum overall dimension MOD. This criterion is used to
ensure adequate room for any required large machinery or equipment. UMOD is also a reflection of
aspect ratio because it is calculated in terms of required area. The default control points for UMOD and
UMSD are in Tables III and IV, respectively. To ensure that all of the acquired area is usable, the
minimum segment dimension should be larger than the minimum dimension, MD. By default, MD is
2 m to allow for access. The flexibility of the three-box approach requires these controls.
Table III: UMOD function default control points
MODi
UMOD

0
0

0.5√RAi
0.05

0.55√RAi >0.55√RAi
1
1

Table IV: UMSD function default control points
MSDi
UMSD

0
0

1.0 1.2 x MD
0.05
1.0

>1.2 x MD
1.0

Some L and T shaped spaces can satisfy all the required area, aspect ratio, and minimum dimension
criteria, but they are still not an ideal square shape. This imperfection is caught by controlling the
perimeter. A square has the shortest perimeter, 4
area , to enclose a given area using only
orthogonal grid lines. The UPER function penalizes perimeters both above and below the ideal length
for the space’s required area. The combination of all the constraints is needed to fully capture what
mathematically constitutes a functional shape.
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7.3

Adjacency and Separation

Spaces can have as many adjacency and/or separation constraints relative to other spaces or locations
as applicable. Proximity constraints are evaluated for each space in the current Zone-deck. For two
related spaces, the separation in the x (longitudinal) and y (transverse) directions is found with the two
closest points between them. This gives a conservative approximation for separation. The allocation
has already assessed separation and adjacency in the increments of Zone-decks. Therefore only
proximity constraints between spaces in the same Zone-deck or in adjacent Zone-decks are calculated.
This smaller distance scale is for fine tuning.

∆y

∆x

Fig.13: Sample proximity distance by closest points
The distance d between the spaces is calculated by either a Euclidean or Manhattan formulation using
∆x and ∆y as shown in Fig.13. Euclidean, Eq.(2), is the straight line length between the two closest
points, for example for a noise buffer from machinery to accommodations. If the travel path is of
interest, as in wave guide length limitations, the Manhattan formulation, Eq.(3), can be used. The
default piecewise linear fuzzy utility functions for adjacency and separation constraints are shown in
Fig.14 and 15, respectively.

d Euc = (∆x)2 + (∆y)2
d Man = ∆x + ∆y
1

1

)
d( 0.5
j

)
d( 0.5
p

U

U

d
A

0

(3)

e
S

0

beam

d [m]

2*ZDlength

Fig.14: Default UAdj fuzzy utility function

7.4

(2)

0

0

d [m] 2*ZDlength

Fig.15: Default USep fuzzy utility function

Access Connectivity

To qualify as an accessway, the connectivity to the passage must be wide enough for a door (approximately 1 m). The first connectivity for every space is set early in the arrangement development and
preserved. On the BDCD Zone-decks, the second connectivity is also mandated from the beginning
allowing transverse travel without a transverse passageway. However, spaces that require more than
one access connection on the DCD must be evaluated to make sure the second connection is present
and a sufficient distance apart from the first one.

Fig.16: Separation distance between two accesses on DCD
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Fig.16 shows how separation distance is calculated for three cases (left to right): a space connected to
a longitudinal and an athwartships passage, a space connected to two longitudinal passages, and a
space with access on only one longitudinal passage.

7.5

Objective Function

The goal is to find the maximum utility value U* for a given topology for the current Zone-deck.
Minimum correlation fuzzy inference is used to make the decision, Kosko (1992). The objective
function defined in Eq.(4) calculates the overall utility for the geometry from the fuzzy utility values.
For each space i, the minimum utility value from all criteria is taken into an average over all the N
spaces.

∑
U=

N
i

(

min U RASi ,U ARi ,U MODi ,U MSDi ,U Peri , all U Adji , all U Sepi , U Acci

)

N

Each run of the geometry generation routine results in a different solution due to the randomness
applied to the space, growth, and direction selection. After multiple runs, the candidate topology's best
geometry utility U* is established by exhaustive search and returned as the topology optimization cost
function value.

8.

Application on one Zone with two Zone-Decks

The topology/geometry arrangements optimization algorithm is illustrated by a proof-of-concept
example for one subdivision with a DCD Zone-deck and an associated below DCD Zone-deck.
Contents of each Sub-Zone-deck (SZD) from an assumed Allocation solution are shown in Table V
with the spaces' area and number of accessway requirements. The total desired area of the spaces
allocated to each SZD reasonably matches the available area of the SZD. Both Zone-deck footprints
are 24 m by 24 m with a 1 m grid spacing.
An additional pre-defined fixed object (perhaps representative of a trunk) is accounted for in the port
SZD geometry (shown later in black) to show that SZDs not arranged by the Stochastic Growth Loop
can also handle blockages. The area of the blockage is, however, not accounted for in subdividing the
outer SZD, because trunk size is assumed to be small compared to the spaces. Therefore, the spaces
around the blockage are may be short on area satisfaction. A further refinement to account for this
area loss is appropriate. While it is not possible to handle every intricacy of arrangement choices, the
most common complexities are included.
Two additional spaces are included to show the ability to relate to objects outside of the current Zonedeck. Space 14 was allocated to the next Zone-deck forward, and assumed to already be arranged.
Space 15 is assumed to reside in the next, un-arranged Zone-deck aft.

8.1

Damage Control Deck

The GA improved the arrangement solution by 28% from the first generation. The initial arrangement
is in Fig.17 (left) and has a utility value of 0.7093. The final solution, Fig.17 (right), has a utility value
of 0.9112. This example written in object oriented C++ ran in 192 s with a population of eight
chromosomes and five geometries generated per topology on a 1.73 GHz PC with 1 GB RAM. A
noticeable improvement can be seen in the final solution. Most obviously, there are no longer any
white open spaces. Exiting at the maximum iteration number with grid spots left unoccupied does not
directly affect the cost function value, but often, as in this case, some spaces have less than their
required area and the user may decide to manually repair the solution. As reported in Table VI, there
is a good match between acquired area and required area in the final solution. Strong, practical shapes
were generated in both solutions. The only irregularity is final Space 9’s small extension to fill in the
area next to the stairtower. Though appendages are not desirable, they are necessary to complete more
complex design problems that consider vertical and horizontal passages, stairtowers, and fixed
objects.
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(4)

Table V: Allocation Solution applied to Arrangement example problem
Space Number

Req Area [m2 ]
DCD, Subdivision 1

Access Number

Port SZD Available Area: 141 m 2 , Assigned Area: 144 m 2
1
54
1
2
48
1
3
42
1
Center SZD Available Area: 144 m2 , Assigned Area: 229 m2
4
20
1
5
48
1
6
15
1
7
30
1
8
80
2
9
36
1
2

Stbd SZD Available Area: 144 m , Assigned Area: 144 m
10
36
1
11
36
1
12
36
1
13
36
1
DCD, Subdivision 0
14
n/a
n/a
DCD, Subdivision 2
15
n/a
n/a
Below DCD, Subdivision 1

2

Below SZD Available Area: 564 m2 , Assigned Area: 565 m2
16
134
1
17
80
1
18
56
1
19
60
1
20
60
1
21
115
2
22
60
1

The final solution greatly improved the adjacency and separation goals. Fig.17 overlays arrows
depicting these goals on the solutions. For example, Space 6’s three adjacency (shown in white)
lengths were prominent in the first solution but shortened in the final. Placing 9 in the stern section
and 4 towards the bow helped satisfy the six proximity constraints on 4 including separations (in
black) to 9 and to 15 and an adjacency to space 14. Arrows extending out of the Zone-deck to the
right are representative of a relationship to space 14, and similarly arrows to the left are to space 15 in
the aft Zone-deck. The topology optimization is clearly responsive to the proximity criteria.

Fig.17: First (left) and final (right) DCD Arrangement; Adjacencies (white) and Separations (black)
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Table VI: Area Statistics for Application Problem
Space Number
1
2
3
4
5
6
7
8
9
10
11
12
13

8.2

First Area [m2 ]
51
44
42
15
49
15
22
80
25
36
36
36
36

Final [m2 ] Req [m 2]
47
54
48
48
42
42
20
20
50
48
16
15
30
30
74
80
37
36
36
36
36
36
36
36
36
36

Space Number
16
17
18
19
20
21
22

Best Area [m2 ]
118
86
57
60
56
113
53

Repaired [m2 ]
130
81
57
60
56
113
53

Req [m 2]
134
80
56
60
60
115
60

Below Damage Control Deck

The Below Damage Control Deck case proved to be a more difficult problem. Not only is the
available area handled at any one time much larger, but it also has variable blockages within the area
from the fixed stairtowers and associated passages. The example Zone-deck is also over-allocated.
The example problem is written to demonstrate how well the algorithm handles non-ideal and realistic
scenarios. Therefore, it’s important to keep passages short to fill up all of the available area with
useable spaces. The following results were produced by a population of 8 chromosomes each
generating 10 geometries with a maximum stochastic growth loop iteration limit at 7500 for each cost
function call for 25 GA generations. Same as on the DCD, 8 chromosomes were chosen to balance
population diversity and computation time. One GA generation ran in about one minute. The best
topology (18 17 21 20 16 19 22) as determined by the author has only has a cost function value at
0.8855, but its two main faults are easily fixed. The corresponding geometry is shown in Fig.18 (left).
First, there are open spots between space 18 and the port passage. Space 18’s center box is responsible
for a side attachment to the passage aft of the stairtower. Therefore, the portion of the space extending
forward is an appendage. Since an appendage cannot grow an appendage in the present algorithm,
there is no mechanism for space 18 to grow back toward starboard into the empty grid spots. These
spots must be manually allocated for space 18. To keep its almost exact area satisfaction, space 18’s
forward bulkhead can then shrink by one. This enables space 17 to grow aft and push the passage 1 m
shorter. The second fault to address is an excess of area in Space 17 and too little area in Space 16.
The bulkhead between them is simply translated 2 m towards port. Area requirements for the
solutions are given in Table 7. After the three repair steps, the resulting geometry, Fig.18 (right), has
an improved cost function of 0.9179.

A)

B)

Fig.18: BDCD original solution (U = 0.8855) (left) and repaired solution (U = 0.9179) (right)
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Final assessment is left to the designer for two reasons. First, it is impractical to algorithmically repair
the plethora of scenarios that may be produced. Second, it is not the author’s intent to remove the
designer from the arrangement process. On the contrary, it is essential to include the user’s discerning
judgment. Visual inspection and real-time expert input are powerful tools that are to be included in the
optimization of arrangements.

9.

Conclusions

The success of this work is a result of novel approaches and unique intellectual contributions. Shape
flexibility and access continuity and are key advances on previous work. Complex shapes needed in
realistic designs are possible with the three-box approach. Spaces may require connectivity to port
and/or starboard passage for single or double access. Continuity is assured for longitudinal passages
along decks and for vertical stairtowers in subdivisions. Probabilistic move selections attempted with
heuristic move rules make the stochastic growth loop robust and effective in generating converged
geometries. Available area is optimally filled. Constraint definitions capture best practices, and they
are transferable for use on similar designs. The optimization cost function provides a quantitative
criterion for the assessment of arrangements that can lead to a more objective, repeatable process.
The goal to provide the naval architect with a semi-automated tool has been satisfied. The allocation
and arrangement optimization replaces significant man hours, allowing the designer to generate and
evaluate more design alternatives in less time with readily available computing power. As design is a
highly iterative process, the designer remains in the loop by editing goals and constraints, evaluating
the solutions produced, and then by re-editing and arranging again. By defining the cost function
definition, the designer ultimately controls what quantitatively qualifies as a “better” arrangement.
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Abstract
This paper discusses the development of a simulation-based tool for the control of Engineering-toOrder processes. The key feature of this method is that it consists of a generic model of engineering
processes that can easily and fast be configured to a project specific model of the behaviour of
engineering processes. These models can be analysed by non-simulation experts by means of
commercial discrete-event simulation software. Simulation experiments on engineering can provide
insight in the quantitative behaviour of engineering processes, predict schedule risk, find bottlenecks
in processes and generate many possible engineering scenarios. This is of interest both with respect
to operational planning and to business process re-engineering.
1. Introduction and Problem Statement
1.1 The importance of control of engineering processes
Engineering is a large cost item in both a direct and indirect way. For an ‘average’ ship or other
custom product of comparable size and complexity, engineering requires ten thousands to hundred
thousands of man-hours, which makes engineering a large direct cost item. Indirect costs come from
the influence engineering has on production efficiency and purchase costs. All together this demands
a highly stable and robust process. Especially stability regarding the planning is of vital importance:
the domino-effects that may occur and the many bottlenecks present make that budget overruns in
engineering almost inevitably lead to budget overruns in production and purchase.
1.2 Scenarios in Engineering
An important part of the design and engineering process consists of customer specific adaptation of
the –more-or-less- basic product. Typically, the data re-use is high. Over 50% of the work of a
designer on a day-to-day basis consists of routine design based on past design solutions, Moore 1993).
ETO companies operating in a market-niche create specialist products within a narrow functionality
range. Innovation is of vital importance but mainly applied in the quite narrow field of expertise
representing the specific core strength of the company (or of a major sub-contractor). The impact of
the change propagation of innovative design defines to a large extent the course of the design process.
This will inevitably lead to uncertainty on necessary effort. On the other hand, much knowledge on
the process is available from former and partly comparable processes. The view taken for this
research is that engineering is not a completely unpredictable process by nature. More precisely, it is
considered to be ‘indeterministic’ instead of unpredictable, implying that many different process
scenarios are possible. These scenarios result from tasks that are deterministic as such, but for which
many iterations and instances may occur. Because of uncertainty related to particular product aspects,
there is consequently no detailed knowledge of the capacity requirements for the tasks necessary to
realise these aspects. But also realised efforts for ‘familiar’ individual tasks display large variance in
relation to the mentioned product criteria.
Differences in necessary effort per task (a more specific definition of task will follow) are likely to
stem at least partly from the task performer:
•

Engineers are typically skilled professionals with much autonomy regarding the selection of
an acceptable solution. Neither the outcome of this –creative- process, nor the necessary effort
can be logically guaranteed, Vajna (2005);
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•
•

In addition, engineers often have the liberty to work up to a self-defined output quality standard, with corresponding necessary effort;
Finally there is a natural variance in the productivity of engineers (both between engineers
with the same qualifications and in the day-to-day performance of a single engineer).

Another important reason for large variances in necessary effort per task is the occurrence of
iterations. Not only rework from conflicts or disapproval causes iterations, also refined input
information and repetition of upstream tasks and new interpretations of customer requirements may
cause iteration, Eckert (2006), Bronsart (2004). There is an inherent iterative nature to engineering
processes, as during the process new ideas, information and techniques become available that require
the modification of the design. Also design processes tend to ‘spiral’ from initial design requirements
to testing for remaining requirements, then adjusting primary requirements etc. , Yassine (2003)
1.3 Planning methods of engineering processes
Actual planning methods for engineering cannot secure the prevention of schedule risk, defined as the
product of the probability of undesirable events or scenarios to occur and their impact on the schedule,
Browning, (1999):
•

•
•

Worker capacity is based on quasi-certain assumptions on necessary effort, without scenario
evaluation. Time exceeding in single activities will immediately lead to disturbance of the
schedule. The possible effects on the critical path have not been considered from scratch;
Necessary information-exchange between different activities carried out is by no means
inventoried in sufficient detail to detect task-order, rework and iteration relations;
Status of deliverables is systematically neglected in present day planning. Not only with
respect to status as –released for production, -approved by customer, -approved by class
improvements are possible, but specifically with respect to the value of deliverables as inputinformation for downstream processes.

The problem with the application of most existing planning methods and tools, O Donovan (2004) is
that it "forces project managers to treat design and engineering processes as deterministic processes,
assuming every task will be successful, and the number of necessary iterations will be known
beforehand. This is bound to result in time and budget overruns, unnecessary rework and reductions in
the quality of the design produced”. Overall there is a lack of insight into the consequences of various
decision alternatives and their effect on costs, throughput time and quality, Muntslag (1993).
2. Modelling Engineering Processes
For increasing control of engineering processes, the set-up of a conceptual model of engineering
processes is a logical starting point. Such a model may serve as a reference frame by which problems
can be described and explained. It can also be used to evaluate the effect of proposed solutions, Veld
(2000. Additionally, when considering process re-engineering to change process behaviour, objective
measures and quantitative measures are necessary to get an indication of their potential effect. As
process behaviour expresses itself amongst others in necessary effort, and throughput times, a model
should provide insight in these throughput times and should be able to handle calculation of
throughput times based on requested and available capacity, and also queuing problems. This makes
the application of a simulation model a logical choice, Pidd (2004). Models can be useful for defining
new engineering strategies when improvements are required as they help to predict in which cases and
with what parameter values for which variables the engineering process will meet the new
requirements, Nevins (1989). Models can therefore provide insights that are non-obvious to experts,
Norden (1993). A simulation-based process model may also serve as a test facility for experimental
work.
Previous experiences with process modelling and analysis in shipbuilding engineering are limited and
have not resulted in models that may serve as a starting point for this research. Modelling and

92

simulation of one-off engineering processes has some particular difficulties that will be discussed in
the following section: First a short recapitulation of available literature on this subject is presented,
followed by some reflections about the body of knowledge required to reproduce engineering process
behaviour.
2.1 A conceptual model of engineering
As a starting point, the characteristic properties and behaviour of engineering processes should be
inventoried. Therefore the concept of ‘class’ is introduced, in the context of a definition of properties
and behaviour of relevant ‘objects’ in engineering. These objects and classes are blueprints for
describing certain general functionality, properties and associated roles in engineering.
The class descriptions follow below:
A ‘task’ is an identified piece of work that needs to be done, in which effort must be put to perform it.
In literature engineering tasks are typically described as information processing tasks, Murdoch
(2000), Nahm (2005). A ‘task’ class object (from now on called simply task) is the smallest unit of
behaviour that will be applied in the process model and this implies the ‘smallest’ transformation step
of an information object that will be distinguished.
Fig.1 shows an example of a typical task iteration cycle that is the result of a negative evaluation of
the output of a task. Disapproval in evaluation is an important source of iterations as in shipbuilding
many output documents are not only evaluated internally, but also by the selected classification
society and by the customer. Repetition of upstream tasks can also be seen in Fig.1: if activity
Evaluate Diagram leads to ‘disapproval’, rework will be necessary in the task ‘set-up diagram’. When
finished, this initiates the second occurrence of task p02. Also refined or new information from
another task (not shown) may reach task p01 and lead to a second instance of p01 (and consequently a
new instance of task p02). The term (task) instance is in this research specifically applied for
following occurrences of tasks that are initiated by the same event.

Fig.1: Example of Task iteration cycle
Characteristic output documents of (shipbuilding) engineering processes are construction plans,
specifications, arrangements, sketches, system diagrams, layout drawings, routings etc. But
documents are not the only way of information exchange between ‘work-groups’ as preliminary
information often has not taken the shape of a document yet. Draft, preliminary or informal
information may exist and be communicated informally, like a set of dimensions, or estimated
coordinates, a rough configuration or a model sketch etc. These subjects of preliminary exchange are
quite intangible units of information that can be difficult to ‘track and trace’. A matching concept of
this so-called information-object is called ‘parameter’ by Rouibah (2003): “Parameters represent the
smallest elements for basic cooperation between the customer and its suppliers” and “an activity can
start when all required input parameters are available and ends when the target parameters are stable”.
Later in this article a concept of ‘stability’ will be introduced that is slightly different from Rouibah’s.
Information Objects are typically subsets of ‘physical’ documents like drawings. Their existence
accounts for the starting of ‘successor’ activities before its predecessor has fully completed a drawing
or document. In an attempt to further abstract task behaviour, two sub-classes are defined as follows:
The Information Processing Task (IPT) transforms incoming objects into further developed objects or
creates new objects (shown in Fig.2 with information objects depicted by suitcases). This
‘processing’ adds ‘value’ to information objects, by making choices and decisions, it limits
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alternatives for design solutions and brings the design closer to meeting the requirements. In analogy
with production processes, an Information Processing Task refines the incoming raw material and this
material is combined with other ‘parts’.

Fig.2: Transformation of information in an engineering task
An example of an instantiation of an IPT is: ’set-up initial scheme main drives’. In this task,
information objects like ‘arrangement of main engine’ and ‘arrangement of gearbox’ enter. The
outgoing information objects are the same: the ‘arrangement of main engine’ and ‘arrangement of
gearbox’, but now they contain more details (as a reflection of decisions and choices made). A
following IPT can be ‘finalize scheme of main drives’: the mentioned configurations go in and
process output is the drawing ‘scheme of main drives’ that contains the mentioned information objects
together with some extra information.
The Information Evaluation Task (IET) evaluates the quality of the incoming information object and
assigns the status ‘approved’ or ‘disapproved’ to the evaluated information objects. Disapproval in
itself does not say anything about the quantity of necessary rework; it only states that one or more of
the information objects does not meet the evaluation criteria. Fig.3 shows the information evaluation
task as a process element with two different exits: approved (Fig.3 left) and disapproved (Fig.3 right).
An example of an IET instance is the ‘internal evaluation of Scheme of Main Drives’ that approves or
disapproves the outgoing ‘scheme of main drives’ document.

Fig.3: Approval (left) and disapproval (right) in evaluation task
As engineering tasks are human, creative processes, there is no guarantee that a comparable task will
consume a fixed period of time. Also the productivity of the engineer is not constant and is assumed
be related to a worker’s ‘skilfulness’, expressing how much ‘value’ a specific engineer can add in
terms of information processing.
Important for task behaviour is:
•
•

•

When an information object value is accurate enough to publish as process input;
When an information object value is estimated accurate enough to be offered for external
evaluation (for instance to the customer or a classification society) with a reasonable probability of positive evaluation;
How much repair/rework is potentially necessary when working with data that are not completely stable and this change.

Within the given description of information objects, it is difficult to give a-priori meaning to accuracy.
Therefore Clarkson defines the confidence level to express how a task has affected the usability of
information objects as input for tasks that are ‘downstream’ (later in time) in the process, Clarkson
(2000). But not only the probabilities associated with stability are of interest, the impact of (in-)
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stability is of even larger interest. This ‘impact of instability’ (or in short instability) indicates the
expected extent of rework. Productive task iterations improve both the information object accuracy
and confidence level and reduce the instability. As mentioned, the effectiveness of task iterations
measured in stability and confidence increase, is to a high extent a direct function of the worker
property ‘skilfulness’.
Information objects are processed in an IPT. This also implies re-grouping into new information
objects. These new information objects inherit the instability and confidence level values of their
constituents. It is assumed that inherited instability of ‘outgoing’ information objects is a function of
the incoming information objects. This is also the case for their confidence level.
In order to indicate the ‘weight’ of the different information objects when re-grouped into a new set,
an additional concept is introduced: the independent information element. A formal definition of the
‘independent information element’ is difficult as the information object itself has an informal, almost
fuzzy definition. A real-life equivalent is the evaluation of a drawing, e.g. by a superior. The question
is on how many independent points (i.e. information elements) this drawing (or rather the contents)
can be rejected. How many (potentially wrong) decisions are denoted by an information object?

Fig.4: Example of a job structure built from basic task elements
The introduction of the ‘job’ class provides the modeller with a unit of behaviour on a level that is
more suitable in the communication with process owners, as the identification of jobs strongly relates
to process outcome in terms of the documents to be delivered. Jobs represent the more pragmatic
approach to modelling a process, more from the organisation’s point of view. Jobs are very outputoriented (compare an engineering planning with the list of required drawings and they will have 95%
overlap). This bears the risk that work with no concrete and tangible output is easily forgotten.
Fig.4 gives an example of a job type that is ‘built’ from 2 IPT’s (A and C) and 4 IET’s (B, D, E, F).
The IET’s B and D in this example are ‘internal’ IET’s. In general, an IPT will always be followed by
an IET. Then the internal IET (D) is followed by two external IET’s (E and F), for instance for class
and customer evaluation. Typical for this job type is the ‘phasing’; first two IPT’s and then external
evaluation by class and customer. In this example only after the second internal evaluation a
document is produced that must be evaluated, but already after the first internal evaluation,
information has been produced that is available for exchange with other jobs (by less formal
communication). The arrows within the job indicate the information exchange from task to task.
The chosen composition of tasks in a job is important for the resulting process behaviour and
engineering strategies, as it gives room to vary:
•
•

The moment that info-objects are ‘published to all’ and available for other groups;
The number of evaluation tasks, which may influence the stability and confidence level increase of an object over time.

Fig.5 presents four (schematic) alternative compositions of the ‘universal’ system arrangement job.
‘I’ represent internal evaluation, ‘C’ class evaluation and ‘K’ customer evaluation tasks.
Depending on the research intentions or aimed use of the simulation model, a job library may contain
job type structures in one or more of the variants. Extra preliminary customer and class checks can be
part of a concurrent engineering strategy (variant D).
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Fig.5: Alternative compositions of jobs
Iterations and instances
An important characteristic of an information evaluation task is that it may cause rework (because of
disapproval) on the predecessor task that created the information object subject to evaluation. An
iteration is a repetition of earlier work, more specifically re-initiation of (a part of) a task. A taskinstance is (another) occurrence of a task iteration (iteration 0 may also have instances due to reprise).
Instances of task iterations start on a ‘fresh set’ of the same input information objects as defined for
the first instance of this iteration.
Reprise
Another reason for re-initiation of a processing task is the ‘arrival’ of revised, refined or new input
information, referred to as ‘reprise’. Theoretically, Reprise can happen at any time, also at the same
time as evaluation processes. In real-life it may be expected that in that case a ‘mixed’ Reprise/
Rework iteration takes place in which both the updated information objects as the class/customer
judgements are incorporated. Fig.6 shows the difference between Rework and Reprise: iteration by
rework initiates an IPT with input different than its original input, while iteration by reprise initiates
an IPT with the same information objects as in ‘iteration 0’. Rework is defined by separate rows in the
ITO table and reprise is not.

Fig.6: Different forms of task repetition
To distinguish ‘Reprise’ (for refinement or correction of earlier produced task results) from rework,
the term iteration is not applied to repetition of tasks caused by reprise. The existence of these
possible instances and iterations of tasks is, as mentioned earlier, one of the reasons that necessary
task effort cannot be estimated straightforwardly. The basic assumption for prediction of total task
effort is that iterations of the initial task and later instances need a quantity of effort that is
proportional to the effort for the initial iteration. Therefore the probability that rework occurs, together
with the ratio of invoked rework, predict the total necessary effort.
2.2 Process control
In many descriptions of engineering processes, a certain information ‘flow’ is assumed, in which flow
simply happens by a potential difference but unfortunately that is not what happens in engineering
processes. Exchange of information objects is done by human actors. While information exchange in
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itself can be performed by agents other than humans (for instance software), agreements on
information exchange can only by made by humans, Dietz (2003). The result of what Dietz calls a
‘transaction’ (a pattern of requesting, promising, stating and accepting a fact) is a commitment to
deliver -in this case- the necessary start information for a task. These commitments provide the
infrastructure for information object exchange and eventually dictate process behaviour. Only a
rational inventory of what information is to be exchanged is not sufficient to predict engineering
behaviour, irrational effects may play a role as well. This can already be deduced from the examples
of commitments that require all kinds of social interaction:
•
•
•
•

An arrangement is made that all available information objects are placed in an accessible file;
A commitment is made that information is distributed by means of drawings to all stakeholders;
An engineer calls another engineer to obtain an estimation of a parameter;
New facts are reported in a weekly meeting.

From the above the assumption is made here that consequently processes are organized as a core of
basic activities that are grouped and ordered following fixed product- and organisation-driven rules.
The product prescribes the necessary tasks. For different products this fixed ‘process core’ is extended
with product-custom tasks. The organisation defines the availability of actors and their usual
strategies for process control. This leads to the assumption that setting up a generic model that –
relatively fast- can be made project specific, must be feasible.
2.3 A review of simulation techniques for engineering
Examples of simulation of organisations are for instance given in overviews in literature. They
include evaluation of management policies, simulations for business process re-engineering, interorganisational process design and many others in combination with all kinds of simulation tools.
Examples for simulation of manufacturing environments are also numerous and often have, just like
this study, a strong focus on efficiency and throughput times, Rabe (2006), Miller (2000). Examples
of production simulation in shipbuilding by means of discrete event simulation are given by
Steinhauer (2006), Kaarsemaker (2006a,b), Bentin (2006), Nienhuis (2005). Examples of discrete
event simulation of engineering processes include dedicated tools developed for a specific simulation
of an engineering application, as well as the use of ‘standard’ simulation tools, Cho (2001), Austin
(1995), Pels (2006), Helms (2000), Clarkson (2000), Wynn (2005,2006), O’Donovan (2004).
2.4 Requirements for Simulation
Still several reasons can be identified for the development of an additional simulation method for
engineering. A useful simulation model in this context must not only be a valid translation of the
presented conceptual model of the system under study, but also allow for:
•
•
•

Raising ‘process’ awareness;
Application of results in planning;
‘Practical’/daily use and therefore facilitate simple and fast operation and configuration of
simulation models.

(Object-Oriented) discrete-event simulations can efficiently model the operations of industry
structures in a more natural way than continuous systems like system dynamics, Ninios (1995) and
are therefore preferred for this type of processes that are discrete by their very nature and for which
queuing effect in information exchange and worker capacity are vital, Pidd (2004). Describing
engineering behaviour in terms of task, information object and worker classes, implies that object
oriented modelling is preferred above procedural. An object-oriented approach effectively
demonstrates the proposition that tasks and the majority of jobs can be effectively modelled by
different instances of the same class-objects. Also, in a truly object-oriented simulation model, tasks
and workers are treated as the active ‘driver’ elements, whereas flow-oriented simulation would
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suggest ‘self-steering information object flow’. This would be in opposition with the observation that
information ‘flow’ requires responsibilities and coordination of human actors.
Current commercial discrete event simulation software provides building blocks on domain
independent level, domain specific level and user developed building bricks or blocks, that in certain
packages can be adjusted to very specific user needs, Austin (1995). Considering the fact that these
building bricks can be made equivalent with instantiations of the defined class objects for
shipbuilding, can encapsulate class behaviour and that their object instances are stored in a database,
this allows for coupling of the model environment directly with a simulation package. This is
extremely relevant for Engineering-To-Order as now the question is raised of the economy of project
specific models versus general parametric models: The cost of building project specific models may
outweigh the benefit gained through their use, although the major part of that benefit comes from
insight gained in building the model, Clarkson (2000), Whitney (1999). Therefore the ‘return-oninvestment’ for a generic task-based model that can be easily transformed into a project specific
model can be much higher. Decoupling the simulation procedures and algorithms from the process
model itself should also be remunerative as it gives the user the opportunity to reuse specific
simulation solutions separately from the model.
Based on these considerations, it was decided to develop a specific simulation model for one-off
shipbuilding engineering. In-house development with building bricks has given all necessary
flexibility with respect to implementation of the specific requirements for application in shipbuilding,
combined with the advantage of predefined simulation objects. These have been constructed in the
commercially available simulation package ‘eM-Plant’ of Technomatix, Coenen (2006). According to
Van Der Zee it is “one of the few true object-oriented simulation packages that is commercially
available”, Zee (2006), Law (2000).
3 A Simulation Model for Engineering Processes in Shipbuilding
3.1 Model configuration
A model instance represents a specific combination of a ship (with respect to process parameters and
necessary information objects and jobs) and the organisation that builds it. The developed
‘engineering model environment’ aims at application in general Engineering-to-Order shipbuilding
situations and allows creation of particular ship-organisation model instances. Also a large part of the
‘model instance’ including the task and worker object instances ‘population’ is re-usable at least
within an organisation and certain product range. Finally the available ‘lowest-level’ informationobjects are generic for shipbuilding engineering while custom information-objects are created by
aggregation of lower-level objects. It means that also for a specific ship not all information objects
need to be newly created. Model instances and available libraries with tasks, workers etc. are stored in
a database that can be used for importing model elements into the model environment.
For this research the engineering process is described in terms of a constrained number of different
job types. The model database contains a library (table) with ready-made job-elements for the most
common jobs in a shipbuilding engineering process. These can be used as a start for the setup of a
project specific model, followed by adding, deletion or modification of jobs. This job-table provides
the base for ‘filling’ of the task table. For job-instances not (yet) available in the library that are of one
of the defined standard job types, a configuration method can be specified to customise a ‘prefab jobelement’ into the necessary job instance, based on user input. Unique job configurations can be built
manually, in which case the task table must be filled manually too.
By means of a transaction, two jobs are connected and exchange information following a certain
pattern, consisting of the exchange of preliminary and definite information. The implementation of a
To distinguish Class from Customer, the used abbreviation for Customer Induced Rework is ‘KIR’ (‘K’ stems
from the Dutch word for Customer: ‘Klant’)
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job into a task pattern can be phased differently according to an organisation’s strategy. This also
affects information exchange patterns between jobs. Therefore, this implementation of information
exchange must be specified for each transaction-type. Having done this, this limited set of transaction
specifications can be used to translate the ‘high-level’ actor-transaction table into a table that specifies
relations at the task level. A transaction can be phased, for example:
-

When (in which task) send preliminary information?
When (in which task) request preliminary information?
When (in which task) send definitive information?
When (in which task) receive definitive information?

For the purpose of case studies, a model library for ETO ships has been built. Also the configuration
scripts (only very briefly illustrated above) have been realised in order to create model instances that
can be directly imported into the simulation environment in eM-Plant.
3.2 Library versus Custom models
To give an idea: within a normal product range about 90-95% of the jobs in a Process Model is
covered by standard jobs from the library. The remaining ‘custom jobs’ may re-occur, so necessary
modelling activities in the field of job-definition may be even less. Differences in necessary
transactions are accordingly within the same range. The translation scripts for creating a fully-fledged
simulation model from the user-provided information represent the actual view on communication
and transaction procedures between the actors. Of course these insights may evolve over time. In this
case only the specific references need to be changed, which normally takes only a few hours for this
configurable, parametric model. The 5% ‘unique’ activities often have a big impact on the process
course. The model setup allows for expanding the approach to other product ranges and categories, as
well as other organisational layouts. This makes the model approach robust enough for strategic
evaluations.
3.3 Realisation of the Simulation Model: calculation of effort
The necessary ‘base effort’ for a task is calculated from a given ‘nominal base effort’. This is
corrected for the skilfulness of the worker that has been assigned to the task, in order to mimic the
influence of for instance working experience. Looking closer into the initial instance of an IPT
(instance 1, iteration 0), it can be assumed that the nature of engineering tasks is such that also
combinations of identical nominal base effort and identical skilfulness will result in slightly varying
effective base efforts. The origin lies in the natural statistical variation in human performance.
However, no statistical data on the task level are available to check this assumption. Additionally, this
variance in base effort is assumed to be of minor importance compared with the influence of iterations
on task effort.
The outcome of evaluations in tasks is based on a probability for the alternatives (acceptance or
rejection). For engineering the quality is supposed to give an indication of approval probability.
Therefore, in the engineering simulation method, the confidence level of the evaluated informationobjects is used as the parameter that determines approval probability. As not only the probability of a
rework scenario, but also the volume of the rework is of crucial interest in the simulation model,
model constructs with iterations are modelled with the necessary effort for the IPT drawn from a
binomial distribution based on confidence level and instability around the nominal calculated initial
effort value. The binomial distribution is a discrete distribution of the number of succeeded
experiments in a sequence of independent experiments with a given succeeding probability. It can be
applied to model the independent evaluation of ‘design decisions’ (reflected in what has been called
‘information object elements’). The probability distribution of the binomial distribution is given by:

f (n _ I;n _ t,cfl) = (nn __ It )* cfl n _ I * (1− cfl)(n _ t−n _ I )

(1)
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with:

n_I
n_t
cfl

=
=
=

number of unstable independent information object elements
total of independent information object elements
confidence level

Minimum Rework
Average Rework
Maximum Rework

=
=
=

0
Initial Effort*cfl*n_I
Initial Effort*n_I

Using this distribution implies that it is assumed that the approval probability is equal for each
independent information object element. The number of independent information object elements
indicates on how many independent points the information object can be disapproved of. The result of
taking statistical samples for effort values from this probability distribution gives a value for
necessary rework that is based on the Instability of the information objects. The rework impact has
been taken proportional with Instability. The number of information object elements (‘t’) depends on
the size and complexity of the information object.
The total necessary effort Êtot of the IPT in terms of necessary man-hours is the sum of all efforts for
all iterations and their instances. The effort that is necessary for an iteration instance depends on the
ratio of invoked rework. Over a large number of replications the average effort will be a stochastic
function of the ‘approval likelihood’ and the invoked rework. With approval likelihood is meant the
probability that all information objects are approved, the disapproval probability represents the
likelihood of one or more information objects being disapproved. It is assumed that the ratio of
invoked rework is a function of the Instability of the evaluated Information Objects.
The Bottom Line Minimum (BLM) is the summed effort for all first instances of the 0-iterations of
jobs. The BLM scenario represents the scenario where none of the information objects that are offered
for evaluation to an IET are rejected. This constituent part of the total effort Ek for a ship ‘k’, reflects
the minimum effort that is required to complete the engineering process. Formally, it can not a-priori
be obtained, as the BLM value varies with the skilfulness of the workers that are assigned to tasks in a
process realisation.
The Internally Induced Rework (IIR) is the rework caused by internal disapproval of information
objects. IIR values represent effects of uncertainty on internal engineering behaviour: for instance the
necessity to re-interpret requirements, uncertainty concerning product knowledge, necessary time to
gather information on certain subjects, insufficient skill for (innovative) tasks and therefore taking
more time, time pressure resulting in internal distribution of immature results, having results checked
more often etc. In essence, its nature is more related to ‘variance’ than to ‘real’ rework.
The Class/Customer Induced Rework (CKIR2) is the rework in the iterations directly following
disapproval of information objects by Class or Customer.
The Reprise Effort (Rep) is the effort put into tasks that are triggered to start again by updated
information objects.
Reprise policies (re-activation of a task based on a new release of information objects previously
processed in an earlier instance of this task) should represent how organisations deal with changing
circumstances and insights during a project. Changes of the requested product functionality by the
customer must be treated differently; in that case a new model instance must be created covering new
jobs etc.
4 Validation of the Simulation Model Approach
The engineering process of a typical ETO shipyard was studied as a case for this research and
specifically for validation of the developed engineering simulation model.
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4.1 Data Collection
Gathering BLM data (the ‘base’-efforts of tasks in a job without iterations) based on historical data
available for this case study, requires the isolation of BLM from the total effort. This was not directly
possible from the available historical data, as rework is not separately registered in the hour
registration database. An indication of the rework fraction related to (CKIR+Rep) can be obtained by
investigation of the moments in time that the effort is registered. When jobs have been submitted to
rework after external evaluation, this often results in a time-gap between the hour registration records
(as these evaluations have a certain throughput time). Evaluation of these gaps does not necessarily
provide trustworthy information, as the gaps may also have been the result of constrained worker
capacity. But when an unconstrained worker capacity is assumed, the estimations of rework based on
gaps can be used.
As a starting point for BLM estimation, a so-called ‘Reduced Standard Job’(RSJ) with Probabilities in
terms of cfl is presented in Fig.7. pint, pc and pk change with each iteration of the IPT because of the
assumptions stated above.

Fig.7: RSJ with probabilities for IET
The diagram shows:
• For each IETint its 2 outcomes:
> approval and forward to IETck or
> disapproval and induction of IIR;
• For each IETck its 2 outcomes:
> approval and exit from RSJ or
> rejection and induction of CKIR.
The probabilities for an IET are presented in terms of the ‘instantaneous’ cfl in Table I.
Table I: Probabilities for IET
Disapproval in IETint,i:
pint =(1-cfl)
Approval in IETint,i:
(1-pint)=cfl
Disapproval in IETk or IETc
pck*(2-pck)=(1-cfl)2
Approval in IETk and IETc
(1-pck)2=(cfl)2
As explained, the cfli increases each time an IETint is executed, due to the skill that is added in the task
and at a certain point reaches the user-defined threshold value for confidence level. To obtain an
estimation of this cfli, the shipyard archive has been consulted for the number of drawing revisions
that can be expected in the engineering process and the number of class evaluations that have been
registered. This can be further elaborated into calculation of the total probability for each scenario and
its attribution to the average IIR and CKIR values, for the assumed cfli. These average values can be
obtained by multiplication of the IIR, respectively CKIR factor with the probability for each row in
the table and subsequently summing these products. This allows for separation of the BLM and IIRterm in the registered effort ‘before the time gap’. Additionally this also provides an estimation of
CKIR based on I and cfl values, which allows for separation of the CKIR term from the ‘external’
rework data. This estimation of IIR and CKIR requires the I and cfl values for the incoming
information objects in a job. For simplicity it has been assumed that the presented IIR and CKIR
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effort functions presented for the RSJ configuration can also be used to estimate IIR and CKIR for
other job configurations that contain additional IPT and IET’s.

Fig. 8 Relation between engineering effort and product scale
From the chosen parametric modelling approach an additional problem follows: the BLM value must
be expressed as a function of product-related parameters and organisation related parameters. The
relation between skilfulness and BLM has already been discussed. Because of a lack of data it has
been assumed that other organisational parameters do not have impact on the BLM. Another major
simplification is that product parameters that influence rework or reprise are all covered by the single
parameters I and cfl. Also for rework and reprise no organisational factors other than skilfulness are
assumed to be of influence. Taken together, this explains that historical data do not a-priori provide
good input for the model. Literature sources for other ETO-processes such as in the construction
industry, McCaffer (1984 and software engineering, Bashir (2001, O Donovan 2004, Boehm (2003
suggest a power-law relation between engineering effort and the product scale and complexity.
An example of such a relation (with fictional numbers) is presented in Fig.8. The exponent ‘b’ has
been assumed to be smaller than 1 (b<1) as a ship that is twice as large as another ship, will not
contain twice as many structural elements, twice as many components or twice as much engineering
work. The effort function also contains a constant ‘q’ to reflect that some engineering tasks are always
required and equally effort consuming, regardless of the ship. Finally, a function of this type is only
valid within a specific Product Scale category and ship-type. This category has a minimum and
maximum Product Scale value. Effort curves as presented in Fig.8 become less steep (i.e. are moved
down relative to the indicated sample graph in the figure) if there is a ‘learning’-effect, for instance
for ships that are clearly derivatives of existing ships, or from the application of so-called platform
approaches, Nieuwenhuis (2007). Regression analysis is a method to find parameters of a chosen
function that map data to prediction variables. ‘Product Scale’ was identified as a variable in an effort
function to estimate BLM. Therefore a measure of ‘Product Scale’ must be defined: assumed to be a
function of ‘V’, ‘C’ and ‘P’, it is further reduced to V (calculated by Length*Breadth*Depth) as this
gave the best results for the majority of jobs. For the future it may be necessary to reconsider this
simplification regarding the product-functionality.
Also, it has been assumed that the exponent ‘b’ is constant for all jobs. This is a simplification that is
supported by the analysis of the historical realised efforts of a selection of representative jobs in the
benchmark ships. With ‘b’ a constant and ‘PS’ represented by ‘V’, the necessary effort of a job is
expressed as:
b

BLM k, j = a j *Vk + c j
with:
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BLMk,j
Vk
aj, cj
b

=
=
=
=

(2)
Bottom Line Minimum Effort for a job ‘j’ of a ship ‘k’
Volume of the ship k
constants for the job j
a constant

for a range of ships k={ship 1, ship 2, …, ship n}
for a range of jobs j={job 1, job 2, …, job m}
Eq.(2) only applies in the particular case that all workers have the same ‘skl’ value for skilfulness. By
gathering the start I and cfl values for different ships from expert surveys, estimations of CKIR and
IIR could be made and the BLM values retrieved from historical effort data (leaving the Repetition
term out of consideration). Now, estimations for ‘a’, ‘b’ and ‘c’ can be made based on historical data.
4.2 Benchmark Simulation Results
The application of historical data in an ETO environment has a very specific pitfall: since only single
or few realisations of specific scenarios are available, it is not known whether these data reflect best-,
worse- or average case scenarios. In addition to this, the level of detail in the hour registration data
used for this case study was such that the exact sum of hours could not be retrieved, only an
estimation of its range. Therefore, as a starting point, the constants in the BLM functions obtained by
regression analysis have been chosen such that the ‘theoretical total effort’ (calculated as described
above) is in the lower region of the realised effort range. This can only be compared indicatively with
the realised effort as there is no certainty regarding the Rep-term and the specific circumstances of the
used historical data. Simulation experiments were carried out using the retrieved BLM effort function.

Fig.9a: Consistency of modelling results with real-life data

Fig.9b: Histogram of the results of
a simulation experiment

Fig.9 shows a summary of the ‘total effort’ results for 6 benchmark ships: the historical minimum and
maximum effort, the BLM and total efforts calculated by means of Eq.(2) and the results of feeding
the simulation model with the obtained start settings for V, I, cfl, skl and the constants in the Effort
function. Differences between the calculated/simulated and historical data are difficult to explain with
certainty, for reasons described above.
4.3 (Predictive) Validation
From a first predictive validation exercise that was carried out in this study, it must be concluded that
the used effort functions on job and group level are still insufficiently accurate for the tested ship (and
therefore perhaps also for the benchmark range). On ‘ship’ level they were satisfying, but on job level
large discrepancies manifested themselves. To verify whether this is also the case for other ships
within the shipyard product range, it is advisable for the future to conduct more predictive validation
experiments, before definitive conclusions are drawn on the effort functions. When necessary these
can be adjusted, but for that purpose additional data must be gathered first. Still, with this first
predictive validation experiment it has been possible to demonstrate that the ETO simulation model is
to some extent capable of predicting process behaviour according to real-life on the overall level and
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had in this case lead to better results than the ‘normal’ method for this shipyard.
5 Conclusions
This research has resulted in the description of an engineering process control mechanism and the
development of a simulation model environment. This model potentially contributes to improvements
of engineering process controllability. The ‘information-processing’ behaviour in an engineering
process can be accounted for by the behaviour of small-scale elements and their typical parameters.
Configuration of these elements in a network and submission of the network to both domino- as well
as queuing effects, allows describing the large-scale behaviour. Within the actual scope of the research, it seems unlikely that valid scenarios for real-life engineering behaviour may already be reproduced. This has several reasons: the model does not contain ‘control’ or ‘coordination’ tasks, or
tasks for guarding overall consistency of the created engineering information. Additionally, insufficient data exist for identification of model start settings and parameters. Also reduction of the conceptual model in order to implement the experimental model makes that some aspects of engineering behaviour, like for instance prioritization, are not fully captured by the model. Finally, the stochastic
nature of the used model is such that simulation results show a large variance in possible outcomes,
which will always be problematic for cases of predictive validation. Within the context of this research, the validity of the generic results has only been checked within one organisation and product
range.
Still, the model as has been implemented is capable of demonstrating several new insights into engineering processes. A general conclusion is that the investigated process behaviour is not complex as
such, but the scale of the process and the lack of overview are often problematic. Many tasks and relations have never been made explicit, the same holds true for sources of rework. The stochastic nature of the process combined with the uncertainty resulting from customer specification freedom may
obscure the generalities and recognition of also the more straightforward mechanisms in the engineering process behaviour. Also, this illustration of the potential effects of simple stochastic principles
leads to a new non-obvious insight: that in engineering processes significant variances in effort (often
interpreted as budget exceeding!) may simply occur, without anything going wrong…
The applicability of the modelling approach as developed in this research and its suggested extensions
for the future are wide: the created model environment is suitable for all processes that display the
same information processing and evaluation characteristics.
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Abstract
Distributed networks of autonomous unmanned systems are designed to increase data collection
capacity and enhance situational awareness for the decision maker. One of the driving requirements
for the design of future US Navy ships is reduced manning. There is a need to address the trade-offs
associated with the relationship between autonomous unmanned vehicles and human performance.
The human systems designer is challenged to provide tools and technologies that will meet the level of
performance essential for the task, as well as considering the impact of such systems on attention and
cognitive workload of the human decision maker. This presentation will focus on the costs/benefits of
autonomous unmanned systems, highlight the complexities of decision making and address the impact
of these technologies on decision making. This topic has implications for the design of future
platforms that will integrate autonomous unmanned systems as part of their overall distributed
network design.
1. Introduction
Advances in technology help to shape the platform design of the future as each technology provides
critical capabilities in support of the platform’s operations and sustainability. For example, embedded
intelligent agent networks and autonomous systems may be used to manage the bridge, conduct fire
fighting and damage control and provide remote maintenance. For the Navy, technologies which
support the defense and survivability of the platform are critical components of the design process. In
addition, technologies that support battlespace information management play a pivotal role in naval
platform design. However, while technological advances are an important component of the design
process, technology by itself may prove to be insufficient and incomplete solutions without
consideration for the human in the loop. Technology insertions aimed at supporting the platform may
be well placed but prove to impede operator performance via their complexity at a cost of operator
and platform performance. Therefore, designers must give consideration to total ship performance
when considering utilizing autonomous and/or unmanned systems as a means of extending the
platform’s capabilities.
One of the principal challenges for the operator/manager of distributed networked systems is the
ability to understand the uncertainty of an asset’s operational performance in dynamic and poorly
quantified environments and its impact to the decision making process and ultimately on military
mission success. Significant progress has been made in the development of technologies that serve to
modify data, reduce the clutter and present information/knowledge in an intuitive manner. However,
designers must be aware of the trade-off space between the human decision maker and automated
technologies that support their decision maker. Today’s technologies afford us the ability to collect a
vast amount of data from distributed, disparate sources and sensor nodes. Therefore, it is incumbent
upon designers to provide tools and technologies that are essential to sort through the plethora of data
in a timely manner to forge situational awareness, Endsley (1995), in the maritime domain.
The impact of ignoring these challenges is evidenced by poor performance by the human and the
system. Designers must consider human cognitive capacities and attention management as critical
components of system design to ensure optimized performance throughout the life cycle of the
platform. Thus, ship designers must evaluate the costs/benefits of inserting technologies which
provide decision support and evaluate their impact on platform and operator performance. Designers
must critically evaluate technologies for insertion during the early stages of the design process. Tradeoff analyses should be conducted to evaluate costs and benefits in terms of system and human
performance as well as to total lifecycle costs.
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2. Trade-Offs and Risks
Ship designers are presented with ever increasing challenges in system design. Current ship designs
are a composition of integrated computing environments which are used to manage the bridge,
conduct the fire fighting and damage control and maintain overall functionality of the platform.
Unmanned systems present an opportunity for the US Navy to extend platform capabilities but raise
operational concerns regarding the manning required to manage offboard unmanned systems
operating in a complex environment. It is a misnomer to evaluate unmanned systems as those which
do not require a human to operate, retrieve and maintain the platform. Each platform has a number of
risks associated with managing the network of deployed unmanned vehicles which must be
considered by the designer prior to eliminating crew members from these potential duties. It must be
remembered that deployed sensor network systems that are integrated with the autonomous unmanned
vehicles still require a human to manage and maintain their operability. These systems also increase
the complexity of the platforms sensor management systems in that they have increased the sensor
data input that needs to be managed by the operator. The number of operators is not increased in
synchrony with the number of unmanned vehicles. On the contrary, current thinking is that one
operator can manage several of these unmanned vehicles at one time. Given the risks to the overall
platform and the level of reduced manning, serious consideration needs to be given to the number and
types of autonomous unmanned systems that will be integrated or used as an extension to the
platform’s capabilities as these have consequences for the platform’s functionality and sustainability.
Safety is one of the major topics of consideration when developing designs that will include
unmanned vehicles/systems. Ship designers, since the days of the Titanic, have placed a high priority
on safety issues related to the platform’s survivability and sustainability, as well as that of the human.
Habitability issues are often combined with identifying configuration layouts that provide comfort,
safety and support for the human functioning in the environment. To that end, autonomous systems
can provide critical support for fire fighting and damage control. Modeling the platform, its
compartments, equipment and the role that autonomous systems will play is a critical component of
the overall design process. It is essential to identify nodes of opportunity for technology insertion that
will secure both operator and system performance. Usability and trade-off studies also serve as a
critical part of the design process. For example, the US Navy seeks input from Subject Matter Experts
who can provide invaluable insight into the operational benefits of inserting technologies. Modeling
the design environment provides opportunities to risk mediation during the early stages of the design
process that may prove critical to identifying potential risk areas for the platform and the human
operator.
Autonomous systems also raise questions regarding reliability and trustworthiness of data collected.
Distributed autonomous sensor networks, may provide information that may either confuse or mislead
the operator. Given the complexity of information in the operational environment, trust issues related
to data management play a critical role in decision making. Indeed, imperfect automation may
similarly result in triggering inaccurate decisions and actions when the cognitive workload is high.
Because of the lack of empirical support for single-resource theories, several researchers, Wickens
(1980,1991), have proposed workload theories suggesting that there are several different resource
pools, each limited in nature and responsible for a different kind of processing. Wickens’ multipleresource theory, Fig.1, is probably the most widely accepted of these. First, within this framework,
there is a differentiation of resources used in encoding information. Differences at this level are
defined by how information is presented and how it is perceived by the individual. This level breaks
down into two dimensions, modality and processing code. Modality refers to the physical method of
perception, either visual or auditory. Second, that information can be coded either spatially or
verbally. This creates a situation in which there are four types of perception/encoding:
•
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Visual Modality/Spatial Code – with this, you are physically looking at information that is
presented in a spatial way, such as a graph.

•

Visual Modality/Verbal Code – with this, you are physically looking at information that is
presented in a verbal way, such as reading text.

•

Auditory Modality/Spatial Code – with this, you are listening to information that is presented
in a spatial way, such as localizing sound.

•

Auditory Modality/Verbal Code - with this, you are listening to information that is presented
in a verbal way, such as listening to speech.

Fig.1: Wickens’ multiple-resource theory
When looking for instances of work overload, one must evaluate the subject's ability to meet task
performance/time requirements and task shedding. Since a human’s capacity to perform tasks is
limited, real overload manifests itself accordingly. In an overload condition, humans cannot perform
all of the assigned tasks without a decrease in performance, consequently to limit performance
degradation in the execution of critical tasks, human tend to shed lower priority tasks. In order to
identify instances of overload and to access the potential impact of such occurrences, the workload
model will generate several performance metrics.
Final metrics generated to determine how overloaded an operator include Measures of Performance
(MOP) and Measures of Effectiveness (MOE). These performance specifications are determined for
the system as a whole. For the US Navy, one example would be an operator’s ability to identify
targets. Therefore, the time from detection to classification becomes a MOP that has a specific
performance criterion attached to it. These may be the most important metrics collected in the model
when it comes to determining if an operator is overloaded.
Workload modeling provides a critical means to evaluate operator workflow and to modify system
designs that will minimize operator workload, minimize operator error and enhance decision making.
In addition, there is a need to address operator cognitive demands as part of the workload analysis
effort related to managing distributed unmanned systems. In general, future ship designers should
focus on opportunities to automate, reallocate or eliminate crew workload to improve the overall
platform effectiveness. To achieve this, manning/workload analyses provide valuable insights for
platform design and the impact of inserting automated, autonomous systems as part of the overall
system design. Along with an accurate representation of task sequences, the workload model should
explore the costs/benefits of automating certain high workload tasks, the management of unmanned
vehicles and evaluate the trade off between workload savings and automation costs. Designers should
explore the impact of adaptive interfaces with embedded intelligent agent networks to support the
decision maker.
Intelligent agent networks have begun to play a role in ship design for the Navy. Distributed and
netted systems facilitate gathering information and provide a capability for covering a wider range of
area. This capability affords the collection of vast amounts of data which require intelligent agent
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support to filter and manage relevant information. Such systems, however, present certain risks
related to functionality and reliability. The assumption made is that deployed autonomous unmanned
systems will remain intact and in constant communication with each other and the main platform.
However, there are numerous opportunities for communication to break down throughout the
deployment cycle. The challenge for designers is to build reliance and dependability into the system.
To do this, designers must develop intelligent agent architectures that will support the system, provide
alerts of malfunction or identify potential breakdown points to the control center and facilitate the
operator’s awareness of problems.
Whether this is a commercial or military command and control (C2) environment operating in a high
tempo operational environment; maritime operators function under conditions of uncertainty. The
degree of uncertainty may increase as the numbers of sensors increases in the environment and
presents significant challenges to the operator as they attempt to de-conflict situations to achieve a
level of situational understanding, Kirschenbaul (2001). The costs and risks to effective total system
performance will be high as the level of information and the level of automation failure increases. The
goal of automation is to enhance system and operator performance. It is left to the system designer to
consider risks associated with the technology insertions during the early stages of the design process.
One must consider the impact on the platform, its crew and its sustainability. Specifically, advanced
technologies, greater computing power and/or autonomous unmanned vehicles may require more
resources (i.e. manning, technical support, etc.) than available and prove difficult for individuals to
manage.
Advances in computing power have elevated the issue of multi-tasking to accomplish a series of tasks
within a limited timeframe. Cognitive constraints, i.e. attention and visual search strategies, limit the
amount of information which can be perceived and managed, Masakowski and Kaschub (2008).
Visual processing and human attention mechanisms may be stressed by an overwhelming amount of
information presented to operators during the course of their daily work. Thus, system designers must
consider the ways in which operators will use the information presented in order to effectively design
a system. Human perceptual and cognitive processing capabilities, as well as fatigue effects, must be
taken into consideration when designing future platforms, Masakowski (2008a,b),.
Although advances in the development of intelligent agent architectures, robotics technologies,
unmanned vehicles (e.g. UAVs, UUVs,) and adaptive interfaces have paved the way to a future in
which automated systems will assume roles formerly held exclusively by humans; there is a need to
evaluate the automated systems as a partner vs a replacement for the human. Automated systems that
can detect, discriminate, and evaluate information may be useful in support of the human decision
maker, Dow and Wickens (2006), Masakowski (2003). We need to evaluate this relationship and
assess how best to maximize its utility in the platform design. Future studies should address the risks
associated with integrating automated, autonomous systems as part of the platform’s capabilities.
Automation appears to most designers as the ready-made solution to the complex problem of
managing a large amount of information. However, there are cognitive costs associated with the
insertion of automation that often impede optimal human performance and decision-making, Aldrich
et al. (1989), Cook et al. (2007). Thus, it is essential to understand the end user’s goals and how your
system design can support both the end user as well as the system with which it will be integrated.
There have been several major efforts to identify technologies or tools that can be implemented in the
development of ship designs. To date, none of the programs have generated a design environment by
identifying a series of technologies or tools that would provide the essential steps to be taken in the
early design phases. Rather, it is left to the ship design community to identify best practices required
to generate an effective evaluation of the technologies intended to be integrated in the platform
design.
I contend that there is a need to identify the way ahead in system design that would afford greater
flexibility to the designer. There is currently an effort in the shipbuilding community in Europe to
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develop an integrated design system in which design tools will be integrated into an open architecture
system that can be shared within the ship design community, Frank et al. (2008). The consortium of
ship designers will maintain the integrated network and provide support. I believe that this approach
has merit in that it supports the collaborative community of ship designers. This method will support
the community of designers by establishing an integrated system design approach to assess
technology insertion during the early stages of design. This system would afford the flexibility for
designers to share information and develop more integrated systems throughout the design process.
3. Conclusion
In conclusion, advances in computing power and wireless communication systems have shaped the
way in which ships are designed. Greater emphasis is being placed on unmanned systems and the
roles these platforms will play in the future. However, we must not lose sight of the fact that the
human must remain a part of the total system design as we seek solutions to managing multiple
unmanned vehicles. We need to explore innovative solutions to reducing physical and cognitive
workload associated with these platforms of the future. To that end, this is an exciting time to be a
designer. Rapid prototyping provides a critical means to evaluate new configurations, assess workload
and provide an opportunity to explore and develop optimal solutions to these challenges.
It is critical for the designer to explore, exploit and experiment with new ideas for reducing workload
and optimizing performance of the system. I contend that human factors research plays a critical role
in the development of innovative ship designs and enables ship designers to evaluate the cost of
inserting advanced technologies, such as unmanned systems, and minimizing performance risks to the
platform design.
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Abstract
This paper focus its attention to the case of USVs used for security applications within a harbor,
devising a solution that can be real-time implemented for the obstacle avoidance problem under
emergency situations. The presented solution is based on a three layered hierarchical architecture:
the first layer computes a global path taking into account static obstacles known a priori, the second
layer modifies this path in a locally optimal way (under certain assumptions) exploiting kinematical
data of the moving obstacles, while the last layer reactively avoids obstacles for which such data is
not available.
1. Introduction
The goal in harbor surveillance is to continuously check the naval traffic to be able to reveal and
eventually intercept possible intruders that can pose a threat to sensible targets inside the protected
area. Thus, the area has to be covered with an appropriate detection system made up of different
sensors, which usually translates into properly positioning radars in order to have the maximum
coverage possible. However not always this can be achieved, for example due to some natural barrier
that blocks the radars, or even simpler, because a new obstacle has been constructed since the original
deployment, suddenly making a portion of the area uncovered.
Unmanned Surface Vehicles (USVs), equipped with proper sensors (infrared, cameras, sonar, etc.)
can be used as a flexible solution to overcome this problem: in fact, using them as patrols, one can
properly fill the gaps in the areas not covered by radars.
Another good reason that goes for using USVs for the surveillance of harbor operations is the fact that
they can enhance the capabilities of the overall system to recognize and classify the radar tracks
because they can be equipped with cameras and they can get close to the unclassified vehicles, thus
helping the remote operator to be able to determine if a previously radar track classified as
“unknown” is actually a threat or not. In the case that a threat has been actually recognized, USVs can
be used to intercept the intruder, to carry out warnings (i.e. issuing an “alt” using onboard speakers)
and, more generally, take all the necessary actions to end the threat.
It is however clear that the major problem that USVs have to face is the fact that they will operate in
manned areas, with other friendly vehicles moving around. The greatest challenge is thus that of
providing the USV with algorithms for the motion planning and control, with two major goals in
contrast with each other: if on the one hand the USV has to guarantee the safety of the harbor area,
and thus it needs to be able to intercept threats as fast as possible, on the other hand it has to do so
without harming any of the friendly vessels already operating in the harbor, avoiding them at a safety
distance.
Unfortunately, a recent survey of Caccia (2006) underlines how a reliable methodology for USVs
obstacle avoidance is still missing, as also proper and accurate obstacle detection sensors.
Of particular interest are the works of both the MIT Department of Oceanic Engineering and the
Space and Naval Warfare Systems Center in San Diego.
The former group has done extensive efforts regarding the implementation of the rules of the road,
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IMO (1972). Using four kayak SCOUT (Surface Craft for Oceanographic and Undersea Testing,
Curcio et al. (2005)), they tested a novel method of multi-objective optimization, interval
programming, Benjamin (2002), in a behavior-based control frame-work, Benjamin et al. (2006a,b),
to achieve (or get close to) a so called COLREGS-compliant system.
The latter group has focused its efforts in developing a two layered hierarchical approach to the
planning and obstacle avoidance problem, Larson et al. (2006,2007). The planner is split into two
parts, the deliberative obstacle avoidance (OA) planner, taking long range decisions about the path to
follow, and a reactive OA planner, that does close range changes to the previously defined path. The
deliberative OA planner uses information coming from a chart server and a radar server. It builds a
two-dimensional (2D) obstacle map which is essentially an occupancy grid, created by dividing the
environment into a discrete grid and assigning each cell location a value representing the probability
of being occupied or not occupied by an obstacle. The map is filled with stationary obstacles from the
chart server. They then use the A* algorithm, Hart et al. (1968), to find a solution to the problem. The
reactive OA planner uses a behavior-based common world model approach, i.e. each collision
avoidance behavior votes for action that make the vehicle turn, while the path following behavior
votes for actions that keep the vehicle on the planned path.
Regarding moving obstacles, Canny and Reif (1987), showed that motion planning for a point in a
plane with bounded velocity in the presence of moving obstacles is Non-deterministic Polynomialtime hard (NP-hard), while Aggarwal and Fujimura (1994) showed that adding a third dimension of
time and plotting the location of the moving obstacles along that three-dimensional space helps with
finding a more optimal solution; we decided to use this idea in our implementation of the collision
checking routine.
In order to take into account the moving obstacles, in Larson et al. (2006,2007) the authors find a
particular moment in time where the obstacle is of greatest threat for the motion of the USV, for
example by calculating the minimum distance between the two objects in time along their respective
path. Then they proceed to build the so called projected obstacle area (POA), which is the area the
moving obstacle could occupy at that time in the future; this area is then saved into the occupancy
grid, which means that a projection from the space (x,y,t) to the plane (x,y) was carried out, making
possible to find a solution to the original avoidance problem within seconds. There is however no
guarantee about the optimality of the solution, in fact it could even be unacceptable. This is the reason
why there is need for a second layer that implements an extremely fast reactive obstacle avoidance
system. However, the previous procedure increases the likelihood of collision avoidance making the
job of the reactive system easier. This is very similar to what is done in Rathbun et al. (2002).

Fig.1: Proposed three layered architecture
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In our work we focus our attention to the scenario of an emergency situation where a threat has been
detected by the supervision system and one USV is requested to intercept it as fast as possible. Special
emphasis has been posed on trying to devise an optimal collision avoidance algorithm. The main
contribution of the paper is thus an algorithm that calculates, under some fair assumptions made to
make the problem tractable, locally optimal modifications to the global path in order to avoid
collisions.
The structure of the proposed path planner is a three layered hierarchical architecture. The first layer
takes care of the static obstacles in the area; the second layer exploits the kinematic information
regarding the moving obstacles to locally modify, in an optimal way, the path, while the last layer
reactively takes care of very short-term collision avoidance. The first two layers, focused on planning,
can be executed onboard or on a remote control station, depending on if the necessary kinematic data
is available at vehicle level, while the last layer being purely reactive is always directly implemented
in the USVs. Obviously the goal of the first two layers is to make sure the last layer has to come into
play the least possible.
2. Layer one: Path Planning and Static Avoidance
As said in the introduction, this layer takes into account the position of the known obstacles in the
area, such as coasts, islands, docks and so on, in order to plan a path that is collision free. At this level
it is also possible to prohibit navigation inside certain zones, by simply creating a fake obstacle. In the
robotic literature this problem is well known, so the visibility graph technique has been used.

Fig.2: An example of Visibility Graph: S being the start point, G the goal point, and in bold the
planned path
The visibility graph is an algorithm that has roots in Lozano-Perez and Wesley (1979). The
assumptions that are made are that the obstacles are all polygons and that the robot is just a point in
the space. The Visibility Graph is defined as VG(N,L) where N =ˆ V ∪ {S , G} and L is the set of all
edges (ni , n j ) ; ni , n j ∈ N such that the straight line from ni to n j does not intersect any

obstacles. An example of visibility graph can be seen in Fig.2.
The planning is simply done by traversing the graph with any standard traversal algorithm, with S
being the starting vertex, and G being the final goal. By proceeding this way the solution can contain
edges of the obstacles which, when the hypothesis of point-form robot is not correct, would generate a
collision. To overcome this problem obstacles have to be “polygonalized” with respect to the robot:
given any orientation of the robot, if it is on the edge of the polygon no collision is actually happening
with the true obstacle.
Thus, in this first layer, the obstacles known a priori are transformed into polygons, following the
above mentioned rationale. The user picks points in the space that are candidate as vertexes for the
“polygonalization”, and then an automatic algorithm proceeds with determining which vertex is
connected with which, exploiting the knowledge of the area (that is, what can be navigated and what
not). The resulting graph can be seen in Fig.3.
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(a)
(b)
Fig.3: (a) dots are candidate vertexes; (b) resulting visibility graph
Such graph is then solved via the well known Dijkstra's Algorithm, Dijkstra (1959), obtaining for
each destination vertex an array whose indexes are the vertexes, and each value is the next vertex to
visit in order to optimally reach the destination. This structure minimizes the amount of memory
required to keep all the resulting paths available for use. Note that this operation, whose cost is
O(n 2 ) in the number of vertexes, is only done once at startup.
In order to find the solution of the generic problem between two points S , G ∉ N one has to proceed
in the following way: find all the vertexes that are directly connected to S and G, and then minimize
the following expression

min CS , svi + Csvi , gvk + C gvk ,G

svi , gvk

2

(1)

where Ca ,b is the cost from a to b; the set
{ sv i } ;

i = 1, 2 , K , P

(2)

are the P points directly connected to S, and the set
{ gv k } ;

i = 1, 2 , K , Q

(3)

are the Q points directly connected to G. The term C svi , gvk is the Dijkstra's algorithm output. Optimal
path is then S ∪ DijkstraPath( sv i , gv k ) ∪ G.
By using this technique the only operation that has to be done online is determining which points on
the graph are connected to S and G, which has a cost of O(n) in the Visibility Graph's number of
vertexes. Fig.4 shows an example of planned path for a vehicle using such procedure.
3. Layer two: Real Time Avoidance of Moving Obstacles
From now on the case of an USV moving towards a particular target given by a centralized control
station is considered. It is assumed that such station has at its disposal information about position and
instantaneous velocities of any radar tracks, which is used in the algorithm to implement the moving
obstacles avoidance.
To better proceed with the explanation of the algorithm, let us define the concept of bounding box,
which is a rectangle centered in the current position of the radar track that specifies the area the USV
should not enter in order to guarantee a safety distance from the moving vessel. Such box is depicted
in Fig.5.
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Fig.4: Example of path planning: waypoints are encircled, segments represent different paths

Fig.5: a bounding box
3.1. A Visibility Graph based Avoidance Algorithm
A simple implementation for an avoidance algorithm would be adding the starting position, i.e. the
actual USV position, and the target position to a Visibility Graph made considering each bounding
box as a “polygonalization” of an obstacle. The solution can be obtained using an A* search from the
starting node (USV actual position) to the goal node (the target position). An example of graph and
path planned can be seen in Fig.6. However it is easy to see that such algorithm could make the
vehicle deviate from its current trajectory even if there would be no need, since it does not take into
account any kinematic data of the tracks.

Fig.6: example of simple avoidance
3.2. Locally Optimal Avoidance Algorithm
As said in the introduction, Canny and Reif (1987), showed that motion planning for a point in a
plane with bounded velocity in the presence of moving obstacles is NP-Hard. In order to overcome
this problem some assumptions have been made. The first one that has been made is that USV moves

117

at a fixed speed, thus eliminating velocity as parameter subject to optimization. The rationale behind
this assumption is that the USV needs to reach is objective as fast as possible. However, there could
be cases where waiting (or slowing down) and letting obstacles move out of the way could prove to be
a better solution. It can be proved that, and that is the second assumption, if the USV is actually faster
than any moving obstacles and the bounding boxes do not intersect, then slowing down (thus
changing the velocity) is never a better option than moving around the obstacles.

Fig.7: example of sub-problem (4)-(5)
The last assumption is that the tracks also move at a constant speed. This assumption becomes less
reliable the farthest the tracks are from the USV, so the algorithm should consider only tracks
reasonably close to the USV, hence the locally adverb.
To better explain the algorithm, it is necessary to start with the following sub-problem: given a point
in the space moving subject to the following equations

 x1 (t ) = v1 cos(θ )t

 y1 (t ) = v1 sin(θ )t

(4)

given another point moving with fixed speed and a given heading, starting in (L,H)

 x2 (t ) = v2 cos(ψ )t + L
(5)

 y2 (t ) = v2 sin(ψ )t + H
find if there exists an angle θ such that, for a certain t = t the following equalities hold
 x1 (t ) = x2 (t )
(6)

 y1 (t ) = y2 (t )
which means that both points are in the same position for t = t . An example of this problem can be
seen in Fig.7. The solution θ can be calculated as follows

 v2

sin(ψ + k )  − k
 v1


θ = arcsin

(7)

subject to

−1 ≤
and where

v2
sin(ψ + k ) ≤ 1
v1

(8)

k =) arctan 2(− H , L)

(9)

Eq.(8) is the constraint to be satisfied in order for the solution to exist. If v1 > v2 the constraint is
always satisfied, otherwise it depends on the initial position of the points.
t can be calculated as follows

t=
or equivalently, if L is 0
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L
v1 cosθ − v2 cosψ

; L≠0

(10)

t=

H
v1 sin θ − v2 sinψ

; H ≠0

(11)

For v2 > v1 , Eq.(7) could have 2 solutions. However, some of the solutions lead to t < 0 , thus being
meaningless.
As a final remark, the position P of intercept between the two points can be easily calculated by
substituting t in Eq.(4) or equivalently Eq.(5).

(a)

(b)

(c)
(d)
Fig.8: Simulation of the algorithm: (a) initial trajectory (b) modified trajectory (c) vehicle is at the
box's vertex t = t (d) final position
Let us consider again the original avoidance problem between one USV and one moving obstacle. For
each of the obstacle’s bounding box’s vertexes it is possible to calculate the angle θ, considering the
USV as a point.
The algorithm to avoid the track can be schematized as follows
• For each vertex, compute θ between the vertex and the USV
• Calculate time and position of intercept P
•
•

G−P
v1
Compute global estimate cost f = t + h
Compute estimate time to goal h =

Using an A* search, at each iteration, the node with the lowest f is selected, bearing in mind that time
t has elapsed and thus all the positions must be updated accordingly. Moreover, some checks are
necessary to avoid loops in the search.
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The algorithm is easily extended to cope with multiple obstacles: at each iteration pop the node with
lowest f from the openset (the current explored frontier, i.e. the set of all nodes that have been created
but not yet explored in the search), check whether the goal can be reached without collision, and if so
end the search. Otherwise, for each obstacle, calculate the vertexes’ intercept positions and check if
this path is collision free with all the other obstacles. If so, add this node to the openset and proceed
back to the first step.
This procedure can then be run at each update of the radar information (typically one or two seconds),
thus building a new path based on the updated kinematical data. If all assumptions hold, the new path
will be exactly the same found at the previous run of the algorithm.
Pseudo code of the algorithm can be seen in Table I, a simulation of the algorithm is shown in Fig.8,
while Fig.9 shows an execution of the algorithm.
Table I: Pseudo code of the avoidance algorithm
list< waypoints > FindPath(start,goal)
{
openset.push(start);
while(!openset.empty())
{
node = openset.pop();
// checkCollision returns true if the path from A to B
// does not collide with any obstacles
if(checkCollision(node.position, goal) == true)
{
// found goal, exit the loop
break;
}
// cannot go to goal, calculate possible other paths
for(each obstacle)
{
// get intercept points with this obstacle
points = obstacle.calculateInterceptPoints();
for(each point in points)
{
if(checkCollision(node.position, point) == true)
{
// create a new node with the A*
// costs updated and with the new time t
newnode = createNode(point);
openset.push(newnode);
}
}
}
}
if(node.position == goal)
// we found a solution, build the path recursively
// from the leaf node to the root node
return buildPathRecursively(node);
else
// no solution was found
return null;
}
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(a)

(b)

(c)
Fig.9: Algorithm execution: (a) nodes to avoid three traces are created, some of them are removed due
to collision check; (b) the node with lowest f is selected and from that position and time new nodes to
avoid other traces are calculated; (c) node with lowest f is expanded and the goal can be reached
without collisions, thus the path has been found
3.3. Collision Checking Algorithm
The algorithm to check whether a given trajectory for the USV is collision free with a given obstacle
is explained in this subsection. Like said in the introduction, the problem is solved in a three
dimensional space, where the last coordinate is time. By exploiting this idea in fact the problem
becomes that of see if a line (USV’s path through time) intersects or not a three dimensional solid (the
track’s bounding box moving through time).
This kind of problem is very common in the Computer Graphics field, thus the ray tracing technique
has been used.
Let us consider the problem of an USV moving from a point S to G. In the three dimensional space
)
this represent a segment from S3 = ( xs , ys ,0 ) to G3 = xg , y g , t , where

(

)

) G−S
t =
v

(12)

is the time the vehicle takes to reach the goal position. To check if this segment collides with the solid
this simple procedure can be applied for each solid’s faces
•

Build the plane on which it resides

•

Calculate (if exists, else skip to the next face) the intersection point Pi = ( xi , yi , ti ) between
the plane and the segment

•

Check if this intersection point belongs to the solid’s face or not

In order to fulfill the last point, let us call Ai and Bi the position of the two face’s vertexes at time ti .
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If the following inequality is satisfied

( Pi − Ai ) ⋅ ( Pi − Bi ) > 0

(13)

then Pi does not belong to the face and there is no collision. This must hold true for all the four faces;
the procedure can then be stopped at the first inequality that is not satisfied, returning that the segment
collides with the solid. An example of ray tracing can be seen in Fig.10.

Fig.10: example of ray tracing, used in the collision checking algorithm
3.4. Avoidance Between USVs
A special remark must be done for the mutual collision avoidance between USVs. In fact, in this
special case each USV acts as moving obstacle for the other but, in contrast to what happened in the
previous section, both paths can be changed. In order to solve any possible ambiguity a priority-based
approach has been used: the higher priority USV (e.g. because it is intercepting a threat while the
other USV is just patrolling) ignores the other USV, thus it does not change its path. The lower
priority USV instead treats the other USV just like any other vessel, and applies the aforementioned
algorithm. Fig.11 shows a scenario where three USVs are on route to collision and that the higher
priority USV (USV1) does not change its path, leaving the job of avoiding collision to the others. This
kind of approach achieves both avoidance and the fact that paths done by the USVs are optimized
following their priority.

(b)
(a)
Fig.11: (a) potential collision between three USVs (b) collision handled with success
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4. Conclusions and Future Works
A three layered architecture for path planning and obstacle avoidance for Unmanned Surface Vehicles
has been presented in this paper. The first layer takes into account static obstacles and plans a
trajectory towards the destination accordingly. To this aim the well known Visibility Graph and
Dijsktra algorithms have been used. The second layer is aimed to deal with moving obstacles; a
solution that, under some assumptions, locally optimizes the path has been proposed. The idea is to
calculate optimal angles to avoid the bounding boxes of the obstacles, obtaining the global solution by
exploring a graph using an A* search. The last layer, always implemented on board of each USV, has
not been discussed here, but its aim is to implement reactive techniques, in order to act as a safety
fallback if any of the other layers fail.
Future works will be aimed to increase the robustness of the approach, to relax some of the
assumptions, in particular regarding to the non-intersection between the bounding boxes and the USV
fixed speed, and to implement the COLREGS-compliant subsystem.
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Abstract
This paper discusses the requirements, design, construction and preliminary trials of the ALuminum
Autonomous Navigator for Intelligent Sampling (ALANIS), an Unmanned Surface Vehicle (USV)
developed by the Autonomous robotic systems and control group of CNR-ISSIA Genova basically for
coastal monitoring. In the context of increasing development of prototype USVs for research, military
and civilian applications in the last fifteen years, the Scientific and Technological Park of Regione
Liguria s.c.p.a. funded a feasibility study of an unmanned multipurpose vessel for water and sea floor
monitoring with the goal of providing, through the development of a prototype vehicle, an overview of
the USV emerging technology, its perspectives and open issues, to a pool of small medium enterprises
(SMEs) led by San Giorgio SEIN, a company involved in design and manufacturing of naval sensors,
instruments and automation systems. After a public tender, the project, started in March 2007, was
carried out by a group of companies lead by a public research institute, CNR-ISSIA Genova, on the
basis of its previous experience in the development and exploitation of unmanned marine vehicles,
both ROVs (Remotely Operated Vehicles) and USVs. As far as the companies are concerned, Cantieri
Mancini snc has been in charge of the design and construction of the prototype vessel, Green Project
srl developed the onboard system for automatic steering and throttle, and Gem Elettronica srl
supplied the navigation and communication package. As a consequence of constraints given by the
lack of rules for operations at sea of unmanned vehicles, the result was a dual-use surface vehicle, i.e.
both manned and unmanned, named ALANIS (ALuminum Autonomous Navigator for Intelligent
Sampling).
1. Introduction
In the last decade, the interest on the study and design of Unmanned Surface Vehicles (USVs) has
dramatically increased, leading to the development of a large number of marine robotic systems for
surface applications, both civilian and military. In particular, civilian applications regard the use of
such robotic systems for environmental observation and sampling, bathymetric measurements, port
and coastal areas inspection and protection; military applications are focused on the development of
automatic mine-sweeping systems, combat support boats, autonomous attack vehicles.
Moreover, from an academic and research point of view, USVs demonstrate to be very effective testbeds for the design and development of different techniques and technologies such as shallow water
acoustic communications, mission control, autonomous navigation guidance and control, coordination
and cooperation of multi-vehicle systems.
In this context, the Scientific and Technological Park of Regione Liguria s.c.p.a. funded a feasibility
study of an unmanned multipurpose vessel for water and sea floor monitoring with the goal of
providing, through the development of a prototype vehicle, an overview of the USV emerging
technology, its perspectives and open issues, to a pool of small medium enterprises (SMEs) led by
San Giorgio SEIN.
After a public tender, the project, started in March 2007, was carried out by a group of companies lead
by a public research institute, CNR-ISSIA Genova, on the basis of its previous experience in the
development and exploitation of unmanned marine vehicles, both ROVs, Caccia et al. (2000), and
USVs, Caccia et al. (2007). As far as the companies are concerned, Cantieri Mancini snc has been in
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charge of the design and construction of the prototype vessel, Green Project srl developed the onboard
system for automatic steering and throttle, and Gem Elettronica srl supplied the navigation and
communication package. The result was a dual-use surface vehicle, i.e. both manned and unmanned
(the reasons of this choice will be discussed in the following), named ALANIS (ALuminum
Autonomous Navigator for Intelligent Sampling).
A brief description of the state of the art of USVs technologies is reported in Section 2, the system
requirements and the innovative aspects of the proposed work are presented in Section 3. The electromechanical design of the vessel is discussed in Section 4, while Section 5 deals with the computing
and control architecture of the system. Experimental results of the basic navigation, guidance and
control system are presented in Section 6, conclusions and future works are pointed out in Section 7.
2. State of the art
A program for the development of autonomous surface vehicles has been carried out at MIT Sea
Grant College Program in the period 1993-2000. The object of the program was the development of a
light-weight vehicle to be used both as a educational tool, high-precision environmental sampling
platform, and as navigation and communication link support for Autonomous Underwater Vehicles
(AUVs). The first platform developed was ARTEMIS, Manley (1997), a 1.37 m small scale trawler
originally used for basin models tests; equipped with an electric motor and a servo-actuated rudder.
The vehicle, even if with too small dimensions for coastal zones and open sea applications,
demonstrated the feasibility of an automatic heading control (autopilot) and DGPS (Differential
Global Positioning System) way-point navigation, as also the possibility of automatically operate
collecting hydrographical data. In particular, the installation of a radio-modem allowed the control
and supervision by human operator. To the aim of increasing vehicle dimensions, duration time and
navigation performances, a kayak-shaped platform was then considered, converting a 3 m hull in an
autonomous vehicle and testing it in the Charles River, between Boston and Cambridge. Such
prototype was quite robust also for severe sea conditions, but not stable enough with reference to the
roll motion, for bathymetric data collection, Manley et al. (2000). For the ACES (Autonomous
Coastal Exploration System) vehicle, developed in 1996-1997, Manley (1997), a catamaran-like shape
was considered, in order to increase the roll stability, payload capability and hull buoyancy
redundancy. Such vehicle, constituted by two commercial hulls linked together by a steel mechanical
structure with a fast-release system to simplify the transport, was equipped with a 3.3 HP combustion
engine for the propulsion, batteries for computers and navigation and control systems energy supply,
and a generator for batteries recharge, engine handstroke and rudder are actuated through step-motors.
Performances obtained during experimental tests with radio-controlled vehicle were satisfactory,
despite the fact of pitching-behavior at high speed and the lack of rudder feedback sensor.
Nevertheless the development of a start-up and reduction system for the engine was considered too
complex for autonomous operations, Manley et al. (2000). A modified version of the catamaran,
characterized by a fiber-glass modular structure and batteries housed in the hulls, was developed in
1999, Manley et al. (2000). Main improvements were carried out to electric and propulsion systems,
using an electric motor for propulsion and high load gel batteries. Further modifications regarded the
installation of a second propulsion motor and the integration of a controller able to drive motors also
for inverse propulsion; propulsion control was dramatically simplified thanks to the introduction of
the electric motors. On the other side, the attempt of introducing an optical encoder for the rudder
control, based on its position system was abandoned and replaced with differential propulsion
revolution rate steering system. The new stabilized platform was renamed Autocat and integrated,
from the point of view of the interface towards human operator, with the mission planning and
software architecture of MIT Odyssey class AUVs.
Following this trend, in 2004 four surface vehicles named SCOUT (Surface Craft for Oceanographic
and Undersea Testing) have been built by the MIT Department of Oceanic Engineering for the
development of robust control software for cooperative vehicles, Curcio et al. (2005). Such vehicles
are polyethylene kayak-shaped boats, equipped with SBC (Single Board Computer), lead batteries,
Wi-Fi and radio-modem based communication systems. Propulsion is provided by an electric motor,
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whose revolution rate is regulated by an electronic controller; steering system is based on a servomotor which turns motor axis. PID (Proportional Integral Derivative) compensators, based on
compass and GPS measurements, are integrated within the software architecture MOOS, Newman
(2002), based on the Linux operative system. Many applications are focused on the implementation of
basic systems for autonomous navigation according with navigation rules (Coast Guard Collision
Regulation - COLREGS), Benjamin et al. (2004), and the use of USVs for the development and test
of distributed acoustic navigation, Curcio et al. (2005).
From 1998 to 2000, German Federal Ministry for Education, Research and Technology sponsored the
MESSIN project for the development and test of the autonomous prototype vehicle Measuring
Dolphin, for high precision positioning, navigation and transportation of measurement
instrumentation in shallow waters, Majohr et al. (2000) and Majohr et al. (2006). A catamaran-shaped
vehicle was designed to optimize load capability and to minimize the motion during slight sea
operations. Hulls, built in fiber-glass, were designed following the SWATH (Small Waterplane Area
Twin Hull) principle. Propulsion and steering are provided by a rudder and counter-rotating propellers
on each hull, while an electric power supply based on lead batteries combined with a combustion
engine, for energy generation, has been developed. Compass and DGPS navigation, and heading
control based on H2 techniques allowed the application of MESSIN for sea currents and sea bottom
profiles measurements.
In the period 1997-2000, European Union funded ASIMOV (Advanced System Integration for
Managing the coordinated operation of robotic Ocean Vehicles) project, for the development of an
USV acting as a direct acoustic communication relay with an AUV, Pascoal et al. (2000). To this
aim, Instituto Superior Tecnico (IST) of Lisbon designed Delfim, a 3.5 catamaran characterized by a
wing-shaped central structure, able to carry acoustic devices, and equipped with two motor-actuated
propellers, Pascoal et al. (2006). Navigation, guidance, control and mission evolution are managed by
a resident system on the vehicle itself, using data from a trim reference unit, Doppler velocimeter and
DGPS. Moreover, the vehicle was used to collect environmental data and bathymetric maps.
Other than Delfim, IST of Lisbon is developing Caravela, DSORlab, a long range autonomous craft
for mission and vehicle control, and radar-based collision avoidance techniques, proving technologies
employment for the marine scientific community. Power supply is provided by two diesel generators,
which charge a set of batteries; propulsion is provided by two propellers installed on the vehicle stern.
Following the trend of MUMS (Multi-Use Microlayer Sampler), a radio-controlled catamaran for the
sea-surface microlayer sampling, developed in the context of the National Program of Researches in
Antarctica (PNRA, Italy), in 2002-2004 CNR-ISSIA developed Charlie, an autonomous catamaran,
firstly designed as a framework for sensors and sampling devices for the study of air-water interaction
in Antarctica, Caccia et al. (2005). To minimize the possibility of polluting the collected samples, the
hulls of the vehicle were built in fiber-glass and painted with epoxy resin. Original steering system,
based on differential revolution rates of the two stern propellers, was substituted with a more efficient
rudder system in 2005; the vehicle is still used to test mission control techniques and navigation,
guidance and control algorithms, and for the evaluation of a possible use in the context of coastal and
port protection in presence of marine traffic.
At Plymouth University (UK) a double hull 3 m long and 1.5 m wide vehicle is being developed,
PlymouthWebSite; such vehicle, named Springer, will be used to trace pollutant agents in the waters.
After the experience of the fast development and use of SWIMS (Shallow Water Influence Minesweeping System) developed by QinetiQ Ltd for MCM (Mine Counter-Measure) operations in Iraq in
2003, the use of USVs from mother ship during military operations is actually a reality. In particular,
SWIMS mainly consists in the development of a conversion kit in order to transform preexisting
combat boats (CSB: Combat Support Boats) into remote controlled vehicles, Cornfield et al. (2006). It
has to be highlighted that military applications are mainly focused on the combination of interactions
between human and machine, rather than the development of a fully autonomous system, this with the
aim of maximizing system performances to a wide range of operative conditions. The increasing
application by the marine armies, of Rigid Inflatable Boat (RIB), makes these vehicles become a
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feasible choice for military projects, as in the case of the SPARTAN USV program for the
development of a main platform with a set of modular mission payloads.
Another interesting prototype is the test vehicle, developed by the SSC San Diego, based on the
Bombardier SeaDoo Challenger 2000, with propulsion provided by an injection V6 OptiMax 250 Hp
Mercury engine, Ebken et al. (2005). Desired navigation way-points are set through a graphical
control unit; when the navigation path as been set, it is downloaded to the vehicle, which will execute
the mission on the basis of the commands received by the human operator.
Regarding attack aspects for this kind of vehicle, the Israeli platform Protector USV is equipped with
electro-optic sensors, radar, GPS, Inertial Navigation Unit (INU) and a stabilized 12.7 mm machine
gun.
3. System requirements
The project call required the development of an USV able to operate in open sea, with the capabilities
of deploying and recovering scientific instruments in order to sample and monitor sea surface and
water column. In particular, in order to satisfy weight and robustness requirements, an aluminum hull,
divided in different compartments was explicitly requested. Indeed, although about doubling the cost
of the hull with respect to fiberglass, the use of aluminum allows reduced weight, especially when the
size of the vessel increases, high robustness with respect to collisions, long duration reducing the need
of maintenance (with respect to rubber boats), and, in any case, relatively easy maintainability.
On the basis of the legal issues related to the lack of rules for the operation of unmanned vehicles at
sea, a dual vehicle with the possibility of having a two people crew on-board for safety reasons was
required. This introduced the need of designing, developing and evaluating an on-board system for the
vessel steer and throttle, able to be managed by both automatic control system and human operator,
thus satisfying the industrial interest for the development of manual/automation conversion kits for
commercial vessels.
As far as the application task of water and seabed monitoring in coastal areas is concerned, the
capability of automatic deployment and recovery of scientific instrumentation such as multiparametric gauges or small cameras was required, provided that the remote supervision of operations
is maintained. In addition, the resulting vessel and data acquisition and control system has to be open
to the integration of additional sensors and samplers, e.g. acoustic altimeters.
Additional requirements concerned the operational logistics: in particular, the craft was required to be
easy to transport, e.g. transportable on a trolley or that can be dismountable in relatively small
components, and easy to stock, i.e. taking up no more than the equivalent of a car parking.
4. Electro-mechanical design
4.1 Hull
The vessel, based on the commercial boat ‘Mancini Multiprofessional 450’, has the shape of a
conventional rubber boat, but completely built in aluminum with a number of separate watertight
compartments. In the bow, the hull presents a vertical hole, of a diameter of 20 cm, for deploying and
recovering scientific instrumentation, thanks to a motor-actuated winch that can be mounted on the
floor of the boat. A couple of traverse rods have been welded on the floor to mount the pilot console,
the battery box, the winch and any generic device for future needs. The bow hole can be closed with a
plug which, when inserted, smoothly continues the hull profile. The fuel tank, in aluminum too, has a
capacity of 65 l, and is located embedded in the hull below the floor. Fig.1 shows the rough hull
layout and final release of the boat.
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Fig.1: Rough layout (left) and final release (right) of the boat
4.2 Propulsion and steering systems
The vessel propulsion is provided by a four-stroke combustion engine 40 Hp Honda outboard motor,
Fig.2, which can thrust the vehicle up to 25 knots. Throttling up, the vessel rapidly changes its motion
trim: from a horizontal trim, while navigating at low speed, to a 20-30° pitched-trim near maximum
speed. The piloting wheel acts directly on the axis of the engine, changing its direction and,
consequently, the direction of the thrust force. It has to be highlighted the difficulty of driving the
vessel manually; the boat tends to oscillate, especially at low speed, due to the sliding on the water
surface. This motion behavior requires a sort of ‘bang-bang’ driving of the thrust and steering,
involving difficulties while performing precise manoeuvres, e.g. maintaining a straight course,
navigating in narrow spaces, docking.

Fig.2: Outboard engine

Fig.3: Sensor test box (left) and console-mounted compass and GPS (right)
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4.3 Navigation sensors
The vehicle is equipped with a Garmin GPS 152 with 12 parallel channels, a LCS solid state
electronic compass and a dual-axis Applied Geomechanics IRIS MD900-TW Wide-Angle clinometer
for position, heading, and pitch and roll measurements respectively. A GEM Supernet radar system
will be integrated in the system for preliminary performance evaluation. Fig.3 shows the test-box with
compass, GPS and clinometers, as well as the compass and GPS mounted on the boat piloting
console.
4.4 Piloting automation
In order to allow a dual, i.e. manned and unmanned, use of the vessel, a manually (dis)connectible
electro-mechanical system for servo-actuating the vessel steering and throttle has been designed and
developed. Two JVL Industri Elektronik A/S Integrated Servo Motors MAC141, with a power of 134
W at 1350rpm @ 24Vdc, controls a couple of reduction gears connected to the axis of the steer and
throttle respectively. The problem of signaling the reaching of safety limits, as well as of fixing an
absolute known position during initialization, has been solved by introducing a couple of Honeywell
micro switch mod. GLDB 01A2A at 2 ways for each sub-system. The throttle and steering automation
mechanisms can be rapidly (dis)engaged through a main switch, for electrical (dis)connection, and
acting on a couple of knobs, for the mechanical (dis)connection, which (dis)engage the automation
gearboxes (un)screwing the respective threaded bar. Fig.4 presents the steering wheel, throttle
handstroke, and automation system mechanism.

Fig.4: Wheel and throttle handstroke (left) and automation mechanism (right)
4.5 Automatic instrumentation deployment & recovery system
The automatic deployment and recovery system for scientific instrumentation is based on a winch
actuated by a JVL Industri Elektronik A/S Integrated Servo Motor MAC141 piloted by the vehicle
control system. The cable, which is 200 m long, contains 5 wires for power, 2 twisted couples for
data, and 1 twisted couple for video transmission in order to be able to support different payloads. The
user device is deployed through a 20 cm diameter hole positioned on the vessel bow. A Honeywell
micro switch mod. GLDB 01A2A is used to signal the complete recovery of the scientific device. The
amount of displaced cable is calculated on the basis of the signals computation generated by two
magnetic switches positioned on a pulley. Winch and bow hole are shown in Fig.5.
4.6 Power supply system
The outboard engine is powered by fuel. A set of four lead batteries supplies the control system
electronics and sensors. Compass and GPS, available also in manned mode, are directly connected to
the outboard motor 12 V battery, which is recharged by the engine internal electric generator. Instead,
the four control system batteries have to be recharged by an external power supply.

130

Fig.5: Winch and hole

Fig.6: Electronics box

4.7 Communication system
Communications with the remote operator station are guaranteed by a wireless link. A low bandwidth
radio modem is mounted as additional safety longer range communication link during unmanned
trials.
5. Computing and control architecture
The ALANIS USV is equipped with a Diamond Systems Hercules 2 Single Board Computer
(Pentium III at 800 MHz) and a PC/104 Module Emerald EMM-8P-XT with 8 serial ports for
additional I/O. Another PC-104 board is dedicated to on-board telemetry logging. All the electronics
is mounted inside a 19 inches aluminum box with anti-vibration frame IP65 INCAS, Fig.6.
The software architecture is the modular control system developed by CNR-ISSIA and already used
on the Charlie USV. This architecture, developed in C++ and based on standard GNU/Linux operative
system, is composed by a set of modules in charge of different tasks, and thanks to the
communications provided by a set of common queues, the execution of such modules is independent
from the point of view of sample times and synchronization of each module with respect to the others,
for further details reader can refer to Bibuli et al. (2008). A brief description of the control
architecture is reported in Fig.7, where the bottom-up structure of the control system is presented. At
the lowest level, the ‘Driver’ modules define the interface between physical devices and software
system; in particular, ‘Drivers’ write computed control signals to actuation devices, and feed higher
architecture levels with measurements read from the sensors. The set of Driver modules directly
communicates with the ‘Execution Level’ module, which is in charge of the execution of the
estimation and navigation, guidance and control (NGC) tasks, acquiring sensor measurements from
drivers and generating actuation commands. Different NGC and estimation tasks activations are
managed by the called ‘Execution Controller’; from the remote control interface, user can select
desired to be executed and ‘Execution Controller’ provides the automatic activation of required tasks
reconfiguring the ‘Execution Level’ detecting and solving conflicts between tasks. The ‘NGC
Monitor’ is responsible of the generation of events related to the semantics of the task execution, in
particular, such module signals specifics conditions related to the evolution of continuous time
variables. The ‘NGC Monitor’, with the ‘Execution Controller’, define the interface layer between
continuous time driven software modules and event driven components. The architecture is completed
with the integration of a module able to re-plan on-line the vehicle motion; the Path Planner is in
charge of computing and handling a collision-free path to a desired location with additional
constraints on way-points, local tangent and curvature, etc. Finally, the overall control system
architecture is managed and supervised by the Mission Controller module; this has not to be
considered like a raw mission plan executor, but more like a coordinator between predefined
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automatic operations and unpredictable user interventions, which can take place whenever during
mission execution. For this reason, user presence is considered “in the loop” as an intelligent subsystem that interacts with the mission evolution.

