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L

De enige zekerheid orntrent een scenario voor aanwending van een oorlogsschip is dat
het onjuist zal blijken te zijn. De nadruk van een ontwerpproces moet derhalve liggen op
flexibiliteit en aanpasbaarheid en niet op verankering aan een toekomstbeeld.
Het is onmogelijk, een ordinaal systeem van functionele eisen tot een kardinaal systeem
te transformeren zonder toevoeging van additionele kennis. Het is daarorn een illusie te
denken dat het mogelijk is een oorlogsschip te specificeren door middel van functionele
specificaties zonder eerst een ontwerp te maken.
Verdere uitbreiding van grafische ondersteuning van het ontwerpproces heeft een beperkt
nut voor het conccptontwerp van cen fregat.

Kennis op het gebied van besluitvormingsprocessen moet gezien worden als essentiecl
voor de kwaliteit van het ontwerp proces.

Indien niet alle functionele eisen binnen een gegeven budget gerealiseerd kunnen
wordcn. zal hct beschikbaar stellen van compensatiemiddelen aan de onderhandelende
partijen de kwaliteit van dc besluitvorniing ten goede komen.
Ontwerpen is geen wetenschap; bet ontwikkelen van niethodes ten einde het
ontwerpproces te verbeteren echter wel.

Het ontwerpen van gecompliceerde schepen behoort tot dc activiteiten met hoge
toegevoegde waarde, die niet voor Nederland behouden kunnen blijven als niet ook
productieactiviteitcn op dat gebied in het land blijven.
(Vgl. ThAi. Mejs en A. van der Zvan, "Ondernemend Nederland in perspectief'. Ned. Mii. voor Nijverheid en
Handel. Haarlem 1994. bu. 25.(

Het ontstaan van oorlogen kan deels worden verklaard door het bestaan van onzekerheid
omtrent de uitkomst daarvan. Overmacht. gekoppeld aan dc beperking deze overmacht
niet aan te wenden ten einde een conflict te initiëren, is en blijft bet middel waarmee deze
onzekerheid gereduceerd kan worden.
Beter dan het aanbieden van collectieve excuses, is verbetering van gedrag.

IO. Een kritische observator van bet hedendaagse maatschappclijke bestel zou, niet geheci
ten onrechte, tot de conclusie kunnen komcn dat het "Peter Principle" een eufemistische
beschrijving van de werkelijkhcid is.

PREFACE
This thesis is the result of several years of research carried out as an extension to my work as a

designer for the Royal Netherlands Navy. Motivation for carrying this study out has been
established during my first years of employment in the Department of Naval Architecture and
Marine Engineering. The Royal Netherlands Navy is an excellent breeding ground for ideas as

presented in this thesis. lt provides a less pragmatic and time driven environment than for
instance industry could do: there is time available for improving working methods and

procedures. The Navy, on the other hand, distinguishes itself from purely academic
environments in that actual warships have to be designed and built, which provides a much
needed practical background for research into design methodology.
In hindsight it is very difficult to express why one starts a dissertation. Many reasons come to
mind; one sticks out however. After a while during my employment as a designer in the Royal
Netherlands Navy I noticed that I often took an approach different from what others did. After
some time I started noticing a trend, probably the first rough edges of this thesis. I started
developing some concepts, used them in my work, and improved them as I went along. After
some time I came across Professors Kals and Van Houten of the University of Twente. During
the last two and a half years I worked under their supervision.
The area of conceptual design has my greatest interest. Partly because it is a design stage that
is open to innovative approaches: partly because it allows greater freedom, but mostly because
my influence on the final result can be greatest during this stage of the design process. It is

also often considered to be the most creative stage of the design process. I now think that
creativity can only exist if there is a high degree of uncertainty present; without it one has no
possibility to let the mind wander and till in white spots. Maybe it is because of this that
conceptual design is left alone, at least in a design methodological sense; left it alone in fear to
hamper creativity. I think this would be a mistake; it is just this area where uncertainty rules.
that offers the most promising opportunities for improvements.

Philipp A. Wolff

The Hague, May 2000
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INTRODUCTION
'You can't judge a man by what he is going to do"
Henry Ford

1.2 THE WARSHIP AND ITS ENVIRONMENT
A warship is an instrument in the act of war; it is designed and built for that purpose. The
interests of society, both in fighting a war and in paying for a defence organisation, are of such
grave seriousness that it is, in my view, morally unacceptable to leave designing a warship to
chance, coincidence or to a misunderstanding about the goals and purposes of war itself. It is
not meant to say that state of the art warship design is a game of luck and coincidence, but a
more methodological approach can improve the quality of design. It is not the purpose of this
book to deeply investigate the intricacies of war; it is nonetheless necessary to deal with just

this subject in order to set a framework for further investigations of warship design
methodology.

When searching for a definition of war one can not go wrong in quoting Carl von Clausewitz:

"Der Krieg ist also ein Akt der Gewalt, um den Gegner zur Er/lillung unseres Willens zu
wingen" (Clausewitz'). A full range of phases in the escalation of a conflict is possible
within this definition; from a low threat conflict to all-out war. This is also expressed in a
memorandum2 of the Netherlands Ministry of Defence, which has recently been published in

preparation for the defence memorandum of the year 2000. The role of the Netherlands
defence organisation for the future is summarised as follows:

I. the defence of own and allied territory against a - in the near future expected limited

-

military threat;
the protection and advancement of the international legal order:

upholding national legal order and the support of civilian authorities, both national and
international, in disaster relief and peacekeeping.

The use of military force in selfdefence of ones own territory is dictated by self-interests.
Moral issues, concerning the degree of military force acceptable or justifiable when set against

a threat, are dealt with in the political arena. Just these moral political deliberations gain
importance when self-interests are gradually replaced by altruistic motives concerning for
instance the protection of an oppressed ethnic group in a country halfway around the world.
Selfdefence against for instance a tyrannical aggressor is to a large extent a matter of
effectiveness (the end justifies the means), whereas altruistic use of military force is
dominated to a larger extent by efficiency aspects. In the last case efficiency is not only
interpreted as a relationship between capabilities and costs, but also as a relationship between
capabilities and risks, especially loss of human life (own, neutral and hostile human life).
Von Clausewitz (op. cit. page 992) said Gehört der Krieg der Politik an, so wird er ihren
Charakter annehmen. ". Following the same line leads to the insight that warships and, as a
derivative, warship design also adopt the character of politics. The paradigm shift in defence

policy is recognised by everybody and almost every high level design document starts by
War is an act of violence with the purpose of forcing the opponent to obey to our wishes.
When war is part of politics, then it will adopt its character.
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stating that we have to do things differently from now on. Persevering in making designs
based on extrapolations of previous designs provides nothing but lip service to this notion. We

have to take a hard look at warship design methodology if we want to adopt the present
political character in warship design.

1.3 OBSERVATIONS AND SCOPE
Practical experience as a naval architect of the Royal Netherlands Navy (RNIN) in designing
warships or parts thereof resulted in several observations leading to the formulation of the
starting points of this study.

The first observation is that conceptual warship design is characterised by a lack of fixed

starting points or specifications of functional requirements. This partly explains why
conceptual design leans heavily on previous designs. This evolutionary type of designing is at
present out of pace with political and technological developments.
A second observation is that most design efforts are directed to dealing with the technical

facets of the design, notwithstanding the generally accepted opinion that a warship is a
human-machine system. The role of humans is not analysed enough for the purpose of
generating an effective Human-Machine Interface (HMI). consequently reducing human
functioning to integrating humans into an existing design, instead of adapting a design to the
needs of humans. Consequently it often occurs that humans get those tasks that are difficult to
automate. Such an approach leads to sub-optimal systems.
The third observation is that present design efforts lead to insight in the performance of a ship
only after the design has been finished. The result is a design process of a recursive nature
based on guessing and validating instead of a process based on reasoning, test, evaluation and
learning. The latter provides a better basis for improving the design process.
The fourth and last observation is that designs often run into budgetary constraints at the end
of the design cycle. The lack of a structure within the design process. linking requirements to
financial consequences, makes it very difficult to reduce the costs of a design, without
unintentionally damaging its quality and overall integrity.

The overall impression is that there is room for improvement in conceptual warship design.
Conceptual warship design is often dependent on coincidental actions of the designer, instead
of a thorough design methodology. Too much time is used to solve problems and too little
time is spent on establishing which problems to solve. This observation is not limited to the
personal experience of the author as a designer of warships. because on a wider scale many
authors reporting on general design methodology found similar motivation in their personal
experience. For instance Suh3 states in the preface of Principles of Design" that "Yet, to this
day, design is being done intuitively as an art ". U liman1 uses a similar observation in his
preface to "The Mechanical Design Process" that in his experience as a teacher of mechanical
design ......I came to the realisation that I didn 't know how to teach what I knew so well.
Many more authors found similar motivation. Vast improvements in design methodology have
been made during the last decade or so by. amongst others, the above mentioned authors. The
results have as of yet not been introduced in warship design.

De Groot5 sets the level of expectation of readers in the preface of his standard book on
methodology of behavioural sciences by stating that readers who are used to regard logical

Chaptcr

!ntroducton

reasoning and methodology as very similar, will be surprised by the lack of formal logic in his
book. He further states that there are still many methodological questions that cannot be dealt

with in a formalised manner. Nonetheless in a more relaxed context, he concludes, it

is

possible to address these subjects. Engineers are used to dealing with formalised knowledge in
standards, technical manuals, software tools. etc. and many would expect the same formalised
reasoning in design methodology. But this would be the same as expecting to find a cure for

the common cold by following scientific methodology only. Consequently one should not
expect to find a step-by-step design procedure in methodology. Instead, a design methodology
provides a heuristic framework for logical reasoning and decision making.
A similar misunderstanding arises in dealing with uncertainties. Many decisions are based on
expressing risk in probabilities. The phenomenon of expressing uncertainty in probabilities is

...a fundamental misunderstanding of uncertainty,
tantamount to an illusion of knowledge... '. This misunderstanding is in my opinion partly
responsible for the observed tendency to view warships as being predominantly technical
systems with properties expressed in certainties and probabilities. A similar type of
misunderstanding can be observed in mixing up facts and value judgements or preferences. A
warship is an instrument in achieving goals dominated by uncertainties, subjective opinions
and preferences. Warship designers. and especially designers dealing with the conceptual
design. are translators of just these intangible factors into solutions, and a greater
understanding of decision making is required.

recognised by Wubben6 as being

lt is a widely accepted fact that the role of humans has been underestimated in warship design.
Many navies are forced into reducing budgets and this of course has led to efforts in reducing
manning levels of warships. This further underlines the importance of incorporating the role
of humans in design efforts. And indeed human centred design" is an often encountered term.
However this is in my opinion cutting the corner short. More fundamental is the question of

how the warship regulates itself against a rapidly changing environment. The superior
cognitive skills of humans, compared to those of machines, are dominant in warship
management. But the fundamental question is not primarily what (human or machine) is in

control; but the question is, or should be: how is the warship controlled and managed.
Wagenaar7 puts an example supporting this view forward. He uses an example of a storm
surge barrier and states that there is not much use for such a barrier when it is impossible to
decide whether or not to close the barrier. The same is true for a warship: there is not much
sense in fitting a gun on a warship when it is impossible to decide where to direct it at. This
seems obvious, but it is not. Is it sensible to place for instance a fire extinguishing system on
board of a warship without making sure that a control unit, be it a human or a machine, is
capable of determining when to use it?

The fact that this study deals with conceptual design is not meant to say that conceptual
aspects are not present in state of the art warship design methods. However the point of view
taken is that methodological aspects in early phases of design are neglected. The goal of a
design methodology is not to formalise the design process and thus restricting the inherent

creativity of designers. On the contrary, the goal is to support creativity by providing a
framework aiding warship designers in structuring the design problem, reasoning towards
solutions and making valid decisions in a world full of uncertainties, subjective value
judgements and sometimes even emotions.
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The remainder of this thesis is dedicated to
finding working methods that are successful in
dealing with the problems found in the design of
complex structures. This goal is put into words
by Stapersmat in his explanation of the theme of
the 12th Ship Control Systems Symposium:

uncoupled system

X

"Greater simplicity of control by control of
growing

complexity".

A

very

X

X

AI\I\. couj,led system

X

interesting

comparison can be made with Kauffman's
search for laws of complexity (Kauffman9). He
is an observer of evolutionary behaviour of large

EiU

and complex physical, biological and even
management systems. His observations and

URUUII

theories derived thereof describe how complex
systems evolve. lt is a very general theory: we

_4\I\f\, co-esolution
J

combinations of parts

Figure 1.1: fitness landscapes

cannot hope to find footholds for something
comparatively so very concrete like warship
design. but still an interesting metaphor is available.
Suppose we have a system of N parts, and each part can have one of two traits: O or 1. The
2N
The example used in the metaphor consists of 36
total number of unique combinations is
parts, which gives a staggering 70 billion combinations. Finding an optimum in this system is
a task that would last forever, even when aided by super fast computing power. It seems
obvious that systems, oflen consisting of considerably more parts (and more than two traits for
each part). have to develop some sort of strategy.
Kauffman made another observation; he noticed that uncoupled systems behave differently
than coupled systems. In an uncoupled system each part contributes to the overall fitness of
the system uninfluenced by the traits of other parts. The rules of the optimising game are that

each part can assume the trait that has the greatest positive benefit to the overall fitness. It
might be cumbersome to optimise such a system, but there are no conflicting constraints and
the landscape (top in Figure 1 .1) shows a peak and two slopes leading to the peak.
The landscape becomes much more irregular if a system is coupled. Suppose that the fitness

contribution of each part is influenced by its four neighbouring parts (see middle in Figure
1.1): for instance one part flips over from Oto 1 which might lead to another part also flipping
over and etcetera. There is no stable optirnising process anymore: the landscape of a coupled
system is very irregular. showing many local maximums. The problem is that a part can only
flip over if this contributes to an improvement of the overall fitness. The system can get
caught on a poor local maximum (middle in Figure 1.1), because any gradual change (i.e.
flipping one part to its other trait) can only mean a decrease of fitness. This mechanism
accounts, according to Kauffman (op. cit. page 192), for the characteristic slowing of
improvement found in many learning curves. Several "mistakes" or systems with a lesser
fitness need to be generated before a new uphill slope is found. An organisation that wants to
improve itself or wants to improve a product needs to accept that several mistakes need to be
made before an improvement can be made. It seems obvious that this concept is not always
appealing to an organisation.
A strategy found in biological systems and in for instance large companies is the division of

the system into several semi autonomous chunks (i.e. deceritralisation). The rules of the
optimising game are also changed. Each part assumes the trait that has the largest contribution
to the overall fitness of the chunk it is a part of, even if this means that the overall fitness of
the system decreases by this action. The chunks influence each other by the parts that lie on

4
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the borders between chunks (bottom in Figure 1.1). Each chunk follows its own path of
evolution, but the path followed by other chunks also influences a chunk. This mechanism is
called co-evolution. It almost forces an organisation to accept lesser solutions, leading to an
increased probability of finding an excellent local optimum. instead of remaining fixed on a
poor one. A final observation of Kauffman is that systems following co-evolution are more
adept in reacting on changes in the fitness landscape (for instance an ice age or the détente
following the fall of the iron curtain).