Fig.7: Control architecture functional blocks
6. Experimental results
Since Spring 2008, basic navigation, guidance and control tests of the ALANIS USV have been
carried out at Genova Prà Harbor, a restricted water channel devoted to rowing races; for safety
reasons, the pilot GUI (Graphical User Interface) has been mounted onboard the vehicle and directly
connected to the onboard LAN, instead of remotely piloting the vehicle from a wireless connected
ground station. Experimental trials were focused on the test of computer controlled auto-heading (i.e.
autopilot), Line of Sight (LoS) guidance, and preliminary manoeuvres for the vehicle dynamics
identification. During the first raw tests the vehicle executed some basic manoeuvres in order to
roughly characterize its dynamics performance and control system safety parameters. For instance,
during the manoeuvre shown in Fig.8, after an initial phase in which the human operator drove the
vessel in a suitable position, the vehicle performed a circle and then some self-oscillations induced by
a relay-type heading controller.
Basic auto-heading trials have been performed applying a simple PD controller. In order to reduce the
mechanical stress of the steering servomechanism, a Bessel filter has been introduced between the
controller-computed and applied reference steering angle. PD controller provides reasonable
performances, but does not zero static errors induced by external disturbances, however obtaining
good results in the control performances as it can be noticed in Fig.9. Reference and actual heading
are plotted in Fig.9-a, the tracking performance is good, even if affected by a noticeable delay in the
response, due to the filtering of the control signal; on the other hand, a smoother behavior during
navigation involves a minor mechanical stress and, consequently, a reduced energy consumption. In
Fig.9-b the engine axis direction during time is reported.
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(a) - Performed path

(c) - Heading and motor angle

(b) - Engine commands

(d) - Yaw rate

Fig.8: recordings during maneuver

(a) - Reference and performed heading

(b) - Engine angle

Fig.9: Autoheading trials using PD controller
Preliminary test for checking Line of Sight (LoS) capabilities of the vehicle have been performed. The
implemented LoS algorithm linearly reduced the throttle to zero when approaching the target at a
range lower than 10 meters. In Fig.10-a, the path performed while approaching to a desired location is
shown; the non-rectilinear motion of the vessel is due to sea currents and wind that often affect the
test site. Fig.10-b reports the reducing distance from the reference position to be reached, the heading
profile during navigation, and the throttle percentage.
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(a) - LoS path

(b) - Distance, heading and throttle
Fig.10: Line of sight capabilities

7. Conclusions
The development of the ALANIS USV has proven the feasibility of an unmanned multipurpose vessel
able to perform navigation and sampling operations. The design of the vessel has involved different
technical partners, leading to the development of a high technological vehicle, unique with its features
especially regarding the hull characteristics, steering wheel and throttle handstroke driving
automation, also combined with the capability of rapidly switching from a manual piloting to
automatic navigation. Presented experimental results demonstrate the good quality performances of
the guidance and control algorithms applied.
Future works are focused on a precise identification of the dynamic mathematical model of the
vehicle, in order to consequently develop a set of advanced control algorithms to improve guidance
and navigation capabilities. Another topic is the improvement of autonomous navigation and sampling
capabilities applying the highest levels of the software architecture, i.e. path planning and mission
control layers, in order to perform automatic waters monitoring and bathymetric measurements
missions. Moreover a multivehicle framework for robot coordination and cooperation is under
development: the preliminary goal is to have the ALANIS USV, acting as ‘Master’ (‘Leader’) vehicle
and sending through radio-modem connection basic navigation information (position, heading, actual
speed), followed by the Charlie USV (called ‘Slave’ or ‘Follower’) which, receiving such
information, online constructs the path to follow the ‘Master’ vehicle.
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Abstract
This paper describes the plan of work, the methodologies and the first steps of the EU project Co3AUV (Cognitive Cooperative Control of AUVs). Started in February 2008, Co3-AUV is led by Jacobs
University, Bremen, being IST-Lisbon, ISME (the Italian Interuniversity Research Ctr. on Integrated
Systems for the Marine Environment) and GraalTech the other partners. The aim of the Co3-AUVs
project is to develop, implement and test advanced cognitive systems for coordination and
cooperative control of multiple AUVs. Several aspects will be investigated including 3D perception
and mapping, cooperative situation awareness, deliberation and navigation as well as behavioural
control strictly linked with the underwater communication challenges. As a result, the team of AUVs
will cooperate in challenging scenarios in the execution of missions where all data are processed
online. In doing so, the team will be robust with respect to failures and environmental changes. These
key features will be tested in a harbour scenario where additional difficulties with respect to open sea
applications arise and in a human diver assistance scenario that also illustrates human robot
interaction issues.
1. Introduction
Autonomous Underwater Vehicles (AUVs) represent one of the most challenging frontiers for robotics research. AUVs work in an unstructured environment, and face unique perceptive, decision, control and communications difficulties. Currently, the use of single AUVs is limited to open-sea preplanned trajectories with offline post-processing of the data gathered during the mission. State of the
art AUVs are, as their name suggests, autonomous, i.e., they operate in a largely unsupervised way.
But it can be argued that among all robotics fields, underwater robotics is currently the farthest from
generating cognitive systems, i.e., devices that are not only able to act on their own but which also
possess significant capabilities to adapt to unforeseen circumstances and requirements. There are several reasons for this. First of all, the underwater domain is a very challenging environment, where
even human access is still very limited. Artificial systems can not rely on commonly found structures
of ”humanized” surroundings that land robots usually operate in. Second, the problem of human access makes also the risks and costs of system loss much higher for AUVs than for land robots. Third,
available underwater sensors provide rather coarse and noise-ridden data in comparison to their land
robotics counterparts. Furthermore, underwater range sensors have a much slower data acquisition
rate than their land robotics counterparts as they are predominantly sonar based; sound based time of
flight measurements are obviously much slower than laser based ones. The whole cognitive chain
from sensing over perception, modelling, planning to action has hence to be grounded under much
more difficult conditions. This is actually the most crucial constraint from the cognitive systems
viewpoint. Multi robot systems may help solving this problem as they allow a cooperative sensor coverage of the environment leading through mutual exchange of sensor data to better perception and
modelling, which then forms the basis for better motion planning and navigation as well as overall
mission execution. As simple as this strategy sounds, there are of course many significant challenges
involved in turning it into reality: multiple AUVs are still in a very early stage of research and development.
In recognition of the above problems, the Co3-AUVs project has been recently funded within the 7th
Framework Programme for Research and Development of the European Union. Co3-AUVs stands for
Cognitive Cooperative Control for Autonomous Underwater Vehicles. The ultimate goal of the project
is to develop, implement and test advanced artificial cognitive systems for coordination and coopera-
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tive control of multiple AUVs. The project team is composed by four partners: the coordinator, Jacobs
University Bremen; two Research University partners, the Instituto Superior Tecnico of Lisbon, Portugal, and the Italian Interuniversity Res. Ctr. on Integrated Systems for the Marine Environment,
with administration at the University of Genova but including personnel and facilities from the Universities of Cassino, Pisa, Lecce, Verona and Ancona; the small Italian firm GraalTech, who specializes in high-tech mechatronics, including low cost underwater vehicles.
The project has started in February 2009 and it is foreseen for duration of three years; as such, it is at
the moment of writing in a very preliminary stage, and this contribution is focused on what is going to
be done in the project more than on what has already been achieved. Several topics from the field of
cognitive robotics need to be investigated in the marine context: the situation awareness, deliberation
and navigation, the behavioural control, strictly linked with the communications issues. As a result,
the project will make available methodologies and technologies to allow a team of AUVs to exhibit
and exploit cooperative and communication skills while being robust with respect to failures and environmental changes. The main focus of this paper is to provide a discussion of the identified strategic
scientific issues and to provide an extensive bibliographic survey on the identified issues.
Potential end users of the Co3-AUVs project include Marine Protected Area administrations (MPA),
harbour infrastructure management agencies, professional diver companies, underwater archaeologist
research institutions, underwater infrastructure related companies as oil, gas or cable inspection companies, fisheries management agencies, vulcanology and geological research agencies, marine biology
research agencies, maritime agencies and companies, to name just the most prominent ones. Among
these potential users, MPAs and harbour administrations are perhaps the ones having the strongest
motivation to adopt the technological solutions proposed. To date, MPAs are considered an important
tool for conservation of biodiversity and management of coastal systems. They offer the potential to
carry out a combination of large-scale experiments and of long-term monitoring programs contributing to the optimization of their management and to their valorisation, for a sustainable use of the
coast. Traditional monitoring methods make use of oceanic instrumented buoys, human diving and
surface vessel surveys: yet often the resulting monitoring programs turn out to be expensive and
poorly efficient. Among the limits of these programs it should be noted that buoys allow high sampling resolution in time, but not in space, whereas surface vessel surveys allow large sampling resolution in space, but not in time. Moreover traditional surface survey vessels are by far too large to acquire data close to the shore of coastal Marine Protected Areas (where indeed collecting data is of
great biological and ecological interest). In order to achieve a desired spatial and temporal resolution
in coastal MPA sampling, the use of a group of coordinated autonomous marine robots eventually
aiding human divers offers unique possibilities unavailable with traditional methods.
The paper is structured as follows: in the next section, the project research challenges are described,
together with an extensive review of the state-of-the-art. In Section 3 the detailed project objectives
are illustrated, together with the project structure and timing. In Section 4 the benchmark
experimentation activities are described, and finally conclusions are given in Section 5.
2. Research challenges and state of the art
In describing the state-of-the-art, it has to be clearly understood that Co3-AUVs is oriented toward the
definition of methodologies and procedures of cognitive systems. This makes an important difference
with respect to other on-going and more mature projects, as for instance the European Project GREX Coordination and control of cooperating heterogeneous unmanned systems in uncertain environments,
Kalwa (2009). The GREX project is concerned with the study of multi-robot systems and focuses the
applications on the marine environment; it started in mid 2006 and will come to an end in late 2009.
Co3-AUVs will of course borrow from results obtained in the scope of GREX and other related projects, but has the ambition of proposing a significant step ahead since it focuses on the adaptive and
cognitive characteristics of multi-robot systems. One peculiar aspect of this research is the definition
of a proper behavioural control for the system that will allow non-trained humans to actually interact
with the robotic systems.
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2.1 Cognitive control and world modeling
Cognitive control, i.e., the capability to execute complex missions in an autonomous and adaptive
manner, is particular challenging for the underwater domain. The main challenge is that high level
control functions need to rely on advanced perception and information rich world models to make
meaningful deliberative choices. To allow for an adaptive, autonomous build up of suited models, the
system has to be capable to create maps itself in real time. Whereas this is a well treated problem in
form of Simultaneous Localization and Mapping (SLAM) for land robots, it is still a major challenge
for the underwater domain. In doing so, a cooperative system can be a significant advantage as it allows for a richer sensor coverage of the environment.
The first challenge is to enable AUVs with cooperative 2D mapping, which can serve as basis for
fundamental missions like exploration tasks. Variants of 2D mapping include photo maps with pictures of the sea floor and bathymetric maps with depth information, which both can serve as basis for
spatially oriented mission planning and execution. But many interesting underwater environments like
harbours, marinas or oil rigs include 3D aspects. The second big challenge is hence to enable the systems with 3D mapping capabilities that allow for operations in very complex environments. There is
furthermore the third challenge that deliberate choices have to be ground in perception and semantic
information stored in the world models. The navigation oriented maps - both in 2D and 3D – have
hence to be supplemented with semantic information, for example through learning classifications of
physical and chemical parameters or 3D object recognition.
Maps are the core world models for autonomous mobile robots engaging in complex mission tasks.
The dominant paradigm for generating maps is Simultaneous Localization and Mapping (SLAM),
which deals with the chicken and egg problem of combining localization and mapping on a mobile
robot. SLAM in general is based on probabilistic approaches, typically employing Kalman filter based
methods, Dissanakaye et al. (2001), or expectation maximization techniques, Thrun et al. (1998). This
even leads to a field dubbed ”probabilistic robotics”, Thrun et al.(2005).
While SLAM is well established for 2D mapping by land robots - some even consider this as a more
or less solved problem, Thrun (2002),Frese (2006) - it is still a major challenge for the underwater
domain, Walker (2007). There are two main reasons for this. First, high quality, high resolution range
sensors - especially laser range finders - are available for land robots, whereas underwater range sensors produce much coarser, noisier data at lower update frequencies. Second, land robots operate in
environments where many obstacles exist that provide a basis for rich sets of natural landmarks for
SLAM, whereas this is rarely the case for underwater environments, Newman and Durrant-Whyte
(1998). As a consequence, many underwater approaches to mapping rely on artificial markers, i.e.,
beacons at stationary positions, which have to be exactly known, Williams et al. (2000) Kemp et al.
(2002),Thomson and Elson (2002), or at least constrained, e.g. by the known depth of the ocean floor
Olson et al. (2006), Newman and Leonard (2003). When natural landmarks are used in the underwater
domain, then they are usually highly environment specific. Examples for application specific landmarks are bubble plumes in shallow vent areas, Maki et al. (2006), complex floor topographies e.g.
along ridges, Nygren and Jansson (2004), or visual features on visually rich ocean floors, Madjidi and
Nagahdaripour (2003), especially at reefs like the Great Barrier Reef, Williams and Mahon (2004).
Using cooperative AUVs offers in this context the interesting option that the robots also use each
other as landmarks, or use mutually acquired information about the environment. This option is already studied for autonomous land robots via techniques known as distributed mapping, Thrun
(2001), Williams et al. (2002), Fenwick et al. (2002), and map merging, Birk and Carpin (2006),
Carpin et al. (2005), Huang and Beevers (2004). But despite this first successful work on land robots,
multi robot mapping is in general considered to be a very important but also still very open problem.
This holds even more with respect to the underwater domain. The aforementioned work on mapping
is only dealing with 2D representations, which is sufficient for a wide range of applications. But many
important application domains include unstructured environments where 3D information is essential.
Accordingly, there is an increasing interest in generating 3D environment models with mobile robots
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Howard et al. (2004), Thrun et al. (2003), Haehnel et al. (2003). But again, this work is mainly limited to land robots as it is based on the availability of high resolution, low noise sensors like laser
range finders. For underwater systems, one may argue that ground elevation as represented in classic
bathymetric maps may be sufficient. But also underwater robots are increasingly used not only in
open sea applications but also in more complex environments like marinas, harbours or at dams. 2D
mapping in these environments may be sufficient for aiding a remote operator or for most simple
tasks, Ribas et al. (2007), but it is far from sufficient for any intelligent operation of AUVs. Like in
the case of 2D mapping, multiple cooperative systems may offer an interesting potential for 3D mapping in addition to the usual advantages of faster and more robust mission execution. Multiple robots
can be used to achieve a better sensor coverage of the environment, which is particular important for
domains like underwater robotics where only coarse, noisy sensor data is available.
Last but not least, cognitive systems do not only need core environment models like grid maps holding occupancy information or floor elevations. These core models are of course absolutely necessary,
especially for motion planning and navigation. But they are not sufficient for intelligent autonomous
operations. In addition, there is the need for more complex perception to generate semantic information that can serve as the basis for deliberative actions as part of the AUVs’ mission plans. The most
basic of such semantic data in the underwater domain are the fundamental physical and chemical parameters like conductivity, temperature, and depth, which can also be stored in maps. But such fundamental physical and chemical data is mainly suited as a basis for reactive behaviours like plume
tracing, Li et al. (2006). Real cognitive capabilities must be grounded in semantic environment classifications including object and place recognition, for which generic solutions are still missing in the
underwater domain. In this field, application specific approaches prevail. Examples include object
detection through specific sonar signatures, Castellani et al. (2006), or tracking few, well defined objects like pipelines or wellheads through vision, Kermorgant and Scourzic (2005)].
2.2 Cooperative navigation and motion control for multiple AUVs
Spawned by the advent of small embedded processors and sensors, advanced communication systems,
and the miniaturization of electro-mechanical devices, considerable effort is now being placed on the
deployment of groups of networked autonomous marine robotic vehicles which can interact
autonomously with the environment and other vehicles to perform, in the presence of uncertainty and
adversity, tasks beyond the ability of individual vehicles. The concept is based on the idea that a
monolithic structure can be distributed in an inexpensive network of vehicles, resulting in a significant
improvement in efficiency, performance, reconfigurability and robustness, and in the emergence of
new capabilities. Some of the potential applications include searching, surveillance and surveying
operations, as well as exploration in hazardous environments. To execute these challenging missions,
a number of autonomous robotic vehicles must work in cooperation, under high level human
supervision. This entails the development of advanced systems for coordinated navigation and motion
control in the presence of severe underwater communication constraints, together with the respective
software and hardware architectures.
Cooperative navigation has been partially addressed for land robots or moving nodes in sensor
networks and more recently for marine vehicles, Moore et al. (2004), Curcio et al. (2005), Willcox et
al. (2006). The main idea is to make use of the fact that each individual member of the group could
benefit from navigation information obtained from other members. For underwater vehicles, due to
the absence of GPS, cooperative navigation is considerably more challenging but very attractive. Only
few vehicles are needed to maintain an accurate estimate of their positions through sophisticated (and
expensive) navigation sensors (e.g., Doppler velocity logger and inertial navigation system). The
other ones (a much larger group) can have less sophisticated navigation suites. Typically, underwater
positioning systems rely heavily on acoustic systems, which often only provide range measurements.
In addition to these constraints, these systems exhibit intermittent failures, latency, and multi-path
effects, which make the estimation problem even harder. Many of these issues have not yet been
formally addressed. Networked navigation presents some new challenges because the network itself is
a dynamical system that exhibits special characteristics.
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Cooperative control is also a subject of the utmost importance. In fact, the ever increasing sophistication of AUVs is steadily paving the way for the execution of complex missions without direct supervision of human operators. A key enabling element for the execution of such missions is the availability of advanced systems for motion control of single and multiple AUVs. The past few decades have
witnessed considerable interest in this area, Fossen (1994), Encarnacao and Pascoal (2000), Lefeber
at al. (2003), Aguiar and Espanha (2004). The problems of motion control addressed in the literature
can be roughly classified into three groups: point stabilization, trajectory tracking, and path following.
For underactuated AUVs, motion control is still an active research topic, Aguiar and Pascoal (2007),
Aguiar et al. (2007). Current research goes well beyond single vehicle control. In fact, recently there
has been widespread interest in the problem of coordinated motion control of fleets of AUVs, Encarnacao and Pascoal (2001), Ogren et al. (2002).
The concept of multiple AUVs cooperatively performing a mission offers several advantages while,
on the other hand, the problem of coordinated motion control has several unique aspects that are at the
root of new theoretical problems. The following one is worth stressing: there are strong practical limitations to the flow of information among vehicles, which may often be severely restricted due to the
nature of the underlying communications network. Thus, as a rule, no vehicle will be able to communicate with the entire formation. Furthermore, a reliable vehicle coordination scheme should exhibit
some form of robustness against certain kinds of vehicle failures or temporary loss of inter-vehicle
communications. The coordination of AUVs involves the design of distributed control laws with limited and disrupted communication, time-delays, model uncertainty, external disturbances, and possibly partial noisy state measurements. This is particularly significant in the case of underwater vehicles. It was only recently that these subjects have started to be formally tackled (see, e.g., Giulietti et
al. (2000)), and considerable research remains to be done to derive multiple vehicle control laws that
can yield good performance in the presence of severe communication constraints. Some recent results
have been reported in Caiti et al. (2008) and, in the context of the GREX project, in Aguiar and Pascoal (2009).
2.3 Underwater communication
As became clear from the previous subsection, a fundamental aspect of multi underwater robots coordination is related to the communication possibilities. A specific objective of the CO3AUVS project is
the investigation and development of robust and reliable underwater acoustic communication networks for mobile nodes. This area of research is being developed in the context of the Underwater
Acoustic Sensor Networks (UW-ASNs), Akyldiz et al. (2005), and poses peculiar challenges due to
the band-limited and range-limited nature of the underwater acoustic communication channel. In recent years several acoustic modems, to be installed in underwater fixed or movable devices, have been
developed, either as research prototypes or commercially available equipment, Freitag et al. (2004),
Sozer and Stojanovic (2006), Grund et al. (2006). However, the efficient implementation of an underwater acoustic communication network depends not only on the system technology but also on the
physical channel characteristics, Siderius et al. (2004): transmission range and channel capacity may
suffer dramatic changes as a consequence of variations in oceanographic conditions and specifically
in the sound speed in the medium. This problem leads to solutions where neighbouring nodes are kept
at a safe range to each other in order to maintain connectivity, Salva-Garau and Stojanovic (2003),
Rice (2005). Being based on a “worst case” scenario, however, these approaches, though robust in
terms of communications, pose constraints on the geometry and speed of the underwater robot team,
eventually limiting the overall system performance. In the CO3AUVS project several possibilities will
be investigated in order to mitigate these performance limitations while preserving reliability and robustness of the communications. In particular, starting from the physical layer, optimization of channel range and capacity through appropriate source-receiver communication geometries will be investigated. A specific case of Mobile Ad-Hoc NETwork (MANET) exploiting these optimization results
will be implemented through the use of the Folaga class AUVs, Alvarez et al. (2009), to perform online measurement of the sound speed profile in water and to act as mobile communication hops adapting its depth to the measured environmental conditions and to the position of the other payload carry-
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ing vehicles. Moreover, the Folaga AUVs can periodically resurface to deliver messages to the mission control station at high transmission rates.
2.4 Non conventional, geophysical-based, navigation
Achieving truly autonomous navigation underwater, in an affordable and reliable manner, is still a
formidable challenge. Without access to external sources of position information such as the GPS, a
robotic underwater vehicle must rely on dead-reckoning techniques to estimate its position. Using this
strategy, an underwater vehicle computes its position by integrating, from a given initial condition, its
speed with respect to the ocean floor (as measured by a Doppler unit in body-axis and converted to
inertial frame using a high quality attitude/heading unit).
The problems associated with the dead-reckoning approach are well-known and become especially
relevant in long-range missions: Doppler bias, coupled with heading and attitude measurement errors,
all contribute to a degradation of performance of a navigation system that relies on pure integration
over extended periods of time. In practice, this strategy must be complemented with the taking of position fixes. This can be done, for example, by using GPS fixes if the vehicle is allowed to re-surface
periodically, or by interrogating acoustically a set of transponders (baseline system) with previously
established locations on the seabed and estimating position by triangulating the distances between the
vehicle and the transponders.
In an attempt to overcome these difficulties, the last decade has witnessed increasing interest in the
development of reliable navigation systems for AUVs that can dispense with the need for overly expensive attitude and heading units or the cumbersome deployment of acoustic baseline systems.
Among the methods proposed, Geophysical Navigation (GN) holds great potential for the development of a new generation of navigation systems that rely on bathymetric, magnetic, and gravimetric
data. The new methods, yet to be fully studied and explored, depart considerably from classical “inertial navigation” methods. The key idea is to use conspicuous, well mapped local characteristics of the
medium in which the vehicle moves (digital terrain maps, maps of gravimetric and/or magnetic
anomalies, etc.) to help in the navigation process. Bathymetric maps are standard and widely available
in high quality resolution. Other geophysical parameters are regularly recorded on maritime research
missions and they are increasingly available. Interestingly enough, there is evidence that some birds,
turtles, and marina mammals may in fact rely on geophysical-based navigation during their long migratory routes.
The concept of GN is rather appealing in the cognitive context, given its ethological interpretation. In
recent work on Terrain Aided Navigation, a novel formulation of the Particle Filter with RaoBlackwellization was introduced: the Smooth Kernel Particle Filter (SKPF), Teixeira and Pascoal
(2005). Results obtained with the SKPF showed that, given sufficient terrain excitation, GN based on
bathymetric information holds potential for estimating unknown constant currents and the position of
an underwater vehicle with great accuracy. The utilization of measurements of geo-potential fields
(gravitational or magnetic) has been proposed for many years in the literature as an approach to Geophysical Navigation. However, to the best of our knowledge, currently there are only military applications of gravimetric based GN to nuclear submarines. In spite of progress in the area, geophysical
based navigation is still in its infancy. Considerable effort is still required to develop efficient algorithms that can merge purely geophysical data with other data obtained with simple acoustic aids (for
example, a single underwater beacon for repeated operations in a local area) and to actually apply the
algorithms in real world applications. However, the potential for this navigation methodology is
enormous in that it will allow for AUVs to navigate over extended periods of time without the need of
overly expensive inertial or attitude/heading units or the cumbersome deployment of multiple underwater transponders. A key issue in geophysical-based navigation is the real-world implementation of
the laboratory algorithms in terms of sensors required and respective accuracy, the requirements for
their installation on board, and the types of calibration procedures needed. The importance of the latter issues can hardly be overemphasized. Suffice it to say, for example, that to the best of our knowl-
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edge, no clear procedure has been identified yet to seamlessly install a highly sensitive magnetometer
on-board an AUV and operate it in the presence of the magnetic field generated by the vehicle itself.
2.5 Behavioural control
One of the first successful ideas of behavioural control is from some 20 years ago with the seminal
paper of Brooks (1986), and since then the behavioural approach gained consensus in the robotics
community, due to the apparent ease and flexibility it allows in defining and combining elementary
robotic behaviours to achieve an overall/macroscopic robot behaviour. One of the most popular behavioural approaches is given by Arkin (1998), where the elementary behaviours are linearly combined together by a context depended weight that implicitly selects a priority among them.
Recently, a new kind of behavioural approach was proposed, Antonelli and Chiaverini (2006), Antonelli et al. (2008), where the elementary behaviours are given a strong geometrical interpretation,
thus allowing the robotic systems to gain in precision, easiness of tuning and robustness. So far, this
approach was successfully tested on experiments with terrestrial robots. The results indicate that its
generalization to more challenging environments like the underwater domain is feasible. In the latter
environment, preliminary simulation results were also achieved.
In order to build up a multi-AUVs system able to perform the missions in a reliable, safe, and effective way, it is first necessary to build a collection of elementary behaviours for underwater robots.
Thus, the theoretical framework to design those behaviours needs to be devised first. The elementary
behaviours need to take into account the specific dynamic characteristics of the AUVs and all the features that need to be transparent to the operator such as, e.g., handling of energy level, handling of
possible faults, optimization of the configuration to allow real-time communication, etc. The a-priori
knowledge of the underwater environment will be embedded in the behaviour definition. Within this
context, the information coming from the end-users community will be of fundamental importance.
3. Project specific objectives and overall methodology
The specific objectives of Co3-AUVs can be summarized as follows:
1. Underwater monitoring, exploration and intervention best practices and performance measures. The first aim is to define a series of performance measures and best practices for underwater applications achieving efficient, economic and safe operations. Efficient due to the possibility to collect automatically good quality data; economic due to the expected decrease of
the overall mission duration; safe due to the use of robotics devices instead or in assistance of
divers. These efforts are conducted as part of the specifications of requirements at the beginning of the project as well as a continuing effort linked to the demonstration scenarios.
2. Developing novel techniques for underwater perception and modeling through cooperative
AUVs. The first objective is to improve underwater 2D mapping by developing distributed
mapping approaches suited for AUVs, which is still an under-developed topic. It is expected
that through a cooperative sensor coverage of the environment significant advances with respect to 2D underwater mapping can be made. The second objective is to introduce the new
area of 3D underwater mapping, which is crucial for operations in complex environments like
harbours, marinas, or oil rigs. Again, the cooperative sensor coverage is seen as one critical
aspect for achieving this. The last but not least objective is to use the high quality 2D and 3D
environment representations to achieve an extraction of semantic information, e.g., for the
classification of environment structures and object recognition. Again, this is a completely
new area for underwater robotics.
3. New contributions to underwater communications, especially for high level cooperative navigation and motion control under communications constraints. One of the objectives of the
CO3AUVS project is to investigate the use of AUVs to improve the performance of the under-
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water network using them both as a tool to measure the channel characteristics and as mobile
nodes of the network. This can be seen as a fringe benefit of the second objective in this context, namely to study and develop tools and methodologies for analysis and design of decentralized algorithms for cooperative vehicle navigation and motion control of autonomous vehicles under stringent acoustic communication constraints. For this objective, the project intends to make significant contributions to this research area. The algorithms must explicitly
address the dynamics of the vehicles in the presence of uncertainty, noise and disturbances,
the constraints imposed by the topology of the inter-vehicle communications network, the fact
that communications do not occur in a continuous manner, the cost of exchanging information, and the problems that arise due to underwater communication failures and communication delays. Obtaining formal proofs of robustness, stability and performance of the control
and estimation algorithms is a key objective. It is important to stress that the lack of these
properties may lead to catastrophic failures when transitioning from the laboratory to the real
world.
4. Coordination control strategies for multi AUVs. The objective is to develop a solid framework of coordinated control for multiple autonomous underwater vehicles. In the underwater
environment, the current research focus is on the behavioural control of a single AUV, and
multi-AUV coordination control is the next goal on the horizon for the marine community. It
is one of the goals of CO3AUVS to design and develop a collection of elementary behaviours,
which when merged in an overall system lead to emergent macroscopic behaviours. This will
be followed by the validation of the developed methodology. Moreover, handling the behaviours in a task-priority framework requires a deliberative, cognitive layer in charge of selecting and activating the tasks.
5. Non-conventional geophysical-based navigation. The objective is to study, develop and analyze the performance of advanced algorithms for AUV navigation that use bathymetric and
geomagnetic information to estimate the position and velocity of an AUV in the presence of
unknown ocean currents. The work proposed is rooted in the results from Teixeira and Pascoal (2005), where an underwater navigation system is developed that relies on the AUV
kinematics and complements measurements derived from the terrain (elevation map and map
of magnetic anomalies) with dead-reckoning data based on Doppler and attitude/heading sensors. Central to the strategy derived is the concept of maps of invariant gradients of the geomagnetic field as an efficient form of representing geomagnetic terrain information.
From the point of view of the research organization, CO3AUVS is divided into several activities (or
Work Packages, in the European Union project jargon), strictly interconnected and representing the
main theoretical and logical project divisions. One key feature of CO3AUVS are the challenging result
validations in the field, i.e., realistic missions based on end-user specifications from people with a
non-robotic background that see the robot as an useful technology for their work. In this sense, it is
mandatory to develop a methodology based on their effective needs.
A specific activity dedicated to the development of a simulator is also planned. Several objectives are
linked to the simulator: the development of an efficient test bed for the software validation, a hardware-in-the-loop facility, a virtual-reality tool with dissemination purposes, an open-source software
to be released under copyleft license in the end of the project.
The core of the project then consists of the activities dedicated to the cooperative world modeling,
execution and skills. These activities are supplemented by the demonstrator work-package. Two additional activities for the management and dissemination are planned. Fig. 1 gives the project flowchart.
The scientific core of the project is given by the simulator, the cooperative world modeling, execution
and skills; they are graphically represented as the centre of the project, their connection is strict and
continuous. The natural end of the information flow is the Dissemination work-package.
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Fig.1: Project flow-chart
4. Experimental scenarios
A particular important scenario that motivates the cooperation of multiple autonomous vehicles and
poses great challenges to systems engineers, both from a theoretical and practical standpoint, is automatic monitoring and surveillance of ports and coastlines for safety and security. In this case, a possible mission scenario considers a small fleet of AUVs that execute automatically pre-specified paths
above the seabed and periodically transmit variables of interest (e.g. pictures) to a base-station (and to
the operator in charge). In addition, a number of AUVs stay dormant either on the seabed or at the sea
surface. Upon detection of interesting patterns or events by the operator in charge, a signal is sent to a
selected member of the dormant AUV to dispatch it to the spot detected so as to inspect the surrounding region in great detail. Meanwhile, the fleet of AUVs continues to execute the specified paths. Note
that if this mission is performed in a harbour, e.g. harbour security, additional challenges arise. It is
known, in fact, that navigation in a confined space, as a harbour is, is very difficult for AUVs due to
muddy water, waves reflection, noise, etc. For this reason, additional capabilities, beyond the simple
guidance algorithms actually available, are necessary for the AUVs to perceive their environment and
to communicate amongst themselves.
Fig. 2 captures a different mission scenario where one or more divers must intervene underwater. To
this effect, they may be guided alongside a free swimming robot that has navigation capabilities, effectively working as a guide for the divers. In addition, there may be a group of two or more extra
robotic vehicles in formation with the divers, carrying tools, light sources, containers to store artifacts
retrieved from the seabed, etc. The scenario described poses formidable challenges due to the presence of severe underwater communications constraints between the robotic vehicles and the human
divers. The robots must be endowed with the capability to stay in close vicinity of the divers, while
maintaining a safe distance to them at all times. This requires a reliable relative localization and a decentralized decision/control algorithm that establishes the dialogue among the divers and robots, defines rules for safety and security, and arbitrates priorities.
Other challenging scientific mission scenarios that require interaction between human and “intelligent” machines in the marine field can of course be envisioned. Fig. 3 shows a scenario where a diver
is guided along a desired path to reach a target location safely, under very low visibility conditions. In
this set up, the diver starts from a simple support boat after he (she) has literally “thrown” a set of
Small Autonomous Surface Craft (SASC) equipped with GPS receivers and hydrophones in the water.
The diver is equipped with a pinger. The small SACS receive the pinger interrogations and compute,
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by triangulation, the position of the diver with respect to the desired safe path to be followed. It is then
up to the SASCs to hold formation and to move so as to position themselves “on top of” the diver and
to guide him (her) by providing simple commands for the desired course of the diver (e.g. discretized
information on the desired “heading” of the diver, that the diver can track using a simple compass). In
this scenario, the ensemble SACS + diver executes a cooperative path-following manoeuvre with a
human in the loop. The SACS must keep formation with the diver and react to his (her) motion, effectively slowing down and speeding up to help the diver along the desired path.

Fig. 2: Artistic rendering of a multiple AUV-assisted divers operation

Fig. 3: Artistic rendering of a diver-guidance system based on cooperating autonomous vehicles
5. Conclusions
The main challenges and activities of the project Co3AUVs have been reviewed. In particular,
emphasis has been put on the implementation of cognitive capabilities in the team behaviour of
AUVs, and a review of the research state of the art within this context has been given.
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Abstract

In this paper we present the 3D visualization and sonar simulation tool CViewVR that is
particularly suitable for use with Multiple Unmanned Marine Vehicles (MUMVs) in classical
marine scenarios. We will describe the main ideas and the purpose of the software tool and
discuss the principle constraints as well as the further development. An emphasis will be put
on the ability to simulate acoustic sensors by approaches using collision detection and ray
query. First results of the representation of underwater objects in realistic environments will
be presented to document the effectiveness and the lucidity of the software.
1. Introduction
During the boost of importance for unmanned marine vehicles and vehicle teams, software simulators
are a very important tool for developers and users. Newly developed vehicles can be tested during the
development process to improve both the dynamic behavior with a certain actuator configuration and
the software algorithms to fulfill autonomous tasks, like path following in the presence of a current.
For teams of unmanned vehicles, the software that realizes cooperative behavior can be evaluated
without sea trials which are usually laborious and expansive, especially when several unmanned
marine vehicles are involved.
Simulators can be realized in several different ways, for instance as stand alone program or as part of
another simulation tool like MATLAB. Usually, the emphasis of simulation tools is put on the
realistic simulation behavior with a simple display of the results. Results may be presented as
datasheets or lines in maps to visualize the covered path of the vehicle(s). For a better view, it is
eligible to show the vehicle behavior in a realistic three-dimensional environment and to offer the user
different possibilities to look at the scene, as it is usual in virtual reality scenarios. Corresponding
visualization tools could ease the display of the results of simulated missions and are of great use to
communicate the efforts within this field of research and applications to people who are not familiar
with these topics. For these reasons, the Fraunhofer Center for Applied Systems Technology has
developed the software CViewVR together with the Ilmenau University of Technology.
CViewVR is a visualization tool for a graphical presentation of marine vehicles, controlled by
external software (e.g. simulators). The tool features a display in virtual reality and executes a
simplified simulation of sonar sensors in real time. The results can be delivered back to the external
vehicle simulators. This feature is of special importance for the simulation of team missions, using the
vehicles of different, competing providers. For reasons of concealment, the providers might not want
to give their vehicle models or their own simulation tool away. With CViewVR, an arbitrary number
of simulations can run on different computers, while only position and orientation data need to be sent
to the visualization tool via network, e.g. the internet (if the time interval for new data is big enough
in relation to the internet connection to deal with typical problems like latencies).
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The user can look at the scene through a free moveable camera view or use a view that is bounded to
the vehicles. The camera movement can also be controlled by external software. Hence it is possible
to explore the quality of dynamic simulators and to visualize the behavior of the vehicles in a realistic
way.
Vehicles and environmental objects are linked as 3D-models. Topological data can be integrated as
height maps. CViewVR has an integrated server which allows external programs to connect to. Every
visualized object in a scene is controllable using this interface. So it is possible to combine different
simulators in one system. Data received by CViewVR are recorded during simulations to allow
replays of interesting situations.
Another important functionality is the sensor simulation for distance measurement. Each sensor is
presented by a number of lobes forming the horizontal and vertical sectors of sensor measurement.
The utilized physics engine allows the detection of collisions between a lobe and visible objects like
vehicles or the sea floor. The results can be delivered back to the simulator and used for vehicle
control. It can be stated that an accordant sensor realizations within a typical simulation tool is very
complicated and time-consuming. On the other hand, the ability to simulate distance measurements is
of big importance for research activities in the areas of autonomous vehicles.
The paper will be concluded with some pictures showing typical mission scenarios and an overview
on future developments for the presented visualization tool.
2. Scenarios
Marine influenced scenarios are a major application for the industrial use of unmanned vehicles. In
the current research process, the level of autonomy of the unmanned vehicles is more and more
raising. Within the GREX-project1, it is aimed to realize first real applications dealing with team
behavior of marine vehicles. Therefore, GREX will be one of the first users of the visualization
software CViewVR. Two scenarios which are aimed to realize in GREX shall be described here.
Fig.1 (left) shows the Marine Habitat Mapping. In this scenario, a surface and an underwater vehicle
are linked with a fiber optic cable while moving over a marine habitat to map with a lawnmower
movement. This maneuver is the standard approach whenever a defined area needs to be scanned. It
guarantees the fastest possible cover for the complete area. The underwater vehicle records video data
from the seabed, which are transferred via cable and radio to a support ship where the data can be
analyzed by scientists. In cases of interesting patterns on the sea bottom, other underwater vehicles
that were waiting in standby can be sent to the specific areas. Then they have the task to perform a
finer lawnmower to collect more data while the other two vehicles continue scanning the seabed on
their lawnmower.
The Fish Data Download scenario shown in Fig.1 (right) aims to find a fish which was tagged with an
active telemetry device before to collect and store data about the fish which is important for marine
scientific interests. To download the data, it is necessary to guide an autonomous marine vehicle close
to the fish (approx. 100 meters). Two or more surface vehicles have to find and to follow the fish and
to determine its position using the acoustic data that is transmitted by the active device. The surface
vehicles scan the area until they come in contact with the fish (several vehicles are necessary to
1

GREX is the Latin word for herd, team, or swarm. The research project GREX is funded by the Sixth
Framework Programme of the European Community (FP6-IST-2006-035223). Participants of the GREXproject are the following companies and institutions: ATLAS ELEKTRONIK GmbH (Germany), Centre of
IMAR at Department of Oceanography and Fisheries at the University of the Azores (Portugal), Ifremer
(France), Innova S.p.A. (Italy), Instituto Superior Tecnico IST - Lab: Institute for Systems and Robotics ISR
(Portugal), MC Marketing Consulting (Germany), ORANGE ENERGY Consulting (Portugal), SeeByte Ltd.
(United Kingdom), Institute for Automation and Systems Engineering of the Ilmenau University of Technology
(Germany). See GREX (2009) for further information.
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determine the exact position). It is important that they move on parallel tracks in order to guarantee
the complete coverage of the mission area.
Both scenarios need different simulation strategies to evaluate and visualize the mission execution.
Especially, the last point must not be neglected because it is very hard to watch the vehicles
performing their underwater missions in reality. For optimizing the debugging process and presenting
the results of unmanned vehicle missions to a wide audience, there is the need for a visualization and
simulation tool. That is where CViewVR comes into play.

Fig.1: Two of the GREX missions:
Marine Habitat Mapping (left) and Fish Data Download (right) (from: GREX (2009))
3. The Software CViewVR
CViewVR provides a realistic representation of unmanned marine vehicles in underwater scenarios. It
allows the user a movement independently from the simulated objects as well as camera views linked
to an object. Furthermore, it supports the simulation of the marine environment. For example it will be
possible to simulate the sonar reflections of the seabed and other objects. The software has clear
defined interfaces to enable the operator to set the vehicle position and orientation using existing
simulation tools that can be combined with the tool presented in this paper.
A main aim during development was to create a visualization tool that is as far as possible
independent from vehicle simulators. There are a lot of different possibilities in the modeling of
marine vehicles (e.g. Glotzbach et al. (2007), Aguiar and Pascoal (2002)), differing both in
proceeding and complexity. In the most simply case, a vehicle can be simulated by an integrator,
translating velocity in position. It is also possible to consider all dynamic processes of a certain
vehicle (propellers, rudders, fins). Therefore many different simulators exist; each is adapted for the
particular purpose. For this reason, the visualization tool does not contain an own simulator for marine
vehicles, but has clear defined interfaces to enable a combination with different existing simulators,
like the one described in Schneider et al. (2007).
Moreover, the number of simulators which can be employed within a single scene of CViewVR is not
limited. Hence, it is possible to control each single vehicle by an own, independent simulator tool.
Also, the usage of simulators is not limited to marine vehicles. In a visualization of the above
mentioned Fish Data Download scenario, an additional software tool could be used to control the
movement of the fish. CViewVR was also used so far for the visualization of a scenario for debugging
of a motion dynamics simulator for land vehicles and for shadow prediction in an architectural
scenario.
Another reasonable feature of CViewVR is the possibility to split the visualization and simulation on
several computers. As a graphical visualization program like CViewVR is very computational
intensive, it may run on a single computer, while the simulator application(s) can run on one or more
different machines. By using the internet based communication, the involved computers can be
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located elsewhere in the world. Hence it is even possible to use security relevant simulation tools that
must not be given away by the manufactures. They can run the simulation within their own promises
and only communicate the relevant data (position, orientation) via internet to the CViewVRcomputer. For applications within GREX, this feature is of big importance because GREX aims to
enable the usage of heterogeneous marine vehicles of different providers, like described in Glotzbach
et al. (2008).

Fig.2: Connection of the visualization tool to different existing simulators for
unmanned marine vehicles
The visualization tool CViewVR includes a server program to enable the links to several different
simulation programs, Fig.2. These programs can be realized in all possible ways. It is possible that a
simple combination of controller and vehicle model are employed. Also, the simulator can contain a
separate environment module which can get data from CViewVR, like sonar data. Theoretically it is
also possible that a vehicle is directly controlled by an operator via Joystick.
All different simulation modules need to contain a specific client to enable the communication with
CViewVR. Templates for these clients are available for MATLAB/Simulink®, C++ and .NET
applications by now. The communication between simulator and visualization tool is done by
message exchange over a socket connection. When an object in the simulator is moving, a message is
send to the visualization tool, and the object in the 3D environment moves, too. To handle the
communication gaps it is planned to realize a simple motion model for each object. The data sent to
CViewVR consist of the position and orientation values of the vehicle in order to enable the graphical
display and the velocity to allow the usage of the internal vehicle model when short communication
gaps occur. The network protocol is already prepared for this task and contains additionally fields that
can be used for information like velocity, acceleration, angular acceleration, etc.
Information about the scene can be exchanged with the environmental module of the external
simulation. The visualization can gain information about non-vehicle objects of the simulation, but it
is also possible that the simulator gets different information, for example about collision of different
objects. The visualization tool will be able to supervise different objects for collision. Not only real
objects can be considered; it is also possible to detect the contact of a virtual sonar beam with an
object. Hence, it is possible to improve the calculation power of the simulation by support of the
visualization.

153

For graphical rendering CViewVR uses the Open Source 3D Graphics Engine OGRE, OGRE (2009) ,
Junker (2006), in combination with the .NET wrapper MOGRE, MOGRE (2009). The decision to use
an open source engine was made to gain the ability to enhance the engine for own demands.
Evaluations also showed a stable behavior of the engine. Another reason was the good documentation
and the large number of available add-ons. An underwater sample scenario is shown in
Fig.3, along with the GUI of CViewVR.

Fig.3: GUI of CViewVR

Fig.4: Height map and texture create a 3D environment in a CViewVR scene
With the user interface, the operator can load different environments and vehicle configurations, so
called scenes, determine the IP address and port of the server and start or break the visualization. If
different camera views are defined within the scene, they can be selected in the GUI. Alternatively,
the user can choose a free camera perspective and move freely in the Virtual Reality. A running
simulation can also be recorded for a later playback. In this case, all the incoming data sets on the
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server are stored, so the visualization can be performed later, without running the external simulators.
Fig.3 shows a picture of the GUI with a loaded scene.
The underwater environment and the vehicles have to be modeled for the visualization using 3D
modeling tools and data converters for the environment description used in the simulator. For this
modeling issue, a ‘3D model production pipeline’ had to be introduced, OGRE WIKI (2009). This
pipeline describes the process of using the different modeling tools in a specific way to create the 3D
underwater environment.
In the next version, surface structure and earth-related position of seabed and landmass sections can
be imported using real geo data. At the moment, simple grey height maps in combination with
textures (both 2D, see Fig.4) can be imported to create a 3D environment. Vehicles can be imported
from different 3D formats, like .vrml, .blend, .3ds, .x, .x3d.
4. Simulation of Sonar Sensors
CViewVR allows sonar sensor simulation. These sensors can be fixed at vehicles in the scenes.
Several sensors with individualized parameterization can be employed at the same time. The
parameters can be set using an adequate GUI (Fig.5b) or loaded from file. Existing parameters are the
distance (minimum + maximum), scan area (horizontal + vertical), resolution of the scan lobe
(horizontal + vertical), accuracy of the distance measurement (optional: decreasing accuracy in greater
distances), rotation mode (positive, negative, shift in direction, no rotation), time span of a scanning
period (optional: automatic calculation of the rotation velocity depending on the maximum distance
and speed of sound), alignment at the vehicle (e.g. scanning direction 45° downwards) and display of
calculation details (sensor structure, performance estimation, etc.).
Within the scene, it is possible to depicture the current scan direction as line, the hits (red sphere for
terrain hits / transparent volume elements for objects), complete scan area, horizontal scanning
section, and permanent mark of hits. Also, additional program information is shown, like the
performance display (CPU load from the sonar simulation) and debug options.

Fig.5a: Build-up of the Scan Area and Scan Lobe

Fig.5b: Sonar GUI

The scan area shown in Fig.5a is divided in horizontal and vertical sections according to the specified
parameters. These resulting segments are called scan cells. An important element for the sonar
simulation is the scan lobe which is a virtual body modeling the volume of one scan cell. It is able to
detect collisions (tangencies) with other objects like ships. For sensor rotation, the lobe is aligned in
the adequate cell. In this way, all cells of the scan area are gauged. If an object is detected, the
distance is calculated using more collision queries. This new approach is described for objects in
chapter 4.1. For the detection of terrain like the seabed, a different proceeding is used which will be
presented in chapter 4.2.
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4.1. Collision-based Calculation of Distance
After detection of an object by the lobe, a search technique starts to determine the distance. The lobe
is separated into many small sections which are also able to detect collisions. The distance between
sensor and the middle of the detected lobe section is calculated and used as distance between sensor
and object. Fig.6 visualizes the process for a group of scan cells.

Fig.6: Distance detections by use of collision query for lobe sectors
A single query for collision detection does not produce much CPU load. But for the sonar simulation
the situation is different as there may be a lot of objects (especially lobe sectors) which can collide.
The complexity O rises with the number of objects n according to the equation

O = 0.5 ⋅ 2 n−1

(1)

In the employed physics engine (Newton Game Dynamics, Newton(2009)), several optimizations
counteract this problem, but still the number of collision objects stays very important. Also, the
detections need to be repeated in very short time periods because in a predefined time it must be
possible to evaluate a certain number of scan cells. For example, if the scan area has the dimension of
30° x 90° with a resolution of 1° x 1°, this results in 2,700 scan cells. For a period of 10 seconds, this
results in 270 cells per second or 3.7 ms per cell, respectively. For a distance of 1000 meter with a
demanded accuracy of one meter, the lobe consists of 1000 sectors. In the classic approach, each
sector needs to be evaluated for each existing object. The calculation time does not depend on whether
there is a collision or not. In the described example, there are only 3.7 ns to process each lobe
segment. This estimation does not consider resources for other program parts (e.g. picture rendering).
To overcome this problem, CViewVR uses the following proceedings to advance the optimizations of
the physics engine:
•
•
•

Adaptive Accuracy (chapter 4.1.1.)
Individual collision detection (chapter 4.1.2.)
Complete different method for terrain detection (chapter 4.2.)

4.1.1. Adaptive Accuracy
Base idea is that the required accuracy sinks with raising distance to the sensor. While in a distance of
some meters in front of the sensor an accuracy of 10 cm may be necessary, an object which is 1000
meters away from the sensor can be detected with a bigger error tolerance. To reduce the accuracy
needs, CViewVR provides the percentage parameter ‘fuzzy of distance’, F, stating the allowed error
tolerance in relation to the distance. The error tolerance fd(n) equals the length of the nth sector of the
lobe, l(n), starting at the distance d(n) from the sensor:
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f d (n ) = l (n ) =

F n−1
⋅ ∑ l (i ) ;
100 i=1

n −1

d (n ) = ∑ li

(2)

i =1

If, for example, F is set to 1%, an object in a distance of 1000 meter can be detected with an accuracy
of 10 meters. The error tolerance fd(n) is valid in the range from d(n) to d(n)+l(n). The middle of the
detected sector is used to calculate the distance to the sensor.
This approach is not eligible in the close-up range of the sensor, because the sectors would become
too small, and their length would even tend towards zero when the sensor is reached. Therefore, a
maximum accuracy is defined and used in the close-up range, until the calculated sector length
according to equation 2 is greater than the maximum accuracy.
Also, this approach changes the number of lobe sectors and their length. It is an advantage that fewer
sectors are needed, which leads to a reduction of needed calculation power. If, for example, the lobe is
5 km long, the maximum accuracy is 1 m and the ‘fuzzy of distance’ 1%, then the lobe consists of 494
sectors. Without the described proceedings, the number of sectors would be 5000.
4.1.2. Individual Collision Detection
It is not efficient to evaluate all objects for all scan cells. Base idea of the individual collision
detection is the reduction of the numbers of calculations by evaluating only selected objects.

Fig.7: Collision detection using a binary search tree for localization of the area of interest
If an object is detected in the lobe, the classic approach would be to check each lobe sector for
collision, until the first hit occurs. This leads to a large number of computations: statistically half of
the existing sectors, even more when ‘adaptive accuracy’ is used. Therefore, CViewVR uses an
approach following the pattern of a binary search tree. In this approach, the accuracy of the distance
calculation is increased in each step. If a collision was detected in the lobe, the lobe is separated into
two sub-lobes. Then the first sub-lobe is checked. If the object is within the first part, the second part
does not need to be checked. If the object is not in the first part, it can be assumed that it is in the
second one. Now the sector that contains the object is again separated into two parts, and the
calculations are redone, until a certain accuracy is reached. The process is depicted in Fig.7.
For this proceeding, the original lobe is divided into sub-lobes several times. This is repeated, until the
level of the originally defined sectors is reached. Each sub-lobe and sector is tagged with an explicit
identification number (ID), which corresponds to the binary search path. This is shown in Fig.8. Due
to the additional sub-lobes, a lobe consists of nearly twice as much objects in comparison to the lobe
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which has only sectors. But the big advantage of this proceeding is that only a small number of them
need to be evaluated. Each calculation step doubles the accuracy. The number of individual collision
calculation is reduced to ld(N), where N is the number of sectors in the lobe and ld is the binary
logarithm. The sectors are integrated into the search tree. This doesn’t restrict the count of sectors to
N = 2 k , so each integer is possible ( N ∈ ℵ ).
This proceeding can be combined with the ‘Adaptive Accuracy’. Then the lengths of the sub-lobes are
determined so that both halves contain the same number of sectors.

Fig.8: Segmentation of the scan lobe
Two constraints need to be kept in mind: Only the first of several objects within the lobe will be
detected. This is not of importance in near distances, because the first object may completely cover all
other ones in the same scan direction. For increasing distances, also the lobe diameter gets bigger.
This may lead to several objects in the lobe, where the first one does not cover the following one. A
real sonar sensor would be able to detect also the second object. To improve this behavior, it is
possible to enlarge the resolution of the sensor. See Fig.9 for details. It is also possible to adapt the
search process so that several objects within one lobe can be detected. In this case the binary search
would be forked for each vehicle in the lobe, which has another ID. The needed computing power
would still be acceptable, but the following data handling needs to be reworked.
Another constraint is the increasing administration effort due to the double number of objects. If the
storage and pipeline capacities of the graphics card are exhausted, a performance fall-off may occur.
Keeping in mind the performance optimization which is reached using the described approach, this
problem can be disregarded.

Fig.9: Problems can arise for several objects in one lobe
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4.2. Terrain detection using rays
The described collision detection approach for objects works in two steps. At first, a single evaluation
clarifies whether or not an object exists within the lobe. In a second step, the exact distance is
calculated. If there is no object in the lobe, the computationally intensive second step is superfluous.
If the seabed is within the sensor range or the sensor is close to the shore, the lobe will probably hit
terrain. By using the described approach, the second calculation step needs to be done for many scan
cells that would lead to a high computing time. Therefore, a more effective method is used for the
terrain detection.
Due to the terrain skipping within the described collision approach, the second calculation step needs
to be executed seldom. In natural environments, the lobe will hit only a few objects in some of the
scan cells. For big vehicles in the close-up area of the sensor or other environments, e.g. harbors with
several walls, a different dimensioning of the sensor parameters might be reasonable.
For the described reasons, CViewVR only detects objects with the collision approach. To detect
terrain, a ray query is used. By this method, a ray is sent towards the direction of the scan cell. The hit
angle can be determined by usage of two auxiliary rays, which return nearby terrain hits. These three
points describe a plane, so that the angle to the main ray can be calculated. This ray method is less
computationally intensive, and the CPU load does not depend on the demanded accuracy.
The ray query is not suitable for object detection. The rays would only detect a bounding box which is
a volume in cubical form around the object with clear deviances. In this approach, the calculated
distances would be very imprecise. Even worse, hits could be detected, although the ray does not hit
the object (Fig.10). In the close-up range of the sensor this would result in serious errors, especially if
the sensor is within the bounding box, so the ray query would return the distance to the exit point
(Fig.11).

Fig.10: Distance detection of objects by ray method and errors resulting from the bounding box

Fig.11: Wrong distance values by ray method when sensor is within a bounding box
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Fig.12: Rays missing an object
Another disadvantage is the increase of space between rays of nearby scan cells for growing distances
which may lead to the missing of an object (see Fig.12). The risk could be minimized by increasing
the number of rays, which would also increase the CPU load, and still the possibility exists that a
small object can be missed. These problems do not exist for the terrain detection, as the terrain is a
continuous surface and does not have a bounding box.
4.3. Scan-movement

Fig.13: Design of ScanDirectionMatrix which corresponds to the scan cells
The ScanDirectionMatrix (Fig.13) is an important component of the sonar simulation. This complex
data structure can simply be regarded as lookup-table for pre-calculated values and on the other hand
as storage device for simulation results. It represents the complete scan area and is separated in
horizontal and vertical parts. The dimensions result from the sensor parameters for the scan area and
the resolution. Each matrix element represents one scan cell. The cell location information is available
as polar coordinates and in the form of quaternions, to align the lobe. Quaternions are widely used in
astronautics and computer graphics because they are very efficient in calculations, produce smaller
rounding errors than Euler angles, and they do not cause Gimbal-Lock-problems.
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In the emulated sonar rotation, the elements of the ScanDirectionMatrix are traversed. The vertical
parts are checked for every horizontal part, so that each column is checked after each other. It is
differentiated between positive and negative rotation mode. For the positive rotation mode, the scan is
performed ‘from left to right’. For each scan cell, the lobe is aligned and the calculations according to
the collision- and ray-approach are performed. The results are compared, and the smaller value is
stored in the matrix. A status flag shows whether the hit was with an object or with the terrain, to
indicate this in the sonar visualization.
In one scan period, the area is traversed once. The same applies to the negative rotation mode, but
withershins. In the rotation mode with direction change, this change is performed after each period
like a windscreen wiper. In the fixed mode, the lobe is always aligned to the front (0°/0°), and only
one scan is performed per period. This mode is useful to simulate sensors with small beam angles. It
is possible to change the rotation mode during the simulation.
The sonar simulation gets the necessary calculating time, as long this is possible on the used
computer. The remaining resources are used for the visualization. The frame rate of the visualization
will be reduced and possibly jitter, depending to the count of object hits. As lower limit eight frames
per second are defined. If the visualization falls below this limit for more than two seconds, a
watchdog cancels the further simulation. All not checked scan cells are tagged as skipped in the
ScanDirectionMatrix. A clear hint in the sonar GUI informs the user that the available CPU load is
exceeded. Also, an extrapolated value of the CPU load to fulfill the current settings is displayed. In
the described case, this value will be over 100% to show the user, how much the possible calculating
capacity is exceeded. This helps to find suitable sensor parameters. During simulation, a graphical
status bar and a percentage value provide information on the current computation load of the
simulation.
It is not possible to handle visualization and sonar simulation in parallel threads, because both
together use a unique scene graph. The calculation is performed alternately, while always the time
period needed for the process is measured. When the sonar simulation starts its turn, it checks how
much time lapsed since the start of the previous sonar turn. For this passed time span the lobe rotation
has to be simulated. Depending to the rotation velocity and the last lobe alignment the corresponding
scan cells will be checked by the described methods. For the rotation calculation a precise time query
is needed. So the values are based on Tick2 accuracy or as good as it is possible on the used computer.
After the sonar simulation turn its results can be visualized within the scene if the user enables the
related display options.
4.4. Hardware and Performance
Evaluations showed that a convenient medium-class graphics card is sufficient. A better card does not
mean big advantages, because the CPU will soon reach its limits. Also, there is no need for a multicore-processor, because the computationally intensive tasks run within one thread. An exception is the
(experimental) snapshot functionality, where the compression of the ongoing snapshots is spread
among existing processor cores. Further existing threads do not need much calculation power. The
usage of a multi-core processor is reasonable, if it is intended to run a simulation program
(e.g. vehicle simulator) or other computationally software concurrently on the same computer.
5. Example Pictures
On the following pages, some pictures show the visualization of several marine vehicles in
CViewVR. Fig.14 shows a scenario where an Autonomous Underwater Vehicle (AUV) scans the
body of a tanker vessel. The sonar lobe is depicted, also the sector where the hit is detected. Fig.15
shows a tanker vessel in a top view without water surface. Fig.16 shows an Autonomous Surface
Vehicle (ASV) on a common mission with three AUVs. These missions are typical for the realizations
2

Tick is a .NET data type for time values with an accuracy of 10-7 seconds
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within the GREX research project where CViewVR will be used as visualization tool. Fig.17 shows
again three completely heterogeneous vehicles in a close formation. The last picture shows a diving
process of the AUVs, while the ASV continues its path at the surface.

Fig.14: Sonar simulation; depicted is the sonar lobe, ray and the hit position

Fig.15: Top view tracking of a vehicle; water surface is disabled
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Fig.16: A surface craft and two surfaced autonomous underwater vehicles

Fig.17: Three vehicle mission: Two AUVs are diving
6. Conclusion
With CViewVR, a powerful tool for the visualization of mobile systems was created. Its top features
are the contemporary presentation of mobile systems in a three-dimensional virtual reality, the
independence from certain simulators and the possibility to distribute the calculating tasks like vehicle
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simulation on several computers which can be linked via network. Also, CViewVR offers the
possibility to simulate sonar measurements of terrain and other objects. The software is used to
visualize results of the research project GREX. Future work will concentrate on the vehicles position
estimation within the visualization tool. This is useful to compensate temporary connection gaps,
when simulation and visualization are running on different hardware systems. The estimation supports
a good visualization quality. Also, the import of real terrain by geo data will be realized in future
versions. Also the process of earth-related lat-long positions will be possible to steer vehicles.
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Abstract
The realization of cooperative behavior between Multiple Unmanned Marine Vehicles (MUMVs) is a
real challenge, due to the conditions of the marine environment. In this paper we show a basic team
handling design to enable already existing, single autonomous vehicles to participate in team
missions. We describe a two stage realization of the control software which takes care of the online
replanning, error handling and mission fulfillment within the given constraints of communication as
well as the limited access to the different vehicles.
1. Introduction
The cumulative industrialization and exploitation of the ocean leads to an increasing demand of
autonomous underwater vehicles. Within the GREX1 research project, the aim is to implant
cooperative teams of Multiple Unmanned Marine Vehicles. Additional to the problems of navigation
and communication which need to be addressed, algorithms for cooperative behavior need to be
developed. Additionally, these algorithms, like presented in Aguiar and Pascoal (2009) within this
session, need to be translated in such a way that they can be realized within the coordinating software
that will run on the real vehicles at the end of the project.
To realize scenarios which require the participation of several unmanned marine vehicles or can only
be executed by one vehicle with great effort, several preconditions must be achieved. On the one
hand, the involved vehicles must fulfill several hard- and software requirements to participate in a
team. On the other hand, an intelligent team management is needed. Starting from the experiences
made during the first comprehensive tests with different vehicle models employed by the providers,
this paper presents the realization of an adequate team behavior and discusses it with selected
examples. The employed procedure requires an offline mission planning and the single autonomy
ability of the vehicles to follow a planned path. Using the presented concept, teams with large
numbers of single autonomous vehicles can be realized. The single steps of the team handling will be
presented by means of a coordinated path following and an algorithm to establish a formation.
The two-stage concept consists on the one hand of the Monitoring Module, which realizes the
functionalities of mission observation and planning. On the basis of the current maneuver and the
telegram-based communication, decisions are made which enable the vehicle to act as a team player.
These decisions are supported by embedded algorithms like ‘Coordinated Path Following’, Aguiar
and Pascoal (2007), or ‘Go To Formation’, Haeussler et al. (2009). The second level of the Team
1

GREX is the Latin word for herd, team, or swarm. The research project GREX is funded by the Sixth
Framework Programme of the European Community (FP6-IST-2006-035223). Participants of the GREXproject are the following companies and institutions: ATLAS ELEKTRONIK GmbH (Germany), Centre of
IMAR at Department of Oceanography and Fisheries at the University of the Azores (Portugal), Ifremer
(France), Innova S.p.A. (Italy), Instituto Superior Tecnico IST - Lab: Institute for Systems and Robotics ISR
(Portugal), MC Marketing Consulting (Germany), ORANGE ENERGY Consulting (Portugal), SeeByte Ltd.
(United Kingdom), Institute for Automation and Systems Engineering of the Ilmenau University of Technology
(Germany). See GREX (2008) for further information.
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Handler concept is realized by a Replanning Module, which administrates, executes and validates the
replanning commands. While we demonstrated the base functionalities of this concept in Glotzbach et
al. (2008), we will go further into detail now and explain the software realization of the team handler
and of the algorithms for the first realized and tested Multi Vehicle Primitives. With the already
realized functionalities, we are now able to simulate a complete mission from the beginning (vehicles
in the water at arbitrary positions) to the end (vehicles have completed their missions plans and wait at
defined positions for recovery). This mission will be presented using the developed high-level
simulator and employing the original software modules which will later also be used for the real
vehicles.
2. Basic conditions within the GREX research project
The main idea of the GREX project is to develop a middleware system which enables multiple
unmanned marine vehicles to act in a team to perform missions of higher complexity. The basic
modules of the mentioned system are shown in Fig.1. Only through the collaboration of the several
and specialized modules a team oriented behavior can be realized.

Fig.1: GREX middleware system
The Communication Module is responsible for the complete communication between several
vehicles. Team Navigation estimates the position of all team mates based on a complex estimator
structure, the spare position information of the other vehicles and the current track data, like described
in Engel and Kalwa (2007). The Team Handler Module realizes the complete management of a team
and enables the team oriented behavior on a single autonomous vehicle. Due to the use of different
and existing single autonomous vehicles within the GREX research project an Interface Module is
necessary which provides a communication link between the existing vehicle hardware and the GREX
components. Furthermore we have to deal with several constraints. On the one hand there are vehicles
which are able to perform single missions and limited replanning capability. On the other hand we
have the underwater communication with very low bandwidth and high rate of information loss. To
handle these different constraints and provide a save team operating software as well as mission
replanning an intelligent team handling concept is necessary.
3. Multi System Mission Control
Based on the defined structure of the Multi Vehicle Primitives, introduced in Glotzbach et al. (2008),
we are able to provide a conceptual framework to handle teams of multiple unmanned marine
vehicles. The main part of this proposal, the Team Handler core, is shown in Fig.2.
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Fig.2: Main parts of the Team Handler core
This core provides the basic functionality to handle multi vehicle mission scenarios, including
strategies to adapt the level of autonomy during the mission execution based on external events, and
consists of three main parts which are described in the following chapters. The highest level of the
internal build-up is realized with state machines which were triggered by telegrams. These structures
constitute the base of information flow between the several GREX modules as well as between the
several vehicles within one mission scenario. The telegram types including the build-up of the
structure are predefined. This minimizes the occurrence of an error through modified messages caused
by module or communication failures.
3.1. Data Management
The first part of the Team Handler structure is represented by the Data Management. This passive
object stores the information of all vehicles which take part in a mission as well as the mission
information itself to provide several data for coordination and replanning purposes.

Fig.3: Data management structure
The information has to be stored on every GREX vehicle and will be loaded after the Team Handler
module is started. The basic structure of this module is shown in Fig.3. Furthermore it provides some
simple calculation functionality concerning mission and vehicle data to support the team handling
process through a Functionality Interface. These structures can be extended easily in order to add new
data or features. Due to the use of an external Data Management the Team Handler core is completely
independent from the structure of mission plans or kind of vehicle which should be controlled because
the internal structures are still the same.
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3.2 Team Initialization Process
The first active part of the Team Handler builds the Initialization Process. Within these routines a first
level of cooperative coordination is realized which is controlled from the Team Handler of the leading
vehicle. Like the other critical parts of the presented structure the single steps of the initialization are
predefined and implemented as state machine.

Fig.4: Main process diagram of the Team Handler with focus on Team Initialization Process
The Initialization Process can be divided in two parts, see Fig.4. On the left side, there are the routines
that initialize the vehicle internal structures like the Team Navigation Module with specified data
from the Data Management or from the vehicle itself. On the right side, functionalities which setup
the team data are implemented. The process of the second part depends if the current vehicle is the
leading one or just a team member. While the Team Handler on the leading vehicle is responsible to
collect the group data to prepare the start of the mission, the member vehicles have to send required
data. After all parts are initialized in the correct way the main process loop, including Mission
Monitoring and Mission Replanning, will start.
3.3. Mission Monitoring
The main control part of the Team Handler structure builds the Mission Monitoring. Based on the
rational behavior model in conjunction with a global state machine this part generates commands for
replanning or information for other modules. Thereby we distinguish between two kinds of Team
Handlers in general. The Team Handler on the leading vehicle and the team handling structures on a
member vehicle. Both are realized identical while the leading vehicle has to fulfill some additional
tasks like the coordination of the group initialization process and the path re-/planning of complex
maneuvers. The role as leading vehicle can be transferred to another vehicle during the mission and
depends on the parameters which were set during the offline planning process.
Fig.5 gives an overview of the main workflow within the Team Handler structure from a more
practical point of view. The focused area points the major tasks of the Mission Monitoring including
the different layers specified by the Rational Behavior Model (RBM). The RBM is a standard
approach for hierarchical control structures in research on mobile robotics, Kwak et al. (1993). Every
layer is realized by at least one function which creates proposals to manipulate the behavior of the
current vehicle in order to activate and keep a team manner within the group of vehicles taking part on
a mission. Thereby the influence of the different layers gets smaller from the Strategic Level down to
the Executive Level.
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Fig.5: Main process diagram of the Team Handler with focus on Mission Monitoring
The Strategic Level has the highest priority and the ability to abort the complete mission if an error
occurs. Therefore it checks all telegrams which contain error reports of modules or vehicles as well as
denies of replannings. On the other hand this layer is responsible to control the mission activity. If a
new part of the mission (primitive) starts, it initializes the internal states and structures with the new
data. Furthermore the Strategic Layer verifies the current position of the vehicle within the current
primitive and the given global mission area. If any inconsistency is found, the mission will be aborted
for security reasons.
The second layer of the Mission Monitoring builds the Tactical Level. It includes local state machines
which depend on the different Multi Vehicle Primitives that are realized within the Team Handler.
This layer can be extended with algorithms for complex multi vehicle scenarios like GoToFormation
or CoordinatedTargetTracking. Algorithms with a high computing time or ambiguous results are
started in separate and controlled threads as a precaution. Due to this realization there is no critical
impact in the main team handling core. On the other hand the results of complex calculations can also
be used for the complete team e. g. in case of the GoToFormation implementation. If so, the Team
Handler of the leading vehicle calculates and shares the data while the member vehicles have to wait
for it. If the parameters are known, this is done in advance during the standard mission execution to
guarantee a smooth mission cycle.
The Executive Level has just a small priority compared to the other ones but it is executed most
frequently during standard parts (tracks and arcs) of a mission scenario. In general it is responsible to
adapt the speed of its own vehicle to keep the predefined formation based on very fast algorithms, like
suggested in Ghabcheloo et al. (2005).
With the exception of decisions made by the Strategic Level, the results of the different algorithms
(speed adaption, new path, etc.) were passed through the Mission Replanning.
3.4. Mission Replanning
Beside the tactical part of the Team Handler, the Mission Replanning represents the executive part.
After a Mission Monitoring cycle is finished, the main process routine of the Mission Replanning will
be called, replanning or adjustment proposals will be examined and achieved. Fig.6 shows the main
functionalities of this Team Handler component. The dotted line in Fig.6 represents the data transfer
of the replanning or adjustment commands which will be evaluated and sorted by an intelligent
sorting routine. In general this filter works with two main criteria. On the one hand there is the
priority of a command depending on the level of the Mission Monitoring where it comes from. On the
other hand old data can get needless if the mission primitive changed. Based on this replanning
sequence the control part of the Mission Replanning just gets the command with the highest priority.
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Due to the fact that within GREX the presented solution is one of the first realizations for such kind of
team handling structure and also for vehicle security reasons, only one replanning command is
executed at the same time. Furthermore every order which is send gets a unique identifier that has to
be in the reply message. Depending on the priority of a replanning it is possible that an order will be
denied by the vehicle, e.g. a speed adaptation. A decline of course changes or high priority commands
will end up with a global mission abort realized through an internal message to the Mission
Monitoring component.

Fig.6: Main process diagram of the Team Handler with focus on Mission Replanning
4. Simulation Environment and first results
This external software package provides all data and functionalities which are necessary to simulate
an environment for test purposes from a team handling point of view. It includes e. g. the height above
sea ground, the surrounding sea current or the communication delay as well as data loss as result of
the acoustic underwater communication. Furthermore the Simulation Environment is able to emulate
sensors of a vehicle by calculating the distance to static or dynamic objects like gas concentrations.
Due to the usage of the mentioned data, the GREX simulation software is able to execute missions
with multiple vehicles close to reality.

Fig.7: Simulation Environment
Fig.7 shows the used Simulation Environment with the Environmental Module itself. Every simulated
vehicle needs an interface to the Environment Server to get control relevant data or acoustic messages
from other vehicles. For flexibility reasons it is possible to run the Environment Module and each
simulated vehicle on a separate computer linked by a standard network or the internet. Due to cost
efficiency it is also feasible to run the Environment Module as well as each simulated vehicle on just
one computer.
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Fig.8: Simulation result with two vehicles
Fig.8 shows a result of a test mission with some explanations at the different states of the example.
The Team Handler structures proposed in this paper provides group control mechanisms in every part
of a mission in terms of speed adaption to guarantee a given formation as well as replannings to allow
complex maneuvers like the shown GoToFormation algorithm.
5. Conclusion
In this paper we described a basic and tested concept which enables the team behavior of single
autonomous unmanned marine vehicles. Due to the generic realization the shown concept is usable for
nearly all kinds of vehicles and also very easy to extend with new control algorithms. Furthermore it
considers the limitations of the current generation of unmanned marine vehicles as well as the marine
environment. The existing vehicle hardware and the internal vehicle control gets just “proposals”
from the team handling structures, there is no active modification. Based on this strategy in
conjunction with the state machines and mission validation within the team handler core a very safe
concept is proposed. Furthermore it provides a test platform for new control algorithms which can be
validated in simulation.
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Abstract
Today, due to the current state-of-the-art of embedded systems, underwater robotic vehicles are limited in both, their autonomy and capabilities. In order to increase their utility it is advantageous to run
multiple vehicles at the same time whereby each vehicle serves as individual node in an underwater
network. In this context a group of leading European vehicle manufacturers and researchers set up a
collaborative R&D initiative called ‘GREX’ (Latin word for a herd or flock) under the Sixth Framework Program of the EC. This paper will give a general overview and some selected results of the project with emphasis on the systems aspect.
1. Introduction
Currently the exploitation of Unmanned Marine Vehicles (UMVs) for scientific tasks is steadily increasing. Typically, in marine research a single multi-role vehicle is being used. After completing one
mission (duration e.g. 2 to 6 hrs), the data collected is examined. Afterwards, the vehicle can be reprogrammed and sent on the next mission, possibly doing a different task. With each employment there is
the risk that the vehicle systems will malfunction or that the vehicle will get trapped underwater and
not be able to return “home” safely. Besides the financial loss the researcher will never get the information on what happened to the vehicle and will lose valuable data (e.g. loss of the “Autosub” AUV
under the Arctic Ice Shelf on 18/02/2005).
What a leap ahead, if researchers could use a multiple vehicle approach, whereby each vehicle plays
the role of a sophisticated node (with sensor, processing, and communication capabilities) in a possibly large network – this means combining the properties of different systems in a team. For example:
vehicles intended for searching operations could re-direct vehicles equipped with manipulators to extend their scope of activity to rescue missions. Some systems could watch other systems at work to
record the operations using video or they could serve as navigation aids or communication relay stations. Multiple vehicles allow surveying wider areas in less time therefore simultaneously obtaining
time and space resolutions that are otherwise unachievable. Combining pre-existing vehicles into a
team will make research more effective and will lead to completely new applications.
To coordinate and handle such groups of vehicles the research project GREX has been created within
the 6th framework of the European Commission (FP6-IST-2006-035223), Kalwa et al. (2006). The
project started in June 2006 and will end in October 2009. The project witnesses the development of
theoretical methods and practical tools for multiple vehicle cooperation, bridging the gap between
concept and practice. The technology developed is on one hand sufficiently generic in order to interface pre-existing heterogeneous systems. On the other hand it is sufficiently robust to cover problems
e.g. caused by faulty communications. The main goal of the project is to achieve a first level of coordination, validated in a series of sea trials.
2. Objectives and requirements
The objectives of the GREX project are well rooted in an in-depth analysis of potential user requirements. Initially three types of mission scenarios have been elaborated. Focus is placed on missions
where the following basic ingredients are present:
•

The missions require the use of several “intelligent” autonomous vehicles equipped with appropriate instrumentation.
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•

Inter-vehicle coordination and mission control is dynamic and highly dependent on the type of
information obtained as the missions unfold.

Fig.1: Example scenario sketch: vehicles trying to locate the source of a chemical plume (underwater
vent) by determining chemical gradients via distributed measurements and data exchange. The group
will automatically redirect itself towards the target.
As exemplary mission the “quest for hydrothermal vents” contains all essential elements. Marine scientists (including geologists and biologists) have by now gathered considerable knowledge about deep
water hydrothermal vents and their intriguing ecosystems and chemosynthetic life forms. The vents
hold considerable potential for the biotechnological industry and are a window on the evolution of life
on planet Earth. They are also spectacular and generate widespread public interest.
Besides the well known deepwater vents there are strong indications that hydrothermal vents exist at
150 m depth, around the D. João de Castro Bank in the Azores archipelago, but this has not been
proved yet, Cardigos et al. (2005). There is a need worldwide to develop efficient methodologies to
detect intermediate depth vents because of their far reaching implication in the study of the biological
responses to an environment wedged between deep and shallow waters.
The mission proposed is based on the knowledge that vents produce methane and that methane does
not dissolve quickly in the water. This in turn allows for its detection and for the measurement of the
gradient of its concentration using methane sensors. The two step mission starts with a fast survey of a
given area using a fleet of AUVs equipped with acoustic sensors. The map produced will allow for the
examination of geological features (acting as indicators of the possible presence of vents) that will
guide the choice of smaller inspection areas. Once a smaller area is found, a fleet of vehicles equipped
with methane sensors can be deployed, as depicted. The vehicle baseline configuration is such that
spatial estimates of the gradient of the methane concentration can be computed cooperatively. It is up
to the fleet to manoeuvre so as to seek the region of higher concentration, and thus the localisation of
the vent.
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The scenario described requires multiple vehicle motion coordination based on the type of information
(methane concentration) that is acquired as the mission progresses. The mission poses formidable
challenges to systems designers due to the need to develop a distributed, multi-vehicle coordination
scheme (requiring robust vehicle localization, navigation, and control) in the presence of stringent underwater communication constraints.
From the analysis of this and further missions following basic requirements have been worked out:
• The vehicles need to perform a master plan, i.e. the coded common goal.
• They need to be aware of their specific role within a coordinated mission.
• The systems need to perceive other team members and environment in order to avoid collisions and stay together as group.
• There is the need to communicate control commands, navigation, and sensor data.
• Finally the vehicles need to monitor and control the execution of the mission.
In order to integrate pre-existing vehicle the necessary ingredients of the system are depicted in Fig.2.
Fig.2 is only schematic, as the number of participants is principally not limited. It shows that the
GREX system is composed of a wet and a dry part, resp. consoles and vehicles. Individual vehicles are
typically controlled via a dedicated console, which needs to remain in service. Nevertheless, there is a
main console, necessary to plan the team mission as a whole. During operation there might be a contact to the vehicles if they are in reach. All systems are linked by various means of communication
which physical layer may range from acoustic underwater modems via radio frequency and wireless
Ethernet to fibre-optical data links.

Fig.2: Grex system overview
In order to turn any existing vehicle into a GREX-enabled one - which means they are ready to team
up with others - a bunch of software needs to be installed which is independent of the vehicle proprietary software, Fig.3. Before using the vehicles, the mission plan needs to be established. This task is
done on a central GREX planning console, which is the major tool for defining the team mission. Here
the plan is generated for the team (team mission plan) and subsequently broken down to individuals
(single vehicle mission plan). After some logical checks the plan is transferred via Ethernet to the individual vehicles and (if necessary) to the vehicle specific console, where it is available to the GREX
software. Some vehicles need their own specific console to perform pre-mission checks and syntax
checking of the translated plan. Also manual control input can be given from here.
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Fig. 3: GREX SW modules overview
Core element of the GREX vehicle software is the Team Handler, Glotzbach et al.(2008). This module
stores the team mission plan and is responsible for proper execution of the complete team-oriented
mission and possible mission changing (re-planning) activities. The coordinated control module within
the team handler guarantees that the vehicles are able to run in a certain spatial formation (coordinated
behaviour). This functionality will be supported by a team navigation unit which estimates the position
of each vehicle in the group. The estimation is based on modelling and sparse exchange of navigation
data of the individuals (cooperative navigation). From time to time the estimation is further backed by
range measurements to other vehicles.
As the Team Handler runs the mission plan in a general command language there are vehicle dependent interfaces which translate from GREX language into the vehicle specific language and vice versa.
The only gate to the vehicles is represented by the GIM (GREX Interface Module), which gives access
to data and planning elements available from the vehicle.
3. Team oriented mission planning
One of the first problems to be solved is how to plan a coordinated mission. Today’s state of the art of
planning utilises a seachart-based graphical user interface. On the chart, the intended path of the vehicle can be developed interactively by specifying waypoints and mission parameter as e.g. depth, speed,
sensor functionality.
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The basic instrument used in GREX to build the coordinated-mission planning system, is a commercial software package called SeeTrack, developed by the UK based company Seebyte. SeeTrack is a
platform and manufacturer independent mission planning, monitoring and post processing tool. Beneath planning it is well designed for rapid on-site analysis and data fusion of sensor data, including
sidescan sonar and video. It is build to perform on both, notebook and desktop environments. It has
been successfully deployed on numerous surveys, military exercises, and scientific experiments. As
described above, by defining waypoints and mission parameters on a graphical seachart an instruction
set is composed which can be interpreted as the path of the vehicle, located in the centre of a group. In
addition, a formation pattern needs to be defined. Using this special distribution the individual paths
for the team vehicles may be determined and displayed by the system.
As there are other patterns than running parallel lines, a set of complex standard manoeuvres called
multi vehicle primitives (MVP) have been defined. These MVPs allow path generation for most typical AUV missions. Fig.4 shows how a coordinated mission is created by drag and drop of the MVPs
into a time line. The MVPs are generally valid for all parallel timelines of each vehicle. In a second
step the MVPs need to be quantified by defining parameters. At this stage individual vehicles of the
group may receive specific tasks.
The boundary condition for operating heterogeneous autonomous systems implies the use a system
independent, general planning syntax (meta-language) in which the multi vehicle mission is described.
This process is depicted in Fig.5. Once the team mission is created and saved it will be decomposed in
single vehicle mission plans (SVMP), still using the meta-language. As each vehicle uses its own proprietary language a suitable translation is needed. This task is performed by a GREX interface module
(GIM), which in a part has to be implemented by the vehicle manufacturer.

Fig.4: Extended Mission Planning Tool
All three plans are transferred to the different vehicles. Later, when the robots perform their mission,
the Team-Handler software module monitors the progress on team level using the meta-language. Corrective actions are issued in case of deviations or necessary re-planning. The information is fed to the
vehicle via the GIM. The topic will directly lead to cooperative behaviour which will be discussed
later on.
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Fig.5: Architecture for plan generation
4. Mutual perception by cooperative navigation
Once the vehicles perform the mission the maintenance of a certain formation is indispensable in order
to prevent collisions or – more likely - loosing each other. A cooperative navigation solution enables
team members to estimate their own position within the group as basis for coordinated control, Engel
and Kalwa (2007).
The solution envisaged is based on synthetic long baseline (SLBL) navigation, patented by ATLAS,
Fig.6. In contrast to standard LBL systems the SLBL uses only one transponder at a known position. A
UUV which passes within the acoustic range determines the distance to the transponder while measuring its trajectory using inertial dead reckoning. Although suspect to drift, the inertial navigation is precise enough to determine an accurate track during a short time interval. Range and base trajectory data
are used to determine the position of the UUV relative to the transponder. The mathematic task behind
is called Trilateration.

Fig.6: Principle of Synthetic LBL
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An extension of this principle leads to a “moving transponder” solution as depicted in Fig.7. Again,
from time to time the range between the vehicles is measured by the underwater acoustic modem. Furthermore, the estimated displacement ∆ of the vehicles is exchanged in a similar time interval. By
means of Kalman filtering it is possible to overcome the hurdles involved, which are mainly inconsistencies between reported displacements and range measurements as well as the drift of the individual
navigation systems.
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Fig. 7: Cooperative Navigation using a “moving transponder”
There are some mathematical problems involved in this situation as trajectories exist which may lead
to singular matrixes. The coming sea trials will show how relevant this is for practical applications.
Based on extensive simulations, there is evidence that the main goal – to minimize the relative drift of
the individual navigation systems – can be achieved. The exact information of the mutual position of
the individual UUVs is prerequisite for coordinated control as discussed next.
5. Coordinated Control
From a theoretical standpoint, the coordination of autonomous robotic vehicles involves the design of
distributed control laws in the face of imperfect or partial position measurements. Theoretical approaches exist where this basic problems are approached, Leonard (2006), Encarnacão and Pascoal
(2000). The Institute of Systems of Robotics within the IST, Lisbon has pursued research and development on this subject for the past few years, Fig.8.

Fig. 8: The AUV Aries (property of NPS, USA)
approaches the ASV Delfim (property of IST,
Portugal) during coordination trials in Azores, 2003

Fig. 9: path following and coordination as
separated control tasks
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Past trials, however, showed evidence that there is a big gap between theory and practise as the problem of data exchange has been underestimated. This is particularly significant in the case of underwater vehicles for two main reasons: i) the dynamics of marine vehicles are often complex and cannot be
simply ignored or drastically simplified for control design purposes, and ii) underwater communications and positioning rely heavily on acoustic systems, which are plagued with intermittent failures,
latency, and multi-path effects. The scientific tasks need to be re-formulated in order to address multiple vehicle control under stringent communication constraints.
It was only recently that these subjects have started to be formally tackled, and considerable research
remains to be done to derive multiple vehicle control laws that can yield good performance in the
presence of severe communication constraints. Motivated by the above considerations, IST/IST has
pursued the study of advanced systems for coordinated path-following (CPF) control of multiple
AUVs. In this set-up, the vehicles are required to follow pre-specified spatial paths while holding a
desired inter-vehicle formation pattern in time.
Most vehicles are designed to perform an accurate path following, i.e. in the ideal case they move on a
virtual line between two points. To enforce a formation of multiple vehicles it is possible to define a
trajectory Γ for each vehicle parallel to the trajectories of other vehicles. A typical distance between
these tracks is assumed between 20 and 200 m. Assuming that the vehicles are keeping the track assigned using their path following controller, the coordination is reduced to an “along-pathcoordination”, i.e. minimising the coordination error γ1,2 as depicted in Fig.9.
This “divide to conquer”-strategy - the combination of path following control and coordination control
- leads finally to a solution for the coordinated path following control problem, Aguiar et al (2007). By
employing this approach the communication traffic necessary to perform the control is drastically reduced. For their own path following control the individual vehicles do not need to communicate, as the
path is predefined at the stage of trajectory planning. Thus, communication is limited to reporting coordination errors.
6. The Communication System
The overall communication system is not limited to under water communication. The need to exchange data starts with the transfer of the mission plan and continues with the initialisation process
before a mission begins. Then there is the need for data exchange during mission, for the recovery
phase, and for data download.
The need to transmit data in variant conditions leads to a multi-channel communication which employs cable network, wireless LAN, a mid range radio communication for data and commands, and at
last the underwater acoustics. The communication architecture is based on an Inter-Process Communication (IPC) which represents a client-server architecture on XML basis. Each module of the GREX
software environment embeds an IPC client to communicate with other processes. And so does the
Multichannel Inter-Vehicle Communication as shown in Fig.10.
The integration of the Ethernet is quite straightforward. For the radio modems, transport and network
layer as well as device driver are based on already existing modules. But only few attempts have been
made recently to create a network of acoustic underwater modems. The problems coupled with underwater communication are numerous: there are significant communication delays due to the header
processing and speed of sound in water; the communication channel is constantly fluctuating which
may even lead to temporary loss of connection; multipath and Doppler shift effects as well as ray
bending due to thermal layers contribute to this behaviour. Overall, the use of the acoustic channel is
quite limited.
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Fig.10: Multichannel Communication Architecture
In order to reduce the load on underwater data transmission, a protocol bridge is implemented in the
network layer. A lossy data compression is achieved by applying some logics. Usually, the data to be
transferred is widely known and only little changes occur. This knowledge is employed by transferring e.g. only the last numbers of a datum which would otherwise be a 64 bit double value. Furthermore the precision is cut at a value which is reasonable for the application. The protocol bridge acts
fully transparent so that it is not visible to the user.
The network itself uses a unique feature of the modems. The Australian company DSP Comm Pty Ltd.
has developed underwater modems which can be operated in a broadcast mode or can be addresses
individually (CDMA). In the latter mode several modems may operate separately in parallel. The current idea is to establish a connection in broadcast mode and to continue communication on a predetermined private channel.
7. Integration of the Grex Architecture into pre-existing vehicles
A major goal of the GREX project is its general applicability with heterogeneous vehicles. That means
that nearly all type of vehicle can be turned into a GREX-enabled one. To upgrade an existing system
there is the need to install the GREX software which runs on Microsoft Windows ™. In the worst
case, additional computer hardware needs to be installed. Furthermore, the communication system
needs to be equal on all vehicles. This hardware requirement is routed in the fact that there is no common communication protocol among modem manufacturer in the marine environment. This means
that a Freewave™ FGRM radio modem and an underwater acoustic modem of the Australian company DSPComm needs to be added to the vehicle hardware.
Once the software is installed, the GREX Interface module (GIM) needs to be created. Software specifications are available, so that this is a routine SW engineering task. This GIM together with an optional similar module for the vehicle specific planning console are the only software items which need
adaptation. Having completed the integration task, the Multi-Vehicle-Mission planning is done on a
laptop which is linked to a specific console and/or to the vehicle by Ethernet. Alternatively, the planning tool might be installed on one of the vehicle-specific consoles.
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This straightforward approach should makes the system ideally suited to be used as a stepping stone
for further research where multiple vehicle operation is an added value.

.

Fig.11: Overview about GREX modules
8. Summary and Current Status
The GREX project has been launched in June 2006 within the 6th framework of the European Commission. Major goal of this 3 years project is to create a conceptual framework and middleware to coordinate a flock of heterogeneous unmanned marine vehicles. In order to get a widely general solution
the requirements and solutions are routed along mission scenarios which incorporate all basic elements
of scientific applications.
The project is divided into three major phases which are characterized by the main activities:
1. Specifications and scientific research,
2. Applied research and implementation,
3. Successive trials and final demonstration of results.
The specifications are finalized and research on the challenging topics is well saturated. Beneath methodical research, hardware tests have been performed which include e.g. trials of different acoustic
underwater modems, which proved to be one of the most challenging tasks of the project. The evaluation of the modem has not been finished up to date. Furthermore, a system simulator has been developed which allows testing various software items during the ongoing development. The current status
is as follows.

•
•
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The User-Interface with underlying middleware to plan, check and distribute a coordinated
mission for heterogeneous objects – is based on the commercial SeaTrack software. A general
meta-language ensures that each team member knows the full plan and their specific role.
The Team Handler module is widely achieved, about 90% of the MVPs are coded and tested
in simulation.

•

•

•

The general control system for coordinated control of multiple heterogeneous vehicles divides
the task of coordination into two separate tasks: path following and along track coordination.
The advantage of this divided approach is the potential to greatly reduce communication. Control laws for the initial formation building are achieved.
The cooperative navigation solution which enables team members to estimate their own position within the group is based on the dynamic extension of synthetic long baseline navigation.
Future trials must show the applicability of the method in a real environment with all the uncertainties and fluctuations involved, which cannot be simulated.
The general communication middleware enables communication using multi-channel connection composed of LAN, radio and underwater acoustic communication. As stated above there
are some unsolved issues with the underwater modems. The data to be exchanged comprises
navigation and vehicle status information, coordinative commands, and a limited amount of
sensor data.

The implementation has widely been achieved so that the project is currently in the evaluation phase.
First trials in the area of the Azores have shown the feasibility of the approach. Local tests need to be
performed to optimize the results, especially for underwater communication where there is a delay in
the project. The final trials will take place in October. They mark the end of the ambitious project.
More information can be found on: http://www.grex-project.eu .
9. The consortium and share of work
The Consortium is composed of 10 Partners which share the work under coordination of the German
company ATLAS ELEKTRONIK GmbH which is further on in charge to develop the cooperative
navigation system and use the research-AUV Seabee for verification.
http://www.atlas-elektronik.com/
GREX started with a short definition phase. The Instituto do Mar at the University of the Azores (Portugal), which is dedicated to biological research in the underwater domain, was in charge to define
scenarios and requirements, from which development and trials were deducted.
http://www.imar.pt/
Scientific Methodical Analysis and Research was mainly performed by the Institute of Robotics of the
Instituto Superior Técnico (IST) (Portugal) and the Technische Universität Ilmenau, Faculty of Computer Science and Automation in Germany. Both Institutes combine their theoretical backgrounds to
achieve the ambitious goals. TUI also developed an overall simulation tool for module verification and
integration tests.
http://welcome.isr.ist.utl.pt/home/
http://www.tu-ilmenau.de/fakia/
The Bulgarian SME Sciant, experts in embedded systems and communications, developed the middleware for inter-process and inter-vehicle communication as well as for dynamic networking. Unfortunately Sciant does no longer exist. The extension into a radio and underwater network and the final
realisation is currently performed by Sciant’s successor, the Portuguese company OrangeEnergy.
http://www.orangeenergy.org/
The French research institute Ifremer with its operational experience in underwater communication
lead the specifications of communication in the GREX system and provides their AsterX-Vehicle for
evaluative tests.
http://www.ifremer.fr/
Seebyte Ltd., UK, is responsible to create the GUI for planning and analysis of the coordinated mission, based on their product SeeTrack.
http://www.seebyte.com/
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The scientific/technical part of the project, described above, is framed by an intensive marketing.
INNOVA (Italy) uses their experience in market studies and exploitation plans for GREX. MC Marketing Consulting (Germany) will coordinate the dissemination and promotion during the project and
maintains the web presentation.
http://www.innova-eu.net/
http://www.jarowinsky-marketing.de/
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Abstract
This paper provides a preliminary overview of a still on-going methodology for the market
exploitation of Multiple Unmanned Marine Vehicles (MUMVs), developed in the framework of the
GREX research project. GREX is a R&D initiative supported by the European Commission aiming at
the development of a innovative middleware system to coordinate groups of heterogeneous unmanned
marine vehicles working in cooperation.
1. Introduction
Autonomous vehicles applications have been growing very fast over the last few years, following the
advent of new innovative technologies that provide high levels of autonomy and reliability. The past
decade has witnessed the emergence of autonomous behaviors in single mobile systems, with
applications to the safe operation of ground, air, and marine vehicles in the presence of changing and
unknown environmental conditions. Therefore, technologies have come to a “maturity” situation to
allow the development of a stable market of unmanned autonomous which is even more developing
towards new and more interesting applications by employing multiple autonomous vehicles,
performing missions cooperatively as an attractive alternative to the traditional single vehicle
paradigm.
GREX project1 aims to create a conceptual framework and middleware system to coordinate a group
of diverse, heterogeneous robotic vehicles working in cooperation to achieve a practical goal. In
summary, the project activities will be addressed to the development of market-oriented technological
solutions that will allow for the execution of complex missions through the use of Multiple Unmanned
Marine Vehicles (MUMVs). The main technical outputs expected out of the projects are the
following:
• An user interface with underlying middleware to plan and distribute a coordinate mission for
heterogeneous vehicles and for post mission analysis;
• A generic control system for cooperative control of multiple vehicles in uncertain environments,
subject to stringent acoustic communication requirements, incorporating principles of swarm
navigation;
• A communication middleware, which enables heterogeneous vehicles to communicate with each
other via LANs, radio and Underwater Acoustic Modems;
• An open local communication middleware for inter-module and inter-process communication.
One of the main concerns about R&D projects is the missing and/or poor attention to the marketoriented results investigation. This part of the work has been well took into account and developed in
GREX project, where besides R&D activities, a set of market exploitation activities have been
planned and partly accomplished so far – notice that GREX is still an on-going project - to guarantee
an adequate impact of the project results. Two of those activities are the following:
• In order to develop a “market-driven” product, a market survey has been carried out to monitor
and investigate current and future market trends, as well as the technological developments in the
field of MUMVs.
• The main survey outcomes have been using to design a suitable model for the market exploitation
1

GREX Project [IST 035223]: http://www.grex-project.eu/
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of a European R&D project results, with a complex partnership formed by large and small
industrial companies, universities as well as research centers.
In the following sections, we first summarize the main results of the market survey - an extended
description of the marked survey can be found in Zangrilli and Picini (2007), then we introduce the
structure of the identified model for the market exploitation and finally we report on the first results of
applying the proposed model to the GREX case.
2. Market Survey
The methodology followed to perform the survey consisted of the following four steps: (i) Data
collection to gather information on MUMVs state of the art technology and market trends through
literature research; (ii) Creating a questionnaire in order to collect information from experts
worldwide belonging to companies and R&D organizations involved in the use and the development
of Unmanned Marine Vehicles; (iii) Direct research through expert interviews: 95 organizations were
contacted from which 16 interviews were collected; (iv) Final report drafting processing the data
collected from the literature research and the results of the direct research.
Experts interviewed clearly indicated that the MUMVs will be largely employed in three main fields:
• Oceanographic data collection and interpretation;
• Scientific exploration;
• Environmental monitoring.
Other potential MUMVs applications will be: Military applications, Pollution Monitoring and
Inspection, Repair and Maintenance (IRM) for Offshore applications. The employment of MUMVs in
the identified scenarios will allow the mission time reduction and the more complex tasks execution.
In addition, although it emerges that MUMVs can lead to improvements in carrying out existing
missions and in designing new ones, the survey highlighted also new challenges that should be solved,
such as: MUMVs have yet to prove to be operational, further R&D activities will still require 5-10
years, there is still the need to learn to work with single AUVs, MUMVs are expensive.
Therefore, although a significant MUMVs market growth in the short term is not foreseen yet, but
things are changing very fast, expert interviewed expectations on the potential of generic and modular
GREX-like systems are highly positive. In particular, the enabling factors foreseen by the
interviewees will be:
• Development of open interfaces and common standards;
• Positive feedback from users (i.e. manufacturers will adopt a generic system only if they will be
“compelled” by their customers).
3. Exploitation Model: The Approach
The exploitation model is based on the following flow:
a) The analysis and definition of the exploitable results (WHAT to exploit);
b) The analysis of the consortium partners to identify the role of each partner in the exploitation of
the project results (WHO will exploit);
c) The market identification and competitive analysis (towards WHOM);
d) The marketing strategy formulation (HOW to exploit).
WHAT and WHO represent the phases dedicated to the definition of the High Level Strategy; i.e. the
general vision of the consortium for the exploitation of project’s results, achieved through the
matching between WHAT and WHO and taking into consideration the marked study results (Section
2). The High Level Strategy drives the identification of the framework under which the Strategic and
Operational Plan – i.e. WHOM and HOW - will be developed. Fig.1 depicts the approach introduced
above.
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Fig.1: Approach for exploitation plan elaboration
The choice to build the model starting from the definition of WHAT is based on the needs of
understanding: (i) which project results could be exploited under the project brand and (ii) for which
project results it will be possible to build a strategy consistent with the very innovative issues faced by
the project. Two different project result categories can be identified: a) the intangible results category
and b) the tangible results category. The former are basically the new knowledge developed within the
project which will be exploited by all project partners. The latter are the project “hard” products like
software, systems and hardware that are going to be developed within the project. Whereas
exploitation of intangible results will take place at single partner level, exploitation of tangible results
will take place through the selling of the developed solutions and will require the involvement at the
consortium level; i.e. a common strategy is required. Therefore, tangible results are the main focus of
the present exploitation model.
The exploitation of the project results implies the choice of the organization that will be in charge of
the exploitation activities. The proposed exploitation model has been designed taking care of the
different partners’ approach to the project results (WHO); i.e. on the basis of their roles within the
project. This allows the definition of a multi-perspective plan, addressing the exploitation
requirements, mission and commercial strategies of each partner.
Finally, according to the information gathered so far, the strategic and operation plan defines (i) the
most promising scenarios where “do business”, (ii) the comparative analysis between GREX and
existing solutions within the identified scenarios and (iii) the potential strategy for each identified
scenario.
4. Towards an Exploitation Model for GREX
The exploitation model introduced above has been applied to the GREX case. Currently, the first two
steps - WHAT and WHO – and the subsequent consortium exploitation strategy have been
accomplished.
4.1. WHAT: Exploitable results
The tangible results of GREX include a set of technologies adopted to coordinate a group of
heterogeneous unmanned robotic vehicles working in cooperation. The technologies have been
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developed to be employed and integrated in real vehicles with existing proprietary systems. Thanks to
these technologies, the vehicles will be equipped to work in a team with minimum impact on their
architecture. In particular, the following four main products are expected to be carried out at the end
of the project:
a) The user interface for multiple vehicle;
b) The team handler;
c) The vehicles communication system;
d) The team navigation.

Fig.2: GREX set of technologies
GREX will make available the set of basic technologies above, in principle, in the following way:
• As a whole: the set of technologies will represent a complete solution, the main project result, that
will allow MUMVs applications (mission management and coordination);
• Individually: Each technology will represent a single product to exploit independently.
The tangible results have been analyzed in a qualitative way to evaluate their potential in terms of
product. Industrialization level and marketability have been chosen as evaluation parameters. Fig.3
shows the qualitative positioning of tangible results.

Fig.3: Qualitative positioning of tangible results
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4.2. WHO: Partners’ positioning
In order to identify the specific partners’ role in the exploitation, the consortium partners have been
described in terms of market positioning and exploitation interests. The former is summarized in
Fig.4, the latter in Table 1.

Fig.4: Partners' market positioning
Table 1 - Partners’ exploitation interests
Private
Organization
ATLAS
ELEKTRONIK

Activities
It offers maritime and naval
solutions above and below the
ocean surface (HW, SW and
service).
Mainly military market.

Exploitation interest
To commercially develop the “complete solution” of
the project and to include the developed technologies
in its own systems.
To enter into other market (Oil & gas and research)
and to strength its competitive position.

SEEBYTE

Spin-off from Herriot-Watt
University, offers solution
tailor-made for Military and Oil
&Gas organization.

User Interface for multiple-vehicle scenario to
enlarge its range of products.

ORANGE

Solution provider of
professional, technologicallybased consultancy and support
services.

To strength IT and engineering competences in the
communications field.

ENERGY

To offer new services/products based on the
developed know how.
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MC

Consulting company specialized
on marketing and promotion
activities for international
maritime and offshore as well as
for matchmaking projects.

To use knowledge on the main trends in the sector to
offer high-value added services.

INNOVA

It offers consulting services on
innovation and technology
transfer.

To use knowledge on the main trends in the sector to
offer high-value added services.

IFREMER

It designs and operates
observational, experimental and
monitoring tools and facilities.
It manages the ocean research
fleet for the French scientific
community.

To gain knowledge to improve the quality and the
portfolio of the services to offer (also through “The
Business Development Department” dedicated to
TT).

IMAR-DOP/UAz

Private non profit association
whose founder member are the
majority of public universities
in Portugal. It promotes and
performs multidisciplinary
cooperative research activities
in the marine science and
technology.

To gain experience in tools for a better description,
investigation and modelling of oceanic ecosystems
and to exploit them in new international/national
research project.

IST/ISR

University based R&D
institution where
multidisciplinary advanced
research activities are developed
in the areas of Dynamical
Systems Theory, Robotics,
Marine Systems,
Communication Networks, and
Information Processing.

Results exploitable in new national/international
research projects. Competences to use in :

TUI

It has theoretical and practical
experience in the following
topics: Modelling, Simulation,
Closed and open loop control,
Decision support systems for
humans, Methods of
Computational Intelligence,
Automatic learning.

i) CMU-Portugal Program,
(http://www.cmuportugal.org) mainly in the field of
Networked Sensors, Communication, and Decision
Systems, ii) joint missions with the IMARDOP/UAz involving multiple marine robots, in the
scope of the Associated Laboratory ISR, PT that
aims to bring together marine science and
technology.
To continue the research to enlarge the
functionalities of the system through new
national/international research projects. Conceptual
validation of multi-system mission control in
software and hardware development.
To gain experience for further industrial
dissemination in the field of unmanned vehicles
(mobile robotics with different partners, e.g.
Fraunhofer Application Centre for System
Technology Ilmenau).

4.3. Consortium Exploitation Strategy
The matching among the results of the WHAT and WHO steps and the market study (Section 2)
generated the GREX consortium exploitation strategy. The latter allows the generation of the possible
exploitation plans. The output of the matching can be summarized as follows:
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•
•

Generic and modular GREX-like systems for MUMVs have high market potential, thought their
use is only foreseen in a medium-long term.
The consortium is made up of distinct types of organization, from R&D to service provider.
According to their market positioning, the organizations that are best positioned to bring GREX
results to the market are ATLAS and SEEBYTE.

The matching between tangible results positioning, Fig.4, and partners’ exploitation interest, Table 1,
generated two plans that could have major market impact from a product exploitation point of view:
1. Exploitation of complete solution – ATLAS is the organization more interested in the industrial
exploitation of the complete solution and with the main commercial assets, Fig.5.
2. Exploitation of User Interface –SEEBYTE is already involved in the selling of this kind of
products; the user interface for MUMVs will extend SEEBYTE range of products, Fig.6.

Fig.5: The model for the exploitation of complete solution

Fig.6: The model for the exploitation of user interface
Given the fragmentation of pre-existing ownership and the existence of property rights divided among
project partners, licensing strategy for the proposed exploitation solutions is not feasible. Business
agreements fit better to tangible products exploitation. In addition, promotion and dissemination of
the GREX brand will be done by all partners on the basis of the promotion plan.
Finally, Fig.7 outlines the foreseen exploitation timing:
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Fig.7: The foreseen exploitation timing
5. Conclusion
The proposed exploitation model provides a solution to identify the project partner's role as well as
their market approach coordination when deploying the project results, taking into account of their
institutional mission, the project results market lead-times and commercial strategies. The application
of the proposed exploitation model to the GREX case produced the first results and, in particular,
allowed the identification of two possible exploitation plans: complete solution and user interface.
These two plans will be addressed by two distinct partners: ATLAS and SEEBYTE, respectively. To
complete the proposed exploitation model, future work will focus on identify the actual business
opportunities for the GREX results and developing the market strategy accordingly.
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Software Development and Reengineering outside of the
IT Industry using a Procedural Workflow Framework
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Abstract
This paper presents an approach of a software framework to support software developing engineers
by handling procedural software. The framework offers practical assistance for separating the
control flow from the numerical functionality. Especially by long-lived and growing software tools, it
allows to implement a flexible and clear documentable workflow, based on a configurable state
machine. A rudder design tool illustrates the approach. This tool has been continuously developed
over years with several changes of the responsible engineer.
1. Introduction
Much of the engineering software in use was developed for specific and highly specialized
applications. The focus was in transposing physics into numerical engineering models. Especially for
a prototype dominated industry (such as shipbuilding), it is very important to get reliable information
about technical products within a short time. In contrast to mass production industries, the design
stage of a ship is relatively short, Krüger (2003). The prototype character and strict time requirements
impose rapid adjustments of the supporting software to the technical design process. As a result, there
is often no commercial software package to solve the special problem and designers have to develop
their own software to gain a competitive advantage.
Engineers are specialists for the technical product and the associated physics, but not for designing
maintainable and scalable software. The programming skills of engineers are focused on numerical
mathematics applied in engineering. The resulting software is mostly procedural, which works fine for
individual problems. Problems occur when combining several stand-alone tools to more complex
packages. At this point, software design, data storage and user interfaces become relevant. Many of
the technologies available within the IT community are too difficult for the engineers responsible for
developing the engineering design tools.
This paper describes an approach to support a software engineer to structure technical software tools,
using a module to describe the dependencies between single numerical functionalities and separated
user interactions. This task is performed by a free configurable state machine. This state machine
allows separation of the structure and workflow from the functionality. Besides the structuring of new
projects, a main focus is to reengineer existing software tools. This aspect will be illustrated for a
rudder design tool in chapter 3. This tool has been developed over many years and is used
successfully in industry and academia. It is continuously updated incorporating latest research.
2. Concept of a configurable state machine
Typical engineering tasks are procedural. An example is the design of ship rudders. Here, a CAD
model has to be designed, the hydrodynamic aspects have to be calculated and the structural strength
has to be analysed. For all three steps, dedicated software support is needed. The three tasks is a
largely separate. A separated task will be called “functionality” in the following. Functionalities may
differ in complexity, starting from a simple empirical function expressed in perhaps ten lines of
source code to complex CFD (computational fluid dynamics) methods. Further functionalities address
user interactions and data import/export.
The design engineer sees these as software tools to support him in his technical design process. He
cares about the handling within his work process, not about the underlying complexity. Functionality
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must be used in the correct order. They frequently need output from other functionalities and generate
in turn input for the next. The work process can be seen as a sequence of functionalities, where each
functionality has a specific position. The order can not be changed at will.
This sequential way of interacting with software, is often used to guide a user. The software paradigm
is a wizard based on a modal dialog. The user has only one interaction window and can deal with the
problem step by step. Examples for this approach are the configuration tools for computer hardware,
applications for online tax computation or online shops in the internet. A design process for a
technical product can be structured in the same way.

Fig.1: Example of state oriented workflow
A classical state machine, i.e. a graph consisting of nodes and directed edges, Fig.1, is well suited to
map these dependencies. The nodes represent functionalities, the edges possible ways to follow
functionalities. This approach allows defining a network of functionalities describing the workflow in
a design process. The approach allows separating the structure of dependencies from the numerical
functionality. The restriction to a state machine ensures a clear interface between functionalities and
the structure of the workflow. Each functionality is strictly isolated from all others. Only a selector
specifies the directed edge, which defines the connection to the following functionality. But the
functionality does not know which functionality the selector is connected to. A wizard implements
three possible actions:
•
•
•

NEXT : the next functionality should be executed
BACK : the user wants to go one step back
END : the user wants to cancel the application

Now we have two fundamental aspects needed to implement a generic state machine for a
configurable workflow:
•
•

A SELECTION : this is an integer number (1:n)
An ACTION : one element from the set of [ NEXT | BACK | END ]

One problem of this approach should not be hidden. Because of the strict separation between
functionalities, they cannot exchange data directly. Thus data interactions have to be implemented via
the project’s database. Sometimes this is more complicated than to implement special parameter lists
for a procedure. If we see a functionality as a special tool to manipulate the information of a project,
this approach is consequent, because manipulations on local data have no effect on the actual project.
I.e. a functionality, that does not manipulate the project’s database, has no effect on the design
process.
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2.1. Implementation of the generic workflow module

Fig.2: Simplified flowchart of the workflow module
The approach was implemented as a FORTRAN90 module, consisting of some 500 lines of source
code. This small implementation can be regarded as a concept demonstrator, which can be adjusted to
different software environments. The practical use will be demonstrated in the following. A workflow
is defined as a FORTRAN90 type definition. In a similar way, the concept can be implemented in any
other computer language with type or class definitions. A workflow can be initialised by defining a
variable of the following type:
type ty_Workf
…
integer :: actualState,
beginState,endState
integer :: action, selection
…
type(ty_State),
dimension(1:WORKF_MAX_STATE)::
StateList
end type ty_Workf

This extract of the type definition illustrates how workflow acts. The most important part of this type
is the integer array StateList. Each state within a workflow has to be a unique identifier. This
identifier is implemented as an integer value. Additionally the attribute actualState is needed to
specify the active state within the workflow. The attributes beginState and endState are used
to define begin and end of a workflow.
The generic interface is defined for each functionality as follows:
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subroutine Func_1(action,selection,error)
integer,intent(inout) :: action
integer,intent(out)
:: selection
integer,intent(out)
:: error
...
end subroutine

If the interface of functionality is strictly defined in the same way, these functionalities can be handled
by a generic workflow module as shown in Fig.2. The action is going into the functionality and
selection returns, which can be used by the workflow to get the next state. The identifiers of all
possible states are stored within the array. By using the variable selection the following state can
read from this list. Corresponding to the returned action, the next state will be the selected
following state, the last state or the end state of the workflow. If action is ‘NEXT’ the actual state
will be stored to an internal stack. This stack allows retracing the complete history of executed states.
A problem by implementing a generic workflow in FORTRAN90 is that the workflow does not know
the calls to the functionalities it has to use. In object oriented languages as C++ or Java, there are
mechanisms of abstract classes which could be used within such generic modules. The
implementation of own functionalities could be realised by a derived class. In FORTRAN this is
impossible. But as the focus here was to support engineers with existing software environments,
FORTRAN was chosen, because this language frequently is used in engineering projects. Therefore a
solution was necessary to handle abstract functionality. The solution was to demand the
implementation of a subroutine for calling the functionality. While admittedly not elegant, this
solution is practical. When the workflow should be started, the subroutine for calling the user
implemented functionalities has to be passed by the parameter list to the workflow module:
type(ty_Workf) :: wf
…
call WORKF_run(wf,subState,ierr)

The parameter subState is a subroutine programmed by the user of the workflow module. This
subroutine is the one called within the endless loop shown in Fig.2. The statement “exec actualState”
is handled by calling the procedural-parameter subState! It is important to implement this
subroutine correctly. Otherwise the whole workflow cannot work. But the implementation is easy and
has only the aim to fulfill formal aspects. The structure of such a state manager is the same in each
case, as shown in the following example:
subroutine subState(state,action,selection,ierr)
integer,intent(in)
:: state
integer,intent(inout)
:: action
integer,intent(out)
:: selection
integer,intent(out)
:: ierr
select case(state)
case(state_function_1) :
call function_1(action,selection,ierr)
case(state_function_2) :
call function_2(action,selection,ierr)
case(state_function_3) :
call function_3(action,selection,ierr)
…
default : ierr=1
end select
end subroutine subState
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This convention allows storing all needed functionality in complete isolated parts. The control flow is
strictly separated from the numerical tasks. New functionalities, which are implemented later, do no
affect existing ones. The control flow is only handled by the workflow. Because of the strict
separation of control flow from the functionality, it is necessary to configure the connections between
all functionalities independently. This means before the workflow can be started, an initialization part
must be implemented. The following subroutine can be used to add a functionality as a state to a
workflow:
subroutine WORKF_addFuncState(wf,stateNum, descr, nSel,sel_states, ierr)
type(ty_Workf),intent(inout) ::
integer,intent(in)
::
character(*),intent(in)
::
integer,intent(in)
::
integer,dimension(:),intent(in)

wf
!
stateNum
!
descr
!
nSel
!
:: sel_states

integer,intent(out)

:: ierr

the used workflow
identifier of the state
texual description
Number of selections
! state corresponding
! to a selection
! error code

The most important information is within the array sel_states. By defining this array, the
connections between a state and the following states are implemented. After “adding” all
functionalities to the workflow, the whole directed graph of the workflow is configured. Because the
initialization of the directed graph is strictly separated from the implemented functionality,
restructuring or extending the workflow is now simple. Only some following states within the array
sel_states need to be changed to change the control flow. The real functionality has not been
touched. The error potential of restructuring an existing control flow is significantly reduced. This is
particularly beneficial for old and long living software systems. In chapter 2.3 this aspect will be
discussed in more detail.
Finally some words about the parameter descr. This parameter is not really necessary for the
workflow module. It is only a textual name for the added state. But it is very useful to describe the
state with a meaningful name. The workflow module uses this string for logging the state before
executing it. With this logging file it is possible to analyze exactly the way of the workflow through
the directed graph of the state machine, a useful feature for debugging.
2.2. Principle implementation of a functionality
After explaining the workflow algorithm and the calling mechanism of functionalities, the
functionality implementation shall be explained in more detail. The paradigm of a wizard controlled
user interaction leads to two types of functionalities:
1. GUI functionalities which allow an interaction with a human user of the workflow.
2. Numerical functionalities for all calculations.
From the view of the workflow, they are the same. Therefore both have to handle the same
mechanism of action and selection. But depending on type, they have to be handled a
differently. Especially the input/output parameter action has to be explained in more detail. As
defined, it can have the values ‘NEXT’, ‘BACK’ and ‘END’. The value ‘END’ will be never passed
to a functionality because this value is handled directly by the workflow module and has the task to
end the execution of the workflow. Therefore the value ‘END’ is only possible as a return value of a
functionality. This means, a functionality has only to handle the values ‘BACK’ and ‘NEXT’.
‘NEXT’ means that the functionality should execute its normal task. The value ‘BACK’ is a bit more
complicated as an input parameter for action. In this case the functionality has to know how to
react. For of a numerical functionality, the task is often simple because the functionality has nothing
to do but to return with action ‘BACK’. The workflow will go automatically a further step back.
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To understand this mechanism, remember the handling of a wizard dialog. If a user interacts with a
wizard dialog pressing the back button, he expects to return to the last user dialog. All numerical
actions between two user dialogs must then be ignored. Only if a functionality has manipulated and
stored project relevant information, an undo mechanism has to be implemented sometimes. But in
most cases, a simple statement is enough:
if action == BACK then return

The action ‘BACK’ within a GUI functionality is handled as follows: If a user presses the back
button, the last GUI has to appear showing the last configuration the user did. This means the GUI
functionality has to initialize all entries with default values if the functionality is called with the action
‘NEXT’ and with the last values if it is called with ‘BACK’.
The selection parameter can be used freely by the programmer of a functionality. It defines how
many output items a functionality has. A numerical functionality has normally only one output item.
A possible second output item could be a non-fatal error. In this case it could be reasonable to pass the
user to a special GUI functionality for handling such an error. But the normal use of the selection
parameter is to use it within a GUI functionality allowing the user to select different possibilities
within the wizard driven workflow.
2.3. Using the state-machine approach for reengineering
The approach of separating the control flow from the numerical tasks has a further advantage. By
designing a new software application, the focus is to implement the required numerical functionality.
The software structure can be designed from scratch. Aspects of software maintenance and possible
future extensions are important aspects for the implementation and they can be realized by regarding
the actual state-of-the-art of science and technology.
But in engineering, often software is not designed from scratch. Existing tools have to be improved or
adjusted to new problems. In this case, the existing structure of the software has to be taken into
account. It is impossible to re-implement the complete tool. In practice, several developers implement
different parts of the tool. Each individual works on some feature to improve and soon it becomes
difficult to understand all existing features. Because new developers have no longer the complete
overview, the software structure degenerated increasingly. Every new person has more problems to
implement his task and the effort for new features becomes uncontrollable.
At this point there are only two possibilities. The first one is to delete everything and to start from
scratch. Normally this is impossible due to excessive required financial and personal resources. The
second one is to restructure the existing tool and to implement a new maintainable structure to the
existing software. This approach is still expensive, but often there is no other way than to reengineer
an existing tool. After the initial decision for reengineering, there is the question of how to do it. A
seeming trivial demand is that the reengineered software has to calculate the same values as the
original. But in practice it is difficult to ensure the same behavior after a complete restructuring of the
source code. Here the approach of separating the control flow from numerical parts is very useful.
Often differences in behavior result from small changes to the control flow, not taken into account. It
is very difficult to find these errors. But the control flow is often a main aspect of a reengineering
project. Developers tend to implement little features by putting some functionality within a source
code and this code is only executed under special conditions which need to be understood. After
analyzing this behavior, a main part of the work is done. For this task, the careful separation of the
control flow is useful. If you try to extract too many control sequences in one step, errors are almost
guaranteed. Therefore an approach is needed to support stepwise restructuring, namely employing by
the state-machine base workflow. Because the complexity of a functionality is not defined, it is
possible to put the complete existing application in one functionality and the workflow is only used to
start it. In this case there is only one state and after execution, the state machine terminates. Because
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there is no new functionality and no changes within the existing source code, the application will act
in the same way as before. But now there is a starting point for further reengineering tasks.
In a second step, it is possible to analyze the primary ways of the control flow. Mostly it is easy to
find some primary paths. Perhaps there is a special initialization part, which is executed before the
main calculations. This is a typical candidate for extraction to a separate functionality. In the same
way, a post-processing part for storage and visualization can be extracted to a separate functionality.
The first trivial functionality can be cut stepwise in two, three and more functionalities. After each
cut, it is possible to check whether the reengineered tool still acts as before. New functionalities can
be analyzed whether a further separation is useful or not. In combination with the automatic logging
mechanisms of the workflow module, it is easy to control the steps of execution.
In the same way as a civil engineer has to brace a ceiling of a building before a wall can be destroyed,
the control flow needs bracing, before the existing structure can be removed. This can be done by the
discussed state-machine approach. The workflow module allows supporting the application during the
reengineering process by keeping alive a fully functional control flow. Therefore a smooth extracting
of the control flow is possible without long periods of a software tool without function.
3. Reengineering of an existing rudder-design software
Within the design process of a vessel the prognosis of the manoeuvrability is a very important
subtask. The fulfilment of the requirements is essential for a successful delivery of the vessel. One
major aspect is the calculation of rudder forces for different rudder angles and vessel speeds as input
parameters for the manoeuvring simulation. Within the ship design framework E4 a panel code is
used to gain these characteristic diagrams of manoeuvring forces for different design stages of the
rudder regarding the influence of the propeller slipstream for different propeller loads. The
calculations are validated in Abels and Greitsch (2008) and in Haack (2006). In addition to these force
calculations the existing panel method has been extended for the prognosis of cavitation aspects for
single operating points.
Due to latest research activities further extension of the method became necessary. The aim was the
prognosis of the risk of cavitation within the operational profile of the vessel of interest. Thus the
cavitation risk distribution has to be calculated for a huge number of operating points. This new
feature requires the implementation of a new batch mode in combination with a modified adjustment
of the propeller load state. The rate of modifications led to the necessity of an extensive restructuring
of the program.
3.1. Rudder force calculation
For calculating the rudder forces in the slipstream of the propeller the correct gathering of the
propeller model is essential. This is carried out by a sequential procedure of user interactions and
calculating functionalities. An overview about a typical workflow of a rudder force calculation for a
single operating point shows figure 3.
Steps of the workflow printed on grey bars represent user interactions; green bars indicate data
operation or calculation. After initializing the database access and relevant variables the first GUI
functionalities allow the selection of rudder type, rudder and skeg. With the present method full spade
rudders, flap rudders and via additional corrections semi-balanced rudders can be calculated. After
selecting the rudder and skeg of interest, the geometrical data is prepared.
The next set of GUI functionalities deal with the selection of hull efficiency and resistance curves and
the choice of the considered propeller. Subsequently the operating point of the propeller for the
entered vessel speed is determined. After generating the calculation grid for a chosen rudder angle the
velocities on the rudder within the slipstream according to the resulting propeller load can be
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calculated. The pressure distribution on the panel grid derived from the velocity distribution lead to
the quested rudder force.
This schedule is exemplary and shows the adjustment of the influence of a fixed pitch propeller (FPP)
on the fluid flow around the rudder. In the FPP case the equilibrium position regarding the propeller
thrust is found by varying the propeller revolution speed; in the case of a controllable pitch propeller
the adjustment of the thrust is carried out by changing the propeller pitch.

Fig.3: Workflow of a typical rudder force calculation
3.2. Restructuring the established CFD code
In order to realize the necessary extensive modifications a successive restructuring of the existing
CFD code has been pursued. For that reason the software has been cut into some manageable welldefined subroutines. For keeping the method executable the variables which are needed by more than
one subroutine has been declared in a declaration module as global variables. So the parameter
passing was reduced to one logical variable for the identifying of errors in the subroutines.
In the next step the execution chronology of the subroutines has been implemented with the new
workflow approach. The parameter passing now has been extended by the selection and the
action parameter as introduced above. The option of setting the selection parameter now
allows crossroads in the execution chronology. The reconstruction of the complete method with all
reasonable branches has become possible.
Step-by-step the complete method has been cut into more granular subroutines with separated
functions. All user interactions have been separated from the calculating or data operating parts. The
identifying of a possible value ‘BACK’ of the parameter action is captured within the first line of
the numerical functionalities, which allows the replacing of all goto statements. The ‘BACK’
command of the user is carried out at every location of the code by going back to the next user
interaction. An enhancement with further functionalities automatically fulfills this mechanism. It’s not
longer programmer’s task to adjust the goto statements.

200

3.3. Crossroads within the workflow
The presented workflow concept allows a reliable upgrading of the method in terms of additional
features without daring the existing performance. As an example the implementation of a new rudder
type is demonstrated in the following. After selecting the rudder type for the calculation (Fig.4, GUI
A) the workflow is divided into different lanes for the further run. In case of a flap rudder additional
information is needed to be entered by the user. Afterwards the workflow is continuing with the data
base access (FUNC A) like in the default case. The existing rudders and skegs in the data base are
listed in the next selective user interfaces (GUI C and GUI D). The information which rudder type
was selected in the beginning is saved within the variable rudder_type, which can be interpreted
at every other position in the procedure.

Fig.4: Example of a typical crossroad
The matter of distinguishing different types of rudders regarding attributes, that have an effect on the
geometrical modeling, stands exemplary for all supposable distinctions between different calculation
cases. The decision whether the default rudder setting or the flap rudder setting is to be executed is
identified by the different integer values of the selection parameter. The direction of termination
is destined by setting the parameter action.
The workflow module itself calls the state manager only with the parameter value of the variables
selection and action. There is no more conjunction between workflow managing part and the
functionality executing part. For this reason the implementation and extension of a workflow is only
carried out in the method itself.
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3.4. Combining workflow functionalities with batch-mode processing
The CFD code used for calculating the rudder forces has a suitable scope for combining a procedural
execution as shown in Fig.5 for a single operating point calculation and a batch-mode processing
needed for an efficient use of the code for computing the complete characteristic diagram of
manoeuvring forces for the investigated rudder shape.

Fig.5: Implementation of batch-mode processing
Instead of a consecutive process in the case of a single point calculation the batch mode is executed in
the functionality “Calc: rudder forces batch mode” in terms of two nested loops. This allows the
calculation of all combinations of vessel speeds and rudder angles. Having a look at the state machine
for the single point calculation all calls of functionalities are figured as bidirectional arrows, meaning
that the information selection and action are passed between functionality and state manager
and interpreted for the procedure. The calls from the batch processing illustrated as dashed arrows
only point in one direction. There is no feedback and interpretation of the information selection
and action. In this case the functionalities just function as subroutines. The workflow itself only
realizes the functionality “Calc: rudder forces batch mode” as a workflow element.
3.5. Implementing the cavitation risk prognosis method
In order to calculate the cavitation risk within a given operational profile, the cavitation distribution
on the rudder surface has to be determined for the specific operating points. The risk itself is
calculated by weighting the operating points with their relative frequency. Unlike the procedure of
calculating the required propeller thrust for the observed operating situation within the rudder
calculation method now the thrust demand of the propeller is predetermined by a manoeuvring
simulation in order to consider the environmental influences like wind and sea state.
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It is easy to imagine that the changed procedure of determining the slipstream of the propeller within
the specific operating points can be implemented in the simple way of exchanging the existing
functionalities of calculating the propulsion equilibrium with a new functionality that prescribes the
pre-estimated thrust demand from the manoeuvring simulation. The existing method features are
irrespective from these modifications.
4. Conclusion
A new concept of reengineering procedural software has been developed. The new approach allows
the step-by-step reconstruction of existing code into a sorted collection of functionalities, whose
execution is managed by a state machine. The order and branching is defined in a workflow. This
proceeding allows the extension of the existing methods in a very short time with a low risk of errors
in the execution scheme. Thereby the software stays upgradeable. The capability of this approach is
shown by means of the modification of a panel method for the calculation of rudder forces and the
cavitation prediction.
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Abstract
This paper elaborates the main design parameters in conceptual design of inland ships and their implementation in a design model. Some crucial aspects of sailing on inland waterways are discussed,
as is the SOTA of inland ship design. From this, the design parameters are extracted and their incorporation in a conceptual design model is discussed, accompanied by some examples.
1. Introduction
Innovation in the inland navigation sector is usually perceived as being a slow process, both by people
inside the sector itself and those that view it from a distance. The main reasons for this include the
limited technical knowledge and research budgets of the vast majority of companies active in the sector. As part of an ongoing process to stimulate innovation in the inland navigation sector, Delft University is working on a logistical model with which it is possible to rapidly assess the economic feasibility of entering new markets, both geographically and in terms of new cargoes. One of the main
challenges in early-stage modelling of logistic chains is to work with a limited amount of available
data, but at the same time make sure that the data on which the calculations are based are sufficiently
accurate to reach acceptable results. When looking at the performance, cost and capabilities of inland
ships, it is the author’s experience that this challenge is often poorly met: A vessel’s characteristics
are frequently oversimplified, without taking into account the specific properties of the ship.
In case of ‘standard’ ships, the negative impact of this oversimplification is usually relatively minor
due to the possibility to validate any data used and thus reveal major errors, but in case of vessels deviating from the norm, significant errors can slip in. As a result, it is necessary to be able to quickly
make sufficiently in-depth data about a specific inland ship available at an early stage in order to be
able to assess its performance in an intermodal transport chain.
More specifically, within the context of economic feasibility studies, the purpose of venturing into the
technical details of inland vessels is to make a proper estimate of the cargo carrying capacity of the
vessel (in terms of tons and/or cubic meters of available hold space), the cost of operating it (related
among other things to fuel consumption, which is a function of the vessel’s speed, draught at a certain
loading condition and waterway properties) and capital cost. For ‘standard’ ships these may be estimated fairly simply but for non-standard it may take some effort to figure this out. In this paper, an
effort is made to identify those parameters of the vessel that are most crucial in the determination of
these characteristics and explains how they can be accounted for in a rapid pre-design model
2. Sailing on European inland waterways
A first, crucial, aspect in the examination of inland ship designs is the realisation that design drivers
are significantly different from those of most seagoing ships: The waterways over which inland vessels navigate directly determine the maximum size a vessel can have, and thereby the volume and/or
weight of cargo it can carry. (Note that this is also true for large seagoing ships that have to deal with
navigating e.g. the panama locks or entering shallow harbours, for the vast majority of vessels however L, B and/or T are variables rather than rigid constraints) This in turn determines the economies of
scale achievable, without which competition of intermodal transport with single mode transport (i.e.
road transport) becomes a virtually insurmountable challenge. These dimensional limitations take the
form of bridges, lock length & width, water depths and/or (legal restrictions resulting from) overall
fairway dimensions. The restrictiveness of these limitations are among other things apparent from the
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fact that in virtually all cases, maximization of vessel volume takes precedence over resistance minimization: inland vessels all have a block coefficient upwards of 0.8.

Fig.1: Fairway restrictions
The relation between vessel and fairway dimensions is not simply one of a binary nature (i.e. it fits or
it does not): As the dimensions of vessel and waterway get closer together, the effort it will take to
propel the vessel through that waterway at a certain speed will rapidly increase, as is demonstrated by
Fig.2, which shows that the fuel consumption of a (Rhine-Herne canal type) ship sailing through a
class IV canal is much greater than the fuel consumption to propel that same ship at the same speed
through a class VII fairway. The physics behind this are not discussed here, but are clearly described
in various sources, of which Bolt (2003) is worth mentioning, and for which among others Hengst
(1995) provides some useful tuning parameters.
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Fig. 2: Fuel consumption on different waterways
As a result of this, waterway dimensions not only determine the size of the vessel to be used, but also
influence the (fuel) cost of using a vessel of a certain size, introducing an interesting balancing act to
find the optimum sailing speed (i.e. the speed at which the increase in fuel price as a result of sailing
faster no longer outweighs the benefits of being able to ship more cargo.). This is further complicated
by currents in waterways, which in some rivers can become quite severe and as a result not only have
an impact on fuel consumption but also on the required installed power of the vessel.
A final aspect of sailing on inland waterways in Europe that has a potentially large impact on vessel
design is the fact that crewing regulations are in place. These prescribe the number of crew that need
to be on board at any time as a function of vessel dimensions, convoy composition (pushboat with x
barges, cargo ship coupled to y barges, etc…) and sailing schedules (14, 18 or 24 h/day) and as such
influence the size of the accommodation. The impact of the accommodation on the overall ship design
may be substantial since the limited available air draught of vessels often prevents a multi-storey accommodation and, especially in mom-and-pop type companies, where the family lives on board the
vessel, considerable floor space inside the accommodation is required.
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2. State-of-the-art in inland ship design
Technically speaking, inland ships are relatively simple devices, especially when compared to their
seagoing cousins. They are virtually always dry or wet bulk vessels of limited dimensions, with no
more than 2 MW of power installed. As discussed earlier, the final form they take is strongly dependent on the waterways they are designed to sail on: On unregulated parts of the American Mississippi
river, pushtows of up to 50.000 tons, consisting of dozens of barges are operated, while on the smallest commercially used waterways of Europe, only single vessels with a cargo capacity of no more
than 400 tons can be operated.

Fig. 3: Different vessel dimensions

Fig.4: Inland vessel main dimensions, L-B
That the previously discussed regulations and properties of a waterway’s infrastructure form important design drivers for inland ships, is apparent from the figure below. From a database containing
over 800 inland cargo vessels built in Europe since 1996, some clear insights into the decision making
process of a vessel’s main dimensions can be obtained:
Horizontal lines 1 and 2 represent lock width restrictions at 9.6 and 11.45 m beam, while Lines A and
C represent the lengths at which an increase in crew is required according to ROS-R regulations as set
forward by the Central Commission for Navigation on the Rhine, at 70 and 87 meters length. Lines B
and D present lock length limitations (85 and 110 m) and line D represents the maximum allowable
length of an ‘indivisible’ ship on the largest inland waterways. Vessels that can be broken up (coupled
units and pushtows) are allowed to have a larger length.
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Looking at the relationship between draught and length, a larger scatter is seen, draughts vary depending on the type of cargo (volume or weight based) but limits are virtually always between 2.5 and 4
meters and are mainly dependent on the water depth at the intended sailing area of the vessel and the
type of cargo (e.g. gas tankers have a smaller draught than dry bulk vessels due to the limited weight
of the cargo).
The graph shown clearly indicates the adaptation of vessels to the waterway they sail on (i.e. those in
Western Europe), which is in relatively strong contrast to seagoing ships where a much more constant
relationship between length, beam and draught of vessels can be observed.
Over the last decades shipbuilding in eastern Europe has virtually come to a standstill, as a result of
which hardly any vessels that meet modern requirements and are properly adapted to the waterways
there (generally speaking more fast-flowing and shallower than in western Europe), while at the same
time, no vessels are designed for some of the more poorly navigable rivers like Poland’s Odra. In recent years, projects like INBAT and CREATING have worked on the development of dedicated vessel types for these waterways, INBAT [www.inbat.net] focusing on lightweight barges for the Odra
and CREATING researching among others a 135 x 22.4 m RoRo vessel for the Danube, with a loaded
draught of around 1.65 m [www.CREATING.nu] These research projects however have as yet been
unable to make the transition from paper to actual ships, leaving vessels for such waterways as a
prime topic for further development.

Fig.5: Renderings of CREATING’s RoRo vessel and INBAT’s barges
When reviewing the way inland vessels are designed, some major differences with the building of
(larger and more complex) seagoing ships become apparent: 3D-design is still virtually absent in the
inland shipbuilding industry (note that there are also yards that build both inland and seagoing ships
and/or have more elaborate design facilities, for which the comments made in this part of the paper
have only limited validity) and due to the small size of equipment on inland ships, detailing of the design is often limited. As an example: the vast majority of pipes in the engine room is not routed
through a CAD system, but often even measured and fitted on the spot. ISO’s of these pipes are in
many cases still made completely by hand. As a result, the builders and their subcontractor have been
slow to pick up on the developments in the CAD world. This is not surprising since they have always
been able to do their jobs with some of the more basic functionalities of the software, usually have no
dedicated R&D staff of their own and build highly similar vessels, allowing gradual evolution of designs, rather than the need to re-design vessels from scratch time and again.
3. Key design parameters in conceptual inland ship design
For the research at hand (i.e. economic analysis of feasibility of using new ships in new markets), the
basic questions that need to be answered about a vessel’s specifications are:
-

How much cargo can it carry on a specific waterway?
How much will it cost to build?
How much will it cost to operate?
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These elements form the basis for a conceptual design model which serves the purpose of within an
extremely short time frame (say 1 hour) providing conceptual data about a new ship design, which
allows sufficiently accurate input for the logistics and cost models and thereby allowing proper assessment of the technical feasibility and economic desirability of setting up a new transport chain. The
answers to these questions all result from design choices made.
The amount of cargo a vessel can carry, may be limited in three ways: the volume available in the
holds (in case of light cargoes like low density bulk or gas), the maximum weight of the cargo (in case
of e.g. oil, sand, coal etc.) and the stability of the ship (in case of containers or other stackable lowdensity cargoes). These limitations lead to the need to be able to determine the displacement, stability
and weight of a ship (which together with cargo & consumable weight by definition equals displacement) as well as the internal volume of its holds or tanks (which in turn requires a basic definition of
the lay-out of the ship). In terms of displacement and stability, there is usually very little room to play,
especially on canals, where L, B and T are fixed, leaving only the block coefficient as a variable to be
manipulated. There are however some cases where this is not the case: On large rivers like the Rhine
and Danube, there are hardly any limitations on vessel width, making this a potentially significant design variable. However, the downside to using large vessel dimensions is the creation of a major restriction in the area the vessel can navigate in case it cannot pass certain locks.
A second waterway aspect that influences design parameters is the fluctuation of water levels, as
shown for the Lower Rhine at the Lobith measuring station during the period 2002-2007 in the picture
below. The choice to be made here is between using a vessel with a large design draught (and resulting depth) that is able to carry lots of cargo during times of high water levels and using a vessel with a
smaller depth, which may be expected to be lighter and as such can carry more cargo at times when
water levels are low and freight rates may be expected to be high(er). There is no simple design rule
for this, since it requires knowledge of both weather and market developments, the choices to be made
here remain to a certain extent a matter of vision.
In terms of weight, there is also little room to play: It is largely determined by the vessel’s steel
weight, which is in turn determined by the vessel type (tanker, dry bulk, single hull, double hull,….)
and main dimensions. Especially for smaller vessels, the thickness of plates used is not so much a
strength requirement as it is a practical issue with aims to keep the vessel weldable, but also to make
sure it will stay intact during groundings, which occur frequently. In theory, significant weight savings can be attained by using aluminium or composite materials, but in practice the cost of doing this
have thus far prevented such ships to be commercially viable.
Water depth at Lobith 2002-2007
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Fig. 6: Water depth fluctuations
Having concluded the above, the main remaining variable is the effect of the vessel’s lay-out on the
volume of the holds or tanks; layout of a ship can have a very significant impact on the cargo carrying
capacity of a ship, especially in case the vessel is a non-standard one. A typical example of the importance of this is provided by the design of an advanced self-loading and unloading woodchip carrying
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vessel, as elaborated in the FP6 project CREATING. In the figures below, created for that project by
the author, it can be seen that the cyclones that hoover up the woodchips, placed at ½ L, have a major
impact on the size of the cargo holds. At the same time, the issue of getting the cargo to a conveyor
belt running along the bottom of the vessel required a strongly sloped hold floor, again reducing the
available volume of the holds and as such directly impacting the economic attractiveness of the vessel
since in this case volume WAS the limiting factor for the amount of cargo it could take, and low
bridges prevented deeper holds.

Fig.7: Woodchip ship from CREATING
Also, the lay-out of the standard non-cargo spaces of the ship may be a factor that significantly limits
the dimensions of the holds. These are in turn largely determined by the size, configuration and location of the accommodation and configuration of the propulsion system (e.g. diesel-direct or dieselelectric).
All of the design aspects discussed above have a relation to the research question of the amount of
cargo that a vessel can carry, but most also have a relation to the other two, related to building and
operating cost.
As discussed before, the speed and dimensions of the ship determine the fuel consumption of the vessel, which together with the crew cost makes up the majority of variable operating cost. Crew cost in
turn is determined largely by the ship’s sailing schedule, composition of a convoy and/or the choices
made regarding the main dimensions of the vessel.
Building cost, which play a major role in the fixed cost of operating a ship, are also a direct result of
the design choices made, with as main contributing factors the overall main dimensions (which determine the amount of steel the ship needs) and choice for the powering/propulsion concept. These
may be complemented by any special equipment on board, such as elaborate loading & unloading
gear.
4. Implementation of the parameters in a design model
As discussed before, the main design parameters for inland ships are incorporated in a design model
that can quickly generate conceptual vessel designs. The model is set up by interfacing CAD program
Rhinoceros 3D (Rhino) with MS Excel: Visual Basic is used to script Rhino commands and thus create the geometric vessel data without any user input other than the desired specifications of the vessel.
Excel is used to perform non-geometry related calculations and store data retrieved from the Rhino
model.
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Of the identified main parameters, the vessel’s main dimensions are easily processed into a model,
while weight and weight distribution are either a given, being the result of the way the vessel is laid
out and the basic structural arrangement that is chosen, or the result of a structural optimization that
goes beyond the scope of the perceived conceptual model. This leaves determination of hold volume
as the main challenge for the design model. Assuming certain main dimensions of the overall vessel,
the space available for the holds is arrived at by subtracting the space occupied by the fulfillers of
functions other than the carriage of cargo (propulsion, manoeuvring, accommodation, fuel storage,
ballast storage, compliance with double hull requirements, ….). The important thing here is to establish the required length of the fore and aft ship as well as that of any other service areas along the
length of the ship.
In practice, not all of the functions on a ship represent crucial factors in the determination of the
lengths of fore and aftship. Fuel and ballast tanks, freshwater tanks, small pumps, switchboards and so
on can usually be fitted in the void space around the main equipment.
The factors that are most crucial are believed to be:
- drive train
- generator sets
- accommodation
- bow thrusters
- fore peak
First looking at the aftship, its length is governed by either the length required by the accommodation
or by minimum engine room length. These two may or may not be related, depending on the intended
sailing area of the vessel, due to the minimum instantaneous sum of allowable air draught and vessel
draught along the routes:
In case of a conventional drive train, the height of the engine room is determined by the vertical position of the bottom of the engines (1) plus either the minimum height for people to work after all piping, ducting & cabling is in place (2) or the engine height & sufficient clearing over the engine (3).
Whatever space is left determines the number of accommodation layers the vessel may have, based on
a certain ceiling height (4). In this determination, it is crucial to take into account whether the wheelhouse is on top of the accommodation with it (5), or can be lowered flush with it. Figure 8 shows 4
different combinations of arrangements that may occur.

Fig.8: Various arrangements of the aftship
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In case of use of diesel-direct thrusters or diesel-electrically powered vessels, the engine room may be
split into multiple levels (the generators or propulsion engines being placed as far aft as possible), in
which case, depending on required space by the elevated part of the ER and the allowable air draught,
the accommodation may be placed on top or forward of the elevated part.
The number of allowable layers of accommodation, together with the required floor space (which is
strongly related to the number of crew on board and as such to the crewing regulations), a minimum
desired length of the deck aft of the accommodation and walkway width alongside it determine the
final length of the accommodation block.

Fig.9: Various arrangements of the bow section
The length of the engine room is largely determined by how far aft the main engines can be placed
(A), which together with engine lengths and intermediate spacing, possibly space required for the
wheelhouse-lifting column and a minimal clearance between the most forward-placed engines/gensets and the ER bulkhead (C) makes up the overall engine room length. Water and fuel tanks are usually incorporated in the vessel sides, along the main components, while switchboards, pumps etc. have
limited dimensions and are fitted in the void spaces between the main equipment.
In the bow section of the ship, similar issues are at play: accommodation may be present, as may
some major equipment. In this case, the minimal deck height of the bow thruster room is determined
by the height of the bow thruster tunnels, although there is some room to play with this.

Fig.10: Available space for cargo holds
Once the bow and stern section have been arranged, whatever space is left in between may be used for
holds, ballast tanks and a double hull, no matter what the length of the vessel is (but note that changes
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in vessel dimensions may affect the required lay-out of e.g. the propulsion system). Only the rulebound length of the forepeak will still change with the length of the vessel.
The final step in determination of hold volume is to allow subdivision of the remaining space into
cargo holds or tanks and any miscellaneous spaces. In the model, this is done by the option to manually subdivide a plan view of the available space in to separate spaces and to manipulate a constant
vertical cross-section of the hull

Fig.11: Subdivision of holds
Once this is done, a basic volume-breakdown of the ship is available, as are the positions of the main
pieces of equipment and the main structural lay-out. With this, a proper foundation is in place to make
sufficiently accurate estimations of strength, weight and hydrostatic properties of the ship.

Fig.12: Final vessel subdivision
5. Model status and future outlook
At this point in time (March 2009), algorithms for space subdivision of the vessel are complete, as are
the algorithms to create tank sounding tables, automatically trim the vessel, determine bending moments in various loading conditions and make a first estimate of required propulsion power. Work is
underway to incorporate Germanischer Lloyd structural rules for inland ships as well as ADNR regulations, which should provide the basis for more accurate steel weight determination and form the basis for the overall weight calculations, which would then lead to the possibility to make proper stability assessments.
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Abstract
Current design research at Delft University focuses on the optimization-based generation of sets of
feasible ship configurations. Unfortunately, selection of the ‘best’ design for has received ill attention.
Selection responsibility lies with the naval architect, who applies an abundance of additional
knowledge to distinguish between similar designs, e.g., experience, rationale and priorities.
Unfortunately, the expression of this crucial body of knowledge is implicit; the underlying reasoning
is not expressed, which makes its formalization, storage, transfer and re-use impossible. This forces
the repetitive use of human judgment, severely limits the quality of designs the optimization
algorithms can generate and requires considerable time and effort. We resolve these issues with a
novel approach: reactive knowledge capturing. An initial test case together with a thorough literature
review of existing knowledge-capturing techniques shows the possibilities of this methodology.
1. Introduction
Modern computer applications use optimization to synthesize thousands of vessel designs and ship
configurations which comply with a set of non-negotiable requirements for the platform, Wolfe et al.
(2004), van Oers et al. (2007), Nick (2008). Although optimization can efficiently generate and search
for a set of designs, it can not select a design, van Oers et al. (2008). Reducing the set of designs until
a sufficiently small number remain for further detailing and evaluation is a much more difficult task.
1.1. Pareto Front Selection
The goal of most marine design problems is to achieve a design ‘optimum’ from multiple conflicting
criteria and objectives. A common definition of the multi-criterion optimum is the Pareto optimum,
which usually results in a set of solutions, Parsons and Scott (2004). However, selecting the ‘best’
design from a Pareto set is fraught with difficulties. First, the Pareto front lacks explanatory nature
and fails to explain why one design is better than the other, van Oers et al. (2008). Look at Fig.1 for
example, an illustration of feasible ship configurations optimized for logistics. A design selected from
the Pareto front fails to answer the paramount question: ‘Why is this design best?’ For this reason,
ship designers to often regard optimization techniques as ‘black boxes’ and are reluctant to routinely
employ them in concept design.

Fig.1: Example of Pareto front selection
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Lack of explanatory nature is not the only problem. Designers often assume that the ‘best’ design is
located on the Pareto front. This isn’t always the case. Since only a limited number of constraints can
be included in the objective function, optimizers often exploit their relatively simple formulation.
Designs on the Pareto front may be ‘too’ optimal and dismissed by the designer after further analysis.
Kroo (2004) cites an example from aerospace engineering where the optimization of a Cessna aircraft
resulted in a promising lightweight design; unfortunately, because the optimizer exploited the
analysis’ simplified stability calculations, the design was not airworthy. In addition, the finite number
of objectives and constraints also limits the ability of the algorithm to distinguish between different
designs with similar objective values, van Oers et al. (2008). This issue is only exacerbated when
designers try to distinguish between designs with almost identical objective values, while faced with
the lack of explanation described previously. For example, consider similar designs on the Pareto
front shown below in Fig.2. How are the designs different? The Pareto front obscures the information
necessary to realize a meaningful comparison between designs with similar objective values.

Fig.2: Example of similar designs on Pareto front
One way to circumvent these problems is to eliminate designer selection from Pareto front analysis
altogether. Although this approach is common in the field of optimization, Whitcomb (1998), Peri and
Campana (2003), it has important limitations which should be mentioned.
1.2. A Priori Determination of Objective Functions
A priori determination of the objective function allows the designer to state objectives, i.e. human
decisions, up front. Generally, this is achieved by combining objectives into one ‘overall’ weighted
function of various dimensions, Brown and Salcedo (2003). Unfortunately, this approach is also
problematic. First, it is extremely difficult to formulate certain types of objective functions
beforehand. For example, discrete requirements such as ‘speed’ or ‘cargo capacity’ can easily be
translated into objective functions, while others, e.g., vulnerability, are much more difficult.
Therefore, implicit design characteristics are often excluded from the objective function. For this
reason, a priori determination of objective functions emphasizes the ‘well understood’ features of the
design while minimizing those which are ‘less understood.’ Second, trade-offs are often based on
personal comfort levels, instead of proper arguments and supporting rationale. This often results in
disparate and inconsistent objective functions. Finally, modification of design requirements or ship
capabilities can also result in improper objective functions. The consequence of these limitations is
usually an inferior design; one which can only be remedied by the re-formulation of the objective
function and re-generation of designs from the optimization algorithm. In spite of this, design
selection is still subject to the shortcomings identified in Section 1.1.
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1.3. The Need for Additional Knowledge
For the reasons described above, the selection process, i.e., selection after considering a complete set
of designs, still falls back to the designer. From a set, humans must select the ‘best’ compromise
design for further detailing and evaluation. The selection process is a challenging endeavour; naval
architects must study a set of designs extensively. In this process, an abundance of additional
knowledge (e.g. prior experience, design rationale and priorities) is used to distinguish between
preferred designs.
Unfortunately, the expression of this crucial body of knowledge is implicit, i.e., only the
consequences are currently captured. The underlying rationale is not expressed, which makes its
formalisation, storage, transfer and re-use impossible. This forces the repetitive application of human
judgement, i.e., designers must continually review, evaluate and rank feasible designs. The manual
nature of the selection process is also extremely time consuming. Takagi and Ohya (1996) note that
designers become easily tired and disinterested in the selection process, thereby providing
increasingly unreliable [judgment] estimates. More importantly, without a storage mechanism, design
rationale can not be utilized in the optimization algorithm. These issues severely limit the quality of
designs optimization algorithms can generate.
Improvement to the design process requires knowledge application during optimization. First, the
addition of knowledge during optimization increases the density of generated designs in the most
relevant areas of the design space, van Oers et al. (2008). This ultimately provides the designer with a
better set of solutions from which to select a design. For example, consider the rectangular regions in
Fig.3. When additional knowledge (represented as an additional constraint) is added to the
optimization algorithm, the spread and density of populated within these regions shift.

Fig.3: Impact of added knowledge in the design space, van Oers et al. (2008)
Incorporation of design knowledge during optimization also promotes design acceptance by
increasing the understanding of implicit design parameters and by coupling designs to their associated
rationale. It can also facilitate a focused search of the design space and allow preferential application
of objective functions. This approach should also realize savings in human capital and time.
2. Background
2.1. Previous Work
Examples of prior research in this field predominantly capture explicit knowledge in ship design, i.e.,
things that are measureable. Van der Nat (1999) captured numerical and geometrical knowledge
represented as mathematical relationships for submarine design. Lee et al. (2003) measured the
shortest path and distance between objects to derive solutions for facility layouts which were later
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applied to a notional frigate. Helvacioğlu and Đnsel (2005) used a database of previously designed
ships and rules from regulations, e.g., SOLAS, to calculate the general arrangements of containerships
with shortest evacuation times. Daniels and Parsons (2006), Nick (2008) employed fuzzy utility
functions, i.e. numerical assignment of preferences, to represent adjacency relationships.
In addition, prior research only captures the result of trade-offs and fails to store the rationale behind
the compromise, making re-use impossible. Helvacioğlu and Đnsel (2005) and Daniels and Parsons
(2006) captured spatial relationships between compartments, but failed to capture the rationale behind
the relationships. Buonanno (2005) and Kim et al. (2006) used interactive genetic algorithms to
capture the preferences of aerospace designers, but failed to capture rationale. Absence of rationale
severely limits the re-usability of the knowledge to different or novel designs, as the compromises are
derived from class specific data sets. Because of this dependency, the database and rule structure must
be changed to address new and novel designs.
2.2. The case for re-usability in naval vessel applications
As discussed in the previous section, prior research in this field only captures the result of trade-offs,
but fails to store the rationale behind the compromise, making re-use impossible. A brief commentary
illustrates the importance of re-use.
Since 90% of industrial activity is based on variant design and 70% of the information is re-used from
previous solutions, Gao et al. (1998), re-use plays an important role in naval architecture. However, in
order to effectively re-use knowledge, it must be accessible. Unfortunately, changing demographics
within the naval ship design community is expected, resulting in reduced availability and accessibility
of design knowledge, especially knowledge gained from experience, Fig.4. A considerable experience
gap is predicted and can be described by the acronym R4:
▪
▪
▪

▪

Retirement - experienced naval architects will soon retire, taking with them their experience
in the form of knowledge. Indirectly, access to this knowledge is also affected.
Reduction - the current economic and political landscape has pressured governments to
reduce the number of navy and coast guard personnel, including naval architects.
Retention - maintaining a qualified staff will become increasingly difficult because of the
transience of modern industry, infrequent design of naval vessels and movement of experts to
other industrial organizations, Örnfelt et al. (2006).
Recruitment – fewer high school graduates are selecting a career in engineering and science,
Keane et al. (2008).

Fig.4: U.S. Naval Sea Systems (NAVSEA) Command Knowledge Gap, Keane et al. (2008)
Practical examples further highlight the impact of the experience gap and provide additional
motivation for knowledge re-use. Consider a fictional effort by the U.S. Navy’s to replace its Perry
Class Frigate (FFG) with a similar design. The design rationale for this class of ship (designed in
1970s) primarily resides in the minds of the original designers, who have either retired, are not
available or cannot remember the rationale. Without comprehensive design rationale, the trade-offs
applied to the original design must be performed again. Re-use eliminates this problem: similar trade-
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offs can be performed for similar designs by considering similar design rationale. Re-use can also be
applied to novel ships or functional combinations of existing ships. Consider for example, a notional
Joint Supply Ship (JSS), which combines the functionality of a ferry (Ro-Ro), landing platform and
oiler. In this case, the rationale may still be re-used, although the resulting trade-off may be different.
3. Knowledge in Ship Design
3.1. Types of Knowledge
In order to efficiently support the trade-off process in complex ship design, a short discourse on
knowledge types must be first presented. There are numerous ways to describe the various aspects of
knowledge, but for the purposes of this paper a discussion of explicit and implicit knowledge is
required.
3.1.1. Explicit Knowledge
Current research emphasizes the re-use of explicit knowledge. Explicit knowledge usually consists of
hard domain knowledge based on deductive reasoning. It can also be described as ‘complete’ and
‘certain’ knowledge. Coyne et al. (1990) suggests that the range of this type of design knowledge
covers things such as laws, rules, and formulae pertaining to the behavior of people, materials, objects
and spaces. Explicit knowledge specific to ship design includes regulations, physical laws, calculation
rules, and documentation of previous projects. Explicit knowledge is generally straightforward and
relatively easy to model on computers. The majority of knowledge based systems in the aerospace and
ship design communities utilize this type of knowledge, van der Naat (1999), Rentema (2004), van
der Laan (2007).
3.1.2. Implicit Knowledge
Implicit knowledge is most pertinent to this research. Implicit knowledge is usually gained by
adductive reasoning and can be described as tacit knowledge usually gained from experience. It is
commonly referred to as ‘heuristics’ or ‘rules of thumb’. Because it resides within the heads of naval
architects, implicit knowledge is not always easy to describe, nor is it easy to formulize in books or
manuals. The challenge with implicit knowledge is that in order to use it, it must be expressed.
3.2 Framework
In section 1.3 it was argued that the inclusion of knowledge in the optimization process is needed to
improve the conceptual design of complex vessels. Fig.5 shows a simple framework for capturing
implicit knowledge in the concept design of complex vessels.

Fig.5: Implicit Knowledge Capture
A brief summary of each task is presented below:
▪
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Express describes the process of eliciting knowledge from domain experts. Lamb (2004) notes
that most practicing ship designers probably do not think too much about why they prepare
ship designs the way they do; they do it ‘out of habit’ and probably learned it by following a

mentor early in their careers. The goal of this task is to force designers to state their
arguments, which as previously noted, are often implicit.
▪

Capture and Store/Retrieve are closely related. Capture is the process of collecting design
rationale while store/retrieve refers to the ability to structure the knowledge in an easily
accessible format. An easily accessible format provides the flexibility to apply the knowledge
in a number of different formats and applications. For example, the knowledge could be
shared with designers via a knowledge web or shared with computers by means of a
knowledge document.

▪

Use describes the formal application of implicit knowledge to ship design generation and
selection.

There is no point in capturing knowledge unless we are going to do ‘use’ it. Although the primary
goals of this research is the application of the knowledge to design evaluation, the knowledge can also
be used to support design education (instruct novice designers or reduce the risk of losing access to
specific knowledge) and design development (share information across functional boundaries of an
organization). Unfortunately, before the exciting benefits of ‘use’ can be realized, the knowledge must
be first ‘expressed’ and ‘captured’.
4. Knowledge Capture
As discussed in section 3.1.2, the capture of explicit knowledge is rather elementary because it has
usually been expressed. On the other hand, extracting implicit knowledge from experts, especially
knowledge that is gained from experience, is a much more challenging task. To do this, a domain
expert and a knowledge capture technique are necessary.
4.1. Domain Experts
A domain expert is a person with experience and skills in a particular field, in this case ship design.
For implicit knowledge, the most important attribute of a domain expert is their level of experience.
Since interaction is necessary to capture knowledge, the domain expert should be accessible, available
and interested in the project. Additionally, the capture method must not be too time intensive,
complicated or overly intrusive, otherwise it will disinterest the expert. The domain expert must also
be articulate; expertise must be verbalized to be captured.
Even if the domain expert is experienced, other obstacles may hinder and effective transfer of
knowledge. Hart (1988) suggests that difficulties can arise if experts lie, either to sabotage the project
and preserve their status, or because it can be embarrassing for the experts to describe heuristics.
Generally, this may the case when they have never been forced to explicitly articulate rationale.
Schreiber et al. (1999) cautions that the expertise has often become so routine that experts no longer
know what they do or why.
4.2. Capture Techniques
A variety of knowledge capture techniques have been discussed in literature, Schreiber et al. (2001),
Milton (2007). Techniques used for engineering design are briefly reviewed below.
4.2.1. Document Review
Document review is the application of previous design knowledge to the current design. Knowledge is
usually contained in variety of non-human sources such as drawings, notebooks, textbooks, technical
manuals and case studies. There are two issues with the use of prior documentation for rationale
capturing. First, the utility of the knowledge is dependent on the breadth and quality of the data
captured in the design history, Hiekata et al. (2008). Historical data in ship design is usually explicit,
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e.g., numerical or geometrical. Second, formal documentation leaves little to no scope for
representing knowledge related to expertise or rationale. Additionally, documentation generated in
current practice is generally based on a low level of abstraction, e.g., geometry and design tolerances,
and provides a limited description of relationships and behaviors at an abstract level of design, Smith
and Duffy (2001). Intelligent CAD systems, e.g., case based reasoning, have been developed, to
facilitate the retrieval of appropriate previous design cases to aid in the utilization of knowledge in
previous designs. Unfortunately, this does not accurately portray the role of the designer. Human
designers not only use previous cases, but also, by learning and understanding salient features of
specific designs, can abstract or generalize their knowledge toward future design scenarios, Duffy
(1997).
4.2.2. Interview
Interviews have also been used as a catalyst by ship design teams to express design knowledge. In
general, interviews are classified as either unstructured or structured and both experience important
limitations. One of the biggest drawbacks of the interview process (both unstructured and structured)
is the huge amount of preparation time required by both the interviewer and the domain expert.
Unstructured interviews, as the name implies, often suffer from inefficiency due to a lack of structure.
During unstructured interviews domain experts are oftentimes unnecessarily verbose and fail to focus
on the important aspects of the topic, Schreiber et al. (1999). For these reasons, unstructured
interviews are not only time intensive, but they can also fail to capture the correct knowledge, e.g.,
relevancy and proper detail. Unstructured interviews have limited application in capturing design
knowledge and are best suited for cursory investigation of a particular domain.
Although domain experts may also drift off-focus and describe irrelevant aspects of the domain
during a structured interview, this approach is generally more specific and narrower in scope than an
unstructured interview. Subsequently, the captured knowledge is very specific. For example, Ahmed
(2005) was able to capture specific aircraft component information with structured interviews, but
found responses to questions about the design approach lacked both detail and focus.
4.2.3. Observation
Since structure is an important aspect of knowledge capture methodologies, observation has the same
difficulties as the unstructured interview. Lee (1997) notes that unstructured nature of recording
designers makes it difficult to assess exactly what type of information is needed and how it can be
used. The observer is left to interpret the actions and comments of the domain expert. Aurisicchio et
al. (2006) concluded that shadowing was very difficult to generate focused interview questions on
design performance. Schreiber et al. (1999) also notes that verbalization can often interfere with selfreport, i.e., the performance of a particular task.
4.3. Conclusion
The following requirements are necessary to effectively capture implicit design rationale:
▪
▪
▪
▪
▪

Supports the capture of implicit domain knowledge and associated rationale
Captures suitable information, i.e., proper detail and relevancy
Proper ‘triggering’ of the domain expert, i.e., encourage explicit verbalization of implicit
knowledge
Constructive environment, i.e., eliminates fear of retribution and culpability from experts
Practical, familiar and interesting to expert

None of the techniques reviewed in section 4.2 meets all of these requirements. Therefore, a new
approach is necessary.
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5. Reactive Knowledge Capturing
It is clear that many aspects of the conceptual design process, especially design selection, require
human judgment and expert input. Since implicit design rationale is derived from experience, an
alternative approach might be to appeal more directly to a body of design ‘experiences’ for this
knowledge, rather than interrogating experts directly, Potter et al. (2003). This concerns generating an
experience: reactive knowledge capturing. Exposing designers to a diverse set of designs invites them
to consider whether to accept or reject them (or parts of them) and triggers them to express both the
compromise itself and, implicitly, the trade-off rationale. As a result this provides the formal basis for
capturing and re-using this fleeting type of knowledge.
Since the general arrangement drawing is the principle vehicle for negotiating trade-offs, it is the
central focus point of this approach. In general arrangements, the location of each compartment could
be considered a compromise; in this sense, there many trade-offs in the interior of the ship and
typically not enough knowledge or information to make the decision.
The proposed approach specifically addresses shortcomings identified in section 4.2. First, the design
description, i.e., the general arrangement drawing, is already familiar to the domain experts. This
eliminates the need to prepare for a comprehensive interview and requires modest preparation to
participate in the knowledge capture exercise. Second, domain experts are asked to comment on
designs generated by a computer; therefore, the risk of insult, embarrassment and retribution is
reduced. Last, this approach changes the open ended task of explaining why into the constrained task
of selecting what is relevant, Gruber and Russell (1991). Instead of asking designers ‘Why did you do
it like that?’ the question becomes ‘What do you like about this? What don’t you like about this
design?’ This approach promotes the articulation of rationale because it requires the domain expert to
think about the relationships and interactions in the general arrangement – it forces them to think
about why they want something. Although this approach is open ended, the breadth of the question
has been reduced substantially to support elicitation of the proper type and detail of knowledge. To
examine the utility of this methodology, a test case was conducted.
5.1. Knowledge Capture Test Case
The primary goal of this test case was to investigate whether the approach could successfully capture
implicit domain knowledge, specifically, information about trade-off rationale. Secondary goals were
to investigate the effects of expertise and experience and gain a better understanding of the decision
making process t in general arrangement selection.
To support the methodology described above, three different sets of general arrangements for a frigate
type vessel were created using designs generated by an evolutionary algorithm. Each design was
located on Pareto front describing minimal logistic effort. Table 1 lists the compartments included in
the general arrangement drawings.
Table 1: Compartments included in the general arrangement drawings
76 mm Gun
Accommodations
Back-Up CIC
Bridge
Chilled Water Plant
Computer Room
Damage Control
Exhaust
Fitness Room
Flight Deck
Fuel Tanks
Galley
Hanger
Harpoon Missiles
Intake
Longroom
Marine Evacuation
Propellers
Propulsion Plant
Recreation Area
System (MES)
RHIB
Sensor Mast
Ship Control Center
Stern Ramp
Storage
VLS
Two different views of the arrangements were provided to the domain experts: a profile view and a
plan view. The profile (side) view of the frigate was used to illustrate the relative longitudinal and
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vertical position between different compartments. This view was also useful in describing the location
of each compartment relative to the entire ship. Following Andrews (1996), the compartments were
also colored coded by functionality to visually indicate relative functional proximity (Fig.6).

Fig.6: Profile view of general arrangement drawing (color removed for printing purposes)
The plan view provides insight into the transverse depth of the vessel and also gives a more realistic
shape of each individual compartment. An example of the plan view general arrangements drawing
appears in Fig.7.
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Fig.7: Plan view of general arrangement drawing (sample deck)
The general arrangement drawings were given to 5 U.S. Coast Guard naval architects with various
levels of experience. The designers were asked whether (or not) they would accept the general
arrangements and why. They were specifically reminded to consider both the global and relative
spatial location of each compartment. The global position indicates the location of the compartment
with respect to the entire ship, while the relative position refers to the spatial location between
individual compartments or types of compartments. They were also asked to select a ‘best’ design by
assigning a numerical ranking, by giving heed to the spatial definition of the design.
5.2. Results
Although the results were not perfect, the approach did manage to capture implicit domain
knowledge. Designers provided an average of eleven comments per general arrangement diagram and
most provided rationale based on the spatial locations of compartments or between compartments.
The authors collected and sorted the comments of the designers by interaction type, Table 2. The
interaction types listed in the left column will require further refinement and subdivision as additional
knowledge is captured. For example, interactions such as heat, noise and vibrations could arguably be
subcategories of both safety and performance.
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Table 2: Compartment Interactions

X

VLS

Storage

X
X

X

Stern Ramp

X

Ship Control Center

RHIB

Sensor Mast

Propulsion Plant

X

Recreational Area

Noise

MES

X
X

X

Propellers

X

Longroom

X

X

X
X

Intake

X
X

Harpoon Missiles

X

Heat

Galley

Vibrations

Hanger

X

X

X

X

X

X
X

X

X

Performance X X

Fuel Tanks

X

Flight Deck

X
X

X

Exhaust

X
X

Functionality X X

Fitness Room

DC Center

X

X
X

Culture

Computer Room

Cost

X

CIC

X

Bridge

X

Safety

X

Chilled Water Plant

Comfort

Back-Up CIC

76 mm Gun

Accommodation

Vulnerability X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X

X

X

X

Insight into the type and substance of rationale is illustrated by providing some samples of designer
comments. For example, designers objected to the following compartment configurations because of
vulnerability concerns (reading across row 1):
▪
▪
▪
▪
▪
▪

CIC and back-up CIC are located within the same watertight subdivision
Damage Control Centers are located below the waterline
CIC and back-up CIC are both located adjacent to the Engine Room
VLS is located adjacent to flight deck
VLS adjacent to bridge and 76mm forward gun
Damage Control centers are too close

Similarly, for noise (reading across row 10):
▪
▪
▪
▪

Accommodation located above the engine room
Accommodation located forward of the engine room
Intake/Exhaust located next to accommodations – too noisy, especially if transiting top side or
if the ship uses gas turbines
CIC and Engine Room should not share bulkhead – noise and heat

The most important result of this approach is the targeted triggering of design rationale. Instead of
coupling rationale to a specific class of ship, e.g., a containership, this methodology requires experts
to express rationale as a function of ship spaces – therefore it is reusable. For example, if any of the
spaces listed in table 2 were absent from a future ship design, e.g., stern ramp, the knowledge, i.e.,
rationale, is still valid. In the simplified demonstration of this approach, designers focused on the
relationship between spaces, but this methodology could also be extended to functional ship systems.
In the end, combining functionality with spatial location yields a design solution!
This approach is also scalable and can be administered in a variety of different ways. In this particular
test case, naval architects looked at many aspects of a few designs; similarly, this approach could also
be employed to allow designers to look at only a few aspects of many designs. It is also important to
note that many decisions were made without complex calculations and sophisticated modeling
techniques. For example, designers didn’t need computational fluid dynamics to describe the
interactions between the flight deck and exhaust stacks. In this regard, designers appeared to optimize
design decisions without the explicit use of calculations. This reduces the need for high fidelity
analysis during concept design.
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Different levels of experience were also manifested in the comments of the designers. Although all of
the naval architects who participated in the test case had at least two years of design experience, some
had substantially more. The experienced designers sought a greater level of detail and often focused
on the salient features of the design. The responses of three designers (varying experience levels) are
compared in Table 3. The responses concern the location of an accommodation space deep in the ship
(off-centerline) adjacent to the engine room.
Table 3: Manifestation of Experience by Rationale
Experience Level
Type of Comment(s)
Apprentice
Identified physical interactions, e.g., it might be
noisy if accommodations are located next to the
engine room
Moderate Experience
Identified physical interactions and experience,
e.g., crew members might have difficulty
escaping in an emergency
Seasoned Designer
Identified physical interactions, experience and
salient features of design, e.g., relationship with
other systems. Where is the sewage room
located? You might have to pump sewage up to
the holding tank.
Feedback from the designers also indicated that they enjoyed participating in the test case. Although
the majority of feedback from designers was critical, i.e., they identified features they did not like,
they also commented on positive aspects of the design and suggested further design improvements,
e.g., move chilled water plants to allow for grouping of accommodations.
6. Conclusions and Future Work
6.1. Conclusions
Proper design selection requires the application of implicit knowledge in the optimization process. To
this end, a novel approach was developed to capture implicit design rationale. This improved upon
earlier methodologies by providing the domain expert with an experience that properly triggered the
verbalization of design rationale. A simple test case illustrated the ability of this approach to capture
implicit design knowledge and rationale from naval architects. The knowledge is re-usable because
the design rationale is linked to specific shipboard spaces rather than a specific ship type, e.g., frigate
or containership.
This approach successfully captured design rationale justified by technical decisions – but technical
decisions are not the only drivers in space configuration and design selection. Additional
considerations, e.g. environmental, should be identified and incorporated into the framework
presented in section 3.2
6.2. Future Work
The knowledge capture technique presented in this paper is currently limited to a proof-of-concept
and test case. The test case was conducted using hard copies of general arrangement drawings and
designer responses were manually collected. Interface improvements would further develop the utility
of this approach.
▪
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A graphical user interface should be developed to allow space selection directly from
computer generated arrangements. It should also support the capture and storage of associated
rationale.

▪

The approach would also benefit from automation. For example, the genetic algorithm could
generate design configurations of high interest and value. Functionality such as this provides
the foundation for a feedback mechanism capable of constantly expanding the knowledge
base.

In addition, this test case was only administered to 5 U.S. Coast Guard naval architects. Invariably,
the test case should be expanded to include other stakeholders in the ship design process including
ship builders (commercial and military), naval staffs/ship owners and crew members.
Specific applications of rationale ‘use’ and ‘re-use’ must be further developed and tested. This could
have a very strong influence on the way design rationale is both ‘captured’ and ‘stored’. Database
structure and storage format must also be considered.
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A Comprehensive Environment for Efficient HVAC Design
Rafael de Góngora, SENER Ingeniería y Sistemas, Madrid/Spain, rafael.gongora@sener.es
Abstract
On the most difficult aspects of outfitting design in shipbuilding is the HVAC. Due to its own
characteristics, the design of HVAC systems is very sensitive, not only to modifications in air needs,
but also to actual duct arrangement. Due to this, it is of much help for the designer to have a close
interconnection between calculation tools and duct routing tools. With this situation in mind, SENER
has embedded into the HVAC ducts routing tool of FORAN the possibility to define HVAC diagrams,
to calculate pressure drops, to balance systems and to automatically dimension ducts. The present
paper describes this innovative solution, the basis on which it is conceived, and highlights the
advantages of its use.
1. History of HVAC design in CAD systems and current situation
1.1. General
Historically, shipbuilding CAD Systems have not attached enough importance to HVAC design. Most
of them allow mainly the definition of a 3D model of the HVAC ducts and the generation of some
kind of production and assembly information. But in all of them there is not a suitable solution for the
first part of the design, so designers need to use other tools for calculations, ducts balancing,
diagrams, etc… On the other hand, those CAD systems in which some calculation tools were
included, do not allow a comprehensive and easy modelling of ducts, so at the end of the day it is also
necessary to make use of more modern tools to complete the modelling. There are also powerful
dedicated calculation tools, but they generally provide very “academic” solutions and in most of the
cases are very difficult to interface and share information with other CAD solutions. So, it appears as
evident the existing gap between calculation tools and modelling tools that up to now nobody as
solved in a satisfactory way.
1.2. FORAN System
HVAC design tools in FORAN were already present in V40, available in the market almost 12 years
ago. In that version, HVAC ducts were modelled directly in 3D mainly for reservation of space,
interference checking and arrangement drawings purposes. The restrictions imposed by hardware and
basic software made this 3D modelling what we can call “static modelling”, with unsuitable rendering
or dynamic handling of the screen. In the year 2001, V50 introduced the Open-GL based 3D
modelling, making smarter and faster the routing of ventilation ducts, and allowing also the definition
of user definable fittings. In V60 first release (year 2005) additional tools for modelling were
introduced, as well as the possibility to generate automatic workshop information by means of
sketches and BoM´s created with FDE (FORAN Development Environment). V60 also opened the
door to the definition of user attributes to HVAC elements.
But at that moment there were two functionalities of HVAC design still missing in FORAN:
definition of diagrams and calculations. These two aspects are subject of what we can denominate
early or class design, while the actual modelling of ducts in the 3D model is the subject of the detail
design, from which we can then generate all production and assembly information. This simple
workflow procedure, more visible in other design areas, is more complex in HVAC, because both
diagrams and calculations are very closely related to each other. Moreover, due to the particular
characteristics of the HVAC systems, the design requires a 2-way flow connection between these
three aspects, almost deleting the border between the early and class designs with the detail design,
thus creating a single integrated environment.
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Due to this, it was considered as compulsory to have a tool for the creation of diagrams and
calculations that would allow to develop an actual design, beyond simple modelling of non-checked
solutions.
The only aspect pending to decide could be to chose whether to interface FORAN with other
calculation programs already available in the market, or to include these calculations in FORAN. The
decision taken was the latter, based on several reasons. Among others we can mention that the
calculation process in HVAC design is an iterative process, that the final routing of HVAC ducts is
very dependent on results from calculations, that the sizing of ducts from calculations is also very
dependent on the 3D model, and that the proper calculation process is a two-way one. All these
reasons mean that the interchange from the calculation to the modelling environment is not carried out
only once, but several times and in both directions, so the existence of an interface with an external
tool is not recommended at all.

Fig.1: HVAC design flowchart
2. The goal
The goal of the development is double. First of all, to have the possibility to create and manage
HVAC diagrams. And at the same time to have the possibility to calculate pressure losses in HVAC
ducts, and as a consequence of this, to balance the flow of the HVAC ducts and to size them. And all
of this, in a single and friendly 3D design environment common to all design disciplines (structure,
piping, electrical …). Also this calculation would serve also to know the characteristics of the fans
needed (capacity and static pressure) and the most important fittings (dampers, structural ducts …).
But the diagrams and calculations are not an objective by themselves, but only a tool for faster HVAC
design. Considering that the production and assembly information is easily and accurately obtained
from the 3D model, the faster this is created and checked, the faster overall design is performed, with
the subsequent savings.
Some times, however, designers are interested only in pure detail design (routing of ducts, insertion of
fittings, interference checking …) starting from an already proven HVAC initial and class design. In
such a case, the performing of calculations and creation of diagrams would be skipped upon decision
of the user, and the system should be flexible enough to allow the modelling of ducts without
assistance from any calculation or diagram. And finally, the new tools should be completely
integrated with the rest of the System, thus guaranteeing a single working environment and of course
an actual integrated design process.
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3. HVAC diagrams
HVAC diagrams are managed as a new entity in the FORAN Data Base. As new entities, they have
some System attributes that can be modified by the user: Type of pressure units (mm of water column
or Pascal), conditions for the supply and return duct work such as temperature, relative and absolute
humidity of air, density and kinematic viscosity, type of material and roughness, type of section
(rectangular or circular), and the allowable difference of pressure per length.
But not only System attributes can be assigned to HVAC diagrams. The concept of user attribute is
extended to diagrams, so it would be possible to assign to them any attribute based on strings,
predefined tables, Booleans, accountable, or others.
As opposed to piping diagrams, HVAC diagrams are conceived as actual 3D diagrams being defined
in the 3D Product Model and completely integrated in it. This means that during the definition process
all the information from the 3D model is available, so making the design consistent from an
arrangement point of view from the early stages.
Diagrams can be created from scratch, or can be obtained from the actual 3D routing of the ventilation
ducts in the Product Model. Even more, it is possible to modify diagrams created from the 3D model,
for further modifications or whatever. The origin and status of the diagrams are stored in the Data
base, so the user can know at any moment if the diagram is a consequence of a previous 3D model or
vice versa, and even if the performed calculations are not in accordance with the current routing of the
ducts.
User attributes can also be assigned to the entities belonging to diagrams such as nodes and
connections.
In fact, a diagram is the joint of several nodes and connections. Each node represents a real 3D
component with the corresponding number of connectors, and the connections correspond to straight
ducts (real or virtual) that connect different 3D components.
Nodes have different status and characteristics, including user attributes, depending on their type.
They can be equipment nodes (fans, code F), general nodes (including branches, elbows, fittings,
changes of direction,…, code G) and terminal nodes (including flow info, code E). Even straight ducts
can be represented as nodes (code D) with two connections.
The system controls the compatibility of the diagram and carries out automatic checking, for example:
the existence of at least one Fan node, and that the flow sense is admissible (at least one inlet and one
outlet). This flow sense is the basis that allows the calculation of the flow in each branch and the
dimensioning of all of them.
The definition of the nodes can be made manually, similarly to the possibilities for Auxiliary Points,
or can be made in a smarter way using polygons. And additionally, can be obtained automatically
from the 3D components defined in the 3D model, assuming the connection points of these 3D
components as to be the nodes of the resultant diagram.
The workflow can be decided by the user, depending on design circumstances. In case it is necessary
from the very beginning to have a preliminary routing of ducts for space reservation, t is possible to
create first the 3D routing of the ducts and from this to create the HVAC diagrams for calculations
and checks. And as a result of the calculations, it is be possible to make modifications in the diagrams
(position, number and characteristics of the nodes).
Once the diagrams are defined, it is then possible to obtain drawings for them. These drawings that
can be fully customised by the user, using a template for the drawing, are created in FDESIGN
module, reading info from the Data Base, and, selecting the diagrams to be included (or even parts of
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diagrams), the number of views, the aspect of the lines, and others. Also of course labelling and
dimensioning (absolute and relative) options are available, as well as the possibilities to include in the
drawing the corresponding part list and additional graphical standards. Drawing of diagrams can of
course include any information from the 3D model (hull structure, outfitting elements, electrical,
accommodation…).

Fig.2: Typical HVAC 3D diagram
4. Calculations
The calculation process starts by assigning the flow in the terminal nodes. From this, the System
calculates the resultant flows in each segment of the circuit. Once this is completed, the dimensioning
of the straight ducts is performed. As an alternative, the size of the segments can be fixed, so in this
case the System would only check that the calculation criterion is complied with.
Calculation criteria are that the pressure drop per meter in any branch is according to the default
value, and that the circulating speed does not exceed the maximum specified.
The calculation procedure is the commonly used in this task: the equation of Darcy for the pressure
drop calculation for equivalent straight ducts, for which the friction coefficient is obtained with the
equation of Colebrook, solved by the Newton method. This calculation procedure requires that each
node (in fact each component) should have a previously defined friction loss coefficient that can be
input by the user.
Once the pressure drop in each equivalent straight Duct is calculated, the System proceeds to calculate
the equilibrium of the branching nodes. Following the calculation upstream (or downstream,
depending if supply or return flow), it is possible to calculate the pressure drop in each branch and
therefore the static pressure of the fan. This iterative process allows the balancing of the circuit.
One of the results of the calculation is the theoretical section of the balanced ducts. So the user can
repeat the calculations putting as parameters some fixed dimensions (for instance the closest
commercial section) to check the validity of the circuit under actual production conditions. This
allows also analysing different design alternatives. Of course, detailed reports of the calculations can
be printed out
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Fig.3: Window showing balancing results after calculations
4.1. Mathematical approach
4.1.1. Friction loss coefficient for straight ducts
Obtained by means of the equation of Darcy:
1000 f L ρ Ve
∆Pf =
De
2

Where:

∆Pf

= Pressure loss (Pa)

f
L
De
Ve
ρ

=
=
=
=
=

2

Friction coefficient ( non dimensional)
Duct length (m)
Diameter of circular duct, or equivalent diameter for other cross sections (mm)
Air speed in circular duct, or equivalent speed in other cross section duct (m/s)
Air density (Kg/m3)

The equation of Darcy should be solved iteratively by means of the equation of Colebrook:
 ε
1
2.51
= − 2 log10 
+

f
 3.7 De Re f

Where: f

ε
De
Re

=
=
=
=






Friction coefficient ( non-dimensional)
Duct roughness (mm)
Diameter of circular duct, or equivalent diameter for other cross sections (mm)
Reynolds Number (non-dimensional)

4.1.2. Losses in non-derivation fittings
They are calculated by means of:
∆Pv = C

Where: ∆Pv
C
V
ρ
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=
=
=
=

ρV 2
2

Pressure loss (Pa)
Loss coefficient, referred to inlet connection (non-dimensional)
Air speed, referred to inlet connection (m/s)
Air density (Kg/m3)

Or alternatively by means of:
∆Pv = C s

Where:

Cs
Vs

ρ Vs 2
2

= Loss coefficient, referred to outlet connection (non-dimensional)
= Air speed, referred to outlet connection (m/s)

Fig.4: Non-derivation fitting
4.1.3. Losses in derivation fittings
They are calculated with the formula:
∆Pb i = Ci

Where: ∆Pbi
Ci
V
ρ

=
=
=
=

ρV 2
2

Pressure loss attributable to “i” derivation connection (Pa)
Loss coefficient, referred to the “i” connection (non-dimensional)
Air speed in the common connection (m/s)
Air density (Kg/m3)

Or alternatively by means of:
∆Pbi = Cbi

ρ Vi 2
2

Where: Cbi = Loss coefficient, referred to the “i” connection (non-dimensional)
Vi = Air speed in “i” derivation connection (m/s)

Fig.5: Derivation fitting
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4.1.4. Losses in impulsion terminal fittings
They are calculated by means of:
∆Pe =

Where: ∆Pe
C
V
ρ

=
=
=
=

2
(1+ C ) ρ V

2

Total pressure loss (Pa)
Loss coefficient, including loss in fitting plus diffusion (non-dimensional)
Air speed, referred to inlet connection (m/s)
Air density (Kg/m3)

4.1.4. Losses in return terminal fittings
They are calculated with the formula:
∆Pe = ∆Pv = C
Where: ∆Pe
∆Pv
C
V
ρ

=
=
=
=
=

ρV 2
2

Total pressure loss (Pa)
Fitting pressure loss (Pa)
Loss coefficient (non-dimensional)
Air speed, referred to the connection fitting-duct (m/s)
Air density (Kg/m3)

5. Complete design
Diagrams and calculations are fully integrated in the system, being therefore only a part of the HVAC
design. This means that it is possible to reuse the data defined up to this moment, such as data of
nodes and straight ducts, including type of section and dimensions, and even type of fittings. Also this
produces a smarter definition of 3D components, as their technological properties and dimensions are
already known by the System and stored in the Data Base.

Fig.5: Final 3D model of HVAC duct after calculation and insertion of fittings
The smarter definition of the 3D model means the possibility to “dress” existing circuits taking into
account the dimensions of the straight ducts segments and the library of components previously
defined by the user. The additional modelling allows the user to add to the 3D model elements not
considered at the diagram level, such as flanges, splitting of straight ducts,… In case they affect the
calculation itself, it is possible to create a new diagram from the new model and make a new checking
calculation.
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Nevertheless, the definitive 3D routing of the ducts is still ahead, as it is necessary to check the
eventual collisions with other elements of the 3D model, and also to define the supports and hangers
of the ducts. When routing HVAC ducts, as well as when making any operation in the 3D model, all
data regarding structure, outfitting, electrical, accommodation,… are available to designers, so
guaranteeing that the actual design is consistent from a coordination point of view.

Fig.5: Spooling of HVAC ducts
If due to modifications introduced in the 3D model there is a change in the geometry of the circuit of
some of its characteristics (size of ducts, new fittings,...), then the user can re-generate the
corresponding new circuit (diagram) and re-make the calculations. The decision after these checking
calculations is in the user´s hands.

6. Outputs
Once the design is finished, fabrication and assembly information can be obtained.
In opposition to piping design, in which fabrication and assembly information used in all shipyards is
similar, in HVAC design still exists a wide range of possibilities, that go from the complete
subcontract of all fabrication and assembly (key-turn installation) from coordination and arrangement
drawings, to in-house works coming from detailed fabrication and assembly information.
With this in mind, FORAN generates several types of outputs, valid for each particular working
procedure:
-

Fabrication sketches of individual components, including plate developing information.
Spool sketches, grouping individual components and fittings, and including bill of materials.
HVAC ducts arrangement drawings, including lines and components identifications,
dimensions, positions, references…
HVAC ducts coordination drawings, integrated with the rest of elements as pipes, cable trays,
hull structure, auxiliary structures, supports, equipment, fittings…
Exhaustive bills of materials, including weights, surfaces, insulations and any data defined in
the model, even not modelled elements (bolts, nuts, gaskets…), and filtered by zones, systems
or any other attribute previously defined.

All outputs generated can be customized in order to obtain them in previously defined formats or
templates, following the shipyard standards. Drawings maintain a close relationship with the 3D
model after their generation, so in case there is a change in the 3D model, it is possible to know what
drawings are affected by the changes and eventually regenerate them in an automatic way.
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Fig.6: Fabrication sketch of individual components

Fig.7: HVAC ducts arrangement drawing

6. Conclusions
The design of HVAC systems is carried out in different steps, but without clear borders. The
particularities of HVAC design imply that in many cases those steps referred to calculations and
routing of ducts are performed in an iterative way, so it is of capital importance to carry out
calculations in parallel with the modelling. With this, the final design will be a compromise between
the optimal routing of ducts inside the ship, and the best efficiency from the performance point of
view.
The FORAN proposal represents an innovative and unique solution that allows, within a single tool,
to achieve the pretended goal and complete the design of HVAC systems, reducing the time needed
and minimising the effort, and on the other hand allowing the study of different alternatives.
All key points necessary to achieve the goal are provided by FORAN in a fully integrated tool:
suitable and fast calculation tool, powerful modelling capabilities and automatic generation of
fabrication and assembly information.
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Abstract
In this paper, an anti-vibration optimal design method for bridge wings of bulkers is proposed. In
general, bridge wings have disadvantage for its vibration characteristic due to its cantilever like
structure. To improve vibration characteristics of the wing structures, some structural optimization
methods can be effective. The research is performed in following processes. First, an experimentallyobserved vibration phenomenon is simulated using finite element method for frequency response
problems. Next, based on the finite element method, the two types of topology optimizations are
performed. Finally, two new structures of bridge wing are proposed based on the optimal result.
1. Introduction
Anti-vibration design is the one of the most important design factor of ship structure. Vibration of hull
can make worse comfortable sailing and the performance of engine, screw, hull outfitting. At the
worst case, the vibration can damage the hull. Especially, the vibration characteristic of the bridge
must be improved since it much affects the comfortable sailing. The conventional anti-vibration
design is usually performed using the simple chart based on the experimental data. The approximated
eigen-frequency of the bridge can be obtained from the chart by inputting the outline size of the
bridge. Although the method is really simple and easy to handle, it is limited to quite qualitative
analysis since it ignored the effect of the other factor except the outline of the bridge. For example,
the eigen-frequency of the bridge can be affected by the inner layout of the bridge. Moreover, the
effect of wing which can much affect the vibration characteristic can not be ignored. Thus, for the
accurate analysis of the vibration characteristic, more sophisticated methods are required.
Here, let us consider how to improve the vibration characteristic from the view of the structural design.
In the design phase of the ship structure, the drastic design change of the bridge terms of design are
hard to be achieved because the basic design of the bridge is decided based on the requirement of an
owner and rules. On the other hand, the wing can be designed more freely than the bridge. Thus, the
design modification of the bridge can be performed by the design change of the wing.
Recently, as the sophisticated design method of the ship structure, structural optimization methods are
focused. For example, optimization of hull form by Yang et al. (2007), optimization of a partial midship structure by Rahman and Caldwell (1992) and Kitamura and Uedera (2003), and optimization of
panel and girder designs by Rahman (1994,1996,1998) were reported.
2. Vibration analysis
2.1. Frequency response analysis
Here, to confirm the vibration characteristic of the bridge, the frequency response analysis is
performed. The frequency response analysis is the useful for getting the outline of the vibration
characteristic if the vibration source, its frequency range and the evaluation points are clear. The
eigen-frequency analysis is a conventional vibration analysis method. However, the method yield the
local vibration mode such as the vibration of plate which does not actually affect the vibration and the
critical vibration mode are sometimes hard to found. Thus, an efficient way is that the frequency
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response analysis is first performed and the eigen-frequency analysis is next performed to confirm the
first result. In this case, the vibration source is the engine or screw, the frequency range is 0-20Hz and
the evaluation points are bridges and wings. These settings are based on the experiments of the actual
ship. Fig.1 shows the analysis domain. A coordinate system of the domain is set as follows: X:
direction to the front, Y: direction to the side, Z: direction to the top. The domain is composed of the
half left side of the bridge and the wing considering the symmetry. The center section is fixed only the
Y-directional displacement. 2-patterns periodic unit displacements, X-directional and Z-directional,
are applied to the bottom of the domain. The FEM analysis is performed using MSC.Nastran.

Measuring point 2
Measuring point 1

Periodic displacements

Fig.1: Analysis domain
Fig.2 shows the response amplitude of measuring point 1 and measuring point 2 with respect to Xdirectional and Z-directional periodic loads. We can find that resonances are occurred at 11-13Hz at
measuring point 1 for both displacements. In addition, 17-18Hz resonance is also occurred at
measuring point 2. Fig.3 shows the deformation for the 12.5Hz and 17.0Hz X and Z-directional
periodic loads. The deformations for the both X and Z-directional 12.5Hz periodic loads are bending
vibrations of whole bridge. On the other hand, the deformations for the both X and Z-directional
17.0Hz periodic loads are bending vibration of the wing whose root is located at the joint between the
bridge and the wing.
2.2. Eigen-frequency analysis
We confirm the above results using eigen-frequency analysis of the model shown in Fig.1 with the
fixed boundary condition at the bottom. Fig.4 shows the eigen-mode with respect to the eigenfrequency 12.2Hz and 16.9Hz respectively. 12.2Hz and 16.9 eigen-modes are the vending vibration of
whole bridge and the wing respectively. These results quite agree with the frequency analysis.
The results of the above vibration analysis can be summarized as follows:
1. The vibration at 11-13Hz is the vibration of the whole bridge and the stiffness and mass can
affect. Since the wing is the serious mass source, its reduction in weight reduction can improve
the vibration characteristic. That is, the eigen-frequency corresponding to the bending vibration
of the whole bridge can be increase.
2. The vibration at 16-18Hz is the vibration of the wing whose rote is the joint between the wing
and the bridge. Increasing the joint stiffness and weight reduction of the wing can increase the
eigen-frequency.
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Based on these results, the optimization of the wing for improving the vibration-characteristic of the
whole bridge is performed.
100
For X displacement
(Point 1)
For Z displacement
(Point 1)
For X displacement
(Point 2)
For Z displacement
(Point 2)

Amplitude

80
60
40
20
0
0

5

10
Frequency
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20

Fig.2: Frequency response analysis results

(a) For X-directional
12.5Hz

(b) For X-directional
17.0Hz

(c) For Z-directional
12.5Hz

(d) For Z-directional
17.0Hz

Fig.3: Deformed shape for the periodic displacement

Periodic di

(a) 12.2Hz

(a) 16.9Hz

Fig.4: Eigen-mode shape of the bridge
3. Structural optimization
Here, the structural optimization technique used for optimization of wing is explained. In this research,
the optimization of plate structure and frame structures are performed. The optimizations of plate and
frame structure are performed based on the topology optimization based on continuum mechanics and
topology optimization based on structural mechanics. The topology optimization based on continuum
mechanics can change not only the shape of the target structure but also the topology (number of
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holes). The topology optimization based on structural mechanics can find the optimal layout of frame
in a specified domain. While the former method has an advantage of the flexibility of optimization,
the latter method has advantages of the simplicity or manufacturability of obtained optimal results.
The details of these methodologies are as following.
3.1. Topology optimization based on continuum mechanics
Topology optimization based on continuum mechanics first proposed by Bendsøe and Kikuch
(1988).The basic ideas consist of (1) the extension of a design domain Ω to a fixed design domain D,
and (2) replacement the optimization problem with a material distribution problem, using the
characteristic function as follows:
 1 if x ∈ Ω
(1)
χ ( x) = 
0 if x ∈ D \ Ω
A homogenization method is utilized to deal with the extreme discontinuity of material distribution
and to provide the material properties viewed in a global sense as homogenized properties for the
relaxation of the design domain. This method, called the Homogenization Design Method (HDM), has
been applied to a variety of design problems, also so-called the SIMP (Solid Isotropic Material with
Penalization) method Bendsøe (1999), is one of the variant of HDM. The basic idea of SIMP is the
use of a fictitious isotropic material whose elasticity tensor is assumed to be a function of penalized
material density, expressed by an exponent parameter p as follows:
A* = ρ p A
(2)
Where A* is a homogenized material tensor, ρ is a material density and A is an original material
tensor.

3.2. Topology optimization based on structural mechanics
Topology optimization based on structural mechanics is a classical approach to structural design and
is also termed the ground structure approach. This approach is not rigorously a topology optimization,
but rather, a kind of structural optimization. However, this approach is conceptually very similar to
topology optimization as it allows us to deal with the existence or nonexistence of elements. In the
discrete element approach, the design domain is configured with members such as trusses or frames,
which implies dealing with a finite number of design variables during the structural optimization, and
an optimization scheme then eliminates unnecessary elements. The design variable is usually set as
the normalized cross sectional area of the design element as follows:

A = ρ Amax

(3)

A is a cross-sectional area, ρ is a normalized cross sectional area and Amax is a maximum value of
cross-sectional area. The detail of the methodlogy can be found at Bendøsoe and Sigmund (2003).

4. Formulation of optimization problem
Here, the optimization problem is formulated based on the analysis results obtained in chapter 2.
Since the weight reduction of wing can improve the vibration characteristic of the whole bridge, we
consider the stiffness maximization of the wing under fixed weight. The stiffness maximization
problem of a domain discretized by finite element method is formulated as the minimization problem
of compliance (work done by the load) as follows:
minimize l = F T ⋅ U = U T K ( ρ ) U
(4)
ρ

Where
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K ( ρ )U = F

(5)

Weight ( ρ ) ≤ V 0

(6)

Where ρ is the design variable (material density or cross-sectional area of frame), K ( ρ ) is the
stiffness matrix, F is the force vector, U is the displacement vector and V 0 is the upper bound of
weight constraints.
The optimization problem is solved by following procedure.
1. Set an initial structure and discretize the domain by finite element mesh.
2. Iterate following procedure until convergence.
(a) Calculate the stiffness matrix K
(b) Calculate the displacement vector U by solving the state equation Eq.(5)
(c) Calculate the compliance Eq.(4) and total weight of the structure.
(d) Calculate sensitivities of the compliance and total weight of the structure with respect to the
design variable ρ .
(e) Update design variable ρ using sequential linear programming (SLP) based on the
calculated sensitivities.
Sensitivity means the derivative of objective functions and constraints with respect to design variables.
The sensitivity of compliance with respect to the design variable ρi of i-th element as follows
Bendsøe and Sigmund (2003):
∂l
∂K
(7)
= −U T
U
∂ρ i
∂ρi

5. Optimization
Fig.5 shows the wing structure which is the optimization target. The design domains are the side parts
and the bottom part. Other parts (wind guard, light box, upper plate) are non-design domain.

Design domain 1
Design domain 2

Fig.5: Outline of wing

5.1. Optimization of plate structure
The design domain of the plate structure based on the continuum topology optimization is shown in
Fig.6. Here, since we try the weight reduction of original design, the outline of the design domain is
set as the same with the original domain. The joint between the bridge side and left side of the wing is
represented as the frame element and the top and bottom of the frame are fixed. The two patterns of
unit loads, vertical load and reversed horizontal load imitating moment are applied to the right side.
These loads are corresponding to the weight of the light box. Optimization is performed using
commercial software Optishape (Quint. Co., Ltd.)
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5600

5913

900
2800

2400

Unit load

Plate element
Beam element
Load case 1

Beam element

Load case 2

Load case 1

(a) Side

Plate element
Load case 2

(b) Bottom
Fig.6: Design domain of plates

Optimal configurations are shown in Fig.7. The material is distributed on the edge of the domain. In
addition, the cross bar is located between the upper edge and the lower edge. A new design based on
these results is shown in Fig.8. We create the two holes on the original shape. The cross bar is
simplified to straight bar on the design. By the design change about 17% weight reduction is achieved
(including removed stiffeners).

(a) Side

(b) Bottom
Fig.7: Optimal configurations

Fig.8: New design of wing

5.2. Optimization of frame structure
Here, the wing parts are optimized using the topology optimization based on structural mechanics.
The design domains are shown in Fig.9. The design domain is set broader than the plate case
considering the flexibility of the optimization method. 4 nodes are created on the vertical edges and 5
nodes are created on the horizontal edges. These nodes are connected by some possible frame
elements.
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Unit load

2400
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Beam element
(Design element)
(Non design element)
Load case 1

Load case 2

(a) Side

Load case 2

(b) Bottom
Fig.9: Design domain of frame structure

Optimal configurations are shown in Fig.10. Thick frames are located on the left side edge as
reinforcement. In addition, frames are located on the upper edge, lower edge and the diagonal. A new
design based on these results is shown in Fig.11. Since frame reinforcement of left side is hard to
manufactured, the plates are located as alternated. In this design modification, about 17% weight
reduction is achieved as well as the plate case.

(a) Side

(b) Bottom
Fig.10: Design domain of frame structure

150 × 150 wide frange beam

250 × 250 wide frange beam
Fig.11: New design of wing

6. Evaluation for new design
Here, the above new designs are evaluated as the same way with chapter 2. Frequency analysis is
performed under the same conditions by replacing the wing of the model. Fig.12 shows the response
amplitude of measuring point 2. The improvement of vibration characteristic (increasing of harmonic
frequencies) for each wing can be found.
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Fig.12: Frequency response analysis results for new wings

7. Conclusion
In this paper, an anti-vibration optimal design method for bridge wings of bulkers was proposed. The
following conclusions can be drawn:
1. An experimentally-observed vibration phenomenon was simulated using finite element method
for frequency response problems.
2. Based on the finite element analysis, the condition of optimization was set for the optimization of
plate structure and frame structure and two optimizations problems were performed.
3. Two types of new structures of bridge wing were designed based on the optimal results.
4. The new designs were evaluated as the same way with the first vibration analysis and the
improvement of the vibration characteristic was confirmed.
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Abstract
This paper presents a part of new developments included inside a holistic optimisation strategy
during the design cycle of ships. The first part of the paper describes an algorithm to maximize the
number of ship blocks and ship sections to produce in workshops during a certain time window. A
tool was developed in order to support planners to improve the space utilization and workshop
productivity. Thanks to this software, the scheduling is now done more efficiently and above all it
takes less time. The second part of the paper describes a recent development of an algorithm able to
generate a feasible blocks erection sequence starting from the blocks splitting definition. The idea is
to integrate this module as a new functionality inside simulation software in order to take into
account blocks sequence during the elaboration of the optimised production strategy. The two
developments were validated on the lower hull of a semi-submersible platform coming from a new
Brazilian shipyard.
1
1.1

Introduction
Production simulation coupled with optimisation

Nowadays, more and more applications of simulations and optimisations are used in production
planning to increase production performance and competitiveness of shipyards, Steinhauer et al.
(2005), Kim et al. (2007), Souza et al (2008) and Bentin et al. (2008).
In the context of production planning, the performances achieved with an overall production strategy
can be assessed according to different criteria, such as lead time and manufacturing costs. The typical
issues arise during the production are the balancing of working load and working force, the detection
of bottlenecks and the maximization of resources utilization.
The production scheduling consists in establishing the best fabrication strategy (that can be
represented by a production parameters system) in order to minimize both lead time and
manufacturing costs. Those parameters can be quantitative, such as human resources or production
facilities features, or qualitative, such as manufacturing sequence, workload dispatching on different
working areas or priority strategies.
If the consequences of the variation of only one quantitative parameter on the production
performances are relatively easy to foresee without the help of simulation, it becomes quickly much
more complicated if several parameters are simultaneously modified. Optimisation based on
production simulation models can be used to find one of the best set of values to minimize both lead
time and manufacturing costs.
Production simulation coupled with optimisation tools used during the design stages can enhance the
productivity of shipbuilding industry. Advantages are among others:
• New policies, production procedures, decision rules, production flows, organizational
procedures, transportation systems, and so on, can be assessed without committing resources
for their acquisition
• Hypotheses about how or why certain phenomena occur can be tested for feasibility before
the production
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•
•
•
•
•
•

1.2

Insight of the interactions between production variables can be obtained
Insight of the variables importance on the production performance can be obtained
A production simulation study can help in understanding how the system operates rather than
how individuals think the system operates
The “What’s happen if” questions can be answered. This is particularly useful in the design of
new production systems.
We can do the evaluation of very complex systems where analytic solutions are not known
and for which production simulation is the only possible approach
Production simulation models often have a visual interface, sometimes with graphic
animations and this fact makes them more reliable to the eyes of managers
Production simulation and concurrent engineering

Today the design method used in the shipbuilding plays a primary function at the first stages of the
project. According to a traditional approach, during these phases, the majority of the decisions are
taken based on experiment and opinion of the designers. However, these decisions have a strong
influence on the ship and also on its entire life cycle, production, maintenance, etc.
In order to compensate cost increases or quality decreases due to flexibility lost during the ship design
(see Fig.1), the shipbuilding industry tries to apply the concurrent engineering concept rather than a
sequential engineering. The decisions of each stage are made by considering the constraints imposed
by the other stages of the ship life cycle. Now, the problems that were only checked at the end of the
project are now included in the design stage to reach a better solution. Each department does not wait
any more until the precedent had finished but has to consider that a decision can occur in the course of
project, Bocquet (1998).
As illustrated on Fig.1, one of the effects of concurrent engineering and simulation and optimisation
tools is to move the information curve upstream because the effectiveness and the quality of the
information on the ship are improved from the first stage of the project. This aspect is particularly
strategic as the design process has a cost which varies from 5% to 15% of the total cost and moreover
decisions taken during this initial stage determine about 60 to 95 % of the total cost, Syan et al.
(1994).
100%
Increasing of
model data

Time reduction
Product
Information

Design freedom
Flexibility
0%

100%

Time of the project
Basic
Design

Detailed
Design

Production
Design

Fig.1: Evolution of the design information relating to the ship
The methodology developed within the present research framework will increase and clarify the
knowledge relating to the ship by the prediction of useful data before the full design model has been
completed. Thus, the more information is known earlier by the designer, the better the decisions are
made in the design process. The first errors of the project, the most expensive ones, could thus be
avoided.
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1.3

Continuous optimisation during design and production stages

As presented in the previous section, the challenge consists to create different tools in order to
increase the design information of the project as soon as possible. In this paper, we present a part of
some developments included inside a holistic optimisation strategy during the design cycle of ships.
Some of these developments are already finished; others are just being developed by our research
team.
The holistic optimisation strategy takes into account the following method and tools, Fig.2:
1. LBR5 – LBR5 is software able to optimise the scantling of amidships section by considering
concurrently the minimization of production cost, the minimization of steel weight and the
maximization of the moment of inertia. Recent papers presented the latest software
development such as the development of a detailed production cost assessment module,
Toderan et al. (2007), the development of a multi criteria optimisation module, Richir et al.
(2007), the implementation of fatigue module and finally the implementation of a vibration
module, Constantinescu et al. (2009).
2. Block Splitting Optimisation – The block splitting of the ship before manufacturing is one
of the most strategically decision during the ship design. Indeed, this choice is like a spinal
column for all production stages. Moreover the resolution of this problem requires taking into
account many technical constraints such as required transitions in plate thickness, standard
plate size, block assembly bay dimensions, block weight, block dimensions, panel line
workshop dimensions, etc. Some developments are currently underway in our research team
to optimise the block splitting by considering the production costs.
3. Block Sequencing Optimisation – This issue is intimately linked to the block splitting and
must respect technical restrictions. The resolution of this problem requires taking into account
various constraint like physical constraints, planning and production control constraints, block
assembly constraints, etc. The sequence of blocks fabrication is predominant in the global
production problematic of the shipyard since it has strong impact on the downstream and
upstream production flow. Indeed, the block sequence imposes the delivery dates of all
subassemblies and material and is directly linked to the lead time of the ship. In this paper
(see section 3), we present a first development in order to find the block erection sequence
minimizing the lead time of the process.
4. OptiView – OptiView is software able to optimise the space utilization inside shipyard
workshops. The dynamic allocation of blocks in shipyards is a huge, difficult and timeconsuming effort. This optimisation software help the planner to minimize the surface lost on
the ground. Recent papers presented the latest software development, Caprace et al.
(2008).We present in this paper (see section 3) some results obtained when using this
software for optimising the construction of the lower hull of a semi-submersible platform.
5. Detailed Production Simulation with Discrete Event Simulation – The idea of the discrete
event simulation is to model the real behaviour of the workshop in order to evaluate different
production strategies and select the best one. The modelling step aims to characterize the
performance of the workshop, integrate modules representing the machines, the material and
the resources and implement the rules existing between those entities. The model allows thus
to traduce the complex interactions that can occurs between all actors of a real production
environment. The analysis step aims to assess the impact of different production parameters
on results such as resources utilization rates, lead time, etc.
In this paper, we validate some parts of our developments on the scheduling of a lower hull of a semisubmersible platform coming from a new Brazilian shipyard. We investigate deeper the space
allocation in section 3 and block erection sequencing stage in section 4.

249

Strategically decision

•
•

Tactical decision

Operational decision

•

Business
strategically planning
Stable resources

To produce at lower
cost to satisfy the
request
• Schedules
Detailed Design
8 – 12 months

Basic Design
>18 months
Today

•

To regulate daily
problems
• Stock management,
labour, equipment
Production Design
1-2 months

Time of the project

Production

1 – LBR5
2 – Block Splitting
3 – Block Sequencing
4 – OptiView
5 – Discrete Event Simulation

Fig.2: Optimisation during the shipbuilding design process
2

Case Study – the lower hull of the semi-submersible platform

A case study was carried out in order to validate parts of the full methodology presented in this paper.
The case study was developed using information coming from Atlantico Sul Shipyard (EAS) related
to one of its projects: the construction of Lower Hull of P-55 platform.
P-55 Platform will be installed around 125km away from Brazilian coastline on Roncador field,
located on Campos Basin. It is a semi-submersible platform design to have an oil production rate
around 180k bpd. EAS signed up contract to construct P-55 Lower Hull with Petrobras by end of
2007 and began services on early 2008. Fig.3 shows an illustration of P-55 platform.

Fig.3: P-55 lower hull illustration
EAS is a greenfield shipyard under construction in North Eastern Brazil and is being built to become a
major player on international shipbuilding industry.
It incorporates the most modern technology available and is developing its processes targeting
benchmark productivity levels, Pires et al (2009). To reach such productivity levels it is imperative to
research and develop tools as the ones object of this work.
Mainly concerned about the efficiency of its planning and utilization of resources for the production
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of lower hull of a semi-submersible platform, data was made available to perform an analysis using
the above mentioned tools.
The lower hull of the semi-submersible platform has following characteristics:
• a squared base with 94x94 meters;
• four nodes on each corner of the squared base;
• four pontoons linking each of four nodes;
• four columns emerging from each node up to an elevation of 44 meters.
Roughly main dimensions of the platform structure are 94x94x44 meters.
A build strategy was developed to guide decision regarding detailed design and production phases.
The main build strategy adopted is as follows:
• there are 92 sub-blocks weighing between 100~300 tons, see Fig.4 (b);
• sub-blocks are merged together resulting 36 blocks weighing between 300~800 tons, see
Fig.4 (a).

(a) 36 Blocks

(b) 92 Sub Blocks

Fig.4: Lower hull of the semi-submersible platform
3
3.1

Part 1 – Space allocation optimisation
Space allocation issue

The assembly of big elements requires necessarily available space within the fabrication workshop to
perform the production. The space allocation problem arises at yard because of space scarcity for
arranging the building blocks of ship. Since the blocks become larger and heavier, the production
space in the shipyard becomes extremely restrictive. The largest units are limited in zones where they
can be produced due to the lifting and handling capacities. The limited space available in shipyards
and the increase of blocks and sections size force the planners to optimise the use of the available
surface within the workshops and storage areas. In order to solve this problem of blocks allocation on
assembly area, researchers developed different optimisation techniques like simulated annealing or
CST (Constraints Satisfaction Technique), Okumoto et al. (2005), Lee et al. (1996, 2005), Finke et al.
(2007).
For a shipyard, it is critical to accurately plan the space in the production areas to ensure that blocks
are moved only when and where it is necessary to efficiently use the available space. On the same
way the minimization of the unused ground by the maximization of the allocated blocks may lead in
unnecessary moves, while minimizing unnecessary moves results in a less efficient use of the space.
The dynamic allocation of blocks in shipyards is a huge, difficult and time-consuming effort. The
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difficulty in space allocation arises in the fact that:
•

•

The allocation of space to one block significantly affects the availability of floor space for the
other blocks, Finke et al. (2007). Scheduling production space to satisfy an erection schedule
becomes even more complex when unexpected changes to the schedule occur (e.g., upstream
process delays, weather related delays or subcontractor timeliness).
The allocation of space in a industrial environment is an issue with different complex
production constraints:
o Block height must be taken into account because, sometimes, blocks have to be
evacuated by a crane bridge above others blocks.
o Spacing between blocks might be required for safety and accessibility raison.
o Spacing bellow blocks might be required for transportation with skid platforms.
o Preferred location for some blocks might be required to allocate block close to
specific tools or equipments

This illustrates the need for a flexible tool that can assist planners in, not only generating optimal
spatial layouts, but also modifying day after day these plans accordingly with the variation of the
initial schedule (delays, unplanned maintenance, etc.).
The scheduling tool (OptiView®) has been developed to satisfy all these requests. Coupled with a
heuristic optimisation solver, the software becomes a very helpful and powerful tool to generate the
optimal spatial arrangement. One of the most important features of the software is its user friendly
interface and its easy adaptation to any workshops with space allocation problems.
3.2

Approach

An innovative approach has been developed to optimise the use of work area space. It contains a
visualization tool and an optimisation tool. The software is coupled with a heuristic optimisation
solver which is inspired by an algorithm used for “3D bin-packing problems”. More details about the
method are available in the following papers Langer et al. (2005) and Caprace et al. (2008) presented
in previous session of COMPIT.
Target workshops are mainly assembly halls where huge blocks and sections of ships and offshore
structures are assembled just before being sent in the dry dock. Nevertheless, the tool can be easily
adapted to other workshops. In shipyards, space is the most critical factor. Indeed the blocks occupy
important surface for a quite long fabrication time. A not adapted planning engender a lost of space
during a certain time and leads thus to a reduction of the productivity and an increase of the ship
fabrication duration if the concerned workshop is a bottleneck. The planning task of assembly halls
faces thus a 3 dimensions problem (position of elements in space and time) that is not easy to solve
manually. Moreover difficulties are linked to the fact that, firstly, the fabrication duration of each
element depends on the number of workers dedicated to its mounting operation and secondly, the
allocation of space to one block significantly affects the availability of floor space to every other
block.
The objective of this software is to offer a decision tool to the planner to assist him in utilizing
efficiently the surface available in a workshop thanks to:
• The automatic allocation of the activities (blocks, sections, panels, etc.) in the workshops;
• The minimization of the surface lost on the ground;
• Long-term and day-to-day simulations to analyse the impact of a delay on the global
planning;
• The generation and processing of a planning data (generation of allocation plans, display of
labour graphics, management of the industrial calendar, etc.).
This tool aims to provide planning proposals, i.e. a location and a starting day for each block.
Unfortunately, it may happen that the available surface in the assembly hall is not sufficient to

252

produce the entire set of blocks. In this case, the tool can help the user to take the most efficient
decision.
3.3

Application case on the lower hull of a semi-submersible platform

This case study focuses on the Sub block assembly workshop of the new Atlantico Sul Shipyard
where relatively small stiffened panels are joined to form sub blocks (100~300 tons). This assembly
workshop has a rectangle shape with 375x40 meters i.e. 15 000 square meters.
The objective is to build consecutively five identical platforms in the assembly area. Loading the yard
with this hypothetical production level would test its capacity to accommodate series production of
either platforms or ships. An optimal scheduling must be found to reduce the total production time.
First of all, we need to determine for each block the “earliest start date” and the “latest end date”. Our
only restriction is the end date of the project: the 5 platforms must be built. Another important point is
that the platforms can not been build simultaneously and a delay between the start of each of them is
indispensable (∆). This delay is an important parameter that can change greatly the schedule. In
consequence a parametric study will be done to see its effect/impact.
To build a platform, the production sequence is known with simple and logical restrictions – for
instance a pillar’s sub block can of course be placed only after below blocks are finished.
As input, we have thus:
•
•
•
•

The final delivery time;
Delay between the starting date of each platform (= first parameter to study):
Sequence restrictions for blocks of a platform (=erection sequence);
Duration to build/assembly each block

With these parameters we can perform a Microsoft Project analysis that will give us for each block an
earliest starting date and a latest starting date. In fact, the real early start dates are wrong because we
don’t have information’s about constituent of sub-blocks. Consequently, the planning of elements of
sub block is not available. Normally this is the building of all these sub blocks that can give us
information about earliest starting date. Without this knowledge we have to make another choice: we
will vary the delay between the earliest and the latest starting date and make a study of the impact of
this delay (δ). This time margin is our second parameter.
For each sub block, duration, earliest and latest starting dates are now known. The space allocation
tool OptiView can thus be run.
If a feasible solution is found, main results are:
o
o

The real starting date for each sub block;
Position of each sub block.

If no feasible solution is found (at least one block cannot be scheduled), it indicates that one of our
parameter is too restrictive: we have to increase the delay between each platform or to increase the
starting time margin for each block! The general process is indicated in Fig.5.
A parametric study has been carried out with 25 tests cases with variations of the two aforementioned
parameters.
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Fig.5: Scheduling optimisation process
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Fig.6: Results of various surface allocation optimisation
Fig.6 shows the results of various surface allocation optimisation where the two parameters (∆ and δ)
are modified:
• X axis – Represents the number of working days between the production start of each
platform - (∆);
• Y axis – Represents the number of available working days between earliest start date and
latest start date of each sub block (see Fig.7) – (δ);
• Z axis – Represents the number of blocks that could not be placed in the workshop because
there was not enough space.
Each point of the surface represents an optimisation result with OptiView. Naturally, we have an
admissible solution when Z is equal to zero.
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Fig.7: Date and duration of work
The best scheduling solution is obtained for a ∆ =14 days and δ =15 days. Comparing to the worth
admissible solution we have a gain of surface utilization about 5.5% and a reduction of lead time of
78 days.
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Fig.8: Ratio of workshop utilization for the solution with ∆ =14 days and δ =15 days:
Fig.8 indicates the space utilization of the workshop along the time. If we select a specific date we can
see the top view of the workshop at that day. Due to the time to assembly sub blocks to make block,
element’s pillars can be made only at the end of the project. This phenomenon explains the lack of
workload in the figure.
In that project the interest of using OptiView is not only to improve the space utilization but mainly to
be able to establish a scheduling in a very short time. A manual scheduling can take one week, with
OptiView it takes only some hours. In other words it would be completely impossible to do that
parametric study (twenty five scheduling) without the help of a powerful scheduling tool.
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4
4.1

Part 2 – Erection sequence optimisation
Erection sequence issue

After the block splitting, the next scheduling stage to be performed is the definition of the optimal
erection sequence. The erection process is a very complicated and highly networked operation
involving decision-making interlinked with a lot of structural items. Manual solutions are often
inadequate for optimising the process, Souza et al (2006).
The main issue of erection sequence is that this process follows a huge number of implicit physical
and production rules. During the definition of block sequence, consideration must be given to:
• Physical constraints, such as some blocks are supposed to support other ones and have
therefore to be positioned before.
• Planning and production control constraints, such as the desire for constancy of work inside
the workshop.
• Block assembly constraints, such as the minimum time between the laying of blocks. This
time is required in order to tack and weld the block on the ship. Another very restrictive
constraint is that it is usually impossible to insert a block between two blocks already erected.
Indeed, it would increase the complexity of block assembly stage. Moreover, the required gap
necessary to insert the block is not compatible with the minimum welding gap.
• Erection constraints, such as the first’s blocks to be placed. The blocks contain the engines are
often the first blocks to be placed because they require time for assembly and outfitting much
higher than others.
• Erection strategies, such as the laying of ship blocks starting from the middle, fore or aft part
of the ship; by layers or by slice or finally with a pyramidal strategy.
Each of these sets of constraints comes from a different constituency within shipyard, and the
definition of block sequence has traditionally involved a process of iterative definition, review, and
negotiation. Depending on the shipyard, this process may be well defined or somewhat inaccurate.
Even when the process is well defined, it involves multiple channels and cycles of communication,
and as a result it can be not only lengthy but also subject to errors and omissions that results in less
than optimal block sequence.
The intent of this study is to examine how various computer-based analysis and simulation techniques
might be used to improve the efficiency of the block sequence definition process.
4.2

Approach

The purpose of this module is to generate one/several feasible sequence according to the assembly
technical requirements (production rules). The sequence is filled up with the blocks one by one. It is
based on successive decision stages. The algorithm is launch recursively to choose the next bloc in the
sequence.
The algorithm determines at each bloc selection step the neighbour blocs of the partial solution.
Among them, the algorithm chooses only the blocks fulfilling the technical constraints. Finally, he can
select heuristically one of the block providing a technical feasible sequence.
If we wanted to generate all possible sequence, there would factorial n, where n is the number of
blocks. One of the advantages of the technical constraints is the fact that they are extremely selective,
and the number of feasible sequences decreases hugely.
The principle is the following. Blocks are selected one by one to be erected on the dry dock. As n
blocks have to be erected, n decision steps have to be executed. At each step of the selection process,
another block must be chosen among the blocks not already welded. For that purpose, a list of
potential neighbours, which could be chosen as the next block in the sequence, because satisfying the

256

technical conditions, is filled up, Fig.9. Finally, a block is selected heuristically in the list of potential
neighbours satisfying the technical conditions to be the next in the sequence.

Z

Y

X
X
?

X
?

?

X
?

X
?

X
?
X

– Block already positioned inside the ship
X
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– Block not positioned inside the ship yet, and not neighbour
–Block not positioned inside the ship yet and potential neighbour

Fig.9: Blocks selection step for the sequence generation
At each new block insertion in the sequence, the list of potential neighbours has to be updated, taking
into considerations the presence of the new block in the assembly sequence. For that purpose, it is
necessary to check if the blocks, which are neighbours, but not already in the erection sequence,
satisfy the technical conditions of assembly. An algorithm was implemented in order to checks if all
the production rules are satisfied. Moreover three progression rules are available, the “horizontal rule”
which erect the blocks layer by layer, the “vertical rule”, which erect the block slice by slice and
finally the “combined rule”, which erect the bloc equally in vertical or horizontal direction as a
pyramid structure.
The principal purposes of the algorithm are:
• to check that the blocks of the lower level are erected before the blocks of the upper level,
Fig.10
• to check that is not require to insert a block between two others during the assembly, Fig.11
• to select the blocks that respect the selected progression rule (vertical, horizontal or
combined).
o For vertical rule, we prefer blocks that have vertical connections with the blocks
already placed
o For horizontal rule, we prefer blocks that have horizontal connections with the blocks
already placed
o For combined rule, does nothing
For all rules, we prefer always blocks which have the greatest number of connections with the blocks
already placed. This rule is applied in order to avoid the generation of holes inside the structure where
we should place blocks between several blocks already placed, Fig.11.
If the technical constraints are not observed, the block considered will not be added to the list of the
potential blocs ready to be assembled.
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Fig.10: Blocks of the lower level are erected before the blocks of the upper level
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Fig.11: Gap between bocks have been left in the structure during the assembly
This erection sequence generator has several advantages like the:
• Automation of the block erection sequences
• Very fast process (< 1s)
• Generation of multiple feasible sequences with the same starting point (first block)
• Possibility to start with different initial blocks (or sequences)
• Possibility to add other production rules
• Input and Output text files
• Independent Java modules (Multi Platform)
Nevertheless some limitations are remaining. It seems very complex to take into account all
production rules simultaneously during the construction of the erection sequence. It follows that some
situations are not yet solved by the algorithm.
4.3

Application case on the Lower Hull of a Semi-Submersible Platform

Fig.12 is given three solutions of assembly sequences of the lower hull of the semi-submersible
platform. The initial first erected block is the same for the three presented results. In Fig.12 (a), the
platform is assembled with the “combined” erection rule while the Fig.12 (b) shows the result for
“horizontal” erection rule and Fig.12 (c) shows the sequence of the “vertical” erection rule.

6 blocks

15 blocks

24 blocks

30 blocks

(a) With the “combined” erection rule

6 blocks

15 blocks

24 blocks

30 blocks

(b) With the “horizontal” erection rule

6 blocks

15 blocks

24 blocks

(c) With the “vertical” erection rule
Fig.12: Assembly sequence example
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30 blocks

After several simulations runs with different set of values as input data (erection rule, first block to be
placed), it is possible to generate a huge number of feasible erection sequence.
The aim of this study is to improve the efficiency of the block sequence definition process and the
optimality of the resulting block sequence regarding the lead time of the erection process. The
previous sequence generator is only a part of the development required to reach this objective.

Fig.13: Workflow of the optimisation process
The selection of a right erection sequence seems to be a great potential to improve the manufacturing
lead time. Therefore, in the near future, we will integrate this erection sequence module inside an
optimisation loop of a DES model where the input data of the erection sequence module will be
defined as optimisation design variables and the objective function will be the lead time of the
erection process, Fig.13.
5

Conclusion

An application of this tool related to the fabrication of five off-shore platforms is presented in the
paper. The study aims to show the impact of parameters (precisely fabrication time margins) on the
optimised space allocation in order to point out which fabrication strategy minimizes the lead time. In
the second part of the paper, authors present a block splitting algorithm and demonstrate that the
parameters of blocks slitting and blocks sequence can have a significant impact on the productivity.
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Abstract
This paper relates to the stability studies for ships with large car decks subjected to accumulation of
water due to waves. A method is presented with which the accumulation of water on the vehicle deck
of a damaged modern ropax ferry is studied in irregular seas with a time-domain flooding simulation
tool. Effects of various parameters, such as the metacentric height and the freeboard are also
studied. For comparison the cases are calculated against the so-called Stockholm Agreement. Results
of the two methods are compared. Discussion and conclusions on the observations are presented.
1. Introduction
The concept of the ro-ro cargo handling has proven to be efficient for the transportation economics
over the times. New ships of the ro-ro type are designed and built constantly including ships
combining transportation of passengers and vehicle cargo, many times called Ropax ships. From
safety analysis point of view the stability studies for any Ropax ship are of great importance. The
most dangerous problem for the stability of a ro-ro passenger ship with an enclosed ro-ro deck,
following collision damage, is the one posed by the effect of a build up of significant amounts of
water on that deck.
The Stockholm Agreement (IMO Circular letter No. 1891 29 April 1996) laid the regulatory basis for
the water on deck stability calculation, EU DIRECTIVE 2003/25/EC (2003). Practically all Ropax
designs intended to operate in EU Member State ports need to comply with its requirements, with
perhaps the exception of some high speed craft. The stability effects of the water accumulating on the
ro-ro deck are studied by calculations, model testing and numerical simulations. The Stockholm
Agreement introduced a stability calculation standard to consider a hypothetical amount of sea water
assumed to have accumulated on the ro-ro deck. The amount of water is a function of the residual
freeboard and the significant wave height, specific to the operational area. The calculation standard
replaces the study of the dynamic phenomena with an equivalent static study, thus creating a practical
method to quantify the stability.
Aside to the standard for calculation, the Stockholm Agreement presents also a standard for model
testing. With the model testing the stability effects of the wave induced water on deck can be studied
by physical observations. However, this method does not support quick modifications of the
geometry, nor easy validation of the damage. The evolvement of new numerical methods enables the
electronic modelling and analysis of the flooding phenomena and principle dynamics. These together
change the suite of tools available for cost efficient analysis on stability effects of the water on deck,
Vassalos and Papanikolaou (2002). The new pressure-correction technique, with relatively quick
analysis time, succeeds to combine the benefits of a numerical time-domain analyses with a short
calculation time.
2. Applied Simulation Method
2.1. Principles
The simulation method is based on the pressure-correction technique. The details have been presented
in Ruponen (2006.2007). The basic idea is that the ship is considered as an unstructured and staggered
grid, where the pressures (water heights) are solved in the cell centers (rooms) and flow velocities in
the cell faces (openings and pipes between the rooms). The sea is treated as a large ghost cell that sets
the boundary condition for the problem.
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Progressive flooding is governed by conservation of mass and momentum. In practice, the equation of
continuity results in:

ρ S fs ,i

dH w,i
dt

+ ρ ∑ Q w, k = 0

(1)

k

Where ρ is the density of water, Sfs is the area of free surface, Hw is water height and Qw,k is water
flow through the opening k that is connected to the room i.
The conservation of momentum is represented by Bernoulli’s equation. Water flow through a small
opening point with an area dA is:

dQ = sign (H i − H j ) ⋅ C d 2 g H i − H j ⋅ dA

(2)

where Hi and Hj are the effective pressure heights on both sides of the opening. The pressure losses in
the opening are taken into account with a semi-empirical discharge coefficient Cd.
The pressure-correction method is an iterative technique that uses the linearization of Bernoulli’s
equation. In practice the water heights (hydrostatic pressures) are iterated until a converged solution is
found. The volumes of water are calculated from the water heights and the momentary floating
position.
2.2. Assumptions
On the basis of observations from very large number of model tests it has been concluded by Svensen
and Vassalos (1998) that as the amount of water on deck increases, the ship motions will reduce
significantly. Therefore, the following simplifications are considered to be justified.
Firstly, all water levels inside the ship are considered to be horizontal. Thus the possible sloshing is
ignored. This assumption is acceptable for large ropax vessels since owing to their low natural roll
frequency, it is unlikely that floodwater will be excited in resonance and this is further spoiled as a
result of progressive flooding, Svensen and Vassalos (1998).
Secondly, dynamic roll motion is considered to be caused by floodwater only. The waves are
considered to affect only the flooding rates not the ship motions. The model test results, presented by
De Kat and van’t Veer (2001) indicate that the roll motion in waves small when compared to the
maximum roll angle due to the transient flooding.
In principle, this assumption somewhat limits the applicability of the calculation method to sea states
with moderate wave height. For example, Spanos et al. (2002) have presented experimental and
numerical results for a flooded small ro-ro vessel in high waves, showing large amplitude roll motion.
For such extreme condition, the assumptions on ship motions and sloshing may not be valid and thus
the presented simple and robust simulation method might only produce indicative results. However,
according to the results of the project HARDER about 90 % of all collision accidents take place in a
moderate seaway with a significant wave height of less than 2 m, Tagg and Tuzcu (2003).
The pressure-correction method can be used to solve also air compression in the flooded rooms with
restricted ventilation, Ruponen (2006,2007). However, for the cause of simplicity in this study, full
ventilation is assumed in all compartments.
The application of Bernoulli’s equation for flooding simulation is based on the assumption that the
flow velocity in the middle of the flooded compartments is negligible. This is not always valid, but the
validation tests, e.g. in Ruponen (2007), indicate that this assumption is reasonable. Furthermore, the
pressure-correction method is based on the assumption that the area of free surface in Eq.(1) is
constant during the iteration within one time step. This is justified if the applied time step is short
enough and the changes of the areas are slow.
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2.3. Ship Motions
In this study a simplified approach is used and the wave excitation forces are ignored. Thus the waves
have no direct effect on the ship motions. The dynamic roll motion is calculated by taking into
account the inertia and linear damping. Also the effects of the floodwater are included. Pitch and
heave motions (trim and draft) are considered to be quasi-stationary.
2.4. Waves
Previous studies, e.g. Svensen and Vassalos (1998), have concluded that the freeboard in the damaged
condition is the single most important parameter that affects the survivability of a ro-ro vessel. This is
reasonable since lower freeboard allows more accumulation of water on the vehicle deck due to the
pumping effect of waves. In the following, a simple and robust procedure for calculation of wave
induced flooding is presented.
The wave elevation as a function of time can be presented by a sum of the wave components, see e.g.
Ochi (2005):
N

ζ (t ) = ∑ a j cos(− ω j t + ε j )

(3)

j =1

In order to ensure that the generated time-series do not comprise repeating sequences, random number
generator is used to distribute discrete frequencies (ωj) and to generate random phase angles (εj) of the
wave components, e.g. Matusiak (2000). The amplitude components aj are calculated from the wave
spectrum Sω(ω):

a j = 2 ⋅ S ω (ω j ) ⋅ ∆ω j

(4)

The pressure head for the damage opening depends on the relative distance between the wave profile
and the free surface at the location of the opening, Pawlowski (2003). Thus the effective pressure
height of the sea that is used as the boundary condition for the progressive flooding calculation is:
H sea,eff (t ) = H sea + ζ (t )
(5)
where Hsea is the height of the static sea level.
The effect of waves on the flooding is taken into account by correcting the effective pressure height of
the sea level Hstat with the wave amplitude:
H eff (t ) = H stat + ζ (t )
(6)

stat. sea level

DAMAGE
HOLE
eff. sea level

The application of momentary sea level as a boundary condition is illustrated in Fig.1.

reference level

Fig.1: Application of wave profile as a boundary condition
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This kind of simplified approach is likely valid only for relatively large ships in moderate sea states
since the wave induced motions are ignored. Especially the heave motion can have a significant effect
on the flooding process. However, further research on this subject is still needed.
3. Case Study
3.1. Ship Design
The Stockholm Agreement calculation and time-domain simulation of accumulation of water on the
vehicle deck were carried out for a model of large modern ropax ship. The general arrangement of the
studied ship is shown in Fig.2 and the main dimensions are listed in Table I.
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Fig.2: General Arrangement
The model includes all the openings in the damaged compartments and on the vehicle deck. Also all
cross-flooding arrangements have been modelled.
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Table I: Case study initial data
Length over all
216 m
Beam
30.0 m
Draft (initial condition)
7.3 m
Trim
0m
Freeboard
3.1 m
Metacentric height
2.0 m
Natural roll period
15 s
Critical damping ratio
0.05
Significant Wave Height
2.0 m
3.2. Damage Cases
3.2.1. Selection
Three rounds of the Stockholm Agreement calculations were performed for all the two compartment
SOLAS 90 damage conditions for the subject ship at even keel. The first calculation was done with
the design and the stability data presented in the Table I. The ship with the initial data did not comply
with the requirements of the “Stockholm Agreement”, according to the EU DIRECTIVE 2003/25/EC
(2003). Another two calculations were performed to comply with the stability requirements. Second
case was in all other aspects similar to the initial, but it had 0.20 m more of initial GM and then
complied with the Stockholm Agreement. With the third case the GM was kept the same as with the
initial case, but the bulkhead deck i.e. the vehicle deck, was raised with 0.33 m to comply with the
Stockholm Agreement.

Minimum required GM

The worst of the damage conditions in all these three cases was found to locate in the zone between
frames #126 - #160. Fig.3 presents the damage condition comparison for a ship with the initial case
like in the Table I. Results for the worst damage condition for the three cases are presented in the
Table II.
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Fig.3: Selection of the damage case on the basis of water on deck calculation (initial design)
Table II: Results of Water on Deck calculation (Stockholm Agreement)
Case A
Case B
Case C
Initial GM
2.00 m
2.00 m
2.20 m
Initial freeboard
3.10 m
3.10 m
3.43 m
Reference damaged freeboard
1.09 m
1.26 m
1.42 m
Stockholm Agreement status
Fail
Comply
Comply
The worst damage condition was selected for further studies with the simulation of flood water
progression. The applied procedure is similar to the selection of damage cases for the model tests. For
the simulation the channels within the compartments, the internal openings and the openings at
damaged side to the sea were modelled and accumulation of water on the cargo deck due to the
selected sea state was applied. An illustration of the damage opening is shown in Fig.4.
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Fig.4: Damage opening
3.2.2. Studied Parameters
The effects of the metacentric height, freeboard and damage opening area were studied by varying
these parameters. The applied values are listed in Table III. All cases were investigated with timedomain flooding simulation.
Table III: Parameters for the studied simulation cases
Case A
Case B
Case C
GM
2.00 m
2.00 m
2.15 m
Freeboard
3.10 m
3.10 m
3.43 m
Damage Area
100 %
100 %
100 %

Case D
2.00 m
3.10 m
50 %

wave spectral ordinate

m2*s/rad

The ship is in beam seas and the damage opening is towards the waves. JONSWAP wave spectrum
with significant wave height of 2 m and a wave period of 5.66 s was used, Fig.5. A constant time step
of 0.5 s was used and the maximum simulation time was 3 hours. Simulation was stated with the
creation of the damage opening.
1

0.8

0.6

0.4

0.2

0
0

0.2

0.4

0.6

0.8

1

1.2

wave frequency

1.4

1.6

rad/s

Fig.5: Applied wave spectrum
4. Simulation Results
4.1. Effect of the Metacentric Height (GM)
Flooding simulations were performed with the original metacentric height (GM = 2.0 m) and with
increased GM = 2.15 m. The results are presented in Fig.6 and Fig.7. With the lower GM (Case A),
the ship capsizes almost immediately, Fig.6. The case B with the GM increased to 2.15 m still does
not comply with the Stockholm Agreement standard. The transient heeling angle is almost 20 deg but
the ship does not capsize and the heeling is reduced to about 5 deg in 3 minutes, Fig.7.
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The volume of accumulated water on the vehicle deck, Fig.8, is very large in the beginning of
flooding. This is caused by the large transient heeling angle. As the heeling reduces, most of the
accumulated water flows out of the deck through the damage hole. Thereafter, the variation is purely
caused by the waves. In a moderate sea state and with large enough freeboard, there is no significant
accumulation of water due the waves.
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Fig.6: Time history of heeling with original metacentric height (Case A: GM = 2.0 m)
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Fig.8: Volume of floodwater on the vehicle deck
(Case B: GM = 2.15 m)

4.2. Effect of the Freeboard
Obviously the freeboard has a very significant effect on the accumulation of water on deck. This was
demonstrated by placing the vehicle deck 0.33 m higher (Case C). The center of gravity was not
changed, i.e. the original GM = 2.0 m was applied as the initial condition.
According to the analysis of the simulation results for the Case C, the ship is at brink of capsizing
since 6 out of 10 simulations resulted in capsize. The maximum transient heeling angle is very large
also in wave realizations where the ship does not capsize. Apparently this makes the ship more
vulnerable during the first minute after the damage creation and a large wave is enough to cause a
rapid capsize. Time histories for the heeling angle with two different wave realizations (same wave
spectrum) are presented in Fig.9: one leads to a rapid capsize while the other survives.
At least in the studied damage case, the increase of the freeboard does not improve the survivability as
much as the increase of the metacentric height (GM). This results from the fact that most of the water
on the vehicle deck is accumulated during the large transient heeling. With a smaller initial freeboard
and larger initial GM the results could be different.