This metaphor provides us with some heuristics for developing design methodologies. First
we need to accept that we cannot achieve an absolute optimum. instead we have to settle for a
very acceptable excellent local maximum. If we want to achieve this we also need to divide a
complex system such as a warship into several semi-autonomous chunks (we will call these

chunks functions in following chapters). We also need to be sure that we manage the
interaction between the chunks effectively, because co-evolution requires that chunks interact.
The most important lesson is that we could have been trying to climb the slopes of poor local

optimums in the past. whilst just a few mistakes" away a much more appealing slope to an
excellent local maximum might be present. Hence the introduction of independent warship
functions. The purpose of this thesis is therefore not so much to improve our ability to climb a
slope but the primary purpose is to provide aid in selecting which slope to climb.

1.4 RESEARCH METHOD

The choice of which research method to follow in this thesis is based on two important
notions. Firstly there are considerations concerning the usage of knowledge by a designer;
secondly the manner in which knowledge. described in this thesis, is gathered.
When designers are placed before a design problem they will try to avoid dealing with the
problem as a completely new one; instead they will try to find analogies with other (known)

problems and their solutions. The ability to find these analogies is in a sense design
knowledge. In this concept a designer is seen as possessing a collection of trades, skills,
expertise and experiences. Interpreted as such a designer has no knowledge on design theory.

The development of design methods is meant to fill this gap. The goal of design
methodologies is to provide the designer with design models for classes of problems.
Knowledge of these models can appear in two forms (after Aken'°).

I. Deterministic and stochastic algorithms: Laws in the field of physics most often take the
shape of algorithms (for instance the law of F = m x a). Knowledge of the scientific
argumentation on algorithms is not required in order to apply them.
2. Heuristics take the shape of: "There is an advantage in using a certain model if you want to
achieve this". Designers need to assess the scientific argumentation (i.e. the context) of
heuristics in order to decide which heuristic to follow.
In an ideal situation we could provide designers with a cookery book containing the do's and
dont's of design (i.e. design algorithms), but the reality is that the manner in which we gather
methodological knowledge limits our ability to achieve this, and designers have to rely to a
great extent on heuristics.

Conceptua' Design of Warships

5

Design models can be developed following an empirical reasoning cycle (observation,
induction, deduction, testing and evaluation, see also Section 3.2). These models are
descriptive and consequently do not include alternative actions for designers to the degree
normative models do (Aken. op. cit.). Normative models, especially those developed from the
perspective of a player, provide an image of what could be improved and what the alternative
actions are. A player is a professional working inside the design process (the game) and not an
observer, who is by definition placed outside the process. A result of professional learning can
be the development of normative design models, which are generalisations of specific models

to wider applications by following logical reasoning (Aken, op. cit.). This generalisation
process is in fact the reverse of the above mentioned reasoning by analogy.

The normative models developed in this thesis are the result of professional learning. The
scientific proof rests partly on logical reasoning and partly on relationships with established
scientific knowledge. Scientific proof would ideally provide us with algorithms, however
practical restrictions limits our ability to do so. Aken provides seven problems in generating
algorthms. of which one is very relevant for this thesis, namely a limited number of
observations or in this thesis a limited number of test cases. It is possible with these cases.
albeit limited in number, to generate scientifically based heuristics. One of the conditions for
scientific research is that knowledge can be transferred to others by means of documentation.
As mentioned in the first part of this section. heuristics need more context information than
algorithms. This thesis will provide ample information on how models and heuristics are
brought about.

This last part of the discussion on research methodology is dedicated to the role and
manifestation of a hypothesis, which is a central part of the empirical cycle. Professional
learning however is based on a more relaxed hypothesis, namely the observations of a
professional described in Section 1.2 mentioning that there is room for improvement in
present practices. This first manifestation of the hypothesis lacks scientific pronouncements.
The second appearance of the hypothesis is the formulation of a normative ideal condition for
the design process. In this ideal condition there would be, on a hypothetical level, no room for
improvement anymore. This ideal condition is called 'Perfect Design" and is described in
greater detail in Chapter 3. The comparison with the presently used practices in warship
design (Chapter 2) provides a descriptive model which is compared to perfect design. The
comparative analysis of actual and perfect design provides the problem statement of this
thesis.
The results of the considerations mentioned in this section are laid down in the structure of the
thesis, which is described in the next section.

1.5 PREVIEW TO FOLLOWING CHAPTERS
This chapter is the first of three chapters leading to the problem definition of this thesis. The

general conclusion of this chapter is that conceptual design leans presently often on a
coincidental idea instead of on reasoning and goal analysis.

Chapter 2 will shed some light on techniques and methodologies used in warship design.
There is a slight historical content in this chapter, as we will start by describing "precomputer" techniques and finishing with state of the art warship design. The purpose of
Chapter 2 is not only to analyse presently used techniques, but also to introduce warship
design to readers not familiar to this area of design. The result of Chapter 2, which is an
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analysis of what we actually have achieved, is compared in Chapter 3 to what we ultimately
would like to achieve, providing us with the problem definition for this thesis.
Chapter 4 deals with function analysis and the formulation of topics concerning the control of
a warship, which should be present in an information structure. The goal of an information

structure is to improve the decision making process and consequently also to improve the
quality of the design process. This leads to the formulation of an information structure where
functional, physical and control aspects are distinguished. The information structure is further
described in Chapter 5. This chapter also deals with some organisational aspects concerning

the use of an information structure within a design process. Chapter 4 deals with the
information itself whilst Chapter 5 deals with a structure enabling us to navigate through the
information.
Chapter 6 deals with decision making. An inseparable part of the decision making process is

the behaviour of the decision makers themselves. Political goals will seep through to the
design process, leading to choice problems that cannot be dealt with by standard engineering
practices. Chapter 6 deals with ranking preferences in an ordinal system, rationality and
subjectivity. These subjects require knowledge of the conditions under which decisions, and
especially decisions made by a group, should be taken.

The application of the methodology in real life designs is dealt with in chapters 7 to 9. This
consecutively leads to The Auxiliary Oiler and Replenishment design in Chapter 7: Control
and Monitoring of platform systems in Chapter 8 and the analysis of a Combat Information
Centre in Chapter 9.
Conclusions and recommendations for further developments are placed in Chapter lO. We can
conclude, afler reading the preview, that there is quite a journey ahead of us. The first step in
this journey is the next chapter, which is an introduction in warship design.
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2. AN INTRODUCTION TO WARSHIP DESIGN
"Too many people, indeed, and especially too many
experts, devote their lives to finding the best way of
doing things that should not be done at all"
(K.E. Boulding')

Ship design has, over the last few decades, gradually been transformed froni art into
science. The English term "Naval Architecture" encompasses several subjects, of
which construction and hydrodynamics have a scient Uìc basis. Ship design however is
trailing behind. The introduction of computers has been a catalyst in the

transformation towards a science. Computers have made calculations possible,
replacing some of the rule ofthumb" methods previously used. But more importantly,

the development of software dictates a formal description of rules, knowledge and
procedures used in ship design. This chapter describes the evolution from designing

with pencil and paper to designing wi/h the aid of automated systems. Modern
management principles, partly also originating .from software engineering, introduced
systems engineering, systems ergonomics and quality control to the design community.

The repercussions of these principles can be found in the Function analysis
methodolo' adopted by the Royal Netherlands Navy. An analysis of used design
methodologies and tools reveals shortcomings in respect to conceptual design that
should be addressed by a new met hodolo.'.

2.1 WHAT MAKES A WARSHIP SO SPECIAL?
Ask any inspired designer why a ship is so special and you are likely to receive the following

answer: "Because ships are the biggest moving objects man has ever made, that's why".
Behind this romantic facade lies a more mundane set of three factors together forming the risk

associated with designing a ship in general and especially a warship. Figure 2.1 shows the
three factors on the edges of a triangle. There is of course a question of interaction between

the three factors. A further description of the individual factors is required before the
interaction can be dealt with.

Timing (i.e. at which moment) and sequence (i.e. in which order) of design decisions are
inseparable aspects. This can be explained by describing the acquisition process. Warships are
typically designed for an in service life of 25 years. Life is
often extended after 25 years but this is in most cases after
timing & sequence

the ship has been sold to a foreign navy. The 25 years in
service is not continuous but is interrupted by several
maintenance periods. The most meaningful in this context is

the mid-life Capability Upkeep Program (CUP) which is
there to enhance the performance of the ship in order to be
able to meet new challenges during the second half of its in adaptability

corn plexit

service period.

Figure 2.1: risk triangle
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The designer has to take this long in service life into account, but that is not alL the design
process itself is also time consuming. The Netherlands Navy has adopted a procurement
process, requiring several documents to be produced at milestones in the acquisition process.
These documents are needed to assist the responsible political authorities in overseeing the
acquisition of materiel. The procedure is more or less in accordance with the NATO Phased
Armaments Programming System (PAPS). An overview is shown in Table 2.1. Interesting to
see is that the responsibility for the realisation shifts from Naval staff to the Project Office, but
the responsibility for the technical content remains at the technical departments. The first
contact between the designer and the warship is at the beginning of the concept studies. From
that time on he has to overlook a period of 30 to 40 years. Timing involves knowledge of
which actions to undertake at specific milestones in the design process. The PAPS structure
merely states which documents have to be available at a specific milestone. The actual design
process will in reality deviate from the PAPS structure, because the sequence in which
decisions need to be made are determined by other factors than the PAPS structure.

product

PAPS

mission analysis 2-3

mission need

concept studies

1-3

concept design

feasibility

1-2

functional

Mission Need
Document (MND)
NATO Staff Target
(NST)
NATO Staff
Requirements
(NSR)
NATO Design and
Development
Objective (NADDO)
NATO Production
Objective (NAPO)
NATO In Service
Goals (NISEG)

phase

years

requirements
project definition 2-3

contract
specifications

responsible for
realisation
Naval Staff
Naval Staff
Naval Staff
Project Office

Technical
Departments

Project Office

Technical
Departments
Technical
Departments
Technical
Departments

2-3

building

production

2-3

specifications
warship

in service

25

used warship

-

Office of
Materiel
Exploitation

disengagement

i

-

National

Procurement

Disengagement

Office

engineering

responsible for
technical content
Technical
Departments
Technical
Departments
Technical
Departments

Project Office

Technical
Departments

Intention (NADI)

Table 2.1: phases in materiel development

Adaptability has always been a powerful characteristic of a warship. A warship to be
designed has to face an unknown future threat and future use and react effectively. It also has
to do this over a prolonged period without support from third parties. Consequently both
environment and requirements cannot be defined without incorporating uncertainties. The
designer tries to balance Costs versus performance. requiring the availability of a measurable
performance and an optimisation process of either minimising cost at a fixed performance

level or maximising performance within a fixed budget. Both optimising strategies are
alternately present in the design process. The overall result is that the warship has to be
adaptable in an operational context, but the design process also has to be adaptable in
incorporating the effects of proceeding insight and changes of specifications.
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Complexity is often seen as the most differentiating factor between easy and difficult designs.
This is largely dependent on the point of view taken. Ullman2 shows in an example that there
is an exponential rise in numbers of parts and associated engineering effort between 1800 and
the present1. The number of parts alone is not a measure of complexity but is an indication of
engineering or specification effort. For instance a large building consisting of 5 million bricks

is not necessarily complex; a combination of many parts and the existence of relationships
between the parts results in complexity.
It used to be a practice to put a limit on main dimensions in order to restrict complexity and
cost overruns. The mechanism was limiting the amount of equipment. like for instance large

guns. This mechanism does not apply anymore because software and high tech hardware
developments are not related to ship size. However; remainders of this old practice can still be
found in the political arena.

Timing means that the designer makes his decisions at the right moment and in the correct
sequence. Wrongly timed decisions increase the complexity and reduce adaptability.
Secondly. a too high complexity leads to planning overruns and will therefore influence
timing aspects. Thirdly if a design is very adaptable then complexity increases and planning
goals will in all likelihood not be met.
Naval ship design projects are characterised by the phenomenon that keeping to the PAPS
planning is, in most cases, the only factor that is controlled effectively. This is largely due to
the promise the Navy makes to the government to provide documents at a given moment, and
not keeping to the promise will lead to loss of credibility and budget cuts. Warships are
different from many other products because the nature of long term naval planning leads to an
uncertain future with few possibilities to get control over one of the other two factors, namely
adaptability and complexity. The design models described in the next two sections have a
shared goal of making complexity visible and adaptability manageable.

2.2 STATE OF THE ART WARSHIP DESIGN
Methods used in design can be classified according to novelty. Pahl and Beitz3 have identified
three levels of novelty:

Variant design: main dimensions, capacities etc. of an already existing design are changed
within limits. This subject is discussed in sub-section 2.2.1.

Adaptive design: a known design is changed to meet new requirements. Naval design
model as discussed in sub-section 2.2.2 fall within this category.

Original design: The generation of new solutions either by selecting and combining known

technology or by inventing something new. The function analysis as described in subsection 2.2.3 is adopted by the RN1N to support original design efforts.

for instance a musket of5 I parts and a Boeing 747 with 5 million parts and one million associated engineering
man-hours
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2.2.1 Variant based design
The easiest method of designing a ship is by
copying an already existing and proven design
(redesign,

comparison

ship

method

j'a

a

or

evolutionary design). Small changes to the
original design can be made to adapt the new
design to new requirements (for instance: a
slightly higher speed or a little more cargo

o

contract

capacity). Small changes can also be made to
facilitate the introduction of new technologies.
The evolutionary method of designing ships is

a

very well suited to building large series of
ships over a prolonged period requiring
extensive trade skills but only little knowledge

Figure 2.2 : design spiral
and understanding of high level ship design.
Of course, copying a ship requires the availability of data generally only available for ships
built in the same yard. Consequently complementary calculations will have to be made if
required information is not available.

Design calculations are iterative by nature, which is easily demonstrated with the following
example: If one wants to calculate the weight of a diesel driven cargo ship it is necessary to
know the weights of all the subgroups. One of these subgroups is the weight of the propulsion
plant, which is itself dependent of the total weight. Thus the total weight is a function of
amongst others total weight itself. The process of adjusting initial assumptions to values
determined by the physical rules governing the ship is known as: balancing the design". The
iterative design process is captured in the design spiral4 and is used in many elementary Naval
Architecture textbooks.
An example of the above mentioned spiral is placed in Figure 2.2. All the basic elements of
design are performed over and over again each time in greater detail until the design covers
the necessary detailed information needed to draw up a contract or a building specification.
The design spiral depicts balancing the design". The cost calculations are the end of a design
loop: checks can be made to evaluate whether the requirements are being met and if the design
is balanced. If so, the next loop can start; if not, then the same loop has to be performed over
and over again until the requirements are met and the design is balanced on that given level.
The choice of starting point is crucial. Firstly, an unlucky start will result in a large number of
iteration loops. But secondly and more important: early design decisions are not revisited.
making the choice of the starting point the most important and also the least reasoned design
choice.
The above described variant based design has three disadvantages:

I. The method in itself has no optimising procedure; in order to optimise a design, several

starting points have to be designed to equal levels of detail in order to compare the
alternatives.
2. There are no links between individual sub-requirements and their effect on cost; in order to
make a sensitivity analysis, again several starling points have to be designed to equal levels
of detail.
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3. Redesigning an existing ship reduces the probability of making serious mistakes, and
indeed many designs can benefit from this approach. But the disadvantage is that variant
based design is an innovation killer.

The aspects covered in the next sub-section have in common that they are all geared to
reducing the above mentioned negative aspects connected to variant based design.

2.2.2 Adaptive design
It was very laborious to overcome the above mentioned disadvantages one and two until the
introduction of the computer. Now the computer supports the designer in balancing the design
by making iterations without intervention of the designer. And the computer can generate
large numbers of alternative designs for optimising purposes or for making a sensitivity
analysis.

The computer itself can only make calculations and consequently requires a set of
mathematical equations calculating the consequences of the decisions of either the designer or
the computer. These computer models are in most cases built on either one of two approaches.

The first and most appealing is the "first princip1e' approach. This makes use of formal
(physical) equations such as Archimedes' law. The second option. using regression data often

finds its way into the models where no "first principles" are available. These can be
estimations of design parameters based on previous designs such as lengthfbeam ratios or
calculations that have a scientific basis but where certain coefficients are based on series of
ships or ships models. Examples are: hull weight estimation methods such as Westers5 or
Schneekluth6 or simple resistance estimations like the admiralty coefficient " or elaborate
calculations according to for instance Holtrop and Mennen7. These last four examples of
calculations lie within a grey area between first principles and regression data. The regression
data however are the real innovation killers; it is very tempting to base an entire model on this
type of design knowledge, as it is more or less readily available to a designer. But it is often
just an expansion of one comparison ship to a group of comparison ships; data become more
reliable but extrapolation outside envelopes of al ready realised designs is still impossible.

The development of design models

The early design models had in most cases some kind of pre-processed design knowledge
leaving the user of the program with little or no influence on how the design was made. As a
result many models did not get past an academic stage where the only user was the developer
of the model itself.
A break in this trend came with the introduction of Concept Exploration Models (CEM) first
introduced by Eames and Drummondt. CEMs are purposely built to explore the solution space

of a certain ship type. The validity is limited to one concept (is ship type) and it allows for
large ranges of concept parameters such as size and speed. The early CEMs are all hard
programmed; the developer of the CEM defined which input should be given and what the
output should be. However CEMs got rid of internal optimisation procedures making it
possible to define large ranges of input data and leave the optimisation to later evaluation by
The weight of a floating object equals the weight of the displaced volume of fluid.

Admiralty coefficient

C/)

's'eight213 x speed3

Power
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the designer or to a post processor. One of the advocates of this approach is Mistree who
together with Smith of the Australian Ministry of Defence published a paper (Mistree and
Smith9), describing a process where a design envelope consisting out of 1000 individual light
patrol frigate designs is reduced to only six designs with a significantly higher feasibility than
the rest. The user of such a CEM is kept in the loop concerning the reduction of designs and
the optimisation process. but he is less involved in the design process itself because a design
black-box makes internal design choices without always explicating their relation with the
operational requirements.

A breakthrough in CEM development was realised with the introduction of knowledge
engineering in naval architecture. Reasoning systems such as expert systems were used for
instance in a medical diagnostic context. These systems are capable of reasoning but are not

capable of making actual calculations. Van Hees'° developed Quaestor, an artificial
intelligence program consisting of a database or "knowledge base" in which formulas together
with their validities can be stored. These formulas form a network of formulas or rules (the

output of one formula can be the input for an other, etcetera). Quaestor uses a network
database concept and a bi-directional chaining strategy together with a constant dialogue with
the designer to select rules from the database and add them to the network representing the
problem to be solved. The network of formulas can be utilised to calculate or optimise any
parameter used in any of the formulas. Adopting this technology in CEM development has
several advantages:

In stead of hard programming Quaestor acts as an intelligent editor aiding the designer in
making his own design model instead of using a black-box developed by someone else.
It is not pre-defined what the question should be. As long as the network is solvable, any
question can be asked and answered.
The model can start as a rough model and evolve during the design process. lt is possible to
concentrate on areas where attention is needed. As a result the use of Quaestor is very well
suited to aid in the generation of operational requirements for a new design.

The RNIN has been involved with the development of Quaestor since the prototyping phase.
The pilot project was a CEM for an unmanned mine sweeping vessel. This project was at the
time new for the RNIN and no previous design experience was available. Quaestor proved to
be valuable in attaining design knowledge in a short period (Wolff"). Since this pilot, the use
of Quaestor has been extensive within the naval architecture community of the RN1N: CEMs

for frigates, submarines. SWATH. SES and oilers have been developed. Apart from the
developer of Quaestor, Van Hees, the most prominent user of Quaestor outside the RN1N is
Van der Nat with the development of an extensive submarine CEM named SUBCEM (Van
der Nat and Van Hees'2 and Van der Nat'3).

From CEM to CVM
The CEM's story does not end here. Zuiddam'4 took the development further. Starting with
the CEM for frigates he developed a more evolved model. A CEM is characterised by a
limited number of parameters in a very large parameter space. A further refinement of a CEM
will lead to a substantial increase in parameters but the parameter space decreases because the
used knowledge rules are becoming more specialised. Keizer'5 noted the advantages and
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limitations of such a model and introduced the term
Concept Variation Model (CVM). The term variation
expresses the change of exploring the envelope of a
solution
concept to making changes around a point design.
..
Figure 2.3 shows the highest level of output possible
for a CVM. The arrows point to the start or "point
design". The area within the circles is an indication
costs
of the design envelope or solution space. Not only is
the CVM more detailed than the CEM, but the CVM
also has a broader description of the performance. Figure 2.3: generalised CVM output
The CEM basically generates a design based on a set
of (input) requirements. These are so called "hard requirements". concerning for instance
payload, speed and endurance. Other performance indicators can only be made visible after
analysing a design. These performance indicators could be called "soft requirements"; they are
interesting in hindsight when comparing several designs, but it is very difficult to quantifî soft
requirements up front.
Working with Quaestor has made this point even more clear. The equations in a network can
have a one way or a two-way validity. If the applicability of the equation x = a + b is two-way
then any of the three parameters can be calculated when the remaining two are known. This
means that the designer can for instance not only ask the network: I want to achieve a speed of
30 knots, how much will this cost me? But he can also ask: I have this amount of money, how
fast can I go? However when the equation is one-way then only x and not a and b can be
calculated. As an example: ship motions can only be calculated for a given hull and given
centre of gravity and not the other way around (it is not yet possible to generate a hull based
on required accelerations). A CEM is generally based on hard requirements and two-way

relations. Further refinement leads to the introduction of more one-way relations with
possibilities of analysing soft requirements. The core of a CVM made in Quaestor is an
intelligent and flexible network and the core communicates with satellite programs such as
stability, ship motions and survivability.
design variations

costs

signatures

- scakeeping
concept
desvript ion

evaluation

rnanoeuvrability

survivability

sustai nehil uy

balancing the design

w

analysis

output to
geometric
core model

design

description

Figure 2.4: CVM structure
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The structure of the CVM is placed in Figure 2.4. The iteration control station takes care of
"balancing the design". This process is primed by a rough concept (point design) and design
variations are followed through, when evaluation results become available. The results of a
balanced design are used for analysis and for generating a geometric core model.
The architecture of Figure 2.4 is not completely new. During the second half of the eighties
the RN1N was involved in the development of HOSDES (Koops et al.'6). The basic concept of
HOSDES is a flexible core surrounded by satellite programs. The start of a HOSDES session
could be the result of a CEM or a choice of comparison ships from the HOSDES database.
HOSDES could be described as a CVM. But nevertheless it did not succeed. Part of the
problem was that both the core program and the satellite programs were new and untested.
There was also a more fundamental problem: the core of HOSDES proved not flexible and
intelligent enough for use within the design community of the RN1N. Transferring the, in the
mean time tested and debugged, satellite programs to the Quaestor environment proved to
solve these problems. The Quaestor based CVM is now possibly the single most important
ship design tool the RNIN possesses at this time.
The RNIN has not been alone in this development. The Royal Navy has developed CONDES
(Andrews and Hyde'7) and GODDES (Pattison et al'8). CONDES covers the area of a CEM
and a part of the CVM. GODDES covers the rest of the CVM and covers even more detailed
analysis and engineering tools. The previously mentioned Mistree and Smith developed a
similar design tool like HOSDES for the Australian Navy and also worked together on some
subjects with the developers of HOSDES.

Other developments
The use of analysis tools in a CVM opened the way towards Simulation Based Design (SBD).

The techniques needed for powerful simulations are developing at a tremendous rate. It is
likely that ship design and production in an integrated data environment will be the way
business is done in the 21° century (Gauthier et al.'9). The United States Navy is by far the
most ambitious in this area; new projects are based on simulation and modeling throughout
the total life cycle of a ship. The Surface Combatant for the 2ls Century project (SC-21) states
a vision regarding Modeling and Simulation in a masterplan (Jeansch and Mahoney20):

To support the design, development, manuflicturing, training and operation

of the 21st Century Surface Combatant by applying an integrated set qf
modeling and simulation covering an entire spectrum from engineering
component levels to campaign simulation. Appropriate elements of the model

sel will he fully interactive with other models across all warfare/mission
areas lo replicate SC-21 performance in a realistic Joint Warfare
Environment.

The master plan covers and supports the full acquisition process including:
design
engineering
production
testing
training
operational support
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Figure 2.5: geometric core model and interfaces

The result is a general model or set of models that is used firstly to design the ship and
thereafter the process is split into two directions: one direction is further engineering,
production and testing and the other direction is training and operational support.
Of course, the above mentioned six items were always a part of the acquisition process, but
they were often performed consecutively: one item could only start after the previous one was
finished. The proposed master plan makes it possible to work on all items at the same time.
This method of running a project is known as concurrent engineering (Sohlenius25.
The models used should be and indeed are tailored to the intended use. Development costs,

computing capability and development time are still limiting factors. The SBD models are
very detailed and are consequently limited by a small validity envelope.

The RN1N has developed a similar modeling plan with the CVM, be it on a much smaller
scale compared with the US Navy's intentions. Where the US Navy is planning on expanding
the modeling activities throughout the life of a ship. the RNIN stops after the CVM and
returns to stand alone models for further analysis. The ambitions of the RN1N are certainly not
lower than those of the US Navy, however the available budget is.

After the CVM. 3-D modeling in a CAD system becomes the geometric core model (see
Figure 2.5). The 3-D representation is used in several analysis tools. Most frequent exchange
of 3-D information is between the CAD system and the hydrostatics tool (intact and damaged
stability). The interface between the core and the hydrostatics tool is capable of sending data

both ways, feedback from other tools is processed manually. Each interface is based on a
different standard, which makes the geometrical core model difficult and time consuming to
manage. The viewpoint of the designers involved within the Naval Architecture Department
of the RN1N is that large investments (both money and man hours) to increase the capabilities
of automatic data exchange are at the moment not considered to be cost effective. There is at
the moment a balance between costs and the ratio between automatic and manual interfacing.
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The reason for modeling in the acquisition phase prior to performing tests on an actually built

ship is to increase the fidelity of the design whilst reducing the risk of not obtaining the
required performance within the available budget and time frame. Overall results of good
modeling and subsequent decision making is a better product. This is true as a basic
assumption for all models described in this sub-section.

2.2.3 Original design
Function analysis is often described as a method. Of course, this is true in the direct meaning
of the word, but the RNIN has interpreted it more as a design philosophy. lt is an answer to a

need for an integral and top down design approach. The essence of the design problems
concerning complex human-machine structures in general seems to be on the borderline
between tasks performed by humans and tasks performed by machines. Function analysis is a
tool with which an operational need is transformed into a description of individual tasks. The
foregoing is applicable to design problems in general, but especially for the design of complex
systems where automation is an issue, i.e. where the goal is optimal collaboration between
human and machine.
The RN1N has seen three design projects over the last three years where function analysis has
been used. All these designs have in common that they were new to the navy or at least that
they were ripe for an innovative approach. The three design projects are:
Maritime Operations 2015 (MO2015): MO2015 is a large NATO research study. The goal
is to investigate the research and development requirements, needed to be able to design
build and operate a navy ship by the year 2015. The RN1N together with the German Navy
tackles the area of frigates also called the Future Reduced Cost Combatant (FRCC). The
work is split into many subgroups and one of these groups deals with the development of a
model capable of generating a complement of a frigate (Sebel22).

Auxiliary Oiler and Replenishment 2000 (AOR2000): The AOR2000 is the successor to
I-INLMS "Zuiderkruis'. This case is very interesting because it encompasses the entire
design. including cost calculations and trade-off studies aiding in the generation of the
operational requirements (see also Chapter 7).

Integrated Monitoring and Control System (IMCS) of the Air Defence and Command
Frigate (ADCF)23: The IMCS of the previous class of frigates, the M class frigate, was
already modern. There were indications however that technology made such a progress in
the years since then, that a redesign was justified (see also Chapter 8).