267

deg

50
45

heeling

40
35
30
25
20
15
10
5
0
0

60

120

180

240

300

elapsed time

360

s

Fig.9: Time histories of heeling with increased freeboard (Case C) for two different wave realizations
4.3. Effect of the Size of the Damage Opening
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The size and shape of a real damage opening are more or less arbitrary. Also in the beginning of
flooding the bow of the striking ship can hinder the flooding through the damage opening. These
effects were demonstrated by decreasing the effective area of the damage opening by 50 %. The
original metacentric height GM = 2.0 m was used. The maximum transient heeling angle is much
smaller than in the case B (original opening size & increased GM).
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Fig.10: Time history of heeling with reduced damage opening area (Case D)

The slower in-flooding in the beginning of flooding reduces the transient heeling so much that the
ship does not capsize. This example clearly shows how important it is to have a good estimation on
the real shape and area of the damage opening, as well as on the pressure losses in the opening.
5. Conclusions
Flooding simulation enables a realistic modelling of accumulation of water on deck. Modelling of
openings is easy and the applied ship model can also be enhanced, e.g. by modelling the effect of
main engines, as presented in the previous study, Metsä et al. (2008). This can have a notable effect
on the transient phases during the first minutes of flooding.
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The correspondence of water on deck calculations (Stockholm agreement) and time-domain flooding
simulation is very good. In the studied case it seems that the Stockholm Agreement is slightly
conservative since in simulation the ship survived the “worst” damage case with a slightly smaller
GM value than predicted by the water on deck calculation. On the other hand, a very large wave
during the transient heeling might have caused a rapid capsize.
The exclusion of ship motions in waves somewhat limits the applicability of the presented simulation
method. However, qualitative estimations can be done also in higher waves. Since most of the
collisions accidents take place in relatively calm or moderate sea states this kind of simulation tool
can also be used for roughly assessing the probability of capsizing by calculating a large number of
damage cases, generated with the Monte Carlo method. However, it should be noted that all
parameters affecting the flooding, such as collapsing of closed doors and pressure losses in openings,
are not known accurately. In some cases these parameters can have a very notable effect on the timeto-capsize. In principle, the uncertainty increases as the flooding progresses further in damage cases
with long time-to-flood.
The presented study once again pointed out that a ropax vessel with flooded vehicle deck can capsize
in a very short time. If the ship survives the transient heeling in the beginning of flooding (as in the
case B) it is very likely that the progressive flooding or accumulation of water due to the waves will
not cause capsizing even in long term.
The simple test with the reduction of the efficient damage opening area demonstrates how sensitive
the results are to the flooding mechanisms in the transient phase (first minute or even seconds).
Obviously the striking ship and the hull structure are also very important parameters that need further
research.
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Abstract
The benefits from using modern IT technologies like VR are well known in automotive and airplane
industries. Much research work has been done to clarify, if the benefits of VR technology can be
transferred from these industries to the shipbuilding industry considering its special needs and boundary conditions. Results of the latest research point out very high potentials offered by using VR technology in shipbuilding. This affects the overall product design process especially in terms of downsizing the cost of wrong decisions and decreasing the number of iteration loops needed for approval
processes. The size and complexity of a ship resulting from the high customer orientation of European
Shipyards and the resulting one-of-a-kind like production processes are two more significant aspects
that benefit from the strengths of VR technology. Because of the short production design cycle time
and the demand for fast decisions (within a day) regarding occurring problems in the production
process the deployment of VR technology today can not purely be achieved by using out-of-the-box
functionalities of commercial available VR Systems. Preparation of the specific scenario to be analyzed using VR technology needs to be done - this is a very time consuming process most likely not
achievable within the time the decision needs to be made. At this point a process orientated construction kit for VR Applications provides relief. The building blocks of the construction kit provide configurations for existing functionalities of the VR System as well as new functionalities and even specialized 3D models, animations or completely prepared setups of a whole scene. As mentioned above,
more investigation is needed in order to realize such a construction kit. The results of the latest research work are being reflected in the latest development trend of commercial VR systems, implying
there are new technological possibilities for realizing building blocks a construction kit consists of.
The most demanding challenge today is the lack of an appropriate method for developing the building
blocks in respect of a specific shipyards needs. This method need to reflect the shipyards processes
and special needs resulting from the types of ships designed and produced. In the USE-VR project
founded by the German Government (BMWi) such a method has been developed based on the needs
of the European Shipyards. It allows a shipyard to build up its own construction kit by analyzing their
processes and set up scenarios for VR Applications. This method will be presented in this article.
1

Introduction

Using Virtual Reality (VR) offers great benefits for the shipbuilding industry and helps strengthening
their competitive situation on the world market. The feasibility of using VR has been analyzed and
approved in research projects considering different scenarios of use. The general conditions for using
VR in shipbuilding are different from those in automotive and airplane industries who are using VR
on their daily business. The differences occur regarding the use cases as well as IT infrastructure and
forms of business organization.
Commercially available VR solutions fit the needs of the automotive and airplane industries. These
have been involved in the evolutionary process of VR technology for years. Shipbuilding and similar
industries like plant engineering and construction are joining this process today to bring in their requirements. Today VR is mainly used by major enterprises operating at least one specialized VR department providing ready to use VR solutions to the other departments. This approach is not feasible
for the European Shipbuilding industry for economic reasons. Furthermore a concept for deploying
VR is missing to exploit the full potential of this technology.
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A solution must be developed to simplify the application of VR for shipbuilding industries. This solution must enable the deployment of VR without the need to operate a specialized VR department.
Instead the staff of the existing departments must be able to use VR directly with only minimal effort.
The span of activities to be supported reaches from the definition of objectives for a VR session to the
documentation.
2

Deploying VR in shipbuilding industry

2.1

Potentials of VR technology and applicability in shipbuilding

Using VR technology in shipbuilding industry results in a massive reduction of iterative loops within
the design processes and reduction of costs by decreasing the number of physical mockups needed.
The results are better processes, increase in productivity and reduction of throughput time, Nedess et
al. (2005), Friedewald et al. (2007), Lukas et al. (2004). Especially the design of public PAX areas
and submarines can greatly be supported by the usage of virtual human models.
The key to successfully use VR technology is to adopt the used VR system to the business processes,
Nedess et al. (2005), Bohuszewicz (2007). The great overlapping of design and manufacturing processes often seen in the shipbuilding industry has not been considered when developing VR systems
available today for reasons mentioned in the introduction. To accelerate the preparation of a VR session to be done within a day the VR process and all its involved activities must be analyzed in detail
to be able to develop an appropriate solution. The used scenarios within this article have been derived
based upon the results of the process analysis of the shipbuilding process reference model. This model
has been developed together with European Shipyards building passenger ferries, container and marine vessels. A first step to enable the shipbuilding industry to be able to benefit from VR has already
been made. A model for a VR construction kit to be used by the shipyards has been developed,
Nedess et al. (2005). This model must be detailed to allow an implementation using a commercial VR
system.
2.2

Approaches to adopt VR technology to shipbuilding industry requirements

To simplify the usage of VR for shipbuilding industry the effort needed by the staff for preparation of
a VR session must be greatly reduced. Therefore the activities of the VR process must be analyzed.
The process already has been modeled as a process based upon 5 phases in a first step, Nedess et al.
(2008). These phases are in order:
1.
2.
3.
4.
5.

Definition of objectives
Import data
Prepare VR scene
Perform VR session
Documentation of results

The results can be used for the detailed analysis of the activities later on in this article. There it will
turn out, that the needed work for preparation of a VR session is mostly manual work. This can be
accelerated by formalizing it. By doing so, a continuous systematization can be established, Hirzel
and Leder (1992).
Because of the various scenarios which need to be supported by the formalization a reference model
does not fit the needs. As will be shown later in this article the activities needed for preparation and
operation of the different VR scenarios can be generalized. There may be specific variants of an activity for a scenario that need to be supported by utilities. The approach for adoption needs to support the
configuration of utilities for the activities based upon the focused scenario. Looking at the staff doing
all the preparation and operational work we have a VR workflow which needs to be configured. Different IT systems need to be used, data needs to be retrieved and processed.
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There are models for composing processes, Remme (1997), and even workflows, Nedess et al. (2007),
from building blocks which are enhanced in this article. The main idea of both approaches it to have
elemental building blocks major building blocks consist of. The whole process/workflow is composed
by major building blocks fitting the changing requirements. Important topics are manuals that need to
be provided to guide the staff throughout the configured workflow. The modular approach enhanced
and used in this article, called ‘mumasy’, Hudetz et al. (2002), has been published by the VDMA as a
standard sheet, NN (2006).
In this article the implementation of the construction kit is described using the commercially available
VR software Virtual Design 2 (VD2) provided by ICIDO/vrcom. VD2 provides a highly customizable
and modular configuration which fulfills perfectly the requirements of a construction kit. Therefore
partial configuration modules (later on called templates) can be formed and considered as utilities.
The application programming interface (API) allows the development of scripts and extensions that
can be considered as utilities as well. These utilities may suit for supporting the activities within a VR
process. Later on it will be discussed, how they can help an operator to easily prepare and conduct a
VR session.
3

Supportability of VR applications in shipbuilding

The applicability of VR technology just as the concept for a VR construction kit was pointed out in
the last paragraph. To further specify this concept to enable the implementation of the building blocks
of the construction kit, the scenarios need to be typified. Also, activities in the context of VR processes need to be thoroughly examined. Thereby, the operator from a department of a shipyard must be
seen as a user who is not a VR expert. Modeling and analyzing the activities is always based on this
particular assumed user unless a different user is appointed.
3.1

VR application scenarios and rough analysis of the activities

Initially, potential scenarios were identified and roughly modeled by VR experts using the available
process models in shipbuilding. The assignment of VR experts was a necessary measure to exhaust
the possible field of application for VR technology in maritime industry. Based on those results, new
and detailed scenarios with a reference to current problems were developed in collaboration with construction engineers and 3D CAD specialists of the shipyards. Through this approach both the required
VR knowledge and the concrete application background in shipbuilding were brought into the modeling process. The scenarios will be analyzed in paragraph 3.1.3 regarding the supportable activities.
For this purpose, 2 representative scenarios will be introduced in detail according to the 5 phases of
the VR process. A total of more than 10 scenarios were modeled, which can be typified as follows:
Design reviews in-house
• Interdisciplinary review for adjustment of problems in manufacturing of a ship main engine
• Interdisciplinary review of a fully equipped engine room
Design reviews with the customer
• Review of the engine room workshop layout with the customer
Production planning reviews
• Development and inspection of changes in building strategy for installation of equipment
parts delivered too late
Simulation of maintenance operations
• Inspection of feasibility of maintenance operations in the engine room
• Control of facility to install and maintain the equipment of a ship engine
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Simulation of utilization
• Inspection of labeling of emergency exits in public places when visibility is obstructed
• Free motion space in submarine with virtual human models
Analysis regarding ergonomic viewpoints
• Handicapped accessible layout of public places with virtual human models
• Design of workplaces in the submarine with virtual human models
• Access test for devices in submarines with virtual human models
3.1.1

Review of a machine room workshop layout with the customer

Definition of objectives
With this scenario, the process for finding the layout for the engine room workshop is accelerated as
shown in Fig.1 on the top left side. The customer has very individual requests regarding this area that
need to be considered. The common iteration loops in the process are reduced to a minimum because
the client can point out his ideas directly in the VR scene. The results have to be repeatable, so they
can be stated in the contract. The VR scene should be useable by several people at the same time and
additionally offer intuitive possibilities to manipulate components within the scene.
Import data
It is not possible to revert to a standard CAD adapter to import data, because a non-supported CAD
system especially used for plant construction is being deployed. Due to this, a conversion-path using
VRML format is chosen. Exporting specific rooms is not an operation supported by the provided semantic information in shipbuilding. Therefore the needed objects have to be selected by supported
information, likewise information providing dimensions of a fire zone containing the engine room
workshop. This activity is conducted by a CAD expert. In the VR system the data needs to be imported, therefore two major activities are necessary: reduction of the VR scene to the engine room
workshop and reduction of the hierarchic structure, which has been strongly blown up due to using
VRML format. Afterwards, machines are provided with attributes in order to enable gripping and
moving them. Furthermore, the machines need to be duplicated to visualize alternative layouts.

Fig.1: VR scenario: Design review “layout of engine room workshop“
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Prepare VR scene
The next step after import data is the preparation of the VR scene. Because 2 alternatives for a layout
are to be opposed to each other in this scenario, they both first have to be defined within the VR software. 3 alternatives are defined: Layout 1, layout 2, layout 1+2 as comparison alternative. 2 versions
are demonstrated in Fig.1 bottom left in screenshots on top of each other.
Next, the mobile machines are provided with constraints. Hence their mobility is limited. Because the
machines are arranged on the floor of the engine room workshop and already are in place at the beginning of the VR session, planar-constraints are used. In Fig.1 bottom right they are shown as a yellow layer on the table of the box column drill. The mobile machines are also equipped with attributes
for a collision analysis, which can provide instant feedback about the feasibility of distinct rearrangement of machines in the VR scene.
The last step of preparation consists of the setup of the Immersive User Interface (IUI) for the required functions. Fig.1 shows an immersive menu in the upper left hand corner. Functions can be
accessed through this menu analogue to the Windows start menu, for example to switch between alternatives. As 3D-Cursor a hand is chosen to interact with the machines in the VR scene.
Perform VR session
After the preparation of the VR scene, the VR session can be performed. Initially, the VR inexperienced participants need to be instructed in order to be able to navigate the scene and manipulate movable machines. During the session, results have to be collected using the documentation functions for
example by placing markers within the 3D model and saving of camera positions as well as gathering
the keywords regarding the markers.
Documentation of results
After conducting the VR session the gathered fragments of documentation need to be consolidated.
This refers to writing out the keywords regarding markers/camera positions and diverting the complete documentation into HTML or PDF documents which can be transferred to the construction department or the client.
3.1.2

Handicapped accessible layout of public places

A further step into the complexity of the scenarios is determined by the usage of virtual human models, as shown in the scenario of handicapped accessible places. Following, only the specifics of this
additional deployment are mentioned in detail.
Definition of objectives
Shipyards more and more frequently have to face the task of realizing a design of public places that
fits a certain quota of a catalogue of criteria to ensure suitable access for disabled persons. The CAD
systems used in shipbuilding do not offer any possibilities to use dynamic virtual human models that
can simulate handicapped persons. The achieved quota can therefore only be estimated. On the one
hand, the objective here is to check criteria with a dynamic virtual human model and on the other
hand to demonstrate the own engagement to the client. In this scenario especially the access for
wheelchair-bound persons is to be analyzed.
Import data
Besides the data from the PDM/3D CAD system this scenario requires a standard wheelchair. It needs
to be imported into the VR scene additionally. Furthermore, geometry is necessary to depict the space
that has to be kept free for a person moving in a wheelchair, e.g. to show the required accessory space
in front of a door. These auxiliary geometries have to be generated in 3D CAD and also have to be
imported into the VR software. Besides the steps of editing data, the extra imported 3D models for
wheelchair and auxiliary geometries have to be provided with attributes for a collision analysis and be
combined to a virtual tool. Therefore, the auxiliary geometries need to be assigned to the wheelchair
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in a hierarchical way. Because a qualitative evaluation is sufficient, it is possible to revert to a virtual
human model based on a typology from a database.

Fig.2: VR scenario: Handicapped accessible layout of public places
Prepare VR scene
First the virtual human model has to be brought into a sitting position for the wheelchair. To accelerate later tests, additional poses are prepared, for example with outstretched arms to simulate the use of
a soda machine. In a next step, the path of mobility for the wheelchair in the cafeteria is defined so
that it can be played in form of an animation. The path should be composed of 3 parts: trip to the soda
machine, the cashpoint and finally to a seat. Thereby, gripping positions have to be defined at the soda
machine to be able to analyze the accessibility. For analysis of the approximate gripping space the
feasible chain of joints of the virtual human model is defined. At last camera positions are established
for relevant spots and overview-purposes to simplify navigation in the VR scene.
Perform VR session
At first the defined path of mobility is examined using the collision analysis and auxiliary geometries.
For additional visual support the auxiliary geometries can be blended in. As soon as a passageway for
example is not broad enough for a wheelchair, the participants of the VR session are automatically
advised of it. Critical spots are directly addressed by the predefined camera positions. At the soda
machine an accessibility analysis is conducted using the predefined gripping positions. At the tray
return station a basic analysis of gripping space is sufficient for revision. The obtained results are
collected analogue to the formerly described scenario.
Documentation of results
The procedure for creation of documentation is analogue to the former scenario.
3.1.3

Deficits and scenario-based requirements of the VR construction kit

Many of the activities introduced in detail in the 2 scenarios are recurrent and are characterized by a
high manual amount of work. The preparation of a scenario can occupy the user for 2-3 days, according to his experience and the type of scenario. The common requirement of a VR construction kit
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therefore is a reduction of preparation-time so that a VR session can be prepared and performed ad
hoc in one day. The user hence has to be able to select the building blocks specifically task-oriented
and combine them in a way suitable for the scenario.
The activities often take place according to a certain pattern of decisions. The criteria for the decisions
within one scenario are continuous. An example is the setup of projection and input devices. The VR
construction kit has to support the user adequately in setup activities. During improvement of an extensive VR scene activities often have to be repeated dozens of times. The construction kit has to support the user in the conducting of those activities with the highest possible degree of automation. Other activities lead to the desired results only through testing, because the correct order of functions and
targeted parameters for application are not precisely known. In the context of the current scenario, the
construction kit has to support the user with preconfigured tools and a manual for effective performance of the activities. Further actions require such an amount of expertise that only a VR specialist
can conduct them – e.g. the setup of the IUI or the embedding of proper programmed extensions for
the VR software. At this point the construction kit has to assist the user in applying an adjusted IUI
respectively extensions. In summary, the VR construction kit has to fulfill the following requirements:
• Task-oriented selection of building blocks
• Support of scenario-specific combinations of activities
• Supply of precast setup elements for applied hardware, tools, extensions, GUI and IUI
• Automation of repetitive activities
• Supply of 3D auxiliary geometries
3.2

Analysis of activities within the VR process

The construction kit to be developed needs to provide building blocks for each generalized activity
and its specializations needed for a scenario. Therefore the activities must be analyzed to identify their
traits. Knowledge of the traits is needed to derive the requirements for building blocks adoptable to
the specialized activities of a scenario. Looking at the activities within the VR processes it turned out
that the 2nd phase “data import” of the modeled process must be split into two phases: “data import”
and “data preparation”. This is necessary because the activities within “data import” will not be as
much specialized as the activities within the “prepare data” phase which is highly dependent on the
objectives of the scenario. Furthermore the activities in “prepare data” will be conducted within the
VR software altogether while the activities of the “data import” will be conducted within different
systems like CAD or PDM systems.
Some representative modeled and analyzed activities of the scenarios are shown in Fig.3 in respect of
the new 6 phases VR process containing the new 3rd phase. As can be seen in the diagram the activities can not only be distinguished by the system they are operated on. An activity additionally can be
distinguished by the subsystem that needs to be used by the operator. In terms of the VR software this
might be the 3D desktop graphical user interface (GUI) that is heavily used in the 2nd and 3rd phase of
the process.
Moreover the activities can be distinguished by the type of person operating. Looking at the “data
import” phase multiple persons are involved. There is a CAD expert exporting the VRML files from
the CAD system on the one hand and staff from the construction department doing the import of the
files into the VR System on the other hand. Later on, when the VR session is performed, the customer
needs to interact with the objects in the VR scene to express his wishes for the design.
There are more properties that activities can be distinguished by which are not shown in the diagram.
For many activities the required decision criteria (e.g. which method to use) has an important impact.
Many activities require additional information or even 3D geometries. The last important property is
the complexity of the activity determined by the number of single steps that need to be operated to
finish the activity. The identified properties are explained below:
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Fig.3: UML use-case: Design review “Layout of engine room workshop“
Operating person
The operation person has an important impact. The person must be able to operate the activity as intuitive and as easily as possible. If the person has no VR knowledge at all, manuals must be provided
carefully to enable the person to conduct the activity.
IT system
Activities can be distinguished by the systems they are operated on. To provide the adequate support
needed to operate an activity one must know, which functions of the IT system are used for each of
the steps in particular. The support should be available within the used IT system. If however no IT
system is used, another way must be found to support the operating person. Which and if an IT system
is used at all therefore has major impact on the available options for supporting the operating person.
Complexity of activity
The complexity of an activity is based upon the number of functions used e.g. within the VR software.
On a closer look the complexity therefore can be detailed to the number of needed clicks and mouse
or spacemouse movements.
Decision criteria needed
Many activities within the VR process require the operator to know specific decision criteria. A good
example is the “prepare data” phase. To successfully operate the activities and come up with a fluently working VR scene at the end of the phase the operator needs to know the criteria to be met by a
fluently running VR scene. He needs to know all the parameters needed for the various tools for data
optimization.
Needed data
Many activities require the operator to provide additional data. This could be simple 3D models of
tools or complex ones like a manufacturing hall or a virtual human model.
The identified traits must be supported by the configuration of the building blocks within the construction kit. Though activities can be generalized their specializations need to be supported. If a spe-
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cialization differs in only one of the identified traits a new specific building block needs to be provided and configured accordingly.
3.3

Applicability of utilities to activities

In the last paragraph the activities have been analyzed and their traits have been identified. The degree
of freedom is very high for the operator of activities in terms of their traits. For the operator who
should not be seen as a VR expert, there are a lot of uncertainties how each trait must be handled. This
ends up in a problematic result: Many activities can only be operated using the trial-and-error method.
This result causes the operating time to rise greatly, because many VR functionalities need a lot computing time increasing with the size of the VR scene. The operator always has to wait for a function to
finish computing and afterwards needs to review the result. This is a problem regarding VR software
in particular, because many systems lack support for undo functionality. Considering the worst case
an activity operated by trial-and-error method does not output the estimated results leading to problems in phases of the VR process later on.

Utility

Table I: Scope of applicability of the utilities to the traits
(+=partially, ++=almost completely, +++=completely)
Decision
Trait
Operating
Complexity
IT system
criteria
person
of activity
needed

Manual
Template
Script/extension

+
++
+++

+
+++
+++

+
++
+++

+++
+++
+++

Needed data
+
+++
+++

In the beginning of this article utilities have been introduced to support activities of the staff preparing
and operating the VR session. The scope of applicability of the utilities to the traits of the activities is
shown in Table I. The operating person can be partially supported by a manual. The more functions
need to be used manually by a person lacking VR knowledge the more documentation must be generated. This can be avoided by templates and scripts providing a higher automation. Regarding IT systems manuals can be integrated into the GUI and support the work of the operator partially. A complete support is available through templates and scripts as they integrate into the system and directly
use its functions. For the same reason the complexity of activity can be supported more completely by
templates and scripts as it would be possible with a manual. The trait decision criteria needed can be
completely supported by any utility, because the criteria simply need to be readable by the operator.
In terms of needed data a manual can only provide basic support how to get the data while template
and scripts/extensions can directly provide the needed data.
Above the applicability of the utilities to the activities traits has been shown. Now we take a closer
look how good each utility qualifies in terms of work reduction for the person operating an activity.
This will be done looking at a typically needed activity (reduce structure) conducted in the 3rd phase
of the VR process as shown in Fig.3. The activity consists of 4 steps often to be conducted in an iterative loop. Within each of the steps the operator has to use a number of VR functionalities. These functionalities require him to meet decisions in terms of VR methodology. Requirements on the structure
of the model resulting from the objectives need to be taken into account. The diagram on the right
hand side of Fig.4 shows the number of needed VR functionalities and the complexity of decision
criteria for the activity considering different deployed utilities. 100% on the scale would meet the
situation today without using any supporting utility. As can be seen in the diagram, the complexity of
decision criteria can greatly be reduced by simply providing a manual to the operator. The needed
work can furthermore be optimized by reducing the number of VR functionalities that must be activated by the operator. The number of needed VR functionalities is purely influenced by the provided
manuals. A small reduction can be achieved by avoiding trial-and-error methods. The number of functions reduced by templates and scripts can reach almost complete automation providing also a great
relief to the operator.
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Fig.4: Direct VR activity labor dependent upon support grade (qualitative)
3.4

Adaptability of commercial VR software (Example VD2)

Besides the usage possibilities of utilities to support activities, the implementation effort also plays a
role - though it takes place only one time. All utilities have in common the condition that VR methodological skills in the context of the supportable activity and scenario must be available. Furthermore, knowledge about the structure of the VR software and a very good overview over the individual
supportable functions are necessary for templates. In order to develop scripts/extensions, wellfounded programming knowledge is required, mostly regarding C++. Additionally, knowledge about
the API of the particular VR software is essential. To implement the utilities for activities, the modification of the VR software in varying areas is required. For a manual, the adjustments of the GUI or
the IUI are sufficient. For templates and scripts/extensions appropriate functionalities respectively
APIs are necessary. Following, the possibilities are demonstrated by means of the VR software Virtual Design 2 (VD2) of ICIDO/vrcom.
The GUI of VD2 can be adjusted to the current activity under 2 aspects. On the one hand, defining of
perspectives can store the arrangement of elements in the GUI. On the other hand, definition of a taskguide provides the order for completion of activities. The setup is entirely carried out through the GUI
of the VR software and does not demand any programming skills. Nonetheless, adjustment in XML
configuration is possible with the respective knowledge. The IUI can exclusively be adjusted through
XML configuration. The number of functions in the menu can therewith be reduced dramatically and
matched to the functions necessary for conducting the VR session. A further simplification is the supply of the functions in form of a virtual board which can be used instead of the menu, especially for
basic VR sessions with few needed functions. The adjustment of the XML setup requires considerable
knowledge about the structure of the VR software and program-specific workflow. VD2 allows generation of templates on two levels. On the project level, templates can be stored for entire scenarios.
They in turn are composed of individual function-oriented templates. The creation of the templates is
possible through the GUI and with respective knowledge also through XML configuration in VD2. A
few settings can only be carried out through editing of the XML files. For the design of
scripts/extensions, VD2 provides a proper script language following the C++ syntax and a C++ API.
Working with those tools requires an extensive degree of programming-specific and system-specific
knowledge.
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3.5

Conclusion

Activities within the scenarios for maritime VR applications can be generalized for the most part so
that utilities to support those activities can be deployed scenario-overlapping. Nonetheless, the utilities mostly need scenario-specific configuration. The introduced utilities are suitable to clearly simplify the activities for the user. This way, also non-VR expert users can conduct the activities. The
utilities, namely manual and template, allow a drastic reduction of the amount of work necessary for
activities. The usage of scripts/extensions is reasonable only in special cases due to the slight additional use compared to templates and the considerably higher implementation-effort. Using the commercial VR System VD2 it could be pointed out that implementation of the utilities supporting activities is possible. Based on these results the construction kit described in the next chapter has been developed.
4

Architecture of the construction kit for the shipbuilding industry

Based upon the analysis results of the supportability of the VR applications in shipbuilding the construction kit has been developed. The construction kit provides a GUI to enable easy interaction for
the user. The GUI provides elements allowing interaction in respect to the supported business processes/scenarios. The user can choose building blocks for each phase of the VR process. He can adopt
and save them as new building blocks whenever it is necessary. This way the user configures his
workflow. To point out the functionality of the construction kit in a first step the building blocks and
the building block elements are introduced. In a second step the mechanism for composing the scenario based workflow from the building blocks is explained.
4.1

Building blocks and their elements

The building blocks available to the user are constructed from building block elements. The user of
the construction kit only has to deal with the ready-to-use building blocks in an ideal scenario though
he can adjust the setup of each building block if it is necessary. The principle of setting up the building blocks is shown in Fig.5. Ready-to-use building blocks are distinguished by at least one different
variant of an element.
First of all the number of needed elemental types needs to be identified. Therefore we need to look at
the purpose of a ready-to-use building block. Its purpose is to support an activity with the adequate
utilities analyzed previously. Instructions need to be generated in terms of a provided manual. If precast setup elements (templates) are to be used, these also have to be provided by the building block as
well as other data elements such as auxiliary 3D geometries or animations. If extensions for the VR
software are needed within the activity these also have to be provided. In sum 3 element types are
necessary to setup building blocks flexible enough to meet the requirements:
Manual elements
Manual elements provide instructions for a specific activity. The instructions are made available by
using the mumasy-concept introduced in the beginning of this article. It is based on XML elements
and can be combined to a manual containing all instructions for the whole scenario specific VR process.
IT elements
The purpose of the IT elements is providing all templates and scripts or extensions that need to be
used within the supported activity. In addition configurations for using the extensions must be provided. The element as well provides configurations for the GUI and IUI elements used in this activity.
Data element
Data elements provide the additionally needed data for an activity. This might be additional 3D geometries like tools or a wheelchair as well as metadata.
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Fig.5: VR building blocks and elemental components
Each building block element is stored in a VR workflow database. The construction kit can find and
load the elements on demand and compose the building blocks needed for a configured workflow.
The scenario based configuration conducted by the user based on the construction kit is explained in
the following paragraph.
4.2

Scenario based configuration and construction kit mechanism

The necessary activities have previously been analyzed for each scenario. To support the VR methodology the order of activities is exactly defined and organized in the 6 phases of the VR process. The
results of the analysis therefore are used as a template for the scenario type specific setup of morphologic boxes for each phase of the VR process, Fig.6. The order of the rows in the box represents the
order activities have to be finished. For each activity in a variant of a scenario type supporting building blocks may consist of different elemental components. These building blocks are stored in the
columns of the box.

Fig.6: Principle of VR workflow configuration
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Now only a mechanism is missing allowing the user to select the configuration with his available
knowledge. He knows he wants to perform a specific variant of a scenario type. Therefore the construction kit offers an abstraction of the combination mechanism to the user allowing him to choose a
scenario type and variant. The building blocks are loaded accordingly. Then the user can review the
loaded configuration and generate the utilities needed.
All components of the construction kit are shown in Fig.7. The user only interacts with two of the
components. He gives his input (scenario type and variant) in the GUI and gets the result in a folder
containing all manuals, templates and data needed to process his scenario workflow. The following
paragraph provides a more detailed description of the components:
1. The first component is the GUI. Besides input fields for a selection of the scenario type and
variant all building blocks and configurations attached to the selected variant are displayed
and can be reviewed as well as modified to create a new variant.
2. The second component consists of 5 morphologic boxes for each scenario containing all the
configurations needed for existing variants.
3. The VR workflow database is the third component and contains all the information about existing ready-to-use building blocks as well as the setup of each of them.
4. The fourth component is the result generated by the mechanism of the construction kit. Those
are provided as ready-to-use files (PDF manual, VD2 project file, templates) to the user.

Fig.7: Scenario based VR workflow configuration
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5

Usage of the construction kit and prototypical realization

Fig.8 shows the GUI of the VR construction kit which allows the user to build his VR workflow by
picking the necessary building blocks (for example the VR software configuration, templates, manuals or additional geometries). The GUI is divided up in 5 parts which are numerated in the order of
usage. In the first field the user chooses the desired scenario type and a preconfigured variant. Depending on this choice the necessary building blocks for the different phases of the VR process are
loaded. Field 2 shows a listing of all building blocks with their preconfigured state. The user can
check whether these settings meet the demands or if a modified variant is needed. Field 3 includes the
options for the creation and the level of detail of a manual which supports the user in processing of the
VR workflow. An additional option allows him to create a list of the required data which can be used
by CAD experts for the export. The different building blocks (2 are marked with arrows) for every
phase of the VR process can now be modified in field 4. Just the definition of objectives is implicitly
chosen in step 1. Field 5 contains different buttons for the creation of the manual, the VD2 project file
and the adjusted IUI. The manual covers all steps of the VR workflow. The project file is opened in
VD2 and includes all settings configured by building blocks. Scripts, templates and configurations
which cannot be integrated in these project files are separately provided and their usage is also described in the manual. The configuration of the IUI is done by an external tool which was developed
specially for this purpose.
The construction kit is based on XML and a few other text based elements which for example describes additional 3D geometries. This method allows a modular generation of the manual and the
project files after the configuration is completed. In the following the profit of two example building
blocks is analyzed.

Fig.8: GUI for the VR construction kit
6

Comparison of operations with and without support of the construction kit

For comparison two example activities have been analyzed in detail. Therefore typical activities have
been chosen from the described scenarios. These activities are once executed with support of the construction kit and again without this support. Afterwards the results are compared to each other.
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6.1

Structure optimization of a VRML import by script

An optimization of the structure is often necessary to improve the performance of a VR scene. There
are many duplicated entries in the structure tree after the import of the VRML data. These entries can
be combined without losing information. In a given example (piping in a submarine) 138 parts in the
VRML structure need to be identified. Every part must be selected and moved via Drag’n’Drop. Afterwards the empty branch has to be deleted and the geometries must be combined. In total this activity consists of 2761 actions (clicks, mouse movements) and takes at least 2 hours of work manually
operated. On the opposite of that the construction kit provides a script which can optimize the given
data structure. Using this script the activity is reduced to 7 actions that take less than 15 seconds. That
reduces the actions and the expenditure of time to 0,25%! The computing time was not taken into
account for this example, because it is less than 2 minutes. The full automation releases the user from
all VR specific decisions (hierarchy level, order) in the optimization process.
6.2

Using a template to create and position a virtual human model

At first a virtual human model has to be activated in order to use it in the VR software. Without support of the construction kit, this activation consists of the following steps: At the beginning a proper
method (here: typology) for the creation of the model and the appropriate parameters (proportion,
reference year, etc.) must be chosen. Afterward the user has to position the model in the VR scene and
manipulate its posture by moving the different extremities. Supported by the construction kit the user
just has to decide which template he wants to apply. This template contains all settings for the respective scenario. The amount of actions in this case is reduced from 129 to 10 (7,8%) and the execution
time from 185 to 30 seconds (16,2%). As in the previous example the user does not have to make VR
specific decisions, because the template takes care of these aspects. The necessary technical decisions
are reduced to the choice of the appropriate template.
7

Conclusion and Outlook

Modeling the scenarios and analyzing VR specific activities allowed determining the requirements for
the use of VR technology in the context of shipbuilding industry. The collaboration with shipyards
results in a highly practice-oriented development of the construction kit. The potential use of the utilities in this construction kit was shown in two examples. The preparation time of VR sessions can be
considerably reduced and that way the construction kit also allows such sessions in the short term
within a day a problem may arise in design. Today’s VR systems still lack some required features.
Some scenarios demand a physically realistic behavior of objects in the VR scene. The deployment of
the virtual human model can be much more adapted to the needs of the shipbuilding industry. Finally
the integration level of VR systems into the IT infrastructure of a shipyard needs to be pushed to a
higher level.
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Abstract
In this paper, a method to simplify a model in 3D environment is presented. The simplified model is
achieved by finding the boundary box of the sub-division of the model, while the size of each subdivision is optimized using Gaussian Particle Swarm Optimization. With this approach the complex
3D model can be simplified with a predefined level of detail. We demonstrated this approach on some
models.
1. Introduction
Three dimensional models play an important role in many applications such as computation fluid
dynamic and computer-aided design. Those applications use 3D model not merely to display the
actual object as good as possible, but also for the scientific calculation like the physic and dynamic
behavior of that object.
With the development of scanner and computer graphic technology, a very precise 3D model can be
created. Unfortunately, the complexity of these models, measured by the number of polygons, seems
to grow faster than the ability of the hardware to calculate and render it interactively. Put in another
way, the level of detail of those models always seems to exceed the level that we can afford.
To overcome this obscurity the algorithm to simplify the 3D models has been investigated for years.
Most of them are dealing with reducing the number of polygons Kirkpatrick and Seidel (1986),
Barber et al. (1996), Cohen et al. (1996), Gotsman et al. (2002), Nooruddin and Turk (2003),
Hjelmervik and Leon (2007), Hua-hong et al. (2007). Another way of 3D model simplification is by
translating the polygon soup to volume visualization (voxel) Kaufman (1994).
Generally there are two main objectives of model simplification, for faster rendering, and/or faster
computation time of the physical aspect of the model. In practice, the level of detail of the simplified
models is not the same for different application. In some applications, the high level of detail is
needed to maintain the similarity of the shape of the original model and the simplified model. For this
purpose, we can use approaches in Cohen et al. (1996), Gotsman et al. (2002), Nooruddin and Turk
(2003), Hjelmervik and Leon (2007), Hua-hong et al. (2007). On the other hand, some applications
only need the approximate shape of the original models, for example in the application that needs to
detect the collision of two or more objects. An established method to achieve this goal is by finding
the convex hull of the model of those objects Kirkpatrick and Seidel (1986), Barber et al. (1996).
However, because the simplified model is always a convex wrapping of the original model, it has a
drawback if the original model is not close to convex shape. In our application, the automatic pipe
routing Asmara and Nienhuis (2008), due to the very large and complex calculation, and the fact that
most of pipes are routed in orthogonal way, we need the simplified model that only contains of
cuboids for faster calculation of collision detection. For this purpose, the approaches mentioned above
are not suitable to be used.
In this paper, we propose a method to simplify the 3D model with pre-defined level of detail,
measured by the number of cuboids, by finding the boundary box of the subdivision of the model.
This method utilizes the heuristic optimization method to optimize the size of the sub-division, and
based on our previous works Asmara (2006), the Gaussian PSO from Krohling (2004) with
momentum term is used.
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In section 2, the basic idea of the method is mentioned, and follow with the explanation of the
optimize subdivision boundary box in section 3. The Gaussian Particle Swarm Optimization is
described in more detail in section 4. The implementation and results are shown and discussed in
section 5. Finally, section 6 wraps up this paper with the conclusion and future works.
2. Subdivision Boundary Box
The simplest way to simplify the 3D model is by constructing its axis-aligned boundary box (AABB).
However if the model was complex, the AABB will not represent the model correctly. As it is shown
in Fig.1, the original model in Fig 1a cannot be represented correctly with its AABB in Fig 1b.

Fig.1: Subdivision Boundary Box
A better 3D model representation can be achieved by voxelize the model Kaufman (1994). A voxel
representation of a model is a regular grid of cells, in which each cell (voxel) contains a density value
in the range of zero to one. Normally a voxel-value of zero is representing a portion of unoccupied
space and a value of one is representing a voxel that is inside the model. The result of the voxelization
method can represent the original model much better than boundary box. However to get the better
result, we need to have a lot of numbers of voxel.
Another way to get the better 3D model representation is by constructing the subdivision boundary
box (SDBB) from the model rather than the AABB. The method to construct the SDBB is almost
similar with the voxelization method. First, we divide the boundary box into grid of cells, but instead
of finding the density of each cell, we construct the simplified model in a different way.
The steps of this method are as follow:
Algorithms SDBB: Subdivision boundary box
1) Construct the AABB of the model.
2) Divide the AABB to n division in each X, Y, and Z axis, resulting uniform grid of cells (n x n x n).
3) For each cell, find the polygons of the model that lies inside or intersect with that cell
4) Construct the AABB of the polygons in step 3).
5) Clip the AABB with the cell itself.
6) Loop to step 3) until all cells in the grid are processed.
This process is illustrated in Fig.1. From the original model, shown in Fig.1a, we construct the AABB
as shown in Fig.1b. After that we apply the step 2 in the algorithm SDBB with n = 3. It divides the
AABB to 3 parts in each axis uniformly (X1 = X2 = X3; Y1 = Y2 = Y3; Z1 = Z2 = Z3) and creates 27 uniform cells that can be seen in Fig.1c.
Then the step 3 - step 5 are applied to each cell. The final result is the simplified model that is shown
in Fig.1d.
As shown in Fig.1, the SDBB is able to represent the original model much better than the AABB, with
maintaining the acceptable number of cuboids.
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3. Optimized Subdivision Boundary Box
Even though the subdivision boundary is more representative than the ordinary axis-aligned boundary
box, to have the better result we need to have smaller size of the cells. The smaller size of the cells
can be reached by dividing the AABB with the bigger number of n, with the price of increasing numbers of cuboids in simplified model.
This fact is unfavorable for us, because our main objective is to get the simplified model that only
consists of a small number of cuboids. The overcome this problem, the step 2 in algorithms SDBB
needs to be modified instead of using uniform division cell size, we use the non-uniform division cell
size to divide the AABB. It is means that the {X1 … Xn}, {Y1 … Yn}, {Z1 … Zn} are not necessary to
be the equal.
Fig.2 shows us the comparison between the original model with the original SDBB that using the uniform division cell size, and with the Optimized SDBB that using the non-uniform division cell size.
As can be seen in that figure, with proper division cell size, the simplified model is look more like the
original model and also contains smaller number of cuboids. This method will be called as the optimized subdivision boundary box method.

Fig.2: Optimized Subdivision Boundary Box
However, the output of this method is very sensitive with the variation of the division cell size, and to
get the best result it needs to have the correct sizes of each division. Moreover, to find the best value
manually is not trivial. Fortunately, the problem to find the best division size can be solved using the
heuristic optimization method.
4. Gaussian Particle Swarm Optimization
Particle Swarm Optimization (PSO) first introduced and originally developed by Kennedy and
Eberhart (1995), refers to an algorithm that is used to find optimal solutions of numerical and
qualitative problems. It emerged from earlier experiments with algorithms that modeled ’flocking
behavior’ seen in many species of birds.
PSO is a population-based evolutionary algorithm. Initially, a population is generated randomly, and
then each particle of this population moves at a randomized velocity. As each particle wanders
through the problem space, it evaluates the objective function, and memorizes its best position
(pbestx), the location that gives best objective value of each particle, and its best solution (pbest), and
the corresponding objective value at pbestx. Each particle also memorizes the best global solution
(gbest), the best objective value among all particle in the population, and its position (gbestx),
obtained so far by any particle in the population.
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While wandering through the problem space, in the process updating its pbest and gbest location, each
particle, at each time step, changes its velocity and its current position according to:
(1)
(2)
where
velocity of the ith particle;
inertia weight;
acceleration constant;
random numbers in the range [0,1];
position of the ith particle;
pbest of the ith particle;
gbest of population, index g represents the index of the best particle among all particles in
one population
In the original PSO, there are two types of boundary values; velocity maximum Vmax and position
boundaries xmin and xmax. If the velocity from Eq.(1) exceeds Vmax, then it is limited to Vmax.
Similarly if the position xi in eq. (2) exceeds the position boundaries, then the particle is restricted to
lie on the boundary.
To ensure the convergence of the PSO, Clerc and Kennedy (2002) introduced a constriction factor K,
whereas the stochastic terms c1σ1 and c2σ2 provide a mean value 0.729. Inspired by their work, Krohling (2004) introduced Gaussian PSO that uses the absolute value of the Gaussian probability distribution N(0,1) to automatic generation of the stochastic term of PSO which has mean value 0.789. Therefore, the accelerating constants c1 and c2 are not necessary to be specified.
Furthermore, the Gaussian PSO only has the swarm size and the boundary of the search space as its
parameters, the momentum term is not used by setting the inertia weight α equal zero and therefore
the maximum velocity Vmax can be neglected.
Based on Asmara (2006), the Gaussian PSO is modified to re-introduce the momentum term in
Eq.(1). The reason of this modification is because the numbers of particles that are used in the simulation are small to reduce computation time, and the requirement for original Gaussian PSO to converge
in global optimum is by using larger number of particles. The momentum term is re-introduce inspired by the work of Kennedy (2005). The velocity in Eq.(1) then modified to:
(3)
where |Φ1| and |Φ2| are absolute Gaussian random number [0,1]
Table I: Summary of the Results

N=5
N = 10
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Capstain
VOL/VolBB Generations
61%
32
64%
13

Gate Valve
Deck Console
VOL/VolBB Generations VOL/VolBB Generations
61%
16
61%
19
66%
27
69%
34

5. Result and Discussion
5.1. Implementation Settings
We implement the optimized subdivision boundary box method and utilize the modified Gaussian
PSO to find the best division cell size. The new constraint that discards the result that has more than N
cuboids is introduced. The value of N is the maximum number of cuboids of the simplified model.
The main goal is to minimize the volume of the simplified model. In other way, we would like to
maximize the difference between the volumes of the AABB of the original model with the sum of
volume of each cuboid in simplified model. The fitness value is defined as follows:

(4)
where VolBB
VolCuboidN
N

volume AABB
volume cuboid Nth
total cuboids number

The modified Gaussian PSO is used to optimize the division cell size. In this case, the modified Gaussian PSO needs to optimize {X1 … Xn}, {Y1 … Yn}, {Z1 … Zn}, with n = the number of division to
minimize the fitness function VOL.
In this paper, we choose to define N equal to 5 and 10, and n equal to 3. The population size of the
PSO is 10 and the maximum number of generation is 50. The population size that is used here is kept
small to limit the computation time, due to the success of PSO to solve optimization problems using
small population size Shi and Krohling (2002).
The performance of the proposed method is measured by the ability to find the solution that visually
represents the original model.
5.2. Result and Discussion
We have tried the proposed method to find the simplified model on 3 different test models; Capstain,
Gate Valve, and Deck Console, with the maximum number of cuboids of the simplified model are 5
and 10 cuboids. The summary of the result is presented in Table I.
Fig.3 - 8 shows the convergence of the results for each test model. From those figures, it can be seen
that for each test model the result is better with bigger N, however the difference is only < 10%. This
shows that with the small number of N (N = 5), the proposed method can construct the simplified
model with relatively good result.
The performance of the modified Gaussian PSO is also proved by the fact that the optimum value can
be reached by using only the small number of population size and also with relatively small generation times, in worst case is in less than 35 generations. It also can be seen that within less than 10 generations it can reach at least 86% of the optimum value.
Fig.9 shows that the shapes of all results visually represent the original model well. Thus the proposed
method is able to construct a simplified model of the 3D model without losing too much detail.
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Fig.3: Convergence graph of Capstain with N = 5

Fig.4: Convergence graph of Capstain with N = 10

Fig.5: Convergence graph of Gate Valve with N = 5
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Fig.6: Convergence graph of Gate Valve with N = 10

Fig.7: Convergence graph of Deck Console with N = 5

Fig.8: Convergence graph of Deck Console with N = 10
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Fig.9: Simplified models
6. Conclusions
We have described the optimized subdivision boundary box method and how to utilize it together with
the modified Gaussian PSO to simplify the 3D model that consists of many triangles into the small
number of cuboids. Our proposed method ensures that the simplified method can be constructed from
any shape of 3D model and it lets the user to define the level of detail, measured by the maximum
number of cuboids.
In practical application the user only needs to define the maximum number of cuboids for the simplified model regardless the complexity of the original model. This is a big advantage in such application
that needs to have many simplified models.
The performance of this method is very sensitive with the division size of the grid, and thanks to the
good performance of modified Gaussian PSO, these values can be optimized well. Even though the
results of the proposed method are good, there are still some aspects that we will investigate more in
the future. One of them is to apply this method in Multi Objective Optimization to create a set of solutions, with difference ranges of N (maximum number of cuboids), and let the user to choose the best
solution for the application. Another interesting aspect for further investigation is to change the value
of n (the number of the grid division) adaptively during the optimization process.
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Abstract
One of the main concerns of ship designer with respect to numerical optimization is about the stability
of the optimal solution to small changes in the operative conditions. In fact, typically the optimal solution shows a high level of dependence from the environmental conditions, and a large deterioration of
the performances may occur if the real-life situation becomes too different with respect to the hypothetical one. Some of the different off-design conditions are partly predictable, while a number of
other operative situations are not completely predictable. Robust Design Optimization (RDO) associates a probability to the different sources of uncertainty related to the real usage conditions of the
system and solves an optimization problem for which the final solution represents an optimal tradeoff, able to keep good performances in a large probabilistic scenario. The main difficulty stems from
the necessity to include information about the variance of the objective function with respect to several environmental stochastic (or probabilistic) conditions. In the present paper, some recent work to
test the effectiveness of a Particle Swarm Optimization (PSO) algorithm within the context of RDO is
presented. The focus is put on the mean value and the variance of an objective function (which represent a sort of a cost in the deterministic approach) with respect to the variation of a number of probabilistic parameters. After the solution of some analytical test cases, the optimization of a naval design is performed using both single objective and multi-objective approach, accounting for the mean
value and the variance of the “deterministic” objective function.
1. Introduction
In this paper, the effectiveness of a Particle Swarm Optimization (PSO) algorithm is tested within the
context of Robust Design Optimization (RDO). RDO is managing the probability of the different
sources of uncertainty, trying to provide an optimal solution able to keep good performances in a large
probabilistic scenario. As a consequence, the optimal solution is probably going to decrease the level
of performances with respect to the most probable operative condition, but is not suffering excessively
when the system is operating in off-design conditions. In other words, we may say that the optimal
robust solution is more flexible than specialized. In Section 2, we briefly outline the general context in
which the formulation for robust design is developed and applied. Section 3 presents the formulation
used here for robust design optimization, whereas Section 4 provides an outline of the particle swarm
optimization algorithm used here to perform the global minimization task. In Section 5, we present
preliminary numerical results. Analytical test problems are solved and shown as well as a naval
design problem.
2. General context and definition of the problem for robust design
In this Section, we try to give the reader a brief overview on the optimization for problem affected by
uncertainties. Within this context, the designer concern is that of finding an optimal configuration able
to keep good performances in a wide range of variation of a number of uncertain parameters. In order
to achieve such an optimal solution, an optimality criterion, based on robustness of the final design,
has to be defined.
In a general context, the term robust always deals with something which is uncertain. Therefore,
attention to robustness always involves attention to some kind of uncertainty. A number of authors in
literature give different meaning to robustness depending on the application and different kind of
uncertainties are widely addressed. The interested reader is referred to e.g. Beyer and Sendhoff (2007).
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We may state that, while handling an optimization problem of the type,

where x is the design variables vector (controlled by the designer) and y is the design parameters
vector (uncontrolled by the designer), the following uncertainties may occur:
a. x is not deterministic (e.g. tolerance of the design variables in the production process or actuators
precision);
b. y is not deterministic (e.g. uncertain operating or environmental conditions);
c. functions f, h, g are affected by uncertainties (uncertainty in the system output, e.g. inaccuracy in
modeling or computing).
The evaluation of the functions of interest may be written in the form

where ξ , η and φ are stochastic variations with zero mean value, whereas the quantities denoted by
the bar represent the mean value of the same quantities as they appear in the original minimization
problem.
With respect to the uncertainties above, the optimization problem may be solved using the following
major approaches:
a. Minimization of the variance of f: this leads to a robust design in a strict sense (e.g. Taguchi
methods, see, e.g. Beyer and Sendhoff, 2007).
b. Minimization of the mean value of f: if f is a sort of a cost, than the mean value of f can be seen as
a risk (bayesian approach as in decision theory, see, e.g. De Groot, 1970).
c. Minimization of f in the worst possible case; this is the most conservative approach (minmax
approach).
d. Considering probabilistic constraints in the minimization of the objective function.
With respect to the previous approaches, different definition may be found in literature (the interested
reader is referred, again, to Beyer and Sendhoff, 2007):
a. Robust design (RD): process of defining the robust design in the strict sense (es. Taguchi). The
attention in this case is mainly on variance.
b. Robust optimization or Robust design optimization (RDO): optimization process taking into
account uncertainties in the evaluation of the objective function; main value, variance, worst case,
etc. may be taken into account.
c. Reliability-based design optimization (RBDO): the attention is focused on the statistical
feasibility of the design (i.e., on the constraints). The constraints are treated as probabilistic
inequalities and give a statistical feasible region.
In this work, we will address an RDO problem, whose definition is presented in the next Section.
3. A formulation for RDO
As already mentioned, while handling an RD or RDO problem, the focus in mainly on the expected
value of the function of interest and on its variance. Therefore, it is worth recalling that, if f=f(x,y)
where x is the design variables vector and y is the stochastic parameters vector (assumed as a scalar
quantity in the following without loss of generality), and p(y) is the probability density function (PSF)
of the event y, the mean (or expected) value of f with respect to the variation of y is given by

297

where B˜ is the measure of the domain B. The variance of f with respect to the variation of y is given
by

or by the equivalent form

The mean value of f and its variance are function of the only design variables and may be used to
build the objective function for the optimization problem. Specifically, in this work we will use as
objective functions the expected value and the variance of a suitably defined cost function. It may be
noted that, according to decision theory, the expected value of the cost function represents the risk
against the variation of the probabilistic parameter, e.g. De Groot (1970). Using the mean value of the
cost as objective function implies, therefore, the minimization of the risk. The adoption of the
variance as objective function will lead, conversely, to a robust design in a strict sense, with minimum
sensitivity with respect to the variation of the probabilistic parameter.
It is worth noting that the evaluation of mean value and variance needs the computation of an integral
over the stochastic parameter domain. Having in mind that during the optimization task the evaluation
of the objective function may be required hundreds or thousands of times, it is apparent that the
choice of a reliable and effective algorithm for the computation of the integrals is a crucial issue. In
this work, a five-point Legendre Gaussian quadrature scheme will be used.
3.1. Probabilistic inequalities
While the RD and RDO are mainly focused on the mean value and variance of a cost function, the
RBDO task is performed managing and focusing the attention on the probabilistic handling of the
constraints. These are treated as probabilistic inequalities. In this context, a “deterministic” constraint
of the type g(x,y)<0 is handled using the probabilistic statement (Pr denotes the probability and p0 an
arbitrary positive real number minor than 1):

In the following, we will define the constraints of the problem in the worst possible case, choosing a
conservative approach. The issues connected to the probabilistic handling of the constraints will be
not further addressed here.
4. Particle swarm optimization
One of the most promising algorithms in the ship design optimization community is the so-called
"Particle Swarm Optimization" (PSO) algorithm. It is an evolutionary algorithm inspired by the
behavior of a swarm of bees. Details are provided by Pinto et al. (2007). The essence of the algorithm
is the simulation of the trajectory of a number of bees belonging to a swarm. Each bee is travelling the
space with a proper velocity. In the algorithm, the speed is a compound of two different elements: one
coming from the social behavior, a second from the individual one. In the single objective version of
the algorithm, the social contribution is proportional to the distance of the element from the actual
overall best position ever visited, while the individual contribution is proportional to the distance from
the actual position and the best position ever visited by the bee itself. If a multi-objective problem is
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tackled, the social contribution is proportional to the distance between the particle and the closest
element of the Pareto front computed by using all the previously visited positions. Different options
are available for the individual contribution: in this paper, five different options have been
investigated, characterized by the reference position to be considered:
1. The position closest to the personal Ideal Criterion Vector.
2. The position closest to the global Ideal Criterion Vector.
3. The closest point from the Pareto front built by using only the positions previously visited by the
actual particle.
4. The location of the best value for one of the objective functions: the best point is obtained among
the position visited by the actual particle. The reference objective function is changed at each
iteration.
5. The position of the minimum point for the merit function obtained by summing up the two
objective functions. The point is the same for all the particles.
6. The position of the minimum point, selected among the solutions computed by the actual particle,
for the merit function obtained by summing up the two objective functions. The point is different
form particle to the particle.
The Ideal Criterion Vector is the point obtained, in the objective objectives space, by using the best
values for every investigated objective function. It is usually a point not achievable by a real
configuration: it becomes real only in the case in which the Pareto front is formed by a single point.
The course of the algorithm is also influenced by the selection of the initial position and speed for the
particles. Here we have 4 different options:
1. Particles are distributed on a hypersphere, speed is orthogonal to the surface of the hypersphere.
2. Particles are placed using the Hammersley distribution, speed is null.
3. Particles are orthogonally distributed on an hypersphere, the number is equal to the dimension of
the space, speed are mutually orthogonal (see Campana et al., 2006).
4. Particles are on the vertex of the hypercube limiting an initial guess of the design space, speed is
null.
In order to check the behavior of all these different alternatives, some numerical experiments have
been performed and the results are shown in the following.
5. Numerical results
5.1 Numerical experiments on test functions
In order to test the effectiveness of the PSO algorithm in performing the multi-objective optimization
task for robust design, we first apply the optimization procedure to two test functions, defined in the
following. For both test functions, we assume two design variables, x1 and x2, varying form -1 to 1,
and one probabilistic parameter, a, with a uniform probability density distribution from -1 to 1.
Test function n. 1

where
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Fig.1: Mean (expected value) and variance of f with respect to the variation of the parameter a for test
function n.1.
Test function n. 2

where, again

Fig.2: Mean (expected value) and variance of f with respect to the variation of the parameter a for test
function n.2.
The alternatives on the evolution criterion and on the initial swarm placing shown in Section 4 have
been tested on the above test functions. Since we have 6 options for the evolution scheme and 4
options for the initial conditions, a total of 24 different tests have been carried out. All the other
parameters are selected in accordance with Campana et al. (2006), and are not changed from test to
test. A maximum of 2000 evaluations of the objective function has been assigned for all the test cases,
since the number of particles used differs. The resulting Pareto fronts, divided by initial distribution
selection and for guide point selection, are reported in Figs.3, 4, 5 and 6. Figs.3 and 4 refer to the first
test function, while Figs.5 and 6 refers to the second test function.
In order to discriminate among the different options, we take trace of these qualities of the upcoming
Pareto front:
F1: number of Pareto points in the front.
F2: maximum value of the maximum distance between two proximal points.
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F3: mean value of the maximum distance between two proximal points.
F4: variance of the maximum distance between two proximal points.
First quantity is related to the richness of the Pareto front, while the other three are indicators of the
spatial density of the Pareto front. Among the 24 different solutions, a Pareto front for these last 4
indicators has been determined, in order to understand the preferable selections. These indicators give
no reference to the exactness of the Pareto front: looking at Fig.6, is clear that distribution number 3 is
not able to drive the optimizer along the true Pareto front, also if the result is quite dense and well
distributed. The best selection for the initial condition of the swarm is probably number 2, that is,
disposing the points using the Hammersley distribution, with an initial speed null. Orthogonal
position of the particles and speeds, that is well behaving in Campana et al. (2006), is probably
penalized by the small number of particles, intrinsically limited to the number of design variables,
here only two. Furthermore, in a multi-objective problem, there is not a single solution, and the
determination of a wide Pareto front is probably hard to achieve by using only two elements. Anyway,
if coupled with the third selection scheme for the individual guide point, the resulting Pareto front is
quite large, but not enough dense. On the other hand, looking at the strategy for the individual
contribution, there is not an emerging evolution strategy. It is simply observed that strategies 5 and 6
are always present in the various Pareto front reported in Table I and II, in combination with a number
of different initial distributions.
Table I: Pareto front for the indicators of the Pareto front described in Section 5.1. In the upper part,
test function number 1, in the bottom part, test function number 2. In columns, indicator of the initial
point distribution strategy, indicator of the selection strategy for the individual contribution, objective
function as defined in Section 4.

Table II: Pareto front for the indicators of the Pareto front described in Section 5.1. Example with
only two indicators, say the number of Pareto points and the variance of the maximum distance in the
Pareto front. In the upper part, test function number 1, in the bottom part, test function number 2. In
columns, indicator of the initial point distribution strategy, indicator of the selection strategy for the
individual contribution, objective function as defined in Section 4.

301

Fig.3: Pareto fronts obtained with different options for the selection of the position of the guide point
for the individual contribution of the swarm. Each graph is reporting different choices. First number
refers to the initial conditions, second number refers to the evolution strategy. Numbers are given
according to the definitions in Section 4. Blue line gives the true position of the Pareto front. Test
function number 1.
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Fig.4: Pareto fronts obtained with different options for the selection of the initial position and speed of
particles of the swarm. Each graph is reporting different choices. First number refers to the initial
conditions, second number refers to the evolution strategy. Numbers are given according to the
definitions in Section 4. Blue line gives the true position of the Pareto front. Test function number 1
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Fig.5: Pareto fronts obtained with different options for the selection of the position of the guide point
for the individual contribution of the swarm. Each graph is reporting different choices. First number
refers to the initial conditions, second number refers to the evolution strategy. Numbers are given
according to the definitions in Section 4. Black line gives the true position of the Pareto front. Test
function number 2.
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Fig.6: Pareto fronts obtained with different options for the selection of the initial position and speed of
particles of the swarm. Each graph is reporting different choices. First number refers to the initial
conditions, second number refers to the evolution strategy. Numbers are given according to the
definitions in Section 4. Black line gives the true position of the Pareto front. Test function number 2
5.2. Numerical experiments for a naval design problem
In this section, an application of robust optimization to naval design is shown. Specifically, a bulk
carrier design problem is addressed. The model adopted is that of Parsons and Scott (2004),
summarized in Appendix A. The constraints are taken into account by means of a linear penalty
function and the resulting minimization problem is solved using the above PSO algorithm. The
criteria for initial swarm placing and for the evolution rule for multi-objective applications are chosen
according to the previous discussed numerical experiments. The initial swarm particles are placed
using the Hammersley distribution, with a null speed; the individual behavior is determined by the
position of the minimum merit function obtained as the sum of the two objective functions; the point
is the same for all the particles. The number of particles is equal to 64, that is, 16 times the number of
design variables times the number of objective function.
Fist, we perform a single objective optimization, being the expected value of the annual unit
transportation cost the function to minimize. The cruise speed is assumed as a varying parameter, with
a mean value equal to 15 knots and a uniform probability density function, distributed form 10 to 20
knots. The aim is to show the effectiveness of the RDO formulation in finding robust configurations,
i.e. configurations that have good performances (the best possible) with respect to the whole range of
variation of the probabilistic parameter.
The variables used to perform the task are the vessel's length L, beam B, depth D, draft T and block
coefficient CB. The result of the RDO procedure is compared to the configuration obtained performing
a classical deterministic optimization and assuming the probabilistic parameter equal to its mean
value.
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Tab. III: Optimal design variables

Lower bound
Upper bound
Deterministic-optimal conf.
Robust-optimal conf.

L [m]
100.0
300.0
226.6
235.2

B [m]
20.0
40.0
37.8
39.2

D [m]
10.0
20.0
15.1
15.7

T [m]
5.0
15.0
14.8
15.0

CB
0.30
0.80
0.55
0.53

Table III shows the optimal solutions obtained for the two optimization approaches, whereas Fig.7
depicts the objective value (unit transportation cost per year) as a function of the vessel’s cruise speed.
It may be noted how the deterministic-optimal solution has good performances when operates in
design conditions (i.e. speed equal to 15 knots), whereas the objective increases when the cruise speed
exceeds the design reference value. The robust configuration, conversely and apparently, is able to
keep good performances in a wider range of variation of the cruise speed.

Fig.7: Deterministic-optimal configuration and robust configuration performances
In the following, a multi-objective task is performed. Specifically, the RDO procedure is conducted
being the mean value and the variance of the annual unit transportation cost the functions to minimize.
Here, we reduce the design variables to the vessel's length L and beam B and we consider, separately,
different probabilistic parameters.
Fig.8 depicts the results obtained assuming the same variation of the cruise speed as before,
performing the multi-objective minimization. The feasible set is drawn in the objective functions
space and the PSO solutions obtained are shown, revealing the effectiveness of the optimization
methodology. The feasible set is reducing the optimal configurations to a very small amount: the PSO
is able to detect complete Pareto set.
Fig.9 shows results obtained by applying the RDO multi-objective procedure to the same bulk carrier
design problem and assuming an uncertain round trip distance, with mean value of 5000 nm and a
uniform probability density distribution from 2500 to 7500 nm. Here, the extension of the Pareto front
becomes larger, and the optimization algorithm is again able to detect completely the optimal set.
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Fig.8: Robust multi-objective optimization with uncertain cruise speed

Fig.9: Robust multi-objective optimization with uncertain round trip distance
Fig.10 shows the results for the bulk carrier robust design with the assumption of an uncertain port
handling rate (mean value of 8,000 t/day and uniform probability density distribution from 4000 to
12000 t/day). In this case we may observe a wider Pareto front identified, as before, by the feasible set
bound. The figure shows the effectiveness of the PSO algorithm in finding the Pareto front in such a
challenging test.
Finally, the results for the problem defined by assuming an uncertain fuel price (mean value of 100
GBP/t and uniform probability density distribution from 50 to 150 GBP/t) are shown in Fig.11. Also
in this case, although the Pareto front is again of small extension with respect to the feasible set
dimensions, the PSO is able to provide the complete set of optimal alternatives.
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Fig.10: Robust multi-objective optimization with uncertain port handling rate

Fig.11: Robust multi-objective optimization with uncertain fuel price
6. Conclusions
The general framework of RDO was introduced and some test cases were used for the validation of a
PSO procedure aimed at the solution of this class of problems. Consequently, a realistic ship design
application has been solved in order to demonstrate the applicability and usefulness of RDO. The
latter application shows how the consideration of a probabilistic approach to the operative conditions
of a naval system is reducing the risks connected to a change in the operative conditions. The PSO
algorithm has been demonstrated to be able to completely solve the optimization problem, providing
the complete set of existing optimal solutions to a real-life application, dealing also with complex
constraints. By the way, some of the formulations show a limited feasible set: in this situation, also
the admissibility of the solution becomes crucial. Numerical results are demonstrating how the PSO
algorithm is able to overcome this kind of difficulties by adopting a simple linear penalty function.
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The final solution provides a small deterioration of the performances over a large spectrum of
operative conditions, reducing the overall risks coming from a possible change in the usage of a
particular design.
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Appendix A
In this Appendix, the bulk carrier original model of Parsons and Scott (2004) is briefly recalled.
Independent variables:
L = length [m], B = beam [m], D = depth [m], T = draft [m], CB = block coefficient, Vk = speed
[knots].
Model:
annual cost = capital costs + running costs + voyage costs
capital costs = 0.2 ship cost
ship cost = 1.3 (2,000 Ws0.85 + 3,500 Wo + 2,400 P0.8)
steel weight = Ws = 0.034 L1.7 B0.7 D0.4 CB0.5
outfit weight = Wo = L0.8 B0.6 D0.3 CB0.1
machinery weight = Wm = 0.17 P0.9
displacement = 1.025 L B T CB
power = P = displacement2/3 Vk3/(a + b Fn)
Froude number = Fn = V/(gL)0.5
V = 0.5144 Vk m/s; g = 9.8065 m/s2
a = 4,977.06 CB2 - 8,105.61 CB + 4,456.51
b = - 10,847.2 CB2 + 12,817 CB - 6,960.32
running costs = 40,000 DWT0.3
deadweight = DWT = displacement - light ship weight
light ship weight = Ws + Wo + Wm
voyage costs = (fuel cost + port cost) RTPA
fuel cost = 1.05 daily consumption * sea days * fuel price
daily consumption = 0.19 P 24/1,000 + 0.2
sea days = round trip miles/24 Vk
round trip miles = 5,000 (nm)
fuel price = 100 (£/t)
port cost = 6.3 DWT0.8
round trips per year = RTPA = 350/(sea days + port days)
port days = 2[(cargo deadweight/handling rate) + 0.5]
cargo deadweight = DWT - fuel carried - miscellaneous DWT
fuel carried = daily consumption (sea days + 5)
miscellaneous DWT = 2.0 DWT0.5
handling rate = 8,000 (t/day)
vertical center of buoyancy = KB = 0.53 T
metacentric radius = BMT =(0.085 CB - 0.002) B2/(T CB)
vertical center of gravity = KG = 1.0 + 0.52 D
Constraints used in this work:
L/B ≥ 6
L/D ≤ 15
L/T ≤ 19
T ≤ 0.45 DWT0.31
T ≤ 0.7 D + 0.7
25,000 ≤ DWT ≤ 500,000
Fn ≤ 0.32
GMT = KB + BMT – KG ≥ 0.07 B
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Abstract
The knowledge-based system ‘Quaestor’ offers the possibility to assemble a ‘product’ model on the
basis of the function-function fulfiller concept. A thus configured object model is a structured
database with per object data and methods. From this database, configurator scripts can be
generated for other applications, for instance to create system diagrams or CAD drawings. An
interesting addition is the dynamic analysis of a Quaestor generated product model. This can be
accomplished through interaction with a time domain simulation model. For this purpose Quaestor
was enabled to generate Matlab/Simulink® simulation models independent of Matlab/Simulink®.
Furthermore, an interface was created to care for the communication between the two programs. A
challenge in this interaction is the different representation of systems in Quaestor and
Matlab/Simulink®. This paper gives an overview of the requirements for a useful link between the two
programs, some details of the created linkage and an example.
1. Introduction
This introduction consists of three parts: an introduction into modelling, an introduction into Quaestor
and a short description of Quaestor as a system configurator. In section 2 will be shown how a
knowledge based system can be used to generate a dynamic simulation model. Section 3 will discuss a
case study of a cooling water system and in section 4 the conclusion are presented.
1.1. Why modelling?
Before contemplating the building of simulation model one has to answer the question: why
modelling at all? Facing engineering problems two types of question may induce the development of a
model in order to simulate a part of the real world:
A. An accurate numerical answer is needed to the question how certain variables behave in
reality before the component or system is actually operating or before it has been built at all.
For instance the development of a controller using a hardware-in-the-loop-approach (e.g.
Altosole et al. (2009) and Vrijdag et al. (2008)). In this case one wants to calculate.
B. One wishes to gain a global insight of how input variables or internal parameters affect the
output variables. For instance to predict the influence of control strategy on internal loading
of complex components (e.g. Grimmelius et al. (2001)). Now one wishes to comprehend.
Following a model classification introduced in Schulten (2007) purpose 'A' can be served by empirical
(or black box) models, i.e. regression fits, Artificial Neural Networks or Transfer Function models,
provided that sufficient and accurate data are available beforehand. Empirical models essentially
cannot answer type 'B' questions. If the latter is required (or when no data are available beforehand)
one has to rely on analytical (or white box) models based on first principles.
With the advent of fast computers with virtual unlimited memory capacity there is a natural tendency
to improve numerical accuracy by going deep into the level of detail. Finite Element Models (FEM)
perhaps were the first examples of this trend and modern Computational Fluid Dynamics (CFD)
models can accurately simulate thermodynamic and chemical processes in conjunction with flow
phenomena. However these models tend to capture all of nature's complexity and therefore the results
are as difficult to comprehend as nature itself. But of course these algorithms can give precise
numerical answers.
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In order to understand nature one has to simplify matters, i.e. one has to decide which phenomena are
the most important for the problem at hand and leave out all other things. The trick of course is not to
lose too much of the real system's complexity which would result in a trivial model that neither is
precise nor can shed light to problems of comprehension. It is imperative to retain so many first
principles that the model still can be termed "rich". Often the "first principles" are schematized and
alternated with "empirical blocks". The first principles give rise to physical parameters whose effects
can be investigated. Physical parameters include physical constants (e.g. the specific heat of air) as
well as physical dimensions (i.e. the bore area of the cylinder of a diesel engine). The empirical
blocks can be in tabular form but when simple analytic fit functions can be found (preferably based on
some sort of first principle or at least on dimensional analysis) these give rise to model parameters.
An additional requirement is that it should be possible to estimate these model parameters in an easy,
intuitive way. If one has succeeded in completely eliminating tabular data one has a full parametric
model that is ideally suitable to answer type 'B' questions. So if the first principle knowledge is
available it should be preferred as a basis for system analysis.
1.2. What is Quaestor?
Quaestor, Van Hees (1997,2003), is a Knowledge based Computational Model Assembling System
(KCMA). It is a generator of executable numerical models. KCMA is able to ease the reasoning
process in design and analysis. Any problem statement can be dealt with using the numerical fragment
provided in the knowledge base. So, on the basis of user provided data and a knowledge base in
Quaestor containing computational model fragments, program interfaces and design data
(Knowledge-based), executable computational schemes (computational Model) can be constructed
(Assembled).
Before any calculations can be started, individual knowledge (relations, programs, databases,
spreadsheet, including their constraints) is stored in the knowledge base. By requesting calculation
goals, Quaestor assembles from the knowledge base the knowledge fragments combined with user
decisions requested by the system needed to compute the requested goals. The assembling takes place
via an intelligent reasoning process. The resulting numerical can be repeated using different data.
The system was developed to capture and channel the early design knowledge, which is often
complex and vast, in a structured manner. Existing programs had short comings in their flexibility and
interaction with the engineers. The short comings which lead to the development of Quaestor are
summed in:
-

Require fixed set of input, perform a fixed set of tasks and produce a fixed set of output.
Require input/output conversion or calculations if input/output is required.
Require software-engineering to modify any of the knowledge in the algorithms.
Do not support or stimulate the understanding of the user.

Quaestor consists of three main components, Fig.1:
A)
Knowledge management system
• Knowledge base
• Data base
• Satellite application
B)
Inference engine
• Modeller
• Workbase
C)
User interface

Fig.1: Quaestor system architecture

Knowledge base
KCMA assumes that any system and their properties can be described through parameters. These
parameters are either numerical by nature (size, mass, energy) or nominal (colour, material
description). Between these parameters, relationships exist that can be expressed in computational
form. The values of these parameters are either known (fixed) or unknown (pending).
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The relationships connecting these parameters are defined as RELATIONS in Quaestor, which are
necessarily equality: The knowledge base contains knowledge fragments which are formalised
abstractions of design concepts. The Rules used to formulate the design concepts are:
RELATIONS, which are numerical relationships between parameters
CONSTRAINTS, which determine whether RELATIONS can be used or not
Parameters, used to describe the characteristics of design
The knowledge added as RELATIONS in the knowledge base has a control attribute which
determines in which sense it can be used. Facts in figure 1.1 are fixed numerical values given in the
knowledge base. The knowledge base is a semantic network of frames containing RELATIONS,
CONSTRAINTS and Parameters. A semantic network describes a domain by means of a graphic
structure consisting of nodes which are interconnected by relationships.
Data base
Databases of Parameter –Value Combinations (PVC) can either be distributed over the parameters in
the knowledge base or can exist in the form of Text-List-table files. In the syntax of QUAESTOR a
number of intrinsic functions are defined that can access and use such data for different purposes.
Satellite application programs
All knowledge can not be represented as RELATIONS and CONSTRAINTS. Translating analysis
programs which perform specific computations in Quaestor’s knowledge representation is not the
most efficient solution. Existing programs are used through an interface. This interface is present in
the knowledge in form of a RELATION. During the assembly of a model, the RELATIONS which
perform the interfacing are evaluated like any other common RELATION. On the basis of these
function the interpreter prepares input, runs the satellite program an retrieves the requested values
from the program’s output data.
Modeller
The modeller (model assembler) of Quaestor assembles the numerical model needed to compute a
pending parameter. Within this process, it checks validity, proposes RELATIONS, asks for input
(decisions and values), computes (by addressing the Solver) and presents results. For the actual
calculation, the solver invokes an interpreter. The system assists in assembling of models. A model
fragment is a relationship (in QUAESTOR: RELATION) between a number of parameters and is a
procedural concept: if the values of the parameters in the right clause are known (DETERMINED),
the value of the left clause of the RELATION can be computed. One RELATION produces the value
of one parameter, no matter if the parameter is implicit and present in more than one RELATION.
Therefore, in Quaestor a relation is an expression in mathematical form: Y=f(x1, x2,….xn), and
always contains the equality operator ‘=’. Quaestor uses these notions to represent and maintain any
computational model as a semantic network created through a reasoning process. Backward reasoning
is the main strategy used during the assembly of a model. Quaestor asks question about the pending
(not known values) parameters of the selected RELATIONS and their CONSTRAINTS. The
RELATIONS cable of computing the required goal(s) are collected from the knowledge base and
prioritised. To limit the user-system interaction, limited forward reasoning is applied in the system.
This forward reasoning process uses RELATIONS which have determined or computable parameters.
These RELATIONS are referred in Quaestor as HARD RELATIONS. SOFT RELATIONS are not
considered, since they demand additional user-system interaction. The solver computes a solution of
the assembled model. The solver is invoked by the modeller to find the pending parameters in the
model. The heart of the solver is a Newton Raphson method. The solver computes Jacobian around
the intermediate solutions, which are solved by a Gaussian elimination until a particular accuracy is
obtained. The Solver can return control to the modeller when solutions are not successfully validated.
For the actual calculation the Solver invokes the interpreter.
Interpreter
For the actual calculation, the solver invokes an interpreter. The interpreter calculates values by
evaluation the clauses of the relations recursively from left to right. The operator priority and
parenthesis which also can be used for expression prioritizing play an important role.
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Workbase
The workbase is where problems are defined by requesting values of pending parameters. It contains
facts related to the current problem: input and output data, (intermediate) solutions. The workbase
contains the user defined values and those who have been inferred. The workbase is provided with
feature that is able to show in table form the inference followed to compute a specified goal.
User interface
The user interface is a multiple document interface.
This window contains four basic windows to work
with Quaestor, Fig.2:
• Frame Viewer
• Knowledge Browser
• Workbase
• Slots & properties
The Frame Viewer and Slots & Properties work
closely together with the knowledge browser and
workbase, they enable the user to be informed in
more detail about the knowledge implemented or
found in the Knowledge-browser and where possible
to modify this.

Fig.2: Quaestor user interface

1.3. Quaestor as system configurator
Qcool, HEES, et al.(2006), is the first configuration tool developed in Quaestor by IHC Holland
Dredgers BV, which is a cooling water system configurator. A configuration tool consists of a body of
knowledge on system components and their functions. Product configuration tools support or make
the design of systems consisting of varying assemblies of these components possible. Function such
as dredging, transport and propulsion are fulfilled by components that can be any hardware such as
pump, pipe section, diesel engine, etc.
The function-function fulfiller was used to generate a heat balance by gathering and dimensioning
cooling water users. Each component has a certain power consumption and heat generation which is
specific for a certain configuration and function. In this manner several configurations can be
compared with respect of their heat production and power consumption.

Fig.3: Knowledge browser containing some functions
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In Fig.3 the knowledge browser in which the knowledge forming the product configuration tool is
maintained and managed is shown. The class tree on the left is a folder structure where parameters,
relations and functions are stored.
The configurator enables designers to provide the objects with means to mechanize them. For instance
how to drive a dredge pump: by an electric motor, diesel engine, etc. The dredge pump fulfilling the
function dredging itself is then a function of the object type and is presented as follows:
Pump(@ID$, @SymbolText$, @Drive#, @Power:PowerDredgepump)

The interesting ‘variable’ of the function is Drive#, which is the driving function of the object pump.
This function can be fulfilled by bearings, gearbox, diesel or electric motor. They are relations which
are connected to constraints to select the desired drive option.
But the most interesting property of the configurator
within the scope of this paper is the ability to
generate scripts for other programs. In this way e.g. a
simple cooling water diagram is generated using MS
Visio, Fig.4. Each component present in the product
model that needs to be in the diagram creates its own
script. The lines and their branches that connect the
product models are represented by objects.
A Matlab/Simulink® models can also be considered
as product object models which are interconnected
by lines. Of course this is not comparable to
diagrams as models created with Matlab/Simulink®
consist of graphically represented mathematical
relations (differential equations).

Fig.4: Example of generated principle diagram

This, itself has a certain similarity with Quaestor, since Quaestor is able to assemble and solve
numerical mathematical models. Elaborating a product object configuration would imply creation of
a Matlab/Simulink® object in the hierarchy of the configuration. Each component that needs to be
present in the simulation should then create a model of that component in a Matlab/Simulink® file.
The different components need to connected and the overall model must be built in a generic manner.
The whole simulation should be run by Quaestor and results should be reported back to Quaestor for
evaluation.
2. Creating a model form knowledge
What is to be expected from Quaestor with regard to the construction of a Matlab/Simulink® model?
There are various tasks and actions that are to be automated:
• Creation of individual Simulink blocks: obviously basic calculation blocks need to be created.
• Connecting blocks: blocks as such are useless without the interconections, so these will have to be
created as well.
• Creation of ‘super’ block: as models become more complex, hierarchical structures are helpful to
create readable block diagrams. This will also prove to be essential in the translation from
Quaestor relations to a Simulink model.
• Assign values to parameters: not only the equations but also the parameters are transferred from
the Quaestor solution to the simulation environment.
• Usage of blocks from a library: as a lot of ‘standard’ models are available it would be a waste of
effort to create everything from scratch.
• Starting of simulations and retrieving simulation results from Simulink: this is the real interaction,
without this the results can not be used for further evaluation and optimisation within the
Quaestor solution.
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Simulink models are written as text files. A model file contains keywords and parameter-value pairs
that describe the model. The file describes model components in hierarchical order, using the
mathematical relations which the model consists of. As Quaestor is able to assemble numerical
models, it is also able to assemble the relations of which a Simulink block diagram consists of, in
form of a Simulink model file. So, instead of generating scripts for Matlab that in turn generate a
Simulink model, the reasoning process of Quaestor is used to generate the code of a Simulink model
file format directly. This deviates from approach used for most other satellite programs!
2.1. Some aspects of the practical implementation
Within the scope of this paper it is impossible to discuss all the aspects of both Quastor and
Matlab/Simulink. In the following sections just two main issues will be discussed in a comprehensive
manner.
2.1.1 Relations versus equations
A RELATION in Quaestor consists of one parameter as a left clause and an expression as a right
clause. Any expression consists of tokens, representing values, operators, or functions. Values are
numerical values or parameters. Operators are either arithmetical (+,-,/ etc.) relational (=,>,<=, etc.) or
logical (AND, OR, etc.), thus: y = 2 x + 3 is a valid RELATION.
Simulink on the other hand uses a block diagram configuration to model equations. Given an input,
any response of a system in time can be found. The system consists of blocks describing the
mathematical relation relating the input to the output.
In Fig.5 the input is a time dependent step function
(Step block). The signal enters a Gain block, which
multiplies it by 2, making the signal leaving the Gain
block 2x. To this the output signal of the Constant
block is added. Thus, the signal leaving the Sum
block is then y = 2 x + 3 .

Fig.5: An equation in Simulink

In Simulink it is not clear what the left clause is and what the expression clause is. There is no need to
distinguish between input and output as long as the model is comprehensible. This is another matter
when models grow larger. In these cases Simulink has the possibility of housing a large amount of
blocks is a single block (Subsystem, Fig.6). Such blocks are assigned inputs (if necessary) and outputs.
The properties of this block, specially the output,
make it suitable for representing a mathematical
relation as understood by Quaestor. The output is the
result of several operations, similar to a left clause of
an equation.

Fig.6: Subsystem block

The expression clause, with its parameters, values and operators, is present inside block. Thus, a
RELATION is modelled as a Simulink Subsystem block.
2.1.2 Generation of the blocks and links between the blocks
The blocks and the lines interconnecting them are generated as the RELATION is evaluated during
the reasoning process. There are different levels of block connections to be considered. Blocks which
represent the expression clause have to be connected and blocks which represent the RELATIONS
have to be connected. Other problems that arise when connecting blocks which represent
RELATIONS is when results of one RELATION are used as inputs several times (i.e. the right clause
of an equation is present in the expression clauses of other equations). In Simulink lines originating
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from these blocks are branched and fed to the blocks where they are needed. Quaestor’s model
assembler is where this reasoning is done. The assembler invokes the solver which in its turn invokes
the interpreter, when a top goal is to be calculated. The task of the Solver is to find the values of the
pending parameters. The interpreter calculates these values by evaluation the clauses of the relations
recursively from left to right. The operator priority and parenthesis which also can be used for
expression prioritizing play an important role in this generation process.
2.2. Some key issues
Many issues have to be solved to create a successful link between the two software packages. To
illustrate this, a few are discussed here.
2.2.1. How to build a differential equation?
Quaestor itself has an integral function. The integral function of Quaestor is a numerical integration
needing a numerical curve to integrate from. A pseudo-function has been created to write the code for
a Simulink Integrator block by providing an @Integrator attribute in the data slot. This was actually
the main reason why Quaestor needs a simulation tool for evaluating dynamic simulation models.
Quaestor is not equipped for handling large sets of differential equations.
2.2.2. How to minimize the amount of block?
Generated Simulink code can be done in the solver invoked interpreter, as it evaluates the clauses of
the relations. To get the most accurate result the solver uses an iterative process. RELATIONS are
visited more then once during the iterative process. If the Simulink code generation is done by
interpreter, this causes the generation of unnecessary large amounts of code by modelling on the level
of expression rather on the level of tokens.
To overcome this problem, the code generation (Simulink model) was moved from the Interpreter to
the modeller. The evaluation order is of the expression clause is still done by the interpreter. The
evaluation order is placed in buffer for the model generation. The evaluation order is used for writing
the codes for the lines that link the blocks of which the model consists of.
2.2.3. How to decouple the generation of the bocks and solver?
The most compact way of modelling a mathematical relation (actually the expression clause of a
mathematical relation) in Simulink is by a Fcn block. One disadvantage this block has is that requires
an input signal. This is not a problem when a mathematical relation has a parameter computed by
another relation in its expression clause. When this is not the case, one of the parameters or values of
which the expression clause consists of has to be used as an input, because there must be an input to
the block. This means the interpreter has to be equipped with an IF...then....Else relation to distinguish
between the two possibilities. Another problem that has to be solved by the interpreter is that the Fcn
block can handle more then one input only by means of a Mux bock. This can be seen as more then
one parameters in the expression clause that are computed by other expressions. The problem of
multiple computed parameters in the expression clause is solved by using Quaestor’s reasoning
process. The Mux block is only generated if a RELATION has more then one calculated parameter in
its expression clause.
2.2.3. How to position the blocks?
The topology of the model is an arbitrary operation, and therefore it has not yet been implemented.
This however results in a model with all blocks on top of each other and leaves the user with the task
to manually rearrange everything. To solve this, the following approach is suggested: have Quaestor
scan the produced Simulink code for in- and outports. Each set of ports describe a Subsystem block.
Quaestor should then rearrange the ports by mutual dependency and the amount of inports. The blocks
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are first sorted by the amount of inports they have, the more inports the more to the right they are
placed on the table. Then the blocks are sorted and rearranged by their ‘names’ and thus mutual
dependency. Each signal originating from a block (outport) and entering another block (inport) is
directed by names of the ports which is the same for both ports.
3. Case study
To validate the chosen approach a simplified but realistic model of a cooling water system of a
Diesel-engine will be built using Quaestor. The cooling system will consist of an engine, a pump,
cooler, a control valve and pipe sections connecting these equipment. The aim of the simulation is to
control the outlet temperature of the engine at a required value by means of a three-way control.

Fig.7: Configuration cooling water system
The system will be divided into two different models
• The first model will describe the transportation delay in the pipelines, heat capacity of the motor,
the heat transfer in the cooler and the model of the temperature controls.
• The second model will describe the resistances of the various parts of the system and the pump
model.
The model equations used in the model are given in the Appendix. Because of their complexity, and
to demonstrate the capability of the system to work with library blocks, the blocks of the engine,
cooler and valve are evoked as code into the Quaestor-generated Simulink model.
3.1 Assembling and simulating the cooling water system
By using only Quaestor relations the model is assembled and a Simulink model of the cooling water
system was constructed. In consideration of the configurator, the reasoning process was programmed
to assemble system components in Quaestor by using object parameters. The programming is changed
to enable Quaestor to build a Simulink from Quaestor relations.

Fig.8: Knowledge base for the cooling water system
The Simulink model of the cooling water system was constructed by Quaestor. The knowledge base is
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shown in Fig.8 and is subsequently translated to a Simulink block diagram, Fig.9. The model is a
combination of embedded blocks and blocks generated by Quaestor. If this block diagram is
compared to the manually constructed block diagram, Fig.10, the difference is considerable. In the
user created model, all the mathematical relations for modelling a system component are housed in
one block. These blocks in turn have multiple layers. The blocks as they are created by Quaestor only
have one layer. And because equations are used to model in Quaestor, every Simulink block created
by Quaestor has per definition only one output. The manually built blocks can several outputs as can
be seen from Fig.10. In this way, one is able to construct a more compact model as creating Simulink
models by hand gives one almost unlimited modelling possibility in respect of block diagram
configuration. The functionality as far as calculations are concerned are however identical!

Fig.9: Model created by Quaestor

Fig.10: Model created by user

Also the difference in number of blocks is considerable. From an engineers point of view the user
created model is easier to comprehend than the one created by Quaestor.
3.2 Simulation and reporting back to Quaestor
Shown in Fig.11 is the outlet temperature of the
engine. Although the accuracy and significance of
the result is not the issue here, it shows that the
model created by Quaestor is able to control the
temperature by means of a control valve and thus a
simulation model is creatable by the knowledge
assembly system Quaestor. Reporting back to
Quaestor is done through an intermediate step. The
output is saved in an Excel file. From the Excel file
the data is imported to Quaestor and evaluated
there. The knowledgebase is extended with an extra
relation for this purpose.

Fig.11: Simulation result

It is still to be investigated if the creation of a model, simulation and importing data to Quaestor can
be combined within one relation, and if actually saving the data first in an Excel sheet is necessary.
Now that the simulation result is available again within the Quaestor solution, further inference may
include dynamic parameters such as overshoot and settling time to select and configure the most
optimal system.
4. Conclusions
In this research an attempt is made to relate knowledge-based modelling to time domain simulation. It
is proven that choosing and dimensioning of system components can be elaborated with a simulation.
The approach chosen of translating Quaestor relations into Matlab/Simulink® code gives the
possibility of building simulation models without the use of an interface. This is a different approach
than the approach chosen for other satellite programs such as MS Visio and Rhino used by Quaestor.
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The Quaestor assembled model can be used to calculate the steady state solutions of the Simulation.
Moreover, Quaestor is able to write the steady state solutions calculated with Quaestor in the initial
states of the integrators of the Matlab/Simulink® model. In Quaestor terms this means using the
modeller and interpreter separately, when building simulations models. Only the modeller should be
used if one only wishes to construct a Matlab/Simulink® model. If one also wants to calculate steady
state solutions, the modeller and the interpreter are both put to action.
Another aspect of the approach that has to be reconsidered is the embedding of code. This was done
because it was not considered economical to have Quaestor generate all Matlab/Simulink® blocks
needed for a model. By using a library which houses standard system components, system
components in code form are embedded into pseudo-relations in the knowledge base describing a
certain system component. The code of the embedded block must have the same name as the block
created by Quaestor if there was no block embedded. A more elegant approach would be to have
Quaestor generate all system components in a generic manner without calling on prefabricated blocks.
Instead of relations, objects should be used which describe the different system components of which
a configuration would consist of. These Quaestor objects must then generate systems models in
Simulink. If it is decided to use model file format, Quaestor could be given the command to build a
system component (for instance a Diesel engine) in model file format form. The text code is then
generated in the same manner as Integrator block is generated by Quaestor as a content of a
Subsystem block. However for the linking of the model components Quaestor relations seem to be the
most suitable. The relations describe what parameter links the different system components (e.g. a
diesel engine delivers torque to a shaft).
One aspect that has not been resolved fully is the topology. Two possible solutions have been
considered but have not yet been implemented. For the overall understanding of the created models,
an algorithm is needed that positions Matlab/Simulink® blocks. Although this does not add anything
to the accuracy of the simulation, it is desirable if one wants to create the model with Quaestor and
alter it manually in Simulink.
The final purpose is to use the combination of Quaestor and Matlab/Simulink®. Then
Matlab/Simulink® can be used as a tool in early stages of the design process that works in the
background and delivers simulation results of system configurations to Quaestor. The simulation
results can then be used to determine whether dynamic behaviour is within certain demands. Different
configurations of the same systems can than be compared, including their dynamic characteristics.
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APPENDIX: Model description
Energy transfer
In the first part of this chapter the energy transfer through the different parts of the cooling system
will be discussed, namely: the engine (engine jacket), the pipelines, the cooler and the control valve.
The heat balances will be modelled with the first law of thermodynamics. The heat balances for the
different parts will be derived from the control volume energy rate balance:
dU CV
V
V




= Q& CV − W&CV +
m& i  hi + i + g ⋅ zi  _
m& e  he + i + g ⋅ ze 
dt
2
2

 e


i

∑

∑

UCV = Total internal energy in the control volume [J]
Q& CV = Heat flux [ J/s ]
W& = Work [ J/s ]
CV

m& = Mass flow [kg/s ]
h=enthalpy[J/kg]
V=velocity[m/s]
g=acceleration[m/s 2 ]
z=Elavation[m]
The engine
The aim of engine model is to simulate the heat transfer to the cooling water. At a given cooling water
flow rate, inlet temperature and heat load the model should simulate the outlet temperature. The
engine is divided into sections of ideally mixed control volumes. In these control volumes metal of the
engine and cooling water are present. Due to this mixed control volumes, a time lag is present in the
heat balance. Here, it is chosen to model the engine jacket as one piece. To avoid the requirement of
heat transfer factor, mixture of water and metal is upheld.
The heat transfer is determined by the heat load
of the engine. The heat load on the cooling
water is given by the engine manufacturer. The
work term in the heat balance is zero and the
heat loss to the environment is neglected. Also
c [j/kg/K] and m [kg] are assumed to be
constant. For the control volume above this
summarizes to the following heat balance:

W&

Q&

Ti , mi

Controlevolume

Te , me

vw , hi

T (t ), mw , cw , mm , mm , cm

ve , he

Fig.12: Control volume

dTe Q& + cw ⋅ m& w ⋅ (Ti − Te )
=
dt
mw ⋅ cw + ms ⋅ cs
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Pipes
The aim of the pipes model is to simulate the heat transport through the pipes. The model should
simulate at a given inlet temperature and velocity the outgoing temperature.
As the engine, it is assumed that pipes consist of
well mixed control volumes. The temperature in
the pipes is equal to the outgoing temperature.
By dividing the pipes into well mixed volumes
in series, reality can be approached.

Ti
m& i

T2

T3

--

Tn

Te
m& e

Te

Fig.13: Control volumes in series

Assuming a constant specific heat, that no work is done and the entering mass flow is equal exiting
mass flow, the heat balance can be given in terms of a temperature difference:
dT2
cw ⋅ m& w
=
(T1 − T2 )
dt
m w ⋅ c w + ms ⋅ c s

To limit the amount of sections that the pipes consist of, there are going to be divided into section
with lengths twice the diameter of the pipes. The temperatures of control volumes in series can be
solved as a system of first order linear differential equations. Using the S-function the system can be
solved in a Matlab/Simulink® model. The amount of control volumes and the length of each pipe are
then the input values of the block.
Heat exchanger
Heat originating from the engine is transported by the cooling water and is transferred in the plate heat
exchanger to the seawater in the secondary flow side. The model is thus for simulation of heat transfer
between the flow rates and should be able to simulate the thermal capacity causing a time lag.
As the pipes, the heat exchanger will be built in sections of
control volumes to simulate the thermal time lag. The heat
transfer between the primary and secondary flow is
included as well. Each section consist of three control
volume, for one primary flow, one for the secondary and
one for shell plates. Fig.14 shows the three control
volumes, illustrating the counter flow is illustrated.
The energy balances of the control volumes are:

T2,i (t ), m& 2,i , c2, i

T2,e (t ), m& 2, e , c2, e

T1 (t ), m1 , c1

Ts (t )

T2 (t ), m2 , c2

ms , cs
Qs ,1

T1, i (t ), m& 1, i , c1,i

Qs ,2

T2, e (t ), m& 2, e , c2, e

Fig.14: Control volume heat exchanger

dT
m1 ⋅ c1 1 = Q& s ,1 + m& 1,i ⋅ c1,i ⋅ T1,i − m& 1,e ⋅ c1,e ⋅ T1, e
dt
dT
ms ⋅ cs s = −Q& s ,1 − Q& s ,2
dt
dT
m2 ⋅ c2 2 = Q& s ,2 + m& 2,i ⋅ c2,i ⋅ T2,i − m& 2,e ⋅ c2,e ⋅ T2, e
dt

The heat flow is described with:
Q& s ,1 = hs ,1 ⋅ As ,1 ⋅ ∆Ts ,1
Q& s ,1 = hs ,2 ⋅ As ,2 ⋅ ∆Ts ,2

Temperature control valve with wax-element
The model of the valve is used to simulate the control behaviour of the valve. This depends on the
wax-element which consists of a copper-wax mixture. The wax expands due to an increase in
temperature. This expenditure is proportional to the movement of the valve’s piston, meaning that the
heat capacity of the wax-element needs to be modelled.

322

Fig.15: Control valve
The lower part of the valve is seen as one control volume. This contains the wax-copper mixture, a
casting which contains it and the cup. Only the heat transfer between the water and valve is
considered. The transfer function used to simulate the behaviour of the control valve is the following:
dTcv
= h ⋅ A ⋅ (Tcv − Tw )
dt

−m ⋅ c

By summing up m c of the three materials in the control volume the time constant can be determined.
To compute the heat transfer coefficient a Nusselt correlation is used again. To determine the valve
position (movement of the piston due to temperature change), the hysteresis in the movement
characteristic of the valve is used. It is assumed that, in the working temperature range, there is a
linear relation between temperature and piston stroke.
Pressure drop system
For the pressure drops in the different parts of the system incompressible fully developed flows are
assumed, therefore density variations and entrance pressure drops are neglected. Elevations are also
assumed not to be present in the system. A universal relation is used for the pressure drop, which is
proportional to the fluid properties and geometric-and material properties of the ducts:
1

∆p =
C =

2
ξ

⋅ρ⋅

1
Q2
2
⋅ξ = ⋅ ρ ⋅Q ⋅C
2
A
2

A2

For pipes fully developed turbulent follow is assumed. This does not depend on the Reynolds number.
The friction coefficient is described as:
ε 
1
f

1
2

= 2.0 ⋅ log  D 
 3.7 



The friction factor of the plate heat exchanger is assumed constant. Again there are correlations which
can be used if the friction coefficient made dependent of the fluid velocity. The total pressure is
defined as the sum of the frictional pressure drop in the channels and the pressure drop in the
openings.
∆p = ∆p
+ ∆p
channel
opening
∆p =

1
⋅ ρ ⋅ Q 2 ⋅ Ccooler
2

Ccooler = 4 ⋅ f ⋅

1

(N

cp

⋅ Ach

)

2

 µ 
⋅ Lv ⋅ 

 µw 

−0.17

vc = velocity between the plates [m/s]
vo = velocity in the opening [m/s]
Dh = hydraulic diameter [m]

+ 1.4 ⋅

1

(A )

2

p

Ach = area channel [m2]
Ap = area port [m2]
Nch = number of channels

Due to the complexity of this equation, it is chosen to assume a constant resistance coefficient for the
cooler. The dependency of the coefficient on the flow rate leads to an error during the iterative
process in Quaestor needed to compute a solution.
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The frictional losses across the valve depend on the position of the
piston of the valve. Each valve has a distinctive valve characteristic
where the valve opening is plot against the flow. The common
characteristics are shown in Fig.16.
The valve used is an equal percentage valve. These are machined so
that an equal increment of travel produces an equal change in flow.
A typical function for an equal percentage is:
f = 50 x −1

Fig.16: Valve characteristics
f = flow rate in %
x = lift in %
A design equation used for sizing control valves relates valve lift to the actual flow rate by means of a
valve coefficient:
Q = Cv ⋅ f ⋅ ∆p

Q = flow rate [m3/s]
Cv = valve coefficient [m3/(s·Pa s)]
∆p = pressure drop across valve [Pa s]

Using this equation and the Darcy-Weisbach equation, a resistance coefficient is derived which is
related to the valve lift:
2

 Q 
1
2
∆p = 
 = ⋅ ρ ⋅ Q ⋅ Cvalve
C
⋅
f
2
v


2

 Q 
1
1  1 
2

 = ⋅ ρ ⋅ Q ⋅ Cvalve ⇒ Cvalve = 2 ⋅ ⋅ 

ρ  Cv ⋅ f 
2
 Cv ⋅ f 

2

Pump model
To model the pump it is presumes that the force necessary to accelerate the equivalent system mass is
equal to the pressure difference over the pump multiplied by the area. Integrating the acceleration and
multiplying it by the area, yields the volume flow.
dv A ⋅ (∆p pump − ∆psystem )
=
dt
meq
m = ρ ⋅ A⋅ L
Q = v⋅ A

v = velocity [m/s]
p = pressure [Pa]
∆ppump = pump head [Pa]
∆psystem = pressure drop system [Pa]
Q = flow rate [m3/s]

ρ = density [kg/m3]
A = area [m2]
L = length [m]
meq = equivalent system mass [kg]

The equivalent system mass can derived from kinetic energy of an energy balance. For instance, the
kinetic relation of a control volume consisting of two pipes would be:
1
1
1
meq ⋅ v0 = ⋅ m1 ⋅ v1 + ⋅ m2 ⋅ v2
2
2
2

The equivalent mass will be assumed constant.
For the head-capacity curve a pump curve an interpolation calculation is used. The determination of
the curve requires the two extreme points: the head when the capacity is zero and the capacity when
the head is zero. Then a parabola with negative curvature is fit through the two points:

  Q 2 
H = Hmax ⋅ 1 − 
 
  Qmax  


∆p pump = ρ ⋅ g ⋅ H
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H = total dynamic head [m]
Hmax= maximum head pump [m]
Qmax = maximum flow rate pump [m3/s]

System model and equivalent resistance method
To model the flow rates the equivalent resistance method will be used. The equivalent resistance
coefficient is used to determine the total pressure drop of the system which in turn yields the pump
delivery.
The total pressure drop of a system component is:

∆p =

1
2

2

⋅ ρ ⋅ Q ⋅ Ctot
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Abstract
This paper gives an overview of a method, developed to estimate planning data for the erection phase
in a very early stage of a shipbuilding project, allowing the planning department to quickly assess
numerous possibilities and make founded strategy decisions. The tool offers the possibility to
investigate several strategic options like pre-erection and block assembly. Validation against
conventional erection schedules proved this method to be quite accurate.
1. Introduction
In 2006, the shipbuilding company IHC Merwede restarted the yard facilities of the former Van der
Giessen de Noord yard. This yard had ceased production activities only three years earlier. The
shipbuilding industry seemed to flourish again after darker times so new possibilities for investments
appeared. The new company IHC Krimpen Shipyard is blessed with a great location, unique facilities
and an enthusiastic staff. Together with the economic prosperity this cleared the road for production
innovation.
In cooperation with the department of Ship Production at the Delft University of Technology, IHC
Krimpen Shipyard started searching for ways to tackle one of the greatest challenges in shipbuilding:
prediction of production. Clearing out uncertainties will probably never be an option, but being able to
estimate quite exactly the time needed for various operations would certainly lead to a higher
efficiency which would lower the costs, creating higher profits. In this context, previous work
developed a high-level simulation model of the production process at Krimpen Shipyard. This
simulation was then used to make a production capacity assessment, Van Rijssen (2007).
This paper describes the next step in creating tools to assist in making early stage (pre-contract)
estimations and support strategy decisions, the search for a tool to automatically generate an erection
schedule in the pre-contract phase. At this moment research is also carried out to develop the same for
the section building phase of the production process.
2. Planning in Shipbuilding
Building a high-tech vessel consists of a sequence of numerous complex activities. Planning and
scheduling of this production process is a very challenging task. The complexity of planning in the
shipbuilding industry can be visualized by several typical properties. First of all, reproduction of
schedules is impossible. Not only is the product different for every project, but also the conditions
regarding floor occupation, deliveries from third parties, and other projects call for a different
approach every single project. Secondly, because of the urge to implement the just-in-time principle,
it is not enough to make sure all information is available on time, but more important: production
must be in total harmony with engineering. Finally, a shipbuilding project planning has to deal with a
large number of parties, all working on the same vessel, all requiring space and time to do their
activities. Taking these considerations into account, it is rather safe to say, planning in shipbuilding is
more complex and of higher importance than in many other comparable industries.
2.1. Master planning
The first planning activity is done in a very early stage. Before the contract is signed, estimations of
several key points in the process have to be made. These milestones of several sequential projects of a
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yard form the master planning. Some of the key moments in the development and production of a
vessel are:
1.
2.
3.
4.

Signing the contract
Keel laying
Launch
Delivery

The contract will state these milestones. They are not only important for both parties because they
guard the progress of the project, but the stated dates also stand for the payment of part of the contract
price. Finally the master planning is used by management to keep track on the order book and
investigate possibilities for new tenders.
The planning department will of course use information provided by earlier projects to estimate the
throughput time of the total project. Comparable weight and complexity will most likely result in a
comparable lead time, supposing the conditions for production are also the same. In the absence of
any comparable project, more in depth production figures extracted from earlier products should be
used. A certain margin, proportional to the uncertainty of the used method, is used to make sure
production will be able to meet the set standards.
2.2. Erection Schedule
When it becomes clear that the contract will be signed, the planning department will start scheduling
the project in more detail. The vessel is therefore divided into sections and grand blocks. The main
outline of the production stage is given by the erection dates of those sections and blocks on the
slipway. These dates, and thus also the erection sequence is stated in the erection schedule. The
importance of this part of the planning is supported by the fact that delays in this schedule most likely
will have serious consequences for the master planning.
The erection sequence can be seen as the backbone of the erection schedule, Yoon and Varghese
(2007). Changes in plan regarding the sequence of erecting blocks will most likely affect a great deal
of the erection schedule. Theoretically, the erection sequence defines the total throughput time of a
project on the slipway, and so also the number of projects a yard can handle in a certain amount of
time.

Fig.1: Erection activity taking place at IHC Krimpen Shipyard
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But not only is the erection schedule inspired by the erection sequence, also the section building
activities are dictated by the activities on the slipway. The erection sequence decides when a section
should be ready, and consequently, also the start date of construction and the delivery date of material
and components. Thinking through this matter, the conclusion is that the erection sequence eventually
dictates all other activities on the yard. The urge to find a good erection sequence in a very early stage
is thereby explained.
3. Erection Scheduling Support Tool
Automatically finding the desired erection sequence is part of the process in this tool Lee (1995). But
before this algorithm is initiated, the user has to provide the model with all needed input. Rather than
developing a fully automatic planning tool, the choice has been made to include a great deal of user
interaction. This has the intention to involve as much of the users knowledge as possible into the
scheduling process.
By running the process several times while changing variables, this way experience in cause and
effect can be gathered and several scenarios can be investigated allowing the yard to pick a robust
planning rather than the fastest one. Reasonably experienced users can create a decent erection
schedule in less than 2 days. At this point in time the goal is to be able to get a good revision 0
planning, perhaps slightly improving it, as users can investigate alternatives rather rapidly. At the
basis of the tool however are still the same assumptions. Improving on that is something for later
study.
3.1 Working of the model
The available input in the stage when the model is meant to be used consists of a general arrangement,
together with a list of all sections with their locations. To make a first estimation of total throughput
time, this information should be enough.
For reliable information on required personnel, also the weights of sections have to be known. In this
stage that will most likely be an estimation. A system has been developed to allow a great deal of user
interaction in order to state the estimated amount of work needed for a certain section, while on the
other hand providing easy first estimations.

Fig.2: Rhino visualization of output
If the focus is put on generating a realistic erection schedule as a ground for further planning
activities, then more information is needed regarding the nature of the product and production. These
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preferences are translated into boundary conditions for the model. Taking all boundary conditions into
consideration, a scheduling algorithm delivers a feasible planning of the erection phase. Implemented
boundaries are discussed in the next section.
Delivered output of the model consists of the erection schedule, showing the dates and lead times of
all erection activities. To visualize the sequence of erection chosen by the model, Rhinoceros is used.
3.2 Various options
In shipbuilding the yard has many strategic possibilities at its disposal. The fact that every project
requires a different approach forces the yard to be quite creative in its scheduling activities. Preerection is one of those options which have a great influence on the erection schedule. Other strategic
choices involve the amount of blocks to be built as well as the definition of closing decks.
Pre-erection
Pre-erection is the situation where a project is already (partly) being erected while the previous project
is still on the slipway. This strategy involves the transport of the already erected part of the vessel to
the slipway, once the previous vessel has been launched. The model offers the possibility to insert the
part of the vessel which should be pre-erected. It will then make sure that part is erected and ready for
transport when the previous project has been launched. It will not (yet) be able to consider preerection together with the other vessel under construction
Block definition
The designation of the several parts of the construction of a vessel at the yard can vary per yard. For
now let’s assume that a panel is the smallest constructed part. Two or more panels are called a section
and several sections can be assembled to a block. There is a trend going on, where the number of
these steps is optimized to get as close as possible to standardization of production activities, without
losing the advantages of building huge blocks at once. The preferred number of steps will most likely
depend on the available space and facilities. However, the model offers the possibility to quickly
assess the outcome while varying the number and size of the blocks to erect.
Closing decks
To allow components to be lowered into the ship while it is being erected, some sections should be
erected later. These sections are called closing decks. In the model this is a property which can be
given to all sections, creating the possibility to erect them much later in the process.
Component scheduling
Scheduling components means, making sure the delivery date of the concerned component will be
before the date of placement. Preferably, the two dates do not differ too much. However, one of the
greatest risks of scheduling is the delay of a key-component. To avoid this risk from infecting the
whole schedule when this occurs, it is probably wise to keep a certain buffer zone between the two
dates. The model offers the possibility to enter a number of components as input with their delivery
date. Additional input needed is the blocks which are a condition for the placement of the component
as well as the blocks which have the component as condition to be erected. The resulting schedule
will take this information into account and make sure the concerned section is still accessible when
the component arrives.
Resource leveling
The user has the choice to implement resource leveling into the desired schedule. The model will then
level the resource personnel to a stated level by shifting some erection activities forward in time. This
measure might lengthen the throughput time of the project, but will give a much more even workload.
Fig.3 shows an example of the outcome when resource leveling is applied. It shows the amount of
personnel needed per week over a certain period.
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Fig.3: Effects of resourcelevelling. Amount of personnel was levelled around 40.
4. Validation
In order to validate this tool against the regular used methods, the output of the tool is compared with
the first version of the actual erection schedules of various projects. These schedules have been made
in the same phase for which the model is also intended, and are therefore suitable for validation.
Although there is no reason to reject the tool if the outcome does not come anywhere near the first
real erection schedules, if they do have some resemblance, it is safe to say that the tool delivers
schedules of equal quality compared to the initial schedules of the yard.
The comparison is made in two steps. First the general data of the schedules have been compared.
Looking at the date of the launch as suggested by the tool and by the real schedule, they lie
surprisingly close to each other. Maximum difference was one week on a total throughput time of
almost a year.
The second step in this validation was made by comparing the chosen sequence of the two methods.
The following example shows the validation as it is carried out with the first schedule of the vessel
‘Well Enhancer’ as built at IHC Krimpen Shipyard. A relatively small well intervention vessel built
up from 44 sections. Fig.4 shows for each section the difference in position in the sequence between
the two methods. Here the model only looked at steelwork, no components were yet implemented. A
positive difference means that the model scheduled the erection to take place earlier than the date as
scheduled by the yard. Most minor differences can be neglected, while big differences are in need of
an answer.