The method used in all three cases was roughly the same and proved to be very powerful. The
strengths and weaknesses are dealt with in the next section. The RN1N started by relying on
methods described in the NATO Research Study Group 14 report24. This report gives an

overview of possible methods and tools applicable in Function analysis and systems
engineering. The sheer number of possibilities makes it necessary to make a choice. The two
basic selection criteria were that the method chosen had to be simple and had to be performed
without the aid of specialised software. This was of course a limiting factor but the fact was
that we were new to this methodology and "hands on experience" was welcome. The
description of the finally chosen methodology was published at two other occasions. The first
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was an internal report for the RN1N (Siemons and
Wolff25) and the second occasion was a paper on
the application of Function analysis to the

SCENARIO
ANALYSIS

TASK
ANALYSIS
HUMAN

FUNCTIONAL
DE COMP OS ITIO

development of the IMCS (Otto, Visser and
Wolff26). The text below is partly based on those
two publications.

TASK
ALLOCATION

The waterfall model is a graphical display of

TASK
ANALYSIS
MACHINE

function analysis in four consecutive stages. The

model is displayed in Figure 2.6 and the four
stages are described as follows:

Figure 2.6: waterfall model

Scenario analysis
The operational scenario was drawn up in the format of a state transition diagram. The
envelope of scenarios consisted of five readiness states from dead ship up to action stations.
Calamities were added as a state and state transitions of interest were identified (see Figure

2.7). This is a rather crude model of reality, because each state represents a number of
possibilities. However each ship function is viewed in the context of a state, which requires
more information and makes the state more detailed for a specific function.

Functional decomposition
The next stage is the hierarchical decomposition in functions. The first division is in Employ
& Support Weapons and Sensors, Mobility. Survivability and Hotel. The basic structure of a

decomposition is placed in Figure 2.8. When making sub-functions the idea is to ask the
question: What is needed to be able to provide a solution for the one level higher function?"
or "what contributes to?". Recognising the last level of decomposition is achieved when the
following five subjects can be dealt with:
Perceive: Collect and present information
Know:
Analyse information and combine this with knowledge
Decide:
Decide on option and determine plan of action
Execute:
Execute plan of action
Evaluate: Evaluate plan of action while executing
"Evaluat&' is often a loop that starts again with "Perceive" and follows the process until it is
being considered whether or not an other or an adjusted plan of action has to be executed.

Figure 2.7: example of a state-transition diagram
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Task allocation
The allocation tool used for the IMCS is a customised version of the original Fitts27 list. It is
basically a list of criteria that tells you what tasks humans can do better than machines and
vice versa. Since then numerous adaptations on the original Fitts list have been made. The
RN1N has also made its own revised Fitts list. The criteria are placed below in Table 2.2.
The tool works as follows: if one or more questions are answered with a definite yes, then the
task will be allocated to a machine. All the other tasks have to be performed by the crew.
As was expressed earlier, this procedure is the key decision point in the Waterfall Model; it
structures the complement of a ship, it deals with the degree of automation and mechanisation
and in general it structures the way the crew and platform work together in order to perform
the operational tasks described in the Mission Analysis.
aspect
1.

Danger

2 Heavy
3

4

Time critical
Monotone

5 Predictable
6. Data flooding
7, Economic
8. Perception

criterion

if human health or life is threatened
if the workload exceeds the (legal) rules and regulations of human strength
if human response is to slow
if the function has to be performed continuously
if the function is based on rules that always apply
if large a amount of data has to be processed
ifa machine performs the function more effectively (life cycle cost)
if human perception is insufficient

Table 2.2: human-machine task allocation criteria
Task analysis
Tasks are dealt with as black boxes and they are analysed by studying and describing input,
output and control information. The sources and targets of the information and control flow
are identified. In that way the task is embedded in its working environment. At this stage the
location of the interface to the task (control. input or output and the type of operator is chosen
if applicable).

Performing Function analysis results into two separate products:
I. The process started with a ship placed in a black box and going through the waterfall steps

results into a subdivision of smaller parts. Further analysis on these smaller parts leads to

MOBILITY

EM PLOY/SUPPORT
WEAPONS/SENSORS

lION

ROTATION

PERFORM
MISSION
-i

CONFINED WATERS

MOORIUNM OCR

4 MOBILITY

SURVIVABILITY

J HOTEL]

Figure 2.8: example of hierarchical decomposition
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the formulation of (contract) specifications. Performing (parts of) the analysis over and

over again is often required in order to cope with emerging dependencies between
functions, previously assumed as being independent.
2. Synthesis: integrating the decomposed functions into networks. The separate functions are

specified by input. output and trigger descriptions. This enables the designer to generate
functional chains, forming a network.
Function analysis makes it possible to isolate functions whilst keeping an overview on what
the integrated design looks like. The RN1N has been using a mix of the techniques described
in the last three sub-sections. The next sub-section will try to answer the question whether
there is room for improvement, and in which area this improvement might lie.

2.2.4 Strength weakness analysis
The historical development of design models described in sub-section 2.2.2 ends of course in

the present. Design models have matured with the arrival of Simulation Based Design in
general and with the CVM for the RN1N specifically. But most computer models are a mirror
image of design activities normally performed manually by the designer. They are basically an
aid in balancing the design more efficiently.
The biggest advantage of this development has been the enhanced communication with Naval

Staff. In the 'old" situation the designer executed and controlled a design by checking the
result against (fixed) operational requirements. The introduction of computer based design
made it easier to evaluate a design in advance. The result of these efforts are continuously
used to advice Naval Staff on adjusting the requirements. In job design terminology this is
called a shill from single loop learning to double loop learning. The latter is a much more

effective manner of executing a design task because the designer is able to use his
accumulated experience to adjust design goals. However the effectiveness is also enhanced
because a more efficient design process is, within the same time frame, able to generate
several designs and optimising the design becomes a possibility. The effectiveness however is
not enhanced by the introduction of additional knowledge on any of the separate design
alternatives.

An additional remark has to he made in respect to reducing design time as a result of the use
of computer models. Tan and Bligh28 describe a Concurrent Integrated CAD (CICAD) system,
and conclude that CICAD used on a test case (a sailing boat) was able to cut the design time
in half. Tan and Bligh do not conclude that CICAD could do the same for a warship. Instead
they only mention that they are convinced that CICAD could shorten the design time of a

warship. The question remains to which degree could the design time of a warship be
shortened, or: is balancing the design a critical path in designing a warship. Experience with
warship design within the RNIN resulted in the personal belief of the author that the latter is

not a critical path. Searching, obtaining, checking and evaluating information are on the
critical path (examples are: information on properties of weapon systems or testing a hull in a

towing tank). These aspects are always present in innovative designs. The sailing boat
example of Tan and Bligh assumes the availability of certain, accurate and complete
information. Under these condition design time could be cut in half; in real life only a small
portion of the design effort is performed more efficiently.
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The new developments have shifted towards more detailed design models with increased
accuracy by using available computing power. This trend leads to design inflation; where we
used to make a design just prior to the contract specifications, we find ourselves making the
same design, with support of software tools, around the staff requirements phase. Those tools
poorly support the generation of complete human-machine concepts. Computerised design
models are in all cases limited to the physical aspects of warship design. An example is found
in Andrews29 in a paper called An Integrated Approach to Ship Synthesis". Only initial sizing
of the hull is dealt with, notwithstanding the inclusion of "integral" in the title. The paper does
not deal with the underlying assumptions on the basis of which a synthesis is performed.
The paradoxical situation is present today that on the one hand there is a growing awareness
that human behaviour should be included in warship design, and we. on the other hand, are
confronted with numerous computer models completely ignoring this fact. This is even more
strange seen in the light of growing interest in life cycle costs, because the cost of labour is a
dominant factor in life cycle costs.
Human behaviour aspects do not lend themselves (yet) fòr implementation in computerised
models. Knowledge about cognitive behaviour and organisational aspects is not available to
a degree suitable to formalising required for implementation in a software environment. The

question is raised whether we should start using the design spiral again, but this time for
human aspects in the design, or is there an alternative? The use of the top-down Function
analysis methodology was adopted by the RN1N to replace the design spiral. The expectations
of the RN1N are expressed by Schuffel3° who states (translated from Dutch):

Systems ergonomics provides a contribution to design by obtaining and using
knowledge on task performance and behaviour. The ideal is lo predict in an
early design phase what the system performance and the workload will be,
based on the quality of the technical design and the physical and social
environment.
The question that needs to be answered now is whether the expectations are met by the results.
According to Duren and Pollard3' the core of systems engineering is not how to decompose
the overall system into subsystems but how to integrate subsystems into an overall solution
(design synthesis). There is certainly truth in this statement. What should not be overlooked

however is that a well chosen decomposition leads to high quality specifications of
subsystems needed for the integration. The experience of the RNIN is indeed that the
methodology used leads to well documented specifications. This makes it possible to draw
contract specifications for subsystems. The methodology did not generate all information
needed to make an integrated design as expressed by Schuffel without falling back to common
sense. in short, we did not anticipate enough on what information we would need in a later
stage and found ourselves often returning to the start discarding some work and doing it again
with a different perspective. This is an information management problem, for which we will
have to find solutions.

Another shortcoming of the methodology is that there is a subjective factor in the function
allocation phase. It is accepted in literature that the choice between human and machine is the
key decision in the methodology. Literature is adamant on the fact that careful consideration
should be taken to make this choice, but few quantifiable criteria exist.

Except for anthropometry in virtual environment: evaluation of the workplace with respect to the dimensions of
the human body.

Chapter 2: An introduction to warship design

The first phase of the used function analysis, scenario analysis, proved to be inadequate also.
This is because scenarios were always used to test a design. Scenarios exist of a stimulus from

the environment and a required reaction. These scenarios tend to be very specific;
concentrating on expected problem areas. Function analysis needs non-specific scenarios
without a bias to certain areas.

Another approach to the personal experience described above can be made by matching the
design models and Function analysis methodology against three guidelines of successful
design presented by De Ridder32:

I. Have a model available describing the behaviour of the entire system. This model should
be used as a design decision support tool.
Make a division between long term and short term design tasks. In other words divide a
design into smaller sub-designs, which can he dealt with outside the main design process.
Avoid stovepipes: interests of subgroups should not govern the integral design.

The first guideline is partly covered by the design models described in sub-section 2.2.2,
however these models are limited to the physical behaviour of a warship. For instance the
relation between installed power and ship speed is covered, but the behaviour of software and
operators is not sufficiently covered as of yet.
The second guideline is also partly covered, namely by the function analysis described in subsection 2.2.3, but improvements are called for, firstly in the definition and subsequent analysis
of functions and secondly in the development of information management tools.
The third guideline provides us with an institutional problem: it is unavoidable that a large
organisation like the navy is divided into several parties with different sectional interests. It is
impractical. or in some cases even impossible, to alter this situation. What we can do however
is to enhance the quality of decision making by studying the behaviour of individual decision
niakers and of groups consisting of several individuals with different sectional interests.
All three guidelines entail that we have to incorporate many pieces of information in choice

problems. sometimes simultaneously (concurrently) but related decisions are sometimes
spaced in time. Management of information is required for improving the quality of
engineering and of choice problems in particular.

The next section will take a closer look at presently available techniques for information
management and knowledge engineering.

2.3 WIDENING THE SCOPE TO OTHER AVAILABLE METHODOLOGIES
It is now opportune to investigate other fields of expertise after analysing present practices in
warship design. Suh33 states in the introduction of "The Principles of Design" that many
authors present rules for design. as well as general methodologies. Suh further concludes that

these methodologies are not generalisable to a degree where application to other fields is
possible.

A personal observation is that these methods are usually focused on generating solutions for
singular. clearly defined design problems. Warships consist of an amalgamation of many
separate design problems. and these design problems are certainly not clearly defined in a
conceptual stage of the design.
Suh (op. cit. page 7) reasons that: "If we cannot analyse a design solution, then we cannot
rapidly generate the "best" design since we cannot distinguish a good design from a had
design". The reasoning of Suh is therefore that concepts are easier generated if the designer
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learns from analysing previous solutions. The procedure of Suh is based on analysing and
comparing design solutions on the basis of the degree in which they violate two design axioms
(Sub op. cit. page 9):

Axiom 1: The independence axiom: maintain the independence of functional requirements.
Axiom 2: The information axiom: minimise the information content.

One potential disadvantage of Suh's approach is that the designer receives no information on
when to stop looking for more solutions. But a more principal disadvantage is that Sub avoids
the problem of generating a new concept by making the analysis of, in small steps improved,
consecutive concepts more efficient.
Suh recognises the concept of learning from a design as does Sage in an outline of systems

engineering. Sage34 places all requisites of the development of an innovative product or
service in one outline placed in Figure 2.9. One adaptation is made relative to the original
from Sage: where it says "manning systems design". Sage puts management systems design".
He distinguishes three types of knowledge (directly quoted):

J. Knowledge Perspectives: Views held relative to future directions in the technological area
under consideration, such that proactive and future oriented system evolution is possible;

Knowledge Principles: Generally, formal problem solving approaches to knowledge,
usually needed and employed in new situations and/or unstructured environments;

Knowledge Practices: The accumulated wisdom and experience that have led to the
development of standard operating policies for well structured problems.

Management of systems involve, according to Sage. human and organisational aspects. These
are, in the case of a warship. best described by manning or complement design. Sage describes
systems engineering as a management technology. This can by definition have no inherent

knowledge of warships. But systems engineering "floats" on specific knowledge which is
interactively generated by learning.
anos alive product or scrssce

I echnical s' .1cm design

Manning system cksign

PhsicaJ ssslem dmign

Infbrmation ssstern design

SYSTEMS ENGINEERING KNO\SLEIX]E

Knos'ledgL ftispxtnes
Knouledgc Ponciples

learning

Knowledge Pracinam

Figure 2.9: systems engineering principles after Sage
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One notes the different interpretations of learning between Sub and Sage. Suh limits the
concept of learning to the designer learning from his mistakes Sage widens the concept of
learning from mistakes to learning from experiences with already existing designs. This is a
very appropriate concept for the RNIN being both a user and designer of warships. Where Sub
implicitly assumes the existence of functional requirements, it is Sage who opens the door to a
methodology of generating functional requirements. However this door remains partly shut
because systems engineering in general is focused on how to manage complex designs and not
so much on what should be actually be done to generate concepts. For further reading on
systems management see for instance: Kockler et al.35, Ostrofsky36 or Martin37.