Fig.4: Differences per section in position in the erection sequence of first outcome
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The three major differences need an explanation, to accept the validation:
A. This section is the bulwark. The model ‘sees’ this section as a whole and thinks it is only
possible to erect this section when all deck sections have been erected. In reality, it can be
erected partly already much earlier. The negative value is thereby explained.
B. This section is a closing deck. As the model does not see the need to keep this deck opened,
this section is erected quite early in the process by the model.
C. This is the bulbous bow of the vessel. Just behind it, the bow thrusters are placed, requiring
the installation of important components. This could be the reason it is scheduled later by the
schedule of the yard.
Until now, this example has shown that the model is able to generate a reliable throughput time and
deliver a quite reliable sequence. However, to be able to use this for actual scheduling, the possibility
should exist to adapt the first outcome of the model in order to create a decent schedule. Assuming the
first effort of the yard can be seen as a decent schedule the model should be able to deliver a schedule
very close to it, with some adaptations done by the user. Looking at the example of the ‘Well
Enhancer’, several measures can be taken. By adding various key components and changing the
conditions of the bulwark the differences reduce to what is shown in Fig.5. All differences in this
graph are below the threshold for this ship. This threshold is based on the amount of sections in a
regular ring section.
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Fig.5: Differences per section in position in the erection sequence after taking measures
5. Conclusion
This paper shortly presents a model to automatically generate an erection schedule for vessels in a
very early stage. It gives very acceptable results in a short time and offers various opportunities for
the user to adapt the results to find the eventual desired erection schedule. The concepts used to set up
the model are extracted from the methods which are applied in reality to set up a first erection
schedule. The specific strength of this model is the ability to build a range of erection schedules from
scratch as a basis for further planning activities and strategic decisions, and thus enabling more robust
scheduling. Further investigation is going on to develop a similar tool for the section building
activities. Together with the already existing simulation of the production activities, these tools will
form one pre-contract decision support system for the planning department of the yard.
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Abstract
The planning of Platform Supply Vessels (PSV) servicing offshore installations on the North Sea
Continental Shelf presents a challenge. Keeping the execution of operations in line with the optimal
plan is threatened by the omnipresent risk factors. Therefore routing and scheduling a fleet of PSV
demands an advanced tool, able to grasp the complexity and measure the performance of the supply
chain. Depth insight in the operational aspects is achieved in this article by using a simulation model
focusing on the day-to-day operational planning level. This provides a new input for designing a
robust supply chain. We show the development of a Discrete Event Simulation (DES) model interfaced
with the results of a vessel routing optimization program. The new parameters’ stochastic nature
offers an extension from the base line deterministic model, by giving a clearer vision of the supply
chain vulnerability. In this paper, the notions of flexibility and robustness are described within a
concept frame. In the case scenarios, they are investigated at both the vessel and the fleet level.
Following the information exchange between the optimal routing and the simulation runs, a 2D
visualization model is displayed. The association of both tools offers an accurate way to assess
robustness and flexibility for the given model and scenarios.
1

Introduction

The offshore upstream logistic chain on the Norwegian Continental Shelf involves a cost intensive
and demanding operation. Offshore installations may conduct different activities such as production,
exploration or drilling activities. Those generate irregular and sudden changes in demand patterns, for
example depending on the oil field development phase. To maintain efficiency and reliability of these
installations operations, it is vital that platforms receive regular supplies of various commodities and
services. Platform supply vessels (PSV) are transporting the commodities. The PSVs are exposed to
rough weather conditions. Waves and wind make the working environment difficult and in some cases
the loading/unloading operation impossible.
The onshore supply bases along the Norwegian coast line acts as hubs for supply, storage and service
for the offshore activities. The opening hours of base and installations differ. Some installations are
open 24 hours while other has specific time windows. When planning a voyage, considerations have
to be given to the demand from the installations and the capacity of the vessel. Equipment and
consumables are delivered to the platforms and waste from the platforms is loaded for the backhaul
trip. An average of 80 % of the delivered supplies in volume is loaded back as waste. Normally
routing and scheduling planners have developed fixed routes for serving the installations on a regular
basis. Frequent rerouting and changes of the original schedule due to unforeseen events introduce a
challenge for establishing optimal policies for planning and scheduling of the vessels in the supply
service, Fagerholt and Lindstad (2000).
A significant amount of resources are at stake in the offshore supply service. This makes important
the design and operation of a cost efficient logistic chain. In light of this setting, the Norwegian
Marine Technology Research Institute has been developing a decision support tool. The optimization
model behind the decision support tool is designed at the tactical planning level, from 2 weeks to six
months ahead. This model emphasizes the routing and scheduling of voyages, number of calls at the
installations and departures per week from base. On one hand production cut at a platform results in
severe economical consequences. On the other hand, using additional supply vessel resources to avoid
production cuts constitutes a relatively high cost. It should be highlighted that this forms the basis for
the inherent conflict of goals in the supply chain. The optimization of a supply chain seeks to reduce
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cost. At the same time, it reduces the systems flexibility and consequently, introduces higher risk of
disruption.
The purpose of this article is to describe how a simulation model is developed on the basis of the
results from the decision support tool. Simulating the routes suggested by results from the
optimization may give useful insight into the robustness, flexibility and vulnerability aspects of the
supply chain. The extension of giving today’s deterministic parameters a probability distribution
allows the innate supply chain uncertainty to give a more realistic presentation of the current
challenges. Hence, there will automatically be some degree of deviation between planned and actual
routing. The simulation model will be focusing on the operational, day-to-day, planning level. The
individual contribution from each vessel to the fleet performance and flexibility of the system is
aimed to be scrutinized in a case example. Depth insight in the operational aspects may allow
alternative ways of designing a robust supply chain. A robust supply chain handles harsh weather
conditions, rapid changes in operation and uncertainties in the demand pattern, while at the same time
tolerating unplanned events.
A simulation model is always limited because it tries to capture the essence of reality without fully
representing it, Hillier and Lieberman (2005). Designing something artificial to portray real life will
always include some simplifications and assumptions. The more comprehensive and precise the
model gets, the better will be decisions based on the planning tool. To limit the scope of analysis, we
will present results from a selection of case scenarios. Some input values, such as tested delays, and
probability distributions in the simulation model are assumed data or represents approximations.
2

Literature motivating the approach

In the topic of measuring solutions from planning with simulation, Vieira’s (2004) paper “Ideas for
modeling and simulation of supply chains with Arena” was found relevant. His objective was to
develop a system to aid professionals from management and logistics areas to evaluate the
performance of supply chains through computer simulation. He argued that among the several
possibilities for analysis; simulation can allow one to perform detailed studies on the bullwhip effect
in supply chains, caused by the demand variation from the point-of sale to the suppliers. Two
performance measures were of particular interest: average inventory level and service level, both for
each stage at and for the whole supply chain. The structure considered in the project was the
traditional supply chain composed by suppliers, manufactures, distributors, retailers and customers. A
first version of the proposed Arena simulation models was under development when presenting the
paper.
Fagerholt and Lindstad (2000) considered the real problem of determining an efficient policy for a
supply operation in the Norwegian Sea, where a number of offshore installations are serviced from an
onshore base by supply vessels. The purpose of the study was to evaluate the effect on the total supply
cost of having some or all of the offshore installations closed for service during night, and to
determine an optimal routing policy. Six scenarios were developed, varying in the opening hours and
the number of weekly services of the installations, as well as an algorithm to and an optimal routing
policy (which vessels to operate and the coherent weekly schedules) for each of the scenarios. By also
evaluating the qualitative aspects of the solution of each scenario, a routing policy was recommended,
involving potential savings of 7 million dollars. It was here stated “that in a possible extension of the
work, it might be worthwhile to apply simulation techniques for evaluating the robustness of the
routing policy. Then, we would avoid the rather subjective assessments that have now been made”.
Nygreen et al. (2007) argued that, in order to encourage trust in the planning process, it may often be
important to consider robustness in optimization models used for planning. This is due to the many
uncertain factors in the ocean shipping industry resulting in delays and lack of timely fulfillment of
plans. Despite the importance of the robustness, the authors claim that models that have been
developed for the shipping industry only rarely deal with these aspects.
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This support the claim that there is scarcity of optimization simulation research approaches, especially
within shipping scheduling. Simulation of computational optimization results aims at measuring the
solutions’ robustness.
3

Concepts definition

The article aims at assessing the flexibility and robustness of a routed and scheduled system. We
understand the notion of system as a design of functions for fulfilling distinct needs, Currie and
Galliers (1999). It is crucial for any system to evaluate the capability to perform its functions and
fulfill expectations. This can be done through real observation or modeling. Models can be a quicker
and cheaper option, but incur a risk of a loss of truthfulness.
Thus a primary question to consider is what we understand by “system’s capability of performing its
functions and fulfill expectations”? Should the measurement be focused on optimality, robustness,
sensitivity, flexibility, or other concepts within the field of risk evaluation? We will introduce a frame
and give clear definitions of the various evaluation approaches. First we present the three domains of
evaluation and their sub categories, Fig.1. The list is not exhaustive, but encompasses the most
common categories found in academic and applied research. The frame will be explained in the
following sections.

Solution
quality
Optimality
Sensitivity
Persistence
Regularity

System
performance
Cost Efficiency
Technical
Performance
Environmental Impact

Risk
handling capability
Robustness
Flexibility
Resilience
Reliability
Vulnerability

Fig.1: Frame for evaluation of solution quality, system performance and risk handling capability
3.1

Solution quality

We define solution by the set of specific values taken by controllable parameters of the system so as
to fulfill the objectives. We may characterize the quality of the solution along the following
dimensions: optimality, sensitivity, persistence, and regularity. We define each category in a distinct
paragraph and each paragraph starts with the type of evaluation question to ask.
Is the solution optimal? Optimality is a widespread decision making method for vessel operations,
especially for routing and scheduling problems, Christiansen and Fagerholt (2002). Optimality aims
at finding the ideal set of parameter values that creates conditions for the best possible output from the
model. The scheduling and routing problem of vessels delivering to and picking up goods from
offshore installations could be considered as a cost minimization with under respected constraints,
Fagerholt and Lindstad (2000).
What is the sensitivity of the solution? The sensitivity approach is a focus on the most contributing
input parameters to the variance in the output of a model, Dias (2007). Sensitivity can be explored
through sensitivity analysis as part of a risk analysis, Bruzzone et al. (2000), or as part of a post
solution analysis. For example, investigating which of delays due to weather or delays due to
unloading times, and at which installation, is the most critical to the stability of the system.
Is the solution persistent? Persistence expresses the degree of validity of a solution (the optimal set of
controllable parameters values), despite changes in uncontrollable factors. This is recognized as one
of the main weaknesses of optimization models, which tend to propose strongly reshuffled solutions
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even if only minor changes occur in some of the uncontrollable parameters, Laporte and Barnhart
(2007). For example, given that one delay occurred, a new optimal routing is calculated, which
modifies the entire primary plans. This is bad persistence, as vessels, crews, installations personnel,
planners and production managers need to reconsider the whole planning. A mathematical illustration
would be an uneven three dimensional solution terrain.
Does the solution offer regularity in operations? Regularity conveys an idea of benefit due to
repetition in operational pattern. Repeated schemes of operations, through routines, codes and
procedures, enhance safety of operations and productivity. It facilitates humans work by reducing
uncertainty and risks. In a routine scheme, when disruptions are identified, they can be assimilated;
therefore they should be more easily anticipated and dealt with in the future. On the other hand,
irregularity, e.g. by multiplication of unlike schemes of operations, could be a nest for unpredictability
and risk. However, note that routine violation is also considered as a basic type of human errors,
Reason (1990).
Exploring the quality of a model’s solution is important and can be executed through the above
defined approaches. Obviously, the system performance also needs to be evaluated so as to provide a
comprehensive evaluation.
3.2

System performance

The system performance criterion provides performance measurements given specific evaluation
categories. We briefly introduce those categories in the following.
We propose three categories for evaluation of the system performance: cost efficiency, technical
performance and environmental impact. Those topics are straight forward and well established
categories of performance evaluation. There are still crucial issues debated within those fields, as an
example, how to determine the level of environmental impact from shipping. Cost efficiency is
generally considered as the capability of the system to fulfill its objectives at minimal cost. Technical
performance in a supply chain perspective may be expressed in terms of service level. In more general
terms, it may be expressed in specific measurements units for a specific physical activity or a
capability. In the case of shipping, it may be vessel speed, sea keeping, handling time, or ability to
perform special functions such as fire extinction, ice class or Dynamic Positioning class. In shipping,
the environmental impact can be defined by the level of emissions or spill generally impacting land,
water or air. It is a controversial problem because there is no consensus on an accurate measurement
methodology, Corbett and Koehler (2003), Endresen et al. (2003).
Evaluation of the system performance is the single objective of the optimization method. In our case,
the performance evaluation is focused on cost efficiency and technical performance. Risk handling
capability is not clearly expressed and could be given more attention. Nevertheless, there does not
need to be a tradeoff between system performance and risk handling capability. We will describe how
the risk handling capability can be measured in the following part.
3.3

Risk handling capability

Risk handling capability is an expression of the systems capability to perform its duty while
challenged by internal or external influences. In the context of this paper, we focus on risk and
uncertainty resulting in deviations from the optimal solution.
There exists no common definition of risk, but the standard for Risk Analysis of Technology Systems
(IEC 300-3) defines risk as a “combination of the frequency, or probability, of occurrence and the
consequence of a specified hazardous event”. Therefore, the risk picture is described by the set of all
triplets <Si, li, xi>, where indexed scenarios(Si), frequencies(li) and consequence (xi) forms the set,
Kaplan (1991). Moreover, risk may be categorized in two dimensions: components interactions
(linear versus complex) and coupling (loose versus tight), Perrow (1984). Linearity stands for
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interactions that occur in an expected sequence, whereas complexity characterizes less predictable
interactions, Asbjørnslett and Rausand (1997). Then, a loose coupling stands for decentralized
operations among components, ambiguous performance standards and flexible control mechanisms
where change has little impact. On the other hand, a tightly coupled system is centralized and rigid. Its
output is monitored within specified tolerances and subsystems are mutually dependent. Impact from
change could take the form of a domino effect on the system, Perrow (1984).
It is necessary to introduce to the closely related concepts of safety and uncertainty. Safety expresses
the degree of freedom from danger and harm against both human and physical resources, Kristiansen
(2005). Uncertainty is characterized by the randomness of the system itself or lack of knowledge
about the system, Merrick et al. (2005). Both concepts are traditionally studied within the field of
Risk Analysis through probabilistic and statistical inference techniques. Comparing the concepts,
uncertainty and risk, people often assume that the two terms mean the same, but technically there is an
important difference, Waters (007):
- Uncertainty means that we can list the events that might happen in the future, but have no idea
about which will actually happen or their relative likelihoods.
- Risk means that we can list the events that might happen in the future, and can give each a
probability.
As an example, seasonal occurrence of waves would be estimated and taken as an input in a model to
evaluate risk run by vessels and crew, as well as impact on routing and scheduling.
Robustness is defined as the capability, for a given system, to withstand environmental
unpredictability. Variations in external factors will have absolutely no impact on the systems’ output
performance and fulfillment of objectives. Robustness analysis has already been used in various
industrial contexts, Whitfield et al. (1998), Takeshita and Hosokawa (2007). In academic research
Robustness has been frequently used as a guiding tool to formulate the optimality approach in a more
comprehensive way, Yu and Li (2000), Leung et al. (2002), Bertsimas and Sim (2003, 2004), Chen
and Zeng (2007). Robustness implies a prerequisite of knowledge on risk of collapse, disruption or
instability under influence of fluctuating or sudden external factors, Baker et al. (2008). For example,
despite of occurrence of a delay somewhere in the chain of operations, there would finally be no time
windows violated at platforms.
Flexibility relates to the capability of a system to bend, nevertheless adapt as a response to influencing
external factors. The notion of flexibility includes a possibility of reduction of output performance.
However, even if the system stabilizes at a lower level, it would be considered as tolerable. The
system adapts and is meant to be more dynamic than a robust one. A robust system resists, a flexible
system reacts. Note however that performance may be downgraded, which is not the case for a robust
system. The degree of satisfying fulfillment of the initial objectives becomes problematic, Husdal
(2008). To give an example, there could be some violation of platforms schedule caused by a delay,
jeopardizing achievement of the delivery planning. The system will be flexible and respond by rerouting or by using an additional vessel. There will possibly be a non-fulfilling of initial objectives,
for example a production cut at a specific platform. However there are no dramatic consequences on
the longer term, only a risk of acceptable downgraded performance. The interested parties of a system
would certainly have divergent opinions on the notion of acceptable downgrading.
Resilience relates to the system’s capability to get “back-on-track” after disruption. It is argued
whether resilience implies no downgrade of performance by the end, Husdal (2008) or on the
contrary, that there may be a new stable situation at a higher or lower level of fulfillment, Asbjørnlett
and Rausland (1997). Resilience is generally expressed in a context of “severe” disruption, Sheffi
(2005). For example, the delivery program could be hindered because of a grounded ship, but no
production cut would occur by the end of the planning time.
Reliability is defined as the probability of fulfillment of the objectives under designated operating
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conditions, Ayyub (2003), Rausand and Høyland (2004). Therefore it requires an aggregated and
exhaustive estimate of the failure states due to the realization of disruption events. Sources of
disruption may be classified for example as (1) Infantile: occurrence risk decreases substantially after
some operational time, (2) Random: corresponding to constant risks, or (3) Fatigue or Wear-out: risk
increases over the system’s life.
Vulnerability stands for the susceptibility or predisposition of a system to change or loss because of
existing organizational or functional practices or conditions, Barnes (2005). In other words,
vulnerability is a focus on the inherent weaknesses of the system as a whole or some of its
components. As an example, operating more often at night increases the vulnerability of the system
because of limited visibility during maneuvers. A very similar notion, dependability, is also used. It
reflects the inter-dependence that can exist between system components, Warren (2001). For example,
the vessel crew characteristics, such as age, experience or education, correlated to the vessel’s
characteristics, such as Dynamic Positioning class, life time, last maintenance date, may affect
capability of the vessel to deal with rough seas during operations.
The notion of risk handling capability was presented through a list of evaluation categories. After
presenting the three domains of evaluation, we want to conclude on how those concepts are
significant with regards to the supply vessel case.
3.4

Conclusion on concepts definition:

Original evaluation categories appeared to be used in research with different, and sometimes
overlapping, meanings. The existing literature, especially from Risk Analysis, has however allowed
us to highlight the key differences. Interpretation of a concept is eventually affected by the context in
which it is used: the type of research, whether applied or academic, and the field of activity. In the
present paper, we are concerned with the capability of the system to sustain operations at a satisfying
level despite occurrence of disruption. We will develop a model that measures fulfillment of
objectives by tracking the frictions with time-windows, the conditions of violation of safety buffers
and impacts on the whole chain of operations. Precisely, the model will deal with the following
issues:
- Evaluating if a plan holds time-window constraints given disruptive scenarios,
- Determining where the bottlenecks are,
- Determining which are the most disruptive and sensitive elements of the system, given a routing
and scheduling plan,
- Finally, is the optimal routing making the system robust? Furthermore, is it flexible?
4
4.1

General Description of the model
Simulation as a system modeling approach

Simulation is a system- and operation research method with a wide range of applications. It is defined
as the activity of imitating the behavior of a system, by creating a mathematical model, Vieira (2004).
Since we want to be able to measure performance in a tractable way and to deal with dynamically
changing variables, simulation appeared to be the appropriate choice. Indeed, simulation models often
possess high validity because they “track true system behavior fairly accurately”, Rardin (1998).
A simulation study usually shows how a system really works, as opposed to how people think it
works Banks and Malave (1984). With this view in mind, it is important, in the authors’ opinion, to
not only focus on how to come to a decision for a solution, but also investigate what are the solution’s
consequences, especially within an unstable environment.
The model will be studied through a scenario vulnerability assessment. It primarily measures the
robustness and flexibility in a given route plan. The route plan is given as an input which is the result
of an optimization decision support system. To limit the scope of this article, we do not focus on the
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optimization methodology. We evaluate the solution quality and the risk handling capability, based on
a discrete-event simulation model. This would allow the supply chain system designer an alternative
way of testing and working out a post solution analysis.
The optimization of a supply chain generally focuses on cost reduction, and often to the detriment of
the systems flexibility. This introduces vulnerability and new risk factors for the system to break
down. It is therefore of interest to measure if the optimal route schedule are flexible enough to handle
unexpected events without a necessary extensive change of the planned solution. Hence, the supply
chain flexibility is to be assessed.
Simulation and optimization are two distinct methods which can help in taking better decisions,
Shapiro (2007). It is possible to associate both methods such as in optimization-simulation or simulation-optimization, but this topic is outside the scope of the article. Optimization models are qualified
as deterministic while simulation models are qualified as stochastic, Rardin (1998). Simulation will
provide an analysis and a visualization of the validity of the optimal solution in a stochastic environment. The simulation approach is very relevant in a dynamic environment, and has already proven
usefulness in modeling risk in maritime transportation, Merrick et al. (2005).
4.2

Case description

In the current context of this article, the schedule solution which we are assessing involves one
onshore base, five PSVs and eleven offshore installations. The main objective is to fulfill the
installations demands at the lowest possible cost, where cost is a function of sailing distances and time
charter rates from the vessels deployed. This is to be done with regards to a number of restrictions.
The aspect we have chosen to analyze is the time window challenge. The base and each of the
installations has got certain time windows available for serving. The supply chain is most vulnerable
for disruptions when time windows are missed. This forces the PSV to change course for better
operational possibilities or wait until next time window opening.
In general, the fixed installations are closed during the night, while the floating rigs are continuously
open. For practical considerations the installations wishes to be visited “fairly evenly spread”, which
imply to avoid both visit collisions and visit only in start and end of the week. Restrictions against
them results in two or three days trips, which means that if a vessel departs on a Monday, it will be
available for its next trip on the following Wednesday. Lay time refers to the loading/unloading time
and this parameter is the far most difficult to determine for the planner. This is because it is influenced
by uncertainty in both demand and weather. Demand is given in area needed for transportation of the
outgoing load, but also waste and certain equipment has to be returned to base.
To classify the supply vessel system, interactions within the system has to be identified. Interactions
in a system, as defined in part two were categorized in two dimensions: component interaction and
coupling, Perrow (1984). Considering the nature and characteristics of the offshore supply chain, we
describe it as a complex system. Decision made in one stage of the chain will usually have an
unpredictable impact on other stages of the chain. The relationship among the stages and their
functions are non-linear and the results of an action may not be estimated precisely beforehand. Due
to the different actors involved in the chain are interdependent of each other’s performance and the
fact of the possible consequences of a disruption, a tightly coupled system is also identified.
In order to describe functions of the system and how these functions are related to the vulnerability of
the system, the input/output model presented in Fig.2 illustrates the set of inbound and outbound
flows (processes) in the system. The list of risk inputs is not comprehensive, but reflects the most influencing risk factors of our case system. In this setting we are not focused on why the deviation from
plan arose, but on how the consequences of such are being coped with. Vulnerability may have its
root in both the wanted and unwanted flows, and the main objective of a production system is to have
a flow of wanted output that is the most effective, efficient and robust, with regard to the effects that
inputs and unwanted outputs have on the system, Asbjørnslett and Rausand (1997).
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Service reliability
Platforms
Robustness
Operation of platform supply vessels
Vessels

Flexibility

Operation (Production/Drilling) stop

UNWANTED OUTPUTS

Inventory shortage of goods

Capacity problem at vessels

Capacity problem at installations

Use of additional vessel

Queuing

Operations

Time window violation

REQUIRED INPUTS

Optimal schedule

WANTED OUTPUTS

Lack of back load orders

Lack of supply orders

Lack of planning

Volatile demand for supply

Unpredictable operation of installation

Bad weather

RISK INPUTS

Fig.2: Input/Output model for operation of PSVs
5
5.1

Implementation of the Simulation Model
Assumptions, inputs and outputs of the model

Deck capacity is the restraining resource. Demand is therefore measured in deck space needed. The
simulation model includes the following input parameters
- Time windows: opening hours for operation
- Demand: deck area demanded per week
- Frequency: visits per week
- Lay time: loading/unloading time at each installation
- Fixed speed: the vessels are assumed to work at normal full speed (12 knots). Increase of speed is
not feasible. Therefore a delay occurring at a platform will pass on other installations
- Initial platform inventories, described as “Waste” and “Consumables” as a generic type of goods
transported by the vessels and defined by a deck occupation surface in square meters
- Optimized plan: the model contains two fully routed and scheduled operating vessels, two partly
scheduled vessel, and one idle vessel. The two last vessels will therefore be available for some
extra duties; they represent the inherent flexibility of the system.
- Planning horizon is eight days
- Demand per visit for a given installation is based on the yearly estimated demand divided by the
number of weeks and the number of required visits per week
Moreover, the most important disruptive factors that may threaten optimality of the solution need to
be considered. Note that the characteristics of the supply vessel system contribute to the difficulty of
understanding and specifying the vulnerability in the system. We decided to consider the following
aspects in the scenario based approach:
- Delay at platform due to weather conditions
- Delay at platform due to operations
The model measures the following output data:
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-

Delay at platform due to queuing
Delay at platform due to violation of time window
Accumulated delay at base
Inventory level of consumables at platform for continuous production
Inventory level of waste at platform
Utilization of vessels
Intervention of additional vessel trip to face the shortage of consumables

5.2

The computer simulation model

The simulation model is developed by using Arena simulation software package, which is based on
SIMAN language. The model is developed through logics that receive inputs and provides numerical
outputs and visual animation. The model logic reflects the capability of the model to mimic real life
sequencing of events. After simulation runs of the scenarios, the numerical outputs allow a fair
evaluation of the solution quality and risk handling capability, while animation offers an alternative
perspective for analysis and monitoring of operations.
The entities treated in the model are the PSVs. Various attributes are assigned to these entities along
realization of the plan, such as destination, sailing time and deck space. The only modeled process is
the loading/unloading time at base and installations, which is a function of platform demand. For
information, the transportation logic is based on “Route” modules as expressed in Arena terms.
The problem’s fixed parameters, as well as inputs of the optimal solution, are imported from an Excel
spreadsheet. Those parameters are treated in the discrete-event model built in three layers:
- The upper layer presents the linked base and platforms, animated sailing vessels, a parameters
control box and a platform inventory plot display, Fig.3
- The middle layer refers to logics within the base and installations, Fig.4
- The lower layer sub models are also found at base and installations level. They are necessary to
time window logic and routing parameters as well as variables assignment.

Fig.3: The model upper layer
5.3

Scenarios
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We introduce characteristics of some of the tested scenario in Table I. This selection of scenarios is
directly quoted in Section 5.4.
Table I: scenario characteristics
Scenario Characteristics
0
Ideal optimized sequencing – soft time windows
1
Optimized sequencing – hard time windows
2
A weather delay from 0 to 2 hours uniformly distributed on routing to Platform 1 / This
platform has no time window
3
A weather delay from 0 to 2 hours uniformly distributed on routing to Platform 6 / This
platform has a 7-19 time window
4
An operation delay caused by 20% increase of demand/waste at Platform 3 / This
platform has no time window
5
An operation delay caused by 20% increase of demand/waste at Platform 6 / This
platform has time window
6
Adjust time window at installation 6 from 19 to 21. Test impact on former scenarios.
7
Combinations of delays and increase of time window simultaneously on different
installations:
- A weather delay from 0 to 2 hours uniformly distributed on routing to Platform 1 and
6
- An operation delay caused by 20% increase of demand/waste at Platform 3 and 9
- Adjust time window at installation 6 from 19 to 21.
8
Combinations of delays and increase of time window simultaneously on different
installations:
- A weather delay from 0 to 2 hours uniformly distributed on routing to Platform 1,2, 3,
4 and 5
- An operation delay caused by 30% increase of demand/waste at Platform 3, 4, 6 and 9
- Adjust time window at installation 6 from 19 to 21.
5.4

Simulation results and analysis

In this section, we comment the key findings from the selection of scenarios. First, the system is very
sensitive to disruptions on the route of very “active” vessels. For example, on one hand, vessel 1 visits
up to seven platforms during one sequence and vessel 2 visits up to eight platforms. On the other
hand, vessel 3 visits five and then two platforms on its two sequences, while vessel 4 visits only three
platforms on its unique sequence. The sensitivity increases with the presence of platforms with timewindows on a sequence. This phenomenon could be advantageously integrated within an optimization
program, as a risk reduction parameter.
Then, the ranking of platform along the routing and scheduling sequence also appeared as a
vulnerability factor. For example platforms 2, 4, 6, 7 which have a time window constraint are more
sensibly located within the end of routing and scheduling sequences rather than the beginning (seven
end of sequence against four beginning of sequence). This opposes to the strategy of serving in
priority the most vulnerable platforms, i.e. those which have time-window, in order to avoid possible
domino effect from delays. However, the simulation does not consider all aspects of the problem at
once (fitting operations to a given time-window, feasibility of the general delivery plan) and can not
do better than observing weaknesses of the actual system. We consider it as important to emphasize
the importance of platform ranking within the sequence as a risk diminution or risk spreading
mechanism. We will comment further the issue in this section when dealing with inventory
monitoring.
Some limits to robustness are measured through various scenarios, such as 2, 3, 4, and 5. The
simulation model gives an illustration of minor delays at platforms, without critical consequences as
they only shift operations within the same time window. In addition, some more serious problems are
identified with the occurrence of time-window violations. Moreover, some significant consequences
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at the end of sequences are found, with buffers substantially reduced for vessel 1 and to a less extent
vessel 3. Vessel 2 even shows entirely reduced buffers at base, forcing next departures to be
postponed. In this case, the disruptive factor, e.g. weather or lay time delays uniformly distributed
from zero to two hours, only deteriorates the already not respected plans. Indeed, the simulation
showed that the baseline optimal plan implicitly tolerates time-window violation. We are not able to
comment on permissible violations in the studied case.
Even though we did not focus on costs in this paper, it is important to notify the risk of
immobilization ran by vessel 2. Immobilization represents a cost and the optimization program could
gain in assessing the risk of immobilization cost. Such figure could be worth in the decision making
stage, for example to choose between two close optimal plans. Immobilization cost belongs to what
we defined in part 3.2 as a system technical performance evaluation category. A logical way to
measure it fairly is through risk evaluation in first place.
By adding more disruptive factors, scenario 7 confirms the tendencies found on the first scenarios.
The analysis holds regarding the very sensitive routing and scheduling of vessel 2 against realization
of risks of delay, and especially for accessing platform 6, which is an end-routing time window
platform. Delays impact severely vessel 2 on its third sequence, and create a dramatic domino effect.
Future departures will be postponed. Note that on this specific sequence, vessel 2 is very “active” as it
visits seven stations where three of them have time window. This illustrates how the simulation model
helps in spotting the system’s sensitivity and vulnerability.
It appeared through scenario 2, that installation 9 had low stock levels of consumable. After
investigation, we found that platform 9 is systematically situated at the end of routing (five times on
the five visits programmed in the plan), which make its production more sensitive to accumulated
delays than other platforms. Such a repetitive pattern increases the vulnerability of a specific platform.
This comes in contradiction with the definition of regularity given in part 3.1. Indeed, the routine and
procedural operation schemes, which were supposed to increase safety and productivity, finally
constitute a weakness of the system. This is again an illustration of the relevance in using simulation.
It helps in determining the vulnerability of the system, without regard to established assumptions.
As a matter of fact, risks of inventory shortage or excess were interesting figures so as to evaluate the
service reliability. We developed a visual tool that monitors inventory levels (see Fig.5 in the
appendix). It shows the levels of platforms inventories. Displayed as plot charts, it can assist decisionmaking regarding:
- A critical low level of consumable stock at a given platform. This leads the planner to decide
between an increase of planned delivery quantity or programming an additional delivery.
- A critical high level of waste stock at a given platform. This leads the planner to decide between an
increase of planned pick up quantity or programming an additional pick up.
- A steep inventory slope. Upwards, this leads the planner to reduce the delivered quantity or the
delivery frequency; downwards, it leads to increase of quantity or frequency.
- Possible exchange between short and close-to-excess platforms inventory. The planner can
visualize where waste or consumables exchange could be possible between platforms during a
routing sequence. This would be useful if some platforms are in deficit of storage surface while
some would be “in excess”. It is even more crucial considering consumables.
The capability of the system to face inventory problems illustrates its inherent flexibility. In the case
of scenarios 2 through 7, we have a small number of inventory problems. Thus there are two
flexibility alternatives. Firstly, if the problem is disclosed early enough, the necessary flexibility
efforts will be done through extra loaded quantity in a delivery executed on a preceding sequence. In
this case, “early enough” means about one week, which is quite demanding in terms of anticipation.
This aspect of flexibility is possible because the individual maximum capacity of the originally routed
and scheduled vessels is never reached. This illustrates how flexible is the actual system owing to
vessels unused capacity. The second solution is to use an additional vessel. Using this option, the
model is very flexible, but that is a very costly solution. In both cases, the flexibility is clearly
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promoted at the cost of either low utilization of deck surface on vessels either additional routing.
Scenario 8 constitutes an extreme situation with multiple disruptive factors. As mentioned above, the
moment when the shortage of inventory is disclosed has an impact on the system’s degree of
flexibility. If no extra capacity can be used in time, there is a complex routing for the additional
vessels. However, all the platforms in a shortage situation are open all day, facilitating the scheduling.
Vessel 3 is sent on Friday from Base to deliver at platforms 10 and 9 and back to Base on Monday.
Vessel 4 is sent on Friday from Base to deliver at platforms for 1-8-5-11 and back to Base on
Monday. The fifth idle vessel has even not been needed in this scenario. Therefore in this scenario
considered as extreme, there is still enough flexibility in the system to sustain operations on
installations.
5.5

Discussion on the relevance of simulation as tool for robust operational planning

Our simulation model is capable to provide precise measurements of robustness and characterize if
the system is flexible. We use a simulation and scenarios that include stochastic nature. This allowed
reflecting and providing measurements on the realistic challenges in the offshore supply chain. This
type of measuring instrument system can easily be used by field experts together with the solution
proposal makers.
Moreover, it offers a scenario based analysis that enhances considerably the potential for evaluating
the solution quality, system performance and risk handling capability. Nevertheless, there is still the
challenge in estimating proactively the future eventualities and the corresponding data for such.
Notably, the model provided measurements of sensitivity for external influence in the current
solution. The capability to produce scientifically based evidence in order to promote new and more
robust solutions seems suitable for the purpose. Certainly, only one case specific solution analysis has
been presented – however, the results already confirm the idea’s viability.
Additionally, our simulation model offers an animation of the traffic. This allows a visual monitoring
of operations. The visual display (see Fig.6 in the appendix) could be easily customized by adding a
map and constitute a follow-up tool for the planners working in the industry. The more complex the
model is, the more interesting is our approach, with regard to minimal efforts in development.
Furthermore, the model was very useful in determining bottlenecks, weaknesses of the system and the
potentiality of dramatic disruptions. However, the model was limited in the way that it could not
correct the plans and neither could propose alternatives to adapt to disruptions. This is not due to the
limits of the simulation per se but to the limitation in the scope of the article.
Besides, the model was not capable to capture all types of risks. For example, supply chain risks that
may be divided into operational risk or disruption risk (Tang 2006). Operational risks refer to inherent
uncertainties such as uncertain cost or customer demand were not entirely considered. Disruption
risks are thus defined as major natural disasters and man-made events, ranging from earthquakes to
terrorist attacks. In this context, the model does not grasp an exhaustive range of risks. Consequently
the simulation model lacks a measurement on resilience as defined in part 3.3. Some additional
assumptions and detailed logics would be needed in the model for measuring resilience. Simulating a
grounding or sinking would not provide valuable data to assess resilience given the actual model.
6

Conclusion

The decision maker faces challenges for evaluating the resulting effects of a planned schedule that
cannot be achieved as planned. Time is limiting the possibility for a thorough analysis of the
consequences. Therefore the simulation model provides “what if” analysis, through different
scenarios, which increase the planner’s proactive capability.
Given the model assumptions, we are able to qualify the system as having low robustness but high
flexibility. This result was obtained after undertaking a very instructive work. First, a theoretical
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frame for evaluation of the solution quality, system performance and risk handling capability was
introduced. Secondly, a flexible simulation approach was proposed, with problem data that is easily
formatted in a spreadsheet interface, belonging to the case and scenario specificities or the user’s
needs. Additionally, potential advantages from the association of both optimization and simulation
methods were implemented. Indeed, we verified the relevance of using simulation as an optimal
solution post-analysis tool, in order to investigate robustness and flexibility issues. By using the
approach on a real industry case, it showed that it could be useful in an industrial context.
More related to our case, policies for utilization of supply vessels were found to be complex and
challenging. They require special attention to be paid to the identification of the relevant robustness,
vulnerability and especially flexibility aspects. By measuring a solutions’ robustness, the model gives
the optimization model designer valuable sensitivity information about his design parameters and
variables. With this feedback in a learning loop, it can guide the adjustments for making the solution
even stronger. The World Economic Forum identifies hyper-optimization and supply chain
vulnerability as a potential global risk, WEF (2008). With this as a highlighted global concern, we
find that simulation techniques for measuring vulnerability and robustness in hyper-optimized
solutions are relevant and an important topic for future research.
The balance point between a cost efficient and a robust supply chain is complex to define. The fact
that it also depends on the human involvement in the chain makes the topic even more challenging.
Therefore, a possible direction of further studies would be to measure the “stress” that humans are
exposed to. From there, the benefits for human of having less tight engineered scheme could be
assessed. In the case we studied, some tight fitting of operations within time windows were the result
of the optimization approach. This clearly tightens the system. Therefore, the increase of disruption
risk, may lead to human stress and failures. This in time could increase the supply chain vulnerability.
Also, in our industry case, emergency deliveries are frequently a source of supply chain interruption.
In further studies, the actual schedule results and delays caused by emergency deliverances could be
integrated as inputs to the model. Measures and resources needed to build up the system after
deviations could then be prepared from a risk and vulnerability perspective.
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APPENDIX

Fig.4: Model middle layer

Fig.5: Inventory levels for monitoring

Fig.6: Animated vessels for traffic monitoring
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Abstract
A system is proposed that uses a combination of techniques to suggest weld requirements for ships
parts. These suggestions are evaluated, decisions are made and then weld parameters are sent to a
program generator. A pattern recognition system recognizes shipbuilding parts using shape contour
information. Fourier-descriptors provide information and neural networks make decisions about
shapes. The system has distinguished between various parts and programs have been generated so
that the methods have proved to be valid approaches. The system has recently been improved by preprocessing using a simple and accurate corner-finder to find corners in an edge detected image.
1. Introduction
Although some shipyards have used robots for welding steel for 20 years Sanders (2009), the
integration of robotic welding presents problems. Low levels of repeatable welds within some ships
means that, although the quality and speed of robotic welding are acceptable, the generation of
programs capable of applying weld has proved difficult. Many welding robots work primarily in
“teach-and-playback” mode but that further limits flexibility.
Although the superstructure of a ship may be complicated, it can be complexity of scale. A ship’s
superstructure can be a complicated object made from a large number of simple objects. Most are
made from either metal bar (of varying sizes and shapes) or metal plate. Additional items are often
cut from metal plate. A small metal crossbeam from a ship is shown in figure 1. It is 1 m long;
although size is largely irrelevant within the camera’s field of vision.

Figure 1 - Photograph of a metal bar part of a ship (1 m long)
A new automated welding system is being created that uses AI techniques to determine where to weld
these sorts of parts. New image capture methods are being combined with a decision making system
that uses multiple parallel AI techniques. The proposal uses object oriented programming techniques
to create the framework for the system and uses imaging software to capture and process image data.
The final system will use a combination of AI techniques to suggest weld requirements. Suggestions
will be evaluated and decisions made regarding weld(s). These parameters will be sent to a programgenerator to produce a robot program for the shop-floor. The whole system is shown in figure 2.
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Figure 2 – System Flow Diagram
To date the image-capture and program-generator systems are working and a camera mounted above
the assembly line at VT Shipbuilding in Portsmouth captured images (frames) and new imageprocessing and object-recognition sub-systems have been successfully created that operate on the
images. The decision-module is now under construction.
New sub-systems have successfully distinguished between various ships’ parts by processing shape
information so that Fourier-descriptors can be extracted, extracting descriptors and associating sets of
descriptors with training-sets and reaching decisions. That work was described in Sanders (2009). In
that work the images were broken into equal segments and the segments represented as complex
numbers by referring coordinate points to a random starting point. Fourier-descriptors were extracted
by transforming object descriptions into the frequency domain.
Since data points around the contour were expressed as complex number values and not as complex
functions of length, the usual complex form of Fourier series was of little use. As contours were
sampled, Discrete Fourier Transforms (DFTs) were considered but were replaced by more efficient
Fast Fourier Transforms (FFTs). Once transformed then data was expressed as Phase & Magnitude.
The modulus of this transformed data was considered in order to discard phase information, and
consequently, discard operations that effected phase. Descriptors were now invariant (within a small
error) for Rotation, Dilation and Translation.
2. Artificial Intelligence Techniques
AI techniques are discussed that are being tested for use within the proposed system.
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2.1

Fuzzy expert systems

Fuzzy logic can deal with uncertainties generated by incomplete or partially corrupt data. The
technique uses the mathematical theory of fuzzy sets to simulate human reasoning. Humans can
easily deal with ambiguity (areas of grey) in terms of decision making, yet machines find it difficult,
Liao(2005). Bloch (2005) stated that there are a number of reasons why imprecision was inherent to
images: imprecise limits between structures or objects, limited resolution, numerical reconstruction
methods and image filtering. Fuzzy Logic is well suited to this area. Applications in structural object
recognition and scene interpretation have been developed using Fuzzy Sets within Expert systems.
Fuzzy expert systems are suitable for applications that handle uncertain and imprecise situations but
they do not have the ability to learn as the values within the system are preset and cannot be changed.
2.2

Rule based systems

A Rule-Based System describes knowledge of a system in terms of IF…THEN..ELSE. Specific
knowledge can be used in order to make decisions. These systems are good at representing
knowledge and decisions in a way that is understandable to humans. Due to the rigid rule-base
structure they are less good at handling uncertainty and are poor at handling imprecision.
2.3

Case based reasoning systems

The concept in Case-Based Reasoning is to adapt solutions from previous problems to current
problems. These solutions are stored within a database and can represent the experience of human
specialists. When a problem occurs that a system has not experienced, it compares with previous
cases and selects one that is closest to the current problem. It then acts upon the solution given and
updates the database depending upon the success or failure of the action, Kolonder (1994). CaseBased Reasoning systems are often considered to be an extension of Rule-Based Systems. They are
good at representing knowledge in a way that is clear to humans, but they also have the ability to learn
from past examples by generating additional new cases.
2.4. Fourier-descriptors
Describing shapes is essential for pattern recognition. Shape description techniques divide into
boundary-based and region-based. Region-based techniques consider whole objects while boundarybased techniques concentrate on boundary-lines. Boundary-based methods are more popular because
shape classifications are based on contour features. Many integral transforms can be used as feature
extractors, for example: general-integral, Mellin, Cross-correlation, Radon or Fourier-Mellin.
Fourier-Mellin descriptors have tended to perform better than others in noisy conditions (such as
those in shipyards) but are not translation-invariant. Properties of DFTs are analogous to continuous
Fourier Transforms. Power spectra of DFTs are invariant under cyclic translation of the input vector.
Fourier-based methods can be applied efficiently using FFTs. That was the selected method and
shape information was processed so that Fourier-descriptors could be extracted. Fourier-descriptors
characterize object shapes in a frequency domain. Shape-based objects can be classified using
conventional Fourier-descriptors, generic Fourier-descriptors or wavelet-Fourier-descriptors.
Generalized Fourier-descriptors are described by Smach (2008).
2.5

Artificial Neural Networks (ANNs)

Previous work on active recognition differs in object representation, information combination and
future planning. Invariant pattern recognition is complicated [Wood (1996)] and classification
processes can be (1) invariant feature extraction or (2) feature classification. Feature classification
can be achieved using Artificial Neural Networks (ANNs). ANNs typically have inputs and outputs,
with processing within hidden layers in between. Inputs are independent variables and outputs are
dependent. ANNs are flexible mathematical functions with configurable internal parameters. To
accurately represent complicated relationships, these parameters are adjusted through a learning
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algorithm. In ‘supervised’ learning, examples of inputs and corresponding desired outputs are
simultaneously presented to networks, which iteratively self-adjust to accurately represent as many
examples as possible, Hinton (1992). Once trained then ANNs can accept new inputs and attempt to
predict accurate outputs. To produce an output, the network simply performs function evaluation.
The only assumption is that there exists some continuous functional relationship between input and
output data.
2.6 Feature Recognition
Recording an image of ship’s part is simple, but recognizing what that image portrays requires
comprehension. Feature recognition is a first step in translating an image of part of a ship into
welding instructions. Methods in the literature for automated feature recognition tend to match
structures identified in a part representation with some pattern in a knowledge base, often using if–
then rules, Babic, 2008. A disadvantage is that they cannot easily deal with features that cannot be
matched with known patterns. Pattern Recognition techniques were originally posed as statistical
problems, derived from work in Discriminant Analysis and applying Bayes Theorem, Riply, 1996.
2.7

Hybrid systems

The purpose of a hybrid system is to combine desirable elements from different AI techniques. For
example, fuzzy expert systems are poor at learning due to the fixed nature of the values needed. This
can be improved by the creation of neuro-fuzzy systems. Neural networks have the ability to learn
which in turn can enable the fuzzy systems to learn. This work is attempting to create new systems
that are hybrids of different AI techniques in an effort to use the best from each technique.
3.

Proposed Solution

This Section explains the existing RinasWeld / Motoman System in place at VT Shipbuilding and
discusses how additional systems may be integrated with the existing systems. The new proposed
system is discussed including: software systems required, image processing systems and the use of
multiple artificial intelligence techniques to make decisions.
3.1 Existing System
The existing system at VTS is shown in Figure 3. The system consists of two software systems
working in series to construct viable robot programs. The first system, the CAD model interpreter,
accepts a CAD model and determines the welds required. This data is fed to the Program Generator
which re-orientates the weld requirements in line with the actual real-world orientation of the panel.
The program generator then sends any programs sequentially to the robot (normally one program per
weld line). Additional software systems could be incorporated into the existing system at the point
where the robot programs are sent to the Robot System. This is because the transmission protocol at
this point is standard TCP/IP and any programs to be sent can be viewed as text files.
3.2

Proposed System

The proposed system in Figure 4 shows that data will be gathered from a post-processed image. The
data will then be combined with the data contained within a CAD model. The Multi-Intelligent
Decision Module will then use multiple AI techniques to suggest a required weld. This weld
requirement will then be displayed for the operator to check. If the operator rejects the suggestion the
system will learn from that rejection and suggest a different requirement. Assuming the operator now
accepts the requirement, the system will generate a compatible robot program by using the program
generator and post-processing systems.
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3.2 (a) Software Systems
In the same way that the construction of the superstructure of a ship is broken into smaller elements
such as sections, units and panels; the weld requirements can also be sub-divided. Figure 5 shows that
a Panel is considered the largest practical part.
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JOB

WELD

POINT

WELD

WELD

JOB

WELD

POINT
Figure 5 – Hierarchy of a Ship Panel
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This is intuitive as the factory system is such that Panels have specific documentation. It has
therefore been proposed that each Panel be made up of a collection of one or more Jobs. The
inclusion of this layer allows collections of Welds (the next layer) to be logical grouped together in
order to improve production efficiencies. The final layer is that Welds are collections of Points. This
is where the anatomy concept falls back into line with the real-world. Any linear weld can be
described by determining just two points, the start and end. All the other points that are required can
be extrapolated from these two points. When creating the software systems to generate a required
robot program, it was decided that an object oriented approach would reduce the development time.
Object oriented technique offers easier handling of complexity within software and allow changes to
be simpler during debugging.
Figure 6 shows some of the different positions that the end effector must move through to
successfully weld. The touch sense points allow the robot to determine the precise location of the part
to be welded in relation to the end effector. This is important as the end effector must be positioned
within 2mm of the correct weld start point to achieve satisfactory weld quality.

Figure 6 – End Effector Path Diagram
3.2 (b) Early Prototype Image Processing Systems
The image processing systems involved detecting edges, line identification and geometric data
generation. This data can then be used to identify the different objects within the image. A software
package named ‘WiT 8.3’ by Dalsa Coreco was initially used to reduce development time of the first
prototype image processing systems. This software had a graphical interface which was used to
create and test prototype algorithms that were exported as VB.net compatible functions for inclusion
within a .net framework software package. In the early prototypes, the image was read, converted to
greyscale and then put through a low pass filter. The low pass filter removed some of the noise in the
image and reduced the occurrence of small random edges. The image was then operated on by an
edge tracing function which used a Prewitt edge detection algorithm and then collated any edges into
a collection of geometric lines. These lines were then overlaid onto the filtered greyscale image for
viewing. Later systems used Fourier-descriptors and Artificial Neural Networks and the most recent
systems have introduced new corner finding algorithms to effectively reduce noise.
3.2 (c) Multiple AI techniques
The many different methods of implementing AI each have their own strengths and weaknesses.
Some effort has been made in combining different methods to produce hybrid techniques with more
strengths and fewer weaknesses. The Neuro-Fuzzy system which seeks to combine the uncertainty
handling of Fuzzy Systems with the learning strength of Artificial Neural Networks is an example of
this. This paper proposes a system of using multiple AI techniques to decide on weld requirements

355

for a job. The system will combine the Real-world visual data captured through the image processing
algorithms with the data provided by the CAD model. It will then use this combined data to present
differing AI systems with the same information. These systems will then make weld requirement
suggestions to a Multi-Intelligent Decision Module (Figure 7). This module will evaluate the
suggestions and determine the optimum weld path. The suggestions will be passed to the existing
robot program generator.
CAD Model
Data

Real-World
Visual Data

Object Recognition

Multi-Intelligent Decision Module

System Interface

Case Base
Reasoning
System

Rule Based
System

Fuzzy Logic
System

Decision Making System

GUI

Program Generator

Figure 7 – Multi-Intelligent Decision Module Diagram

4.

Current Progress

The current state of the research is that the robot program generation systems have been created and
tested. These systems have been used to produce consistent straight line welds. A simple edge
detection system was created using the WiT software. Figure 1 shows the initial image. Figure 8
shows the edges as detected by the algorithm created during this research. The edge detection in this
instance is good as the object can be identified from its perimeter detail. There is also detail present
that has been caused by corners between metal pieces. This shows that the edge detection is not
reliant upon a high contrast. The external perimeter detail is more defined than the internal detail.
The work surrounding the AI systems is in the early stages and will be taken further over the next six
months. During this time the multi-intelligent decision module framework will be created and
combinations of AI techniques tested. The AI techniques to be tested will include Rule-based, Casebased and Fuzzy systems. Meanwhile, improvements were made to the image processing systems.

Figure 8 – Image output from Edge Detection Algorithm
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5. Image processing
Information about shape or pattern is held within contours, so Fourier-descriptors were applied to the
contours of shapes being classified. The edge detected image in figure 8 was processed to produce closed
line shapes so that no lines were left open and hanging. Contours were assumed to be closed curves in
complex space. An arbitrary point moving around the contour generated a complex function `f'. If the
point moved around the contour at a constant velocity `v', then at every time 't' a complex number `c' was
defined such that c = f(t). `t' is not necessarily real time, it represents a section of length around the
contour. Because contours were closed, it implied that there existed a value `T' so that f(t + nT) = f(t),
where nT was the contour length. So f can be expressed as a complex Fourier series. This gives:
infinity

jn2πt
f(t) = ∑ An exp [ T ]
-infinity
And Fourier coefficients become
T

-jn2πt
1
An = T ∫ f(t) exp [ T ] dt
0

2π
For simplicity, velocity can be such that T = 2π, and: An = ò f(t) exp [-jnt]dt
0
These Fourier coefficients depended on starting point and differed with respect to a parameter `τ' along
the contour, so that for each τ there was a set of Fourier coefficients of the function f(t) = f(t + τ). If f(t) =
f(0)(t) then other functions around the contour will be f(t) = f(0) (t + τ).
2π

y(t) = ∑ An exp [jnt]
0

The index (0) refers to a specific contour function, so resulting Fourier coefficients become

1
An = 2π

2π

∫ f(0) (t + τ) exp [-jnt] dt
0

1
= exp [jnτ] . 2π

2π

∫ f(0) (t) exp [-jnt] dt
0
(0)

= exp [jnτ] . an

Considering: Translations, Rotation and Dilation.
Translation: If An(0) is a set of Fourier coefficients from a contour function then translation by a complex
vector Z results in a contour function expressed in the Inverse Fourier Series. The Fourier coefficients of
the translated contour are:
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An =An(0)for n (where not equal to zero) and An(0) + Z for n = 0.
All coefficients except A0 are invariant of translation.
Rotation: If centre of gravity is at the origin then a rotation of the contour function f(t) about the origin,
with an angle of φ produces another function f(t) where f(t) = exp [jφ]f(0) (t). With f(t) expressed as the
inverse Fourier transform, coefficients of the rotated contour will be:
An = exp [jφ] An(0).
Dilation: Similarly, Dilation of the contour by scale factor R creates Fourier coefficients of form:
An = RAn(0).
6. Extracting Fourier-descriptors
The general form of fourier coefficients of a contour after Translation, Rotation and Dilation is
An = exp [jnτ] R exp [jφ] An(0), where coefficients An(0) are coefficients of the original contour. They are
not useful in that form because they contain information on orientation, and shape only is needed.
Considering Bn = A1+n+1.A1-n / A21, then applying that expression after rotation, dilation etc… results in an
expression that does not contain τ, R or φ. If coefficient A0 is not used then these Bn coefficients are
invariant under Translation, Rotation and Dilation. Thus Bn coefficients represent shape (or form).
Fourier coefficients were invariant under Translation, Rotation and Dilation [1] and just represented
shape. The ANNs were trained using Backpropogation algorithms. Nets were considered trained
when error became zero (within pre-set ranges). A number of teaching runs were required before
outputs converged. A teaching net was created to take two sets of inputs and two sets of demand
vectors.
7. Testing
To test the systems, a teaching net was created to take two sets of inputs and two sets of demand vectors.
The layout was a 5-38-4 pattern. After 150 test-runs the network gave the outputs shown in Table One.
Errors were used to update weights within the ANN. A number of teaching runs were required before
outputs converged. A teaching net was created to take two sets of inputs and two sets of demand vectors.

Table 1 - Output from two sets of inputs
Input Set
1

Output

Demand

1
-5.99E-06

1
0

Input Set
2

Output

Demand

6.05E-05
.9999

0
1

Weights were saved. The application net was combined with the Description Program and set up to
analyze two shapes in different orientations. In 100 tests the program classified 98 shapes correctly
after three frames of video. The 2 pattern program operated with a 98% classification rate within
three frames. The training net was then modified to take 3 sets of inputs and demand vectors.
Weights were frozen after 500 test runs and the outputs are shown in Table 2.
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Table 2 - Output from three sets of inputs
Input Set
1
2

Output

Desired Output

1
1.2E-06
7.5E-07
3.86E-06
.9998
5.69E-07

1
0
0
0
1
0

Input Set

Output

3

9.87E-08
4.6E-07
.99999

Desired
Output
0
0
1

Programs were tested with 3 different shapes in different orientations. In 100 tests the program
classified 97 shapes correctly after three frames. The 3 pattern recogniser worked with 97%
classification. Programs were then modified to take 4 training sets and demand vectors. This ran for
two hours and after 6219 test runs the observed outputs are shown in Table 3. Over 50 tests the
program classified 44 shapes correctly after three frames. The 4 pattern recogniser worked with 88%
classification.
Table 3 - Output from four sets of inputs
Input Set
1

2

Output
1
0
-3.71E-09
-4.48E-08
-1.92E-07
1
-7.46E-09
-1.11E-07

Desired
Output
1
0
0
0
0
1
0
0

Input Set
3

4

Output
1.2E-08
-1.9E-08
1
-9.32E-08
0
-2.22E-08
-3.14E-08
.9999

Desired
Output
0
0
1
0
0
0
0
1

The results were good compared to other systems but attempts were made to improve the results
further by carrying out some post-processessing on the edge detected image.
8.

Improving the system

After processing the edge detected image (figure 8) to obtain a clear image (Figure 9) using
geometrical rules, then the edge was sampled. The continuous line was converted to equally spaced
line segments and then to polylines by specifying endpoints for each segment. The new sub-systems
successfully distinguished between various ships’ parts by:
•
•
•
•
•
•
•

Edge detecting the image (figure 1 to figure 8).
Sampling points around the edge detected image.
Calculating distance between endpoints of windows around sampled points.
Taking points with minimum distance to be corners.
Using corners and connecting lines to extract Fourier descriptors.
Associating sets of descriptors with training sets.
Deciding.

Points were sampled and corners were detected based on the diagonal length of a segment’s bounding
box. Interspacing distance was equal to the diagonal of the bounding box divided by a constant M
(set to 50). M was determined empirically by testing a range of values and finding the value that
produced the best accuracy; increasing M increased noise and decreasing M created smoother edges
so that some corners were removed.
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Figure 9 – Edge detected image after post-processing.
Points could be sampled once an interspacing distance, S, had been calculated. An empty set was
created to store sampled points. Each point was then appended to that set. A distance holder D was
set to zero. The new algorithm was:
(i) Euclidean distance d between two consecutive points was added to D.
(ii) If D was less than the interspacing distance S, then i was increment by 1 and step (i) was repeated.
Otherwise:

(a) A new point, q, was created, approximately S distance away from the last sampled point.
qx and qy were calculated to be (S - D) / d distance between point i-1 and point i.
(b) Append q to the set of sampled points and insert q before point i.
(c) Repeat from step (i) without incrementing i until i > |points|.

The new algorithm found corners from this primitive information and from higher-level patterns that
determined possible insertions or corner deletions. Firstly, corners were found based on the distance
between the beginning of a line segment around a point and the end of that line segment. For
example, considering a point at pi
SEGMENTi = |pi – W, pi+W|
where W is a constant window and…
|pi – W, pi+W| is the Euclidean distance between the points pi - W and pi + W.
As the edge of a shape bends at a corner, the SEGMENT of points shortens, and a local minimum
SEGMENT is a likely corner. To find an initial corner set, all SEGMENTs were first computed.
Median SEGMENT length was found and a threshold t was set to be equal to the median x 0.9. For
each SEGMENT, if the SEGMENT was a local minimum below the threshold t, then the SEGMENT
was a corner. Line segments around a part all had a window of +/- 10 points either side of the point
being considered (although +/- 5 were used in practice). Shorter SEGMENTs were around some
points at corners and those points were considered corners. Points on straighter sections had
SEGMENTs that were close to the median SEGMENT length and were not corner candidates.
After this set of corners was found, some higher-level processing found missed corners and removed
false positives. The system checked to see if each consecutive pair of corners passed a Line-test.
This similarity was represented through a ratio of Distance(points; a;b) to Path - Distance(points; a;b).
If the ratio was above a set threshold then the segment between points a and b was a line. If the part
segment between any two consecutive corners did not form a line, then there were additional corners
in-between. Missing corners were assumed to be approximately halfway between corners. Since
these potential corners were below the original threshold t, the threshold was relaxed and the new
corner was taken to be the point with minimum SEGMENT. This process of adding corners was
repeated until all segments between pairs of consecutive corners were lines.
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A check was then conducted on subsets of triplet, consecutive corners. If three corners were collinear,
then the middle corner was removed. This process checked and removed false positives. Three
consecutive corners were collinear if the part segment between the outer corners passed a Line-test.
230 images of nine different part shapes were initially used to test the corner-finder. A DouglasPeucker's algorithm was implemented along with Sezgin's corner-finder and a simple differentiation
algorithm. The algorithms had filters to remove close or overlapping corners. Two measures were
used to determine the accuracy of the corner-finders: correct number of corners found and an all-ornothing measure. The first was calculated by dividing the number of correct corners found by the
total number of correct corners perceived by observation of each processed image. The second
measure checked that only the minimum number of corners to segment a figure were found (in other
words the part shape had no false positives or negatives). That was calculated by taking the number
of correctly segmented parts divided by the total number of parts; it was either correct or incorrect.
Results are shown in Table 4.
Table 4 - Results for the new system and three other corner-finders for comparison
New system

DouglasPeucker

1799

1669

43

115

Accuracy.

0.98

0.96

Percentage of lines without any
points wrongly identified as
corners.

87%

71%

Average time per part (ms).

0.8

0.32

Corners found correctly.
Points wrongly
corners.

identified

as

Shapes were redrawn so that lines went directly from corner to corner. This removed noise. Fourierdescriptors were then extracted from the contours of the shapes being classified. The corner finding
system improved on other corner-finders that were considered. All-or-nothing accuracy for the new
system was over 20% better than that of the Douglas-Peucker implementation.
9. Testing and results for the improved system
The 5-38-4 pattern used in Section 7 was reused to compare results. After 150 test-runs the network
gave the outputs shown in Table 5.
Input Set
1

Output
1
-3.97E-06

Table 5 - Output from two sets of inputs
Demand
Input Set
Output
1
2
1.03E-05
0
1

Demand
0
1

Weights were saved. The application net was combined with the Description Program and set up to
analyze two shapes in different orientations. In each set of 100 tests the program correctly classified
98 within one frame and almost 100 within three frames (99.5). The training net was then modified to
take 3 sets of inputs and demand vectors. Weights were frozen after 500 test runs and the outputs are
shown in Table 6.
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Programs were tested with 3 different shapes in different orientations. In 100 tests the program
classified 98 shapes correctly after just one frame and better than 99 after three frames.
Input Set

Output

1

Table 6 - Output from three sets of inputs
Desired Output
Input Set
Output

2

3

1
0
0
0
1
0

1
0.1E-06
0
2.7E-06
.998
4.7E-07

Desired
Output
0
0
1

0.87E-08
0
.998

Programs were then modified to take 4 training sets and demand vectors. This ran for 6112 test runs.
The observed outputs are shown in Table 7. Over 50 tests the program classified 48 shapes correctly
after just one frame and 49 after three frames.
Input Set

Output

1

1
0
-2.61E-09
0
-2.12E-07
1
-4.46E-09
-1.3E-07

2

Table 7 - Output from four sets of inputs
Desired
Input Set
Output
Output
0.2E-08
3
1
0
0
1
0
-9.54E-08
0
0
4
0
0
1
-3.31E-08
0
.9998
0

Desired
Output
0
0
1
0
0
0
0
1

These results were compared with those achieved by the most recently published system for
identifying ship’s parts (Sanders, 2009) and the same shapes were used for comparison. With the 2pattern program (bottom graph) that system only operated with a 98% classification rate within three
frames whereas this system operated with close to a 100% classification rate with three frames. The
3-pattern recogniser worked with 97% classification after three frames but the new system worked
with 99% classification.
110

Percentage accuracy against number of frames for three different shap's parts

100
90

Most
recently
published
system

80
70

New system
described in
this paper

60
50
40
1

2

3

4

5

6

Figure 10 – Comparing the prototype system with the new system incorporating the corner finder.
The 4-pattern recogniser worked with 88% classification after three frames in the most recently
published system but the new system worked with 98% classification after three frames. The new
system was significantly better after 3 frames but was radically better after being shown only one
picture of a part. A graph showing “percentage accuracy” compared with “number of frames” for
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distinguishing between three different shapes is shown in figure 10; lines with squares are the
previous prototype system and blobs are the new system.
The graph in figure 10 shows the result for distinguishing between three different ships’ parts. It
shows a substantial improvement when the new corner finder was added. Tables 5 to 7 show that the
improvement was especially significant when more parts needed to be differentiated and when a part
needed to be identified quickly (after only one frame). The percentage accuracy of the most recently
published algorithm and the initial prototype system described here is shown as blocks in figure 10
and percentage accuracy of the new algorithm is shown as blobs.
10. Discussion and conclusions
A proposed system has been presented that uses image processing techniques in combination with a
CAD model to provide information to a multi-intelligent decision module. This module will use
different criteria to determine a best weld path. Once the weld path has been determined then the
program generator and post-processor can be used to send a compatible program to the robot
controller. The progress so far has been described.
The initial results from the whole work are suggesting that a combination of systems (CBR, FES,
RBS and ANN) could offer the ability to handle the necessary uncertainty whilst still returning a
correct weld path (when all / enough factors are known).
Different shapes were successfully identified using a simple pattern recognition system that used an
ANN and that system was improved by using a corner identifier. The system provided shape contour
information that was invariant of size, translation and rotation. Since acquiring and processing new
images is an expensive task, it is desirable to take a minimal number of additional views and the new
methods quickly and successfully identified parts after only one frame.
The new system used a rudimentary curvature metric that measured Euclidean distance between two
points in a window. These corners were then processed to ensure that every segment between corners
was a line and any extraneous points in the middle of a line segment were removed. The improved
accuracy and ease of implementation can benefit other applications concerning curve approximation,
node tracing, and image-processing, but especially in identifying images of manufactured parts with
distinct corners.
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Abstract
The paper describes a simulation tool to evaluate the fuel consumption of main and auxiliary engines
on ships. The underlying method takes an innovative approach of using engine characteristics to
compute the fuel consumption. The simulation model combines prime movers and auxiliary generator
with main consumers. The IT solution is based on object oriented simulation using the software ITISimX. The approach has been validated with on-board measurements for a container ship. The
simulation reveals workload utilisation for power generators and consumers. It can be used for
operational planning and control, but also for strategic analyses to reduce fuel consumptions.
1. Introduction
The fuel price shock in 2008, with bunker prices up to four times higher in comparison to 2004,
Fig.1), and growing environmental concerns about the ship emissions showed the necessity for
reevaluation of fuel saving potentials in shipping. For a thorough analysis, the accurate determination
of a ship’s consumption under the different environmental conditions and operational modes is
required. This consumption is generally only evaluated per overall voyage, with high uncertainties in
shorter periods. Fuel and energy consumption optimization tools, either for onboard evaluation or for
onboard data capture and shore-based evaluation, are not yet widely used in shipping.
Oil Price 1999 - 2009
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Fig.1: Development of world oil price (continuous line) and HFO price (markers) 1999-2009
Current analyses and optimization tools require the time resolved and accurate measurement of fuel
flow to the engine, which is relatively complicated and often not reliable. Due to the fuel circulation,
the flow has to be measured at both the supply and the return line, which doubles the uncertainties as
well as the investment.
The innovative approach reported here does not require this fuel measurement, but computes the fuel
and energy consumption based on the machinery characteristics and easily accessible operation data.
Used on board, it enables captain and engineers to evaluate the current consumption and energy flows
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aboard, giving direct feedback about the effects of their actions. Knowledge about the consumption in
the different operational modes can be considered the basis for greater awareness of the crew.
2. Basic Approach
The introduced simulation tool is modelled in Modelica, using the software ITI SimulationX.
Modelica is an object-oriented open source programming language. The language allows for
incorporating electrical systems and controls, mechanics, as well as heat and fluid flow in one model.
This enables the connection of the different fields and their interaction in one model. Modelica
calculations are acausal, meaning that the modelling is independent of the input and output variables,
which only have to be specified when starting the simulation. Therefore calculations in both directions
are possible without changes in the model, making it possible to use the same model even when
changing the input parameters.
The model focuses on the energy converting systems. The simulation is developed to describe the
energetic status of a ship using the least input data. Data which can not be taken from the machinery
are obtained here by use of the quasi-stationary simulation. The model does not consider the ship’s
hydrodynamics, but is extendable if it will be required for analysis later on. Results from
hydrodynamic modelling can be used as input data, e.g. the proposed power demand for a specific
route and condition, where an optimization can be done.
Instead of a global system for the whole ship, all components of the ship machinery are modelled
individually and organized in a library. The data exchange between the components is enabled by
connectors between the components. For calculation of effects of changes in machinery it is possible
to change single components only. By using the same input data for the calculation again, a
quantification of the changes can be obtained. This allows for a quick calculation of improvements
and the quantification of effects on the consumption.
The modelling of the components is based on their characteristic data. For adaptation to the conditions
and the difference between ideal values and real operation correction terms are implemented, compare
Fig.2. The characteristics are obtained from manufacturer’s data sheets, project guides, and testbed
results, depending on availability.
The ambient conditions are having an influence on the performance of the engine. In the engine
models this is considered and the conditions are corrected according to ISO 3046-1. The model
calculates the ship’s consumption based on consumed electrical power, produced mechanical power
and used heat.
input data

ISO correction
(measured p, T)

real characteristics

results

engine
characteristics

basic correction

Fig.2: Principles of engine modeling based on characteristics
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The modelled components include main engines, auxiliary engines, generators, boiler, gears, auxiliary
and electrical components, and components describing the environment and the energetic status of the
machinery. Additional components for reefer container simulations including reefer cooling units,
fans, and switchboard with power distribution were modelled for further evaluations.
The model can be created by use of the graphical user interface of ITI SimulationX or by direct
coding within the model’s source code.
A picture of a modelled system can be found in Fig.3. In the model, the main engine is shown with
attached gear box, shaft generator (SG), and waste heat boiler. The input data of the consumed power
can be found as tables on the right side, and the ambient conditions at the top of the model. The data
flow is symbolized by the connectors between the components. The arrows are only for better
visualization of the physical dependence of the models, not as directions of the calculation. The oil
tanks are represented by the oil barrels top right and bottom left of the model, summing up the
calculated consumption.

Ambient conditions
input data

Boiler

Consumed
power,
input data

Gears

Main engine

Fig.3: Model of the propulsion system of a container feeder
For the simulation the input data are mechanical and electrical power, heat, temperatures, and ambient
condition, which can be taken from onboard measurements or predictions for evaluations and
optimization. This allows for the calculation of the consumed fuel and the available heat from the
engines. Based on this information, the current efficiency of the ship can then be calculated and
displayed e.g. by using the Sankey diagram. The Sankey diagram is a specific type of flow diagram,
which displays the input (in this case chemical energy of the fuel defined by the heating value) and
the distribution into the different products. These are in case of the ship mechanical energy, electrical
energy, and heat. The latter is partly used in the boiler, while the rest is waste heat in exhaust gas and
cooling water. The potential of heat recovery of the different heat flows can be calculated based on
this information. Fig.4 shows as example of a Sankey diagram of the ship’s main engine.
The simulation enables the calculation of the ships consumption under the different operational modes
in a more accurate way and in higher timely resolution than a measurement of the fuel flow could
provide. This is especially important as most ships are not yet equipped with an electronic fuel flow
meter system. Only such a system would enable the close-to real time online measurement of the
consumption by use of two flow meters, one each in supply and return line of the engine.
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exhaust gas
Exhaust

conv, rad
HT CW
SG

LT CW

Fig.4: Sankey diagram of the main engine
3.

Verification

For the verification of the approach, the energy systems of two container vessels were modelled.
These were a post-panamax container vessel and a container feeder, to validate on different sizes and
operational patterns. The 140m long container feeder carries 850 TEU with 150 reefer plugs on deck
and in the cargo holds and is driven by an 8400 kW four-stroke engine with a controlled pitch
propeller. The electrical energy aboard is provided by a shaft generator and two auxiliary diesel
generators. Additionally an emergency diesel generator is installed which can be used as port diesel
generator. The input data for the simulation were taken from an 11-months measurement campaign on
this vessel. The measurements include more than 50 measurement points, including mechanical and
electrical power, temperatures, pressures, and consumed power of various consumers, all collected
simultaneously. Only a small subset of the measured data is required to run the simulation model
described.

Main Engine
HFO

Gears

SG

Auxiliary Engines

Library

G1

MSB

MDO
Library

G2
ESB

Library

G Not

Generators

Fig.5: Model of a container feeder with ME and AE system
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A model of the energy systems can be found in Fig.5. The modelled components are main engine,
gears, shaft generator, auxiliary engines and corresponding generators, boiler, switchboard for power
distribution, a cooler, and tank system that sums up the calculated consumed fuel oil. The
interdependency of the components is shown by the connector lines, symbolizing the data flow.
The 300m long post-panamax container vessel carries 8000 TEU and is equipped with more than 500
reefer container plugs. A 12 cylinder two-stroke main engine delivers the propulsion power, while
five generator sets can supply up to 12 MW of electrical power. As input data for the simulation the
main engine’s power and rotational speed from shaft power meter, temperatures and pressures, the
generated power of the auxiliary engines, and ambient conditions were taken. All these data were
obtained from a measurement campaign aboard the vessel, which is running for over 6 months.
Within this campaign it was shown that the fully automated data acquisition on board is suitable and
reliable enough for permanent installation aboard; see also Menzel and Rostock (2005).
The consumption of the engines is known from the daily noon reports, based on operation hours,
engine total fuel flow into the fuel circulation, and bunker tank levels. As reference of the
consumptions for the calculations, noon-report consumption data is summed up over a longer period
of time. The presented novel method for consumption calculation enables to use these data, which
maximizes the accuracy. In these evaluations, data covering whole journeys of 4-8 weeks were used
to define the accuracy of the model which gives results for actual fuel consumption for each time step.

FOC / kg s-1

The measurement data were averaged over 10 s for data reduction. These data were used for
calculation of the consumption for each 10 s period. Summed up over periods between 2 and 8 weeks,
the calculated consumption leads to a difference of less than 2% to the reported noon data. This could
be improved if more detailed reports about consumption and sludge production were available. In
Fig.6 an example time line of the main engine’s fuel oil consumption of one journey of four weeks is
displayed along the time lines of the input data for calculation. The calculation is based on the
corresponding data of main engine power (PME) and rotational speed (RPMME), ambient conditions
(engine room (ER) conditions TER, pER, charged air temperature TChA), and specific consumption
under ISO conditions (beiso).

RPMME

pER

PME

TER

TChA

beiso

Fig.6: Calculated timeline of fuel oil consumption and corresponding input data for calculation
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In the following studies, the evaluation of the main engine auxiliaries will be included. The effects of
frequency controlled pumps in the cooling water system will be quantified and the available waste
heat for recovery in the various operational modes evaluated. Additional consumers will be
implemented and effects of optimized controls studied.
4.

Efficiency Evaluations of the Measured Data

Onboard measurements enable not only instant evaluation of the data for crew information, but longterm evaluation of the operational data ashore. Collected over a sufficient time span, they give insight
into the actual operation and load of the machinery as a basis for optimization.
The use of electrical energy aboard the container vessel is evaluated for saving potentials. The largest
consumers aboard can be found as the auxiliary systems of the main engine and the cargo care, being
the consumption of reefer containers and provision of fresh air if they are stored under deck. Even
though 700 reefer plugs are available, the vessel carried during the measurement campaign usually
only few reefer containers, therefore the cargo care does not have a large impact and the power
consumption is low in comparison to the available power.
The auxiliary systems of the main engine are mainly fuel and lube oil systems, cooling water systems,
and ventilation systems. The main engine’s demand on the systems is strongly dependent on the its
produced power and ambient conditions. For evaluation of the real power consumption of the
auxiliary systems in dependency of the main engine’s power, the generated electrical power can be
plotted against the main engine power as shown in Fig.7.
The produced electrical energy of the generator sets does not show direct dependency of the main
engine power. Exceptions are a significantly higher consumption and spreading of the consumption
below 10% of the main engine maximum continuous rating (MCR), which is certainly caused by the
use of the bow thrusters, and higher constant mean consumption below about 35% MCR. This higher
electrical consumption can be explained by the use of the auxiliary blower at low loads, which can be
supported since the difference equals approximately the consumption of the blower.
AE Power
% inst. Power

30%

Aux. Blower ?

20%

Mean
ER Vents

10%

ME CW
ME LO/FO
0%

10%

20%

30%

40%

50%

60%

70%

80%
ME Power
%MCR

Fig.7: Electrical power consumption depending on ME mechanical power
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For further investigation into the auxiliary systems, the consumption of the fuel oil and lube oil
systems (bottom), the cooling water systems (above), and the engine room vents (top) according to the
vessels sea trial report are shown in the graph. The assumption of independency of main engine
demand can thus be supported, as these systems are the main consumers and the measured electrical
power consumption show good accordance. The saving potentials in cooling water systems are
investigated e.g. by Nordmyr and Haikkola (2005) and the Green Ship of the Future (2008), showing
that savings in sea water cooling system up to 60% are realistic. As an example, a least power
consumption of 25% of original configuration for keeping a minimum flow is taken with linear
increase to 100% at main engine MCR. By this, the about 700 kW consumption for cooling water and
engine room ventilation in operation can be reduced by more than 250 kW at an average engine load
of 50%, which equals to a saving of 240 t HFO per year (assumptions: 200 days at sea, SFOC of the
generator set 190 g/kWh ).
The measured data of the long-term onboard measurement can be used for further evaluations of the
machinery performance, as it is an important factor in efficiency of the machinery (Ostojic (1991)).
Compared to reference values, the performance can be displayed as deviation of machinery operation
from the ideal or reference state (Flagship (2008), MARIN JIP SPA (2008)).
The main engine power plotted against the rotational speed is a measure for overall propulsive
performance of the ship. In Fig.8, the measured main engine power plotted against the rotational
speed is displayed as dots, each dot representing the average value over 100 s. Furthermore, the
engine design operation points of the shop test are displayed by the upper connected large dots. For
comparison, additionally the sea margin curve 15% below the design points are displayed as the lower
connected large dots. The data are not corrected for draft or weather influence. The actual operation
data are found to be following the sea margin curve except for some high peaks, where the required
power for a given rotational speed is higher.

Fig.8: Evaluations of ME power vs. rotational speed,
comparison to ME design operation (connected dots)
The measured data show mainly varying power requirements of distinct rotational speeds, with clear
operational speeds which are regularly used and only transitions for acceleration and deceleration in
between. In cases power peaks are shown, which even rise above the engine design points. Having all
the measurement data, it is possible to evaluate the circumstances during these peaks and trace the
origin of the high power demand. Fig.9 shows two example evaluations, for proposed weather and
shallow-water influence. A high peak power was found, where the required power for a given
rotational speed exceeded the power measured for a 5% higher rotational speed. The circumstances
were investigated, showing that the ship’s mean draft was 38% higher – at the period of the low
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power demand, why draft as the cause for the high power was excluded. A further analysis of the
weather showed that this certainly caused the high power demand, as the ship had to fight strong
headwinds up to Beaufort 9 and seas up to Beaufort 8, in comparison to low tailwinds and seas at the
period of low power demand. The effects of shallow water can be found in the example below,
showing two clear power peaks. Evaluation of the associated position data showed that both peaks
were – 2 months apart – at the same leg of the journey and operating in shallow waters. Based on
similar analyses of operational data, procedures for minimization of power peaks and optimized
routing can be developed. Furthermore, influence of trim variations and slow changes over time can
be studied.
ME Power

wind/sea 5/4-9/8, headwind

weather influence

wind/sea 4/3, tailwind

ME RPM

ME Power

shallow water
influence

two journeys, same
leg in shallow waters
ME RPM

Fig.9: Example for peak power evaluations
5.

Results

The model of the energy converting systems of ships can calculate the consumption based on the
demand of mechanical power, electrical power, and heat power. The consumption of the main engine
can be calculated within 2%, based on the measured power demand. The consumption of the auxiliary
engine and the boiler can currently be calculated within 5% due to the available quality of data and
level of detail of the engine models. Fig.10 compares the reported and the calculated consumption of
main engine and auxiliary engines for a journey of about four weeks. The calculated consumption of
the main engine differs 1% from the reported consumed fuel oil, which are 38 t in comparison to
3800 t in absolute numbers; the calculated auxiliary engines consumption differed 3% or 7 t from the
reported consumption.
Even though this lies within the current uncertainties of the bunker oil system, it can still be improved.
For the main engine, more accurately reported consumption and sludge production data would lower
the deviation. In the auxiliary engine modelling, the engines are not yet modelled as detailed as the
main engine, which would improve the results as well.
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Fig.10: Absolute comparison between calculated and reported consumption of one journey
6. Conclusions
A tool for evaluation of the ship’s energetic status is developed, based on simulation technology and
onboard measurements. The simulation enables the analysis of the consumption under different
conditions and operational modes with a high time resolution, while being independent of high
frequency time resolved fuel measurements.
The simulation of the ship’s machinery is modelled in Modelica, using the software ITI SimulationX.
It is focusing on the energy converting systems aboard. The simulation can easily be adapted to
different ships by use of machinery components predefined in a library. For retrofit calculation and
quantification, changes in machinery can be implemented and the new configuration tested with
regard to the consumption.
Two container vessels were modelled for verification of the approach. The fuel consumption was
calculated within 2% deviation of the reported noon data over periods of 4-8 weeks. The measurement
data were obtained from long-term measurements on board a container feeder and a postpanamax
container vessel. The measurement aboard the container vessels showed that the automated data
acquisition on board is reliable enough for permanent installation on board for long-term
measurements as basis for an efficiency monitoring. The simulation can be developed further and
installed aboard a ship as a stand-alone programme, displaying the current fuel and energy
consumption for the crew and storing operational data for analysis ashore.
The acquired measurement data can be used for further evaluations of the ship operation, enabling to
pinpoint saving potentials both in machinery and its operation. When comparing time lines, the results
can be used to evaluate slow changes in machinery efficiency which indicates a need of maintenance.
For efficiency evaluation, indicators for the efficiency of the ship systems can be derived based on the
measured data and calculated consumption. Indicators for the efficiency in waste heat recovery,
energy generation, and efficiency of the main engine auxiliaries can be evaluated by use of the data of
the long-term measurement. Additional indicators for condition of machinery, hull and propeller can
be obtained from analysis of the measurement data e.g. via the overall resistance of the ship, measured
indirectly by the required power for a given rotational speed of the propeller and velocity of the ship.
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Abstract
Within a research project the development of an interface is being conducted by several shipbuilding
partners. The goal is to economise dramatically the FE-modelling work by integrating the structural
design with assessment. In this paper some results of this – still ongoing – joint development project
are presented. The conversion of a CAD into FE-friendly geometry, as aimed herewith, matches with
the definition of finite element idealisation. As main task of the partnership, a set of idealisation rules
has been specified and will represent the body of this paper.
1. Introduction
Global structural assessment is a crucial task during the structural design phase and is conducted in
order to confirm the global structural stability and behaviour of the ship body. The assessment covers
mainly 3 steps. The model and load generation, a finite element (FE) calculation and evaluation of
results. Around 80% of the total work is concentrated in the creation of the FE model. Thus, it is
worthwhile to economise the FE modelling. Most obvious thought for the generation of the FE model
is to use an existing CAD model; however currently, this implicates a tedious process and involves a
lot of manual work. It ends up mostly with the conclusion that models are then build up from scratch.
As consequence, model redundancy and uncoupling (CAD/FEM) lead to a lack in the design process.
In order to approach a smooth integration of structural design and assessment jointly, a group of
shipbuilding and consulting companies and their CAD system developer have set up a working plan.
In this paper some results of this – still ongoing – joint development project are presented. The target
of the project is to develop an interface between CAD and FEM in order to reduce strongly the
modelling effort. The interface will be materialized in form of an add-on to the CAD program. The
conversion of a CAD into FE-friendly geometry, as aimed herewith, matches with the definition of
finite element idealisation. As main task of the partnership, a set of idealisation rules have been
specified and will represent the body of this paper. Here, idealisation rules of structural members as
brackets, holes, curved surfaces, moulded lines, stiffeners, girders, corrugated bulkheads, cambers and
pillars, have been addressed. Furthermore, in order to pass data from the CAD model to FEM properly
(structured and complete), two different work packages have been planed, namely, one dealing with
material and geometrical properties and the other one with element grouping. The aim of the project is
local, block and global models for strength and vibration analyses. The idealized model is then stored
within the CAD system and can be subjected to final modifications. Finally, a FE model file for
structural assessment will be created.
2. Project target
The target of this project is to develop an interface between a CAD and FEM software in order to
reduce strongly the FE-modelling work. Aimed Interface will be materialized in form of an add-on to
the CAD program. This add-on involves (2), (3) and (4) of Fig.1. As for the steps: (1) represents
existing CAD program. The model is stored in a database. The interface starts at (2) with the idealizer.
This is graphical interface that supports the user by setting the idealization rules to be applied by the
creation of an FE-Geometry. Depending of intended analysis, following three model types are to be
supported: (a) global model (whole ship), (b) block model (e.g. cargo hold or superstructure) and (c)
local model (e.g. hatch corner or crane foundation). The idealization steps are reproducible and all

374

steps are logged into a file. This idealizer represents the main development and the work is being
conducted by the CAD program supplier basing in implementation files delivered by the other
partners.

Interface CAD FEM
CAD
Model

AVEVA
Basic
Design

1

Idealized
Model

IDEALIZER
Interface

2

IDEALIZER
Viewer

FEM
Model

FE-Geometry
ANSYS
format

3

4

ANSYS
Classic

5

Fig.1: Interface CAD FEM
Fig.2 shows a part of the graphical user interface. The next step is step (3) which is the viewer for the
idealized model. Once the CAD model has been idealized in step (2), a possibility to visualize and if
necessary to edit (manual fine tuning of model) the idealized model is supported. The idealized model
will be then store in a database. Once the idealized model is ready for FEM, the export of FEGeometry follows which is step (4). The final step of the structural design-assessment chain is step (5)
what the structural assessment in the FEM program.

Fig.2: Graphical user interface of idealiser
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3. Idealisation of structural components
3.1. Brackets
The idealization of the different types of brackets found in the model database is to be handled in
here. For this matter it is more relevant to know in which cases are the brackets necessary for our
FEM model and when are they irrelevant. This mainly depends on the scope of the calculation to be
made. Problems could arise when identifying those small parts which are thought to work as brackets
but are not described as such, but as independent panels. This is a very usual practice of structural
designers when working with selected CAD program. In this way we will be able to find bracket-like
structures as for example the tilt plates. These are not relevant in most cases for our purposes, because
they do not have any influence on the global strength calculations.
For global models, all brackets should be ignored as long as the parts which they are supporting
remain connected to each other. An exception should be made with all brackets which are supporting
main structural parts, as for example longitudinal deck girders, web frames or longitudinal girders in
the double bottom. Nevertheless the key dimension for the decision will always be given by the
average length of the bracket legs. For fine models, all brackets are taken into account. The end points
of rounded brackets should be connected by a virtual line. In the middle of this line a perpendicular
line to the sector of the circle will be generated. The end point connecting line will be moved to the
middle of the perpendicular line. This resulting line is the end of the geometry which should be used
in the finite element model. The cut-out will only be modelled on the fine model and will be modelled
as shown in the drawing below. In this case the 45 degree tangent on the cut out is the generated line
which defines the finite element model. This is shown in Fig.3.

Fig.3: Idealization of rounded brackets
Fig.4 shows an example by meshing bracket for local (left) or fine (right) assessment. Flanges are
modelled by truss elements. This truss elements need to be extended to the tip of the bracket in order
to avoid the tiny gap, commonly found in the CAD program, which avoids the flange to be connected
to the deck.

Fig.4: Example of brackets (left local and right fine mesh)
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3.2. Holes
The idealization of holes in plates is in most cases difficult to represent in a reliable way, due to the
conflict arising between the mesh size and size of the hole. With a very fine mesh it should not be a
problem to represent a hole with a high degree of accuracy. However problems arise when the model
and element size are larger, adequate idealization must be done to represent these holes without
disturbing the results. There are many ways of modelling a hole in the CAD program. Here we
concentrate on those holes being described with the Statement “HOLE”. Notches and cut-outs will be
ignored, considering them as too small to be relevant in any calculation, except for fine calculations.
In general the holes shall be idealised either by reducing the thickness of plates containing them or by
simplifying their form for global and local models, while as for fine models the hole will be modelled
as it is. In this paper four different ways of idealising holes will be proposed, based on the two
principles exposed before. These four alternatives with their scope are shown in Table I:
Table I: Recommendation for idealising holes
Idealisation
reduced thickness

ignore hole

idealize by shell

model hole by
beam

1

2

3

4

Model

Global model

G

recommended

recommended

possible

possible

Local model

L

recommended

recommended

possible

possible

Detail model

D

not
recommended

not recommended

recommended

not recommended

These four alternatives are explained in more detail later on. Alternative 2 and 4 are just subgroups of
alternative 1 and 3 respectively. Thus, for the hole to be ignored the thickness has to be previously
reduced as in alternative 1 and as a result if the remaining thickness is less than 25% of the original
thickness or less than 1 mm the element will be completely ignored. As for the special cases, in which
the effects of the openings want to be taken into account for a more detailed study, the user should be
given the option to give a minimum length of either side of the hole, for those holes which he
considers shall be idealized in a simplified way as shown in the third alternative proposed. In those
cases, the nodes on the perimeter of the hole shall be shifted so that the size and centre of gravity of
the real hole remain the same. The idealization of big holes found for example on transverse plates in
wing tank sections could be done in this same way eliminating the radii of the holes. This applies to
the large openings on the outer shell of superstructures on passage ships. Making reference to the
statement given before in which alternative 4 is seen as a “subgroup” from alternative 3. This last one
will be used when one of the adjacent elements (from hole-edge to element-edge) left after the
“idealization by shell” process has a ratio height to length smaller than or equal to 1:4. The previous is
applicable for global and local calculations, for fine calculations every hole is to be taken into
account. This is possible due to the small mesh size of the model, therefore cutouts, and notches will
also be included. Nevertheless there should always be an option to ignore them. In case of T-Girder is
being idealised with beam elements, alternative 4, the same idealisation will be applied as for the rest
of the holes by smearing the thickness of the web plate. An exception is made for those cases in which
the shear stiffness is scope of the investigation, in which a simplified hole as shown before will be
used.
3.2.1

Reduced thickness

In general the holes shall be idealised by reducing the thickness of plates containing them. The
idealizer will analyse for each 4-node surface if it overlaps any hole. If a hole overlaps a surface, the
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thickness of this one shall be reduced. For global and local analysis one strategy is to reduce the
thickness of the plate, GL (2007). The thickness will be reduced by using the following factors:

t red ( x) =

L−l
t0
L

(1)

t red ( y ) =

H −h
t0
H

(2)

Eqs.(1) and (2) give the reduced thickness in longitudinal and transversal direction, respectively.
Lengths and heights are shown in Fig.5.

Fig.5: Plate with hole, GL (2007)
The reduced thickness is to be calculated for the longitudinal and the transverse direction. The smaller
reduced thickness has to be used. In dependence of the geometry of the hole and the plate the
thickness can be reduced significantly. It is possible that the significantly reduced thickness causes
stability problems e.g. buckling effects. In this case a local model (e.g. defined by sub modelling)
should be derived.
3.2.2

Ignore hole

The element will be completely ignored if the reminding thickness is less than 25% of the original
thickness or less than 1 mm. It should be chosen by the user which value will be used.
3.2.3

Idealize hole by shell

For local models the plates with integrated holes can be idealized with 4 elements. The area of the
hole has to be similar, as shown in Fig.6.

Fig.6: Idealized hole
3.2.4

Model hole by beam

The holes are idealized by beam elements, as shown in Fig.7. The cross sectional properties of the
beams have to be in accordance to the plate with the integrated hole.
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Fig.7: Hole idealised by beam elements
The strategy to idealize the holes by beam elements is illustrated in Fig.8. The plate with the
integrated hole is to be divided into 9 rectangular areas. The distance between the boundaries of the
hole and the adjacent areas is the measure for the breadth of the beam element. The thickness is
identical to the plate.

Fig.8: Measuring the breadth of beam elements
3.3. Curved surfaces
The representation of curved surfaces with 4-node elements implies warped element shapes. This may
be acceptable in a range up to warping factor of 0.1 (according to the definition of the warping factor
in ANSYS (2007)) for global models. Elements exceeding this value must be split into two triangular
elements.
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Alternatively triangular elements with a linear shape function can be used but shall be avoided where
possible. These 3-node elements can only represent constant strain or stress. They have no in-plane
rotation characteristic and are therefore too stiff in areas of significant stress gradients. As well as 4node elements with inner angles less than 45o or more than 135o between the edges shall be avoided.
In general the fore and aft end of the ship’s hull consists of areas with high curvature, as shown in
Fig.9. For global strength analysis these areas may be idealized by triangular elements. Extreme
curved structures can be found on mega yachts all over the ship. In the Basic Design stage the curved
surfaces will not be covered with panels. Nevertheless these surfaces have to be meshed too although
they have no real thickness.

Fig.9: Curved surfaces
The division of the hull is almost determined by the given inner structure. The user shall be able to
define additional divisions manually. Openings in the hull are to be closed by thin shell elements of
thickness 1.0mm. This should be done to avoid problems during calculation of hydrostatic and
hydrodynamic pressure distribution with external programs. All shell elements of the hull must have
the same normal side (normal vector of element pointing outward).
3.4. Moulded lines
Ship structures are normally positioned on moulded lines (thickness pointing to one side of this line)
which have to be defined prior the beginning of detailed design. The moulded line convention may
differ from ship to ship and from yard to yard. Except for the detailed FE-model the influence of
thickness direction is negligible. Plates (decks, walls, bulkheads, girders, etc.) which are idealized by
areas respective by shell elements are positioned by the location of the associated structural element.
All parts referring to an idealized panel must be extended to the moulded line as shown in Fig.10.

Fig.10: Example for extending to moulded lines
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The idealization of the wall above the deck must be extended to the molded line of the deck, whereas
the bulkhead below the girder must be extended to the ‘moulded line’ of the flange (indicated by the
red arrows). If the flange is described as a panel (I call it ‘panel-flange’) a small gap may occur at the
connection point to an ordinary flange. This gap exists in case that the ‘panel-flange’ is not exactly
positioned on the lower edge of the web of the girder but dz=t mm below with material thickness
pointing upwards. To close this gap the ‘panel-flange’ must be shifted to the lower edge of the web.
One example is shown in Fig.11 with an x-crossing of transverse and longitudinal girder.

Fig.11: Example of a connection flange – ‘panel-flange’
3.5. Stiffeners
For the calculation of the global behaviour of a surface structure, the stiffness and stability of the
single parts of the structure is needed. In shipbuilding the panels are usually reinforced by profiles,
frames or girders. These panels have anisotropic properties. The stiffness of the panels depends on the
direction. In direction of the stiffeners, the tensional stiffness of the panel is the sum of the stiffness of
the plate and the stiffeners. Perpendicular to the stiffeners, only the plate is responsible for the
tensional stiffness. In general stiffeners are to be transferred to the FE-model. The way they have to be
transferred depends on the scope of view and the calculation type, as well as the functional type of the
stiffener. A longitudinal shell stiffener is part of the global strength whereas a buckling beam deals
only for the local stiffness of a plate. Table II gives an overview of modelling recommendations.
Table II: Recommendations for idealising stiffeners
Idealisation

smeared
stiffeners

Model

Global model
Local model
Detail model

G
L
D

Modal analysis

M

orthotropic
shell

1
2
Element size > Stiffener
distance
default
recommended
not recommended
not recommended
not recommended

truss

beam

shell + truss

3

4

5

Element size ≤ Stiffener distance
possible

not recommended
possible
default
recommended
default
possible
recommended
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As shown in Fig.12, the geometrical properties of smeared stiffeners are accumulated symmetrically
to the plate laterals, GL (2007). The behaviour of an anisotropic plate with parallel stiffeners is
described in Wiedemann (1996). Fig.13 shows a panel with stiffeners, modelled with truss (left) and
beam (right) elements. Fig.14 shows a panel with stiffeners, modelled with shell elements (web) and
beam elements (bulb).

Fig.12: Summarizing multiple profiles to a single profile

Fig.13: Panel with stiffeners, modelled with truss (left) and beam (right) elements

Fig.14: Panel with stiffeners, modelled with shell elements (web) and beam elements (bulb)
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3.6. Web frames and T-Girders
Focus of this section is the modelling of longitudinal girders and web frames. The function of these
elements is the strength of the ship structure whereas the function of the stiffeners is mainly to avoid
buckling. The cross section of the girders and web frames is greater than the cross section of the
stiffeners. The distance of the girders is usually greater than the minimum element size. In Table III
and Table IV, recommendations for idealising web frames and T-girders and box girders are given,
respectively.
Table III: Recommendations for idealising web frames and girders
Idealisation
Model

beam
(whole girder)

1
Global model G
recommended
Local model L not recommended
Detail model D not recommended

shell (web)
beam for unsymmetrical flange
truss for symmetrical flange
2
possible
recommended
possible

shell
3
not recommended
possible
recommended

Fig.15: Girders modelled only with shell elements (left) and with shell elements (web) and beam
elements (bulb)
Table IV: Recommendations for idealising box girders
Idealisation

beam
(whole box girder)

shell (plate)
beam (flange)

shell (plate)
shell (flange)

1
Global model G not recommended
Local model L not recommended
Detail model D not recommended

2
recommended
recommended
possible

3
not recommended
possible
recommended

Model

3.7. Corrugated bulkheads
A corrugated bulkhead has limited capabilities in receiving shear forces and bending moments in
certain directions. If the depth of the corrugated part is greater or equal to the element, size the
bulkhead should modelled completely. Otherwise an idealisation is needed. Such small corrugated
bulkheads are used for internal walls by some navy and sometimes at the superstructure of container
ships. Table V shows some recommendations for idealising corrugated bulkheads.
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Table V: Recommendations for idealising corrugated bulkheads
Idealisation
Model

shell and orthotropic
material

1
Global model G
default
Local model L Not recommended
Detail model D Not recommended
Modal analysis
Not recommended

shell and beam
changed thickness

only shell

2
possible
default
Not recommended
default

3
Not recommended
Not recommended
Default
Not recommended

At a global model a corrugated bulkhead is idealised by shell elements and an orthotropic material
model. Compared to an isotropic material model the following values are changed:

Ex =

Eisotropic

(3)

1250

 l
G xy =
*
2(1 + υ orthotropic )  ldeveloped
Eisotropic






2

(4)

Eq. (3) is the modified Young modulus perpendicular to the corrugated direction. Eq.(4) is the Shear
modulus in the plane of the plate. These formulas are documented in Wiedemann (1996).
3.8. Cambers
Because of camber decks have sometimes different levels. The size of the transition can be too small
for global meshing.
3.8.1

Transition with triangular plate

In general weld seams are moved to element edges. Rounded structure at the deck can be idealised as
knuckled structure. Calculations with different mesh sizes showed that the results with a global mesh
are acceptable for global goals. This means a triangular plate should be idealised as it is for global,
local or detailed investigations. Longitudinal girders are sloped at a triangular plate, Figs.16 to 18. If
the idealisation of the girder is made with beam elements and is not possible to taper this element,
constant moment of inertia is needed. It is suggested to calculate a moment of inertia at the beginning
and at the end of the triangular plate. The longitudinal at the triangular plate gets the lower one.

Fig.16: Transition with triangular plate, section at CL
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Fig.17: Transition with triangular plate, transversal sections

Fig.18: Transition with triangular plate, view on deck
3.8.2

Transition with step

In the case of transition with step, Figs.19 and 20, also rounded structure at the deck can be idealised
as knuckled structure. At global and local investigations structure between cambered and notcambered panels is to be idealized with truss elements at the element edges. Other structure above and
below this decks at the transition is not effected by this.
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Fig.19: Transition with step, view on deck
3.8.3

Fig.20: Transition step, transversal sections

Cambered deck described as “plane panel”

In this case the panel of the deck is described as plane panel. There are profiles and holes at the plane
panel. Longitudinal and transversal girders are referring to a NAPA surface. Figs.21 and 22 show the
transversal and deck view, respectively.

Fig.21: Cambered deck described as “plane
panel”, transversal view

Fig.22: as Fig.21, deck view

3.9. Pillars
Pillars in ships are mostly situated either in engine rooms or in superstructures/accommodation areas.
Whereby the first ones can be relative large parts with big squared/double-T cross-sections, and the
second ones are normally shorter and with a circular cross-section. In CAD program used here, pillars
are always described using a STIFFENER statement. The main problems when modeling pillars for
FEM purposes may arise at global and local models with larger mesh sizes. The dimensions of the
cross-section of the pillars are normally too small in comparison to the mesh size and the mesh on
decks will be disturbed. For local and global models pillars shall be modelled with beam elements.
The line will be placed at the centreline of the pillar, except in those cases in which the pillar is
connected to some other part, such as a wall or a T-girder, and these cases, they are out-of-line with
the pillar’s centreline. In this case the pillar shall be shifted to make both lines coincide, Figs.23 and
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24. The idealisation of the supporting structure of the pillars in girders, which in practice is modelled
with either 4 plane-parts or 4 stiffeners should be made by using a beam in the girder above/below the
pillar, Fig.25. Thus the pillar structure is being extended just to the deck. The idealisation of pillars
using shell elements in not recommendable for global and local models, this will lead to very small
elements in comparison with the rest of the model. For fine models the pillars will be idealised with
shell elements. If the cross-section has some radii, these will be avoided and the round forms will turn
into straight lines, Fig.26.

Fig.23: Pillar's centreline aligned with wall

Fig.24: Pillar's centreline out of line with wall

Fig.25: Idealisation of pillars’ supporting structure

Fig.26: Idealisation of pillars in fine models
3.10. Components
The FEM program has the capability to group entities in components. For Finite element analyses it is
very helpful to collect entities in components. If e.g. a deck has to be loaded by a certain pressure, the
selection of this deck by a group name accelerates the pre-processing. Also, for post-processing it is
very helpful to use components. Components will be generated as same as structures are defined in
the CAD program. In the CAD model the ship is divided in blocks, Fig.27. Inside each block several
panels represent the steel structure. A typical panel is made up from a number of plates in
combination with stiffeners, brackets, flanges etc. Fig.28 (left) shows a loop overall blocks.
Additional to the block-panel structure of the components, a classification in kind of functional
elements is helpful. It could be also helpful to group the structure of the ship into functional elements
like decks, bulkheads, hull, bulwark, longitudinal and transversal girders, stiffener etc. Fig.28 (right)
shows a loop overall functional attributes.
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Fig.27: Block and panel structure
Loop over all blocks
ASEL,NONE
CMGRP,blockname
Loop over all panels in the block
Loop over all areas in the panel
ASEL,A,areanumber
End of Loop
LSLA,,1
! Select all related lines
KSLL,,1
! Select all related keypoints
CM,panelname,area
CM,panelname,line
CM,panelname,kp
CMEDIT ,blockname,ADD, panelname
End of Loop
End of Loop

Loop over all FUNC attributes
asel,none
Get FUNC DECK1 in AVEVA
Loop over all panels
If FUNC of panel = FUNC DECK1
ASEL,A,areanumber
End if
LSLA,,1
! Select all related lines
KSLL,,1
! Select all related keypoints
CM,FUNC name,area
CM,FUNC name,line
CM,FUNC name,kp
CMEDIT ,blockname,ADD, panelname
End of Loop
End of Loop

Fig.28: Loop overall blocks and functional attributes
3.11. Material properties
The material description for FE methods is much comprehensive than it is needed for CAD aims. The
minimum requirements for structural analyses are the definition of Young modulus, Poisson’s ratio
and mass density. Depending on the mesh size, orthotropic material properties have to be defined for
corrugated bulkheads.
4. Preliminary results
In next figures some preliminary results are presented. Fig.29 shows the CAD (left) and the FEM
(right) of a sample vessel. Balanced element size overall the model can be seen. Further, the element
normal vectors show in same direction for bulkhead and decks. Fig.30 shows the CAD (left) and the
FEM (right) of a section. The coloured elements are grouped by components.
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Fig.29: CAD and FEM model of a vessel

Fig.30: CAD and FEM model of a section
4. Summary
Preliminary pictures show promising results. The interface is today in the testing phase of phase I
which involve the half of all work packages. The advantages of exporting a FE-model from a CAD
program have been confirmed. Valuable information within the CAD program helps by the creation of
a FE-friendly geometry. This remains the key statement of the approach and project. Higher impact is
expected at the end. Whenever the CAD model is changed, a new export can be done easily, in short
time and always having the up-to-date structure.
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Slow Steaming Bulbous Bow Optimization for a Large Containership
Karsten Hochkirch, FutureShip, Potsdam/Germany, karsten.hochkirch@gl-group.com
Volker Bertram, Germanischer Lloyd, Hamburg/Germany, volker.bertram@GL-group.com
Formal optimization is applied to a containership. The generic case assumes an existing containership that considers slow steaming due to high fuel prices. A refit of a bulbous can be seen as a typical
investment option, where potential savings have to be considered against initial investment. The potential savings are evaluated for two cases: (1) only the bulbous bow is changed (refit) and (2) the
forebody of the ship can also be modified (newbuilding). The formal optimisation uses the FRIENDSHIP Framework for the parametric shape description, FS-Equilibrium for hydrostatics, FS-Flow as
wave resistance flow solver for resistance evaluation and FS-Optimizer for the formal optimisation
involving both deterministic and stochastic single and multi-objective algorithms. The starting geometry shows little potential for improvement at design speed, but for slow steaming 2% improvement
appear feasible. Considerable improvements (near 4%) in carrying capacity at constant speed or fuel
reduction are feasible if the forebody can be modified. If the bulbous bow is modified during a regular
docking period the investment is estimated to have payback in less than 2 years.
1. Introduction
Fuel prices escalated to more than 700 $/t heavy fuel oil (HFO) in 2008 to roughly three times of the
rather low levels of the 1990s. In addition, increasing public awareness and political pressure started
restrictive legislation aimed at curbing emissions, particularly CO2 emissions. IMO (International
Maritime Organization) is expected to pass regulations on CO2 (carbon-dioxide) ship emissions after
2012, adding pressure to reduce fuel consumptions. The world financial crisis in fall 2008 temporarily
induced a drastic decline of oil and fuel prices (from 700 $/t in August 2008 to 350 $/t HFO in October 2008), but long-term predictions assume fuel prices including CO2 emission charges between 500
and 1000 $/t HFO for ship owners.
There are many levers to reduce ship fuel consumption (and thus emissions), Bertram et al. (2009).
One of the most attractive levers is optimizing the lines of a ship, particularly the bulbous bow. This is
very attractive in the design stage, but refit options may be still attractive enough to be considered,
particularly when the ship is operated at a much slower speed than it was originally designed for.
Such “slow steaming” at e.g. 70% of the design speed was a frequent reaction of containership operators to the high fuel prices. Ship, engine and propeller are then operated in off-design conditions opening opportunities for new optimisation for the lower speed.
2. Relevant previous work
2.1. Parametric ship design
Parametric ship design hull has been as a powerful modelling technique during the last decade. Instead of describing the hull shape’s properties by a large network of lines and points requiring a lot of
manual work, the parametric modelling approach employs so-called high-level form descriptors
which describe characteristic properties, e.g. of the sections by means of longitudinal distributions.
Our preferred technique builds B-spline curves from selected properties. These can be described directly, differentially or even by integral formulations. The vertices of the final spline are then automatically placed to ensure a fair distribution of the property required. A typical example is the sectional area curve of a hull where the integral value reflects the required buoyancy. Direct parameters
are derived from the main section geometry and a differential parameter (zero slope) is required at the
main section location. The generation of such ‘meta curves’ is set up in a way that additional constraints may be added later while missing information is found automatically by an internal optimization focusing on maximum fairness, Harries (1999).
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Besides fully parametrically described (FPD) hulls, a complementary technique – partial parametric
modelling (PPM) – has been developed which directly works on a baseline design and allows more
efficient preparation of the geometry model. Here local modifications of the baseline shape are defined by scaling, shifting and similar techniques.
2.2. Ship Hull Optimization
Based on a parametrically modelled geometry, an automated optimization task can conveniently be
set up. The parameters are considered as free variables and a suitable objective function is selected.
Typically, the objective function is the resistance or nominal thrust at a design service speed. However, given the nature of the specific project, different objective functions may be taken into account,
e.g. performance at more than one condition.
For a most efficient use of this technique the whole process of generating the hull shape, execution of
the analysis and assessment of the objective function needs to be defined completely automatically,
thus allowing the process to be performed in a highly parallelized manner on a modern high performance cluster, controlled by a suitable optimization toolkit. For examples of successful application of
this technique please refer to Dudson and Harries (2005), Hutchison and Hochkirch (2007), Harries
et al. (2007).
3. Framework & Tools
Today several tools are available for addressing the single task required for such an optimization.
However, as the whole design loop needs to work without user interaction, the interfacing between
different tools (e.g. the geometry modeller and the CFD tool) requires much care to ensure a smooth
workflow. Below the tools used for the presented are discussed:
3.1. FRIENDSHIP Framework
The FRIENDSHIP-Framework is a unique Computer Aided Engineering (CAE) system, integrating
geometric modelling, simulation, systematic variation, and formal optimization in the design of ships
and turbo-machinery, Abt and Harries (2007). Its parametrically oriented platform conveniently allows modelling complex geometries (e.g. ship hull or propeller) by a selection of high-level shape
descriptors. A typical scenario is that longitudinal properties of the sections are modelled by fairness
optimized B-spline curves.
3.2. FS-Equilibrium
FS-Equilibrium is a workbench for analysis of equilibrium conditions of floating bodies in six degrees
of freedom. Typical applications are all types of hydrostatic analysis, manoeuvring simulation, and
velocity predictions for ships and sailing yachts. Due to its modular setup, the code is easily adapted
to work for a specific design problem. An application programming interface (API) is available for
optional user-defined modelling of forces. For the task at hand only a small subset of the functionality
was employed to monitor the changes of hydrostatic properties due to the bulb and forebody changes.
3.3. FS-Flow
For the design task at hand, the most important objective was the wave making resistance of the hull
at the considered speed. Rankine panel codes considering the nonlinear free-surface boundary condition are the standard tool of choice to assess wave making and support bulbous bow design, Bertram
(2000). The in-house code FS-Flow has special interfaces with the other tools discussed. FS-Flow
uses a panel representation of the hull (including lifting surfaces if applicable) and a portion of the
free water surface. The source strength on each panel is adjusted to fulfil the various boundary conditions, namely zero normal velocity on the hull and kinematic and dynamic boundary conditions on the
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water surface. Lifting surfaces like keel, rudder and fins (e.g. in case of sailing yachts or stabilizer
systems) are modelled in FS-Flow by lifting patches which carry in addition to the source panels also
a dipole distribution, enforcing a Kutta condition at the trailing edge. The ship’s dynamic floating
position and the wave formation are computed iteratively. After each iteration step, the geometry of
the free surface is updated and the sinkage, trim, heel and propeller thrust of the vessel are adjusted.
The calculations are considered to be converged when all forces and moments are in balance and all
boundary conditions are fulfilled. Having determined the source strengths, the pressure and velocity at
each point of the flow field can be calculated. The wave resistance can be either computed by integrating the pressure over wetted surface of the hull or from wave cut analysis, Heimann et al. (2008).
The employed approach is based on potential flow theory. Therefore viscous effects such as a recirculation zone at the stern cannot be modelled correctly. However, in hull optimization studies, the focus
is often on the forebody where potential flow approximates the real conditions well, unless major
wave breaking occurs. Generally, at higher speeds the bow and stern wave pattern strongly interact
and the whole ship wave pattern is needed to get the correct picture. If in an optimization study the
stern shape is left unchanged then the effects of forebody hull variations on the wave generation can
be traced with reasonable accuracy even though the quality of the stern wave prediction must be
judged with caution. The total resistance is predicted on the basis of the non-viscous resistance components from the CFD simulation and an estimate of the viscous components either by the ITTC
method, e.g. Bertram (2000), which may optionally be based on local flow properties, or by an accompanying boundary layer computation. While the integral resistance values are only indicative, it is
commonly agreed that design rankings are correct with good accuracy if design modifications are
limited to the forward half of the ship. This has been confirmed in numerous optimization projects.
3.4. FS-Optimizer
Optimization involves varying parameters to improve objectives while keeping given constraints. In
ship design, candidate solutions must be created (typically by CAD systems) and objective function(s)
and constraints may involve assorted software tools. The accuracy of these tools drives to a large extent the quality of the results.
FS-Optimizer is a generic optimization toolkit for simple set-up of tailored applications, combining a
selection of arbitrary analysis programs (needed for objective functions and constraints), applying a
variety of methods for designs space exploration and formal optimization. Constraints can be included
and monitored during the optimization. The program has a graphical interface and can also be run in
batch mode for time consuming numerical computations on main frame computers. The program can
run in unlimited threading mode to make full use of parallel computing environments like HPC (high
performance computing) clusters. Advanced users may incorporate own algorithms to control the
optimization while still taking advantage of the file and directory handling provided by FS-Optimizer.
4. Application
4.1. Test case
Based on its extensive experience for containerships, Germanischer Lloyd created the test case GENCON (generic containership), Fig.1, Table I. While not actually built, the hull is representative for a
typical large containership used between Europe and the Far East, featuring relatively high speed,
slender lines with large transom stern and large flare. Similar ships were built in large series in the
past decade, when the fuel prices were still very low compared to the present level. Several ship owners reacted to the drastic rise in fuel prices by “slow steaming”, reducing typical design speeds of 25
knots to typical operating speed of 18 knots.
The bulbous bow represents a state-of-the-art shape obtained by conventional simulation-based design.
This approach involves typically the evaluation of 5 to 10 variants only. Experienced experts may
study flow details of base design to derive recommendation of how to change the design to create new
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candidate solutions. It is thus rather an expert guided search, but the approach has been often described (erroneously) as optimisation.
Table I: Main dimensions
Length Lpp
Width Bmax
Draft T
Displacement
Design speed Vd
Operating speed Vs

320.00 m
42.80 m
13.50 m
118000 t
25 kn
18 kn

Fig.1: GENCON geometry
4.2. Parametric model
The idea of this project was to investigate the potential savings by refitting a bulbous bow. Therefore
the parametric model for this task was focused on the bulbous bow region only and maintained the
section shape at the forward perpendicular. In addition, a tangency condition was maintained between
the forebody and the bulbous bow. Although in principle possible, maintaining curvature continuity
(at the transition between forebody and bulbous bow) was not considered as important for this study.

Fig.2: Parametric shift functions for modification of the baseline bulb geometry and optimization setup
within the FS-Optimizer
Instead of implementing a completely new geometry for the exemplary state of this study a partial
parametric model was implemented. Such models rely on a baseline geometry definition which is
modified by means of various shift and scaling functions, Fig.2. Table II lists in more detail the variations which where available for the optimizer to vary. Altogether this added up to 11 free variables
defining the available shape variations.
As an alternative approach, as redesign option, a fully parametric model of the whole forebody was
employed. This model features some 100 design parameters of which about 40 where selected as free
variables for a more rigorous approach; details of this model shall be omitted for this paper.
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xShiftZ

xShiftX
yModifier

Table II: Parametric bulb modifiers
a vertical shift of the bulb sections to allow the bulbous bow tip to be lowered
or raised with respect to the baseline bulb. As the bulb geometry at the FP
could not be changed this shift was fading out when approaching the FP. The
displacement at the tip, the initial change rate as well as the as the grade of
decrease where used as free variables.
A longitudinal shift of the bulb sections to allow elongation or shortening of
the bulbous bow. Similar parameters as for the vertical shift have been made
available to the optimizer.
In order to allow for changes in beam a scaling function has been used which,
again, gradually decreases when approaching the forward perpendicular to
match the unaltered hull shape. Further a vertical variation of this scaling was
implemented to allow for vertical shifts of the displacement distribution

4.3. Optimization of bulbous bow only (refit option)
For the design task at hand an initial design space exploration was undertaken where the design space
was sampled by a low discrepancy sequence to subsequently increase the density of samples while
avoiding gridlines and clustering. We usually apply a Sobol algorithm for this task. Utilizing the full
power of a 512 node HPC cluster, some 20000 designs were created and analyzed for the discussed
study. Based on the results of the exploration study a selection of favourite shapes was identified and
used as starting points for subsequent deterministic optimization.

Fig.3 Original and modified bow in flow analysis; global wave pattern with original hull on
lower half and optimised hull on top half (left) and bow detail (right)
Fig.4 depicts a pareto plot giving the performance of the bulbous bow variations at the two operating
conditions selected for this study. The blue circle denotes the baseline design, while the green circle
and green triangle point out two selected candidates. There is generally a very strong relation for the
performance at these two speeds. However, there are a significant number of designs which seem to
outperform the baseline design in both cases. A gain of more than 2% seems feasible for the slow
steaming speed, and even more than 1% seem feasible for improvement on the design speed. Not
surprisingly, the potential for improvement at the slow speed is higher than for the design speed, as
this scenario was probably not considered at all when the initial design was studied.
Fig.5 shows the trade-off between displacement and resistance. The baseline design is marked again
using the blue circle. The plot shows that generally bulbs with lower displacement are more favourable for the slow steaming speed, i.e. a similar impact on the wave pattern can be achieved by a
smaller bulb which has also less frictional drag.
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Fig.4: Performance of design variations on 18kn and 25.2 kn

Fig.5: Trade-off between displacement changes of the bulbous bow and the resistance
Fig.6 shows a history plot when using a deterministic search strategy to find the optimum bow configuration. The deterministic approach is less costly in terms of resources; however, since the evaluations must be performed sequentially, the overall turnaround time may be larger. Furthermore, a deterministic approach will usually be limited to find a local minimum, while the design space (especially for large sets of free variables) is very likely to be multimodal. Thus, an initial design space
exploration is generally recommended.
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Fig.6: Optimization history of a deterministic strategy
4.4. Optimization of forebody (redesign option)
To obtain some feeling for the overall potential for improvement of the lines, the optimization strategy discussed above was applied to a parametric model of the whole forebody. This approach is not
feasible for a refit. But it is interesting to see the potential for a new design.

Fig.7: Wave pattern for base design (lower half) and optimized design (upper half) for 18 knots (left)
and 25 knots (right)
Fig.8 shows the corresponding pareto plot for the exploration series which included shape variations
to the full forebody: Small dots denote all designs created; the slightly larger green diamonds indicate
which designs could conform the required design constraints. Here hydrostatic stability and displacement volume were constrained to be at least as high as in the base design.
As expected, a significant larger variation in performance is possible. Considering the performance at
the two speeds as objective functions, the dashed line sketches the pareto front. This immediately
highlights the importance to consider a wider selection of speeds in the design process, as the best
performing design on the slow steaming speed is very bad at the higher speed. In the upper left corner
valid and very good designs for the design speed can be found which perform poorly for slow speeds.
The current design can be significantly improved for both speeds when working on the full forebody.
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Fig.8: Pareto plot for a full forebody modification
5. Economic evaluation of refit option
We assumed the following basic data for an economic evaluation of a refit, based on interviews with
ship operators and repair shipyards:
−
−
−

−
−
−
−

300 days at sea per year; the residual time is spent in port or in maintenance/repair docks
350 $/t heavy fuel oil; in 2008, prices dropped within a month from 600 $/t to 350 $/t; prices
are expected to rise again by mid-2009.
Conversion cost of 350000 € (corresponding to $ 450000) including the fees for determining
such an optimal hull and verifying the result in a model basin, excluding opportunity cost due
to dock time. The assumption is that the conversion is made during a regular dock stay which
is scheduled typically every 5 years for major inspection and repairs.
0.177 kg/kWh specific fuel consumption of the engine in slow steaming. This value was chosen based on manufacturer specifications and measurements for similar containerships.
40% engine power used in slow steaming
2.5% obtained fuel savings by refit of bulbous bow
Payback time calculated without consideration of interest rates; attractive payback times are
so short that the error in neglecting normal interest rates is small compared to the uncertainty
margins in the other assumptions.

The yearly fuel cost for the main engine amounts then to roughly $ 12 million. This leads to a payback time of 1.5 years. The fuel price of August 2008 (600 $/t) would lead correspondingly to a payback time of 10 months. Savings of only 1.5% due to a bulbous bow refit (e.g. due a larger constraints
on the bow shape and pessimistic assumption for the numerical error in the procedure) and fuel price
of 350 $/t would lead to 2.5 years payback time. The refit option appears thus attractive enough to be
seriously considered for large containerships.
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6. Conclusion
Parametric design optimization is a good tool for hull shape optimization. All relevant operating conditions should be considered in the design loop to ensure a robust design. Although the hull considered in this study was already very good for the design sailing condition, significant improvements (45%) were found when considering a full forebody modification (redesign option).
For the refit option (with very restricted hull modifications), significantly improved hulls for slower
speed were found. These designs slightly outperform the base configuration at design speed and can
thus be recommended as refit option without spoiling the design performance.
Even at currently low fuel prices, global optimization appears attractive and will become even more
so as fuel prices increase.
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Abstract
The main focus of this paper is on the motion planning problem for an under-actuated, submerged,
Omni-directional autonomous vehicle. Underactuation is extremely important to consider in ocean
research and exploration. Battery failure, actuator malfunction and electronic shorts are a few
reasons that may cause the vehicle to lose direct control of one or more degrees-of-freedom.
Underactuation is also critical to understand when designing vehicles for specific tasks, such as
torpedo-shaped vehicles. An under-actuated vehicle is less controllable, and hence, the motion
planning problem is more difficult. Here, we present techniques based on geometric control to
provide solutions to the under-actuated motion planning problem for a submerged underwater
vehicle. Our results are validated with experiments.
1. Introduction
The motion planning problem for AUVs is a widely studied research area with interesting problems
that are approachable from a variety of different fields. For example, general modeling and control for
underwater vehicles can be found in Fossen (1994) or Sagatun (1992). Motion planning, steering
algorithms and tracking control can be found in Frazzoli et al. (2002), McIsaac and Otrowski (2001)
and Yoerger and Slotine (1985), respectively. Research on under-actuated underwater vehicles can be
found in Leonard (1994,1995).
The research presented in this paper addresses the scenario of an Autonomous Underwater Vehicle
(AUV) that malfunctions for one reason or another; battery failure, an actuator quits or electronics
short out. Any of these three problems can lead to one or more actuators unable to function normally,
if at all. Depending on the number and arrangement of the actuators, in the event that one or more
actuators stop working, the vehicle can lose direct control in one or more degrees-of-freedom (DOF).
Once we do not have direct control on all six DOF, we consider the vehicle to be under-actuated. In
this scenario, the motion planning problem is much more difficult. Only partial answers can be found
in the literature and usually only for oversimplified models. Our purpose is to fill this gap. By the use
of geometric control theory, we bring some answers to this particular motion planning problem for a
realistic model including external forces.
The motivation for our work is twofold. First, the equations of motion for a submerged rigid body
present a very rich platform with which to study the motion planning problem for under-actuated,
simple mechanical systems by use of a kinematic reduction in the presence of external forces
(dissipative and restoring). Secondly, the existence of a test-bed AUV, owned and maintained by the
Autonomous System Laboratory (ASL) (the ASL is part of the College of Engineering at the
University of Hawai`i at Manoa) offers the possibility to implement our theory and to perform
experimental validation. The designed trajectories provide new perspectives for ocean exploration
utilizing under-actuated AUVs that move in six DOF.
An under-actuated system can be classified as a system with n degrees of freedom and $m$ actuators,
where m<n. It is critical to understand that, in this situation, constraints are imposed on the set of
admissible accelerations for the vehicle. These dynamic constraints cannot be translated to constraints
on the state space (configuration + velocities). This a priori prevents the development of a kinematic
path planning algorithm (only on the configuration space) for a vehicle in an under-actuated
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condition. As explained below, it is possible to overcome this difficulty.
In this paper, we focus on the experimental work that has been conducted with the test bed vehicle
owned by ASL, the Omni-Directional Intelligent Navigator (ODIN). We omit the lengthy discussions
involving the complex mathematics necessary to our approach. The basic idea behind the mathematics
is to use kinematic controllability to design feasible trajectories for our under-actuated vehicle.
Kinematic controllability was initially introduced in Bullo and Lynch (2001) for simple, controlled
mechanical systems with no external forces. A system that is kinematically controllable has the
property that motion planning can be reduced to the concatenation of trajectories obtained on a
kinematic system. These trajectories are then appropriately reparameterized with respect to time, and
an inverse-kinematic procedure is applied to calculate the control strategy for the dynamic system.
The main idea of kinematic controllability that is used in our calculations is to decouple the trajectory
into arcs that begin and end in zero velocity states. These arcs are actually obtained from the integral
curves of vector fields that are defined on the configuration space only (not the entire state space).
The motion planning problem is significantly reduced, as the dimension of the system is cut in half.
To apply these techniques to the guidance and control of AUVs, we had to extend the existing theory
to account for external forces such as dissipation forces and moments due to viscous drag and
restoring or potential forces and moments due to gravity and buoyancy. For the later, we use an adhoc method related to the features our test-bed vehicle, as there is still a need for a systematic
generalization of the theory in this area. Regarding the dissipative forces and moments, due to their
assumed quadratic dependence with respect to the velocities, we were able to introduce a modification
to the existing theory, which incorporates viscous drag into the general theory of our trajectory
planning algorithms. The reader interested in the theoretical aspects of our research is invited to
consult Bullo and Lewis (2004), Chyba et al. (2009) and Smith et al. (2008a, 2008b, 2009). In the next
section, we describe the challenges faced when implementing our theoretical control strategies onto
ODIN.
2. Experimental Work
2.1. Test-bed Vehicle and Facilities

The test-bed vehicle used for our experiment is the Omni-Directional Intelligent Navigator
(ODIN), developed in 1991 by the ASL. This vehicle has been designed to test many
essential features related to AUV research and operation, such as vehicle design optimization,
thruster’s layout, sensor arrays, sensor fusion and motion algorithms. ODIN can be seen
operating in the pool in Fig.1 and opened up in the laboratory in Fig.2.

Fig.1: ODIN operating at the pool
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Fig.2: ODIN in the lab
As seen in these figures, ODIN's main body is a 0.64 m diameter sphere made of anodized aluminium
(AL 6061-T6). Eight Tecnadyne brushless thrusters are attached to the sphere via four fabricated
mounts, each holding two thrusters. These thrusters are evenly distributed around the sphere with four
oriented vertically and four oriented horizontally. This design provides instantaneous and unbiased
motion in all six DOF, contrary to the more usually seen torpedo-shaped vehicles. Unique to ODIN's
construction is the control from an eight dimensional thrust to move in six degrees-of-freedom. To
calculate the six-dimensional thrust resulting from the eight-dimensional thrust (from the thrusters), or
vice-versa, we need to apply a linear transformation. We omit the details of this transformation here,
but refer the interested reader to Smith (2008a) or Chyba (2008c).
Fully assembled, ODIN's mass is 123.8 kg and she is positively buoyant by 1.3 N. ODIN is depth
rated for 100 meters. The numerical values of additional various parameters used for modelling ODIN
can be found in Smith (2008a) or Chyba (2008c). These values were derived from estimations and
experiments performed on ODIN. The added mass and drag terms were estimated from formulas
found in Allmendinger (1990) and Imlay (1961). Moments of inertia were calculated using
experiments outlined in Bhattacharyya (1978). We used inclining experiments to locate CG, which we
take as the center of our body-fixed reference frame (i.e., CG=OB). Due to the symmetry of the
vehicle, the center of buoyancy CB, is assumed to be the center of the spherical body of ODIN. The
location of CB is measured from CG, and is 7mm above.
ODIN's internal CPU is a 800 MHz Intel based processor running on a PC104+ form factor with two
external I/O boards providing A/D and D/A operations. The software is divided into two components.
The first component is based on a real time extension to the Windows 2000 operating system, which
provides ODIN real time autonomous control. The second component runs on the remote laptop and
allows the operator to upload autonomous mission profiles to ODIN on the fly during testing, as well
as monitor ODIN in real time during such missions. The communication from ODIN to the remote
laptop is via a RS232c serial protocol. Other major internal components include a pressure sensor,
inertial measurement unit, leakage sensor, heat sensor and 24 batteries (20 for the thrusters and four
for the CPU). ODIN is able to compute and communicate real time, yaw, pitch, roll, and depth and
can run autonomously for up to five hours from either a tethered or fully-autonomous mode.
ODIN does not have real time sensors to detect horizontal (x-y) position. Instead, experiments are
videotaped from a platform 10m above the water's surface, giving us a near nadir view of ODIN's
movements. Videos are saved and horizontal position data are post-processed for later analysis. A
real-time system utilizing sonar was available on ODIN, but was abandoned for two main reasons.
First, the sonar created too much noise in the diving well and led to inaccuracies. More significantly,
in the implementation of our control strategies, ODIN is often required to achieve large (>15º) list
angles which render the sonars useless for horizontal position. Many alternative solutions were
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attempted and video provided a cost-effective solution which produced accurate results. We are able
to determine ODIN's relative position in the testing pool to ±10cm.
Along with the tests to determine hydrodynamic parameters, we also tested the thrusters. Each
thruster has a unique voltage input to power output relationship. This relationship is highly nonlinear
and is approximated using a piecewise linear function which we refer to as our thruster model. More
information regarding the thruster modelling can be found in Smith (2008a).
For the experiments presented in this paper, ODIN was operated from a tethered configuration, but the
tether was only used to send commands to be run in autonomous mode. This setup allows for
multiple tests to be conducted without removing ODIN from the water to upload mission sorties, and
allows for ODIN to be immediately shut down in the event of an emergency.

The experiments presented in this study were all conducted in the diving well at the Duke
Kahanamoku Aquatic Complex at the University of Hawai`i. This facility is 25× 25 m by five meters
deep, and provides a constant and controlled environment for our experiments. A picture of the entire
Duke Kahanamoku Aquatic Complex is shown in Fig.3. The diving well is the far pool seen in the
photo.

Fig.3: Duke Kahanamoku Aquatic Complex at the University of Hawaii

Fig.4: Duke Kahanamoku Aquatic Complex diving well
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A close up of the diving well with appropriate dimensions, geographical orientation, ambient current
and ODIN, as seen from the 10m diving platform, is presented in Fig.4. Note that this is only a
representative image.
The water temperature in the pool is a consistent 28º C, and the density of the water is taken to be 997
kg/m³. The only other environmental factor to consider is a small current created by the circulation
pumps. Many drifter tests were performed at multiple depths in and around the testing area. The pools
current travels in a direction from west to east at an average rate of 0.016 m/s. The effect of this
environmental disturbance is considered to be negligible.
3. Designing Implementable Trajectories
To understand our point of view in the design of implementable trajectories, it is important to note
that we do not use any sensor feedback to correct the applied controls during the trajectory. Contrary
to automatic or closed-loop control, such as adaptive or PID techniques which are model free, we
create a model based control strategy and implement it in open-loop. The reader might be surprised by
such a choice, as it is well known that uncertain disturbances play a major role in the guidance and
control of underwater vehicles in an ocean environment. Our reasons and motivations for
implementing open loop strategies stem from the following. First, our experiments are test trials to
validate the mathematical theory as well as our model for the equations of motion of ODIN. Secondly,
the ability to successfully implement our trajectories onto a test-bed vehicle in a stable environment,
such as the pool, will drastically reduce the complexity of implementation when we migrate the
experiments to the open ocean. From a practical point of view, the trajectories calculated using the
techniques presented here will eventually play the role of the desired trajectories to track using well
known feedback or adaptive techniques. We elaborate on this point in the forthcoming section on
future work.
One consequence of working with an open-loop scheme is that continuous control, as a function of
time, such as the ones generated by our geometric technique, cannot be readily implemented. Indeed,
it would require a massive amount of data storage on the vehicle's on-board computer. Moreover, we
also must consider the refresh rate of the actuator controller, the voltage to thrust relation used for the
thrusters, and making an effort to keep the thrusters operating in a steady state to reduce their transient
output response. Based on these considerations and our experimentation, it is clear that a piece-wise
constant control strategy is best suited for implementation. Note that we must also link each piecewise constant thrust via a linear junction since it is impossible for a physical actuator to change
outputs instantaneously.
In summary, to test our strategies on ODIN, we must adapt the continuous control into piece-wise
constant (PWC) controls. To do this, we consider the work which is required to perform a desired
motion, and ensure that equivalent work is being done by both the continuous and PWC controls. We
can compute the work done over a given time interval by integrating the control strategy. Thus, by
appropriately choosing when the actuator switches outputs, we can design a PWC control from a
given continuous control, and the work done on the system is equivalent. This method is explained in
detail in Smith (2008a).
Another aspect of the implementation that we need to address is the initialization procedure at the
beginning of each trajectory. In order to begin with a stable, submerged vehicle, we implement a
closed-loop initialization dive. This positions the vehicle at the origin of the trajectory and stabilizes
depth, roll, pitch and yaw using ODIN's on-board PID controller. The depth is chosen to fully
submerge the vehicle, reduce free surface effects and allow for substantial distance from the bottom of
the pool.
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4. Results
In this section, we examine two mission scenarios for an under-actuated ODIN. Based on the layout
of the thrusters, the two under-actuated scenarios we examine are the loss of all four horizontally
oriented thrusters and the loss of all four vertically oriented thrusters. Both of these scenarios may
seem quite restrictive and a bit extreme; however based on ODIN's circuitry, safety factors and
possibly conservation of energy along a trajectory, both of these under-actuated scenarios are quite
probable. In an effort to heighten interest, we provide a practical application for each of the two
scenarios presented. This application is just one example of path planning and implementation for an
under-actuated AUV.
As previously mentioned, we will omit the details of the construction and calculation of the trajectory
and dynamic control strategy to be implemented. In the following sections, we present only the PWC
control scheme along with experimental results. For the interested reader, a detailed description of the
calculations involved to produce the control strategies presented is contained in Smith (2008a).
4.1. Vertical Thrusters Only
Suppose ODIN starts at rest at the origin and that we would like ODIN to realize a pure surge
displacement finishing the motion at rest, except we assume that ODIN does not have the use of the
horizontally-mounted thrusters. Thus, ODIN only has the use of the vertically-mounted thrusters, and
has direct control only upon roll, pitch and heave. Is it possible to reach the final configuration
(a,0,0,0,0,0), for an any real number, in the proposed under-actuated condition? By Proposition 4.1 of
Smith (2008), we can conclude that ODIN is kinematically controllable, and hence, the answer to the
question is yes; any configuration is reachable from any other via kinematic motions. A formal proof
of this fact is contained in Chyba et al. (2009). The motivation for this mission is to demonstrate the
ability of ODIN to realize a displacement in an under-actuated scenario in a DOF upon which ODIN
does not have direct control. Next, we discuss one way to accomplish this displacement and present
the associated control strategy that was calculated by use of the geometric theory.
For this example, let us choose a=1.25 m. Since the pure heave motion is directly controllable, and
ODIN is positively buoyant, it is clear that reaching the final configuration ( 1.25, 0, b,0, 0, 0 ), for b a
real number, will prove that ODIN can realize the prescribed surge displacement. One way to reach
the desired configuration is to pitch the vehicle an angle α and hold this pitch angle while applying a
body-pure heave (i.e., apply a control along the z axis of the body-fixed reference frame) until the
vehicle realizes the 1.25 m displacement with regard to the inertial reference frame. The value of b
depends upon the pitch angle α. For this experiment, we choose α=30º, which corresponds to b=2.165
m, and thus the final configuration (1.25,0,2.165,0,0,0).
If we want ODIN to realize a surge displacement greater than 1.25 m, we may concatenate the
trajectory described above with one using the negative of the prescribed pitch angle and body-pure
heave control to create a V-shaped path. This would have ODIN realize a 2.5 m displacement.
Concatenating more V-shaped motions will allow ODIN to realize a greater surge displacement. On
the other hand, we could successively implement the trajectory given here followed by a pure heave
motion of 2.165 m. This would create a sawtooth-type trajectory. The distance of 1.25 m is arbitrarily
chosen and depends upon the pitch angle prescribed and the length of the body-pure heave motion.
Altering each of these parameters, we can create different surge displacements.
We give the PWC controls in Table I for the under-actuated case that ODIN only uses verticallyoriented thrusters. The control strategy is presented as a six-dimensional thrust, i.e., σ¹,σ²,σ³ are forces
along the axes of the body-fixed reference frame and σ4,σ5,σ6are moments about these axes. This is
different than the eight-dimensional control strategy which gives a thrust strategy for each of ODIN's
eight thrusters.
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Table I: PWC control structure
Time (s)
0
0.9
4.513
5.413
6.8
7.7
13.273
14.173
16.6
17.5

Applied Thrust (6-dim.) (N)
(0,0,0,0,0,0)
(0,0,1.006,0,5.392,0)
(0,0,1.006,0,5.392,0)
(0,0,1.006,0,5.392,0)
(0,0,1.006,0,5.392,0)
(0,0,31.166,0,4.2553,0)
(0,0,31.166,0,4.2553,0)
(0,0,-23.431,0,4.2553,0)
(0,0,-23.431,0,4.2553,0)
(0,0,0,0,0,0)

The implementation of this control strategy is presented in Fig.5. Here, the first column of three
graphs presents the actual control forces and moments (in N and N m, resp.) applied by ODIN during
the experiment. Note that no control was applied in the body-pure surge direction, as there was no use
of the horizontally mounted thrusters. The following two columns of graphs display the evolution of
ODIN in each of the six DOF with respect to the inertial reference frame. The solid (blue) line denotes
the actual evolution of the vehicle and the dot dash (red) line denotes the theoretical prediction of the
evolution. In this study, the theoretical evolution is computed by simulating ODINs motion with our
numerical model using the actual control forces and moments that were applied during the
experiment.
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Fig.5: Evolution of the control strategy
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In Fig.5, the pitch evolution has an overshoot at the beginning. This is probably a result of the initial
start-up friction within the thrusters, which is not necessarily the same for each experiment. Consider
the x evolution. Here, ODIN actually exceeds the prescribed surge displacement. Applying a pitch
moment induces a force in the surge component of the inertial reference frame. Since ODIN is underactuated, she cannot apply a counteracting force. Thus, the evolution overshoots the prescribed
distance. However, we did show that achieving the motion is possible in the under-actuated situation.
One concern with the experimental implementation of these strategies is that the pitch angle did not
stabilize until midway through the body-pure heave segment of the trajectory. Other control methods
to ensure accuracy in realizing the prescribed list angles are studied in Smith (2008a).
Additionally, in Fig.5, we notice a slight roll angle throughout the trajectory. Since the center of
buoyancy CB and center of gravity CG of ODIN are located close to each other, such slight instabilities
are expected and generally are a result from an imbalance between the physical actuators. The
theoretical evolution of yaw diverges from the actual evolution after the initial 5 seconds. For the
transformation from a six-dimensional control strategy to an eight-dimensional control strategy, the
null space is nonzero. Thus, a small, constant thrust may have been recorded for the yaw component,
even though the thrusters were not on. This results in a deviation of the theoretical yaw, as well as
sway, evolutions.
4.1. Vertical Thrusters Only
Now, let us assume that we are in the opposite scenario as presented in the previous section; we only
have the use of the horizontal thrusters. Such an under-actuated situation only allows direct control on
surge, sway and yaw. In other words, ODIN's motion is restricted to a horizontal plane. One reason to
consider such a situation is energy conservation during long transects. If ODIN were neutrally
buoyant, she would only need the horizontally-oriented thrusters to reach a prescribed location. Or, in
the event of an emergency, could traverse along the ocean surface to reach a rendezvous point.
Rather than presenting a random planar path for ODIN to traverse, we consider a practical planar
problem instead. A practical application for an AUV in this is to survey the cables or legs of an
offshore platform. The vehicle would be equipped again with a forward facing camera to collect video
of the supports and rigging. In this case, we will imagine a submerged vertical cylinder with a onemeter radius to be examined. We would like to design a trajectory which keeps the camera facing
along a line normal to the surface of the cylinder to give the best view of the entire beam. One way to
achieve this goal is to design a spiral trajectory around the cylinder. Depending on the vehicle, this
may be a difficult motion to construct. To this end, we present an alternate solution.

Fig.6: Trajectory around a cylinder for mission six
Maintaining a view normal to a curved surface can be accomplished by following a straight line while
simultaneously yawing. The distance from the object may vary, however this motion is much easier to
design than the spiral.
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For our example, we suppose that the center of the vehicle is positioned 1.25 m from the surface of
the pre-described cylinder. The initial position and orientation is depicted in Fig.6 along with the
proposed path and ending configuration.
The basic idea is to first rotate 45º, by applying a control in yaw, to face the cylinder, then follow the
integral curves of a vector field combining sway and yaw motions to effectively move in a straight
line while rotating to maintain a head-on view of the cylinder. We remark here that at the end of this
trajectory, the vehicle is in the appropriate position to begin another leg of the survey. After four
applications of this control, the vehicle will have traversed around the cylinder via a square trajectory
while keeping the camera view normal to the cylinder's surface. The PWC control structure for the
cylinder examination mission is given in Table II.
During the implementation of this control strategy, ODIN was adjusted to be neutrally buoyant by
adding external weights. The closed-loop initialization was run to start ODIN at a depth of 1.5 m
before the mission started. The results from the implementation are presented in Fig.7.
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Table II: PWC control structure.
Time (s)
0
0.9
3.301
4.201
4.8
5.7
7.137
8.037
15.186
15.7
16.086
16.6
17.5

Applied Thrust (6-dim.) (N)
(0,0,0,0,0,0)
(0,0,0,0,0,0.7)
(0,0,0,0,0,0.7)
(0,0,0,0,0,-0.36)
(0,0,0,0,0,-0.36)
(11.084,13.698,0,0,0,-0.34)
(11.084,13.698,0,0,0,-0.34)
(11.084,13.698,0,0,0,-1.242)
(11.084,13.698,0,0,0,-1.242)
(11.084,13.698,0,0,0,-1.242)
(11.084,-0.66,0,0,0,-1.242)
(11.084,-0.66,0,0,0,-1.242)
(0,0,0,0,0,0)

5. Comments and Future Work
The excellent correlation between theoretical predictions and experimental results displayed above
come from the fact that we work in a controlled environment with a negligible current. Many
experimental trials have helped us model the pool environment and limit the uncertainties during our
experiments. This is certainly not true in the open ocean. To migrate from the pool to the ocean,
significant adjustments are necessary. An AUV cannot operate in the ocean in an open-loop mode, the
magnitude of the poorly known disturbance forces and moments is too large to be neglected, and we
would expect to observe large errors between theoretical predictions and experimental results. One
reasonable approach is to use our trajectories as the desired theoretical prediction and to implement a
robust, feedback trajectory-tracking controller that can compensate for the external disturbances.
Initial steps in this direction can be found in Singh et al. (2009) and Sanyal and Chyba (2009). Once
the theory contained in these references becomes well developed and proven, we plan to implement
the hybrid control scheme in the pool. Here, we will begin with simple disturbances such as a
deviation in the initial state of the vehicle. Through our experiments, we have observed that a source
of error, seen in the graphs displayed in the previous section, come from an initial offset in
configuration, usually in yaw. Implementing a hybrid controller as described above will require
upgrades to ODIN, as real-time feedback in all six DOF is necessary and not currently available.
Eventually, ocean trials will follow.
A natural question arises regarding the applicability of our techniques to multiple types of underwater
vehicles. First, the theoretical aspect, namely the geometric control portion, is independent of the
choice of the vehicle. The geometric theory is solely based on the fact the underwater vehicle is an
example of a simple mechanical system, and this is the case for any underwater vehicle. To generalize
our work to an alternate vehicle design, we need only make slight modifications. Assuming that the
vehicle has three planes of symmetry, which is common for AUVs, the basic foundations and
formulations do not change. The physical attributes need to be altered, such as mass, inertia and added
mass terms; this corresponds to the generation of a new kinetic energy metric for the kinematic
reduction. Viscous drag coefficients need to be estimated, and the locations of the center of buoyancy
and center of gravity need to be calculated to appropriately account for the restorative forces. Aside
from the obvious physical properties, the major difference is the change in the input control vector
fields, since these are the basis to determine the kinematic motions. This change is simply expressing
the location and output of the actuators of the vehicle in question in the geometric formulation. In
Smith (2008a), the reader can find two examples that generalize the techniques presented here to other
vehicles.
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Ship 3D Model and Design Database Reuse
for Warship Operation and Maintenance Purposes
Carlos V. Malheiros Santos, Brazilian Navy, Rio de Janeiro/Brazil, malheiros@cpn.mar.mil.br
Abstract
Much work is put in 3D product data models in ship design. The data is essential for design and
production, but rarely used beyond the production stage. For warships, the problem is aggravated by
the high cost of generating the 3d PDM and the usual small series of ship built. However,
maintenance and operation of warships requires frequently data stored already in the PDM. The
paper proposes an approach to reuse the design and production PDM for operation and maintenance.
The reference design presented in this work is a Landing Craft Unit (LCU) in which database and 3D
model were built from the FORAN System.
1. Introduction
Design database reuse can be a very profitable measure to be adopted by ship owners and ship
constructors involved in ship operation and maintenance.
The management of the ship lifecycle frequently demands use of basic information related to different
stages of her design. It is very common that existing databases be reused only as reference for new
similar designs or for recovering fabrication data to be applied to scale of production. Such practice is
not efficient and represents waste of time and money considering the requirements of ship
management during her whole life.
This paper provides a discussion about the implementation of a customized Product Lifecycle
Management (PLM) solution from a commercial Design-for-Production solution (FORAN System).
The following topics are going to be discussed:
1.
2.
3.
4.
5.

Introduction
From Design For Production to the PLM concept
PLM concept and the Integrated Logistic Support Analysis
Visual interface for database access
Conclusion

2. From Design for Production to the PLM concept
2.1. Design for Production (DFP)
The traditional Design for Production (DFP) solution only takes into account aspects of design and
manufacturing. DFP systems are supposed to be able of gathering ship owner requirements, creating
and analyzing different ship configurations and, at the end, defining manufacturing operations.
2.1.1. Design for Production Legacy
Much information uses to be inserted in a DFP system. The information management of ship design
uses to be performed according to engineering disciplines as Naval Architecture, Hull Structures,
Outfitting devices and Electricity.
To each and every engineering discipline, standards and regulations use to be stored into tables in
order to drive systems and hull structure design.
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Fig.1: FORAN SYSTEM – Typical Interface for Data Input Related to Hull Structure Standards

Fig.2: FORAN SYSTEM – Typical Interface for Data Input Related to Outfitting and Piping

Fig.3: FORAN SYSTEM – Typical Interface for Data Input Related to Electricity
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At the rate the ship design goes into more detailed phases, ship systems start to be defined. Hull
structure, pieces of equipment and furniture, piping, ducts and cables routes take 3d shape and pass to
integrate the electronic 3d Product Data Model (3d PDM).

Fig.4: FORAN SYSTEM – 3d PDM and Associated Design Data
2.1.2. DFP Solution – Typical Output information
In one DFP system, at the rate you have finished and revised the 3d PDM, you can usually get
assembly and fabrication drawings and numeric control (NC) codes for interfacing plasma cutting
plate and piping bending machines.

Fig.5: FORAN SYSTEM – Typical Assembly Drawing
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Fig. 6: FORAN SYSTEM – Plate Cutting Optimization and Plasma Cutting Machine Interface
2.1.3. DFP System – Limitations
Despite the engineering team is allowed to insert much design information into the FORAN system,
little extra non-related information on design and manufacturing can be inserted or even recovered
from the system.
As it should be expected, from a DFP system, the data output reports and database information
associated to the 3d PDM components are very restrict to design and manufacturing purposes with
limited applications in future stages of the ship lifecycle.
2.2. Product (Ship) Lifecycle Management (PLM)
Product Lifecycle Management (PLM) is defined as the activity of managing a company’s products
across the complete lifecycle, from the early stages of conception to the final disposal or recycling of
the product, Stark (2004).
The product lifecycle management concept takes Design for Production solution to the next level
adding new functionalities and putting more value into the original design database. PLM concept
extends DFP concerns on managing related design and manufacturing data to the next stages in the
ship life cycle. The next stages of ship life cycle would be support (operation and maintenance) and
ultimate disposal.
2.2.1. Requirements applied to PLM for Naval Applications
Considering a PLM solution focused on naval applications the requirements would be all those
applied to the Design for Production systems plus the interface with issues on ship support (operation
and maintenance) and disposal.

PLM
DFP
Design

Production

Operation and maintenance

Fig.7: Ship Lifecycle
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Disposal

2.2.2. PLM from DFP Legacy
The DFP legacy consists on design data stored into tables organized in a database. In the studied case,
FORAN system uses Oracle database. Despite Oracle database is very robust, it brings up some
inconvenience due to the fact of being a little complicated to be managed by beginners.
In order to simplify the database management it is proposed to create a link between Oracle and MS
Access databases by means of ODBC Data Source.

Fig. 8: ODBC Data Source Configuration and MSAccess Database Creation
From this point we are capable of visualizing in a MS Access database all design data inserted from
FORAN modules and stored in the Oracle database. Once the link is activated, all changes in the
FORAN database are immediately perceived in the associated MS Access database.

Fig.9: FORAN View Tables Accessed from MSACCESS
PLM concept is introduced from the moment new tables are inserted into the original design database
and relationships are established among FORAN original tables and the new ones. The resulting
database could be called as Ship Lifecycle Support Database.
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Inserted Tables

Original FORAN Tables

Ship Lifecycle Support Database

Original FORAN Tables

Inserted Tables

Fig.10: Relationship between FORAN and inserted tables
2.2.3. Links to/from Other Engineering Systems
Depending upon the desired control level on ship lifecycle management, different type of relevant
engineering information can be associated. Once the information is added to the original database,
several links can be established with other engineering systems delivering or gathering technical
information to/from them.
There are several possible links to be established with other engineering systems from the ship
lifecycle support database. Commercial engineering packages applied to systems analysis based upon
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reliability, maintainability and availability can be feed from output data got from the mentioned ship
lifecycle support database. At the same way, other custom engineering systems can provide relevant
information to be stored and associated with the lifecycle database for future analysis and decision.
One practical example of input data from other engineering systems is the information associated with
predictive maintenance based upon noise and vibration monitoring. Such predictive maintenance
practice is very effective in order to assure ship operational requirements during ship lifecycle.
Measurements on equipments related to self-noise and auto-excited vibration levels aim to verify selfnoise and auto-excited vibration levels and to compare them with standardized threshold levels.
Concerning predictive maintenance based upon noise and vibration monitoring, Navies use to keep a
complete database related to all equipments installed onboard of the fleet. In the case of Brazilian
Navy the system used is called SAVERA. Such system has been developed by own Navy resources.

Fig.11: The System SAVERA
3. PLM concept and the Integrated Logistic Support Analysis
“Integrated logistics support (ILS) is a multi-functional technical management discipline associated
with the design, development, test, production, fielding, sustainment, and modification of products
that achieve user readiness requirements. The principal objectives of ILS are to ensure support
considerations are an integral part of product design requirements, the product can be cost effectively
supported through its lifecycle, and the infrastructure elements necessary to initial fielding and
operational support are identified, developed and acquired.” (FAA - Federal Aviation Administration)

Lifecycle Costing

Maintenance
Planning

Training/training
support

Support and test
Equipment

Integrated Logistic
Support

Reliability,
Maintainability
and
Availability

Technical
Documentation

Design Interface

Computer
resources support
Packaging, handling,
shipping and transportation

Facilities
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According to The Dictionary of Military and Associated Terms (US Department of Defense 2005) “Logistic Support Analysis consists on management and technical process through which
supportability and logistic support considerations are integrated into the design and taken into account
throughout the life cycle of systems/equipment and by which all elements of logistic support are
planned, acquired, tested, and provided in a timely and cost-effective manner.”
The last and longest phase of ship lifecycle is the operation stage. In order to assure regular operation
cycles and even design life extension is mandatory to perform a maintenance policy based upon
reliability, maintainability and availability. The lifecycle management focused on maintenance and
performance improvement can be considered as the bridge between PLM and the ILS.
In order to perform lifecycle management focused on maintenance and performance improvement is
mandatory the creation and association of special tables containing information on some
supportability metrics, such as: Mean Time To Repair (MTTR), Mean Time Between Maintenance
Actions, direct man-hours/running hours, operational readiness, Mean Time Between Failures
(MTBF), Maximum Corrective Maintenance Time and lifecycle cost considerations.
The US Department of Defense has proposed a standardized system with the purpose of facilitating
the integration of all logistic data. Such system is known as LSAR (Logistic Support Analysis
Record) and consists on a relational database with standardized tables ruled by MIL-STD-1388-2B.
4. Visual Interface for the Proposed Naval PLM Solution
One relevant factor related to the success of implementation of a new system is how much user
friendly seems to be its interface. Despite being functional a system shall promote easy access to the
database, both at inserting and at recovering information.
Database access performed only by means of forms and queries can be boring and very complicate.
People are supposed to have previous deep knowledge on the ship systems and their related
equipments.
At providing a 3d interface with walk-through capability, it is expected to promote easy access to the
database even for those who are not expert at ship systems. Since FORAN system has been
considered the reference system in this paper, the most suitable FORAN module seems to be the
module VISUAL 3d.
Although the module VISUAL 3d promotes the possibility of performing 3d walk-through navigation
exploring the whole ship 3d model, it presents the inconvenience of working on an image of the ship
3d model at some moment. Such information uses to be stored into a typical p3d file that only can be
recovered using the module VISUAL 3d. In addition to the graphic information the p3d file is capable
of storing some database related information associated with each object. The typical database related
information basically consists on object related information such zone, system and user ID. Currently
is not possible to recover information that can be used as a direct link between 3d model and database.
In order to establish a link between ship 3d model and database, the proposed solution is based upon
complementing the original related information of each object by its database identification. Each
object in the 3d model has a unique database identification called Object IDentification (OID). From
its OID, the object can be accessed and several relationships can be created among database tables.
The process of inserting OID identification associated with each component in the 3d model can be
done automatically since there is available database information concerning the association between
general object information and its OID.
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Fig.12: 3d interface from module Visual 3d
The final result of the combination of the 3d Product Data Model and LSAR relational database is
what we call Interactive Electronic Technical Manual (IETM).
5. Conclusion
The process of virtually defining a ship captures and produces records of huge potential value both to
ship-owners and ship-operators, including original system specifications, classification documents,
equipment attributes and machinery arrangements. Such data put together with repair records,
technical documents, and maintenance and operations records, is a powerful tool. All the information
integrated in a Ship lifecycle Support Database optimize operational and maintenance processes of the
ship early in the design.
The real gain of keeping and re-using the design database information throughout the ship lifecycle is
tremendous. The implementation of such solution offers shipbuilders an excellent opportunity to
extend their current business by offering ship-owners and ship operators well-defined data for use in
ongoing operations.
This paper provided a discussion about the implementation of a customized Product Lifecycle
Management (PLM) solution from a commercial Design for Production solution (FORAN System)
showing a practical application on a Military Landing Craft Unit.
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Abstract
The paper discusses automated rules and rule-based systems in shipbuilding. The focus lies on
modifications of building methods during a building process and the impact of the modifications on
the manufactured parts and the welding information. A rule-based system allows a shipyard to embed
knowledge from many sources, resulting in benefits like reduction in modelling time, reduction in
errors, and improved consistency. It makes it easier to simulate changes before the final decision and
when modifications are necessary the model will be updated automatically according to the new
situation.
1. History
Odense Steel Shipyard Ltd. (OSS) is among the leading shipbuilders in the world and is known for its
high quality, its advanced technology, its highly automation processes in shipbuilding, and for paying
attention to the environment. OSS has also a long record in automation of the welding process and
participation in the development of new generation software for ship design.
The high degree of automation has been improved by developing and customizing shipbuilding
CAD/CAM systems during the design phase, by developing programs for different production systems
such as input for cutting-machines and welding processes.
OSS has almost 25 years of experience in the usage of robots for arc welding in the block assembly
area. In the middle of the 1980s OSS introduced the first welding robots with simple macro based
systems. After a few years multiple robots were installed on gantries and offline programmed to weld
fillets joints on block assemblies. The software became more and more advanced. Simulation and
automatic collision avoidance was implemented and the latest implementation was the robot line for
hatch coaming production, Jacobsen (2005).
OSS has been using Hicadec P as CAD/CAM system for outfitting design and Hicadec H for steel
design since 1988. They were both 2D programs using Unix Operating system, but in time only
Hicadec H was developed in a Windows version. A big disadvantage was that they were operating on
two separate databases. It was difficult for the designers to detect errors and interferences and evaluate
impacts from design changes. Therefore OSS decided to participate in the development of a new
CAD/CAM system - SmartMarine 3D - together with Intergraph Corporation and three world class
shipbuilders. The system has been evaluated in several pilot projects on varying ship types and since
2005 all the outfitting has been designed with SmartMarine 3D. Regarding the steel structure the
solution has been finalized during 2007 and applied in production during 2008.
2. Rule-based ship design
During generations unique know-how and capabilities have been written in manuals and best practices
have been passed from worker to worker – or it got lost. Today the increased turnover, outsourcing
and, in general, the need to improve working operations and output quality drove the implementation
of the last generation, rule-based system, Polini (2005). Today’s know-how, manuals and standards
are contained in rules and this ability to capture knowledge from various sources and combine it to
drive the design is one of the key advantages of rule-based design, Cochran (2007).
Rule based ship design means:
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•
•
•
•

ease of modelling
ease of model modifications
intelligence is included in rules
rules are driving detailing and manufacturing (i.e. correct bevels, chamfers, slots, and end
cuts (ready for production) are chosen and placed automatically. In the following we will look
specifically on bevels and chamfers).

A modern CAD/CAM system is required to give much information. The information forms basis of
many design decisions and is also giving the output to the production. The information must be 100%
reliable and when modifications are necessary they should be done quickly and the work to be done
manually afterwards should be reduced. Consistency must be guaranteed and the risk of errors
minimized. The rule-based design system proves its value when it comes to add flexibility in the
production and maintaining the tight schedule since it becomes more and more necessary to rapidly fit
to different methods applied in different workshops of the same shipyard, or to subcontract the work to
other shipyards with different facilities.
2.1. Input to the rules
2.1.1. Planning
OSS constructs ships block by block and these blocks are assembled in a dry dock. OSS is using
SmartMarine 3D Planning task as a necessary and an efficient method to accomplish the design and
production processes. One of the main reasons is that the design and production processes are
performed in geographically different places and OSS has also a number of active shipbuilding
projects going on in parallel.
Planning methods are applied already at an early stage of the design work. The basic ship model is
split into the main production blocks and it determines the top level of the assembly tree. Afterwards
the detailed planning of the assembly process is defined. The creation of the assembly tree hierarchy is
made with both manual and automatic methods. The parts are automatically assigned to the
corresponding top level assembly (Block Assignment in SmartMarine 3D).
OSS rules are using Planning information to make more accurate decisions during detailing. OSS
physical connections are intelligent and all welds are placed automatically and with 90% of the
parameters already correct. Welds are calculated based on the actual planning information and
whenever the planning information is modified, rules update automatically and physical connections
and chamfers are recomputed.
2.1.2. Assembly Connection
Logical Connections are created throughout the early design stage when the user creates the model.
They capture the basic connectivity information between the objects. In the detailed stage, this
information is used to automatically drive the creation of assembly connections, Polini and Casteljau
(2005).
The Assembly Connection rule is the mastermind of all the rules. It analyses the type of relationship
between two objects. The assembly connection code is getting information from planning and starts
additional rules to decide what child features are needed in each case, Jacobsen (2005). Information is
pushed to relevant sub-rules driving the logic at lower levels. For instance the Workcenter set in
planning is used in the assembly connection rule and pushed to the chamfer rule and physical
connection rule.
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Fig.1: Logical connection, assembly connection
and planning joint

Fig.2: Physical connection geometry

2.2. Output from the rules
Planning joints can be created on the basis of the physical connection in the assembly. The output is at
least two planning joints for each physical connection depending on the weld type and position. As
soon as the model has been detailed planning joints can be created.
These planning joints can be assigned to assemblies, sequenced, associated with a specific welding
equipment at a specific workcenter. Planning joints can be split in order to allow them to be made at
different times in the assembly process. For fitting purpose you may want to leave 150 mm unwelded
until block assembly. The default placement of the planning joints is the assembly where the joining
parts come together. The planner can move the planning joint to a higher-level assembly in order to
postpone the welding task until the orientation of the assembly is favourable in terms of welding
access and weld position.
Planning joints support the ability to export geometry and data for work content estimation based on
data such as weld position, weld length, weld size, accessibility and weld shape. Based on the
assembly orientation the inclination and rotation of the planning joint are calculated and these values
determine the weld position and thereby the production cost based on the definitions in Fig.3.

Fig.3: Weld position rule
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3. Potential benefits of weld reports
Increased competition between shipyards worldwide leads to cost saving methods for production.
Designers need to know how the costs are affected while all relevant rules are satisfied. Cost per
weight leads to very light structures of expensive materials resulting in very small stiffener spacing.
But this results in many structural parts and increased length of the weld runs, Kuutti and Uppala
(2005). Currently purchase and weight are available parameters but with the weld report OSS got a
tool to compare purchase prices and weld costs as well.
The thousands of connections between objects form an even larger amount of physical connections.
There are more than 700 km welding lines in the world’s largest container ship and that makes them
an important cost parameter. Having the knowledge of all weld lines gives a big potential for saving
man-hours/money and job planning.
Planning joints contain important data for the weld reporting. Weld information such as length,
orientation, workcenter etc. gives us a cost price for a specific block/assembly listed in a weld report.
Gathering and standardizing the shipyard’s knowledge results in the ability to see patterns in decisionmaking. In return awareness of repetitive patterns can help to automate the design process, Jacobsen
(2005).
Before the ship is split into blocks and sub-blocks many consequences are considered. Each
workshop’s capability including crane capacity concerning physical conditions as well as the
workflow’s physical conditions are considered. The choice of building method is based on economic,
ergonomics, scaffolding and not least safety and based on the building method the best assembly
sequence is found.
The SmartMarine 3D model consists of all the various parts, their mutual relationships and the
capability of each workshop. Modifications that affect the conditions of the parts can be considered by
analyzing reports. Advantages by knowing all the mentioned data early are
• increased degree of preoutfitting of assemblies
• improved maturity leading to high accuracy in load capacity and fewer last minute corrections
• improved planning basis
• early input to design for optimizing production
Various solutions can be simulated in the model and hence result in an optimized building method or
bottleneck problems can be avoided by moving assemblies from one workcenter to another.
4. Design rules process
4.1. Parametric selection
Design rules work through an interaction between spreadsheets, symbols and Visual Basic code, Fig.4.
The spreadsheet contains all types of standards that are yard specific. The VB-rules are the intelligence
that chooses the different standards considering all relevant situations. The symbols give the visual
picture in the model according to the chosen standard from the spreadsheet. Each feature has its own
set of spreadsheet, symbols and VB code. Plate chamfer is shown as an example, Fig.5. Fig.6 shows
example of intelligent VB-code where the correct chamfer standard (from the spreadsheet) is chosen.
Fig.7 shows code where the different result of ButtWeld types in above scenario is reached. Fig.8
shows example of Symbol in Symbol2D. The specific symbol connected to the standard in the
spreadsheet is visualized in the model when the rule has chosen which chamfer should be used in the
given situation.
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Fig.4: Interaction between spreadsheets, Fig.5: Example of chamfer standards
symbols and VB – all contained in the catalog
Weld Equipment set in Planning
Select Case sSided 'ButtCategory = OneSided/TwoSided
Case gsOneSided, "Undefined" ' "Nothing"
Select Case sWorkCenter
Case gsFc10, gsFc40, "Undefined"
If dThickness > 0.0012 And dThickness <= 0.0122 Then
sBevelType = "BI1"
ElseIf dThickness > 0.0122 And dThickness <= 0.0302 Then
sBevelType = "BY1"
ElseIf dThickness > 0.0302 Then
sBevelType = "BI99"
End If
Case gsManual, gsRobot, gsMachine, gsGravityWeld
Select Case sWorkCenter
Case gsFc20, gsFc25, "Undefined"
If (sFirstWeldingSide = gsMolded Or sFirstWeldingSide = gsAntiMolded) Then
If dThickness > 0.0012 And dThickness <= 0.0302 Then
sBevelType = "BV1
ElseIf dThickness > 0.0302 Then
sBevelType = "BV2"

Fig.7: Example of selection of right bevel type

Fig.6: Example of chamfer selection rule

Fig.8: Chamfer symbol

Fig.9: Assemblies to be modified
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5. Modification scenario
In the area of weld reporting the important input in planning are assembly orientation, workcenter and
weld equipment. Changes caused by for instance modifications of sub-supplier means that all relevant
assemblies should be reconsidered regarding assembly orientation, workcenter and weld equipment.
To illustrate how a rule-based design affects the ease of model modifications especially regarding
welds and bevels, we will describe a realistic scenario subsequently: Due to problems in production it
is decided to move a block from one Yard to another Yard. Furthermore the assembly orientation is
changed as the assembly where the two parts meet, is now welded from the opposite side and the
welding process is changed from OneSided to a Manual process because the new workshop does not
have the same equipment, Fig.9. By changing workcenter in relevant assemblies different rules might
apply and by changing assembly orientation the First Welding Side is affected.
5.1. Planning settings before modification
A hull model is split into many blocks and each block is split in many assemblies, Fig.10. Fig.11
shows one of the blocks. The assembly shown in Fig.11 (marked with a blue arrow) consists of ten
assemblies. In our modification scenario we will only focus on the two assemblies (marked red and
black) when considering the changes of welds and bevels, while the weld report treats the changes for
all ten assemblies (marked blue).

Fig.10: Hull model split in many blocks

Fig.11: Three assemblies in block highlighted

Fig.12: Property page for an assembly

Fig.13: Assembly orientation is up, in global
direction down
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Each assembly has its own properties concerning workcenter, welding equipment (method) and
assembly orientation. The assembly where the two assemblies first meet is having the attributes that
are pushed to the rules. The attributes before changes are: Workcenter is Fc10, WeldingEquipment is
OneSided and Assembly Orientation is 180º, 0º, 0º, Fig.12. The arrow in Fig.13 shows the assembly
orientation and tells which side is up when the parts are welded (first welding side).
5.2. Result of modification
The modifications in Planning drive the rule to pick another bevel type and another chamfer type,
based on the available equipment in the workshop where the parts now are to be assembled. The rules
compute the changes and automatically apply or modify features if necessary or verify that the
selections are still valid. We change two things at one time (workcenter and assembly orientation but
changing one of the inputs at a time will also affect the result. The rules make the right choice
according to the situation. Changes made manually are marked in grey. Other changes are due to the
automatic update of the rules. Simply by modifying some inputs in Planning the weld and chamfer
types are completely changed. The shown scenario increases the welding time by 78.8 hours.
Planning
Before change
Workcenter = Fc10
Weld Equipment = OneSided
Orientation X rotation = 180
Orientation Y rotation = 0
Orientation Z rotation = 0
Global direction is Down

After change
Workcenter = Fc20
Weld Equipment = Manual
Orientation X rotation = 0
Orientation Y rotation = 0
Orientation Z rotation = 0
Global direction is up

Assembly connection
Before change
FirstWeldingSide = AntiMold
FirstWeldingSide_GlobalDir = Low
ButtWeldType = BI1

After change
FirstWeldingSide = Molded
FirstWeldingSide_GlobalDir = Up
ButtWeldType = BV1

Chamfer
Before change
A SingleSidedBase chamfer is placed.

After change
A SingleSidedBaseHoz chamfer is placed.

Physical connection
Before change
Bevel Type: BI1

After change
Bevel Type: BV1

15°
Nose

Bevel Angle = 90°

426

Bevel Angle = 15°

15°

Planning joint
Before change
Weld Position = Overhead
Inclination = 0.0 deg.
Rotation = 0.0 deg.
Edge Prep = I
Equipment = OneSidedP10

After change
Weld Position = Flat
Inclination = 0.0 deg.
Rotation = 180.0 deg.
Edge Prep = V
Equipment = ManualP10

Weld report
Before change
Weld Report

After change
Weld Report

Weld
Length

Weld
Time

Weld
Length

Weld
Time

TeeWelds
Vertical
Flat (automatic)
Horizontal
Overhead

0m
17.5 m
0m
0m

0h
0.5 h
0h
0h

TeeWelds
Vertical
Flat (automatic)
Horizontal
Overhead

0m
0m
0m
17.5 m

0h
0h
0h
7.3 h

PlateButtwelds
Vertical
Horizontal
Overhead
Flat (Onesided)

0m
0m
0m
100.3 m

0h
0h
0h
16.7 h

PlateButtwelds
Vertical
Horizontal
Overhead
Flat (Manual)

0m
0m
0m
100.3 m

0h
0h
0h
88.6 h

5.3 m
0m
0m
1.0 m

9.5 h
0h
0h
1.4 h

ProfileButtwelds
Vertical
Horizontal
Overhead
Flat

5.3 m
0m
1.0 m
0m

9.5 h
0h
1.5 h
0h

124.1 m

28.0 h

Total Welding

124.1 m

106.9 h

ProfileButtwelds
Vertical
Horizontal
Overhead
Flat
Total Welding

Fig.14: Weld lines affected by changed scenario
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6. Conclusion
The advantages of rule-based design in the area of weld lines are numerous. Real-time consequences
and calculations of early design changes and decisions save money and time and in the end it will give
a higher quality of the product. Also embedding the shipyard’s knowledge, standards and best practice
in a standardized design process reduce mistakes and rework and it also speeds up the design stage. It
is very accurate and time-saving because the user does not have to consult various manuals or standard
books to be able to make the right decisions concerning a specific bevel type etc, Jacobsen (2005).
The result given by the rule can be trusted and more: including the various workcenter capabilities in
the rules enable various reports to be run. Reports with information about the weld lines such as total
length of weld lines, weld lines per workshop, nature of welding process, cost per meter weld line, i.e.
all useful information in the process of planning workflow.
Automation reduces the design man-hours and it standardizes the design output products. Coupling
these factors with the ability to automatically re-compute the design based on the relationships
established during the design process enables the user to make the decision to incorporate a change
into an ongoing advanced design project with the confidence that the impacts from the change will be
processed in a controlled and consistent manner.
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Abstract
The paper discusses decision support tools (DST) and methodology for the early design phase of vessels with the energy efficiency of the entire fleet and ultimately the whole supply chain in mind. A
holistic approach looks at new vessels in a supply chain context before they are constructed. This way
we can measure the vessel’s environmental performance based on its intended use. Alternatively these
tools can be used to benchmark environmental performance on existing vessels.
1. Introduction
Different parts of a logistical system often have different stakeholders; it is therefore easy to take a
limited approach to environmental performance by focusing only on one particular part of the system.
This paper will introduce the foundation for a holistic and stepwise approach aimed at reducing the
risk of designing solutions in particular parts of the chain that hinder or reduce the environmental
performance of the chain in its entirety, and show examples from some tools currently being developed on how this is addressed.
The main focus will be on the maritime leg of the supply chain. The basic principle is that a bottomup approach in the assessment of a supply chain can help us avoid sub-optimal solutions if the individual system parts are analysed appropriately and put together in a consistent manner. Having said
that, we acknowledge the need for sub-optimal solutions for complex problems, a category that multimodal supply chains of a certain size most certainly belong to. The sheer problem size, complexity
and number of variables in such, including contracts, regulations, competitors, vehicle types, route
options, hub and port locations etc., will easily overwhelm even the most complex of tools. Add life
cycle costs to the equation and a near impossible task quickly becomes insurmountable.

Fig.1: Solutions that are good for particular transport modes may be sub-optimal for the entire chain
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For these reasons, it is customary (and certainly reasonable) to split the supply chains into more tractable problems. This typically implies separating the approach into operational, tactical and strategic
decisions, as well as decomposing the problem by handling different transport modes independently
of each other. The key lies in finding the balance between an all encompassing and a part-wise optimal approach and at the same time ensuring that important parameters from different parts of the
chain are considered when solving other sub-problems. Because this is based on an ongoing research
programme, some areas will be more delved into than others.
Fig.1 shows a tentative example from the DNV project MARLEN. Here, the total energy consumption
for the chain in alternative 2 decreased, even though the energy consumption of the deep sea transport
has increased. This is was a consequence of reduced feeder and road transport. For other chains the
opposite might hold true.
2. Problem delimitation, structuring and decomposition
As we started off mentioning, the problem of designing and operating supply chains may be extremely complex unless the problem is divided into more tractable sub-problems. Divisions like the
ones about to be suggested are common practice although the terminology used here may not necessarily be so. Using the information from select sub-problems into the others is far more difficult and
we will show how this can be done. Some of the sub-problems will be discussed only in brief as they
are currently outside the main focus of the development. We will however try to point out why these
areas are important or useful for the future development. The focus will be on the interaction between
these and our main field of expertise, namely the fleet assessment. The fleet assessment will be done
using the software tool Pre Contract Tool [PCT], Grimstad and Hagen (2008).

Fig.2 - General overview of the planning problem
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Fig.2 shows how a supply chain problem might be portrayed from the viewpoint of the planner. On
the tactical side, the problem is split up into a fleet assessment and a fleet routing problem. The strategic problems on the right hand side are divided into fleet design and scenario analyses. A clarification
of the distinctions between tactical and strategic planning follows.
2.1 Decision making levels
As in many other businesses, it is often customary to divide the decision levels in shipping according
to time horizon. This is very helpful to make logistical problems more manageable and we have chosen to include this dimension to help structure the problem.
The decision making levels usually include the operational level, where decisions typically span over
days or voyages. In the maritime industry examples of such include bunkering decisions, speed setting, deviations and weather routing. As the attentive reader might have noticed, the operational level
is not part of Fig.2. Although a very important decision making level, this is outside the main scope of
this paper and current work on PCT.
The second is the tactical level, represented in Fig.2 by the sub-problems on the left side. These decisions span over longer time periods, typically months or even years. Such decisions include fleet deployment planning, crew and maintenance scheduling etc. This paper focuses on the fleet deployment
planning problem and the consequences this has on the fleet assessment.
The strategic planning level, represented on the right hand side of Fig.2, includes decisions that typically span over several decades. An example is the decision to acquire a new vessel whose life often
spans over 25- 40 years. Fleet size and mix, trade design, which markets to enter, etc. are examples of
such strategic decisions. On the strategic level, the main focus will be on PCT’s usefulness as a decision support tool for vessel modifications and incremental fleet changes.
3 Solution Approach
In view of the previously discussed complexity, the problem of designing and operating supply chains
is extremely complex. This section will provide a detailed explanation on how the different subproblems are handled within PCT. We will also touch upon some of the sub-problems currently not
handled by PCT and point to how we envision such problems should be addressed in the future. Generally speaking, the aim is to try to give the overall perspective and show how they are meant to interact with the fleet assessment in PCT and not to go into great detail on the tools that are being used on
each sub-problem that are not part of the PCT.
3.1 Fleet assessment
As a consequence of the chosen focus, the most resources have been put in the fleet assessment part of
the overall logistics problem, represented by the blue area of Fig.2. To better understand how the fleet
assessment is performed, the following concepts are introduced.
Mission: A mission is the aggregate of all the different operations of a vessel. All vessels in a fleet
have their own mission or are part of a mission involving several vessels. The missions typically span
over the time period where the operations of a vessel are well defined.
Operating Profiles: The different operations that a vessel performs in its mission will be referred to as
operating profiles. The operating profile is closely linked to the purposes or value adding of the vessel. The purpose of a container vessel for example is to transport (containerised) goods and thus the
value added is the amount of container units transported or more specifically the TEU-km performed.
The value added is easy to calculate in the case of a transport vessels, but becomes increasingly com-
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plicated when dealing with vessels that add other values. Examples of such are offshore work boats
that do non-transport work and RoPax vessels that carry both vehicles and passengers.
States: States are the building stones of the operating profiles. The need for states arises through the
necessity to accurately portray and estimate the power need and corresponding fuel consumption at
each distinct operation mode. Fig.3 shows an example of how states, operating profiles and missions
relate. Fig.3 shows the mission and operating profiles for an offshore supply vessel that does two distinct operations, platform supply and standby/rescue services, simplified for the sake of this example.
Each operating profile consists of several states with its own MCR. The MCR or mean continuous
rating is the average engine payload. Based on this and knowledge about the engine type and the fuel
used, the emission is calculated. Setting the operating profiles can be done in several different ways
depending on the aim and information available.

Fig.3- Two operating profiles are aggregated to a mission
Operating profile types: The operating profiles we use in PCT have two distinct origins and serve two
different purposes. Standard operating profiles are based on industry averages or international standards made by the likes of IMO. These are particularly useful when assessing fleets or vessels over a
long and uncertain period of time, as well as vessel comparisons across international studies and investigations. Such operating profiles are also comparatively better for vessels that vary little in the
relation between installed propulsion power and size, as is the case for most transport vessel like container ships and tankers, than for vessels that have large such variations as in the case of offshore vessels.
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However, when trying to assess performance for specific vessels doing particular tasks, this approach
is often not very useful. This is due to the fact that basing the performance on for example an industry
average does not measure how the particular vessel performs a certain task, and will thus fail to reward vessels that perform above average. As an example the IMO Energy Efficiency Design Index
[IMO EEDI] that is currently under discussion may be brought to mind: According to IMO (2008), the
IMO EEDI calculates the environmental performance based on an MCR of 75% for all transport ships
regardless of what the actual payload is1. This is the same as creating an operating profile with only
one state and thus the inherit problems and advantages of standard operating profiles are the same.
Under particular circumstances one should opt for task specific operating profiles. This holds true
when vessels are compared for a specific task. The mission of the vessel is now based on operating
profiles from a task, or set of tasks, rather than a predefined average load as in the standard operating
profiles. The difference between standard and task-specific operating profiles can be further illustrated
through the following simple example.
Let us consider a container vessel that is part of a fleet serving a route from Asia to Europe. We wish
to find the environmental impact and estimate the operational costs of the vessel over a five-year period. This is calculated based on typical operating profiles for similar vessels in the same segment.
Here, choosing the standard operating profile as the basis made sense because of the information
available and the nature (time span) of the mission. Consider two vessel designs that both are alternatives for the task of running a certain trade. The requirements of the customer are such that the vessel
size and speed requirements are given. Based on engine, fuel, general vessel data and the trade itself,
PCT calculates the environmental impact and costs for the two trades. How hull parameters and engine and fuel types influence the total emission for a given mission is calculated in PCT.

Fig.4: Fleet Assessment
It would not have made sense to use standard operating profiles in this example because they would
have assumed that the ratio between installed and used power the same in both cases, thus penalising
the most efficient vessel. Fig.4 shows how the mission and the vessel relates to each other in PCT.
Based on this, the environmental impact and the cost assessment is performed.
Fleet assessment overview: The following gives an overview of the fleet input to PCT. Calculations
can either be based standard operating profiles, or if the necessary information is available, specific
missions. Fig.5 should give a rough idea on how the latter is performed.
1

The actual formula is somewhat more complicated than suggested, as it includes several compensation terms. It also still subject to change.
The reader is referred to IMO (2008) and other IMO documents for more information.
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1. Add new vessel
2. Set vessel parameters including:
-

engine with corresponding fuel type and SFOC(specific oil consumption)
design speed
cargo capacity (DWT, deck area, TEU, CEU etc.)
length, breadth, draft etc.
hull constants (optional)

3. Create a mission as a container for the operating profiles.
4.

Add operating profiles to the mission
a. Based on standard operating profiles.
b. Based on PCT calculated operating profiles for specific tasks.

5. Return to 1 if desired.
6. Run calculation
7. Evaluate cost and environmental impact

Fig.5: Calculating Mission based on task specific operating profiles
3.2 Fleet Routing
The fleet routing, also known as fleet scheduling or fleet deployment, is the tactical planning stage
where the vessels in a fleet are assigned to specific trades in the case of liner shipping or to particular
cargoes in the case of tramp shipping. Routing problems are not bound by a particular mode and can
therefore include other parts of the supply chain such as road transport. The fleet routing is therefore a
good stage to introduce interrelations between the different modes in the supply chain as this can in
some cases be included into the fleet routing problem. These problems are solved by the means of
mathematical optimisation. This is outside the scope of PCT, although the possibility of interfacing
PCT with commercial software that solves routing problems is currently being looked into for the case
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of tramp shipping. The idea is to use such software to find the operating profiles that PCT can use to
do the fleet assessment.2
3.3 Fleet design
The fleet design consists of deciding how the fleet should be composed, including number of vessels
and size and mix of the different vessels. Fleet design decisions are on the strategic level as the life
span of a vessel will typically be 25 – 40 years.3 Obviously, the fleet design decisions are not independent from the fleet routing in the previous section. This is particularly the case where an already
existing fleet has to be expanded or reduced. In this context the fleet design consists of adding or removing one or a few vessels. In PCT, the focus is on the incremental fleet design where one or a few
vessels are added or alterations to existing vessels are made, rather than the design from scratch problems that are more suited as optimisation models.
Fleet design optimisation: Here, fleet design optimising refers to situation where setting up mathematical models and solving them is needed. This would typically be the case when constructing a new
fleet from scratch or when the alterations to an existing fleet are too large to handle manually.4 Such
models might be interfaced with PCT in the future, but are currently outside the scope of PCT.
Incremental Fleet Design: The incremental fleet design is an important area for PCT. With incremental we here understand minor modifications to a vessel or fleet and include the following:
- Newbuildings. PCT can recalculate the environmental impact and cost of a fleet after having
added an extra vessel. However, the operating profile will in some cases have to be found using
optimisation tools. Important characteristics for newbuildings include fuel and engine type selection. What are the consequences of different fuel types? With PCT, alternative engine types can
be added to a vessel framework and the implications calculated. This includes new emissions, capacity alterations and capital and operational cost considerations. An example of an engine decision for a vessel is shown in chapter 3.4.
- Scrapping/sale. Under the current economic situation scrapping is more normal than ever. Excess capacity can be reduce by scrapping, which permanently reduces the capacity of the sector,
or by sale, which will most likely mean that a competitor will continue to operate the vessel, perhaps even in direct competition. Identifying the vessels that are most beneficial to scrap or sell
can be done based on PCTs fleet assessment.
- Cold/warm lay-up. Also as a result of the economic downturn, vessels are often laid-up either
warm or cold depending on the expected length of the lay-up.
- Chartering. Instead of acquiring newbuildings or scrapping vessels, the owner might decide to
use the spot market for capacity adjustments. The same applies to chartering as to the previous
two.
- Conversions / Enlargement / Elongations (jumboizing). It was for a while increasingly common
to increase capacity of vessels by making them longer to carry more cargo. Other structural
changes to vessels to accommodate new purposes are relevant when considering alternative options. It is therefore interesting to find out how a vessel enlargement alters the power requirements
of the vessel.
3.4 Scenario Analyses
2
The downside to optimisation based fleet routing is that large problems are notoriously hard to solve as they are NP-complete meaning
solution times grow exponentially with growing problem size. The computational hardness puts a limit on how much that can be included in
such models. A different challenge with such optimisation tools is that they very often are tailored to the particular model, making them
difficult to use on generic problems. For example, an optimisation tool made for tramp shipping will most likely not be applicable to liner
shipping problems. To get a deeper look into the complexity optimisation models, we recommend an interested reader to take a look at
Christiansen et al. (2007).
3
As is shown on a daily basis, shipping is however a business sector with almost no barriers, meaning that assets are extremely mobile (they
do often sail around the globe) and therefore in principle are for sale at any point in time. There is thus no strict or even implied relation
between the life time of a ship and the time that any given owner would wish to “own the steel”.
4
Fleet design optimisation models are constrained by much of the same aspects as the fleet routing models in the previous section. The
authors are currently unaware of any commercially available software tools for the maritime industry that handle these problems. However,
mathematical models that solve such problems exist and we will here limit ourselves to refer to Agarwal and Ergun (2008) and Alvarez
(2008).
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With scenario analyses we seek to quantify how alterations in external parameters affect how the fleet
should be composed and operated. In PCT there is currently the possibility to alter the following external parameters and thereby determine the sensitivity for the following parameters.
- Fuel cost. Alterations in fuel costs obviously have a big impact on the operational costs of the
vessel or fleet, and are an important factor to consider when making strategic decisions. This has
increasingly become an issue with the high volatility experienced in the fuel prices of lately.
- CO2 levy. It has been suggested to add a CO2 levy as high as 50 € per ton CO2 emitted. This
would have a big impact on total operational cost with the current fuel prices. A different alternative suggested is the “Cap and trade scheme” where ship-owners are assigned CO2 quota for use
or sale.
For the future the plan is to expand the scenario analyses to include:
- Demand changes. As it stands, a change in demand leads to a manual recalculation of the operating profiles of a vessel or fleet. In order to assess the robustness of a given fleet or vessel with respect to demand changes, PCT will have to make such incrementally.

Fig.6: LNG conversion costs and savings
An interesting use of the scenario analyses are in conjunction with the fleet design. Certain external
parameters make a given fleet design more viable than others. In Fig.6 an example from PCT is
shown where the annual equivalent cost (EAC) of the extra investment needed for an LNG engine
alternative compared to the status quo alternative of diesel electric propulsion and portrayed for three
different fuel price scenarios. The initiative will cost approximately 5 million USD giving an EAC of
0.5 million USD assuming a 20 year life span and 8% interest. This is represented by the green line in
Fig.6. The blue lines represent the annual savings with increasing vessel use measured in MDO consumption. The reason that the percent of savings increase with higher fuel price is that the relation
between MDO and LNG is not linear as the demand for LNG will typically go up less than the demand for oil. Obviously, the higher the fuel price the less the vessel has to be used annually to make
the investment worthwhile. With the current assumptions, the vessel would have to use at least 8000
tons MDO annually for the investment to be worthwhile (current MDO price is 450 USD/ ton).
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4. Example
In this chapter we will show some of the results that are achievable through PCT. Although the example is not overly complicated, it is well suited to give the reader an impression of the uses of PCT. An
offshore supply vessel is used for two distinct operations in the North Sea. The first is weekly platform supply duties from Bergen with roundtrips starting every Tuesday and Friday for 2/3 of the year.
The rest of the year, the vessel has to perform Standby / Rescue services for the same platform. To
simplify the case, we will only perform the environmental part of the fleet assessment. The main vessel parameters that the case is based on are given under in Table I.
Table I: Vessel characteristics
Deadweight
Length overall
Breadth
Draft

5000 t Design / max. speed
90 m Installed power
20 m Engine type
6m

12 / 15 knot
7200 kW
Diesel-electric

Using PCT and information on how a normal roundtrip is performed, we find the operating profiles
for the two distinct operations and the aggregate mission profile. Based on these we can calculate the
environmental impact for the mission of the vessel. It has also been suggested that the vessel could
increase the speed from 12 knots to 15 knots and be able to do part of the base to base transportation
that is currently performed between Stavanger and Bergen by trucks. Stavanger is the main base for
the Norwegian oil industry, and Bergen, the base for the distribution to platforms lying further north.
This road transport is indicated by the yellow arrow in Fig.7. The aim is to investigate whether the
alternative option is viable for a ship from an environmental perspective. The alternative loop is
shown in Fig.8. A new operating profile is calculated in PCT corresponding to the base to base transport for the vessel. This is coloured orange in Fig.8. Because the mission represented by Fig.7 has one
day of slack, and because the vessel has increased the speed from 12 to 15 knots, it is possible for the
vessel to maintain the same level of service to the platform in both cases. The problem boils down to
calculating whether the vessel can perform the base to base transport at a lower environmental cost
(here CO2) than the equivalent truck option.
Based on the mission profiles PCT performs the environmental assessment for the two alternatives.
The PCT results from the alternative with base-to-base transport is the green shaded area in Fig.9 and
corresponds to the right column in Fig.10. The left column corresponds to the baseline alternative.
As is expected, the alternative that includes base to base (right column in Figs.9 and 10) has a higher
CO2 emission for the vessel. This is because the vessel sails longer and at a higher speed. The red
area corresponds to the emission from the base to base transport. We see that the blue area corresponding to the platform supply has also increased for the base to base alternative, although the numbers of roundtrips in the two alternatives are the same. The reason for this is of course the increased
speed. In order to make the comparison valid, we have to compare the added CO2 with that produced
by the trucks doing the base to base transport in the base alternative. Trucks can carry cargo from
Stavanger to Bergen at 7 kg CO2 per ton. Fig.11 shows the amount of cargo in tons needed for the
two alternatives to be equivalent from a CO2 perspective. We see that we would need transport almost
2500 ton daily to prefer the alternative without trucks. The vessel has a capacity of 5000 deadweight
tons. However, the daily amount currently transported from Stavanger to Bergen is only 500 tons.
Under these circumstances, the lorry alternative is better. However, because the vessel only visits
Stavanger once per week, it should be investigated whether the cargo could be accumulated there for a
weekly instead of daily transport.
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Fig.7: Baseline operations

Fig.8: Vessel replaces part of the base-to-base transport done by truck

Fig.9: Environmental assessment excerpt from PCT
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Fig.10: Yearly ton CO2 produced by vessel. Chart from PCT
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Fig.11: Two alternatives including road transport.
5. Concluding Remarks
It is far from trivial to develop a software tool for decision support for entire supply chains that include maritime transport. The nature of the sub-problems and the decision levels that pertain to such a
chain make it logical to split the problem into more tractable divisions. We have described the general
concepts of evaluating the maritime leg of a supply chain and shown the parts of PCT that are suited
to help analyse them.
PCT focuses currently on the fleet assessment but has also made important progress in both the fleet
design and scenario analyses sub-problems. However, a lot of work still remains. This is particularly
true for situations where the size of the problem at hand implies the use of optimisation tools.
There are two aspects of the fleet assessment in PCT that we would like to emphasize. The first is the
ability to evaluate changes to the vessel and the mission concurrently. This enables us to not only
evaluate how changes in the mission affect the performance of the vessel, but also to evaluate how
alterations to the vessels or the use of a different vessel would affect the environmental impact and
costs of complying with a specific mission.
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The second is the ability to treat fleets as a collection of individual vessels, rather than a fleet consisting of average vessels. Even if the latter is sufficient for many purposes, treating a vessel as the average will sometimes penalise a vessel unjustly, and certainly does not motivate innovation.
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Abstract
In the context of quantitative risk assessments information about global collision effects, such as
depth of penetration or area of damage, is required for a large number of container vessels and
collision scenarios. With an energy method, collision effects can be computed numerically in an
effective manner, but this approach requires finite element models of the vessels involved. The
generation of these finite element models is a time consuming task. With the aim of finding a less
resource consuming approach that is capable of predicting the collision effects for scenarios where
no finite element models are available, artificial neural networks (ANN) have been trained with the
results of a small number of numerical computations. Our work focuses on how to find an optimal
ANN once the input and output parameters are chosen. To this end, the effect of scaling of input and
output parameters and the choice of network topology, i.e. the number of hidden layers and number of
neurons per hidden layer of the feed forward network, is investigated. Both the effect on convergence
(approximation of the training data) and the effect on accuracy (approximation of the test data) are
considered
1. Introduction
Calculating the damage sizes resulting from ship collisions in general is a very computationally
expensive process. Typical methods for this task include finite element simulations or simplified
software tools for the prediction of damage sizes, e.g. Scharrer (1996). For applications such as
probabilistic risk assessment, where damage calculations need to be performed for a large number of
collision scenarios, a faster method is required. Yet, a simplified calculation method is only suitable if
it provides sufficient accuracy to be able to predict (by classification) expected severities of collision
accidents and their frequencies. (Determination of the frequency of damage sizes is out of scope of
this paper; but it can be calculated, e.g. from fleet-at-risk data that is derived from ship and casualty
databases such as Lloyd’s Register Fairplay.)
So far, for the problem of damage prediction the dynamic relation between the typical input variables
(for instance, size, mass and velocities of striking and struck vessels) and output variables (such as
damage sizes for struck vessel) is not known. Hence, the usual methods like interpolation or least
square curve fitting cannot be recommended.
In this work the application of Artificial Neural Networks (ANNs) for the prediction of damage sizes
for collisions involving container vessel (as struck ship) is investigated.
A network is trained for the damage prediction of a 2800 TEU container vessel. With the aim of
improving the quality of the prediction the effects of several alterations of the network are
investigated, including the variation of network topologies, scaling of input and output variables, as
well as the application of different training methods. The quality of results of each manipulation is
judged in terms of accuracy (i.e. match of the predicted data with known values of the test data) and
plausibility (i.e. match of the predicted data with the physically expected behaviour) of the damage
prediction.
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2. Method of work
We used the approach of Ravn and Loer (2006). For a single struck ship (the 2800 TEU container
vessel “CV 2800” in Table I), the damage that results in various collision scenarios is calculated by
means of a tool for damage prediction by Scharrer (1996).
Table I: Particulars of the struck ship, container vessel CV 2800 with double hull
Length overall LOA
220.00 m
Length between perpendiculars L
210.00 m
Breadth
30.00 m
Draft
10.10 m
Height to uppermost deck
16.80 m
Design displacement
42,000 t
The collision scenarios differ with respect to dimensions and the loading conditions of striking ships
(four generic ship sizes, Table II), the angle of collision, and the velocity of the struck and striking
ships, Table III. Each of these scenarios was calculated for forty different collision energies.
Table II: Particulars of the striking ships (Generic vessels with a rigid bulbous bow)
Ship 1
Ship 2
Ship 3
Ship 4
Length overall LOA
120.00 m 150.00 m 180.00 m 210.00 m
Breadth
22.40 m
25.70 m
29.00 m
32.30 m
Draft
(ballast load)
4.50 m
5.50 m
6.50 m
7.50 m
(full load)
7.60 m
9.30 m
11.00 m
12.70 m
Forecastle Height
13.00 m
15.50 m
18.00 m
20.50 m
Displacement
(ballast load)
7,862.40 13,781.62 22,054.50 33,067.12
(full load)
13,278.72 23,303.47 37,323.00 55,993.66
Damage severity is judged in terms of penetration depth and areas of the upper and lower holes, Fig.1.
Neural networks of different topologies were trained to predict damage sizes in terms of these
parameters from the inputs “collision energy”, “displacement” and “collision angle”, Table IV.
Although the finite element-based collision computation provides a larger number of input and output
parameters (e.g. detailed hole dimensions), the input and output layer of the network have been
restricted to three variables each in order to allow for useful generalization. Collision angles of 30°,
60°, 90°, 120°, and 150° are distinguished. (An angle of 0° would denote an aft collision and an angle
of 180° would denote a head-on collision, but the damage calculations performed here focus on side
collisions).

a) 90° case, view from z-axis.
b) Illustration of damage
Fig.1: Illustration of damage as consequence of collision with bulbous bow vessel (not in scale)
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Case 1.0
Case 1.1
Case 1.2
Case 1.3
Case 1.4
Case 1.5
Cases 2.0-2.5.
Cases 3.0-4.5
Cases 5.0-6.5
Cases 7.0-8.5

Table III: List of collision cases
Description (striking ship)
120 m, ballast load, 90°, struck ship stationary
120 m, ballast load, 30° collision angle (~ rear),
struck ship has same velocity as striking ship
120 m, ballast load, 60° collision angle, struck ship has same velocity as striking ship
120 m, ballast load, 90° collision angle, struck ship has same velocity as striking ship
120 m, ballast load, 120° collision angle, struck ship has same velocity as striking
ship
120 m, ballast load, 150° collision angle (~ ahead), struck ship has same velocity as
striking ship
Same as 1.0-1.5, but striking ship is fully loaded
Same as 1.0-2.5, but 150[m] striking vessel
Same as 1.0-2.5, but 180[m] striking vessel
Same as 1.0-2.5, but 210[m] striking vessel

Table IV: Particulars of the struck ships, container vessels with double hull
Input parameters
Output parameters
Collision energy [kJ]
Penetration [m]
Displacement of the striking ship [t]
Area of upper damage [m2]
Collision Angle [deg]
Area of lower damage [m2]

collision energy [kN m]

The collision energy depends on the lengths, masses, and velocities of the striking and the struck ship,
on the angle of collision, and on the position of collision at the struck ship. The collision energy is
always smaller than the kinetic energy, as some kinetic energy is preserved if the ships still move after
the collision. Furthermore, the collision energy is reduced if the ship is not struck at the center of
gravity, as in this case some energy is transformed into rotation. In this work, as a worst case scenario,
we assume that the ship is struck at the center of gravity. Provided the struck ship is stationary, the
collision energy is at maximum if the ship is struck at right angle. If striking ship and struck ship
move at the same speed, the maximum of the collision energy is shifted towards more head-on
collisions. Fig.2 shows the relation between ship's speed and collision energy for various collision
angles for a particular striking ship.
Displacement = 23303.47 t, v_struck = v_striking
3.5e+06
30 deg
60 deg
3e+06
90 deg
120 deg
2.5e+06
150 deg
2e+06
1.5e+06
1e+06
500000
0
0

5

10

15

20

25

v [kn]

Fig.2: Relation between ship’s speed and collision energy for various collision angles
By application of the method described above, for vessel CV 2800 a total of 1920 collision cases was
created (resulting from damage calculations for 6 collision angles, 2 loading conditions, 4 ship sizes
and 40 collision energies) by the tool of Scharrer (1996). One third of this collision data is randomly
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selected and separated for test purposes while the remaining data is used for training of the networks.
The data sets for training and testing contain cases from all collision scenarios.
In the course of this work, several networks were developed, which for ease of reference are assigned
identifiers and which are characterised in Table V. For each network topology trainings were
performed until five networks with converging training runs were obtained. Each of these networks is
investigated separately.
Name
network-Ilin
network-Ilog
network-Icasc
1

Table V: Network identifiers
Description
A network (architecture1: 3-10-10-10-10-3); linear scaling of input and output
variables; trained by back propagation (re-implementation of the network by
Ravn and Loer (2006), using the FANN-library by Nissen (2005)
same topology, inputs and outputs as network-Ilin; logarithmic scaling of input
and output variables; trained for vessel CV 2800 using back propagation
inputs and outputs as network-Ilin; logarithmic scaling of input and output
variables; trained for vessel CV 2800 using cascade training

The architecture describes a feed-forward network with six layers; an input and output layer with three node
each, and four hidden layers with ten neurons each. This architecture was determined experimentally and is
found to produce the most stable results.

The smallest convergence criterion for which at least five such runs could be obtained was a mean
square error of 0.0018, defined as

MSE =

1
ni n j

∑  y
i, j

2

ij

− yijexact  ,


(1)

where i denotes the test case (hereafter called the “exact” value) and
j denotes the output neuron and y refers to the scaled output, i.e. some value between -0.9 and
0.9.
The quality of prediction results that were achieved by each network is judged in terms of accuracy
(i.e. match of the predicted data with known values of the test data) and plausibility (i.e. match of the
predicted data with the physically expected behaviour) of the damage prediction.
The accuracy is evaluated by means of test cases, where the desired result is known and which have
not been included in training data. For these test cases results are predicted by means of the ANN. The
list of results is sorted by the known (“exact”) value of one selected output. Finally the known value
and the ANN output are plotted in the same sheet, so that the difference can be observed.
For an initial judgement the data for all test scenarios is used to compute the mean error for each
output parameter, which is defined as



mean error j =  ∑ yi − yiexact  / ni ,
 i
j

(2)

where j denotes the output parameter and i the test case.
In a more detailed investigation the results of the prediction of the networks are investigated
separately for all collision scenarios involving vessels of a particular size.
Plausibility describes the match of the predicted result with the expected physical behaviour. For the
plausibility checks the trained network is applied to predict the damage for the struck vessel being hit
by four hypothetical vessels with a bulbous bow and displacements of 5000 t, 10000 t, 20000 t and
30000 t, which are not included in the set of vessels that were used for training of the network.
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3. Description of networks
Networks for the prediction of these output parameters were developed, and the effects of variable
scaling and different training strategies that were applied are investigated with respect to the quality of
the predicted results.
3.1. Initial network (network-Ilin): Linear scaling
Starting point of this work is an ANN which was developed by Ravn and Loer (2006) in the
SAFEDOR (2009) project for the purpose of predicting collision damages for vessel CV 2800. The
original work makes use of the Matlab® Neural Network Toolbox. In order to ensure that the
properties that are discovered in the results of Ravn and Loer (2006) are independent of the software
package, the analysis was reproduced by means of an independent implementation using open source
software. Following a review of the available possibilities it was opted to use the FANN (Fast
Artificial Neural Network) library by Nissen (2005).
The network, hereafter called network-Ilin, has a 3-10-10-10-3 architecture. It was trained by resilient
back propagation (RPROP), Riedmiller and Braun (1993). The range of the input variables (especially
for energy and displacement) is very large. Hence, a linear scaling was applied, using the following
map:

[

]

s : min ( xi , j ), max ( xi , j ) → [− 0.9,0.9]
i

i

(3)

which is defined by:
s( x) =

(4)

x − mj
dj

where
mj =

max ( xi , j ) + min ( xi , j )
i

i

2

, dj =

max ( xi , j ) − min ( xi , j )

(5)

i

i

2 ⋅ 0.9

xi , j denotes the value of the j-th input/output neuron and the i-th data set.
The output activation functions of the neural network map into the interval [-1, 1] (symmetric sigmoid
function).The value 0.9 has been chosen in order to allow for prediction of collisions where the output
parameters are slightly larger than those of the training data.

3.2. Training of the network with logarithmically scaled data (network.IIlog)
Due to the large range of the input data (energy and displacement) it can be argued that linear scaling
makes it difficult to distinguish small values during the classification. If visualization of the data asks
for logarithmic scale, it is argued that the logarithmic scaling should be applied for training. An
improved accuracy of the prediction is expected by reducing the range of the input and output
parameters during the training of the ANN.
A second network (termed network-Ilog) of the same architecture as network-Ilin was trained by
RPROP with the same input and output parameters, but using logarithmically scaled data. A scaling
function s was applied:

[

]

s : min ( xi , j ), max ( xi , j ) → [− 0.9,0.9]
i

i

(6)

which is defined as:
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s( x) =

ln( x + 1) − m j

(7)

dj

with
mj =

(

) (

),d

ln max ( xi , j ) + 1 + ln min ( xi , j ) + 1
i

2

i

j

=

(

) (

)

ln max ( xi , j ) + 1 − ln min ( xi , j ) + 1
i

i

(8)

2 ⋅ 0 .9

and xi,j denotes the value of the j-th input/output neuron and the i-th data set.

3.3. Training of a network by cascade training (network-Icasc)
Network-Ilin and network-Ilog, have a fixed topology (3-10-10-10-10-3) and were trained by the
RPROP algorithm. In a further step, it was investigated if a different architecture could be found,
which possibly yields improved results. For this purpose, cascade training, see Fahlmann and
Labiere (1991), was applied to create network-Icasc. Cascading training is an adaptive training method
where the network size is not fixed but can be gradually increased, when the current network cannot
reduce the error anymore. Because experience from the previous networks suggested that use of
logarithmically scales data yields improved quality of predictions, the training of this network was
performed on the logarithmically scaled data that was produced for the training of network-Ilog.

4. Discussion of results
Application of the three networks yields different quality of results. In an initial step, the results that
were obtained for the test cases are compared for all scenarios. In the following, first general results
are discussed. Then, by example of a representative vessel, the quality of the predictions is discussed
in more detail. Relative errors are computed by dividing the mean error by the average of the exact
result over the test data.

4.1. Training durations
The training runs of network-Ilin converged after 2.500 to 9.000 epochs, Fig.3a. (An epoch is a single
presentation of the entire set of training data to the network.) Accuracy plots for each of the three
output variables are shown in Fig.5a-c. The mean errors that are observed for network-Ilin for all
scenarios over five converging trainings are 0.75 m (= 13 %) with respect to penetration,
6.89 m2 (= 34 %) with respect to the area of the lower hole and 5.34 m2 (= 59 %) for the area of the
upper hole.

a) Convergence for network-Ilin b) Convergence for network-Ilog c) Convergence for network-Icasc
Fig.3: Convergence plots for five training runs per network (mean square error vs. epochs)
Training runs of network-Ilog converged after 1.500 to 4.000 epochs, Fig.3b. Accuracy plots of the
results obtained from this network for each of the output variables are shown in Figs.6a-c. The mean
errors that are observed for network-Ilog over all scenarios for five converging trainings are 0.7 m
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(= 12 %) with respect to penetration, 6.63 m2 (= 33 %) with respect to the area of the lower hole and
4.98 m2 (= 55 %) for the area of the upper hole.
The training runs of network-Icasc converged after 7.500 to 45.000 epochs, Fig.3c. Accuracy of the
network generated by cascade training is shown in Figs.7a-c. The mean errors that are observed for
network-Icasc over all scenarios for five converging trainings are 1.74 m (= 30 %) with respect to
penetration, 13.57 m2 (= 67 %) with respect to the area of the lower hole and 11.53 m2 (= 127 %) for
the area of the upper hole. These results are substantially worse compared to the networks with the
fixed topology which were trained with RPROP.

4.2. Plausibility
Parameter studies were performed for virtual striking vessels which are not included in test or training
data in order to judge whether the predicted results match the physical expectations. The results
produced by the network are evaluated with respect to the following dependencies:

•
•
•
•

Penetration as a function of collision angle and speed for struck ship at rest
Penetration as a function of collision angle and speed for struck ship travelling at same
velocity as striking ship
Penetration as a function of the displacement and speed
Combined damage area as a function of collision angle and speed

a) Displacement of 5,000 t

b) Displacement of 10,000 t

c) Displacement of 20,000 t
d) Displacement of 30,000 t
Fig.4: Penetration as a function of angle and speed for striking ships of different sizes
The expected result in all cases is a generally larger damage for collisions involving striking vessels
approaching with higher speed and with increasing displacement. Further, with an increasing collision
angle an increase of damage size and penetration depth up to some maximum is expected, followed by
a decrease when the angle approaches 180°. For scenarios where the struck ship is stationary, this
maximum is expected to be at 90°, while for scenarios where the struck vessel is travelling, the
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maximum is expected around 110° – which corresponds to approaching on forward on transversal
courses. For the networks trained by back propagation, these behaviours can be observed for the
majority of cases. Exceptions are cases that are calculated for the 5000 t striking ship, for which
substantial deviations could be observed. However, as this ship is not included in the range that is
covered by the training data, a sensible prediction could not be expected. Results that were obtained
from network-Icasc captured the expected tendencies, but were considerably more instable.
For illustration, plausibility plots for network-Ilog, e.g. for case “penetration as a function of collision
angle and speed (struck ship travelling at same velocity as striking ship)” are shown in Fig.4. In this
case, the penetration as a function of angle and speed is also well predicted for the striking ship with a
displacement of 5000 t. This is noteworthy, since this vessel size is not in the training data. This
behaviour is also observed for the penetration as a function of displacement and speed. For the 5000 t
ship calculations of the damage area as a function of collision angle and speed do not yield plausible
results.

4.3. General accuracy
The mean errors with respect to each output parameter were determined for each network, Table V.
Table V: Observed errors (mean deviation of output values) over five training runs of the networks
Mean of exact values for parameter
penetration
upper hole area
lower hole area
5.73 m
9.04 m2
20.37 m2
Mean errors observed for networks
network-Ilin
0.75 m (= 13 %*)
5.34 m2 (= 59 %)
6.89 m2
(= 34 %)
2
network-Ilog
0.70 m (= 12 %)
4.98 m
(= 55 %)
6.63 m2
(= 33 %)
network-Icasc
1.74 m (= 30 %)
11.53 m2 (= 127 %)
13.57 m2 (= 67 %)
*

Percentages denote deviations in relation to mean value of exact values for each parameter.

In an initial step, for each data item of the test set (i.e. over all ships for all collision scenarios) the
predicted values were plotted against the exact values for each output parameter, Figs.5 to 7. From
these plots and Table V it can be argued that:
1. For networks trained by back propagation, errors obtained from logarithmically-scaled data
are smaller than for linearly-scaled data.
2. Irrespective of which scaling method is applied, for networks trained by back propagation the
error is smaller than for cascade training.
3. Hence, for the investigated results the best results (i.e. the smallest errors) were obtained for
network-Ilog.
4. Irrespective of the training method, for each network the prediction for output parameter
penetration yields fewer errors than for the output parameters of damage areas.
5. Irrespective of the training method, for each network the prediction of the damage area of the
upper hole yields fewer and smaller absolute errors than for the damage area of the lower
hole. However, the relative errors for the upper hole become larger, because the average
damage area which is used for deriving the relative error is larger for the lower hole.
For an application of damage predictions in contexts such as risk assessment one must be certain that
these findings hold for all scenarios in the same way. For instance, the errors observed in the plots in
Figs.5 to 7 could originate from a particular ship size, or from a training bias towards a particular
input parameter. Hence, the analysis results were investigated in more detail by comparing predictions
for all scenarios involving a single ship in a particular loading condition. For illustration in this paper
ship 2 in loaded condition was selected, as the vessel dimensions represent the middle of the range of
input data. The results shown here are considered representative for the scenarios involving the other
vessels in the data set.
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a) Penetration
b) Area of the lower hole
c) Area of the upper hole
Fig.5: Accuracy plots (all striking ships and scenarios) for network-Ilin

a) Penetration
b) Area of the lower hole
c) Area of the upper hole
Fig.6: Accuracy plots (all striking ships and scenarios) for network-Ilog

a) Penetration
b) Area of the lower hole
c) Area of the upper hole
Fig.7: Accuracy plots (all striking ships and scenarios) for network-Icasc

4.4. Discussion of accuracy of network-Ilin
Data that was obtained by calculation of test cases with network-Ilin was filtered for scenarios that
relate to a single ship with a particular displacement. For ship 2 in loaded condition, this data is shown
in Fig.8. Lines between data items are introduced solely for the purpose of distinguishing scenarios.
Values for 90° collision angle denote two scenarios, one with a stationary struck ship and one with a
struck ship travelling at the same velocity as the striking ship. As currently the output data does not
permit distinguishing the two 90° scenarios, a discussion of values for scenarios involving the 90°
collision angle could not be performed and is subject to future investigations.
As reference, in Fig.8a by vertical lines the collision energies are indicated that respond to collisions
of two vessels, travelling at 25 knots each, at collision angles of 30°, 60°, 90°, 120° and 150°.
Collision energies increase up to a maximum at a collision angle of about 110°, corresponding to a
collision resulting from approaching on transversal courses. Except for the 30° scenarios, for the
collision angles in scope all calculated values lie below the collision energies that can be expected in
collisions of vessels travelling at 25 knots. Hence, in the remaining figures only the collision energy
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for the 30° case is indicated as reference.
Fig.8a for network-Ilin shows that, with respect to output variable “penetration”, for all collision angles
there is good correspondence between the exact values and the calculated values. Yet, values
calculated by the network can be considered optimistic, since for all angles the predicted penetration
is 1 m to 3 m lower than for the exact data.
With respect to output variable “area of the lower hole”, Fig.7 b, there is good correspondence
between exact and the predicted values for angles 30°, 60° and 150°. Except for the 60° scenario, the
calculated values are lower than the exact values. While typically differences between calculated and
exact values do not exceed 2 m2 to 5 m2, for a collision angle of 120° and collision energies beyond
150,000 kNm increasing deviations between 10 m2 and 60 m2 can be observed.
For the 30° collision angle, the calculated sizes of upper and lower holes unexpectedly decrease for
collision energies beyond 600,000 kNm. However, as the vessel velocity corresponding to these cases
is 51 knots, it is argued that such scenarios cannot be expected to occur in practice.
Values calculated for output variable “area of the upper hole”, Fig.8c correspond well to the exact
values for collision energies between 30,000 kNm and 300,000 kNm. Calculations for collision
energies below 30,000 kNm yield unrealistic values for collision angles of 30° (where a damage area
of at least 3 m2 is obtained) and 150° (where a negative damage area is obtained – such behaviour is
attributed to the fact that many of the training cases have small or zero damage area, so that training
might be biased towards small damage area).

4.5. Discussion of accuracy of network-Ilog
In calculations performed for the same scenario-set using network-Ilog, Fig.9a-c, with exception of
damage area of the upper hole for the 120° collision, the values calculated by the network are lower
than the exact values.
With respect to output variable “penetration”, Fig.9a, for all collision angles in general there is good
correspondence between the exact values and the calculated values. For a collision angle of 30° and
collision energies below 100,000 kNm the calculated penetration depth is higher than the exact value.
In this scenario for collision energies above 500,000 kNm the calculated values for all output
parameters deviate substantially from the exact values. As discussed for network-Ilin, velocities that
correspond to these cases are about 47 knots, and it is argued that such scenarios cannot be expected
to occur in practice. For a collision angle of 60° the penetrations calculated by the network are too
high by 1 m for collision energies below 8000 kNm, but there is a nearly-perfect match between
calculations and exact values for collision energies that exceed that value.
With respect to output variable “area of the lower hole”, Fig.9b, for the 30° collision scenario
network-Ilog calculates near-perfect matches for collision energies that correspond to velocities below
25 knots, but the error occurs and increases for higher energies. For the 60° collision angle an error of
up to 10 m2 increasingly develops for collision energies above 70,000 kNm. In a similar manner as
network-Ilin, the calculations of network-IIlog yield unexpected negative areas of damage for collision
energies below 30,000 kNm and an error which increases up to 50 m2 exists throughout the range of
energies. Values calculated for output variable “area of the upper hole”, Fig.9c, generally correspond
well to the exact values for collision energies below 70,000 kNm for collision angles of 30°, 60° and
150°. For higher energies, errors develop up to 10 m2 for the 60° angle and up to 12 m2 for the 120°
angle.
In summary, for networks trained by back propagation, the general plausibility and accuracy indicate
that the general error for network-Ilog is lower than for network-Ilin. However, this statement only
holds for collision energies up to 80,000 kNm. The larger the collision energy, the less a preference
towards one or the other network can be established.
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a) Penetration

a) Penetration

b) Area of the lower hole

b) Area of the lower hole

c) Area of the upper hole
Fig.8: Accuracy plots for network-Ilin
(scenarios for „ship 2 loaded“)

c) Area of the upper hole
Fig.9: Accuracy plots for network-Ilog
(scenarios for „ship 2 loaded“)

4.6. Discussion of accuracy of network-Icasc
With respect to output parameter “penetration”, Fig.10a, the calculations of network-Icasc deliver
results that are very similar to the results obtained by network-Ilog. For parameters of upper and lower
damage areas, compared with the networks trained by back propagation, the behaviour of the cascadetrained network is instable, Fig.10b and c. For collision angles of 30° and 120° the error is large
throughout the range of collision energies. For collision angles of 60° and 150° the error is smallest
for collision energies between 8000 kNm and 200,000 kNm.
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a) Penetration

b) Area of the lower hole

c) Area of the upper hole
Fig.10: Accuracy plots for network-Icasc (scenarios for „ship 2 loaded“)

5. Conclusions
In this paper the application of artificial neural networks for the prediction of damage sizes resulting
from collisions of bulbous bow ships with a 2,800 TEU container vessel was investigated. Effects
were reviewed for training a network with a 3-10-10-10-10-3 architecture by RPROP for linearly
scaled input and output data (network-Ilin) as well as for logarithmically scaled data (network-Ilog).
Additionally, results of these networks were compared to results of a network that was created by
cascade training (network-Icasc). The results of these investigations are utilised to judge whether the
investigated networks could be applied for damage predictions in the context of risk assessments.
For each network type, five networks were trained until convergence for a mean square error of
0.0018 was reached with respect to the scaled output parameters. The behaviour of these networks
was found to be consistent. A general comparison of the results produced for all scenarios and ship
sizes yields the conclusion that for ship sizes within the range of the training data the results are
physically plausible with respect to functional dependencies between particular variables. With
respect to prediction accuracy it was found that the mean errors produced by the networks that were
trained by RPROP were smaller than for the cascade-training network. Furthermore, the error
produced by network-Ilog was found to be smaller than the error produced by network-Ilin. On this
basis, currently preference would be given to the application network-Ilog.
Precision of the prediction of the three output variables of each network was highest for parameter
“penetration”. This indicates that during training a bias towards parameter “penetration” might have
evolved. For the intended application this might be acceptable, as the damage size could be
reconstructed from the penetration and the specifics of the bulbous bow of the striking ship.
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A detailed review of the results for the test data was performed in order to determine which
restrictions might be placed on the use of these networks. With exception of a collision angle of 30°
the predicted values map to collision energies that are consistent with the investigated vessels
travelling with speeds of up to 25 knots. It was observed that calculations of the networks are often
optimistic, compared with the exact data that was used for training and testing. Generally, predictions
were most accurate for collision energies up to 200,000 kNm.
While general observations of plausibility and accuracy indicate that errors of calculations are small
for the log-scaled network, more detailed investigation of selected scenarios indicates that no general
recommendation for application to a specific range can be given.
Prediction of areas of upper and lower damage only works well for selected scenarios and the quality
of predictions varies for scenarios for striking ships of different displacement. A systematic behaviour
that explains these deviations could not be detected. A possible explanation is that the network size,
despite its advantage over other network sizes that were tested, might be too large for the number of
input variables, so that the network does not generalize appropriately.
For a more general application additional work is required. For instance, as in the data re-used from
Ravn and Loer (2006) stationary/travelling cannot be distinguished, an analysis of results for
scenarios involving a collision angle of 90° (with struck ship travelling at velocities of 0 knots or
25 knots) is subject to future work. Work so far focused on calculations for single struck ship only.
For an application to ship sizes other than 2800 TEU expansion of the training with ship data for
additional ship sizes is required. This is likely to require different network topologies.
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Abstract
This paper presents elements needed to integrate various ship design tools resulting in a ‘joint’ ship
model. Such a model can then be utilized for various types of analysis and synthesis calculations
during the ship design process. Parallel ship modeling in multiple design tools can also be avoided.
In this paper specific attention is given to modeling of ship hull form and internal compartments.
Definition of presented elements is based on the ng.zine platform for concurrent group design of
ships. As an example, the paper presents the integration of CATIA V5 and NAPA design tools.
1. Introduction
Modern ship design is faced with a difficulty to successfully integrate multiple design tools. A new
concept, called ng.zine, has been introduced to solve this complex problem, Frank et al. (2008a, b).
ng.zine is a design system intended for conceptual and preliminary ship design, aiming to ease the
design tool integration. ng.zine acts through a flexible XML database, storing and on-demand
supplying current and previous values of significant ship parameters and attributes. It does so without
requiring changes in either designer’s working environment, or in the tools it integrates, leading to the
increased flexibility of the design process without significant added effort. It permits parallel
execution of multiple design tasks. To assure efficient control and management of the design process,
ng.zine applies concept of group decision-making, Klanac et al. (2006,2007). Every designer is
supported in choosing the proper parameter values with respect to the particular task responsibility
and the global ship performance. Considered concept allows then designers to model in their
experience, knowledge and organizational hierarchy.

Fig.1: ng.zine system scheme
In that sense, ng.zine needs strong IT foundations in a form of data conversion. Fig.1 shows
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integration possibilities of ng.zine system in naval architecture design environment. However, certain
tasks have to be conducted when integrating each design tool into the system. This paper gives some
insight into solving such tasks, concentrating on ship hull and compartment geometries while
integrating CATIA V5 and NAPA design tools. In this example, benefits of CATIA advanced surface
design can be used to create the ship geometry which can be then utilized in NAPA to perform naval
architecture calculations. Further subchapters describe difficulties in integration of these tools, but
also outline the overall benefits arising from such an integrated system.
2. Types of ship geometry definition
Modern design tools use different design parameters to describe object’s geometry. Accessing these
can be done simply by reading an export file in any available standard format that software tool is
able to provide, usually STEP or IGES. However, exporting through these formats tends not to always
reliable, so errors occur. More advanced solutions are often sought in a form of either existing plugins or through custom made software wrappers able to fetch design parameters Schrödter and Gosch
(2008). Once design parameters are successfully accessed they are in a ‘raw’ form which has to be
properly managed so to be readable by other design tools. In that sense, the following features are
identified in integration of ship hull and compartment geometries between CATIA and NAPA design
tools:
a) Planar curves of naval architecture, i.e. frames, buttocks and waterlines
b) Triangulated planar surfaces which combined define a geometry surface
c) Space grid curves defining a geometry surface
3. Ship hull geometry interfaced by 2D curves
Traditionally, ship hull definition is considered with planar curves of naval architecture. Frames,
waterlines and buttocks are a simple way of geometry representation, but are limited when compared
with 3D surface design in cases of high hull curvature. For the purpose of integrating CATIA and
NAPA, it is necessary to intersect the hull surface in CATIA with respective planes and extract the
curves. Fig.2 shows example of an early stage hull surface development in CATIA.

Fig.2: Early stage hull surface development in CATIA
If we now, e.g. in CATIA intersect this hull surface with vertical planes and sort obtained curves, a
family of frame contours is achieved, see Fig.3. Sorting is performed with a special sorting algorithm.
This algorithm is needed because CATIA can export lines in form of a point sets and each of those
point sets represents a single line segment. These segments need to be sorted so that a complete curve
can be defined. Buttocks are most complex in this sense as they extend from stern to bow and in that
sense map all characteristic areas of hull geometry, including geometrically complex objects, e.g. skeg
and bulbous bow.
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a.
Fig.3: Ship frames transferred from CATIA (a) to NAPA (b)

b.