Sub's first axiom, the independence axiom, will prove to be very important. He partly
interprets design as a process of mapping between information domains as depicted in Figure
2.10. Independence of functional requirements entails that design parameters determining a

certain functional requirement does not also determine another. The process of removing
dependencies is also called decoupling a design.
The role of information management is also recognised by Kals and Lutters8 in the context of
the management of design and manufacturing processes. They observe serious difficulties in
backward transformations in an engineering process (top in Figure 2.11). The impossibility of

reasoning backwards is also observed in warship design. Many components both influence
and are influenced by main properties of the warship. For instance capacity and weight of the

propulsion system is dependent on displacement of the ship; and the displacement is
dependent on the weight of the propulsion system. This example is very well known and will
not be forgotten in a design. However other examples typical for a design are available.
A real life example of a relation that was overlooked emerged in the fire extinguishing system
of an engine room. At first there was a longitudinal bulkhead in the engine room and the fire
extinguishing system was designed according to this division. This bulkhead was removed in
a later stage. for reasons not related to the fire extinguishing system. Consequences for the fire
extinguishing system were not noticed until a later stage in realisation. This mistake can be

attributed to the unavailability of an infònnatíon structure, especially in a situation where
people making these kinds of decisions are changed every two years.
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FR = Functional Requirement
DP = Design Parameter
PV = Process Variable

Figure 2.10: mapping between domains (after Suh)
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Figure 2.11: one- and two-way transformation processes (after Kals and Lutters)

According to Kals and Lutters the effect is that the influence of any downstream modifications

on earlier made decisions can not be investigated without making use of time consuming
recursive methods (iterative loop in the top placed process in Figure 2.11). Kals and Lutters
then introduce a third axiom in addition to the two previously stated axioms of Suh:
Axiom 3: The communication Axiom: minimise the need for communication.

The idea is, according to Kals and Lutters. that information structuring facilitating local

interpretation of information may drastically reduce the need for co-ordination and
communication. This requires adequate information management. a navigation method. meta

knowledge and context information. The addition of the high level information to the
engineering process results in a transition from a one-way transformation process to a twoway transformation process (see bottom of Figure 2.11). The subsequent proposition of an
information structure is based on three sources of information:
PRIS: Product Information Structure
RIS: Resource Information Structure
OIS: Order Information Structure
All three information structures find their roots in a function design and a structure of Design,
Engineering and Planning (DEP) processes placed in Figure 2.12.

The overall conclusion is that most design methodologies are methods of analysing proposed

solutions and methods supporting the management of the design process. However the
proposition of Kals and Lutters is focused on the design and manufacturing process, and it
may be that the concept is transportable to the area of conceptual warship design. This concept
provides relevant footholds for the RN1N with respect to warship design in the three domains
(functional, physical and control domain) of the PRIS information structure.
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Figure 2.12: information structure (after Kals and Lutters)

2.4 DISCUSSION
The question arises whether a solution for an information structure presents itself if the twoway structure of Figure 2.11 is projected over the project phases" as distinguished by the
RN1N. A possible structure is placed in Figure 2.13. The manufacturing process starts after a
contract has been signed and functional requirements are handed over to the builder. As is
shown, the RNIN discriminates four phases prior to this moment. Extending the information
structure to the mission analysis alone cannot offer a solution because, although project phases
are defined, there are no real distinguishable phases. Milestones do exist, but these consist of
documents that have to be produced at given intervals. The phases are names given to the
periods in-between milestones: the actual work does not change signitcantly from pre to post
milestones.

Everything in nature has a structure, hut the representation of a structure depends on the
viewpoint taken. For instance the information structure of a telephone directory consists of a
name, a telephone number and a relation between the two. The actual viewpoint taken in the
directory is of somebody who knows a name and wants to know a number. The directory is
useless if one wants to find out which name belongs to a number. The same is true for warship
design. In theory all information is available, but the question is whether the information is
easily accessible and can adequately represent different design views.

An "a priori" approach towards feature based design (Salomons et al'9) starts with abstract
notions to be gradually enriched by other information. In contrast an "a posteriori" approach
deals with very much more concrete information on detailed design tasks (op. cit. page 119).
A methodological top-down approach resembles the "a priori" approach of course. Yourdon
takes another viewpoint40 in his "essential model", consisting of an environmental model and
a behavioural model. The essential model is proposed by Yourdon to replace the "classical"
method, in which system analysts are driven to develop four consecutive models:

see Table 2.1 in section 2.1
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develop current physical model
develop current logical model
develop new logical model
develop new physical model

The drawback of the classical approach is basically that you spend a lot of time remodelling a

system you wanted to replace anyway. However there is a risk involved in building an
essential model, especially because analysts, who in most cases do not have in depth
knowledge on the business they are modelling, tend to use elements in models that obtain
meaning from lower levels within the models. This type of modelling only gives insight in the
results when the lowest level, the level of implementation. is reached. The "a priori" approach
by-passes this problem by having a vision (a priori) on which features are or will be important
within the design. A to be developed methodology should therefore not only have a procedural
contents but it should also entail a taxonomy of essential features.

What is the nature of conceptual design ? There is a trend from rough to detailed and from
uncertainty to more certainty. Conceptual design has to deliver quantifiable functional
requirements of a cardinal nature. The starting point, mission analysis (comparable to "market
analysis" in Figure 2.12), has an ordinal nature. One could conclude that conceptual design
transforms an ordinal system into a cardinal system by introducing and generating additional
knowledge. This largely coincides with Uliman's (op. cit. page 120) notion that "a concept is
an idea that is sufficiently developed to evaluate the physical principles ihat govern its
behaviour
Design is therefore a process in which a rough and largely unquantifiable idea is transformed
into engineering data and, via a manufacturing process. finally in an actual product, in this
case a warship. Information is generated in this process and designers will need to retrieve and
use information on more than one occasion. The activities as described in for instance the
waterfall model are carried out, but not necessarily in the prescribed order, and certainly not in
phase for all different aspects of a warship. A structure accommodating this is placed in the
bottom half of Figure 2.13. The information structure will change in contents over time.
Indeed Kals and Lutters call it an evolutionary information structure to stress the fact that the

design itself will enhance the contents of the structure. The structure will remain of
importance throughout the entire life of the product. by supporting the storage of information
as it comes into existence along the evolution of the design. The word "functional" in

"functional requirements" in Figure 2.13 is placed between brackets because contract
specifications contain functional information, but also results of engineering efforts prior to
the contract. Specialised subjects such as underwater noise or propeller design fall under the
design responsibility of the RNIN. Requirements on these subjects contain less functional and
more implementation knowledge.
The technical design entails only part of the warship design; the generation of a complement
(crew) is the other part.
The ordinal nature of conceptual design makes it in many cases impossible to compare design
solutions purely on their quantifiable performance predictions. It is in these cases only
possible to compare alternatives in terms of "option A is better than option B". This will turn
out to be a very dominant factor in conceptual design because in these cases optimising
methods requiring "hard" data become useless and will have to be replaced by other decision
making methods.
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Figure 2.13: the position of conceptual design in the design process

So far we have analysed presently used design techniques and we have investigated some
trends in literature not yet implemented (at least not to their fuJI extent) in warship design. We
could proceed by improving identified shortcomings of presently used techniques. Seen from a
methodological viewpoint it is sounder also to investigate the ultimate goal of design, and

deduce from that what needs to be improved or at least what the general direction for
improvements should be. We will do so in the next chapter in introducing the concept of
"perfect design".
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3. THE GOAL OF THIS THESIS
'Perfectly' is a strong expression...."
G. Bernard Shaw'

The goal of this chapter is to describe a theoretical framework which can help us in

structuring the design process. and also aiding to determine ultimate goals for
improvements. The core of this chapter is based on a description of 'perfect design ",
which can only exist in a theoretical sense when several extreme conditions are met.
The level of abstraction is thereafter lowered, thus finally reaching a level where we
can make a connection with existing theories and our own practical experience. Part

of this reasoning process is borrowed from economic theories explaining the
existence of profit. A very appealing model is found in F. H. Knight 's concept of
perfect competition, and it is necessary to describe some elementary aspects thereof
before we can start our journey towards the concept ofperftct design.

3.1 KNIGHT'S CONCEPT OF PERFECT COMPETITION
Knight's reasoning in explaining profit is an example of decreasing abstraction (Knight2). He
explains the existence of profit by means of an analysis of the differences between the actual
situation and a profitless model, known as perfect competition'. Pure theoretical profit is the

difference between the actual income and the income that would exist in the theoretical
situation of perfect competition. Similar to perfect competition is the concept of perfect
design, which is used in this thesis to explain the differences between the theoretically best
conditions for a design process and the conditions under which present design efforts take
place. Knight's conditions for perfect competition can be summarised as follows, whilst
leaving a number of theoretical complications and refinements as well as, in this framework.
less relevant aspects aside (Knight, op. cit.. pages 76 et seq.. 198-199):

Behavioural assumptions:
I. perfect and costless knowledge of all relevant data (which includes transparency of
economic markets);
complete rationality: the economic subjects are conscious of their aims and strive for them

effectively; their motives are consistent and free from personal affinities and sectional
interests
the economic subjects abstain from coercion, fraud or deceit.

Physical assumptions:
perfect. instantaneous and costless mobility of factors and means of production;
continuous variability of the means of production (with no consequences for the costs per
unit of output).

The term "perfect competition" is unfortunately also often used for indicating a type of competition that actually
exists in the real world.

Conceptual Design of Warships

31

Institutional assumptions:
the economic subjects are formally free to act according to their motives in the production,
exchange and consumption of goods

individual independence in action excludes all forms of collusion and all degrees of
monopoly.

Perfect competition as introduced by Knight is a purely theoretical concept in which perfect
knowledge is the predominant condition. One of the most fundamental consequences, at least
to our purpose, is the absence of uncertainty which follows from perfect knowledge. In order
to answer the question whether uncertainties play a comparable role in e.g. warship design, we
first have to look a little further into the concept of perfect competition.
Under perfect competition in Knightian meaning all information about the existing situation is
instantaneously shared by all competitors involved. When an entrepreneur in this theoretical
situation would contemplate to place a new product on the market, a potential profit would
disappear immediately due to the perfect information of his competitors and the instantaneous
mobility of their means of production. The entrepreneur would refrain from an innovation if
he can conclude that his action would result in a loss. The basic problem of entrepreneurs is
that they have to assure the co-operation of several production factors prior to knowing the
results of production. Profits and losses are conditional upon the presence of uncertainty
(Wubben3), or: the entrepreneurial reward for dealing effectively with uncertainties is
expressed in profit. Similarly, if there would be an absence of uncertainties in a military
conflict, then the actual war would, at least in principle, never be fought because the final
result would be known beforehand. The availability of all relevant information would render
war useless.
This is in fact partly demonstrated by the Strategic Defence Initiative (SDI) or Star Wars as it
is commonly known. The United States started a highly innovative initiative to develop a
system capable of an actual effective defence against nuclear weapons. But they did this with
the promise to eventually share all information with the opposing party, the USSR. The latter,
combined with many other factors, led eventually to the subsequent détente.

It may be accepted as being logical that under the assumption of perfect mobility, perfect
knowledge of also the future is not necessary for profitlessness, because the instantaneous
reallocation of means of production would, even in a changing world, results into a profitless
Situation. However, the more the conditions concerning perfect mobility are not met, the more
knowledge about also future developments becomes essential.
Less than perfect knowledge of even the existing data is sufficient in a stationary state, i.e. a

situation being "free from periodic or progressive rnodfìcations as well as irregular
fluctuations" (Knight op. cit. page 79). Under this condition 'every person would soon find
out, f he did noi already know, everything in his situation and surroundings which affected
his conduct" (ibid.). In fact, there are two profitless models: perfect competition, which does
not excludes changes in the environment, and the stationary state, where perfect mobility is
not a condition, neither is perfect knowledge. which is an effect and not a condition.
The purpose of the next section is to describe a concept similar to perfect competition, namely
perfect design. lt is theoretically possible to also describe the stationary state. This would,
however, be unrealistic because we are unable to influence the environment to the degree that
would make it safe to consider it to be stationary.
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3.2 PERFECT DESIGN
Consider two (or more) design teams competing for the best design. Under the condition of
perfect design both teams would produce designs of equal quality provided that they can
spend the same amount of money. And not only are both warships equally capable for the
same money spent. but they are also the best warships possible. Perfect knowledge entails that
designers can know that their design is not yet perfect and consequently will act to rectify that.
Under normal conditions, the above mentioned design teams would, even with equal budgets,
produce most probably designs of various quality. The superiority of the best of them reveals
itself by the extent to which the design differs from the result under perfect conditions. The
first step in lowering the level of abstraction lies in the assumption that designers will strive to
get as close as possible to the condition of perfect design in the expectation that whichever
design is closer to "perfect" will eventually yield the highest "profit", i.e. reach the best results
in an actual conflict. The two competing design teams do not strive for a profitless society".
but will strive for approaching the conditions of perfect design on an individual basis. They
will also try to prevent their competitor meeting those conditions: for instance they will shield
information or restrict the export of sensitive military systems.

Knight used his profitless models as analytical tools without implying that they represent
desirable situations, whereas perfect design is also an attainment to strive for, although
knowing that, like absolute truth in science, it cannot be completely achieved. We can
furthermore delete all references to costs in perfect design under the assumption that both
competing design teams are subject to identical costs structures.
Summarising: the conditions for perfect design are (formulation is somewhat adapted to terms
relevant for warship design):

Perfect behaviour:
I. perfect knowledge of all relevant data, which includes that the conditions under which the
warship is deployed are completely known and that the market on which equipment is
procured and personnel are recruited is transparent

complete rationality: subjects (i.e. designers. stakeholders. users and managers of the
warship itself) are conscious of their aims and strive for them effectively; their motives are
consistent and free from personal affinities and sectional interests;
complete honesty and openness.

Perfect adaptability:
instantaneous availability of information, design tools, software and specialists, but also of
the warship and parts of the warship such as equipment and crew members;
continuous variability of the above.