This approach is the simplest method of transferring complex geometry from one design tool to
another since curve families are treated independently. As a consequence, simultaneous transfer of all
curve families, i.e. frames, waterlines and buttocks, can result in errors. In some cases, the sorting
algorithm is not able to recreate a curve correctly, e.g. when some points have vertical coordinate
smaller than the base line. Furthermore, problems can appear when importing into NAPA complete
curves instead of just line segments, for which this approach proved to be more suitable. Fig.4 shows
the example of hull surface in CATIA, while in Fig.5 we can notice the mentioned problem when
importing this hull surface into NAPA in the intersection of centre line with the top waterline.

Fig.4: Hull surface in CATIA
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Problematic areas

Fig.5: Sorting and intersecting curves problem

4. Ship hull geometry interfaced by triangular surfaces
A great advantage of modern 3D design tools is modeling accuracy. Therefore, it is essential to
maintain this accuracy when transferring a model to another design tool environment. Transferring the
ship hull model by means of planar curves of naval architecture can result with significant error. Thus,
a discrepancy of 5% in ship volume displacement is noticed between models in CATIA and NAPA
for the hull geometry seen in figures 4 and 5. More accurate approach includes detailed surface
definition. For that purpose, triangular partial surfaces can be used. Triangular surfaces, when
combined together, provide a full definition of hull form surface. Hull form shown in Fig.4 transferred
from CATIA to NAPA using triangulated surfaces approach yields good accuracy. In this particular
case, calculated difference in ship volume displacement is less than 0.2% between design tools, see
Fig.6. For better understanding of resulting hull form, right side of Fig.6 shows the simplified hull
form after combining smaller triangular surfaces into large hull surface segments. In right figure, skeg
was intentionally left out.

Fig.6: Triangulated surface of CATIA (left) imported into NAPA (right)
Although triangulated surface approach results in high accuracy, mathematical definition of combined
hull surface tends to be very complex. Because of this, naval architecture calculations in NAPA
require more processing power and become very slow.
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In addition to complexity of surface definition, problems of highly curved surfaces need to be solved
by triangle filtering. Highly curved surface segments tend to have small angles of less then 0.1°. A
filtering algorithm has been introduced as a solution to this problem, rearranging the triangular split in
order to reduce the number of triangles. Fig.7 shows skeg bottom geometry before and Fig.8 after
applying filtering algorithm.

Fig.7: Skeg bottom before filtering

Fig.8: Skeg bottom after filtering
5. Ship hull geometry interfaced by space grid
A good trade-off between accuracy and surface simplicity can be achieved by ‘space curves’
approach. Space curves are used for NAPA grid definition that forms hull surface, NAPA (2007).
Exported space curves need to be properly sorted and combined to form a base grid for NAPA hull
form definition. These operations are essential because of the differences between the design tool
surface interpretations. Combining operation considers matching two or more curves together that
have additional curves adjacent to them, which makes them unsuitable for definition as NAPA surface
patch, NAPA (2007). Fig.9 shows CATIA and NAPA hull models in case when improper sorting is
used before importing a model to NAPA. In NAPA model on the left side, surface warping can clearly
be visible due to lacking curve sorting. On the right side is the original exported model from CATIA.
Fig.10 shows CATIA model from Fig.4 after applying sorting and combining algorithms.
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Fig.9: NAPA and CATIA models

Fig.10: Hull form transferred to NAPA
6. Integrating geometry of ship compartments
Described approaches for hull form integration can be applied to integrate ship compartments
geometry, naturally excluding the planar naval architecture curve approach. Difficulty of
compartments integration is in the large amount of surfaces defining, e.g. walls, floor, ceiling, etc. A
challenge is to determine also the compartment boundaries. Whether space curves or triangulated
surfaces are used, there are two possible approaches to be considered. The first approach combines
bounding surfaces of each compartment together into a single surface and transfers compartment in
form of a closed shaped surface. Second approach transfers all surfaces from one design tool to
another and removes doubled surfaces if any exist. Definition of compartment is a bit more difficult in
this case, because the transferring algorithm needs to identify the side of boundary surface at which
compartment is located. Additional difficulties may arise in compartment transfer in case of an non-
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convex volume, but this can be solved by splitting non-convex surfaces so to attain two convex
surfaces. The example of non-convex bounding surface is shown in Fig.11 where large L-shaped
compartment has non-convex upper and lower bounding surfaces.

Fig.1: Compartments transfer from CATIA to NAPA
7. Conclusions
This paper outlines some of the challenges and solutions in practical integration between sophisticated
design tools. Challenges mostly emerge from different modelling concepts. Successful bridging of
these differences between software solutions leads to advantages that avoid repeated modelling, e.g.
for various types of calculations or for design documentation. The approaches to integrate ship hull
and compartment geometries are presented here on an example of the design tools CATIA and
NAPA, but are considered to be principally applicable for other tools. Nevertheless, more extensive
work in this sense should be conducted in the future, aiming to provide uninterrupted flow of design
data between various ship design tools and assure concurrent ship design.
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Abstract
Design processes shift more and more from modeling towards simulation as the driving force. Both
in-house codes and commercial simulation tools are used. In-house codes are sometimes not that
comfortable to handle while commercial tools are not always easy to address for an uninterrupted
work flow. Design teams may gain a substantial benefit from more sophisticated tool integration.
Integration mechanisms range from loose to tight coupling, depending on the individual situation.
The paper will address this issue on the basis of the FRIENDSHIP-Framework as a Computer Aided
Engineering environment. The main mechanisms discussed are (i) an interface via XML files, (ii) a
generic interface on the basis of templates and file parsing and (iii) the Microsoft COM interface.
1. Introduction
Design processes in the marine industry, turbo-machinery and related fields shift more and more from
modeling towards simulation as the driving force, Harries et al. (2004) and Harries (2008). In many
companies and institutions there are numerous codes for numerical analysis, some of which are inhouse developments while others are commercial tools. Fig.1 illustrates the situation from a survey on
simulation-driven design conducted by the authors at Turbo Expo 2008.

Fig.1: Use of CFD in turbo-machinery
(NB: Sums exceed 100% since many teams dispose of several CFD tools)
In-house codes are sometimes not that easy to handle, in particular for the non-expert or any other
person trailing the forefront of their implementation. This is because the developers’ priority is the
quality of the simulation itself so that comfort of application necessarily lags behind. Commercial
codes meanwhile are not always that straight forward to bring together in order to set up an
uninterrupted work flow. The reason for this is that different systems are based on their individual
data structures, i.e., over-all product data management (PDM) is frequently left to the user or the
project coordinator.
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Building on the existing simulation resources that are already available, however, a design team gains
a substantial benefit from more sophisticated tool integration. Integration mechanisms range from
loose to tight coupling, depending on the individual situation, Abt and Harries (2008). The paper will
address the issues of flexible tool integration on the basis of the Computer Aided Engineering (CAE)
environment FRIENDSHIP-Framework 2.0 by the German software provider FRIENDSHIP
SYSTEMS. The main external mechanisms offered within this flexible CAE system are
•
•
•

an interface via XML files,
a generic interface on the basis of templates and file parsing and
the Windows COM interface.

Tools that can be addressed via the COM (Microsoft® Component Object Model) interface are, for
instance, products like Microsoft® Excel but also dedicated systems like Hydromax by the Australian
company Formation Design Systems. Tools for which additional input and output file formats can be
established – e.g. by the tool provider or by an in-house developer – are natural candidates for an
XML (Extensible Markup Language) based incorporation. RAPID by the Dutch model basin MARIN
may serve as an example here. For commercial codes that neither support COM nor XML interfaces a
project based connection can be established. Below all three mechanisms will be explained and
examples will be given in order to illustrate the work and to highlight prerequisites and advantages.
2. Typical types of users and developers
In a modern design environment there are different types of people when it comes to integration. They
differ in respect to their interests, frequency of engagement, code access and, finally, programming
and system knowledge. In order to draw a simple picture, just three archetypes shall be distinguished
here even though in reality there are many nuances:
•
•
•

Normal user / designer
In-house tool developer / integrator
Outside tool provider / developer

Normal users, not surprisingly, would like to be confronted with the issue of tool integration as little
as possible. Their prime focus is the development of a product and, hence, they would be happiest to
concentrate on their design tasks rather than any problem of integration. Moreover, since they are
under continuous pressure to advance their design work they usually lack time, if not the necessary
training, to do tool integration. For them the coupling between their major working environment and
any tool with which to assess the quality of their design ought to be both ready-to-go and recyclable
for later (re)use in similar situations.
In-house tool developers / integrators often are specialists, for instance from a company’s R&D
department. Their background frequently is simulation, e.g. Computational Fluid Dynamics (CFD) or
Finite Element Analysis (FEA), and they are experts in their field. Usually, they are supposed to
provide either specific data to their colleagues in the design department, say the viscous flow about
the aftbody for the hull of the current new-building project, or they are asked to streamline processes
such that their colleagues are able to undertake less demanding simulations themselves. They have
direct access to the sources if it is an in-house solution or they have the know-how for wrapping
outside solutions if only executables are available as is the case with most commercial software
programs.
Outside tool providers / developers, naturally, have direct access to their program sources and are in
the position to complement their input and output file formats according to the needs of their
customers and cooperation partners. Commercial products regularly support various access points in
addition to their native data structures, i.e., mechanisms for import and export in standard exchange
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formats (e.g. IGES, STEP), legacy formats of other providers or quasi industry standards (e.g. STL,
CGNS).
Moreover, there are providers of software that offer CAx solutions which readily combine modeling
and simulation. Larger general purpose systems, for instance, increasingly contain tools for structural
analysis and topology optimization. In naval architecture SHIPFLOW by FLOWTECH serves as an
example for an embedded CFD code, see Abt and Harries (2007) and (2008) for details. In addition,
generic optimization environments are employed for project-based coupling of otherwise independent
systems. Their integration mechanisms are very flexible but require in-depth knowledge of all tools
involved.
In general, all three types of users and developers are involved in setting up the best individual design
environment. Assuming that every team comes with a certain history and unique dispositions, the
integration mechanisms should be flexible and easy to customize. This is because initial and followup investments have already been made and confidence has been gradually built up for existing
software, and quite many tools are usually involved, ranging from simple spreadsheets to advanced
viscous flow solvers. Such a flexible CAx environment is the FRIENDSHIP-Framework which
software architecture supports the plug-in of external tools according to the wishes and needs of the
archetypes discussed above, Fig.2.

Fig.2: Software architecture of the FRIENDSHIP-Framework
3. Integration mechanisms
The integration mechanisms currently offered by the FRIENDSHIP-Framework are
•
•
•
•
•
•

an interface via XML files
a generic interface on the basis of templates and file parsing
the Windows COM interface
tool wrapping via features
tool integration via Software Development Kits (SDK) from other software providers
tool specific integration in direct cooperation between the software providers

The focus being external integration mechanisms that are easily accessible to users and third-party
developers, the latter three options shall not be discussed within the context of this paper since they
would call for some involvement of the team at FRIENDSHIP SYSTEMS (which might be desirable
yet not actually needed).
The ideal situation for using any external tool naturally is that it may be launched in batch mode
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without the need for any interactive work. Table I gives an overview of integration scenarios and
recommended mechanisms.
Table I: Integration scenarios and recommendations
Use cases
Normal user /
designer

XML
interface 1)
–

–

Use of Excel data and
functionality,
reporting
Project-related
specific tools
Code access

–

No code access

–
In-house tool
developer /
integrator

Generic
integration 1)

COM
interface 2)
●

○ 4)

1

2

●
○ 3)

●

row

●

Outside tool
– Code access
●
○
provider /
developer
● recommended
○ applicable
1)
available for both Windows and Linux
2)
available for Windows
3)
by using, for instance, Microsoft Visual Basic
4)
by wrapping input and output files to XML syntax, for instance, via small converters

3
4
5

Usually, tools have their own, proprietary formats of input and output files according to history and
specific needs. When interfacing to a design environment the integrator therefore has to find out if the
sources are accessible and, if so, whether or not additional input and output formats can and shall be
realized. Suppose that both questions are answered with yes, then very fine ways of integration are the
XML and the COM interfaces (see rows 3 and 5 in Table I). The XML interface is available for both
Microsoft® Windows and Linux while the COM interface is readily available for Windows only.
The aim of the XML interface is to standardize the data exchange between external tools and the
FRIENDSHIP-Framework. More specifically, the FRIENDSHIP-Framework offers an XML
language format called XFFL (XML FRIENDSHIP-Framework Language). XFFL defines all
necessary data types and attributes in a standard XML syntax. As soon as input and output files follow
the XFFL format they can be directly written and read by the FRIENDSHIP-Framework, respectively.
The integrated tool subsequently behaves as if it was an embedded part of the CAx environment.
The Microsoft® COM interface offers a quasi industry standard. It provides a specific handle to
exchange data between Windows’ applications. Tools that dispose of a COM server can be addressed
via the FRIENDSHIP-Framework and asked to perform tasks and provide data. Excel serves as a
prominent example where a normal user may run a spreadsheet calculation and then retrieves selected
results (see rows 1 in Table I and Fig.14 below).
If neither XML nor COM interfaces exist, as is the case with third-party software for most normal
users and in-house integrators, a generic integration becomes the mechanism of choice (see rows 2
and 4 in Table I). No code development or adaptation is called for. Rather, templates are employed to
organize the input and output. Templates are representative input and output files. They closely
describe the simulation task to be undertaken with the exact input data replaced by the FRIENDSHIPFramework at the time of execution. Upon termination of the tool the newly computed results are
gathered by the FRIENDSHIP-Framework via parsing the output file(s).
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4. XML interface and generic integration
4.1. Important components
The FRIENDSHIP-Framework provides a dedicated object structure for tool integration. Both the
XML integration interface and the generic integration interface use the same general object structure
but differ in the way of data exchange. All integrations consist of at least four objects, see Fig.3:
•
•
•
•

Definition
Configuration
Computation
Results

In the definition all possible input data for the external tool – both required and optional – are
specified. This implies that an entry’s type is defined along with the information how often it must
and may occur in a configuration (see below). Default values, if appropriate, can be assigned. Each
entry may receive its individual documentation. Usually, the definition for an external tool has to be
set up only once and can then be used again and again for many projects. For comfort definitions can
be created and maintained directly in the Graphical User Interface (GUI) of the FRIENDSHIPFramework. They can be saved to XML files and distributed to team members and customers.

Fig.3: General components of integrations

Configurations always build on their corresponding definition (see above). While in the definition all
possible entries are defined, the configuration contains only those entries which are actually needed
for a specific run. Here all input data have to be provided with existing values. A configuration might
be interpreted as a representation of the external tool’s input file(s).
A computation, finally, is the actual control element for an external tool. A computation is set up on
the basis of a corresponding configuration. It requires that the path to the tool’s executable is given,
for instance by browsing through the file system and selecting the relevant binary. If the external tool
expects arguments with which to start they can be attached here. When carrying out a computation
several consecutive steps are taken: the tool’s input file(s) are written based on the chosen
configuration (see above), the tool is launched and, finally, the results are read and made available to
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the FRIENDSHIP-Framework. Computations can be triggered either manually or automatically, the
latter being the prerequisite for formal optimizations.
All results computed by the external tool and offered to the FRIENDSHIP-Framework are handled by
internal result objects (FResults). Results serve for data access and visualization. Usually, the user
does not work with result objects directly. Rather, data access is managed via a computation (see
above). The data are presented in type specific viewers, e.g. double values are displayed in tables,
geometric data such as panel meshes are displayed in three-dimensional graphic windows.
4.2. XML integration
The first thing to do as a tool developer is to complement (or, alternatively, to replace) the existing
input and output files by additional file formats following XML syntax. As soon as this done – which
represents the major work load encountered – the tool provider sets up a definition which contains all
possible input data. This can be readily done within the GUI of the FRIENDSHIP-Framework.
Fig.4 shows parts of the XFFL file for MARIN’s flow code RAPID as an example. RAPID is a nonlinear potential flow code for wave resistance computation, originally developed by Raven (1996) and
continuously improved and applied at MARIN. Fig.5 illustrates the definition for RAPID in the object
tree along with one of the entries, here the Froude number in the object editor.
Entries can be added or deleted and all necessary attributes like name, type, default value, number of
occurrences, etc. can be set interactively. Definitions may be structured by organizing entries in
groups and sub-groups. A definition is saved in an XML file and then directly supplied to customers
by the tool providers themselves. This means that tailored solutions, new features and changes can be
propagated throughout the community without any need of knowledge or assistance by FRIENDSHIP
SYSTEMS.

Fig.4: Excerpt of XFFL file for
MARIN’s RAPID code

Fig.5: Definition for RAPID (object tree)
with selected entry FroudeNumber
(object editor)

At this point the integration work is completed. Users can now simply apply the tool within the
FRIENDSHIP-Framework, for example to run optimizations. To do so a configuration and a
computation based on the definition are created. In the configuration all entries actually needed for the
problem at hand, say a flow analysis for wave resistance, are selected and filled in with meaningful
values. Fig.6 shows such a configuration for RAPID.
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Fig.6: Configuration of RAPID (object tree and object editor)

Fig.7: Computation of RAPID (object tree and object editor)

Fig.8: Results computed by RAPID as triggered and accessed via the FRIENDSHIP-Framework
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Fig.9: IST solver as integrated to the FRIENDSHIP-Framework via XML
Next, a computation is realized. Fig.7 shows the situation in which the path to the tool’s executable,
here a batch file, is given together with the arguments that RAPID expects. Pushing the run button of
the computation will trigger the entire process of writing the configuration as an XFFL file, starting
RAPID and reading the XFFL result file produced by the simulation code. Fig.8 illustrates a hull’s
wave pattern before and after form variation along with velocities vectors for the baseline and the best
solution as computed by RAPID.
Another example is depicted in Fig.9 to give an idea of the flexibility of the approach. Here the IST
solver, Hundemer et al. (2006), was utilized to compute the pressure distribution on the propeller
blade of an aero-engine. Various modeling inputs and performance outputs are shown.
4.3. Generic integration
Generic integration as the recommended mechanism if there is no access to a tool’s source code
follows the XML integration very closely. The major and only difference is the exchange of input and
output data between the tool and the FRIENDSHIP-Framework. While the XML interface uses files
in the standardized XML syntax the generic interface utilizes the inherent file formats of the external
tool.
The user sets up so-called template files where the inputs and outputs are defined. The template files
are based on real input and output files of the tool, for instance as produced in a previous stand-alone
application. For convenience, the user simply imports these files to the FRIENDSHIP-Framework and
marks all data which should be written to the input file(s) and read from the output file(s). To do so
the FRIENDSHIP-Framework provides a dedicated editor (FGenIntEditor) to create and maintain
templates.
Fig.10 shows the FGenIntEditor in both commands and results mode. Here a very simple input file to
an external tool is shown (FGenIntEditor in so-called commands mode). For simplicity the tool just
expects two input variables here. All values of the existing input file are replaced by matching entries
of the corresponding definition (see above). This is nothing more than a textual replacement. Once the
actual input file is produced by the FRIENDSHIP-Framework all containing elements are replaced by
the current values of the configuration (see above).
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Fig.10: Generic integration editor in commands mode (left) for input files and
in results mode (right) for output files

Fig.11: Variations as realized with the FRIENDSHIP-Framework and computed with an external tool
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Similarly, the user specifies which data should be read from the output. As can be seen in Fig.10 an
existing output file is utilized to identify all entries of interest (FGenIntEditor in so-called results
mode). The original output file is presented in the lower right corner of the editor. Each item to be
read is addressed by the indices for line and column where its value is located. For convenience, an
anchor string can be set. If the size of an output file changes from run to run, for example due to
different numbers of iterations until convergence, the data are retrieved in relation to the freely
formulated anchor string. Also, if the output file is long one may search for the last occurrence of an
item of interest, say “propulsion efficiency,” define this as the anchor string and then take the correct
value in the vicinity by offsetting with the right number of lines and columns. The FGenIntEditor
supports this by providing a preview of the data retrieved.
Fig.11 illustrates the application of a generically integrated tool. An optimization, more specifically
an exploration, was undertaken with regard to one of the output values, namely f1 (see also right side
in Fig.10). The input data, here x1 and x2 (see left side in Fig.10), were changed by a Sobol search
strategy and automatically updated for each launch of the external tool. The results were read each
time the external tool finished successfully and then presented in a table view for further assessment.
5. COM integration
The Component Object Model (COM) is an interface for software components introduced by
Microsoft® in the 1990s so as to enable inter-process communication and dynamic object creation, see
Microsoft (2009) for details. COM is utilized by software developers to create re-usable software
components, links between components and interfaces to the Microsoft Office Family of products
such as Word and Excel.
5.1. Background
When coupling software via COM, inter-process communication is established between a COMserver and a COM-client. The COM-server implements a public interface. It provides methods and
attributes which can then be accessed by the COM-client to perform specific tasks. In other words, the
COM-client acts as a remote control for the COM-server and its associated application.
The FRIENDSHIP-Framework disposes of a COM-client that is capable to connect to all kinds of
COM applications. Fig.12 presents a sequence diagram (in UML) to illustrate the situation in abstract
form.

Fig.12: Inter-process communication via COM
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5.2. Examples
One example for an advanced COM integration is the coupling of Hydromax to the FRIENDSHIPFramework. Hydromax is a hydrostatics, stability and longitudinal strength program by Formation
Design Systems, see FormSys (2009). The system allows the analysis of a wide range of hydrostatic
and stability characteristics for hull design, including intact and damage stability.
In order to benefit from Hydromax’ comprehensive functionality without the need of manual input –
to run a process of automated optimization – the FRIENDSHIP-Framework acts as a COM-client with
Hydromax as a COM-server. In this way Hydromax is wrapped and can be asked to undertake certain
computations on behalf of the integration environment. Fig.13 presents an example in which the
floodable length is analyzed for a fully parametric hull form. As soon as any parameter of the hull
form is changed, say the displacement distribution in the forebody, Hydromax is called for updates.

Fig.13: Floodable lengths analysis from Hydromax as triggered from the FRIENDSHIP-Framework
Similar to the Maxsurf integration, an application like Microsoft® Excel can be connected in order to
fill out spreadsheets and obtain calculated values automatically.
Fig.14 presents the application of Excel for a regression analysis on ship performance on the basis of
important main dimensions, following Hollenbach (1997). Selected cells of the Excel file receive their
input data from the FRIENDSHIP-Framework – here in the sheet called MainDim – while other cells
then provide the output data to be returned – here from the sheet called HLBmean. The figure depicts
the Excel instance on top of the FRIENDSHIP-Framework for illustration. It can be seen that data are
transferred to the CAx environment for further processing, e.g. for the identification of suitable main
dimensions by means of a systematic parameter study.
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Fig.14: Data exchange between Excel and the FRIENDSHIP-Framework via the COM interface
6. Conclusion
Design processes imply the application of many different tools. Some might be rather common like
spreadsheets while others might be highly complex such as flow simulations. Nicely integrating the
tools for modeling, analysis, simulation and assessment leads to faster processes and better products.
Tool integration depends on the people involved and their specific needs and resources. Different
mechanisms of integration are therefore required. Three mechanisms offered within the
FRIENDSHIP-Framework were discussed in detail. They are the XML, generic and COM interfaces.
Utilizing all these mechanisms design teams can create flexible and individual work environments in
order to support their creativity.
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Abstract
This work presents the system architecture used in the numerical model basin simulator TPN. This
simulator was developed jointly by academia and PETROBRAS. The main objective is to simulate the
behavior of an offshore system through diverse environmental conditions, with its bodies (platform,
ships, etc) and lines (risers, mooring, etc.) acting together. To perform this task, a cluster of
computers is used; it incorporates several types of computational methods, such as panel method and
finite element. The architecture of the cluster is presented and the necessary configuration to perform
such large and complex analyses is discussed. We will also describe how the bodies and lines are
distributed and processed in the cluster, with the description of the communication between the
processes. The specified hardware arrangement to execute the analyses will also be treated.
Furthermore, a study case is used as an example to discuss how the right choice in the type of
parallelization can improve in the computational time of one simulation.
1. Introduction - Numerical Model Basin Simulator
A numerical model basin is a simulator that aggregates diverse methods and algorithms in a single
tool to allow hydrodynamic analyses of several configurations of offshore systems. The numerical
model basin Tanque de Provas Numérico (TPN) was developed by a research group composed of 5
different1 institutions plus the Brazilian oil & gas company PETROBRAS. Its main purpose is to
develop numerical simulators liable to simulate dynamics of the floating units coupled with pipelines
or risers as well as all production risers and mooring lines in several combinations of the oceanic
environmental conditions, Nishimoto et al. (2003), Nishimoto (2005).
The simulator considers almost all physical phenomena acting on the floating bodies, mooring and
risers lines. Since full non-linear solutions are not available, numerical, empirical and analytical
models are considered and integrated to the simulator.
The potential time domain problem is solved by wave forces acting on the bodies, and empirical
models are used to simulate current and wind forces. To represent mooring and riser lines, the more
complex finite element model with non-linear hydrodynamic force models is used, Nishimoto et al.
(2003), Nishimoto (2005).
Given that the simulator uses the full hydrodynamic equation, it takes a long time to finish the
simulation for floating bodies with several risers and mooring lines. Therefore, a cluster with more
than 260 cores was built to run the simulator, taking full advantage of parallel processing. Another
important feature is the post-processing of the simulation results. The entire 3D view of the offshore
system is presented in a virtual reality room with stereoscopic projection, Gaspar et al. (2009).
2. Terminologies Definition
A numerical simulator has its own terminology regarding the simulation process and the components
simulated. The following definitions are given to assist those who are not aware of the vocabulary
used in numerical simulations.

1
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Body – The part of the offshore system that receives the external forces during the solving of the
motion equations for each of the time steps of the simulation. The vessels and floating units are
considered bodies. Normally a body has lines that connect it to the sea bottom and/or other bodies.
Lines – The component of the offshore system that connects the bodies to another body and/or the sea
bottom. The lines receive the displacements that are calculated after the new position of the body is
established, for each time step.
Case – A configuration of lines and bodies to be analyzed in the simulator under a set of
environmental conditions. It is also referenced as the file generated by the post-processor to be
inserted in the simulator.
Environment Condition – A set of configurations regarding the forces originated from the
environment. Each set consists of: a certain period and direction of wave; and the direction and
velocity profile of wind and current. These values are defined based on the weather condition in the
field region. A typical analysis, nowadays, encloses approximately 120 different environmental
conditions, from the normal operational case up to extreme ones, such as hurricanes and wind storms.
Cluster – A group of linked computers with similar characteristics, used to perform a specified task.
The simulations cannot be partitioned in different clusters.
Node – An element of the cluster. It consists of one or more cores, a local storage unity, an external
communication interface and RAM memory.
Core – The part of the node responsible for the execution of the simulation calculation. The processor
performance can be measured in Hertz (Hz) or in floating point operations per second (flops).
Network – Communication channel that transmits information among the elements of the cluster.
SSH – Secure Shell. SSH is how the user accesses the cluster.
3. System Architecture
3.1. Global Process of the Analysis
All the main components of an offshore system can be modeled and analyzed by the numerical
simulator. The simulator observes the components in two distinct classes: bodies and lines. The
floating units are considered bodies, independent of the concept. FPSO, TLP, semi submersibles,
SPAR and new concepts, such as mono-column, can thus be analyzed. Risers, mooring lines, hawsers
and other connection parts are considered by the simulator as lines. Those lines are modeled by finite
element methods. Fig.1 shows a flowchart presenting the global methodology of the simulator
process, Gaspar et al. (2009).
The pre-simulation phase consists of the interpretation of the initial requirements of the system,
regarding the field, bodies and lines information. A first analysis of the bodies (unities, buoys, vessels,
etc) is made before the modeling in the pre-processor. This analysis is made by the panel method,
using the software WAMIT, to obtain the wave forces and hydrodynamic coefficients. For each of the
bodies a mesh model is created. WAMIT then computes the wave forces (force RAO) through the
frequency domain and the hydrodynamic coefficients, such as: potential damping, added mass and
hydrostatic restoring, Wamit (2006).
The pre-processor, named Prea-3D, is used to model an initial configuration of the offshore system.
This task consists of placing the components of the system in the virtual model of the field. Each
component receives its specific set of characteristics. For the lines, e.g., it is possible to set the type of
material, nominal diameter, axial/bend/torsional stiffness, drag/damping coefficients, etc., for all the
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segments. For the bodies, the displacements and coefficients obtained from the WAMIT analysis can
be set. The pre- processor can also calculate the static equilibrium of the system, with the hydrostatic
of the bodies and catenary analysis of the lines. The modeled system is input in the numerical
simulator for the dynamic analysis only after the appropriate static behavior of the system is reached.

Fig.1: Flowchart with the global process of the analyses, Gaspar et al. (2009)
In the simulation phase, the model basin simulator receives the initial configuration of the offshore
system, with all its parts. A set of environmental conditions is then defined. The analysis is made in
the time domain. Longer or shorter timescales can be simulated, with an average of 15000 s per case.
The time step is also variable, and convergence is normally acquired with a time step of 0.5 s. Smaller
bodies (e.g. monobuoys) may require smaller time steps, Gaspar and Nishimoto (2007). The process
is parallelized. The analysis of one environmental condition finishes when all the results for all the
time-steps are completed. The whole simulation is completed after N cases are processed.
The amount of data obtained from the simulation is handled by the post processor TPNView in the
post-simulation phase. 3D tools allow a refined and detailed post-processing for each of the conditions
analyzed. The methodology for the 3D modeling is presented by Gaspar et al. (2007). The software
also generates the main statistics of the case results, to be attached to the simulation report.
3.2. Pre-Simulation Phase
The Pre-simulation is the phase of the process during which the mathematical model of the offshore
system is created, transforming acquired data in information that can be handled by the simulator. A
detailed explanation of this methodology is presented for the first version of the simulator by Fucatu
et al. (2001), Menezes (2002). The methodology is also discussed by Gaspar et al. (2009).
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The final product of this phase is a file, which is ready to be inserted in the simulator.
3.3. Starting the simulation
When the modeling phase is finished, it is necessary to start the simulation. The beginning of the
simulation occurs when the user’s machine connects with the cluster. Fig.2 presents the three steps to
initiate the simulation.

Fig.2: Procedure to start a simulation
I - The first step is the connection, via SSH, with the selected cluster.
II - After connection, it is necessary to verify the current status of the cluster, i.e. if there is another
simulation already in execution, how many cores are being used, how much capacity can be allocated
for the analyses that will be performed. This is done in three parts:
a) Resource Manager: named ‘Slurm’, the resource manager controls the current state of the
cluster. It mainly has the function of informing the user of the number of available cores. It
manages the process, updates the environment variables and also allocates the cores to the
upcoming simulation, among other manager activities.
b) Input file: The file with the mathematical model generated during the pre-simulation phase is
then transferred to the cluster.
c) There are several options to be set before a simulation. The user can set options of the
debugging mode and also give priority to some specific environmental conditions. The main
option, however, is the selection of the type of parallelization. There are two main modes.
One executes one environmental condition at once, distributing the calculation of the lines
and bodies to the cores. The second one executes several environmental conditions at once,
distributing them to each of the cores.
III – After the selection of the parallelization mode, a script is executed and the simulation starts.
3.4. Simulation Phase
This phase is the central part of the whole process. The simulation is executed by the cluster. It is
made using one of the parallel modes selected in the previous step by the user. A detailed explanation
of each of the modes is given below.
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3.4.1. Parallel Mode 1:
This mode calculates one environmental condition at once, distributing the bodies to the central node
and the lines to the available cores. The next condition is then only calculated after the finishing of the
previous one. The simulation stops when all the conditions are calculated. Since the calculation of the
response of the lines is parallelized, this method is thus more efficient when the lines of a case are
well discretized and in high number compared to the number of bodies. The structure of this mode is
depicted in Fig.3.

Fig.3: Representation of the parallelization mode 1
Fig.4 shows the parallelization process involving the following steps:
A) Select Environment ID: The selection of the environmental condition to be calculated. Each
condition has an identification number (ID). Each ID has the same initial configuration of bodies and
lines, where the only difference is the characteristics of the environment: wind, current and waves.
B) Make a Process Server: This step initiates a server in the manager machine. It will load to the
memory the information of the inputted file, create a directory and save the analysis result files.
C) Creating a body process: for each of the bodies a process is created in the manager machine. This
process will represent the bodies in the simulation. During the simulation, for each of the time steps, it
is via this process that the sum of all the forces acting on the body and the calculations of the new
position of the body will be made.
D) Creating a line process: A line process is created in each of the cores. The core distribution is
based on the number of lines and segments of each line. The process communicates via the sockets.
E) Start Simulation: The step during which the simulation and all the necessary calculations are made
as explained in Fig.5. The simulation starts with the same I – II process for each of the time steps. In I,
the bodies start sending to the lines their initial position information. After the sending, the bodies
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process stay in standby, while the lines receive this data and start the dynamic response calculation.
Part II starts when the lines calculation is finished, and the bodies receive the information of the line
forces acting on them, in addition to other forces such as wind, wave and current. The data for each
step is saved in the storage machine, and this process occurs until the last time step is calculated.
F) One more Environmental ID?: This step verifies if all the conditions have already been calculated.
The simulation stops after the last condition is finished.

Fig.4: Flowchart of the Parallel mode 1 process

Fig.5: Flowchart with the simulation process according to each time step
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3.4.2. Parallel Mode 2
This mode distributes one environmental condition to each core, which individually calculates the
whole process I. Since the environmental IDs are not connected to each other, they do not interfere
with the final result of the simulation. This mode becomes more effective mainly when the lines do
not have highly discretized elements, so that the time to calculate one response of the line is lower
than the time to communicate the same process in the first parallelization mode. Fig.6 exemplifies the
structure of this second mode.

Fig.6: Representation of the parallelization mode 2

Fig.7: Flowchart of the Parallel mode 2 process.
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The parallelization process, Fig.7, is as follows:
A) Select Environment ID: The selection of the environmental condition to be calculated.
B) Core available?: verifies if there is an available core to start the simulation of one environmental
ID: If there is not, the ID waits until a simulation is finished and a core becomes available.
C) Sequential Simulation: starts a sequential simulation inside the core. There is no distribution of the
bodies and lines, and all the calculation is made in only one core. This procedure reserves one of the
available cores.
D) One more Environmental ID?: This step verifies if all the conditions have already been selected to
be sent to one core.
E) Is any sequential simulation running yet?: this step verifies if there is any condition still being
simulated. The simulation stops after the last condition is finished.
4. Hardware Architecture
Fig.8 shows the hardware configuration of the simulator. The storage node represents the place where
the simulation data is stored. It also works as an image to the cluster nodes. The head node is the one
that accesses the cluster nodes, managing the available nodes via the ‘Slurm’, redirecting the data
from the cluster nodes to the storage.

Fig.8: Hardware architecture of the simulator
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The simulator contains at present three available clusters. The oldest one still in use one is called P4.
It is composed of 50 nodes, with a single core per machine. Each node contains a processor with a 2.4
GHz clock, 512 mb of ram memory, 32-bit architecture and a local hard drive with 40 Gb. A more
recent cluster, named Xeon, contains 30 nodes. Each node has four cores, one Xeon processor with
1.6 GHz, 4 Gb of ram memory and a local disk of 80Gb. The SGI cluster contains 12 nodes, with
eight cores per node. Each node has 16 Gb of ram memory, a local disk of 250 Gb and a processor
clock of 3.0 GHz. A new and improved cluster is being developed, with more 200 cores, and shall be
implemented by the end of 2009. The communication among the machines is made by a gigabit
Ethernet, and the data is saved in the storage via an optical fiber net.
4. Analysis Study Case
The main parameter that affects the simulation time of one time step of an offshore system is the
number of lines and their elements discretization. Pinheiro et al. (2001) recommend a minimum
average size of 50 m to the elements to model lines for ultra deep waters. Complex multi-body
systems can have more than 30 mooring lines and over 100 riser lines.
The case study exemplifies how the right choice in the parallelization mode can improve the
computational time of one analysis. The study presents the computational time of each time step in
several different cases, when the number of lines and segments is varied. Each case was processed
using both parallelization modes, and graphs of the results are presented at the end. The case consists
of a single ship moored. The number of mooring lines varies from 8 to 16, 24 and 32 lines. Each line
was segmented in two modes, the ‘Light Mode’ with 4 segments per line and the ‘Heavy Mode’ with
50 segments per line. The computational times were measured with temporal markers in the
simulation code, for both parallel modes. The times of three simulation attributes were measured: the
time to calculate lines, the time to calculate the body response and the time taken by the information
of the lines to reach the bodies (Send).
Fig.9 presents the plot of the times for each of the attributes for the ‘Light Mode’ for both
parallelization methods. Fig.10 presents the same measurements to the ‘Heavy Mode’. The total time
to process one time step for the ‘Light Mode’ is presented in Fig.11, for the ‘Heavy Mode’ in Fig.12.
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Fig.9: Time measurements for each time step in the ‘Light Mode’ versus the number of lines in a case

482

Time avarage for components (by step)
0,003000

0,002500

time [s]

0,002000

Line (mode 2)
Body (mode 2)
Send (mode 1)
line average (mode 1)
Wait (mode1)
Body (mode 2)

0,001500

0,001000

0,000500

0,000000
8

16

24

32

# lines

Fig.10: Same as Fig.9 for ‘Heavy Mode’
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Fig.11: Total time to process each time step in ‘Light Mode’ vs variation of number of lines in a case
For the ‘Light Mode’, the parallel mode 2, where the analysis of the bodies and lines are sequential
and the environmental conditions are parallelized, worked better. This is because the time to calculate
only one line is lower than the communication time between the core, which calculates the lines, and
the manager, which calculated the bodies: The Send and Wait times are longer than the Line time to
almost all the considered number of lines, Fig.9. Fig.11 also presents a significant improvement in the
total calculation time of the time step, with is more than two times shorter when using mode 2.
Parallel mode 1, in which only one environmental condition is analyzed, while the lines are parallelized, worked better for the ‘Heavy Mode’ (with highly discretized lines). The time to calculate a line
is much longer than the Send one, Fig.10. Fig.12 shows the benefit in the total calculation time of the
time step of using mode 1 to calculate highly discretized lines.
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Fig.12: Same as Fig.11 for ‘Heavy Mode’
5. Conclusions
We presented the main process and hardware configuration which are used in the numerical model
basin TPN. The simulator deals with complex time domain analyses, which demand a large amount of
computational capacity. The simulator has a cluster to calculate the simulations in parallel. The
parallelization process allows the solving of several environmental conditions in a faster way.
However, it is necessary the right choice in the type of parallelization to achieve a short simulation
time.
The main parameters which affect the process time of the simulation time step are the number of lines
in a case and the number of segments in which a line is discretized to the finite element analysis. Two
parallelization modes were presented. Mode 1 distributes one line per core, resulting in a more
effective simulation time in cases with a high discretization of the line element. Mode 2 distributes
one environmental condition per core, and presented better results in a less discrete system.
The laboratory is developing a new, faster cluster, expected to be ready by late 2009. The continuous
improvement should allow ever more complex and detailed simulations.
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Abstract
This paper describes the use of simulation based design (SBD) in common and how it can be applied
to ship design. The benefits of SBD are presented as well as examples of tools. A software platform
developed in EU project VRSHIPS for concurrent design using simulations is briefly presented.
Another design platform developed at VTT “Simantics” utilises ontology relations and simplifies
building of simulation processes. Virtual reality (VR) and augmented reality (AR) can be utilised in
many ways in the product process. VR/AR visualisation has been developed at VTT to support design
and assembly work. As an example, a system architecture for assisting assembly work by visual
information superimposed on the physical assembly parts is described. Such AR methods are
particularly well suited for complex, short manufacturing series which are typical in ship industry.
Especially in the outfitting phase the need for guiding the worker with all available tools becomes
increasingly important.
1.

Introduction

Simulation based design (SBD) has been utilized for over a decade in development of tailored
products. This approach is used in automotive and aircraft industry, but it is not widely applied in
shipbuilding, which is typically project based. Simulations are used mainly in some special areas like
structural engineering, where loads on ship structures are analyzed using finite analyses methods
(FEM) and computer fluid mechanics (CFD) is used in hydrodynamic design. SBD and virtual
prototyping based on efficiently integrated simulations would provide a way to revolutionary
engineering of new attractive ships.

Fig.1: Virtual ship life cycle
Simulation based design enables design, build and test the ship plus train crews to operate the ship
using computer before cutting metal. This reduces design errors and helps to produce better ships with
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lower costs, Fig.1. SBD is a design process that comprises all advanced computer methods including
for example database management and visualization methods. Beside the design phase modelling,
simulation and virtual prototyping can be used through the whole ship life cycle, Fig.2.
Interoperability and reusability of models and simulations are then the key factors to achieve the
benefits. New design platforms and semantic modelling are solutions to life cycle engineering.

Shipping
Company
Shipyard

Feedback

Task of
Ship
Concept
Design
3D Model

Production

odel
3D M tion
la
Simu zation
ali
Visu

Operation

3D Model

Design
House

Revision

Fig.2: Modelling, simulation and virtual prototyping can be used through the whole ship life cycle
2. Simulation based design
2.1. Virtual prototyping
A virtual prototype is a simulation that has the geometry and the physics of the real system, behaves
like the real system in real time and looks real. In practise this means a complex simulation system or
a system of several connected simulations. Virtual prototypes are useful specially when investigating
operational capabilities and life time performance.
The virtual prototypes can be used to test different alternatives and to find new suitable/useful
solutions that way. The virtual prototypes can be used to simulate the effects of different demands on
the functions of the ship and on the behaviour of the ship. With the virtual prototypes one can ensure
that the ship to be built operates in the desired way, is suitable for the planned task and the ship is
completed according to the time schedule and the cost estimate. In addition to the simulations, the
coming ship can be optimised in regard to different tasks with the help of virtual prototypes. The
virtual prototypes can be used also to simulate the renovation of the ship that has been designed into
different use.
Simulation based design is a process that utilises several simulations during ship design spiral. The
design process includes several design tools and resources. The challenge is to create design
environment that can be applied to different design tasks and solutions in order to develop new ship
designs. The solution has to support new ways of production like the development of modular product
architectures with configurable and reusable modules. The relationships between the components of
the virtual platform can be seen in Fig.3.
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Fig.3: A snapshot of a real-time simulation using virtual prototype of ship crane
2.2. Data Pipeline
The methodology has developed in VTT’s project Augasse. Fig.4 shows the proposed methodology
how the AR instructions are created from the product’s 3D model. First the CAD model is exported to
standard STEP (ISO 10303 1994) format file, that includes the product structure and 3D model of the
product. Usually 3D models are too complex to be utilized efficiently so model is meshed by triangles
with an appropriate coarseness level.

STEP Translator

Common Modell
(Faceted B-rep)

Geometry
• closed surfaces,
• triangles
Structure remains
• main assembly,
• subassembly,
• part

Fig.4: The idea of using different CAD systems
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Fig.5: Overview of the method
In “Design product“ phase is used CATIA V5 CAD system by Dassault Systemes, in “Tune up
geometry” phase is used ST-Viewer by STEP Tools Inc and AugAsseGeom, a in-house software. In
“Assembly planning phase & analysis” phase DFA-Tool by Deltaron is used to add both assembly
structure and assembly tools & guides. In “Create AR content” phase augmented assembly
instructions are created using a in- house software AugAsseAnim, and in the end visualized by inhouse software AugAsseVis.
In the CAD systems the generated product structure, i.e. a list of parts and their hierarchy usually does
not conform to the real parts to be assembled in assembly line. There are many reasons like the
designer’s preferences, company specific part libraries and features. Therefore, the assembly structure
has to be re-created from product structure. Also, the order of parts to be assembled, assembly guides
and tools have to be specified. The assembly structure and geometric model are taken into content
creation phase. In the content creation phase assembly direction animations for parts are defined.
Finally, the animated assembly instructions are played in a real environment.

Fig.6: Triangular mesh complexity is reduced, how ever, preserving the original shape
Simplifying geometry happens in “Tune up geometry” phase. The STEP model from the commercial
CAD system is first triangulated and product structure is extracted. Triangulation level can be
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optimized to make models lighter, Fig.6. This is very important for big 3D models in real time AR
visualization. The 3D model is split to 3D part models that refer to the product structure.
The assembly structure is created by organizing the parts into the right assembly order and adding all
the needed tools, operations and guides. Separate subassemblies can be defined in order to illustrate
cases in which subassembly is done e.g. in different assembly stations or in a different company.
Augmented instructions are ready after “Content creation” phase. The AugAsseAnim program is used
to create animations of the parts for the assembly work. As input data the program uses the
triangulated 3D part models, the assembly instructions those including the text instructions for each
assembly phase and optional triangulated 3D assembly tool models. This program produces animated
AR based assembly instructions. Figure 4 presents the main view of the AugAsseAnim software.
Animations are done so that first is created time steps and then is interpolated those steps. Animations
are defined using a dialog box including positions, rotations, and scales. The tools (i.e. wrench) are
animated in similar way.
When the animations have been defined for each assembly phase, the whole assembly process can be
simulated. The user can move to any assembly phase using a slider control (and see the animation
defined for that phase), or simulate the whole assembly process. In the latter case the program
advances from one assembly phase to the next automatically, and the animations of each phase are
played. Thus the user can see the whole animated assembly work.
The AugAsseVis program is used to play animations that demonstrate the assembly of a device. As
input data the program uses files which are generated by the AugAsseAnim. The 3D model of each
assembly part is in a separate file and another XML file contains the assembly order, animation
definitions, assembly instructions and references to the part files.
A standard USB webcam with multiple marker based camera tracking is used for extending the
tracking volume outside one marker. The multiple marker tracking system is based on the Kalman
filter, such that the marker configuration is updated on-line allowing the user to alter the relations
between the markers during the operation. On the other hand, the marker configuration can also be set
fixed, allowing better tracking results in some cases. The optical tracker assumes a calibrated camera,
and a separate tool is used for obtaining the camera internal parameterization. One marker is selected
as the base marker which fixes the scale and the world coordinate frame origin. The transformation
between the world origin and the model origin (including translation, rotation and scale) can be
acquired from a special marker, or it can be set numerically using an auxiliary dialog. The purpose of
this dialog (“offset tool”) is to enable the user to adjust the registration error between the virtual
models and the real world as small as possible.
Basic/Functional Design
Conceptual Design

Ship Data Pipeline
Detailed Design
Production Design

Fig.7: Ship Data Pipeline
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In the AugAsseVis program there are a number of visualization options: one selects whether the
previous parts are shown or not, another is to render the current part in wireframe, Fig.5. It is also
possible to select whether previous phases (i.e. already installed parts) are rendered or not; not
rendering them prevents the virtual parts from obscuring the physical ones. The bounding box of the
current part can be shown to the user to highlight its position in a complex assembly. The user can
also select whether the current parts are animated or not.
2.3. Simulation platforms for design
2.3.1. Case VRSHIPS-ROPAX
A virtual design environment (virtual platform) was developed as part of the European Commission
funded VRShips-ROPAX (VRS) project to facilitate the design of ROPAX ship. The virtual platform
enabled an iterative process of design. The platform included tools and techniques for integration (fig.
8.), a common model database for the ship-product data, a graphical interface to the platform and ship
design tools integrated to form a simulation engine. There was also so “inference engine” for the
management of data dependency information, a process control tool for the co-ordination of process,
activities and resources. The main parts of VRS platform are described here and a more complete
description can be found in Whitfield et al. (2005, 2007).
The main features of the VRS are: VRS design approach principle is “Distributed Computation /
Distributed Operation (DCDO)” which describes how the design activity is undertaken. According to
this approach the assumption is that if a designer is logged onto the system and registered as capable
of performing a number of tasks, the designer should be responsible for undertaking these tasks
wherever they have been allocated. This approach could be implemented entirely within one company
or inside a design pool including contracting work to external partners within the process controller.

Fig.8: Relationships between the components of the virtual platform. (VRShip-Ropax)
A common model containing all relevant ship product data was developed to capture the main
knowledge, information and geometry of the virtual ship. The common model was stored in a
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database and was managed through version control. The interaction between the tools, their local
models, and the common model used conflict resolution techniques. The virtual model was
investigated through the development of a process control tool, which provides support for the lifephases of a ship. The interaction with the platform was realised through a virtual environment, which
concentrates upon techniques and approaches to develop real time, virtual interaction.
The performance data generated from the simulation engine tools was analysed to provide a means to
determine and optimise the overall performance and uncertainty of the virtual ship. All development
within the project was generic in nature and a ROPAX development was made to test the system
The main objective of the integration framework is to deliver a flexible protocol and communication
mechanism that enables these disparate systems to integrate and co-ordinate their functionality. To
achieve these objectives consideration therefore needs to be given to the platforms and programming
languages that both the individual platform components and the integrated design and simulation tools
use with the aim of developing a specification for the integration that was platform and programming
language independent. Since the platform is distributed, consideration needs to be made to ensure
efficient and effective communication of design information between the disparate entities.
Common model: The common model is a database that provides a consistent representation of the
data defining the ship systems (ship product model) and external environment (sea state, routes, port
facilities), and holds the basic (and common) geometry and information required by each of the
integrated simulation engine tools irrespective of the tools’ native data formats. The aim when
defining the data specifications and schemas for the common model is to consider the functional
requirements of the life-phase process models as well as the requirements of the integrated tools in
order to ensure that the common model supports the design requirements of the user, as well as
facilitating data transfer within simulation and real-time rendering programs developed within the
virtual interaction component for example. Cover for the whole lifecycle of the vessel should be
provided, from initial design to disposal; hence the data contained within it should be applicable
across life-phases.

Fig.9: CAD model import for visualisation in VR user interface. (VRShip-Ropax)
Virtual interaction: The common model allows distributed manipulation of the ship product model as
well as enabling the virtual environment by allowing the development of the product model using the
tools within the simulation engine. The virtual environment is the interface that the users utilise in
order to interact with the virtual platform, Fig.9. Since the project was EU funded, the partners and
hence users of the platform were distributed across Europe. Providing access to the platform via the
virtual interaction component however should be extendable such that it may be implemented either
within an organisation, across stakeholder organisations, across partner organisations within Europe,
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or globally. The virtual environment should provide functionality to enable: multiple users;
configuration and use of design and simulation tools; access to the common model; visualisation of
common model contents; querying of data consistency status; enactment of processes, and use of the
performance modelling tool.
Inference engine: The virtual environment enables users to communicate and share product data and
information through the ability to remotely access, query and modify the data contained within the
common model. The design or simulation tools being integrated commonly have their own local
model, represented either as local files or databases in their own native formats. Changing the data
within one tool’s local model may have multiple implications or effects on other tools’ models. The
main objective of the inference engine is to maintain the consistency between these various models
through the management of change propagation and conflict resolution between multiple users
irrespective of the native formats that the individual design and simulation tools use. The inference
engine must manage: dynamic modification to common and local model data; the propagation of
changes made to either common or local data throughout the data dependency network, the variation
in information requirements, a mapping of the dependencies and relationships between data within the
common model; and consistency management and conflict resolution.
Process modelling and control: The process control tool is a planning and enactment environment for
the co-ordination of activities within life-phase process models. This process control tool is used to
define an initial sequence of activities, to determine an optimum process schedule, to manage the
enactment of the tools within the virtual platform and to manage the processes under real-time
conditions. Since the main objective of the process control tool is to demonstrate how distributed
activities within a virtual platform can be managed and co-ordinated, there is also a requirement that
the process control tool manages the resources that are capable of performing the activities, as well as
co-ordinating when and why they should be undertaken.
Simulation engine: The simulation engine represents the integrated design and simulation tools within
the virtual platform. These tools enable the design of the hull, general arrangement, propulsion plant,
subsystems, and simulation of the operating environment, operations, supply chain and production.
The simulation engine is capable of allowing a through life assessment, ranging from concept
development to performance trials and operational scenarios. The tools are “wrapped” in order to
enable communication with the rest of the virtual platform.
2.3.2. Case Simantics simulation platform
An open source software platform for modelling and simulation called Simantics has been developed
in an internal project at VTT. This Complex Systems Design/eEngineering theme project was started
in the year 2006 and the first release for users outside VTT was released 2. March 2009.
Simantics is both an application development platform and integration solution for modelling and
simulation, where modelling implementation is based on efficient semantic ontology. Open source
strategy was chosen for the project to enable the build up of software development community.
According to its principle the Simantics platform is open for everyone to adopt for use. Flexible
licensing allows both open source and proprietary project to be built on the platform, which cumulates
and rationalises modelling and simulation software development and use.
Different modelling and simulation approaches are modelled as ontologies and mapped together to
form a consistent graph of model configurations. Ontology based modelling enables different views to
the same system data and supports simulation in different levels of details i.e. conceptual level
simulation at the beginning of the product life cycle, more detailed simulation in later phases and
seamless moving between these levels.
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Fig.10: Modellica implementation in Simantics
Simantics aims for standardisation, especially ISO 15926, are studied in order to establish standard
data exchange between plant design systems and process simulation systems. Simulation is integrated
to the design process. Benefits of computational models are analysed in different phases of design
project (process, automation, mechanical design etc.). Semantic information modelling utilises
ontology mapping and matching in order to establish an on-line two-way link between ship design
data and simulation model data. Mapping framework for linking different simulation and ship design
tools can be implemented.
Efficient utilisation of computational methods in product development requires strong and flexible
methods for simulation model and data management. The development of the physical product is
moving towards virtual methods and simulation. Products are becoming more complex and their
detail requirements are getting stricter. This means that optimising structures requires large amount of
computational resources (both software and hardware). Ontology based modelling offers several
benefits:
• Module libraries can be generated
• High level component models can be created and used easily
• Model base management becomes easier (model versions, assemblies, …)
• Module and component debugging is more efficient (smaller models)
By semantic modelling designers can find ways to easily integrate different type of simulations e.g.
system simulation connected with details component simulations. Also generic ways to distil from
and synchronise with a real-time simulation model and an off-line simulation model are possible.
Simantics project utilised Modelica simulation language, Fig.10, which introduced promising
concepts for computationally efficient models and generic model representation.
3. Visualisation
3.1. Virtual reality
There are many levels of tools and hardware environments for virtual reality visualisation starting
from viewing CAD models from different angles in different environments. More realistic
visualisations can be achieved using shaded and textured visualisation models with animations.
Specialised software applications with interactive interface have been developed at VTT for example
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for investigating viewing angles from ship’s bridge, crane operation visualisation etc.
The most advanced hardware for visualisation at the moment are CAVE and Head Mounted Display
(HUD) environments. Stereographic visualisation with immersion brings the viewer present into the
virtual environment enabling consideration of distances and space.
3.2. Augmented reality
Augmented reality (AR) is a field of computer research which deals with the combination of real
world and computer generated data. At present, most AR research is concerned with the use of live
video imagery which is digitally processed and "augmented" by the addition of computer generated
graphics.
The characteristic features of AR systems are the combination of real and virtual objects in a real
environment; interactivity in real time; and registration (alignment) of real and virtual objects with
each other. The basic components in AR applications are a display, a camera and a computer with
application software. Different kinds of hardware can be used to implement this, e.g. camera phones,
handheld computers, laptops, head-mounted displays (HMD) etc. Here we are dealing with so called
marker-based augmented reality. There is also augmented reality research studying markerless
solutions in an industrial context.

Fig.11: Image processing used in AR-software

Marker

Virtual object
overlayed
on the marker

Fig.12: An example of the marker-based augmentation. From the video stream of the camera the
marker is recognized and the corresponding virtual object is put on the palm
The augmentation process is as follows (www.hitl.washington.edu/artoolkit/): The live video image is
turned into a binary (black or white) image based on a lighting threshold value. This image is then
searched for square regions. AR-software finds all the squares in the binary image. For each square,
the pattern inside the square is captured and matched against some pre-trained pattern templates. AR-
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software then uses the known square size and pattern orientation to calculate the position of the real
video camera relative to the physical marker. AR software computes the transformation matrix that
describes the position, rotation, and size of an object. The virtual object is thereafter located in
relation to that marker. Thus the user experiences video see-through augmented reality, seeing the real
world through the real time video with virtual models. The diagram in Fig.11 shows the image
processing used in AR-software in more detail and in Fig.12 shows an example how a virtual object is
overlaid on the marker.
AR methods are particularly well suited for complex, short manufacturing series or in a customized
production factory environment. Each individual product may have a slightly different configuration:
the order of assembling parts may vary for different products and/or the number of phases in the
assembly line may be large. The traditional approach is to use assembly drawings (blueprints) and
possibly instruction manuals with guiding pictures to describe the content of each work task. As the
assemblies become even smaller, the need for guiding the worker with all available tools becomes
increasingly important. The AR system may also reduce assembly times, accelerate learning of the
assembly tasks and provide more quality assurance to the factory floor.
4.

Conclusions

Simulation based design has proven to be the method to manage complex product development.
Developers of cars and airplanes (technically complex and challenging products) use extensively
virtual development methods; the same is possible in ship design. Reports tell that modelling and
simulation are seen as the key technology to gain and keep technological competence.
The next big challenge is how to get the most out of these methods in the whole product life cycle.
How to manage design, simulation, and numerical data; how to optimise the design process; how to
optimise the product and the business model for whole product life cycle, taking into account
ecological and economical aspects.
Production processes and methods also play important role in project based industry. The production
processes and manufacturing methods have to be redefined. This includes innovative shipyard
infrastructures and layouts as well as completely novel assembly methods, shared services and
logistics.
In the development of the design process the main objective is to have design process based on
concurrent engineering with global network, develop platform solutions that can utilise modern design
tools efficiently, inexpensively, reliably and fast. New visualisation methods utilising VR/AR tools
with new hardware will support design in the future.
In our research the use of AR instructions can result in faster assembling performance than the use of
paper instructions. The presentation of the form (3d model) and the animation of the way the part
should be put to the right place, in the correct orientation, were found to be the most valuable features
in AR instructions. The visualization of the assembly directions of the parts made assembling easier
compared to the paper instructions. Only virtual model of the part that was needed in each assembly
phase was showed in the AR software together with the camera view of the previously assembled
parts. Operation with the helmet and wires is still experienced uncomfortable. Wireless and lighter
solution would improve usability significantly.
The above example describes the usability study of augmented reality efficiency in assembly work.
We observed the differences in assembling performance between the situations when paper
instructions or augmented reality instructions were used. The assembly example was from tractor
industry, but could be applied to shipyard assembly work too.
In the design process IT platforms and tools play the key role. The benefits that can be achieved
through the development of these platforms and tools include reusability, easier configuration of
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designs, better utilisation of modularisation and standards. They will also lead to better quality and
shorter lead times in the industry.
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Abstract
The architecture of the 3D model database in Nupas-Cadmatic has been designed in such a way that
it serves multiple purposes for all phases of the shipbuilding process. Besides advanced 3D detail and
production engineering there are various other possibilities that cover the (re)use of the 3D model
and offer significant added value for ship designers, shipbuilders and ship owners. In this paper
Nupas-Cadmatic introduces three new functionalities: Export to FEM, Compartment Modeling and
3D General Arrangement and the Work Breakdown and Assembly Tools.
1. Beyond the 3D geometric ship model
During the past few decades a variety of 3D CAD/CAM systems for shipbuilding have been
developed of which all had the same goal: to speed up, improve and optimize the different activities in
ship design, ship engineering and ship production. The advantages were, and still are substantial,
compared to traditional drawing boards. Almost every modern shipyard or ship design company uses
software in one way or the other in order to keep up in the strong competitive shipbuilding market.
High labor costs and increasing prices of materials force the shipbuilding industry to be innovative,
efficient and to respond quickly to the changing market demands.
Nupas-Cadmatic is the 3D ship design systems in the high level segment. Since its origin in the late
1980’s, Nupas-Cadmatic has become a strong player in the market with currently more than 290 users
in 35 countries. Although Nupas-Cadmatic started as a 3D production engineering tool, it rapidly
expanded to a mature and complete 3D ship design, engineering and production system.
In Nupas-Cadmatic the architecture of the 3D model database has been designed in such a way that it
serves multiple purposes for all phases of the shipbuilding process. When the first plate, profile or
pipe comes into existence, the production modules of Nupas-Cadmatic already know of its existence.
In other words, the 3D model database contains all the data and intelligence to provide a continuous
and consistent data flow for each phase of the shipbuilding process. Nupas-Cadmatic also aims to
make the life of the designer easier by offering an advanced topological model, rule-based
engineering, parametric modeling, specification-driven pipe routing, automatic part nesting, etc. in
order to avoid errors and take over boring tasks.
So what more should a 3D ship design system be able to do? We can continue to develop the
intelligent modeling and make it fancier and even more intelligent but we should also realize that
there are limits to what is considered to be necessary and useful or not.
The answer lies in developing functionality that goes beyond the 3D geometric ship model. Nowadays
Nupas-Cadmatic has many powerful functionalities and features that can easily be utilized in new
applications that offer significant added value to ship designers, shipbuilders and ship owners.
Possible new uses of the Nupas-Cadmatic 3D geometric ship model are in the field of finite element
analysis, ship life cycle management, browsing and sharing the model, 3D general arrangement,
compartment modeling and assembly management.
In this paper we introduce three of these new functionalities: Export to FEM, Compartment Modeling
and 3D General Arrangement and the Work Breakdown and Assembly Tools.
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2. Export to FEM model
Final Element Analysis (FEA) of a ship’s structure is an essential activity in the early design stage of
a new vessel. It is essential because it forms in some cases the basis to receive approval from the
Classification Societies for the structural design. Another essential objective, and these days maybe
even a more important one, is the fact that FEA helps designers to optimize the structural design.
Modern ships have to be fast and light yet stable, safer and more fuel efficient than ever before.
The general problem is that performing a finite element analysis on a ship design is an extremely time
consuming process. Besides the required CPU time to execute the actual FEA, modeling the ship
structure is the other main time consuming part of the process. The model has to be created from
scratch. About 70% of the time to perform a FEA consists of creating the model and existing FEA
software programs do not offer adequate and rapid modeling tools. In addition the fact that various
alternatives for the same ship often have to be considered, one can imagine that optimizing a design is
an extremely expensive matter for which mostly is no time available.
For special ships with particularly heavy constructions or ships that suffer from heavy and special
forces (heavy lift, dredgers) it is important for the ship owner and shipbuilder to create the most
optimal design. Class Societies require FEA proof of designs that deviate from the common structural
rules. This also applies to standard ships where a designer decides to use less or thinner structural
material. Another issue is validating an existing design. It is hardly done because of the amount of
time it takes. Overall there are enough reasons to try to speed up the FEA process.
In 2006 Nupas-Cadmatic started a new development project with German shipbuilder Flensburger
Schiffbau Gesellschaft to achieve a detailed FEA of a new design in the shortest possible time. By
making use of existing fast and advanced 3D modeling techniques of the Nupas-Cadmatic Hull
module, one will be able to reduce the modeling time dramatically and create an optimal FEM model.

Fig.1: The Nupas-Cadmatic model, the generated FEM model and the mesh model of a double bottom.
The development project consists of an ‘Export to FEM’ application. This application creates a
simplified and idealized FEM model from the 3D structural ship model. Because of the high level of
structural topology in the Nupas-Cadmatic ship model, the application is able to generate the optimal
FEM model quickly. The FEM model is stored in the ANSYS ™ file format for a smooth connection
to the actual FEA. Besides the ANSYS file format the FEM model can also be stored in a general
IGES file format.
2.2 The process of preparing the FEM model
A Finite Element Method (FEM) model in Nupas-Cadmatic Hull consists of a collection of FEM
objects created from selected construction parts from the Nupas-Cadmatic structural model database.
This selection can consist of a specific isolated construction, one or more blocks or even the complete
ship. Because you want to derive a FEM model at any given moment from the 3D structural hull
model (regardless of the level of detail) it needs to be simplified, idealized and optimized in order to
be processed by a FEA software program. The level of detail of the FEM model is handled by socalled FEM policies. The FEM policies concept is explained in more detail in the next paragraph.
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Fig.2: The Export to FEM process
The process of the export of the FEM model is visualized in Fig.2. During 3D modeling, NupasCadmatic continuously maintains a FEM database via the Hullserver (the Hullserver is a server
process which serves several applications of the Nupas-Cadmatic system). The FEM database
contains specific data of the construction parts in order to generate the FEM model rapidly.
The user selects the construction parts via the standard Report Generator or via the Hull Viewer. The
user selects the output format, chooses the desired FEM policy and applies several specific FEM
export settings via a user interface. Before pressing the Export button the user is able to preview the
selected construction.
The FEM data of the selection is passed to a preprocessor. The preprocessor skips specific
construction elements according to the selected FEM policy and performs several idealizations to
simplify the model. The next step is to optimize the FEM model via an optimizer where the number of
node points is reduced or increased if necessary. Finally the output file is generated in ANSYS or
IGES format. Depending on the size and detail of the structural model the preprocessor and optimizer
can be rather time consuming. This process can, therefore, also be executed in batch mode.
2.3 FEM Policies
The accuracy or detail level of the exported FEM model is specified in the FEM policy. The default
FEM policies are GLOBAL, ROUGH or FINE and determine the final detail level based on various
settings. A policy is a collection of settings which control the so-called idealizations. The user can
also define his own policies.
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A FEM policy:
a. Contains the conditions for skipping “small” construction parts based on minimum area,
dimensions and weight.
b. Is used to specify in what way construction parts such as plates, brackets, profiles, cutouts and
holes are exported.
c. Determines the FEM element types (SHELL63, BEAM44, etc.) to be used to represent the NupasCadmatic Hull construction.
d. Determines tolerances such as the number of node points, vector lengths, etc.
2.4 FEM Idealizations
There are a number of standard idealizations that apply to every FEM model:
1.
2.
3.
4.
5.

Plates are exported to objects without thickness (Fig.3).
The plate contours are modified to fill the gaps caused by reducing the thickness to zero.
Node points are positioned on the mould side of the plates.
Plates, brackets and profiles are extended to the nearest node point or to the plate contour.
All plates, brackets and profiles connected to a plate result in main (mesh)lines and node points
on that plate.
6. Profiles which are not connected to a plate are exported as beams.
7. Girders are handled as T-profiles.
8. If a profile is skipped the cutout is also skipped.

Fig.3: Reducing plate thickness to zero
Other idealizations that are performed by choosing a policy are:
1. Profiles are skipped, exported as (mesh)lines with 2 node points or exported as a beam.
2. Node points of profiles are connected to the nearest node points on the plate contour (possible
shift of profile plane)
3. New node points can be introduced (stationary profile plane)
4. Small parallel profiles in the same plane are connected to each other or to the nearest node point
5. Small parallel profiles in different planes are exported as one single (mesh)line with node points.
To counteract the reduction of profiles the average compensation method will be used.
6. In a global model there are no (mesh)lines with node points representing profiles. The properties
of the profiles are summarized in available element edges or via anisotropic material properties
(the torsional moment of inertia).
7. The effect of holes and cutouts can be simulated by reducing plate thickness (according to various
arithmetic formulas)
Some examples of idealizations can be found in Figs.4 - 7.

Fig.4: Shift of profile plane

Fig.5: Parallel profiles in same plane
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Fig.6: Stationary profile plane

Fig.7: Parallel profiles in different planes

The end result of the export process is a simplified FEM model in ANSYS or IGES format which is
ready to be processed by a mesh generator and finite element analysis software. Fig.8 shows examples
of the results of the three default FEM policies Global, Rough and Fine.

GLOBAL

ROUGH

FINE

Fig.8: The effect of policies on the FEM model
The top row images represent the simplified IGES models, the middle row images show the
simplified ANSYS models of the divisions due to the idealizations and the bottom row images show
the ANSYS models after meshing.

2.5 Current version and future developments
The Export to FEM feature received a lot of interest from the Nupas-Cadmatic user community after
the project was announced. There is currently a beta release available in Nupas-Cadmatic version 5.3
which is being tested at several Nupas-Cadmatic sites. The results are promising and the official
release of Export to FEM is expected to be available at the end of 2009.
Some of the future developments to enhance the Export to FEM feature are:
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•
•
•
•
•

Increase the number of idealizations and fine tune idealizations
Elaborate the optimizer functionality
Enable batch job handling
Include shell plates
Realize different output file formats for 3rd party FEA software

3. Compartment modeling and 3D General Arrangement Design
The process of designing a new ship is a complex combination of various activities, many variables
and numerous known and unknown factors. Each activity provides pieces of information which are
based on several design resources. As you probably recognize from your own experience this often
results easily in having to do work more than once, working with outdated information or even worse
working with the wrong information. The subsequent design steps will also suffer from these harmful
consequences. In this paragraph Nupas-Cadmatic presents its vision on the future development of the
concept of 3D General Arrangement Design to reduce the various drawbacks in conventional initial
design.
3.1 General Arrangement in initial design
The conventional process of initial design is represented in Fig.9. According to the ship’s
specifications the hull shape is designed, the initial compartments are defined and the usual ship
theory calculations are performed. For these activities a variety of commercial software packages are
available on the market from which the initial results are the basis for the 2D General Arrangement
drawing. The compartment definition is usually not available in a 3D model and is written down in
the ship’s coordinates.
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Transfer of
Hull shape data

Manual transfer of
change information

General
Arrangement

Manual transfer of
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Manual transfer of
GA data

FEM analysis

Hull shape Design
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3D Compartment
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Fire Control

Noise & Vibration

3D Compartment
model
Ship Theory
(Intact , Damage stability…)

Fig.9: The conventional process of 2D General Arrangement design
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Due to the fact that several disciplines in the shipyard use the compartment definition and give feedback to optimize the design, the danger of inconsistent compartment information is clearly present
during this cyclic process. As a consequence of communication failures design mistakes are made and
valuable time is lost.
3.2 3D General Arrangement Design
The solution to the various drawbacks of the conventional way of working is the concept of 3D
General Arrangement Design. Nupas-Cadmatic is currently investigating the development of the
solution to support the initial design phase in a more efficient way than existing software tools. The
aim is to quickly develop a 3D compartment model, optimize that model and most importantly: to
provide accurate and essential design information to the various subsequent engineering stages. This
approach clearly differs from traditional methods of working where compartment modeling, general
arrangement design and detail design are separate activities. The process of 3D General Arrangement
Design is shown in Fig.10.
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Fig.10: The process of 3D General Arrangement Design
3.3 The 3D Compartment Tool
As Nupas-Cadmatic already has very enhanced 3D structural modeling capabilities, the 3D
compartment model can be created in the same flexible manner as in basic and detail design. Making
use of the existing Nupas-Cadmatic modeling functionalities offers a number of advantages:
1.
2.
3.
4.
5.
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Modeling with the use of structural topology
Calculations of volumes, sizes, weights, paint areas etc.
Applying attributes, properties and rules
Generate 2D general arrangement drawings from the model
Seamless connection to the detail design phase

6. Export the 3D model to 3rd party software for various purposes
3.3.1 Modeling with the use of structural topology
A compartment is a closed space (volume) which is defined by planes. In Nupas-Cadmatic these
planes are defined topologically. The advantage of a topological definition is its extreme flexibility
when creating and modifying compartments. There are four methods to define the planes:
a. By grid: The system supports a grid definition in 3 directions (length, breadth and height). Each
grid is identified by a unique name. It is possible to have more than one grid definition for height
and breadth.
b. By structural entity: The system supports the creation of construction plates in an arbitrary plane.
The construction plate has a thickness and thickness direction.
c. By hull shape group: The hull shape database contains the surfaces of the shape of a ship. Each
closed surface has a unique group number and is identified by that group number.
d. By manual plane: Besides the above mentioned methods, the user can define a manual plane
where the plane is defined by a minimum of 3 points (or 2 points and a direction).
By using (a mixture of) all 4 above-mentioned methods the user is able to define any compartment
irrespective of the complexity of its. Adjacent compartments are related to each other due to the
topological properties of the compartment model. See also ‘3.4 Operations on compartments’.
3.3.2 Calculations of volumes, sizes, weights, paint areas etc.
Calculations such as determining volumes, areas, weights etc. will be executed on the fly when a
compartment is defined. The results are stored as attributes in the compartment database and are
available for other functions.
3.3.3 Applying attributes, properties and rules
Compartments have attributes. Attributes can be properties, rules and values and play an important
role in determining logistical data (volumes, paint areas) and during rule-based engineering. For
instance: the compartment property ‘watertight’ determines the rule to use scallops and apply a
minimum thickness of protective coatings in tanks. The same applies to the use of specific material
types or minimum material thickness in specific compartments. The overall advantage is that a high
level of automatic determination can be achieved. The process of compartment modeling will be more
goal-oriented and decisions which are now made by the user can be made (semi) automatically by the
software.
3.3.4 Generate 2D general arrangement drawings from the model
The definitions of the compartments are stored at the ‘ship level’ so that the ship block boundaries do
not create any restrictions and the definitions will be available for all blocks. It is therefore possible to
generate views of the 3D compartment model for use in drawings. Due to the permanent link between
the model and the views, the drawings are updated automatically according to the changes in
compartments.
3.3.5 Seamless connection to the detail design phase
As the compartment definitions are available for all blocks, the compartment information can be used
during detail design. Attributes that apply to the compartment will also apply to the blocks which are
situated (partly) in the compartment area. This inheritance of attributes will be of use during rulebased engineering and adopting shipyard standards. Attributes can be used in type definitions of for
instance brackets, profile end types, holes and cutouts. In this way Nupas-Cadmatic assists the
engineer in making the right decisions.
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3.3.6 Exporting the 3D model to third-party software for various purposes
It must be possible to export the compartment model data in a format that can be used by third-party
software systems for use in for instance ship theory applications, simulation of evacuation, onboard
logistics, fire control, noise and vibration engineering etc. The compartment model geometry can be
exported in a geometric format which is surface-based, for instance IGES or SAT format. These
formats can be used for visualization purposes.
3.4 Operations on compartments
In addition to the above-mentioned functionalities a number of specific operations on compartments
will be developed:
a. Modifying
If one of the definitions of which the compartment consists is changed (for instance a new deck plate
is selected or a new grid value is chosen) the compartment will be determined again, recalculated and
visualized accordingly. Due to the topological model, modifications can influence adjacent
compartments as well.
b. Copying
Compartments can be copied throughout the ship (with a certain offset value). Definitions with a
relation to the hull shape will be maintained and can be adjusted manually if necessary. Attributes,
properties and rules will be included.
c. Checks
• The final definition of a compartment can be visually checked by presenting the compartment
in distinguishing colors.
• The 3D Compartment Tool gives a warning when the compartment is not a fully closed space.
• It is possible to have overlapping compartments or undefined (void) spaces in the ship that do
not belong to any compartment. It will be possible to check and visualize these situations.
• The 3D Compartment Tool gives a warning when a definition related type (construction plate,
hull shape, and grid value) has been removed from the model. The compartment will keep its
current shape and will not change until the user determines a new definition.
d. Reports
The 3D Compartment Tool will be equipped with a report generator to supply various reports such as
compartment sizes, volumes, paint areas etc. It will also be possible to list (the position of) equipment
and machinery from the initial outfitting model.
3.5 The spin-off of 3D General Arrangement Design
Many systems offer compartment modeling only for ship theory computations, calculation of volumes
and capacities etc. In Nupas-Cadmatic we have advanced integration between the various stages in
design, engineering and production by means of the versatile 3D modeling system. Introducing the 3D
compartment model will surely strengthen the integration and reuse of information for each
discipline’s specific needs.
4. Work Breakdown Management and Assembly Tools
One of the most important goals of computerized ship modeling is to produce the (blocks of the) ship.
This means that the structural parts (plates, profiles, brackets, shell frames, etc.) have to be produced
and assembles in a block or section.
Due to the fact that each shipyard has its own specific production and building methods we developed
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an intelligent Work Preparation Manager (WPM) to streamline and manage the complex process of
work breakdown. The goal was to automate this process as much as possible and still offer enough
flexibility to comply with the shipyard’s working methods.
In Nupas-Cadmatic part production (nesting, cutting, grinding, beveling of plates and profiles) is
taken care of by the plate nesting and profile modules. The assembly management is carried out by
the (semi) automatic work breakdown functions which will be explained in more detail in this
paragraph.

Fig.11: The Nupas-Cadmatic Work Preparation Manager
4.1 The overall process of the building sequence in Nupas-Cadmatic
Managing the assembly order or building sequence of hundreds or thousands of parts is a complex
process which requires a lot of man hours if done manually. Nupas-Cadmatic reduces this laborious
process to a minimum by the use of the built-in intelligent Work Preparation Manager. The 3D model
contains all the information that is needed to assist in determining the work breakdown sequence as
automatic as possible. The user can define up to 12 levels in the work breakdown tree. Four of these
levels are automatically determined by Nupas-Cadmatic and form the base of the work breakdown.
With use of the interactive Work Preparation Manager the CAM engineer finalizes the work
breakdown sequence manually by inserting levels, dragging and dropping parts, sub panels or panels
freely in the work breakdown tree. Besides the tree structure view the model is also visualized in a 3D
view to assist the CAM engineer with his decisions. Once the work breakdown sequence is fixed
Nupas-Cadmatic produces the complete production documentation according to the work breakdown
sequence. This production documentation consists of various automatically generated reports and
lists, 3D panels and assembly sketches, 2D and 3D combination sketches of panels and parts, 2D
panel drawings, jumbo panel sketches and work breakdown animations. Panels and subpanels receive
work breakdown names which are automatically marked on the individual plates. If desired, the CAM
engineer can even renumber all parts according to the new work breakdown sequence.
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The fact that Nupas-Cadmatic also determines the process codes and job codes for each part, means
that the work preparation department receives a full package of detailed information to assemble the
block in the most efficient way. It is of course also possible to transfer all the production data to the
shipyard’s ERP or MMS system for further processing.
4.2 Automating the work breakdown structure from the 3D model
The automatic work breakdown process starts with the automatic numbering of all the parts and
panels. A panel is a plate with all its attributes (profiles, lugs and brackets). There are several levels of
automatic numbering. The easiest one consists of assigning a unique panel number or name to each
plate. The highest level determines all plates situated in the same plane and then divides the panels in
the same plane into sub panels, Fig.12.
The naming convention in this case is according to the plane values, i.e. frame, breadth and height
values. The sequence of determining the planes in the model can be set in various ways by the user,
for instance from aftship to foreship, from portside to starboard and from bottom to top. During this
process the user can apply several settings to influence the behavior of the automatic numbering.

Fig.12: Automatic panel and subpanel naming
Besides this it is also possible to use the 3D grid system values and naming. In this case
(sub)assemblies and panels receive more comprehensible names such as deck6000, bulkhead-fr146
etc. etc. An important advantage is that the naming convention is also used as text on the individual
parts, panels and assemblies in production. The steelworkers and welders will easily recognize how to
assemble the panels.
The result of the automatic numbering and naming is a reasonable work breakdown structure that is
suitable for manual finalization by the CAM engineer with the help of the Work Preparation Manager
Tool.
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4.3 The Work Preparation Manager Tool
The Nupas-Cadmatic Work Preparation Manager (WPM) is a built-in work breakdown tool to
complete the final assemblies and assembly sequence of a block. Once the automatic part numbering
process has created the basic work breakdown structure, the CAM Engineer is able to compose the
final (sub)assemblies and panels depending on the shipyard’s building method. The work breakdown
structure is visualized by means of a tree structure and the actual 3D model of the block, Fig.11. The
CAM Engineer can add additional levels in the tree, rename and compose new assemblies, change
assemblies by dragging and dropping single parts or complete (sub)assemblies and determine the
building order for each assembly or panel. During the process of creating the final work breakdown
the Nupas-Cadmatic logistical database is updated on the fly.

Fig.13: The Work Breakdown Tree View
An important feature is that the CAM Engineer is also able to decide upon the building sequence of
each panel and (sub)assembly. The order in the tree automatically represents the sequence of
assembling the individual parts, Fig.13. The sequence can be simulated directly via the built-in work
breakdown animation feature. The animation can be saved as an AVI file to support the steelworkers
in the workshop.
4.4 Concurrent production engineering: working offline
The WPM offers 2 ways of working: online and offline. In the online mode the WPM communicates
directly with the Nupas-Cadmatic logistical database meaning that changes in the work breakdown are
stored immediately in Nupas-Cadmatic. In the offline mode the changes in the work breakdown are
stored locally in the WPM tool and synchronized automatically at a later stage with the NupasCadmatic logistical database. The latter method can be used in situations where design and production
are executed in geographically different locations i.e. a design company working as subcontractor for
the shipyard. The design office does the block detail and production engineering while the shipyard
determines the work breakdown. After synchronizing the work breakdown data the design office
generates all production documentation according to the shipyard’s work breakdown. The same
principle can also be applied between the shipyard’s design and production departments, Figs.14 and
15.
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4.5 Production documentation
Another main advantage of using the intelligent Work Preparation Manager is that all required
production documentation will be generated according to the work breakdown structure at each
desirable level. Most of the documentation is generated automatically in the form of reports, lists, 3D
and 2D panel sketches and drawings. Besides the 3D model presentation, the sketch contains a variety
of information such as labels, weights, CoG, a part list, welding lengths etc, Figs.16 and 17.
The production documentation is derived directly from the Nupas-Cadmatic logistical database and is
always consistent with the status of the actual 3D model. Modifications in the structural 3D model are
reflected directly in the production documentation thereby saving time and avoiding errors.
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Abstract
The numerical offshore model basin simulator (TPN) is a joint development between academia and
the oil company PETROBRAS. The laboratory encompasses several methods and algorithms in a
single tool, and is able to simulate, in the time-domain, the coupled behavior of the main components
of an offshore system. Each case can contain several different environmental conditions, resulting in
a large amount of data to be processed after each analysis. This article describes the entities and
functionalities of the post-processor developed to handle the simulation data. The software, named
TPNView, can fully represent the system modeled during the analysis, with the bodies (ships,
platforms, buoys), lines (risers, mooring, hawsers) and environmental conditions (wave, current and
wind). The main feature of the software is the real-time 3D visualization, allowing the whole
observation of the system behavior on the screen and its components’ interaction. The interface
permits the selection of any of the components during the post-processing, showing in real-time the
information attached to such a component. Besides the 3D functionality, the post-processor can
present the data in an analytical way, with the time series of the main results, such as stresses,
movements and paths. For instance, by selecting the platform, it is possible to visualize the time-series
of heave motion and tension in risers, while the animated real time analysis is being displayed. In an
easier way than the one available at a physical model basin, it is possible to the analyst to navigate
through the field, record videos and control the velocity of the presented analysis. Another feature is
the possibility of visualizing the results in virtual reality, with the stereo output support.
1. Numerical Model Basin Simulator
The numerical offshore model basin, TPN, is a joint development of Brazilian universities, research
institutes and the oil company PETROBRAS. Its scientific production is focused in analyses and
design verification of complex offshore systems that normally requires even more complex tests in
physical model basins. The numerical model basin is a time-domain simulator that encompasses
several methods and algorithms in a single tool and can make coupled analyses of several kinds of
offshore systems, Nishimoto et al. (2003), Nishimoto (2005).
All the main components of an offshore system can be modeled and analyzed by the mentioned
simulator. It classifies the components in two distinct classes: bodies and lines. Floating units are
considered bodies despite the concept. FPSO, TLP, semi submersibles, SPAR and new concepts, such
as mono-column, can thus be analyzed. Risers, mooring lines, hawsers and other connection parts are
considered by the simulator as lines. Those lines are modeled by finite element methods among other
simpler approaches.
The heart of the numerical simulator is the motion equation given by Newton’s law in the context of
the dynamics of floating bodies, and has been described by Nishimoto et al. (2003). Given that the
simulator uses the full hydrodynamic equation, a longer time to calculate the simulation for floating
bodies with several risers e mooring lines is required. Therefore, a cluster with more than 250 cores
was built to run the simulator taking advantage of parallel processing. The system architecture of the
simulator is described by Luz et al. (2009). The amount of data obtained from the simulation is
handled by the post processor TPNView. The entire 3D view of the offshore system is presented, with
the use of 3D models that allow a refined and very detailed representation for each of the conditions
analyzed. The methodology for the 3D modeling is presented by Gaspar et al. (2007).
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2. Global Process of the Analyses
The global process of simulation is represented in the flowchart of the Fig.1, adapted from Gaspar et
al. (2009)

Fig.1: Global process of the analysis in the numerical simulator.
Next we delve into the details of each step of the simulation.
With basic information concerning the offshore system in hand (platform size, type of oil, water
depth, etc), we build a mesh model for each body, which is then used to obtain the hydrodynamic
coefficients. These are computed by WAMIT, a well known software in the field of hydrodynamics,
WAMIT (2006). These coefficients are inputted in a pre-processor software called Prea3D, Menezes et
al. (2002), which features a friendly interface to input all the information required by the simulator,
such as wind velocity, initial position of the bodies, etc.
With all that information gathered in a file, we launch the simulator, what will spawn the processes
responsible for calculating mooring line dynamics, riser dynamics, body dynamics, sloshing effects,
dynamic positioning control, among other phenomena.
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Since the simulation is performed in a coupled way, which means that the forces due to the lines,
sloshing, etc, are considered when solving the body's motion equation, there is a clear
interdependency among processes. Let's consider the case of having a single body connected to a
single line. The simulation begins with the body’s initial position being delivered to the line process.
It then computes the position of all the nodes and forces in all the elements of the finite element mesh
and sends the resulting force to the body connection. The body can now add the line force to all the
other forces (wind force, current force, etc.), solving the Newton’s equation, and integrating to
determine its new position. This process is repeated until all the simulations are performed. Each
simulation considers a certain environmental condition. If more than one condition is to be analyzed,
the simulation is restarted with this new condition.
The simulator computes a large amount of data to be given as output. We can make several kinds of
analyses based on such results, but a particularly interesting way of analyze the resulting data is to
represent the offshore system in the environment using computer graphics, enabling the visualization
of the entire system, and to understand the overall perspective (“is the shuttle moving towards the
platform?”, “how are the lines behaving?”), or to focus attention to a detail, such as the tension in the
line's touch down point.
A tool capable of such feature was developed and named TPNView. The development of such
visualization tool has great similarities with the development of a computer game. Great effort was
made to reach a reasonable level of graphical realism, taking advantage of known techniques in game
development. The next section covers the visualization tool in more details.
3. Post-Processor Architecture
3.1. TPNView
The visualization of simulations in engineering, according to Nyland and Lastra (2001), has the
quality of delivering better comprehension and understanding to physical phenomena. In our case, this
technique allows the visualization of the ocean environment aligned with what the analyst is used to
facing in his daily life. Moreover, he can start the discussion of the analysis directly from what really
matters in the system, without the need of going through the tedious task of describing, for instance,
how the FPSO was represented, which of the geometries corresponds to the shuttle, or the direction to
which the waves are going.

Fig.2: Screenshot of the post-processor TPNView
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A screenshot of the software is presented in Fig.2, where we can see the representation of the ocean
surface and sky, along with a FPSO type vessel. The 3D models, subject of section 3.3, are built using
Autodesk's 3D Studio Max. It is also possible to visualize several different graphs such as the body's
motion, line forces, among others.
3.2 Post-Processor Modules
The post processor has three modules that define its main structure (Taniguchi, 2008):
•
•
•

Data interface
User interface
Graphic engine

The data interface deals with the information inside the file generated by the simulator. It contains the
analysis results from the simulations, such as the forces and positions time series for all the
components (bodies, lines, mooring lines, etc). The user interface encloses all the windows and
screens that allow the interaction of the user with the software, as observed in Fig.2.
Graphic engines are usually libraries that help developers to create applications that need graphic
functionalities. Electronic games and scientific visualization generally make use of a graphic engine
to accelerate software development, since using API's like OpenGL and Direct3D are much more time
consuming.
TPNView uses a graphic engine named Ogre 3D (2009). Overall, the library architecture consists of
some modules that control specific parts and plug-ins inside the post-processor. The main modules of
the graphic engine are, Taniguchi (2008):
•
•
•

Scene manager
Resource manager
Rendering.

Scene manager creates all the entities that compose the scene graph, which are, for instance, sea, sky,
bodies, lines and even cameras. Resource manager is the one responsible for managing the resources,
such as lines, ocean and models meshes, sky textures and line materials scripts. The rendering
transforms the scene in/to images that are visible by the user. The plug-ins add some extra features to
the software, such as other rendering techniques or operating system compatibility.
3.3. 3D Models
Fig.3 presents a simplified flow chart of the interpretation process of the 3D models. The
methodology for the 3D modeling is presented by Gaspar et al. (2007)

Fig.3 – Flowchart of the process of the 3D models interpretation
Autodesk 3D Studio Max is the program adopted in the laboratory for 3D modeling of the offshore
systems. This software offers a wide range of modeling methods, which, associated with the abilities
of the modeling team, enclose practically all the necessary techniques to shape an offshore structure.
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Also, it contains a plug in that allows the user to export the model in a format that suits the graphic
engine Ogre 3D used in TPNView. Fig.4 shows a screenshot of the modeling software with the model
of a platform being exported.

Fig.4: Screen shot of Autodesk 3D Studio Max, with a platform being exported to the format Ogre3D
The exported file consists of all the information needed by TPNView such as:
• meshes (vertices, normals, and primitives);
• textures;
• materials;
• objects (mesh reference and position).
During the import process, all the information within the file is converted into Ogre3D meshes,
texture, materials and entities, and finally inserted in the scene.
4. Post Processing Features
The user can freely “fly” in the scene, observing the system from any point of view. He can also
advance in time or go back to see a specific moment of interest in the simulation. Since this
simulation can have as much as 3 hours of duration, the user can go faster or slower in time. One
important feature is the ability to switch among environment conditions in a fast manner, because
comparison among them is frequent.
Fig.5, adapted from Gaspar and Nishimoto (2007), shows the current entities and functionalities in the
software. A tree view on the left of the main window is also presented to the user; it contains all the
entities that take part in the simulation, making the option selection easier to perform. The lines and
structures can be colored so that color gradients represent force value. This allows the visualization of
system behavior and knowledge whether it is reaching a undesirable state.
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Fig.5: Entities and functionalities of the post-processor TPNView.
Fig.6 presents three different bodies which were post-processed in the simulator: a FPSO vessel, a
semi submersible platform and a semi submersible buoy. Fig.7 presents an upper view of one
monocolumn platform, with the lines having different colors, which indicates the gradient of the
tension value in the lines.

(a)
(b)
(c)
Fig.6: Three bodies post-processed in real time by the TPNView: (a) FPSO unit, (b) semi submersible
platform and (c), semi-submersible buoy.
Graphs are still an important way to view the simulation results. The interface thus presents this
functionality along with statistical information. Fig.8 presents two examples of the time series graphs
generated by the post-processor, one from the position of vessel (coordinate X) and the other from the
tension in a specific node of one line.
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Fig.7: Post-processing of a platform and its mooring and risers lines

(a)

(b)
Fig.8: Two examples of a time series graph generated by the TPNView
Each offshore scenario is analyzed under a set of environmental conditions. Each set consists of: a
certain period and direction of wave; and the direction and velocity profile of wind and current. These
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values are defined based on the weather condition in the field region. A typical analysis, nowadays,
encloses approximately 120 different environmental conditions, from the normal operational case up
to extreme ones, such as hurricanes and wind storms. The software allows to the user the possibility of
select any of the conditions analyzed. Fig.9 presents a window with the information of 10 conditions
of one analyze.

Fig.10: Visualization of the environmental conditions of one simulation

Fig.11: Post-processing of the structural analysis of a semi submersible buoy.
TPNView can also export the simulated tension time series to the software MSC Nastran, coupling
the structural analysis with the hydrodynamic one. After Nastran performs its analyses, TPNView can
import the results and display them in the scene. The imported information includes tensions of
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elements and displacements of nodes Gaspar and Nishimoto (2007). Fig.11 presents a screenshot of a
semi-submersible buoy, which was analyzed in the finite element software considering the load of the
attached lines.
The software also can display the results in virtual reality environment, in rooms equipped with stereo
output support. The stereoscopic visualization does not affect the interpretation of the data in the
everyday use of the post-processor. However, it does play an important marketing role when
presenting projects results to the clients and in the vulgarization of the scientific advances to the
society.
5. Post-Processing Examples
This section presents some other examples of offshore systems analyzed by the numerical simulator
and post-processed in the TPNView. Figs. 12 and 13 present two different views of a system with a
FPSO coupled with a semi submersible buoy, Nishimoto et al. (2005). It is possible to visualize the
two bodies and the lines connected to them.

Fig.12: Upper view of the FPSO – semi submersible buoy system.
Figs.14 to 16 present different views of a three body offshore system. The analysis simulated the
offloading operation of a VLCC connected to a FPSO-TLWP system. The FPSO-TLWP technology is
described by Rampazzo et al. (2009). It is possible to visualize the two bodies and the lines connected
to it.
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Fig.13 – Undersea view of the FPSO – semi submersible buoy system

Fig.14 – Side view of the FPSO-TLWP system during the offloading operation.
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Fig.15: Isometric view of the FPSO-TLWP system during the offloading operation, with the VLCC
on the left of the image

Fig.16: Upper view of the FPSO-TLWP system during the offloading operation
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6. Final Considerations
Through the present work, we reach the following conclusions:
•

The analysis of offshore systems is a complex task, and requires reliable software for the
scientific visualization.

•

A post-processor allows a better understanding of the simulated offshore system, with the
possibility of visualizing all its main components as 3D models. It also creates an integrated
environment, leading to defining a common base tool to analyze the simulation data shared by
all the personnel involved in the project.

•

As far as a scientific visualization is concerned, the graphic realism and a geometric
representation close to reality work as important features towards the understanding of the
simulation results.

•

The TPNView is a non-commercial tool, developed inside the laboratory. This software has
the benefit of a tool specially developed for the needs of the simulator.

•

However, there is a constant need for qualified people to research and improve the software.

•

The use of existing graphical engines, such as the Ogre3D, speed up the software
development, regarding the 3D visualization part.

•

The 3D capacity improved quickly in the last decade, mainly with the advent of powerful
graphic cards and new programming techniques. This started a trend of wide use of 3D
models in engineering scientific tools. It created a need for more research specialized in the
use of 3D models in engineering software.
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Abstract
The current environmental concerns demand efforts to improve the energy efficiency in the maritime
sector, requiring design improvements of new ships. At the moment of the writing, the focus is on
transportation vessels, and IMO intends to implement a mandatory energy efficiency design index by
the end of 2009. In the longer term, it is likely that also non-transport vessels, such as offshore
support vessels, will be included. The nature of both the design and the operation of these vessels will
require a different index calculation model from the one actually proposed by IMO. In this paper, we
discuss some of the key deficiencies of the current approach, and propose as alternative an extended
model, that takes the inherent characteristics of these vessels into account. The proposed model
defines a set of functions related to the main missions undertaken by the vessel. These functions are
then mapped to a corresponding measurement of the work, or utility, exhibited by the function on the
one hand, and to the direct and indirect powering requirements, and corresponding CO2 emissions,
on the other hand. A case study of an Anchor Handling Tug and Supply vessel (AHTS) is presented at
the end, with its main operational profiles and an index linked to it.
1. Introduction
Currently the International Maritime Organization (IMO) is in the process of developing a CO2 index
to be mandatory for major cargo vessel and passenger vessel types. The purpose of this index is to
create a method to, already at the design stage, measure the energy efficiency of a vessel.
Additionally, the index has a future goal of being a fair base for vessels comparison, requiring a
minimum efficiency for new ships. This common base varies with respect to the ship size and type,
IMO – MEPC (2008). This index is based on a traditional cost-benefit principle, the cost being the
vessel’s total emissions, and the benefit being the (rated) total work related to cargo or passenger
transportation.
The current proposal for the IMO index has been criticised by the shipbuilding community for not
taking into account all the elements needed for optimal design, Tang (2008). The community also
claims that the index should take into consideration technical aspects to increase the energy
efficiency, like waste heat recovery, more efficient propulsion systems, etc. and not only the installed
power, service speed and capacity.
Obviously, the benefit part of this index is not very well suited to non-transport vessels. One group of
such vessels are the Offshore Support Vessels (OSV). They typically cover a wide range of different
services, such as platform supply, standby, anchor handling, towing, subsea, intervention, diving
support, construction, etc. Thus, for environmental efficiency indexes to be applicable to this group of
vessels, a more extensive foundation for the total benefit assessment should be developed, one that
also takes the non-transport aspects of the vessel’s operations into account.
The main open questions related to the development of an Energy Efficiency Design (EED) Index for
non-transport vessels can thus be stated as follows:
1. How should we calculate the work produced in non-transport functions, such as anchor
handling, diving support, towing, etc.?
2. How should we link the mission performance requirements (say, bollard pull) to the
corresponding powering levels that is necessary for calculating energy consumption and
emissions?
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3. How can we aggregate the relevant part indexes (i.e., those pertaining to a particular service)
into a compound, overall index for the vessel and/or mission?
4. To what extent can we, and should we, account for those additional capabilities of the vessel
that are not part of a normal service operation profile, such as fire fighting, rescue operations,
oil recovery, etc.? Although, the availability of these functions is clearly on the benefit side of
the index calculation model, it is both difficult to measure, and difficult to account for in a
simple state-time aggregation model.
In the following, we will present a model that will give a partial answer to these questions.
2. Energy Efficiency Design Index
2.1 Energy Efficiency and Environment
The IMO has focused on the prevention of air pollution since the late 1980s. In the last years, one of
the focus in this area has been the reduction and control of the greenhouse gases (GHGs) emitted by
ships, IMO (2008).
Two main actions have lately been discussed by the Marine Environment Protection Committee
(MEPC) lately. The first is a review on the CO2 Operational Index Guidelines. The second, which is
relevant to this work, consists in the development of a mandatory Design CO2 Index to new ships. The
IMO seeks to reach a global agreement on those fields by December of 2009, and intend to start the
new regime by 2012, IMO (2008).
The main idea of the index is to create a method of measuring the energy efficiency of a vessel
already at the design stage. The index has a future objective of being a fair base for comparison, thus
providing a baseline for requiring a minimum efficiency standard for new ships to be included in
upcoming IMO conventions. This common base varies with the ship size and type, IMO – MEPC
(2008).
The definition of efficiency, in this case, has been proposed by IMO (2008) as Efficiency =
Environmental Cost / benefit for the society. Here, the environmental cost is defined as the CO2
emitted by the ship, and the benefit for the society is defined as the corresponding transportation
work. This work is related to the cargo capacity multiplied by the distance sailed.
The IMO approach also considers the following operating conditions for the ships, IMO (2008):
•
•
•
•
•
•

Continuous operation at 75% of the MCR (using the total installed power).
Considers only the “Sailing” states in the continuous period of time (24/7/365).
Transport work based on full cargo capacity utilization.
Sailing continuously at service speed.
A number of correction factors (ice class, shaft generator, heat recovery, etc).
Perform only one task during the whole period (delivery goods).

However, only ships that have cargo and passenger transport as their main purpose are included in this
definition of the index. Other important types of ships, such as offshore supply boats, tugs,
icebreakers and others do not fit this description.
Neither is the idea of considering a percentage of the total installed power realistic for the majority of
non-transport vessels. For instance, AHTS ships can have a high redundancy in the power systems,
intended to be used exclusively in specific situations. Safety features, such as oil recovery and firefighting systems, some of which are also likely to require additional volumes, areas and power
capacity of the vessel, so that they will both directly and indirectly impact on the energy efficiency of
the vessel.
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Therefore, an index that intends to handle all types of ships, including the non-transport ones, needs to
have a different definition of benefit for the society, so as to take into account more than the
transportation task that a ship can have.
Even IMO already realized that it is impossible to have a common work unit to all transport ships. For
instance, tankers uses g/ton·km (g/ton.force·distance) while RoRo uses g/GT·km (g/distance). In this
context, a new definition of energy efficiency can be proposed:
Energy Efficiency =

Emission
Mission ⋅ Time

(1)

Here, the environmental cost is the value of CO2 tons emitted to perform one hour of a mission. The
mission also encloses other operations that a ship can perform, and not only the transportation one.
The gap between the current IMO approach and the one proposed in this work, which will be further
discussed along the article, can be then summarized:
•
•
•
•

Extension on the definition of ‘Benefit for Society’.
Handling more than one operation performed by a ship.
Able to address specific features of a ship.
Optimization of the environmental performance of a ship design towards a customized
mission.

Fig.1: Relation between missions, operational profiles, operational states and fuel consumption
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2.2 Definitions of Mission, Operational Profile and Operational States
This work uses as start point for the index calculation the idea that every ship has it own mission. A
mission is defined as a set of operational profiles of the ship. The index must be computed once for
each different mission. Each mission can be defined as “Standard” or “Customized”. Their definitions
are discussed in Section 5.
The main operational profiles performed by a ship are related to its services and capabilities installed
on board. It is necessary to define a set of operational profiles (mission) for each type of vessel. By
definition, at each moment of time, the ship has to be performing one and only one operational
profile. The total time of the mission is thus the sum of the time spent in each of the operational
profiles.
Each operational profile has its own set of operational states that can be changed for each operation
that the ship is performing. By definition, at each moment of time, the ship has to be performing one
and only one operational profile. The total time of the operational profile is thus a sum of the time
spent in each of the operational states.
Each of the operational states is linked to a particular fuel consumption data. The value of the fuel
consumption can be a constant value (for instance an average after some measurements) for some
operational states, such as ‘Stand By’ or ‘Idle’; or can be variable according some main parameters of
the vessel (for instance a formula or regression), such as the operational state ‘Sailing’, were the
parameters ‘Velocity’ and ‘DWT’ affect directly the fuel consumption. Fig.1 shows the relation
between missions, operational profiles, operational states and fuel consumption.
3. Index Calculation Model
Fig.2 shows the methodology proposed to calculate of the Index:
1)

Mission: The main task of the vessels, the one that the ship has been designed for or/and will
be performing during its operating life.

2)

Define set of Operational Profiles (OP): Define the necessary operations to perform the
mission of the ship. For instance, a tanker can have only one OP related to its main mission,
such as Transport Oil, while a mission of an AHTS can have three main OPs, such as Supply,
Towing and Anchor Handling. Each OP is also assigned a value representing its percentage on
the total time of the mission. The sum of the percentages of all OPs has to be 100%.

3)

Define set of Operational States (OS): The OS is the state in which the vessel is while
performing the function required in the profile. It is necessary to define a set of OSs for each
of the OPs established in 2. Each OS is also assigned a value representing its percentage on
the total time of the mission. The sum of each percentage of all OS has to be 100%.

4)

Acquire data of Fuel Consumption: Each OS will require a certain work from the vessel. This
work can be expressed by the amount of fuel consumed in one hour executing that operation.
This can be calculated from the required power for such a service, multiplied by the specific
fuel consumption.

5)

Sum of the CO2 per OP: Sum of the CO2 emitted in all of the OSs times the percentage of the
total time of the OP that it is linked to. This sum is necessary for each of the OP's.

6)

Sum of the CO2 of the mission: Sum of the CO2 emitted in all of the OPs times the individual
percentages of the total time of the mission. The final EED Index then will be expressed as
the tons of CO2 emitted to perform one hour of the mission.
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Fig.2: Methodology to calculate the energy efficiency design index
A mathematical representation of the methodology is presented in the following formulas.
The EED Index is:

Index=

CO2 Mission
Mission⋅ hour

(2)
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The CO2 emitted in each mission is:
n

CO2 Mission = ∑ CO2 OPi ⋅ % timeOPi

(3)

i =1

CO 2 OPi

is the CO2 emitted in each of the n Operational Profiles.

% timeOPi is the value in the percentage of the total mission time of each OPi.
The CO2 emitted in each of the n Operational Profiles is:
m

CO2 OPi = ∑ CO2 OS j ⋅ % timeOS j
j =1

(4)

CO 2 OS j is the CO2 emitted in each of the m Operational States.
% timeOS j is the value in the percentage of the total OP time of each OS .
i
j
Each OS will require a different formulation to calculate the amount of emitted CO2, and the data
necessary to estimate it should be acquired by the designer.
4. Case Study – AHTS Example
4.1 AHTS Scenario
The case study presented in this section treats an Anchor Handling Towing Supply (AHTS), a
common OSV that operates in the North Sea and that is one of the most versatile types of support
vessels. It is utilized during the many steps of the development of an Offshore Field, from the initial
installation of the rig to the support in everyday operations, Silveira (2002). Some of the main AHTS
tasks are summarized by Barret (2005) as: lift and positioning of rig’s anchors, tow rigs and, in
addition, carrying liquid and solid supplies, such as water, fuel, cement, drilling fuel, etc.
As observed, the delivery of supplies is only one of the tasks performed by an AHTS during its
operation. The towing of a rig or the support that the vessel gives to the offshore operations cannot be
measured in terms of “transportation work” and does not fit into the current IMO index methodology.
However, it is clear that the functional work of the ship, such as the installation of an anchor,
generates a benefit for the society. In this context, we use the methodology presented in Section 3 to
calculate the index.
4.2 A mapping between Missions and CO2 Emissions for OSV
In order to exemplify the calculation of the index, a possible list of the main Operational Profiles of an
OSV in the North Sea is presented in Table I. A mission for an AHTS can be defined by filling the
percentage of the time assigned to each of the tasks performed by the vessel.
A value with the percentage of time of the Operational States for each Operational Profile is required.
A possible list of Operational States of an AHTS is presented in Table II.
Special states that a vessel can have, such as Fire Fighting and Oil Recovery, are not listed. These
states are not part of the everyday tasks of the ship, and are performed only in rare occasions. For this
reason, the percentage of the time performing these tasks is negligible compared to the whole lifetime
of the vessel.
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Table I: Main Operational Profiles for OSVs at the North Sea

Table II: Main Operational States for an AHTS at the North Sea

The fuel consumption data should be gathered for each of the operational states of the vessel. It is
possible to find some ship specifications that already contain this data, which provided by the
designer and/or ship owner. As examples, we cite the fuel consumption in the state of Stand by at sea
and in port by Maersk (2005), and in bollard pull and anchor handling operations by Havila (2008). It
is not the scope of this work to present a method to calculate the fuel consumption of each of the
Operational States of an AHTS. However, it is possible to suggest a connection between the fuel
consumption function and the three main parameters of the vessel: velocity, deadweight and ton force
of work. The first step towards the standardization of the methodology could be taken with the
development of a function F(X) liable to calculate the CO2 emitted per hour. Table III presents this
idea of connecting different functions to all the Operational States of Table II.
Table III: Relation of the Fuel Consumption Function with the main Parameters of the Vessel to each
Operational State of an AHTS
CO2/hour → F(X)
AHTS Operational States
Constant

Loading
Discharging
Stand By/Watchkeeping
Waiting
Idle

F(V, DWT)

Sailing

F(V, Ton force)

Towing

F(Ton force)

Handling
Lifting / Working
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4.3 Index Calculation
This section presents the Index calculation for an AHTS, based on the methodology from Section 3.
The Operational Profiles and States are based in the mapping explained in Section 4.2. However, the
time percentages and the values of fuel consumption for this case are not based on any particular ship,
and are presented only with the purpose of exemplifying the calculation of the index.
A mission should be first defined, as a set of Operational Profiles and their time percentage. The
values for this fictional case can be found in Table IV. A set of Operational states should be defined
for each of the Operational Profiles. This set can be found in Table V.
Table IV: AHTS Mission - set of Operational Profiles
OP
% Time
Supply Duties

40%

Anchor Handling

30%

Towing

30%

Table V – AHTS Operational States
OP - Supply
% Time
Loading 20%
Discharging 20%
Sailing (100% DWT, 12knots) 25%
Standby 25%
Sailing (20% DWT, 12knots) 10%
OP . Anchor Handling
Waiting
Sailing (20% DWT, 12knots)
Standby
Anchor Handling (100 ton force)
OP - Towing
Waiting
Sailing (20% DWT, 12knots)
Standby
Towing (150 ton force, 4knots)

% Time
20%
20%
40%
20%
% Time
20%
20%
20%
40%

The next step is to acquire data for the fuel consumption for each Operational State. Subsequently, the
total amount of fuel consumed for one hour of mission is calculated based on the time percents. Table
VI present the calculation of the fuel consumption for the AHTS mission.
Each type of fuel has a measured value of tons of CO2 emitted per ton of the consumed fuel. Table
VII presents the CO2 factor (CF) for the most common types of fuel, IMO ( 2008).
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Table VI – Fuel Consumption of the AHTS Mission
AHTS Mission
Op. Profiles Op. States

Supply

Anchor
Handling

Towing

Fuel Consumption
% Time
ton of fuel / hour Op. Profile Mission

Loading
Discharging
Sailing (100% DWT, 12knots)
Stand By
Sailing (20% DWT, 12knots)
Waiting
Sailing (20% DWT, 12knots)
Stand By
Anchor Handling (100 ton force)
Waiting
Sailing (20% DWT, 12knots)
Stand By
Towing (150 ton force, 4knots)
Consumption: Ton of fuel / Mission hour:

0,15
0,15
0,65
0,25
0,5
0,25
0,5
0,25
1,25
0,25
0,5
0,25
1,75
0,554

20 %
20 %
25 %
25 %
10 %
20 %
20 %
40 %
20 %
20 %
20 %
20 %
40 %

40 %

30 %

30 %

Table VII – CO2 Conversion Factor (CF), IMO (2008)
Fuel Type
C
Diesel
3.206
Gasoil
3.206
LFO
3.151
HFO
3.114
LPG
2.968
LNG
2.931
If we consider the AHTS to use heavy fuel oil (HFO), the total CO2 emitted is then:

CO2 Mission = 3.114⋅ 0.554 = 1.725 tons of CO2
and the final index is:
Energy Efficiency Design Index = 1.725

ton CO 2
Mission ⋅ hour

5. Application of the Index
In the previous section, we have outlined a procedure to calculate the index based on a given mission.
One question that arises: How should this mission be specified in the first place? Here, we argue for
the usefulness of two concurrent approaches: A standardized mission profile to be used in contexts
such as industrial benchmarking and design, and a customized mission profile to be used in contexts
such as contract/tender evaluations and emission footprint calculations.
5.1 Standardized mission profiles
In the current IMO proposal, a standard, simplified mission is assumed, with the ship sailing at design
speed for 365 days a year, at an assumed %MCR based on the installed propulsion power. No
assumption is made on the actual operations of the specific ship type. This might be a rational
approach for IMO in terms of providing a simple, transparent and fraud-free index that is sufficiently
easy to administer across a large number of flag states. However, for other application areas, such as
benchmarking tenders by operators or ship owners, or as a basis for early design analysis and
optimization of actual energy efficiency, the IMO model is too coarse.