Perfect freedom:
subjects are formally free to act accordingly to their motives in design, procurement and
use of the warship (there is for instance no requirement that equipment is bought from
national industry only);
individual independence in action excludes the necessity to conform to existing c.q. tried
practices such as navy training or maintenance programs.
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We can further lower the level of abstraction by addressing the factors limiting our capability
to reach the condition of perfect design. Most prominent is the fact that the environment is not
static but dynamic. This in itself is sufficient for explaining the absence of perfect knowledge;

designers will be surprised by technological developments they did not foresee. A second
dominant aspect is that we cannot be sure what the consequences are of implementation of
functional requirements when we start a design process. We will consequently readjust our
preferences concerning functional requirements based on (preliminary) results of the design
process. Perfect design excludes the presence of recursivety or back tracking in the design
process; not fulfilling the condition of perfect knowledge will consequently introduce
recursive actions in the design process (i.e. earlier parts of the design have to be revisited
because of the introduction of new information). The other conditions (numbers 2 to 7) can to
a certain degree be controlled; recursivety following from not fulfilling these conditions can
therefore, at least partly, be prevented. The fact that the environment is not static but dynamic
is beyond our control. Recursivety will consequently always be a part of any design effort that
takes place in the real world. Summarising; the existence of recursivety can be explained by
two causes, both connected to one of the seven conditions of perfect design:
wrongly made assumptions" - less than perfect knowledge

not recognised relations between pieces of information - less than perfect availability of
knowledge.

We can conclude that the only available solution for compensating less than perfect
knowledge is by trying to reduce the effects of recursivety. There are basically two strategies
available for dealing with recursivety:

1. Decouple the design: This is already mentioned in Chapter 2 where we discussed Suh's
design axioms. The contradiction in his strategy becomes even more apparent when viewed
in the light of perfect knowledge. One needs to possess perfect knowledge to be able to
identify all couplings in a design, but there is no need anymore to decouple a design when
one possesses perfect knowledge. Furthermore, a decoupled design is not necessarily
better: it is only easier to manage. lt is obvious of course that the design should be

decoupled where possible. but it cannot be the only option.

Handle recursivety effectively: The in Chapter 2 recognised information structure (PRIS)
enables designers to navigate through the design process, to trace emerging couplings and
to identify which parts of the design will have to be revisited. Not only that, but such an
information system also provides us with the opportunity to reuse information of previous
designs, enabling us to improve our knowledge towards perfect knowledge.
The discussion on recursivety, as described above, assumes that mistakes or wrong decisions
are noticed and remedied in a recursive action. This is of course not always the case because

some mistakes are never noticed. or are only noticed when it is too late to remedy them.
Particular mistakes originating from irrational behaviour (rationality is part of perfect
behaviour) and limited freedom of subjects lead to un-rectifiable decisions, because they will
in all likelihood never be noticed. The only remedy to counteract these tendencies is to
emphasise the decision making process by analysing and improving the rationality of the
decision maker's behaviour. One problem in the concept of perfect design is the fundamental
Includes not foreseen future developments in the (dynamic) environment.
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assumption that the earlier mentioned competing designs have the same available budget. The
option exists in reality to spend more money and compensate a less than perfect design". The

origin of this problem lies in the fact that the market in which the warship is procured has
properties different from the market (i.e. war) where the warship has to prove itself. This
problem does not exist in Knight's concept of perfect competition, where in the markets
concerned all quantities are valued in money. The consequences of these different markets are
noticeable in reality: costs are expressed in money whilst the income of a warship is expressed
in more vague expressions like success or risk. The subsequent incompatibility between costs
and benefits is a second reason for the need to analyse the decision making process.

The fallacy of design models based on logical sequence of phases becomes visible now. We
will not visit every attempt to describe the design process in

order to make this

pronouncement plausible. hut instead we will take refuge to the most basic reasoning
structure, which should implicitly be included in those models. The design process can be
described by analogy with the cycle of empirical scientific research as described by De Groot4.
The following five phases of the empirical cycle are relevant to the design process:

Observation: systematically collect and compile" information, leading to the first rough
hypotheses based on conjectures and assumptions. Observations should of
course be performed systematically, but inclusion of "moments of genius". of
which the human mind is sometimes capable, should be included.
Induction:

formulation of hypotheses suited for inferring verifiable predictions. This is
comparable to the generation of design options or alternatives.

Deduction:

is in a strict logical sense making statements based on other statements.
Deduction in a methodological sense also includes making concepts
manageable and predictions measurable.

Testing:

implies of course the test whether or not the prediction came true, but in a
methodological sense it also implies - and this is very important - whether or
not the hypothesis is supported.

Evaluation:

interpretation of the results from testing in a broader context. Often, more
alternative concepts are viewed, and a choice between alternatives has to be

made. Evaluation has a strong interpretative character where pure exact
reasoning is not always possible and consequently subjective elements can be
found in the evaluation process. Sometimes the evaluation gives rise to new
questions and the cycle can start over again.

What we can see here is that evaluation and observation are very similar in the sense that
evaluation is also an observation, starting a new cycle. This is a apparently a process which is
continuously going round and round during the design process. Any attempt to structure the
design process according to this cycle is destined to fail in all situations other than the
condition of perfect design. because only then one cycle would theoretically be enough. It is
For instance navy A could have less perfect ships than navy B, but navy A has more funding and therefore has
more ships and navy A could still be victor in a conflict.
make groups of related items
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on the other hand reasonable to assume that the accumulation of knowledge during the design
process will bring us closer and closer to perfect design as the process continues.
An implicit assumption in the concept of perfect design is that a warship is only perfect if it is
used "perfectly". It shall therefore also be our goal to provide future users of a warship with
all relevant information facilitating their functioning.

What can be established here is that attempts to divide conceptual design into phases
structurally underemphasizes the recursive character of design and certainly also of conceptual
design as it exists in the real world. The solution lies not in stubbornly denying recursivety but
lies in structuring of information promoting concurrency and reducing recursivety. This is not
only in line with the concept of perfect design; it follows from perfect design. Our goal is to
achieve perfect knowledge as far as possible. An inextricable part of this goal is the necessity
to document information and to be able to retrieve information.

What we have made clear so far is that a designer, working under "perfect" conditions, has all
the ingredients available to handle the three aspects' leading to risk effectively.
The significance of Knight's concept of perfect competition is not so much that it serves as
reference in his theoretical definition of profit (and loss), but that it leads to an analysis of the.
partly imaginary, conditions under which profit would be automatically absent. It is obvious,
and would even be tautological to say, that the shortcomings of a design are its differences

with an ideal one. Nonetheless the merit of the concept of perfect design stems from the
analysis of the conditions that underline this concept.

3.3 PROBLEM STATEMENT

The previous section has provided us with a theoretical framework. Chapters i and 2
described how warships are presently designed which revealed some shortcomings. It is the
goal of this section to relate those shortcomings to elements of the concept of perfect design.
This provides us with a problem definition that has both an observed, practical background
and a theoretical one. The latter, the theoretical background. can also provide us with the first
directions for solutions.
Recursivety has been established as existing in actual design processes; at the same time is has
been established in the theoretical context of perfect design that recursively is an unavoidable
part of the design process. The first direction towards a solution is placing more emphasis on

knowledge; especially on behavioural aspects of the warship. Chapter 2 showed that the
physical behaviour of the warship is satisìingly dealt with in presently practised design
procedures; it is the interaction of operators and software with equipment and systems that is
underdeveloped.

The second problem related to recursivety is that when we have to revisit earlier made
decisions, that we often forget or oversee pieces of information related to this decision. In
other words we have insufficient means of recognising all pieces of information related to a
particular choice problem. This reduces our ability to deal concurrently with related pices of
information. It is now established that we have to place more emphasis on gathering

They are: sequence. adaptability and complexity (see also Figure 2.1).
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information (perfect knowledge) and we can now also conclude that we have to store this
information in a data structure, subsequently making information available when it is needed.
The design process can in reality not be divided into consecutive phases or steps. We need to
perform the various steps of a logical sequence in an arbitrary manner and we can only do so

if we have an information structure available enabling us in navigating through the design
process.

The decision making process related to the conceptual design of warships is not a standard
optimisation process. Political aspects and the existence of sectional interests of various
stakeholders involved in the decision making process introduces problems which are as of yet
not sufficiently covered. In reality we will not reach perfect knowledge, leading to the
existence of uncertainties in the decision making process. This is an other aspect which is not
fully incorporated in design decision processes.
The goal is therefore to improve the behaviour of the designer and decision maker and also to
increase the adaptability of the design process itself. The result will be both an increase of the
efficiency of the design process and an increase of the quality of the warship.

What we will do in the following chapters is to investigate which knowledge is. or which
design tools are required for conceptual design and what their interaction with an information
structure is. Working with information systems involves a sequence of four facilities (based
on Kals and Lutters5):

Function: i.e. what are the goals of the warship?
Information: which pieces of information are relevant for meeting those goals?
Navigation: i.e. finding, retrieving and storing of information, but also recognising
relationships between pieces of information.
Control: make decisions.

The following three chapters will move through these four steps. Chapter 4 will deal with
functions and with the question which information is relevant for establishing functions.

Chapter 5 looks into the information structure itself, and in doing so will deal with
navigational issues and information management. Finding ways of improving the decision
making process is dealt with in Chapter 6. We will finally reach a point in this thesis where
results of application of part of the proposed theory will be evaluated.
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4. FUNCTIONS AND TASKS OF A WARSHIP

We know (ha/in reality most things, if not all, are related to each other. This chapter
will nonetheless deal with functions as f they are independent from each other. It is
clear of course that we will have to be very careful in choosing the assumptions
under which this independence is valid. It is the goal of this chapter to decompose
the warship into functions and those functions in/o tasks and fInally to analyse those
tasks. Much attention is directed towards analysing the role of/he human operator in

the complex environment of a warship, because, as we already established in
Chapter 2, this is an under developed aspect in presently used warship design
practices.

4.1 INTRODUCTION

The concept followed through in this chapter is based on the notion that there are two
processes relevant for describing a warship. One is a functional and externally oriented
process, in which strategic goals and plans are translated into tactical ones. The other is an
internally oriented process in which means of production within the warship (i.e. systems.
equipment and crew members performing defined tasks) are managed. The functional process
deals with abstract concepts of goals and functions, whereas the more concrete internal
process manages means in support of meeting those goals. The concept of the two processes is
depicted in Figure 4.1 and four kinds of management are identifiable: strategic, tactical,
operational management and management of maintenance of equipment and training of
crewmembers. The role of a centralised control unit is minimal or non existent in an assumed
condition of complete independence between various functions of a warship. We will use a
trick in conceptual design, namely the precondition that functions are independent. This
allows us to form a logical decomposition of the goal of a warship into functions. lt also
allows us to start with minimal requirements for a control unit, because of the assumed
naval command
inputs from
enviran ment
StrateCic manaternent

support
m can s

maintenance
and trainin
management

control
unit

operational

manaemcnt

use
means

tactical management

functions

externally oriented
internally oriented

Figure 4.1: internal and external processes
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independence. The control unit is further developed as an integral part of the design process.
Choosing the approach of human centred design or systems centred design for that matter is a

sub-optimal choice, because any of those two approaches alone would always lead to
underexposure of software respectively human tasks. We will therefore take the approach of
control centred design. Control centred design entails that we first deal with what needs to be
controlled and managed, and only after this has been established comes the moment to decide
which person or which system is performing control tasks. We will deal with control in the
following sections by analysing functions and functional control, followed by analysing tasks
and internal control and finishing with human-machine allocation of the identified control
actions. Keywords in the following text are functions and tasks, and we will now establish
some definitions before continuing this chapter.
The concept of a function is widely used, and consequently has many definitions. Definitions
of functions and tasks found in literature are often interchangeable. Functions and tasks are
used for the purpose of discriminating between hierarchical levels and levels of independence.

Consequently separate and non-overlapping definitions are required. A NATO Working
Group on analysis techniques for human-machine designt defined a function and a task as
follows:

'function- A broad category of activity performed by a system. usually
expressed as a verb + a noun phrase. e.g. control air vehicle or update
way-point" (after NA TO STANAG 3994/1). A function is a logical unit of
behaviour of a system."
Likewise a task is defined as:

"task- A composite of related operator or maintainer activities (perceptions,
decisions and responses) performed for an immediate purpose, e.g. "insert
aircraft position" (àfter NA TO STA NA G 3994/1)."

The first noticeable facet of both definitions is that tasks are limited to activities performed by
humans and functions are more general. Secondly the examples of "update way-point" and
insert aircraft position" are almost identical and certainly interchangeable. It is not possible
to classif' one of the two examples on the basis of the above proposed definitions,

Vliegen2 states that 'The function of a product is to fuljìl the ability to generate a change in
the environment ". And Pahl and Beitz3 mention that "A function describes the general and
desired context between the input and output of a system
Modell4 described a business function as 'a series of related activities, involving one or more
entities, performed for the direct or indirect purpose of fulfilling one or more missions or
objectives such as generating revenue for the jirni, producing products ... " Including the
foregoing into a definition leads to:

A function of a warship is a logical unit of required behaviour, which is
performed for the purpose of changing the environment of the warship.
Tasks are seen in this thesis as the lowest level of decomposition of a warship. Tasks are
performed by either human or machine, or in other words: tasks are performed by means of
production. Modell uses activities as an intermediate between functions and tasks, a concept
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Figure 4.2: hierarchical overview of definitions
which is not adopted in this thesis. Instead, Modell's activities can be seen as a higher level of
grouping in between the function and task level and are not recognised explicitly in this thesis.

Using Modell's (op. cit. page 238) definition of a task with the adaptation of changing
activities into functions, leads to the following definition:

A task is the lowest unit of discrete work which can be identified. A
function may be composed of many tasks. Tasks are highly repetitive,
highly formalised and rigidly defined.

The above mentioned definitions and descriptions are related to each other and there is a
hierarchical distinction. This is depicted in Figure 4.2 and further summarised in Table 4.1.
system
boundary
warship

goal

function

sub-goal

task

product

output

description

The goal of a warship is to change its
environment. A goal may be
decomposed into many functions.
A function of a warship is a logical unit of
required behaviour that is performed for
the purpose of changing the environment
of the warship, which is the goal of a
warship
Tasks are performed by means of
production required for performing a
certain function. A function may be
composed of many tasks.

example
Provide defence of allied territory
against a military threat.
Provide mobility is a function of
the warship required for reaching
the allied territory.
A task within the function mobility
is the task provide rotational
energy. This task might for

instance be performed by a diesel
engine.

Table 4.1: hierarchical overview of system boundaries
The concept proposed in Figure 4.1 mentions processes and the need for controlling them.
This chapter will further elaborate on control of functions and tasks. Control is therefore
placed at either the function or the task level'. This is described in the next two sections. We
For instance determining that the speed of advance is 18 knots lies at a functional leve! (it is also externally
oriented); controlling the revolution setpoint on a propulsion diesel engine lies at the task level.
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will use concepts borrowed from control
engineering (see for instance Cool et al.5).
We can distinguish two types of control loops
(see Figure 4.3):
feedback: result determines action, and
feedforward: disturbance determines
action.

external
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goal

T

control
unit

action

control loops on a conceptual level; the more

controlled
unit

measurement
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This chapter will deal with the design of
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concrete applications of the concepts are
further discussed in the case studies placed in
Chapters 8 and 9. We will restrict ourselves
for the time being in this introductory section

to general requirements for the conceptual
design of control loops. In order to design a
control loop we need to be able to model the

control
unit

action

process

ciintrolled
unit

Figure 4.3: schematic representation of
two types of control

following aspects:

I. the goals.
the measurements.
the actions and
the external disturbances.

The way and manner in which we will analyse functions and tasks will provide us with
conceptual models fulfilling these requirements. The first step is taken in the next section, in
which we will analyse the functions of a warship.

4.2 FUNCTIONS
Functions must satisfy the goal of a warship. directed to changing its environment. It is
therefore logical to start by analysing the environment of a warship for the identification of
functions. We will deal with this subject in the next two sub-sections. An often encountered
proposal to use specific scenarios as a start for a design process is rejected (scenarios as an
engine for design); instead a generic model describing the interaction between warship and
environment is put forward. The process of decomposing functions is dealt with thereafter in
the third sub-section. With this also some practical directions for functional decomposition are
provided. The last sub-section is dedicated to the analysis of tactical management.

4.2.1 Scenario analysis
Scenarios have been taken for granted as a useful tool in design. The scenario tool is in most
cases limited to providing user experience to designers who possess no operational user
experience themselves. The concept of scenario is in this framework limited to descriptions of
operational conditions or situations, contrary to using a scenario to describe a design process.
Recent developments in software engineering and especially in Human Computer Interfaces
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(HCI) have given rise to a larger role for a scenario. Mack6 recognises two larger roles for
scenarios in software engineering:

the use of scenarios to represent the broader cognitive, social and contextual aspects,

the use of scenarios as an engine of design. a role traditionally reserved for functional
specifications.

The term scenario finds its origins in the arts, where a scenario is a written outline of a play,
opera or film. Scenarios and missions have been used in engineering without standardised
definitions, resulting in interchangeable descriptions of both terms. Nardi7 gives the most
useful requirement of a scenario: it has to include a user context and it has to have a narrative
format. Furthermore Nardi mentions that if one or two of these characteristics are missing the
scenario becomes very similar to for instance user requirements or test patterns.
The definition of a scenario now becomes:

a scenario is a narrative based on generalised functional requirements to
which a user context is added

A mission is in this work defined as being one level higher than a scenario, containing a
general description of an operation without a narrative format.

For instance, a mission might be: keep the area between Scotland and Iceland free of enemy
submarines. One of several scenarios might read:
leave harbour
transit for two days to operational area
commence sonar operations
etc.

The role of a scenario as a design driver is clear in the case of the design of a relative simple
one human - one machine HCI. The design of a cash dispenser for instance might use the
following scenario:
customer walks up to the cash dispenser.
enters personal identification code.
checks account,
chooses sum to withdraw,
gets money presented and
walks away.
The scenario in the example fulfils the criteria ofNardi: it is a narrative told in a chronological

manner and it is told with the perspective of a user. Why does a scenario not work to
satisfaction in the experience of the RNIN in warship design? Software engineers encountered
deficiencies in using scenarios in the development of multi or general purpose software such
as desktop publishing or drawing applications. Raeichtel and Velichkovsky5 conclude that the
reason for this is that there is not one traditional task structure to copy from but that there is a
multitude of possible scenarios to choose from. This is not so much a consequence of the fact
that there are many possible scenarios, but of the impossibility to predict how a system is
used in future.
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The latter is certainly also true for a warship: there is a sheer endless number of scenarios and
it is impossible to choose a limited number representative critical or supercritical scenarios. It

is also impossible to foresee what the usage of a warship will be. The designers of the Mfrigate in the mid eighties did not and indeed could not foresee peacekeeping operations and
littoral warfare scenarios. Nonetheless, this represents the main body of scenarios at this
moment.

Scenarios traditionally have been used to test or evaluate designs. In this situation is it
possible to make a choice of scenarios because the designer can make a rough estimate on
where problems might occur. The following paradox in the use of scenarios in conceptual
warship design becomes visible:

To know which scenarios to generate and use, the context of the concept has to be
available. The context is largely influenced by the choices made in the humanmachine allocation phase and these choices have not been made yet because the
scenarios are not available as a driver for the human-machine allocation.

This stalemate situation can be avoided if a context model can be generated based on a
mission statement without the use of specific scenarios. Nardi's description of a scenario
states that a user context should be available. The next section describes a context model. A
mission statement combined with a context model fulfils the requirement for a user context
and it holds a promise for a narrative or scenario when the need arises.

4.2.2 The context model of the functions of a warship
The highest level context model describes on what external stimuli a ship has to react and
what the output has to be. To produce output the ship is guided, steered and constrained by
control. The ship is not completely independent; its resources are limited and external support
has to be made available. The basic structure of the context model described in this subsection is based on the vertical process of Figure 4.1.

The context model should not only describe the interface between the ship and the
environment but should also describe the functions within the ship. The reason is that a
warship is not a single function; it is a configuration of several functions sometimes operating
independently and sometimes dependently of each other. The consequence of this notion is
that it is impossible to generate one scenario characteristic for all aspects of a warship; there
will be several sub scenarios, each of which characteristic for a specific aspect (i.e. function)
of a warship. Consequently a context model should not only project a view of a ship as if it is
a black-box, only describing inputs and outputs. The context model has to take a look inside
the black-box and describe which functions are instrumental in transforming external stimuli
to actions. This concept is not unique when viewed on an abstract level and similar views are
available in general management literature.

De Leeuw9 has introduced the Control Paradigm into Dutch management literature. The
Control Paradigm allows us to draw a system borderline around the ship and describe the
interaction between ship and enviromnent. And, important for this discussion, it allows us to
define the role of management both inside and outside the ship. The model of De Leeuw is
used as a basis, but the model described below deviates from the original. The reason why is
explained after the following description.
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Figure 4.4 shows the graphical display of
the Control Paradigm. The environment of
the warship includes "naval command".
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Figure 4.4: control paradigm

the projection of naval power. The actual part of the warship that produces a product is
captured by controlled functions". (Compare this to the functions of the shop floor of a
factory producing for instance diesel engines.) In relation to the discussion of management
this box is called "controlled functions". The box in the middle is the control unit", and it
receives its assignments from "naval command". This unit is the intermediate between naval
command and the controlled functions. (Compare the "control unit" with middle management
in a factory who does not produce products.) It is this box where the ships' management is
situated. The contents of the control arrows have to be further explained in order to describe
the role of the control unit.
The system borderline between ship and the environment can be drawn around the controlled
functions and the control unit. It becomes clear what passes over this line: information from

the control unit to Naval Command. The importance of this is recognised in the RNIN
instructions'0, namely that feedback enhances the capabilities of the higher Naval Command.

De Leeuw uses external control for controlling the environment and internal control for
steering (production) processes (De Leeuw uses control arrows pointing upwards). Kramer'
uses a factory in his explanation of the control paradigm and in fact presumes the factory to be
an independent system. External control of a factory could be advertising or reallocating the
factory. A warship is certainly an independent system in respect to safety and the survival of
the ship itself. But a warship never operates independently: it always operates in collaboration
with other units and is therefore always subjected to control by a higher unit.
Control between Naval Command and the control unit is not the most relevant for warship
design, because Naval Command is not considered to be a flexible or changeable part of the
design effort. The remaining and much more interesting control is that between the control
unit and the controlled functions. A further distinction between external and internal control
can be made here, notwithstanding the fact that De Leeuw originally characterised this type of
control as internal only. External control deals with reacting on changes in the environment
(Naval Command is included in the environment). Internal control deals with steering and
adjusting internal processes in order to meet the goals set by external control; internal control
therefore assumes the environment as a given factor instead of something that can be changed.
External control is, in contrast to internal control, very much linked to functions and their
goals. Internal control is dependent on the solutions chosen within the design of which the
subsequent analysis is further dealt with in Section 4.3. Following Kramer, we can describe
three types of external control:
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Routine control: the assignment and the execution of the assignment both have to be within
the procedures or doctrines of normal ships operation. For instance: suppose an assignment of
Naval Command to perform a transit from A to B. Routine control is for instance establishing
setpoints for heading and speed.

Adaptive control: this type of control is applicable for assignments that exceed the above
mentioned normal procedures or doctrines, but the execution of the assignment itself does not
yet exceed the operational envelope of the functions. Characteristic for this type of control is
that the goal of the assignment can still be met but the execution follows a process deviatir g
from normal procedures. For instance whilst executing the transit a gale develops and it is
decided to stay clear of the worst part of it. Readjusting the route and increasing speed to
compensate for lost time is an example of adaptive control.

Goal control: in this type of control there is no solution available that satisfies the
requirements of the ships mission. It will become necessary to adjust the assignment of the
warship. The upward directed information flows (as depicted in Figure 4.4) become very
important now: naval command has to be notified that the goal cannot be reached anymore
and a new adjusted goal for the warship has to be defined. The execution of this new goal can
be controlled by either routine or adaptive control. For instance the gale develops further and
the ship finds shelter leeward of an island. Deciding not to meet the required arrival time is an
example of goal control.

Kramer explains further that the control unit should possess four properties in order t o
effectively exercise control:
I. know its goal
possess a model of the controlled functions
have information on the environment and on the controlled functions
possess a sufficient variety of control means
One last property has to be added to the summation of Kramer the control unit should have a

basis of knowledge and should also be able to learn from past experiences. Therefore th e
control unit should also:
acquire and maintain knowledge based on experience

The environment is still an amorphous collection of different groups. Martin'2 stresses the
need to identify all the important stakeholders prior to defining requirements of a design. It

follows that scenarios certainly should include the wishes and views of the important
stakeholders. There are four types of involved stakeholders: users, operators, providers and
supporters.

The "users" are not necessarily on the ship 'using" the ship: these are the "operators" of the
ship. making it possible that the ship performs its service to the users. The "users" are those
who have a vested interest in having a ship do what they want it to do. In short, the user
stakeholder is the higher Naval Command, which uses the ship as a means to fulfil its own
higher goals. The interest of Naval Command is reflected in the contents of the goal products
and in the way Naval Command wishes to influence the behaviour of the ship by exercising

control on it. The representative of the RNIN user is the Department of Operational
Requirements (is part of Naval Staff).

The provider" initially supplies materiel and personnel (a ship and crew). A requirement of
the provider is that both materiel and personnel fit to a degree into the already existing
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infrastructure. These interests will have to find their way into the requirements. However,
there is another interest of the provider organisation. Information and reports on the

performance and status of both personnel and materiel are needed to make it possible to
provide a ship and crew not only today but also tomorrow and the days after. The provider of
materiel within the RN1N is the Directorate of Materiel; similarly the provider of personnel is
the Directorate of Personnel.

We have now two stakeholders connected to goal products, requiring two different types of
functions in the ship: goal functions to satisfy the need of the user-stakeholder and overhead
functions to satisfy the need of the provider stakeholder.

The fourth and last stakeholder is the "supporter" who comes into action in the in service
period, after the initial provision of materiel and personnel. A ship has to be able to perform a
mission over a prolonged period. The ship is equipped with limited resources that need to be
replenished after they have been consumed. Obvious is that a ship consumes for instance fuel
and food. A warship also "consumes" parameters like reliability or performance level of
equipment and health and fitness of the crew. A part of the support is performed by the ship
itself and part is performed by an external organisation, for instance the Naval Dockyard for
maintenance.
The complete context model is shown in Figure 4.5. The functions are triggered by an external
stimulus such as the presence of an enemy fighter and may result in engaging the fighter and

destroying it. The trigger also can be the need to give a report on the performance of a
crewmember, making it possible to plan the career of naval personnel. Attacking the fighter is

an example of a main function; personnel reports are a part of overhead functions. Main
functions and overhead functions together make up functions, which are supported by the
internal support processes. Functions and internal support together are controlled by the ship's
management. This group also introduces waste as a product (heat. garbage, noise etc.). The

ship itself is controlled by the user stakeholder: Naval Command. The context model of
Figure 4.5 shows what a warship has to be able to do. A more detailed analysis of warship
functions is dealt with in the next sub-section.
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Figure 4.5: context model
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4.2.3 Functional decomposition
The definition of a function (Section 4.1) still leaves us with the problem of specif,ìing them.
Functions must possess three characteristics for effective use in conceptual design:
independence,
goal product oriented and
top down oriented.

Independence relates to the scientific "ceteris paribus" assumption. However, we know of

course that in reality we cannot decompose a system like a warship into completely
independent parts. The choice of warship functions is therefore not so much the result of an
analysis, but rather a wish; i.e. what do we want to be independent. The purpose is to design
an effective and robust warship, with a minimal role for a control unit. Independent functions
are consequently the result of the recognition of elements from scenarios that we wish to
represent in independent entities.
Independence of functions makes it possible for the scientist to research a phenomenon
without having to take the entire universe into account. There is of course a dangerous aspect
in this assumption; a wrong assumption can lead to worthless results for the scientist. The
penalty for the designer is not so severe. This is because a function can never be completely
independent; functions are in the end materialised in one ship. It will become apparent during
the design that functions are not independent. However, the designer should not be surprised
by the emergence of dependencies; each dependency or coupling should be the result of a
conscious act of the designer.
A second reason for independence is already stated in Section 2.4. The second guideline of De
Ridder stresses the need to place sub designs outside the main design. This can only be done if
the interfaces (i.e. dependencies) between the sub design and the main design are ideally
absent, but remaining couplings between functions should at least be well documented.
A trick in ascertaining the independence of a function is to ask the question: is it possible to
build a ship for the sole purpose of performing this function? Of course independence requires
this question to be answered by yes".

As mentioned above: functions are not independent of each other in all situations. The
minimum required independence is that there is at least one relevant condition in which
independence is established. For instance the function mobility is independent from other
functions when performing a normal transit to an operational area. But the function "hunt and
destroy submarine" can require that search patterns are followed. This requires simultaneous
performance and co-ordination between both functions. Something like "provide electricity"
can never be independent because generating electricity will never take place without some
other dependent reason.