533

This is not to say that standardized missions are not useful. If the intended application of the index is
to compare the vessel towards an industry standard, or to document the energy efficiency of a vessel
without assuming any specific contract or service, a standard mission is preferable. A standardized
mission also allows the comparison of a large set of ships, analogue in the way that IMO does with
the regression curves, IMO (2008). However, this standard mission will need to be more directed
towards the actual service profiles of the ship type. Fig.3 shows a standard mission for one AHTS.
Fig.4 shows an example for a tanker, with a less complex mission than the AHTS, with one
Operational Profile and four Operational States.

Fig.3: Standard mission for an AHTS

Fig.4: Standard Mission for a Tanker
5.3 Custom Mission
A Custom Mission can be defined as a specific set of Operational Profiles that reflects the actual or
intended mission of the vessel, based on a contract or a client specific case. A Custom Mission is
useful for instance when comparing alternative offers in a tendering process. It is also the appropriate
approach to calculate the actual energy efficiency and emission footprint for a specific vessel. This
approach will allow the comparison of the Energy Efficiency of a small group of vessels to a specific
function like, for instance, an AHTS operating in North Sea, or the Transport of oil from Iraq to
Europe. Fig.5 presents an illustrated idea for a custom mission for one AHTS.
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Fig.5: Custom mission for an AHTS
5.4 Pros & Cons
The first approach, the Standardized Mission, has as pros the possibility of measuring the Energy
Efficiency in a pre-defined mission, for each type of ship. However, in some cases, it can be far from
the operational profiles that the vessels perform in real life. The second one, the Customized Mission,
can be used in specific missions, to compare the most energy efficient ship on it. However, the
customized approach may not be generalized to all the ships of the same type.
5.2 Use of the Index
The usage of the index is a topic that requires further studies. A key performance indicator liable to
measure the energy efficiency of any type of ship can be useful to all the stakeholders of the maritime
area.
Designers can improve the ship towards a more energy efficient design already in the conceptual
phase. The use of customized missions will allow the emission’s study to different tasks that a ship
can execute. The simulation of emissions for several operational profiles can allow a study of the
environmental robustness of a project.
Ship owners have the possibility of customizing a fleet towards the emissions to specific operational
profiles, which will save fuel and consequently result in less emission for the lifetime of the vessel.
Environmental issues also play a good marketing role for the ship owners. Clients with environmental
concern will take into account the benefits of a more efficient and less polluting vessel when
contracting a service, even more in contracts with an extended period of time.
A standardized index can be used by the government, international agencies and classification
societies for regulation and emission control purposes. It will require further studies and discussion to
achieve a common agreement among the parts, besides the development of a general formulation and
methodology necessary to the calculation. However, there will always exist a questioning, due to the
fact that a standard mission cannot fit all operational profiles that a ship can have.
The development of the index will require also the development of tools which can estimate and
measure the energy efficiency. Cuesta et al. (2009) presents software that uses a similar approach to
measure the CO2 emission of non-transport vessels. The tool can link the ship emission with the fleet
dimensioning as well.
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6. Conclusions & Final Considerations
Through the present work, we reach the following conclusions:
•

The environmental concerns increased during the last decades, and demanded new studies
regarding the energy efficiency in the design of ships.

•

An energy efficiency design index can be used as a key performance indicator to measure the
energy efficiency of a ship in its early stage of development. However, the functional work of
non-transport vessels, such as OSVs, does not fit the index being developed by the IMO.

•

We proposed a formulation which uses a slightly different concept in the definition of benefit
for the society, with a ship mission that can be adapted by to the type of ship and its
operational profile.

•

Further studies are needed to improve the usability of the proposed index. Main issues
concern:

•

-

The definition of the main operational profiles and operational states to each type of
ship.

-

Development of methods and formulation to acquire reliable fuel consumption data in
the design stage.

-

Agreement among the stakeholders of the maritime area regarding the methodology
and usage of the index.

The development of an index will require a frequent feedback from the operator and industry
for the method to be validated. Even with a precise formulation, an index can be far from the
reality in its measurement, once it is the operator who uses the vessel everyday.
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Abstract
Full scale measurements of the propulsion power, ship speed, wind speed and direction, sea and air
temperature from four different loading conditions, together with hind cast data of wind and sea
properties; and noon report data has been used to train an Artificial Neural Network for prediction of
propulsion power. The model was optimized using a double cross validation procedure. The network
was able to predict the propulsion power with accuracy between 0.8-1.7% using onboard
measurement system data and 7% from manually acquired noon reports.
1. Introduction
As part of the Industrial PhD project ''Ship Performance Monitoring'' automatic data sampling
equipment was installed on the tanker ''Torm Marie'' in January 2008 and presently data from four
different loading conditions are available. By considering the ship as a dynamical system which can
be modelled as a general nonlinear state-space model, the ship propulsion performance (referred to as
the performance) is a measure of energy consumption which depends on the current state of the ship
and a large number of external factors/variables such as speed, loading conditions, ship conditions,
weather and sea conditions. Fig.1 shows some factors influencing propulsion performance.
Engine Efficiency

Propeller
Efficiency

Hull Efficiency
Wind

Fuel

Power

Poor
Maintenance

Thrust

Propeller
Fouling

Resistance

Waves
Shallow
Water

Draught Water
& Trim Temp/
Density

Hull
Fouling

Fig.1: Variables influencing propulsion performance
The variables have different properties. Some of the variables are observable (and measurable with
high reliability) whereas others are difficult to observe, e.g. the fouling. Some variables are largely
controllable, whereas others are almost incontrollable. For instance, heading is controllable whereas
wind conditions and fouling are almost incontrollable. The first goal in performance measurement is
to provide a reliable estimation of performance as a function of the state and external variables. The
second goal is to optimize performance by manipulating the controllable variables. This paper will
focus on the first goal.

Fig.2: Increase in fuel consumption as consequence of fouling
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During the lifetime of the ship the performance will decrease. As an example the fuel consumption
will increase at a certain state, or the ship speed will decrease at a certain power setting. This is
mainly due to fouling of the hull and propeller. Fig.2 shows a typical trend of the speed reduction.
This work will not consider a full dynamical model of the ship but merely focus on a model which
predicts propulsion power in a specific state based on the measurements of a set of significant input
variables, which are:
• Ship speed through the water
• Wind speed and direction
• Seawater temperature
• Air temperature
• Water depth
• Wave height and direction
The model can be based on a classical physical/empirical model, e.g. Harvald (1983) or Holtrop
(1984), or a data-driven (non-parametric) approach, e.g. an artificial neural network. Previous work
suggests that a data-driven approach is preferable, e.g. Pedersen and Larsen (2009). The empirical
methods are derived from model tests and sea trials, and since most model tests are carried out in the
design condition (even keel) and speed, this is the region where it should be applied. In operation the
ship will travel in many other conditions i.e., ballast draught and trimmed conditions. Consequently,
these methods give a rough estimate of the propulsion power rather than an accurate reference point.
If measured values from model tests or sea trials are available, they can be used to adjust the empirical
data and thus give a more accurate result. Fig.3 shows the measured power together with estimated
power using respectively Harvald (1983) and Holtrop (1984), with a standard setup i.e., without any
adjustment. It is obvious that a change in a few percent, which is realistic performance deterioration
over a year, is impossible to detect.
Furthermore the traditional methods are based on “Noon Reports” data, which are reports containing
information of the ship speed, travelled distance, position, heading, and a number of other
measurements and readings. One problem with noon reports are that only one sample is collected per
day, excluding days in harbour and e.g. travelling in areas with limited water depth. This might leave
out 200 observations per year. Many noon reports data are mean values over time from the last noon
report, e.g. average logged ship speed, and others are observations at the report time, e.g. current wind
speed. This makes it difficult to analyse relations e.g., between the average ship speed and the
instantaneous wind speed.

Fig.3: Example of empirical power prediction using Harvald (1983) and Holtrop (1984), compared
with measure values for a single loading condition (Mean draught: 12.0m, even keel).
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If sufficient data is available it is possible to make a partial or fully data driven model. The first step
of such a model is to capture the dynamics of the fastest changing variables, e.g. ship speed, wind
speed, etc. where the slowest changing variables are draught and trim. Initially, this leads to a
prediction model for data sets where draught and trim are kept constant.
Adequate quality of input data is fundamental to get reliable results from the prediction model. This is
a problem for sea and weather information data due to the difficulty of measuring these quantities, but
especially to noon report data which are collected manually hence human factors and errors can play a
significant role.
2. Data sources
Three data input sources have been used to train and predict the propulsive power:
1. Onboard measured data (4 conditions)
2. Noon report data
3. Hind cast weather and sea information
An overview of all the relevant data set variables is listed in Table 4.
Onboard measured data: The data was collected onboard the 110,000 dwt tanker “Torm Marie” where
a number of measurements were continuously logged. Only the relevant data for this problem has
been taken. The sampling was split into time series of 10 min with 10 min intervals. The sampling
frequency of the time series was 1 second, but many of the measurements had inconsistent and
missing signal values. Power and speed were updated consistently, every 13 s. Four independent data
sets, with different loading conditions have been sampled so far. The data include samples from nonstationary situations as well as situations with zero forward speed, which are deleted. The variance of
the heading is one of the governing figures on the variation of the propulsion power in particular.
Even small changes (less than 1°) in the heading, had significant influence on the measured
propulsion power. Samples with excessive variance in the heading have thus been excluded. During
each data sampling period factors related to the ship performance including the hull and propeller
fouling, were assumed to be constant, consequently this effect will not be accounted for in the
analysis
Noon report data: The noon reports contain a long array of data and basically the same variables as
the measured ones, but with differences in quality and resolution. Due to their nature, noon reports
are usually only collected once a day, which gives a smaller resolution and a mix of data with
different origins, e.g. logged average speed over ~24 hours and one weather observation at the report
time. Noon reports are usually filled in manually and are thus also subject to human factors and errors.
In this analysis the noon reports are important for obtaining the draught and seawater temperature.
Hind cast data: Hind cast data has been received from a tool developed for SeaTrend®1 at FORCE
Technology based on weather information from NOAAH2. For a given position and time this tool
returns wind speed and direction, significant wave height, peak period and direction. Some areas, e.g.
the Mediterranean are not included in this database.
Dataset for training and test: Two different configurations of the dataset were used for the analysis.
One based on the measured values and one based on noon report data.
Onboard measured dataset: The dataset based on measured values has a high density of data (approx.
72 per day), but there is only a limited amount of this data available: in total 27 days, Table 1.

1

Performance Monitoring tool developed at FORCE Technology, www.force.dk
National Oceanic and Atmospheric Administration, United States Department of Commerce
http://www.noaa.gov/
2
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Table 1: Onboard measured data sets. N represents the number of 10 minute recording windows
Data set

Number of
Samples

M

N

1

236

2

109

3

301

4

555

Start date
End date

09-02-2008
14-02-2008
22-03-2008
27-03-2008
30-01-2008
06-02-2008
01-03-2008
11-03-2008

Mean
draught,
Tm
[m]

Trim
Ta-Tf

Umin-Umax

Pmin-Pmax

[m]

[knots]

3

7.4

2.4

14.2- 16.2

4

7.85

2.7

13.6- 15.1

7

12.15

0

13.4- 16.0

9

13.0

0

13.0- 15.9

[kW]
757311283
77509248
813811216
974112096

Number of
valid noon
reports

All the measured input data are the mean values over 10 minutes of the time series. In order to justify
this, variance of the signal has been analyzed for the ship speed, U, propulsion power, P and apparent
wind speed, VR. The air temperature has been neglected since it is very stable. For every 10 minute
period the relative standard deviation, (σx,n,/µx,n) has been found and for every dataset the average of
the relative standard deviation µ x, M , has been determined:

µ x,M

1 N σ x ,n
,
= ∑
N n=1 µ x ,n

(1)

σx,n is the standard deviation for the n’th time series, µx,n is the mean value for the n’th time series, and
x indicates the input/output variables (U, P, VR, γR)
The relative standard deviation of both the measured power and ship speeds are all less than 1,
whereas the wind speed has a significantly high variance.
Table 2: Average of the relative standard deviation
M

N

µU

µP

µV

1
2
3
4

236
109
301
555

0.6%
0.6%
0.6%
0.6%

0.7%
0.5%
0.9%
0.6%

18.0%
9.1%
9.5%
11.4%

R

The ship speed intervals are approximately in the same region for each sample, Table 2. However
inspecting the distributions of the ship and true wind speed, Figs.4 to 7, the actually ship speed range
is different. Especially for dataset #2 where most of the ship speeds is in a band of around 14.7 knots.
The Beaufort wind force (BF) 5 starts at approximately 16 knots wind speed. In this condition the
wind driven waves are around 2 m high, which is when the sea state starts to influence the power
increase in waves. Only a few occurrences are above this level and thus datasets #1 and #2 can be
regarded as calm water conditions, Figs.4 and 5. Datasets #3 and #4 on the other hand have a more
significant contribution of measurements above BF 5 and the power increase in waves must be
regarded as an extra contribution.
The sea state has a significant influence on the ship resistance and hence the propulsion power. No
direct measurements of the sea state have been made, but the wind driven waves can be represented
by the true wind speed to a certain extent. Making this assumption the swell is not accounted for.
Hind cast information gives an estimate of the sea state, including significant wave heights, peak
period and direction, at the specific position and time, and has been found for all the relevant data.
Furthermore the hind casts also give the true wind speed and direction.
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Fig.4: Ship speed and true wind speed
distribution of dataset #1

Fig.5: Ship speed and true wind speed
distribution of dataset #2

Fig.6: Ship speed and true wind speed
distribution of dataset #3

Fig.7: Ship speed and true wind speed
distribution of dataset #4

Noon report dataset: The time density of the dataset based on noon reports is much less than for the
measure based dataset. There is a maximum of one sample per day and many are invalid due to e.g.
anchoring, alongside in harbour. But the time span is much longer, approximately 2 years and the
variation in draught and trim has to be taken into account, and possibly also the time, Table 3. In order
to give a more representative value of the sea state and wind condition for the noon report data, hind
cast has been made for every hour in between each noon report. Afterwards the mean value and
variance of the time series (approximately 24 hours) prior to the report time, has been found and are
thus ready to use for the analysis.
Table 3: Noon report dataset for analysis
Date UTC

Number of
valid
samples

Mean
draught
[m]

Trim, Ta-Tf
[m]

Ship
speed
[knots]

Seawater
temp [°C]

Specific HFO
[tons/day]

09-12-2006 05-12-2008

323

7.35-15.35

0-3.4

9.9-17.5

12-32

1.1-3.9

541

Table 4: Propulsion performance variables
Data
Speed through water
Relative wind velocity
Relative wind direction
Air temperature
Propulsion power

U
Vrel
grel
Tair
P

Unit
[knots]
[knots]
[deg]
[degC]
[kW]

NR.U
NR.Tsw
NR.Tair
Tf
Ta
SpHFO
NR.UTC

[knots]
[degC]
[degC]
[m]
[m]
[ton/hour]
[hh:mm:ss]

True wind speed
True wind direction
Significant wave height
Wave period
True wave direction

HC.Ws
HC.g
HC.Hs
HC.Tp
HC.Td

[m/s]
[deg]
[m]
[s]
[deg]

Mean arrival draught
Arrival trim, Ta-Tf
Relative wind speed
Relative wind direction

Tm
Trim
HC.Vrel
HC.grel

[m]
[m]
[knots]
[deg]

Logged mean speed
Sea water temperature
Air temperature
Arrival draught fore
Arrival draught aft
Specific fuel consumption
Report time, UTC

Data source
Measured onboard
Measured onboard
Measured onboard
Measured onboard
Measured onboard
Noon report
Noon report
Noon report
Noon report
Noon report
Noon report
Noon report
Hind cast
Hind cast
Hind cast
Hind cast
Hind cast
Derived from noon reports
Derived from noon reports
Derived from hind casts
Derived from hind casts

3. Regression models for propulsion power prediction
Three different regression models have been tested and evaluated: a linear model, a (custom) nonlinear model and a Artificial Neural Network model
3.1. Linear and Non-linear models
Both a linear and non-linear method based on the general assumption of relation between the ship
speed, wind speed and power was developed and presented in Pedersen and Larsen (2009). In short
the methods are based on Eq.(2) which can be developed to Eqs.(3) and (4) where ∆ηD-1, ∆K and ∆L
are adjustable parameters optimized using a “Levenberg-Marquardt” optimization routine, Madsen et
al. (2004), Nielsen (1999)). If ∆ηD-1 is zero the model is regarded as linear.

PD = η D−1U (RSW + Rwind )

(

PD = η D−1U KU 2 + LVR2

(2)

)

(3)

Is it now possible to adjust the three parameters, ηD-1 K and L, by introducing the additional weights,
∆ηD-1, ∆K and ∆L.

(

) (

)

PD = η D−1 + ∆η D−1 U (K + ∆K )U 2 + (L + ∆L )VR2 ,

(4)

where,

K = C SW
L = CX
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1

1
2

2

ρ SW S

ρ air AT

(5)
(6)

Both the linear and non-linear methods resulted in a cross validation error, Eq.(9), of 3-12%. This
could be improved a bit by using a “Leave One Out” (LOO) routine for training of the linear and nonlinear models and by subsequently using the mean of the N weights from the LOO training as the final
weights. But in order to ensure consistency with the ANN models the data has been split into test and
training sets as described in section 5.
3.2. Artificial Neural Network (ANN)
After a brief test of regression with an ANN this method appeared superior to the previously
described methods which lead to a thorough exploration of the ANN methods. An ANN is a nonlinear method where the so called hidden layer with hidden units is the non-linear link between input
and output, Fig.8, as described in Eqs.(7) and (8).
M

y ( x ) = ∑ w (kj2) z j ,

(7)

j =0

 d

z j = g  ∑ w (ji1) xi  ,
 i =0


(8)

where x is the measured input data; y is the output, in this case the propulsion power; zj are the
nonlinear basis functions; w are the weights for the hidden units and output.
The network used for this analysis is a flexible non-linear regression model with additive Gaussian
noise and is trained with a Bayesian learning scheme. It has a tangent hyperbolic sigmoidal function
and is trained using a BFGS (Broyden-Fletcher-Goldfarb-Shanno) optimization algorithm with a soft
line search to determine step lengths. The Hessian matrix is evaluated using the Gauss-Newton
approximation.
More details into the specific neural network used here can be found in the following references: DTU
toolbox (2002), Larsen (1993), MacKay (1992), Pedersen (1997), Svarer et al.(1993). A basic
description of neural networks can be found in Bishop (2006).

Fig.8: Single hidden layer artificial neural network, with multiple outputs
4. Training and testing
In order to test and validate different variations of input variables and the number of hidden units and
to select the best combination it is necessary to split the data set into three parts: a test set, validation
set and a training set. A double cross validation method was used in order to find the best combination
of number of hidden units and the input variable. Double cross validation consists of two steps.
First training is performed on the training set and tested on the validation set, referred to as the innerloop, the optimum set input parameters and number of hidden units is decided from the cross
validation error of the mean relative error ωm , Eq.(9). Using the optimum setup training is performed
on the validation set and training set, and then tested on the test set, referred to as the outer-loop. This
procedure is called double cross validation.
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From the dataset 20% was used for test data and 80% validation and training. The validation and
training set was then split into 20% for validation and 80% training, corresponding to respectively
(20%·80%) 16% and (80%·80%) 64% for validation and training of the entire dataset. This separation
is illustrated in Table 5. The best combination of input parameters was selected manually. All the
training of the ANN has been carried out using the above mentioned routine where training has been
started 10 times to ensure capturing the best solution.
Table 5: Double cross validation illustration
Total data set
Test set 20%
Val set 20%· 80%
Val set 20%· 80%
Test set 20%
Training set 80%· 80% / Val set 20%· 80%
Training set 80%· 80%
Training set 80%· 80%

Test set 20%

Training set 80%· 80%
Training set 80%· 80%
Training set 80%· 80% / Val set 20%· 80%
Test set 20%
Val set 20%· 80%
Val set 20%· 80%
Test set 20%

Due to limited computational time, it was not possible to train and test all combinations of input
variables. The selection was made manually based on initial testing and basic physical assumptions.
Table 6 shows the different input combinations for the analysis of the measured dataset. Draught and
trim are missing, as the analysis is performed for each loading condition separately. The output
variable, propulsion power P, is naturally present in all combinations.
Table 6: Input variable setup for the measurement based dataset
ID

U

Vrel

grel

Tair

NR.Tsw

2
8
10
11
12

x
x
x
x
x

x
x

x
x

x
x

x
x
x
x
x

NR.Tair

HC.Ws

x
x

x
x
x

HC.g

x
x

HC.Hs

HC.Tp

HC.Td

x
x

x
x

x
x

x

x

x

HC.grel

HC.Vrel

P

x
x

x
x
x
x
x

x
x

Table 7: Input variable setup for the noon report based dataset
Mean value of 1 hour intervals during steaming time
ID

NR.U

2
3
4
5*
6
7
8
9

x
x
x
x
x
x
x
x

NR.U
TC

x
x

NR.
Tair

NR.
Tsw

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x

HC.Ws

HC.g

x
x

x
x

x

x

HC.
Hs

x
x
x

x
x

HC.
Tp

x
x
x

x
x

HC.
Td

HC.
grel

HC.
Vrel

x
x
x

x
x

x
x
x
x

x
x
x
x

Tm

Trim

SpHFO

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x

* The variance of HC.Ws, HC.g, HC.Hs, HC.Tp and HC.Td over the steaming time has also been included as
input variables.

Table 7 shows the combination scheme of the input variables for noon report analysis. All the hind
cast data are mean values of hind cast data produced for the last steaming time period with one hour
intervals. That makes all the input data mean values of the steaming time period, instead of instant
values at the report time. No propulsion power is available and thus the specific fuel consumption,
SpHFO, is used as an output variable.
5. Evaluation
In order to make a consistent evaluation of the ANN training and testing two cross validation errors
have been introduced: One for the inner-loop of the double cross validation, testing on the validation
set, ω K Eq,(9) and one for the outer-loop of the double cross validation, testing on the test set, ωM .
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1 K
ωK = ∑ωk
K k =1

(9)

Where K is the number of cross validation set for the inner-loop and ωk is the mean of the relative
error for each of the cross validation sets, Eq.(10).

ωk =

1
Nk

Nk

∑
n =1

′ ,n
Pˆ test ,n − Ptest
,
′ ,n
Ptest

(10)

′ ,n are the test samples from the validation set, and N
Pˆtest ,n are the predicted values of the test data, Ptest
is number of test data. The outer-loop cross validation ωM error is equivalent to ω K , Eq.(9), except
that the test set has been used for the mean relative error opposed to the validation set.
6. Results
6.1. Results from measured input/output data
Due to lack of computation time the ANN was only trained for 5 and 20 hidden as these are the
extremes. This can be justified by Pedersen and Larsen (2009), where training/test were performed
with 5,10,15 and 20 hidden units, it was concluded than the number of hidden units are not critical to
the solution, although in general 5 hidden units were too little. Table 8 shows the cross validation
errors of the inner-loop ω K for the input variable combinations defined in Table 6 and 5 and 20
hidden units.
Looking at all the cross validation errors for each of the datasets in Table 8 it is clear that some
datasets in general have smaller errors. Particularly in dataset #2 and to some extent #4 it is noted that
the cross validation errors do not vary no matter what input data variables or number of hidden units
are used. In these datasets it is thus difficult to detect what input variables have the most influence on
the solutions.
Table 8: Inner-loop cross validation errors, ω K
Dataset #1
Number of hidden
5
20
units
Input
variable
ωK
ωK
combination
2
3.93% 2.92%
8
2.63% 1.97%
10
2.14% 1.65%
11
3.77% 2.79%
12
2.25% 1.65%

Dataset #2

Dataset #3

Dataset #4

5

20

5

20

5

20

ωK

ωK

ωK

ωK

ωK

ωK

1.07%
0.97%
0.99%
1.10%
0.99%

0.81%
0.89%
0.95%
0.90%
0.94%

3.07%
2.21%
2.17%
2.45%
1.75%

2.37%
1.65%
1.65%
1.88%
1.40%

1.72%
1.49%
1.52%
1.42%
1.28%

1.30%
1.04%
0.94%
1.02%
0.90%

The cross validation errors of the outer-loop are presented in Table 9, together with respectively the
best combination of hidden units and input variable combinations. Datasets #2 and #4 have rather low
cross validation errors, which must be due to the nature of the dataset. What is more interesting is to
see how the error drops by introducing hind cast sea state information and the best solutions in general
are where only the hind cast information has been used for the sea and wind property inputs.
Table 9: Table of outer-loop cross validation errors ωM
Optimum number of hidden units
Optimum input variable combination

ωM

Dataset #1
20
10 / 12
1.63%/1.74%

Dataset #2
20
2
0.83%

Dataset #3
20
12
1.46%

Dataset #4
20
12
0.80%

545

Figs.9 to 16 show the test errors for the best combination of the number of hidden units and input
variables. The plots on the left show the test errors as a function of the ship speed; there is no apparent
correlation between ship speed and the error, which indicates that the ship speed has integrated
properly into the model. The plots on the right are a relative histogram of the errors together with a
normal distribution based on the mean and the variance of the test errors. Except for dataset #2, all the
error distributions are centered approximately around 0 and have a nice distribution. Dataset #2 is a
sparser dataset so each bar represents 1-4 counts, but the errors are relatively small.

Fig.9: Prediction errors for dataset #1

Fig.10: Relative distribution of the predicted
errors for dataset #1

Fig.11: Prediction errors for dataset #2

Fig.12: Relative distribution of the predicted
errors for dataset #2

Fig.13: Prediction errors for dataset #3

Fig.14: Relative distribution of the predicted
errors for dataset #3
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Fig.15: Prediction errors for dataset #4

Fig.16: Relative distribution of the predicted
errors for dataset #4

Training and testing was performed as described above using a similar cross validation although not
double since the input variables are specified by the model.
Table 10: Cross validation errors ω for the dataset, based on measurement using a linear and nonlinear method
Cross validation error
Linear method
Non-linear method

ω
ω

Dataset #1 Dataset #2 Dataset #3 Dataset #4
11.58%
11.36%

3.63%
3.58%

12.04%
10.79%

5.98%
5.98%

6.2. Results from noon report data
From the inner-loop cross validation errors listed in Table 10 it is noted that the model in general is
less sensitive to the number of hidden units. The dependency on certain variables seems not very
strong since most errors are in the same region. The error drops significantly when the time is
introduced as a variable for input variable combination 7 and 9. Furthermore combination 5 might
have been over trained since it has the highest number of input variables but one of the highest errors.
The outer-loop cross validation error is presented in Table 12 and is based on the input variable
combination 7 which does not even take into account the sea state.
Table 11: Inner-loop cross validation errors, ωm for the noon report dataset
Number of hidden units
Input variable combination
2
3
4
5*
6
7
8
9

5

10

15

20

ωK

ωK

ωK

ωK

9.05%
8.84%
8.70%
9.79%
8.18%
7.18%
8.46%
7.26%

9.57%
9.91%
10.00%
11.13%
8.50%
7.74%
9.06%
8.47%

8.91%
10.26%
11.22%
8.95%
9.07%
9.28%
9.60%
10.58%

9.13%
10.82%
13.78%
8.38%
9.05%
10.06%
9.18%
9.25%

Table 12: Table of outer-loop cross validation errors, ωM for the noon report dataset
Optimum number of hidden units
Optimum input variable combination

ωM

5
7
7.02%
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Fig.17: Prediction errors of noon report analysis

14.00%

Fig.18: Relative distribution of the predicted
errors from noon report analysis

Cross validation errors of the measured dataset
ANN

12.00%

Linear
Non-linear

10.00%
8.00%
6.00%
4.00%
2.00%
0.00%
1

2

3

4

Test / training set - M

Fig.19: Comparison of different prediction methods
6.3. Comparison of the results
It is only possible to compare the dataset based on measured values, since it is the only one tested by
other methods. Fig.19 shows the cross validation error for every condition and predicted by a linear,
non-linear or ANN method. As previously mentioned dataset #2 gives significantly lower prediction
errors for all methods due to the rather narrow ship speed band, the low wind speed and low number
of samples.
7. Conclusion
Artificial Neural Networks (ANNs) can successfully be used to predict propulsion power, given that
sufficient data are available. They have a significantly better performance than the linear and nonlinear models tested. The propulsion power was predicted with an accuracy of less than 2% for the
measured dataset. This accuracy is although of the same order of magnitude as the standard deviation
of the propulsion power, so if a confidence interval analysis is introduced it is questionable if the
method can get better.
ANNs can also be used with noon report data to predict the specific fuel consumption with an
accuracy of about 7%, which is a bit surprising considering the rather rough input/output data. It is
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noted that this accuracy was obtained using “time” as an input variable, this indicates that it is
possible to detect a trend of the fuel consumption over time.
It is shown that by introducing sea states and wind property information from the hind cast, the ANN
solutions can be improved significantly, in the best case, from 2.97% to 1.65%. This eliminates the
need for onboard measured wind speed and direction.
Unfortunately it was not possible to compare the solutions of the four different measured datasets with
a solution using the noon report data from the same time, simply because of the lack of a sufficient
number of noon reports for each dataset (there is only 3,4,7 and 9, see Table 1). Since the ship is not
usually sailing in a single loading condition more that three weeks (21 noon reports), it will always be
a problem to acquire enough data for making a reliable comparison of manual data acquisition (noon
report) and automatic. If measured data for more loading conditions were available it would be
possible to make an analysis similar to the one made for the noon reports.
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Abstract
The paper is devoted to the development of an efficient simulation process for an analysis of the
hydrodynamic performance of vessels using RANS. Emphasis is given to the assessment of wake flows.
Attention is given to robustness and process-efficiency aspects with respect to flow physics and
geometry modelling.
1. Motivation
European shipyards are working in a competitive international environment. Due to the high labour
costs, they have to compete with innovative and custom-made designs for specialised vessels like
passenger ships or ferries. Custom-made designs often adhere to elaborate design cycles. In order to
meet the process timing, they rely on fast processes with featuring a deeper insight into the
performance of the design already in the pre-contract phase. Accordingly, there is only a narrow time
window to analyse and improve the design in greater detail.
Model test are still crucial to the assessment of the hydrodynamic design. Such tests are necessary to
verify the propulsion performance and to elucidate more sophisticated relevant aspects, e.g. pressurepulse levels above the propeller - which are very important for the high comfort classes of passenger
vessels. Due to the associated overhead, it is generally not possible to perform model tests before
signing a contract. Moreover, intensive model testing of an optimised design is often not feasible due
to the respective costs and time.
Potential-flow methods are nowadays routinely used in industrial design projects to optimise the wave
resistance preliminary to the model tests. Inviscid potential-flow methods can not be used for the
optimisation of the wake, which is dominated by viscous effects. The quality of the wake field is
governing for the pressure pulses induced by the propeller on the ship hull. The topic can be addressed
by RANS-methods, which are traditionally deemed to be afflicted by a prohibitive effort, comparable
of model tests.
In order to reduce the effort of a RANS analysis, a process chain involving a ship-design system,
semi-automatic grid generation as well as a RANS code was jointly developed between the institutes
of Ship Design and Ship Safety (SSI) and Fluid Dynamics and Ship Theory (FDS) at the Hamburg
University of Technology (TUHH). This process chain allows the analysis of a totally new design
within a few hours and is applicable in the early design phase.

2. Initial design process
The design process for the hull of a ship is traditionally governed by a sequence of different model
tests, Fig.1 (left):
•
•
•

The design specification, like desired speed and deadweight, lead to an initial hull design.
The initial hull is afterwards tested in a towing tank
If the resistance and propulsion tests are not successful, the design has to be revised and
the model is re-manufactured.
After successful propulsion tests, the wake field is measured. On the basis of this wake
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•

field a propeller is designed.
The new propeller together with the hull form is then analysed in a cavitation tunnel. If
the limits for cavitation and pressure pulses are not kept the loop continues with a redesign of the propeller or even of the hull form.

The global process is obviously time consuming and expensive.

Fig.1: Initial design process (left) and optimisation using CFD (right)
2.1 CFD in the early design
Fig.1 (right) illustrates the optimisation loop using CFD methods. The optimisation loop is introduced
into the initial design process subsequently to the hull form design and prior to the first model tests.
Thus, CFD helps to push the optimisation of the design.
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The CFD-based optimisation consists of the following steps. First, the bare-hull performance is
analysed with a potential flow method, which is substantially faster than a RANS computation.
Several design variants can be tested with respect to the wave resistance and provide a first glance at
the flow field around the ship and the expected pressure distribution on the hull. During the next step,
the optimised hull form is assessed with RANS methods. Again, the analysis provides not only the
resistance and the nominal wake field but also further details of the flow field which might - for
example - be used for the optimisation of the shape and the configuration of appendages. However, the
efficiency of the employed RANS-process is significant for its applicability in an industrial process.
The approach used at TUHH aims at this goal and is described in the following chapter.
3. RANS-CFD process chain
The RANS process can be sub-divided into five consecutive steps, Fig.2. The initial step consists of
the geometry preparation. At TUHH, this is done in the ship-design environment E4. The second step
is the automatic generation of high-quality, hexahedral meshes, which utilises the automatic mesh
generator HEXPRESS. This is followed by the set-up of the computational model and the actual
computation. The final step is of course the analysis of the CFD results. If the CFD process is
embedded in a design loop, as described above, this step is followed by geometry modifications in a
goal-oriented iterative manner. During the initial design process, several geometry versions have to
analysed in a short period of time. Moreover, geometry variations have to be included at short notice.
Therefore, the principal focus of the RANS-application is on its robustness and the reduced time-toresponse and -solution. In order to avoid errors, user interaction is minimised. To maintain
reproducibility and comparability of design variants, the process is mostly automated. On intention, it
is accepted, that some of the functionalities are thereby constrained. The five steps of the RANS-CFD
process for the initial design used at TUHH are described by Fig.2.

Fig.2: RANS-CFD process chain.
3.1. Geometry preparation
The geometry information extracted from a CAD-system can usually not directly be processed by a
CFD-mesher. On the one hand, many details don't need to be considered by the CFD-investigation. On
the other hand, additional geometry parts which are needed only for the CFD-investigation have to be
included. An example for an additional geometry refers to a hub on the end of a shaft line.
Additionally, any gaps of the wetted surface have to be closed prior to the meshing process.
The internal geometry description in E4 is dedicated to rapid hull-form modifications and a rapid
processing of hydrostatic and hydrodynamic computations. The geometry definition in E4 is not
necessarily watertight, for instance the transom might be open. Moreover, the hull form provided by
E4 is usually divided into a fore- and aft-body.
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In order to achieve a valid geometry description, two steps are performed in E4. Firstly, each part of
the surface description is triangulated. Secondly, the various parts are combined in a single geometry.
For usual single-screw and twin-screw hull forms, this is an automated process without user
intervention. Appendage geometries or recesses (e.g. for manoeuvring devices) can be introduced into
the model by the user. Therefore, a new module for E4 was developed which allows blending and
transformation operations of triangulated geometry entities. Fig.3 shows the triangulated hull-form
description of a fully appended twin-screw vessel including hull, shaft line, brackets and rudder.

Fig.3: Triangulation of a fully appended twin-screw vessel.
External boundaries have to be defined and located for the viscous CFD computation. The generation
of the external domain is also performed inside E4. A standard boxed-shaped domain, with an
extension based on the ship length, embedding the laterally centred ship model located on the
waterline, can be generated automatically. For most applications, the free surface is represented by a
symmetry plane. Optionally, the free surface obtained from potential-flow computations using the
KELVIN software, which is integrated in E4, can also be used as a free-surface boundary of the
domain. The domain displayed in Fig.2 features such a deformed free surface, which is triangulated
and blended with the hull geometry. The output of the E4-module is an STL-file. STL-files can be
process by nearly any mesh generators. In order to be able to use the full potential of the HEXPRESS
software, especially its functionality of resolving knuckles in the geometry by the mesh, the STLdescription is expanded by a second file. This file assigns each facet to a certain face. The detection of
the faces is also done in the respective E4-module. Fig.4 shows the edges between the different faces
on the aft part of the twin-screw vessel.

Fig.4: Connected (green) and unconnected (red) edges of the geometry
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The edges of each face are marked with lines. Green lines mark connected edges between two faces,
whereas edges, which are not connected to any other part of the geometry are marked red. Thus, the
user can easily identify errors and gaps in the geometry description.
3.2. Mesh generation
The mesh generation is done with the automatic mesh generator HEXPRESS. The software combines
the benefits of automatic mesh generation with high-quality hexahedral meshes. The user only needs
to initialize the mesh generation and verify the outcome of the process. The initialisation is done by
defining a small amount of parameters, like the parameter for the initial mesh and the maximum
number of cell refinements. No complex blocking strategy has to be developed as it has to be done for
the classical block-structured mesh generators. The disadvantages are that user has little influence on
the mesh quality in detail, which is less important due to the generally satisfactory quality delivered by
HEXPRESS. HEXPRESS generates a fully hexahedral mesh by subdividing an initial mesh, which
was defined by the user. The possibility to generate fully hexahedral meshes together with the aspect,
that HEXPRESS can reproduce edges of the geometry in the mesh, are the main advantages of
HEXPRESS compared to other automated mesh generators like SnappyHexMesh or StarCCM+.
The CPU effort for the generation of a fully-appended ship-hull mesh including a viscous cell layer
along the hull is about 15 min for 1 million cells on a standard PC with a 2.33 GHz CPU and 12 GB
RAM.

Fig.5: Snapshot of the mesh cells on the surface of the aft hull in HEXPRESS
3.3 Set-up of CFD-model
Most RANS-CFD-codes are universal and can be used for nearly any application. Therefore a lot of
different discretisation schemes, transport equations, turbulence models and the like are implemented
in the code. But for a standard analysis most off the set-up like the choice of turbulence model and
discretisation scheme is fixed. Therefore, one can reduce the necessary input required by the user to
the flow speed and a reference length, as all other input values are depending on these two numbers.
For a ship analysis the ship length is usually used as reference length.
At SSI a module for the ship design system E4 has been developed which uses the data of the ship
already available in the system, like the ship length and the design speed. Thus, the user has only to
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define the model scale. The set-up for standard manoeuvres like drift or turning cycles can done by
defining the drift angle and a turning rate. All other input values are computed automatically. For
example are the coordinates of the rotation origin computed from the turning rate, the track speed and
the longitudinal centre of gravity which is stored in the E4 ship model.

Fig.6: Snapshot of the E4-module for the RANS-CFD set-up
The result of the set-up module is the input file for the RANS-CFD solver. The present study refers to
FreSCo software, which is an in-house development of TUHH, the Hamburg Ship Model Basin
(HSVA) and MARIN.
3.4 Processing
The processing of the RANS-CFD computation is done in parallel on a standard PC with two quadcore
CPU with 2.33 GHz and 12 GB RAM. A computation for one half of the ship (symmetrical body)
without computation of the free surface in the RANS-Code takes about 3 h with a mesh of 600000
cells. Usually the computations are performed in model scale in order to reduce the number of cells in
the mesh and the computational effort. Thus, the results of the computation can directly be compared
with towing tank measurements.
3.5 Post-processing
The resistance of the body is a direct output of the RANS-CFD-solver. Visualisation of the flow field
and the pressure field is done in ParaView. ParaView is an open-source visualisation toolkit based on
the vtk-library. Section plots of the flow field as well as pressure distributions are used as input for the
form optimisation.
4. RANS-code FreSCo
The Finite-Volume Navier-Stokes procedure FreSCo uses a segregated algorithm which is based on
the strong conservation form of the momentum equation and employs a cell-centered, co-located
storage arrangement for all transport properties. The procedure can be used in conjunction with
structured-grid and unstructured-grid discretisations, based on arbitrary polyhedral cells including
cells with hanging nodes.
The implicit numerical approximation is second-order accurate in space and time. Integrals are
approximated using the conventional mid-point rule. Diffusion terms are subsequently approximated
using second-order central differences, whereas advective fluxes are approximated using high-order
bounded (monotonic) schemes. The latter are applied in scalar form by means of a deferred correction
approach.
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The odd-even decoupling problem of the cell-centered scheme is suppressed with a fourth-order
artificial dissipation pressure term in the continuity equation. The solution is iterated to convergence
using a pressure-correction scheme.
Various turbulence-closure models are available with respect to statistical (RANS) approaches. Twophase flows are addressed by interface-capturing methods based upon the Level-Set or Volume-ofFluid (VOF) technique. To simulate cavitating flows, the VOF-method can be combined with a
selection of mass-transfer models. Fully conservative interface-sharpening techniques are optionally
available.
Linear equations systems are solved by means of Krylov-subspace methods offered by the PETSC
library. Since the date structure is generally unstructured, suitable preconditioned iterative sparsematrix solvers for symmetric and non-symmetric systems (e.g. GMRES, BiCG, QMR, CGS,
BiCGStab) can be employed. The algorithm is parallelised using a domain-decomposition technique
based on a Single Program Multiple Data (SPMD) message-passing model, i.e. each process runs the
same program on its own subset of data. Inter-processor communication employs the MPI
communications protocol. Load balancing is achieved using the ParMETIS partitioning software.
4.1 Key requirements for Integration of FreSCo/RANS-CFD into the Initial Design Process
The integration of FreSCo into the early design process requires that accurate results can be rapidly
obtained. These two requirements are in generally contradictory, since accurate results require highresolution (CPU-intensive) meshes. Thus it is crucial that the method reliably predicts the primary
effects on the wake field even on coarse meshes.
The accuracy of the predicted wake fields are mainly governed by a fair development of the boundary
layer, including separation and transport of vortices created in the bilge region and the aft body. For an
accurate prediction of the boundary layer with coarse meshes, wall-functions have to be used.
Although their validity is confined to equilibrium boundary layers, they are still defensible for the
major portion of the ship. More relevant aspects are the suppression of premature transition to
turbulence due to irrotational strains in the stagnation-point regime and the ability to mimic the
interaction between turbulence and curvature. Vortices's introduced at the bilge of a ship are difficult
to capture with RANS-based methods using two-equation Boussinesq-viscosity turbulence closures.
Simple RANS models often tend to introduce an unrealistic amount of diffusion through the eddyviscosity. The present effort aims to bias this trend by means of a simple, curvature sensitive
turbulence models and a vorticity confinement strategy, which tries to counter-act the viscous
dissipation term in the vorticity transport equation.
4.2 Turbulence Modelling
Amongst the many issues of engineering-turbulence modeling, the accurate predictive response to
streamline curvature and non-inertial effects is perhaps the most crucial. Streamline curvature has a
disproportionately large influence on both, the evolution of the shear stress and the turbulence energy.
The majority of Boussinesq-viscosity turbulence-closures is derived for the prediction of weakly
curved, plane shear flows. Accordingly, their predictive performance significantly deteriorates for 3D
industrial flows. The latter is of significance for the predictive accuracy of wake simulations, since
vortical flow features are most pronounced in this regime and are even more present for simulations
with active propulsion.
The predictive success for curved 3D flows hinges on both, an accurate prediction of the turbulenceproduction mechanism and an adequate representation of curvature-related convective transport of the
stress anisotropy tensor. A non-linear, explicit algebraic stress model (EASM), Lübcke et al. (2003)
offers an accurate representation of the curvature influences on the production mechanism and can
thus close the gap between the standard low-cost Boussinesq-viscosity model (BVM) and the
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Reynolds-stress transport models, which are afflicted with a prohibitive computational surplus. The
curvature influences are most dominantly seen in the linear term, thus a linear truncation seems to be
defensible. The present study adopts the rationale of recently developed linear stress-strain relations
(linearised explicit algebraic-stress models; LEA) by means of invariant methods and the physical
feasibility of the modeled Reynolds stresses Franke et al. (2005). The present k-ω modeling
framework Wilcox (1988) captures the distinct influences of strain-rate and rotation-rate invariants
entering the stress-strain relation, viz.

k cµ
,with cµ =
ω 0.09

β1
 2β 2 η 2β 2 
g − η1  2 2 − 3 
 g η1 3 g 
k denotes the turbulent kinetic energy and ω the specific energy dissipation rate. The invariant ηi

νt =

coefficients read

η 2 S km S mk
=
η1 WkmWmk
η1 =

11

ω

( S km S mk )

with S km being strain-rate tensor and Wkm the vorticity-rate tensor. The constants βi are derived from
a pressure-strain rate model of energy re-distribution and assigned to the values of

β1 = −0.46
β 2 = −0.775
β3 = −0.375
The coefficient g reads

g = 1.5 +

P

ε

P denoting the production of turbulence energy and ε the dissipation of turbulent energy.
In order to additionally mimic the influence convective anisotropy transport, this promotes an
attenuation of turbulence in convex curvature regions, a simple modification of the vorticity-rate
entering the formulae is devised, i.e.


Skm Smk + 100 WkmWmk  
2.3 
Wkm = Wkm 1 +


 100  WkmWmk + 100 S km Smk + 1  



4.3 Vorticity Confinement
The idea of vorticity confinement goes back to Steinhoff (1994), who introduced the concept. Basically
a source term f i is added to the momentum equation

ρ

Dui
∂p
∂
=−
+
(τ ki ) + ρ f i
Dt
∂xi ∂xk

The source term consists of the product between a scalar-valued velocity and a vector-valued
reciprocal time scale si .

f i = −ε si
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The time-scale is evaluated by

si = ε ijk n jωk
with

nj =

∂
η
∂x j
∂
∂
η
η
∂x j ∂x j

, η = ωk ωk

pointing towards the core of a vortical region and

ωk =

∂u j
∂xm

ε kmj

being the vorticity vector. In the original work of Steinhoff, the velocity scale ε is kept constant,
which can lead to inconsistent specific values for different applications. Moreover, constant velocity
scales yield problems in areas featuring either large variations of vorticity (i.e. boundary layers) or
numerical dissipation, e.g. due to large mesh variations. As the dissipation of the vorticity can be
attributed to an enhanced level of eddy-viscosity in areas of large streamline curvatures (i.e. vortex
cores), it is appropriate to couple ε to the turbulence velocity scale using k :

ε = αλ k
Furthermore, the confinement should not alter the boundary layer flow, thus a near-wall damping λ
based on the wall-normal distance l is introduced

 kl ρ 

 500 µ 

λ = tanh 

which is close to zero in the boundary-layer region and approaches unity in the free stream. α is an
user-prescribed confinement factor.
5. Examples
This section outlines two illustrative examples. The first example demonstrates the influence of the
applied vorticity confinement on the predictive performance of wake flows. Subsequently, an analysis
of a complex geometry including appendages is discussed.
5.1 Influence of vorticity confinement on wake field of KVLCC2
To demonstrate the influence of vorticity confinement on wake-field predictions, the well-known
KVLCC2 container ship is computed at model-scale Re-number (Re = 5.085⋅106). The example
included employs a symmetry plane representation of the free-surface, which is defensible due to the
low Froude-number. Initial conditions refer to an approach flow turbulence intensity of 0.01 . The
approach level of the eddy viscosity ratio is assigned to 0.1. Experimental data is taken from Korea
Research Institute of Ships & Ocean Engineering (KRISO) towing tank experiments Van et al.
(1998a,b). Fig.7 depicts the axial velocity in propeller plane using the k-ω standard turbulence model
in comparison to the experimental results. The position of the velocity minimum in the centerplane is
shifted towards the free surface in comparison to experimental results. Furthermore the hook shape in
the wake field which is observed in the experimental results is hardly found in the simulation.
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Fig.7: Measured (left) and computed (right) axial velocity using k-ω standard turbulence model in
propeller plane of KVLCC2.
Fig.8 illustrates the analogous result obtained from the LEA k- ω turbulence model. As regards the
hook shape, no improvement can be seen. However, the location of the velocity-minimum is in better
agreement with experimental results.

Fig.8: Measured (left) and computed (right) axial velocity using LEA k-ω turbulence model in
propeller plane of KVLCC2.
Fig.9 compares the predicted results using the LEA k-ω model with ( α = 10-6) and without vorticity
confinement. Due to the vorticity confinement the hook shape can be seen in the wake field and the
predicted value of axial velocity in the symmetry plane is slightly higher.
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Fig.9: Computed axial velocity using LEA k-ω turbulence model with (left) and without (right)
vorticity confinement in propeller plane of KVLCC2.
The comparison of experimental results and predictions obtained from the LEA k-w turbulence model
with vorticity confinement is displayed in Fig.10. The hook shape is still not fully captured. However,
the figure indicates a remarkable improvement of the achievable accuracy in comparison to results
obtained in conjunction with the standard k-w turbulence model and no vorticity confinement, Fig.7.

Fig.10: Measured (left) and computed (right) axial velocity using LEA k-ω turbulence model with
vorticity confinement in propeller plane of KVLCC2.
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5.2 Appendage analysis for a twin screw vessel
The appendage design of a 200 m twin screw vessel is analysed with the described process chain. The
model is fully appended including shaft line with bossings, V-bracket and a rudder with rudder bulb.
The hub in the end of the shaft line is elongated. Thus it overlaps with the rudder bulb. From the
geometry definition in E4 a CFD-model is generated and the model is processed in FreSCo. The
geometry model can be seen in figures 3 to 5. The computations are performed in model scale in order
to allow the direct comparison with model tests. In this case the free surface is model fixed in the
geometry and is generated by the potential flow solver Kelvin. The pre-processing for the RANS-CFD
computation including geometry preparation, mesh generation and the set-up of the CFD-model takes
about 1 h. The processing is performed on a usual PC with two quad-core CPUs with 2.33 GHz and 12
GB RAM and takes about 3 h. The size of the mesh is about 850000 cells.
The first step of the post-processing is to compare the resistance force of the measurement and the
computation. For the presented computation the resistance was over predicted by about 1% of the
measured resistance force. Hence, one can say that the resistance is fully captured as the difference is
in the same scale as the accuracy of repetition of the model tests.

Fig.11: Measured (left) and computed nominal wake field (right)

Fig.12: Pressure coefficient and velocity contour on the aft part of the hull
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Fig.11 compares measured and the computed nominal wake field. The contour lines indicate the axial
velocity, whereas the arrows show the velocity in the propeller plane. The main characteristics of the
wake field are captured quit well. The major difference between the two is the thickness of the
boundary layer, which is over predicted from the CFD. In this case the vorticity confinement
technique was not used. Fig.12 shows the pressure coefficient on the surface of the model together of
with contour lines of the overall velocity. The pressured distribution especially on the appendages can
be used for a redesign to achieve a better wake field quality. The contour lines of the total velocity
show how the boundary layer develops along the hull. The extremely thick boundary layer at the
symmetry plane is caused by flow separation at the lower part of the bulbous bow. To avoid this flow
separation at the bulbous bow could also be an aim for an optimisation of the design.
6. Conclusions
The key challenge for the use of viscous CFD during the early design phase is the rapid generation of
reliably accurate results. In order to successfully meet these requirements, the whole process chain was
analysed and adjusted for wake-field computations.
The geometry description entering the mesh generator is automatically derived from the geometry
description in the ship design software (E4). The latter also includes the possibility to add appendages.
The embedded geometry preparation facilitates a significant reduction of the associated effort. The
computational mesh is created with an automatic mesh generator (HEXPRESS). High-quality
hexahedral meshes are used which also substantially augment the robustness. In conclusion, target
mesh sizes of the order of 1 million control volumes can be generated within 15 minutes. Reliably
accurate RANS results on - admittedly - coarse meshes are obtained, using appropriate turbulence
models specifically dedicated to capture the primary effects of the wake field. Furthermore, vorticity
confinement is applied to counter-act the enhanced dissipation of vortices on coarse meshes. The
amount of data produced by a viscous flow simulation is rather large, thus all design-relevant postprocessing of the results - including the data reduction to subsets - is generated automatically.
Combining all above mentioned aspects, a process chain was developed that allows the use of RANSCFD methods in the early design phase. An analysis for a fully-appended model can be performed in a
few hours on a standard PC hardware (8 cores, 10 GB RAM). Thus, the results of the RANS-CFD
computation can be used for design optimisation.
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Abstract
A scalar cost metric index that is based on longitudinal stiffener curvature is introduced to assess the
relative cost of internal structural members. The internal structural members are regarded as threedimensional curves whose curvature information is inherited from the hull surface to which they attach. Determination of relative cost is based on an Analytical Hierarchy Process (AHP) analysis,
wherein a group of experts have been surveyed with regard to hull and internal structural cost relative to degrees of curvature. A fuzzy logic approach is adopted to derive a smooth cost function from
the AHP cost data.
1. Introduction
Early stage hull form design is a balancing act requiring an understanding of the interplay of conflicting requirements that are driven by both physical laws and economics. Decisions made at this early
stage have ramifications throughout the remainder of the design process, all the way through ship
delivery, and ship operational performance. Thus, it is essential to have tools that assist the designer in
understanding the trade-offs of the design and help identify where optimal results may be obtained.
This paper discusses one component of an ongoing project at the University of Michigan that will
develop a tool based on multi-criterion parametric hull form optimization methodologies to balance
the minimization of the manufacturing cost of the shell and primary longitudinal structure with the
minimization of the smooth water propulsion requirements and the minimization of ship motions with
respect to a standard mission profile while maintaining adequate transverse stability. The paper presented focuses on the preliminary creation of the manufacturing cost component of the stated project.

Fig.1: Surface Map of Gaussian Curvature of VLCC Bow
2. Plate Curvature Definitions
An understanding of parametric surfaces and surface curvatures is required for defining the scalar cost
metric for a stiffened plate; an overview of these topics borrowed from hull form producibility work
done by Parsons et al. (1998) is presented first. The parametric representation of a surface is defined
by a three-dimensional vector S(u,v) with parameters u and v. There are many different parametric
representations surfaces, but the NURBS (Non-Uniform Rational B-Spline) representation has become an industry standard. Many CAD packages, including Rhinoceros CAD, have adopted NURBS
curves and surfaces to represent the geometry of objects.
A NURBS surface S(u,v) of degree m in u and degree n in v is defined by:

(1)
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with M+1 control points in u and N+1 control points in v defining a control net Vjk, using weights wjk.
and
are the B-spline bases functions with the corresponding knot vectors U= (u0, u1,…,
uN+n+1) and V=(v0, v1,…, vN+n+1) in the u and v directions, respectively.
2.1. Fundamental Forms of Surfaces
A curve on a surface S(u,v) can also be represented in parametric form: u=u(t) and v=v(t). The vector
at a point p on the surface can be written independent of the choice of parameter as:
(2)
The distance between two points on a curve is obtained by
yields:

. Substituting ds in Eq.(2)

(3)
where E = E(u,v) = Su * Su, F = F(u,v) = Su * Sv, and G = G(u,v) = Sv * Sv. Eq.(3) is referred to as the
first fundamental form, I, in differential geometry and is used to calculate the arc length of a curve on
a surface.
If n = n(u,v) is a unit normal to surface S at a point p, then dn = nu du + nv dv, combined with Eq.(2),
then the second fundamental form, II, can be defined as:
(4)
where:

2.2. Surface Area
The area A of a region on a parametric surface is given by:

(5)
In modeling programs, the surface area is approximated by breaking the surface into parallelograms
and summing the areas of the parallelograms. The area of a parallelogram with vertices (ui , vj), (ui+1 ,
vj), (ui , vj+1), (ui+1 , vj+1) can be represented as:
(6)
where

and

. The area of the region R is then by:
(7)

where p and q are the numbers subdivisions along u and v, respectively. As n → ∞, the sum An converges to A. To have a good approximation with this approach, the surface must be subdivided into a
large number of small patches, which can lead to long computing times. For the scalar metric in this
paper, such a fine mesh is not required.
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Using the Gauss-Legendre quadrature formulas to obtain the surface area is an alternate approach that
normally requires only four or five Gaussian sample points to produce a good approximation.
2.3. Normal Curvature
When the osculating plane of a curve on a surface is perpendicular to the tangent plane of the surface
at a point p, the curvature of the curve is called the normal curvature of the surface in the direction of
the tangent vector of the curve at p. The curvature vector κ of n arbitrary unit speed curve C passing
through p on a surface S can be decomposed into two perpendicular directions of a surface: one is
normal and the other is tangential to the surface as shown in Fig.1:
(8)
and

where

are normal and geodesic curvature vectors, respectively.

Fig.2: Normal Curvature and Geodesic Curvature
The normal curvature can be expressed as the ratio of the second fundamental form to the first fundamental form:

(9)
Since L, M, N, E, F, and G, in Eq.(9), are all constant at p,
defined by dv and du.

is fully determined by the direction

2.4. Principal Curvature
If the plane perpendicular to the tangent plane of a surface around the surface normal n at a point p is
rotated, the normal curvature
varies and has a maximum and a minimum in two perpendicular
directions. These values are known as the principal curvatures and are denoted as and .
Dividing the numerator and the denominator of the right hand side of Eq.(9) by du and making
,

is written as a function of λ: κ(λ). κ(λ) is a maximum or minimum when

:
(10)

Combining Eqs.(9) and (10) yields:

(11)
When κ in Eq.(11) is eliminated the quadratic equation for λ becomes:
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(12)
Solving Eq.(12) for λ produces two values or directions which are the principal directions.
2.5. Gaussian Curvature
The Gaussian curvature K is defined as the product of the two principal curvatures: K=
p can be classified into three different categories depending on value of K. If:
•
•
•

. A point

K > 0, p is elliptic.
K = 0, p is parabolic or flat.
K < 0, p is hyperbolic.

3. Manufacturing Cost
The overall cost of producing a stiffened plate can be split into two categories: cost of shaping the raw
materials, which is plates and stiffeners in this case, and cost of joining the shaped stiffener to the
shaped plate. The resulting cost is dependent on the complexity of the unit being produced. The complexity is dependent on how difficult it is to produce the required curvature of the shell plates and
stiffeners in addition to how difficult it is to attach the stiffener to the shell plate. The paper describes
all the cost that authors hope to implement in future research. It should be noted that only plate curvature, stiffener curvature and plate thickness were used in this demonstration example.
3.1. Cost of Raw Materials
The calculation of raw material costs is done by summing the volumes of material required for construction and obtaining prices from suppliers.
3.2. Cost of Production
The cost of production is dependent on the complexity of the unit being produced. The complexity of
a unit depends on how difficult it is to produce the shell plate and how difficult the welds to produce
the stiffener and mount the stiffener to the shell plate are.
3.2.1. Plate Production
The difficulty of producing a plate can be based upon the non-dimensional backset of the plating,
Lamb (1994,1995). Backset is defined as the rise of the plate above a flat plane divided by the length
of the plate. Parsons et al. (1998) defined eight types of hull plating and the relative costs of each
based on expert opinion. The backset b1 is taken as the larger regardless of the direction and b2 always
considered orthogonal to b1. The eight types of plates are defined as follows:

Fig.3: Definition of Longitudinal Backset Ratio
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Type 1: Flat plate

0.0 ≤ b1 ≤ 0.01
0.0 ≤ b2 ≤ 0.0025

Type 2: Low curvature in one direction

0.01 ≤ b1 ≤ 0.16
0.0 ≤ b2 ≤ 0.0025

Type 3: High curvature in one direction

b1 ≥ 0.16
0.0 ≤ b2 ≤ 0.0025

Type 4: Moderate curvature in one direction
and small backset in the other

0.01 ≤ b1 ≤ 0.16
0.0025 ≤ b2 ≤ 0.02

Type 5: Moderate double curvature

0.08 ≤ b1 ≤ 0.16
0.02 ≤ b2 ≤ 0.04

Type 6: Moderate reverse double curvature

0.08 ≤ b1 ≤ 0.16
-0.04 ≤ b2 ≤ -0.02

Type 7: High double curvature

b1 ≥ 0.16
b2 ≥ 0.04

Type 8: High reverse double curvature

b1 ≥ 0.16
b2 ≤ -0.04

3.2.2. Stiffener Production
The cost of a manufactured stiffener is a combination of the costs of producing the flange and web
parts of the stiffener and attaching the flange to the web. The cost of producing the flange and web
sections is similar to the process for determining the cost of various kinds of plate, and is based
strictly on the curvature. The cost for attaching the flange and web sections is dependent on the difficulty of welding the two pieces together. Metrics for determining the difficulty of welding are introduced later in this section. For the purposes of this paper, all stiffeners are assumed to be T-style stiffeners.
TF shall represent the thickness of the flange of the stiffener. TW shall represent the thickness of the
web of the stiffener. TP shall represent the thickness of the shell plate. The angle between the web and
the flange on the stiffener is defined as α. The angle between the web and a line tangent to the curve
of the shell plate where the stiffener is attached is defined as β.

α

TF

β

TP

TW

Fig.4: Definition of Relevant Plate and Stiffener Dimensions
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A non-dimensional ratio of flange thickness to web thickness shall be used as the metric for welding
difficulty of the stiffener, so:
(13)
This ratio accounts for the difficulty of welding extremely thick plate to extremely thin plate due to
the risk of burning through the thinner plate or not heating the thicker plate enough to obtain complete
fusion between the two pieces. Three ranges of this ratio are identified as follows:
Type 1:
Type 2:
Type 3:

0.75
R1 ≤ 1.25
R1 ≤ 0.75
R1 ≥ 1.25

The angle between the flange and the web is also important because of the inherent difficulty of accessing and welding two pieces joined at a very small angle. The angle between the flange and web,
α, is always considered the smaller of the two angles. Two ranges of α are identified as follows:
Type 1:
Type 2:

75° ≤ α ≤ 90°
α ≤ 75°

The thickness of flange and web also affect the cost of production because added thickness translates
to added passes while welding. The relative cost of each stiffener increases linearly for each pass.
Total relative cost (stiffener) = Number of passes ⋅ Relative cost (stiffener)

(14)

3.2.3. Stiffener Curvature
For the purposes of this paper, it is assumed that a stiffener will only be curved in one direction, i.e.
there is no twist to the stiffener. As such the relative costs derived for plates curved in one direction
are applied for the stiffeners. Therefore there are three different ranges of curvature for stiffeners.
Type 1: No Curvature
0.0 ≤ b1 ≤ 0.01
Type 2: Low curvature
0.01 ≤ b1 ≤ 0.16
Type 3: High curvature in one direction b1 ≥ 0.16
3.2.3. Attachment of Stiffener to Shell Plate
The relative cost of attaching the stiffener to the shell plate is based on the same parameters as the
production of the stiffener. A non-dimensional ratio of web thickness to plate thickness is defined as:

(15)
The ranges identified earlier for R1 are also used for R2.
The angle β is identified as the angle between the flange and a line tangent to the shell plate curvature
where the stiffener is attached. β is always considered the smaller of the two angles. The relative cost
ranges for α also apply for β.
Similar to the production of the stiffener, the relative cost of attaching the stiffener to the shell plate
increases linearly for each pass.
Total relative cost (attachment) = Number of passes ⋅ Relative cost (attachment) (16)
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The relative cost for each type was established here by expert opinion. For a shipyard implementing
this approach, the relative cost could be established using cost data from production operations.
For the purposes of this paper the value of R2 will be considered constant, and instead the thickness of
the stiffener web will be taken into account. The three different ranges of thickness are:
Type 1: Thin
Type 2: Medium
Type 3: Thick

TW ≤ .25 inches
0.25 inches ≤ TW ≤ 0.75 inches
TW ≥ 0.75 inches

While the parameters for the different thickness types are given in inches, these are purely arbitrary
values used to quantitatively differentiate between the groups. Any other unit of measure can be substituted provided that three distinct groups still exist.
4. Fuzzy Systems
Real world situations are not precise. This lack of discrete state can be shown in the following example. A person may wish to characterize the cost of dinner at restaurants. Over the range of prices, a
person might have three preference values or sets: cheap, moderate, and expensive. If the dinner is
cheap the person is happy. If the meal is moderately priced then the person is neutral. Finally, if the
meal is expensive the person is unhappy. Classically, one might program this model with discrete
threshold points at which the price transitions from cheap to moderate and moderate to expensive
occur. This approach, however, does not correctly model what happens in the real world since each
individual has a different, imprecise range over which these preference transitions actually occur.
Fig.5 shows an example of the idea of discrete threshold points. This natural imprecision and vagueness can be effectively handled using fuzzy set logic introduced by Zadeh (1965) and Singer (2003).
4.1. Definitions and Discussion of Theory
Fuzzy set theory, unlike conventional logic, assumes that an element can belong to more than one set
at a time and that its membership in a set is a matter of degree. A parameter’s specific or crisp value’s
degree of membership in a fuzzy set is determined by the membership function of that set. This is also
called the truth-value. A fuzzy set is defined by all membership functions for a given variable over its
range or universe of discourse. A common example is shown in Figs.5 and 6.
In rule driven applications of fuzzy logic, as in this paper, the membership in the fuzzy sets present
themselves in the antecedents or consequents of the rules presented in the linguistic expressions. In
practice, triangular and trapezoidal membership functions are typically used because of their computational simplicity. The value of the membership function for any crisp parameter value indicates the
degree of membership (truth value between 0 and 1) in the related set. Adjacent membership functions overlap to a certain degree to reflect the fuzziness or vagueness of the set classification. The
convention that all membership functions total 1 for any parameter value is utilized here.

not-tall man (value = 1)
tall man (value = 1)
truth value
1.0
tall man (value = 0)
0.5

not-tall man (value = 0)

0.0
not-tall man

5’11’’

tall man

Fig.5: Example of Conventional Set Membership Functions
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height

truth value
1.0

fuzzy membership
functions for not-tall
man (solid)

fuzzy membership
functions for tall man
(dashed)

0.5
0.0
not-tall man

5’11’’

tall man

height

Fig.6: Example of Fuzzy Sets and Membership Functions
The following scenario illustrates the concept of fuzzy logic. The concept of “tallness" depends upon
the height of the observer and the context of its use. This situation is illustrated in Fig.5 and 6. In conventional logic, a person would have to be classified as either a “not tall person" with membership
truth value of 0 or as “tall person" with membership truth value of 1 as seen in the ≥ 5’11” region of
Fig.5. In the more general fuzzy logic, the membership functions shown in Fig.6 could be utilized.
Below perhaps 5’7” a person is clearly “not tall", above perhaps 6’3” a person is clearly “tall", and at
5’11” a person might be considered half “not tall" and half “tall" with membership 0.5 in each fuzzy
set. There is a gradual transition between these situations between perhaps 5’7” and 6’3”. The vagueness will certainly vary between describing jockeys at a racetrack or players in an NBA dressing
room. The ability to be in tall and not tall at the same time goes against conventional set theory’s Law
of Contradiction which states that variable x cannot be in both set A and set not-A at the same time
Singer (2003).
If the evaluated person’s weight is added to the above discussion, one can see how the input fuzzy sets
can be expanded by another dimension. The question might arise whether someone is at risk for a
heart condition? This question cannot be answered by weight alone since a person’s height also has to
be taken into consideration when deciding whether or not they are at risk. Fuzzy theory allows us to
combine the ambiguity of both “height” and “weight” over a range of values and help us more realistically classify if a person is at risk for a heart condition and at what risk factor. A fuzzy system is a
good candidate for describing complex, not well-defined systems. For a more thorough discussion
refer to Zadeh (1965) and, Mendel (2001).
4.2. Fuzzy Sets and Membership Functions
Fuzzy variables are the input and output variables of a fuzzy system. There are four input variables;
Plate-B1, Plate-B2, Profile-B1, and Thickness which are the maximum backset of the plate, minimum
backset of the plate, the backset of the stiffener, and the thickness of the stiffener, respectively. The
output variable is C, the relative cost of producing the stiffened plate. The fuzzy input sets are defined
are defined linguistically as follows:
•
•
•
•

Plate-B1: [flat, small, moderate, high]
Plate-B2: [high negative, moderate negative, small negative, flat, small, moderate, high]
Profile-B1: [flat, small, high]
Thickness: [thin, medium, thick]

The output fuzzy set is defined as the relative cost values from 1 to 12. The resulting membership
functions are defined in Figs.7-11. The values for variable definitions above are used as the midpoint
between adjoining input fuzzy sets in this definition. The output membership function for the cost to
produce the stiffened plating is made of triangle-shaped distributions centered at the cost values.
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Fig.7: Input Variable Plate-B1 Membership Function

Fig.8: Input Variable Plate-B2 Membership Function

Fig.9: Input Variable Profile-B1 Membership Function

Fig.10: Input Variable Thickness Membership Function
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Fig.11: Output Variable Cost Membership Function
4.3. Fuzzy Rule Matrix
Fuzzy rules are in the form of linguistic expression, which interpret the linguistic input information
and provide linguistic output information. To express these rules, an IF-Then statement is used.
Therefore, a fuzzy rule for this system has the form of:
IF Plate-B1 is a AND Plate-B2 is b AND Profile-B1 is c AND Thickness is d, THEN C is e.
where pb1, pb2, sb, and st are the input fuzzy variables and C is the output fuzzy variable with a, b, c,
d, and e as their fuzzy sets. If the number of input fuzzy sets for vi is ni, i=1,…,N, then the number of
fuzzy rules is in general:

(17)
When N=2 the fuzzy rules can be conveniently displayed as a matrix. For this case study n=4 which
makes it difficult to simply display the rule matrix. The rule matrix for this study consists of 59 linguistic rules. What can be displayed is the resultant surface generated from the activation of the rules.
Figs.12 to 16 show these surfaces.

Fig.12: Cost of Plate-B1 vs. Plate-B2

Fig.13: Cost of Plate-B1 vs. Profile-B1

Fig.14: Cost of Plate-B1 vs. Thickness

Fig.15: Plate-B2 vs. Profile-B1
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Fig.16: Plate-B2 vs. Thickness
5. Implementation
The computation of the scalar metric can be implemented either as a stand-alone program or as part of
existing CAD packages. For the purpose of this paper, Rhinoceros CAD (Rhino) was used.
The structure of the initial scalar metric program consists of two stages: compute the principal curvatures and backsets of the plate and stiffener and read in the thickness of the stiffener, and then activate
the fuzzy system to yield the scalar metric. The principal curvature information can be accessed using
built in functions in Rhino.
To run the fuzzy system, the principal curvatures must be transformed into non-dimensional backset
can be converted to radii of curvature by ρ=1/κ. The divalues. The principal curvatures and
mensional radii of curvature must be associated with nominal plate dimensions in order to calculate
the backsets. For the purposes of this paper, a nominal plate size of 2 m x 6 m with w=2 m dimension
associated with the
direction and the w=6 m dimension associated with the
direction. The radii
of curvature can then be converted to backset ratios h/w by:
(18)
By selecting various points on a Rhino model of a VLCC (shown in Fig.1) and reading the curvature
information into the fuzzy system and using arbitrary values for stiffener thickness, various scalar
costs to produce a stiffened plate in that location can be determined. Fig.17 shows results from the
fuzzy system.
Location
Mid-body
Mid-body
Mid-body
Bow
Bow
Stern

Plate-B1
Plate-B2
Profile-B1
Thickness
Flat
Flat
Flat
Medium
Flat
Flat
Flat
Thick
Flat
Flat
Flat
Thin
Low
Flat
Low
Medium
Moderate
Moderate
Small
Medium
Moderate
Small
Small
Medium
Fig.17: Relative Costs of Different Production Conditions

Cost
1
1.9987
1.9987
2.2375
6.7102
3.486

Due to the low curvature found on VLCCs the maximum cost score obtained is 6.7102 out of a possible 12. If this method was applied to certain points of a military vessel, like the bulbous bow, the
score would be considerably higher.
Even though the cost data used was derived from expert opinion, which is by definition subjective, the
data from this case study shows that a small amount of curvature has more of an effect on the relative
cost than using a thicker stiffener web.
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6. Conclusions and outlook
A scalar stiffened plate producibility relative cost metric has been introduced. This metric can be used
to compare the relative cost of different stiffened plate designs. Because it is defined on a relative cost
per unit area basis, it can also be used to compare the relative producibility of two completely different stiffened plate designs. The metric utilizes the hull curvature information available within current
computer modeling software, but provides a single metric which may be more useful in the early design stage than the surface maps of curvature provided by these programs.
Due to a lack of credible information only the thickness of stiffener webs was used as an input for the
fuzzy cost estimator, even though other cost factors were identified. To extend the usefulness of this
method, more research will be conducted on the relative costs of these other factors and then these
inputs will be added to the fuzzy estimator.
Currently, this method works only on a point to point basis, requiring the user to manually select
points and input curvature data into the fuzzy estimator, giving a score for a single area (or plate). To
create a seamless interface with Rhino, a Visual Basic or RhinoScript (the proprietary scripting language in Rhino) code will be written. This code will export curvature information from the entire
model as well as information on stiffeners and will return a scalar cost not just for a specific plate, but
for the entire model, allowing designers more foresight into the relative costs of different designs even
at the earliest of design stages.
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AVEVA Net – AVEVA’s Open PLM Platform for Shipbuilding
David Thomson, Martin Gwyther, AVEVA, Hamburg/Germany, david.thomson@aveva.com
Abstract
This paper examines the PLM needs of the shipbuilding industry and how this technology can be used
both to enhance the design process and complete lifecycle of ship information. It goes on to detail the
key design criteria required of a system targeting this sector and presents the basic design
philosophies and practical capabilities of AVEVA NET, an open PLM solution developed specifically
for the shipbuilding industry.
1. Introduction
The current financial crisis and economic slow-down is highlighting the changing role IT is playing in
the modern shipbuilding industry. Due to increasing operational costs and environmental pressures we
are seeing a re-focusing on the importance of good design. Ship owners, design offices and yards are
working together on the design of new ship types to ensure they will run longer, use fewer resources
and incur less maintenance costs during their lifecycles. For the shipbuilders this means ever more
changes during the design and construction phase as last minute changes are made to meet the
owner’s requirements. All this leads to a strong need for integrated IT solutions which address the
industry’s lifecycle information management needs.
Product Lifecycle Management (PLM) is a mature technology that has been used successfully in a
variety of manufacturing industry sectors to store and manage product definition data and to integrate,
control and optimize product related business processes. However, in the shipbuilding industry there
are few shipbuilders actively using conventional PLM systems and those who have tried to adapt them
to shipbuilding design processes have had limited success.
In response to this, AVEVA has developed an industry specific information management toolset, to
meet the needs of their Shipbuilding and Plant operations customers. The resulting toolset offers a set
of functionality which not only allows them to control and manage their data during the design phase
but goes further by allowing them to exploit this rich data model in the later stages of the ships
lifecycle. The following chapters take a closer look at the specific PLM needs of the shipbuilding
industry and how AVEVA have approached them with their AVEVA NET Enterprise solution.
2 The Shipbuilding specific PLM Needs
Perhaps one of the most unique characteristics about shipbuilding is the need to concurrently run the
various phases of the design process at the same time the production is beginning. In no other
manufacturing sector does are there changes made to the very fundamental aspects of the design at the
same time as the materials are ordered, and even assembled. Shipbuilding PLM must above all deliver
suitable performance to concurrently visualize, and manage the evolving Design Bill oOf Material or
Tree AND the Assembly or Manufacturing Bill Of Material. This means not only working with
Millions of individual parts in their designed configuration but being able to add the all important
layer of assembly data.
Only with this concurrent view of design and manufacturing data can serious attempts be made to
optimize the various processes in the yard.
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Fig.1: Evolving BOM
2.1 Concurrent project execution and Control
As we know, large scale commercial and naval shipbuilding is fundamentally project based and
physical prototyping is neither logistically nor commercially viable. Although a single basic ship
design may be used to produce a series of vessels, in practice, each ship is unique and detailed design
and production is generally executed as a one-off capital project. In this model, the product design is
based on a complex network of inter-connected component designs, which evolve through a series of
iterations into the final product configuration. To meet both schedule and cost constraints, all
downstream activities, including fabrication and assembly, commence as soon as appropriate
iterations of the designs they are based on are available.
During any concurrent design and fabrication process individual component designs undergo rapid
refinement and change. Given the impact that working with erroneous or out-of-date information has
on project efficiency, it is critical that component design iterations, their status and their availability to
dependent project participants are well managed. To support these requirements a PLM solution for
shipbuilding needs not only to be tightly integrated with any and all design authoring systems used on
the project, but also designed to control the flow of product data across departmental and
organizational boundaries, and manage the workflows employed to ensure the integrity and quality of
information. In addition, it must also support best practice processes and tools for defining,
monitoring and controlling project execution parameters including, cost and schedule, progress,
productivity, materials and design variation.
For shipbuilders, the benefits of this technology can be considerable. Workflow management that
delivers the right information at the right time to the right people can save time, eliminate unnecessary
duplication of tasks and optimize resource loading, increasing overall project efficiency. This has a
multiplying effect; eliminating inefficiencies and managing information effectively not only saves
direct costs, it frees up resources sooner for the next revenue-earning project and puts the finished
vessel into service sooner.
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2.2 Capture and Validate
Many different companies, processes and engineering disciplines are involved in building a ship,
using a wide variety of software tools and producing a vast amount of information to be managed.
The majority of this information is typically created in the main CAD/CAM system in the form of 2D
schematics, 3D models, drawings and production information. However, an increasing amount
remains unmanaged or, at best, managed by disparate systems; for example, the results of the highly
iterative Naval Architecture calculations, the variety of CAD models and service information
provided by equipment suppliers, and, of course CAD data delivered from subcontractors or sub
suppliers not using the shipyards main system.
Any viable information management system must be able to integrate such disparate content. It must
form an application-neutral environment for all data, regardless of which programs originally created
that data and where that data actually resides.
Only with this consolidated view of information can any attempt be made to validate or compare
information.
2.3 A collaboration platform
With the world’s shipbuilders working ever closer with design offices, ship owners, suppliers, class
societies and regulatory bodies, the ability efficiently to run collaborative, multi-site projects provides
a real competitive advantage. Collaborative projects are not new in shipbuilding but, in many
instances, solutions to the information management needs have had to be home-grown, frequently
requiring compromise, workarounds and significant management overheads.
PLM technology must be able to overcome this, providing the ability to share all types of information
– not just design data – effectively between distributed resources. This is a true business strategy
enabler, offering a new level of flexible, collaborative working. Multi-site, multi-partner projects may
operate as a single entity, even while individual participants join or leave the consortium as
requirements dictate. Teams across different locations or time zones can work in parallel on a
common database, so projects may be scaled by bringing in resources wherever they are available.
Workflow automation routes information quickly and correctly, ensuring that even the most widelyspread project team can work efficiently.
Such information management can provide considerable business advantages in responsiveness,
flexibility and scalability. Properly exploited, these can greatly magnify the individual productivity
gains achieved by upgraded design or operations software tools.
2.4 Through-life product support
In shipbuilding, the production process employs capital project execution techniques to deliver a
single product instance. The product is typically extremely complex and has an operational lifecycle
spanning decades. During this operational phase, the vessel will undergo a series of modifications
designed to extend its capabilities or prolong its service life. These modifications may range from
routine refit through to complete product overhaul and are each executed as one-off projects involving
different project participants and varying product design tools. To address these requirements a PLM
solution for shipbuilding must not only support the project management and information workflow
requirements outlined above, but must do so within a data management environment that supports the
evolution and re-use of product data independently of the applications used to create it.
Traditionally, the handover of a ship from the yard to its owner was a clearly defined cut-off point.
However these days it is clear that single-point handover is no longer an efficient way of working.
There is considerable advantage in shipyard and owner working in partnership from the earliest stage,
and in using common information management tools. This allows, for example, operation and
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maintenance procedures to be developed as the design evolves, providing valuable feedback into
design and reducing the subsequent time to bring the vessel up to full operational status. Engineering,
handover and commissioning can thus become concurrent processes, beginning well in advance of
launch date.
Once in service, owners need operating manuals to allow them to operate and maintain their vessels
efficiently. Such a manual is, in fact, a colossal data pack – all the information created and gathered
by the shipyard and added to by the owner. Originally, this data pack consisted of physical
documents; costly to create, hand over and control, bulky to store, difficult to use efficiently and hard
to share between the different disciplines involved in operating a ship. To overcome these problems,
owners increasingly insist on electronic handover of information; 98% is typical of current best
practice in offshore and Naval projects. But the usefulness of an electronic data pack is limited if it is
no more than a collection of digital documents; adding intelligence, and tools for easy access, tight
control and efficient cross-referencing, transforms it into a value-adding asset.
To appreciate how a modern information management solution might be used at sea, imagine that a
problem arises with, say, a lubricating oil pump. Reliable studies in the engineering industries have
shown that up to 60% of the man-hours involved in dealing with such maintenance problems can be
spent tracking down the correct information. With a PLM system, however, the ship’s engineer may
obtain all the pump’s associated information within minutes. An efficient PLM solution will offer a
choice of ways to do this; for example, by entering the pump’s tag reference directly, by selecting it
from an intelligent system schematic, or visually, either by navigating a 3D model of the ship or by
clicking on ‘hot spotted’ photographs. Information access ceases to be detective work and becomes as
quick and easy as web browsing.

PLM Overview, Supplier to Shipyard
Suppliers’ Staging Areas
GATEWAYS used to
convert CAD models and
link documentation to
Objects for use directly in
the PLM Engineering DB,
with AVEVA NET

Specifications
Attributes

Connection Infr
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Specifications
Attributes

Connection Infr
Specifications
Attributes

Connection Infr
Specifications
Attributes

Connection Infr
Specifications
Attributes

AVEVA Staging area
Application/ checks all
required data is there in the
right format, could be a
Hosted service

AVEVA NET GATEWAYS
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Connection Infr
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AVEVA NET

Engineering Data
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Engineering Data
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Fig.2: Possible Enterprise application of PLM
Where available, real-time and historical data from system instrumentation may also be presented, so
the engineer might examine this to diagnose the problem and assess its priority. He can quickly find
spares lists and locations, select the correct maintenance procedures, examine the system schematic to
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check the shut-down sequence, and even view the ship’s schedule to plan the best time to carry out the
work. And when the maintenance work is completed, the engineer can use the PLM system to record
the work done and the parts added, which in turn can be synchronized with the on-shore
management’s business systems. Not only can this level of information access cut maintenance costs
and time, it can also enable better preventive maintenance and reduce the risk of costly unplanned
stopovers.
Given the scale of the revenue streams involved, it is not surprising that the oil & gas industry has
been quick to grasp the benefits that such powerful technology can deliver. FPSO projects now
routinely implement PLM solutions from the earliest stage and these are seen as ‘mission critical’ to
efficient operations. In naval vessels, it is easy to visualize the importance of rapid information access
in combat situations, while cruise ships contain not only many complex systems but a ‘cargo’ that will
complain loudly if they do not work properly.
In naval practice, it is common to decommission vessels and lay them up against future needs.
Inevitably, when required again, speed of putting a ship back into service is important. A good PLM
system preserves the ship’s information assets ready for use immediately, allowing a crew (who may
be unfamiliar with the vessel) to carry out the recommissioning process efficiently.
Astute ship owners are already seeing the commercial potential of exploiting the powerful information
technologies which formerly never went beyond the shipyard gates.
AVEVA NET

Connection Infr
Specifications

Neutral Export

Attributes

Connection Infr
Specifications
Attributes

Connection Infr
Specifications
Attributes

With AVEVA NET for
Supplier Add on, a final
check that supplied data is
up-to-date.

PLM Operations
Database

ShipDEX
SpecTec

With AVEVA NET for Ship
Hand over filtering of PLM
Engineering database

Rich PLM
Database

Integrated Information
View

Subset of data required
for Operations

On Shore
Management

Maintenance Add on

Ship operations

Fig.3: Possible Enterprise application of PLM
3.0

PLM System Design Criteria

Given the complexities of the shipbuilding process and the unique lifecycle information management
characteristics outlined above, it is not surprising that generic, bulk manufacturing focused systems
have struggled to fulfil industry needs. What is required is a solution that embraces the best principles
of PLM and then carries these forward into a targeted, industry-specific solution. However, if that
solution is to adequately address the needs of the shipbuilding industry it must:
-

580

Provide an information management infrastructure through which the various organizations
involved in shipbuilding projects can optimize their project execution capabilities, thereby
allowing them to deliver higher quality products and to do so faster and more cost effectively.

-

Help reduce the lifetime cost-of-ownership of marine assets by providing a persistent foundation
for information integration, evolution and re-use.

-

Not only provide a strong foundation for managing the storage and flow of information
throughout the enterprise, but also integrate seamlessly with other applications which author or
work with product and project data.

-

Allow project participants to interact and collaborate, both within and across enterprise
boundaries.

-

Combine internet communication standards and technologies with intuitive, context-specific user
interface designs, to allow project teams to retrieve and work with project information,
irrespective of geographical location.

-

Support multi-disciplinary concurrent engineering by enabling controlled, real-time access to a
single source of correct and consistent, version managed information

For a PLM system to meet these criteria it must provide sophisticated data management capabilities
that work independently of the applications used to create and edit the information, yet still support
the management of the information these systems author. By separating product and project data from
data authoring applications in this way the system facilitates two fundamental objectives. Firstly, it
allows users the freedom to select the applications that best suit their business needs. Secondly, it
provides a neutral data management platform for genuine through-life product support. This
ultimately protects the huge intellectual and commercial investment made in designing and
constructing large-scale maritime vessels, by allowing data to be accessed, evolved and shared
throughout the vessel's entire operational lifetime and, where required, re-assembled, revised and reused in future product designs.
4.

Introducing AVEVA NET

To provide a system which addresses the key design criteria outlined above AVEVA has pioneered an
object-centric approach to product lifecycle management and has created AVEVA NET. AVEVA
NET is an open, extensible, standards-based lifecycle management platform that has been designed,
from the outset, to support the business execution models and operating characteristics of
organisations that create, operate or maintain large-scale maritime vessels. To achieve this, the basic
principles and approach AVEVA NET employs to manage product and project information
throughout the lifecycle are fundamentally different to conventional document centric PLM solutions.
These differences are outlined below.
4.1

AVEVA NET Design Concepts

4.1.1

Data Objects

AVEVA NET technology provides unique mechanisms for defining, creating, associating and
managing data objects. Simplistically, these objects are "lumps" of structured data that, like
documents, can be versioned, access controlled and workflow managed. However, unlike documents,
data objects can be easily searched, compared and cross-referenced and their data content can be used
to support a variety of activities including integrity checking, report synthesis, data transfer and
design data re-use. Within AVEVA NET all “things” of interest are represented as objects, whether
they are a physical component of the ship, a work process that needs to be planned, monitored and
controlled or a person or organisation responsible for executing a particular task.
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4.1.2

Associations

AVEVA NET technology provides uniquely flexible and extensible techniques for defining,
establishing and managing the associations between data objects. These associations represent a
multi-dimensional network of relationships which link together individual objects and define, not only
physical structures, but logical dependencies and behaviours. Because there is no limit to the number
and / or nature of associations that can be supported, and because the associations can be classified,
sorted and searched, product and project information can be presented and accessed via any number
of hierarchical views. This allows information to be made available to different users in different
contexts without changing or duplicating the underlying content or structure.
By exploiting these fundamental capabilities and supplementing them with a variety of sophisticated
tools to define, control and manage the integrity, security, status, history and workflow of individual
data objects, AVEVA NET provides a unique environment for managing product and project data
throughout the product lifecycle.
4.1.3

Information Modelling

In most conventional data management systems, the individual data structures and relationships
between data elements are built into the database schema and application logic. This has four
principal limitations:
-

it restricts the product and project structures (configurations) that can be supported
it requires an upfront understanding of the data compositions of individual items and the
relationships between them
it typically requires database and application programming skills to extend / amend the
structures and relationships
it generally requires the roll-out of new software versions to accommodate changes to
database schema and application functionality

In contrast, AVEVA NET is entirely data driven and completely shields its users from the
complexities of any internal database structures and constraints. Throughout the system, application
users and administrators work with information sets representing “real-life” objects and their
associations to one another, rather than system level views such as database tables and columns.
To support the complex and varied data structures needed to describe shipbuilding components and
systems and to provide complete flexibility with respect to product structure definition and
presentation, AVEVA NET incorporates intuitive tools for modelling objects and their associations.
These allow object data compositions and associations to be defined and evolved without the need for
conventional database modelling skills, or a complete upfront understanding of the data structure and
range of relationships required for each object. Because the data models defined and supported by
AVEVA NET are data driven, they can be simply re-defined or extended at anytime to accommodate
additional data properties and associations.
4.2

AVEVA NET in Practice

AVEVA NET comprises the following core components:
4.2.2

AVEVA NET Work Hub

The Work hub is the basic information management platform that underpins all AVEVA NET
solutions. It incorporates the infrastructure components needed to assemble, store and organize all
forms of project and product data, and the information and workflow management facilities needed to
share, control and protect this information throughout the entire product lifecycle. This encompasses:
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-

Content Management - managing the creation, update, storage, history and availability of all
product and project information, irrespective of its format and location

-

Security Management - managing the definition and configuration of all roles, responsibilities,
rights and permissions to be applied to objects, data, documents and work processes and
managing the application of these rules during all relevant system transactions

-

Configuration Management - managing the assembly of objects, data, documents and structures
into identified, controlled and baselined configurations and controlling the update of these
configurations to provide change history, version comparison and change highlighting

-

Change Management - applying formal change management techniques to allow users to identify
and assess the impact of changes to product or project information and then controlling the
implementation of the identified change to ensure information integrity and change auditability

-

Work Management - defining the work (processes, activities, tasks and resources) required to
create, modify and maintain product and project information and then controlling and monitoring
the transactions involved in executing the identified work

4.2.2

AVEVA NET Dashboard

The Dashboard is the default user interface for accessing and interacting with information controlled
and managed by AVEVA NET. It provides a customisable browser based workspace which allows
users and administrators from all the various organisations and departments involved in project
execution or plant operations to access and work with the information they need. Through a range of
intuitive user interface features and functionality, the AVEVA NET Dashboard provides facilities to
configure how information is arranged and presented to different users, control what tools are used for
visualising and creating / editing information and manage real-time interaction and collaboration
between multiple parties.
In its default configuration, AVEVA NET Dashboard encompasses the following basic application
components:
-

Enterprise Explorer - provides the principal mechanism for organising and navigating product and
project data. A variety of features are provided which allow information sets to be defined and
their associated structures to be represented as conventional explorer based hierarchies. Structures
can be created for any class of data held in (or referenced by) AVEVA NET, and both public and
private “folders” can be defined

-

Content Explorer - acts as a secondary navigation aid by displaying a series of categorised links to
the various sets of information which describe the current object and its associations. When an
object is selected, the Content Explorer presents a hyperlink style list of data sets or documents
pertaining to the currently selected item, plus any meta-data defining the nature and / or status of
the information represented by the link. Selecting an entry in the links pane opens the
corresponding data set or document in the content viewer, using appropriate viewing technology

-

Content Viewer - hosts data entry screens, project documents and specific applications accessed
by the user. Each item is displayed as a separate tabbed page and there is no limit on the number
of items that can be simultaneously accessed. The Content Viewer supports standard data
presentation / editing media such as form, grid and list based property views, as well as more
specialised viewing components for visualising and collaborating on schematic and spatial (CAD
/ CAM) models. In addition, it also supports interaction with standard Microsoft Office products
such as Excel and Word and hosts standard browser controls to allow internet access from within
AVEVA NET
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-

Enterprise Search - provides a fully integrated search facility to allow users to find and retrieve
objects meeting designated criteria. There are various search modes which provide a range of
search capabilities. The most sophisticated of these allows searches to be performed on virtually
any of the attributes which define an item or its associations, and allows any number of search
criteria to be combined. To facilitate repetitive or frequent searching, searches can be saved and
re-used. Saved searches can be defined as “private” or “public” and can be secured by defining
access rights which determine who can use or modify the search. To allow document content to
be searched, AVEVA NET offers an optional full text searching facility

-

Work Exchange - provides a series of specialised views that allow users to access personal tasks
and messages generated by the system and visualise the current status and history of any
associated actions. The various views support all forms of messages, from simple event
notifications through to workflow and change controlled requests for action. To aid users in work
execution, the Work Exchange provides standard mechanisms for acknowledging notification
messages and for progressing, delegating, re-directing or re-working task assignments. All user
responses and actions are recorded and automatically "filed" in the Work Exchange archive, thus
providing a readily accessible audit trail of all work related events.

In addition to the above functional components, AVEVA NET Dashboard provides a number of “runtime” based configuration capabilities that allow administrators and / or individual users to customise
their workspace. For example, the various panes making up the Dashboard support re-sizing, rearranging and re-docking, whilst explorer folders and grid style data views can be configured to
automatically display the specific data and documents of interest to the user. To facilitate internationalisation of AVEVA NET, all GUI components including: menus, dialogues, messages and
prompts can be re-configured to support the required local language.
4.2.3

AVEVA NET Modeller

The Modeller is the basic administration tool used to define and maintain the information content and
behaviours that are controlled and managed via AVEVA NET. Because the system must be able to
manage complex product structures and support sophisticated work process execution, AVEVA NET
Modeller allows:
-

an unlimited set of object classes and association types to be defined

-

the data composition for each class of object to be modelled, so that any required data structure
can be accommodated

-

the relationships between objects to be modelled, so that the complex network of interconnections
and dependencies between the various components, structures, processes and resources can be
constructed

-

attributes and associations to be mapped to appropriate reference data library entries to support
consolidation and cross referencing of information from multiple sources

To accelerate the modelling process AVEVA NET Modeller employs a set of modelling standards
and intuitive tools for mapping to these standards. Whilst this helps facilitate rapid and repeatable
implementation of AVEVA NET solutions, because the data models defined and supported in
AVEVA NET are data driven, they can be simply re-defined, or extended at anytime to accommodate
additional data properties, associations and behaviours.
4.2.4

AVEVA NET Gateways

Gateways are the interfaces which connect data authoring and data consuming applications to
AVEVA NET. These systems are linked to the AVEVA NET environment via application
“Gateways” which allow information to be read from, written into, or registered in the AVEVA NET
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repository. Gateways can vary from simple XML based data publishing, to dynamic peer to peer
transactions involving tailored application plug-ins. In many cases, Gateways involve sophisticated
data processing to translate or transform information and derive additional “intelligence”.
To allow AVEVA NET to control the quality, integrity and availability of information, Gateways
apply all data security constraints (access rights, validation criteria etc) and record all transaction
details (date, time, user etc). In addition, any data import / extract process can be made part of a
workflow, so that the data being processed is validated and authorised before the transaction is
allowed to complete.
Although AVEVA has created a range of Gateways, which connect both our own, and commonly
encountered third party applications, to AVEVA NET, to provide complete flexibility, the AVEVA
NET developer’s toolkit, AVEVA NET Studio, incorporates a variety of features for constructing
custom Gateways.
4.2.5

AVEVA NET Solution Modules

To offer "out-of-the-box" solutions for specific data and workflow management issues encountered
during shipbuilding design and production, the core components described above, are complemented
by a series of Solution Modules. These Solution Modules plug-in to the AVEVA NET environment
and provide a variety of advanced tools to facilitate planning, executing, monitoring and controlling
specific activities and their associated deliverables and resources.
Because these Modules are fully integrated with one another, yet at the same time modular and open,
they offer considerable operational flexibility. Modules may be used on their own or in combination,
and any given module may be used in its entirety or in discrete parts. This allows the functionality
they provide, to be implemented as either a total solution or a partial solution alongside other in-house
or third party software.
In addition, the Solution Modules themselves are designed to support end-user customisation. Each
Module comprises a set of modifiable software components, and, AVEVA’s developer toolkit,
AVEVA NET Developer, provides a set of software tools that support customisation of the
components to meet the user organisation’s specific needs.
5. AVEVA NET Practical use cases
5.1 Use Case 1 Integrated Engineering, Design and Production
The highly concurrent and complex work of designing and building a ship places high demands on the
Engineering system. Achieving an accurate and perhaps more importantly a consistent engineering
model will have a profound effect on the quality of all Lifecycle related information requirements
down stream of this process.
AVEVA MARINE is an example of a system designed with this in mind. It has a unique database
technology tailored to the needs of shipbuilders, featuring a data centric modelling system, ensuring
high performance and efficiency for large complex models, an Integrated Schematic Model and 3D
Model to ensure data consistency, database driven drawing production ensuring consistency and
facilitating automatic change highlighting and comparison in drawings and 3D. All this can be global
distributed and controlled via the AVEVA Global technology. AVEVA MARINE itself has many of
the functionalities associated with PDM, such as user and role based access control, to the attribute
level, customisable and preconfigured product breakdown structures, object status control. Built in
Rule based design and consistency checking.
Combine all this with complete integration to AVEVA NET’s Enterprise functionality and the PLM
strategy is off to a good start.

585

Fig.4: Automatic change highlighting
5.2 Use Case 2 Data Capture and Validation
Before any full blow PLM system can be deployed an enterprise must have good control all their data
and its quality. A relatively simple but very effective application of AVEVA NET is to capture and
validate data coming from multiple sources.
AVEVA NET Gateways provide the technology to read multiple data types and automatically identify
and categorise the date held within. Moreover with some simple configuration the associations
between different data can be made at the same time.

AVEVA Gateways

Documents

Publish

Fig.5: Classification, Identification and Linking with gateways.
Certain gateways are focused on reading CAD data, such as the Tribon M3 gateway or the Xmplant
gateway, which can read a variety of CAD formats and create a application neutral format for viewing
in a portal as well as a XML file detailing the objects and their associations contained within the files.
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Others are focused on specific applications such as the Leica Tru View gateway or the SAP gateway.
Perhaps the most useful gateway is the Data Extractor capturing data form general sources, such as a
database or XML file. Giving the ultimate flexibility to read data form almost any system into
AVEVA NET.
One the categorised and linked data is captured AVEVA NET provides standard tools to enable
reports and queries, which can quickly highlight any inconsistencies.

Fig.6: Data Validation Reporting
5.3 Use Case 3 Project Execution Control
Creating a accurate and consistent Engineering model and a complete capture and validation of all
digital engineering information are only the basis of real PLM. Exploiting this requires the definition
of workflows and processes.
One example of this is the optimisation of pulled bends during the design of 3D piping. Ideally the
number of elbows is kept to a minimum in any given pipe spool due to the additional material cost
and labour required. However several factors influence the ability to use bends over elbows. Firstly
any given yard will have at its disposal a fixed number of bending machines with their own fixed
operating parameters. This situation can be eased by outsourcing pipe spool fabrication to shops with
more bending machines with perhaps the ability to bed pipes of a larger diameter. Add to this the fact
that controlling the production location of a given piping spool is not know until late in the planning
process and we see why it is very hard to optimise the use of bends at the design stage.
However with AVEVA NET Enterprise a solution can be built. Assuming the Project planning
information, the Subcontractors planning information and the rules which govern where best to build
a specific spool are captured via AVEVA NET , a work flow could be designed in AVEVA NET
modeller to do just this optimisation.
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As each object in AVEVA MARINE has a status and the individual components of it are known, the
designer could initiate a workflow upon requesting the release of spool data to production. This work
flow could involve several other IT systems such as ERP, Project planning and even data from
Subcontractors. It could then return with a component suggestion or even automatically modify the
spool accordingly. The final stage of such a work flow would be to mark the spool as one which has
been optimised, for knowledge management purposes and automatically create the Isometric or Pipe
Sketch drawing and ‘send’ it to Production.
5.4 Use Case 4 Knowledge Reuse.
Knowledge reuse has the prerequisite that knowledge is captured digitally in the first place.
One example of that is the list of deliverables that are required for a given ship type. Normally this is
very well known in a yard and can be detailed at the very beginning of a project. If this knowledge is
captured in a electronic form, i.e. in a Spreadsheet or database it can be used during the design of a
ship to ensure that all required deliverables are indeed accounted for.
For example if we know that a typical fire zone should result in 6 Lighting drawings, 4 Piping plans, 2
Accommodation drawings and a safety plan we can build up a work flow on the basis of this which
would prevent the approval of that fire zone until all deliverables are accounted for. Taking this
concept a stage further the approximate content of each drawing view is known at a very early stage
based on the experiences with other ships of similar type. This knowledge if digitally captured can be
used to automatically generate a complete drawing list with predefined views and even their content
based on the drawing technology of AVEVA MARINE. A work flow could then automatically
generate the drawings when the corresponding 3D models become available. Even the experiences of
implementing such knowledge reuse should be captured as knowledge, to provide for example a
dashboard for design or IT managers.
6.

Conclusions

The market experience of software suppliers has shown that within the commercial and naval
shipbuilding sectors there is a strong interest in, and business need for, integrated solutions which
address the same spectrum of functional requirements as conventional PLM systems. This includes;
data and document storage, workflow and process management, product structure management,
application and data integration, and visualisation / collaboration. However, in practice, there are few
shipbuilders using conventional PLM solutions to address their lifecycle information management
needs. This has arisen because the industry has a number of key operational characteristics which
differentiate it from the discrete / repetitive manufacturing industries where conventional PLM
technology originated and is most successfully deployed.
These characteristics centre on the industry’s use of sophisticated, concurrent design processes and
integrated project execution techniques to plan, monitor and control product design and construction.
Because these processes dominate the operational activities of shipbuilding organisations, they
impose a very specific set of requirements on solutions aimed at these businesses. Shipbuilders
looking to deploy a PLM solution within their business should be aware of these requirements and
should carefully evaluate any proposed solutions against these key criteria.
In response to customer and marketplace demand, AVEVA has created AVEVA NET, an open PLM
solution designed specifically for the shipbuilding industry. AVEVA NET has been designed, from
the outset, to support the business processes and techniques used in ship design and construction and
employs novel, object centric concepts and technologies to meet the system design criteria and
functional requirements outlined in this paper.
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Abstract
For the last ten years, DCNS has carried out virtual reality (VR) experiments within the design
framework of warships. In addition, DCNS and its partner CLARTE lead their R&D axis to new
military systems, especially the representation in relief of operational situations. In the current
systems, the mobiles of a tactical situation are symbolized by points on a screen in two dimensions.
This 2D representation leads to a significant mental load and increases the error risk in the data
interpretation standing for the theater of operations. This analysis allows the TT3D project to lead to
the outcome of innovative product based on an association of three technological solutions. The first
is the use of a compact immersive stereoscopic visualization system, the Workbench. The second is a
3D representation of the theater of operations through a representation of mobiles by 3D shapes and
a decomposition of the theater in different stratums. Lastly, the third is a natural mean of interaction
thanks to the development of a device attached to the finger of the operator.
1. CLARTE and DCNS
CLARTE is a virtual reality technology centre acting as a research centre and as an expert centre
working with companies. CLARTE’s virtual reality platform is equipped with a WorkBench and a
cubic system called SAS3. CLARTE has developed expertise in these immersive systems, mainly on
3D libraries, haptic peripherals and software systems based on PC clusters. CLARTE has also worked
on new VR devices using force feedback and/or tracking systems. Thanks to these tools, CLARTE
engineers have got skills on immersive and interactive contexts using real-time and multiprocessing
computers.
As a naval prime contractor, shipbuilder and systems integrator, DCNS spans the entire naval defence
and security value chain and system lifecycles from design concept to dismantling. DCNS carried out
experiments for the last ten years within the framework of armed ship design, targeting for a tool to
obtain an up-to-date VR version of the ship numeric mock-up from the CAD system, having in mind
the needs of its future users: designers, naval architects, human factor specialists… as well as the
future users of the ship, the crews.
2. Context
In command units, the tactical representation is made more and more on tactical tables. These devices
allow visualizing a tactical situation in two dimensions on horizontal screens by the symbolism of
many military mobiles through normalized icons.
However, these systems are not always understood by all contributors (protagonists) required to use
them. They require an important use experience of this representation. In addition, these devices have
got many critical points that could compromise the understanding of the theater (mobile units
represented by abstract symbols, speed perception and zoom parameter hard to achieve, no
information about mobiles relative depths easily reachable).
Three of most important constraints are considered in this project’s development:
•
•
•

technological,
ergonomic and
cognitive constraints.
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Fig.1: Example of 2D tactical situation
IDENTITE Non évalué
PLATE-FORME SURFACE

(Blanc)

Ami

Présumé ami

Inconnu

Neutre

Suspect

Hostile

(Bleu)

(Bleu)

(Blanc)

(Vert)

(Rouge)

(Rouge)

Inconnu

Fig.1: Example of symbols used
2.1

Technological constraints

The definition and design of a relief 3D visualization device must integrate into a command console
unit and allow multiple users to work. He must also integrate the development of devices for natural,,
intuitive and multi-sensory interactions.
2.2

Ergonomic constraints

As operators, the sailors are soldiers who, as such, must be able to react very quickly to any situation
became perilous. The ergonomics of a device should help them to take decisions extremely urgent is
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fundamental. Moreover, the interpretation of a 3D model representing the theatre of tactical
operations must be instantaneous and without ambiguity. Therefore the HMI must be particularly
innovative and intuitive. A study was conducted for confirm that, and resulted in the design of new
models of representation and interaction, being tested now.
2.3

Cognitive constraints

The use of virtual reality, and in particular the wearing of glasses or tracking markers, may cause in
any individual discomfort, a lack of concentration or also a problem of “car sickness”. The study
conducted with TT3D has already considered this issue in an initial test phase, given that the analysis
will to go on studies, involving new multi-sensory approaches to reduce the cognitive load, related to
relief visualization and all information contained in the theatre of tactical operations.
Release the cognitive load allows the operator to be released from work without adding value, and
focus on those that are useful for tasks, such as decision-making.
3

Concept

To get round inherent shortcomings of current 2D devices, DCNS in partnership with CLARTE, set
up a demonstrator containing three technological concepts: an immersive visualization, a
representation of the theater in three dimensions and a natural and intuitive mean of interaction.
3.1

An immersive visualization / Une visualisation immersive

The display tool is based on the WorkBench dual screens concept, integrates all design constraints of
the TT3D application and its usability in a limited space. Its immersion ability, his weight, its
transportability and its size were studied in this regard.
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Fig.2: WorkBench
The WorkBench is made of two perpendicular screens enabling to display a 1m3 volume. A set of
mirrors reduces optical paths for the purpose of minimizing the global size of the system. A tracking
device is added at this display system and is based on an optical tracking technology. It allows
displaying a consistent picture in relation to the user’s point of view. These two technical items
provide a high interactivity with the application. This virtual reality device provides an optimum
“size/immersion” compromise. Its small size allows being most closely with a usage in operational
conditions.
3.2

Three dimensions representation

The representation method developed aims to facilitate the mental representation construction of the
operational situation by adding a third dimension, an oblique view of the theater and the development
of visual metaphors. Nevertheless, some common codes of traditional 2D tactical tables have been
observed to ensure the best acceptability of the product from operators. However, these codes were
designed for a 2D representation mode and can be counterproductive in 3D.
First, an oblique view of the tactical situation has been implemented. This view allows grasping
surroundings with an intermediate height of viewpoint between the surface and overview
perspectives. It enables to combine both three-dimensional information of mobiles (egocentred spatial
representation) and distance information formed by these mobiles (allocentred spatial representation).
Subsequently, a mobile dualistic representation has been considered. It combines both the standard
SENIT representation and another in the form of 3D pieces. This dualistic representation shares the
same color code. Thanks to these two modes of representation, the understanding of the theater of
operations is intuitive and more immediate by a large population.

Fig.3: Mobile dualistic representation

592

Fig.4: Elevation parameter
To enhance the mental construction of the theater of operations, the 3D representation allows defining
an elevation notion and separating in different stratums all mobiles according the surroundings where
they move. So the aircrafts raise above the planisphere and the submarines underneath. This concept
clarifies strongly the theater of operations and helps to analyze the notion of relative depths and
altitudes between mobiles.
However, the cognitive strategy, explained previously, doesn’t work well as soon as we want to see
the whole theater with a strong elevation. Occlusions of mobiles may occur. Furthermore, a strong
elevation generates difficulties to understand the geographic location of each mobile. These troubles
may lead to a partial understanding of the situation or even involve critical errors analysis. Software
helps and visual metaphors were implemented to get round these troubles. An algorithm allows
putting on transparence the planisphere as soon as there are many mobiles hided by it and takes input
parameters the position and the direction of the user’s head. Some squares on the planisphere and
vertical lines from it are also added on each mobile and help to understand the geographic area where
they surround. Lastly, the zoom functions don’t affect the dimensions of mobiles and thus represent a
geographic area instead of an exact position (exact locations of mobiles are impossible data to obtain
on current systems).
3.3

Interactions

The peripheral device and the interaction paradigm have been designed to lead to efficient and natural
interaction. This mean of interaction consists of attaching a sensor on the finger’s user and allows
identifying his finger to a viewfinder. This sensor is located in real time in space (orientation and
position). The application doesn’t consider the pointing gesture like the recognition of a temporal
trajectory of the finger but as the place pointed at the end of a gesture. In interpreting the pointed
direction, the finger is like a viewfinder on known areas. The validation of a reached area is achieved
by proximity detection between the finger and the identified area.

Fig.5: Interaction device
The main advantage of gestural interactions is to allow performing interactions more naturally. With
keyboard/mouse interface, the information request of a mobile could be achieved by a right click
whereas a simple pointing out is required, in this case.
To interface the interaction device with the application, an algorithm allows detecting events such as a
pointing out a 3D element and a screen. It also filters the movements of the operator to prevent
parasite interaction triggers and requires a calibration step in order to take all finger thickness.
The peripheral device allows two kinds of gestures:

593

•

Pointing out 3D elements: the user points out 3D elements in the virtual world. He uses his
finger like a beam

Fig.6: Pointing out 3D elements
•

Pointing out 2D elements: the user points out 2D elements touching the WorkBench’s
horizontal screen. This type of interaction changes the horizontal screen into an interactive
surface. The user uses his finger like a mouse.

Fig.7: Pointing out 2D elements
The pointing out 2D elements touching the horizontal screen is available on two zones:
•
•

A first zone on the right, standing for a compass – used to navigate, zoom and set the
elevation parameter
A second zone on the left, standing for a set of tactile buttons – used to switch the mobile
representation, activate filters

Thanks of the interaction device interface, a set of functions were designed innovatively such as the
information request on a mobile, the navigation on the theater of operations, the change of the
elevation and zoom parameters, the filter activations and the mobile representation choice.
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Fig.9: Pointing out 2D and informative elements
4

Uses

The uses of this product are multiple and include the training, the coaching and the decision-support.
The theater of operations could be connected to external simulators allowing learner managing
simulated units and playing or replaying many scenarios. Another use of this system could be the
simulation of a naval combat allowing validating the combat operational abilities of a mobile.

Fig.10: TT3D in use
5

Conclusion

After the submission of this demonstrator to operators, the interest for this kind of device, for this use,
seems to be confirmed. However, we will continue to work to achieve the industrialization of the
product. This will involve studying the following:
•
•
•

Adaptation of the display system to navy problems
Better representation of abstract data (zonex, missile range, channels…)
Better interface to simplify interactions and to improve collaborative work.
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It is important for the partnership CLARTE / DCNS to be always attentive to the needs of future
operators, anticipate it, and to always seek the best ideas to use new technologies like virtual reality,
to respond accurately. The design of this table tactical 3D is an effective proof.
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