Goal product oriented follows from the part of the definition of a function stating that a
function must be a logical unit of behaviour. This translates into the requirement that a
function must provide an identifiable part of the goal products of a warship and each function
must also have an input. A function is therefore a mechanism responding on a stimulus from
the environment, and produces a functionally required response (i.e. the goal product).
Functions are often used for analysing systems. Experimental psychology uses the concept of

functions to describe what humans are able to do: i.e. smell, see, hear, think, learn etc.
Behavioural research tries to show what role these functions have in human behaviour. A
psychologist studying a researcher writing a thesis would not include the function smell" into
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the model describing the researcher, because it is not logical to do so; instead he would
probably focus at the functions "think" and learn". Functional decompositions of warships
often include functions like "generate electricity"; it is not logical to do so because the
warship is not designed and build for the purpose of generating electricity. Instead, functions
of a warship are logical units of required behaviour and not the result of an analysis of
existing systems.

Top down orientation of a function seems at first equal to the goal product orientation
requirement. But this is not entirely so. Top down orientation means that a functional
requirement, stating what has to be performed, can be translated into how this can be
achieved. For instance maintenance is directly related to the means within the ship that have to
be maintained. The materialisation of maintenance is therefore by definition a result of the
design. This is true for all support such as "provide electricity" or "provide hotel facilities for

the crew". For instance functional requirements often state that maintenance should be
minimised; this is in fact not a requirement but a design guideline.
The following three guidelines are helpful in meeting the above mentioned four characteristics
(independence, goal product oriented and top down oriented):

I. A function has at least one operational goal product. delivered by the ship to the
environment. These operational products are also known as functional requirements.
Functional requirements are not linked to each other by sequence or any other dependency.

A function has at least one input (from outside the ship); every output in terms of
"mobility", "destroy targets" etc. requires at least one input.

A function can, on an abstract theoretical level, still be viewed as being independent if it

would be possible to construct a ship solely for that purpose. even if that would be a
ridiculous proposal in real life. For instance it is possible to construct a ship for the sole
purpose of moving around (i.e. the function mobility). It would be similarly possible to
construct a ship for the purpose of generating electricity, but that would not be a function
because there is no operational goal product connected to it (follows from the 10
guideline).

Avoid ambiguity: if a function entails a group of operational products as in the function
"air defence", then further decomposition may be required in for instance "selfdefence" and
"area defence".
There is room for further decomposition as long as the first three guidelines can be met and

there is a need for further decomposition as long as the forth guideline is not met.
Consequently there may arise a tension between the first three and the forth guideline.

4.2.4 Functional control
Van Delfi and Passenier!3 looked into Human Factor research of future combat centres. They

generated an information processing model describing the Command and Control (C2)
processes of a Combat Information Centre (dC). Four different types of C2 activities are
distinguished by Van Delfi and Passenier (see also Figure 4.6):
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I. Situation Awareness" (SA): building and maintaining a

view" or a "picture" of the

environment. The information will often be ambiguous and/or incomplete, resulting in
uncertainty on the threat projected on the warship. In those cases it is not possible to
directly decide which actions to take.

Threat Assessment (TA): considering the environmental view in relation with a tactical

situation. The goal is to decrease the uncertainty posed by the threat by correlating
information from different sources and following events over a period of time.

Decision Making (DM): planning alternative actions and making a choice between the
options. Several pians and options are generated using the tactical information of TA,

while combining this with the available (internal) resources and with the mission
statement. Finally, one of the plans of action has to be executed.

Direction and Control (DC): monitor and control of actions under execution. The tactical
situation can and will change during the execution phase. Also actions will not always
evolve as planned. Consequently further adjustment of actions is required.

Van Delfi and Passenier subsequently introduce a two way split between the four C2
activities. The primary level uses a reflex type of control between a stimulus from the
environment and the consecutive action. This of course requires unambiguous and complete
information, and a secondary layer comes into play if these requirements cannot be met. A
decision has to be made by using knowledge both on the environment and on (internal)
systems considering the goals of the mission. When looking at the possibilities of using this
information processing model for conceptual design, two problems might occur.

1. The C2 model has proven its value in describing and analysing information processing
systems. The four C2 modes (SA/TA/DM/DC) can be found in any information processing
system: from a stock market dealing room to an ant finding its way to the anthill. The
consequence is that the model behaves like a fractal; in other words: once you have
described the model you can find it at any (hierarchical) level of an information processing
secundary level

input from
envi ronnien t

threat
assessment

decision
making

situation
awareness

direction &
control

output to
environment

primary level

Figure 4.6: information processing model (after Van Deift and
Passenier)
"Situation Awareness' is a state rather than an activity. One could argue that it is more correct to use the term
'Situation Assessment" instead.
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system. This is an advantage in analysing an existing system because it allows for an
almost infinite number of decomposition layers. The model can be reused and each time
more detail is revealed. The problem lies in the notion that overzealous use of the C2
model leads to many layers of decomposition without providing additional information.
We will therefore anchor the C2 model to one level and resist the temptation to use it on
subsequent lower levels.
2. Reacting on a relatively simple to interpret stimulus like "oil pressure is low" is easy.
However, decision making on a higher level incorporates usage of decision making
strategies and the estimation of the possible effects of selecting one of the options. The
latter seems much more difficult to do. Interpretation of the model suggests the existence of

a causal relation between the level on which information is processed and the level of
difficulty of processing the information, which is not necessarily true. The causal relation is
expressed in the possible shortcut between Situation Awareness and Direction and Control.
This shortcut is in violation with the control loops as discussed in the introduction of this
chapter (Section 4.1). We will therefore not use the shortcut.
The above mentioned disadvantages are by no means criticisms on the information processing
model. The model was made for the purpose of analysing systems. However, when designing
a system the question is not "what can the system do" but "what must the system be able to
do".
Table 4.2 shows the activities, which need to be performed in order to provide the full scale of
functional control. Table 4.2 is described in more detail in Annex A.
_________Threat
Situabon
Assessment
Awareness
infer opponents
obtain data from own
capabilities
sensors
infer opponents options
obtain data from
other sensors
obtain data from
databases
integrate into
recognised maritime
picture (RMP)

infer threat

Direction
and Control
promulgate course of
action
generate option courses activate course of action
of action (C0A)
monitor execution
consider opponents
reaction
choose course of action evaluate execution

,Decision

Making
consider own
capabilities

Table 4.2: library of function control (a more datailed description is given in Annex A)
Section 4.1 mentioned two schematic representations of control loops (feedback and
feedforward), together with the requirements for designing these control loops. The control
framework of in Section 4.1 mentions that we should be able to model the following aspects:
I. the goals,
the measurements,
the actions and
the disturbances.

This provides an excellent opportunity to assess the model for external control, by placing the
model in one or both of the control schematics. Figure 4.7 represents a combination of both
schematics in which the items of Table 4.2 are used. Situation awareness is a measurement of

the disturbances (the disturbances themselves are described in a scenario), providing a
Recognised Maritime Picture (RMP) to the comparison unit. i.e. threat assessment. Here the
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Figure 4.7: external functional control
goals are compared to the tactical situation. The error, in this case the treat, is the input for the
decision making process, leading to direction for a function. The execution is monitored and
this information follows a feedback loop to the comparison unit where the execution is further
evaluated and compared with the goal. Figure 4.7 also shows why it is incorrect to implement
the shortcut between situation awareness and direction and control. Allowing this shortcut
would violate the principles of both (feedforward and feedback) control ioops.

We have been treating functions as abstract notions, possessing only inputs and outputs.
whilst the contents of functions are still left over to the realms of the black box. In reality
products, even functional products, are produced by means of production. The next section
analyses the abstract descriptions of these means, namely tasks.

4.3 TASKS
In the introduction of this chapter a task is defined as follows:

A task is the lowest unit of discrete work %%hich can be identified. A function may be

composed of many tasks. Tasks are highly repetitive, highly formalised and rigidly
defined.

The definition is correct in

it

self, but it does not tell us what we, in the context of

decomposition. should consider as being a task. This is further elaborated on in the next subsection: control on tasks is dealt with in the second and third sub-section.

4.3.1 Decomposition of functions into tasks

We have established that decomposed functions are situated at the lowest level where
independence can be assumed. It follows that elements of functions (i.e. tasks) cannot be
independent. For instance the decomposition of the function "provide translation" can be
started by selecting a propeller to perform the task 'provide thrust"; the propeller needs to be
rotated by a shaft and the shaft is driven by an engine, the engine needs ... etc. The resulting
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series of means of production are coupled by is needed for" relations. Support in finding
equipment capable of meeting the required inputs and/or outputs can be found in existing
system breakdowns. These are based on thorough analyses of existing warship and provide a
well documented source of information. The system breakdowns are used as libraries from
which possible solutions can be chosen. But the result of a query in the library depends on
breakdowns of previously designed ships, limiting the innovative character required for
conceptual design.

There are some disadvantages to the above described procedure. Firstly the chosen means are
already solutions to tasks that still need to be of an abstract nature. Secondly the result will be

greatly influenced by the first choice. If the designer in the previous example would have
started at the beginning of the chain (by selecting a diesel engine), instead of at the end, then
the result could look quite different. And thirdly, information is lost if a part of the chain of
equipment is replaced by an alternative solution. Information loss can be prevented by using
tasks as abstract descriptions of equipment or operators. Solution independent information is
coupled to the task and is consequently not lost when an alternative solution is found.

lt is obvious that the solution lies in a more abstract approach. Tasks are abstracted means of
production and they can be analysed prior to the actual selection of equipment or personnel for
allocation to a task.
Previous experience with the decomposition of functions into tasks has led to the belief that it
is possible to generate templates for task decompositions for similar functions. For instance a
sub-function of "provide survivability" is provide damage control". The template for each
task decomposition of a sub function of "provide damage control" is as follows:
task

example in "fight fire"

prevent damage

prevent fire

detect damage
minimise effects of damage

detect fire
prevent spreading of fire and
smoke
extinguish fire

example in "underwater
damage"
prevent grounding, collision,
etc.

fight damage
remove effects

remove effects of fire and fire
fighting

detect water ingress
close watertight doors
counter ballast for trim and
stability
repair damage and remove
water

Table 4.3: damage control template
The template of damage control had to be made with the aid of damage control philosophies
as taught in the RNIN, but in some cases there is a more generic type of help available in the
form of design catalogues (for instance Hubka and Eder'4). These catalogues present black

box task descriptions on the basis of inputs and outputs, together with the physical
phenomena, which make the transformation process possible.
Software tools can also support this approach. The Invention Machine Lab" offers a database
comprised of a selection of successful patents. The entry into the database is a statement of
required output (and/or input). The search engine of the database tries to find solutions for the
required transformation process.

The Invention Machine Lab is a software product of Invention Machine Corporation, Cambridge, MA, USA.
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4.3.2 A control model of the internal processes
The control paradigm used in the context model is based on the vertical process of Figure 4.1:
the control of internal processes is based on the horizontal part. Means of production can be in
three different states: they can either be in the support mode where they are maintained or
trained, or they can be in the "in use" mode. In between the two extremes lies the mode in

which means are made available or the opposite: made unavailable. Control is needed to
maintain or change the state. The control on means can be divided into three parts (see also
Figure 4.8):

Controlling or maintaining the output of means; here the control on means is directly

1.

linked to maintaining the output product.
Control on making means available: this includes not only a continuous type of control hut
also starting. stopping. making reconfigurations and performing emergency procedures.

Control on supporting means; machines have to be maintained and repaired and personnel

3.

have to be fed and trained. Also consumables have to be stored and distributed to
consumers.

The process works as follows: A propulsion diesel engine is "made available" by starting it.
"Maintain output" gives control on fuel rack position needed to achieve the required speed of
advance (output product of the function "mohilìty"). The engine is used until a malfunction
occurs. "Make available" tripsiV the engine (making it unavailable) and "support" takes the
engine back for maintenance. Information on a malfunction is forwarded to "support" means.
The engine is repaired by "support" and made available again after which the entire cycle can
start all over again.

There is rio definite answer on what the level of decomposition has to be. For reasons of

maintaining information structures manageable one would like to keep the level of
decomposition low. On the other hand one could argue that usable information is only

control unit
maintenance
and training
management

operational
management

+

support
means

make
means
available

maintain
output

use means
state stransitions
control

Figure 4.8: control on internal processes
and or
To trip an engine is to perform an emergency shutdown in order to prevent damage to equipment
personnel.
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available when the system is decomposed to a very detailed level. It is possible that greater
detail indeed would provide more information, but there are also Costs connected to reaching
greater detail (see also remarks on bounded rationality in Chapter 6). The purpose of this subsection is to analyse which properties of tasks are relevant for internal control. We will take
the point of view that sufficient detail is reached when properties of tasks are relevant for a
task in all conditions. This stop criterion coincides with the notion that each attribute needs to
be meaningful for an object in all situations (Starr'5).
The control loops as introduced in Section 4.1 can also be applied to the control of internal
processes. However only the feedback control loop is relevant because the feedforward loop is
already covered by the control on functions as described in sub-section 4.2.4 and in Figure
4.7. The control loop for internal processes is depicted in Figure 4.9. The goal follows from

the direction of a function (see Figure 4.7). Table 4.4 shows a finite list of all controls
available. The list is generated with tasks performed by machines in mind, because machines
perform the majority of execution tasks within a ship. Nonetheless is it possible to use the
same framework for controlling (or managing) crewmembers. Annex B shows a more detailed
explanation of Table 4.4. where the distinction between control on machines and humans is
made.

operational (real time) control

supporting (non real time)
control

maintain output

make available
change status
change setpoint
ensure safe operation
determine rest capacity

provide safeguards

test
repair
planned maintenance
report

maintain setpoint
change configuration
override envelope of normai use

Table 4.4: library of internal control (a more detailed description is given in Annex B)
The following aspects are covered, with respect to the requirements for designing a control
loop:

the goals: are covered by "direction' as follows from the previously described analysis of
functional control (sub-section 4.2.4),
the control actions: are covered by Table 4.4.
the measurements (monitor in Figure 4.9) and
the disturbances are not yet covered.
disturbance
control unit
direction
from
external
control

comparison
+ unit

4
feedback to
external control

error

controller

control

tasks performed
by means
of production

-

controlled
unit

monitor

feedback

Figure 4.9: control loop for internal control
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The latter, the disturbances, cannot be investigated further, because not every change in the
environment is necessarily a disturbance for a task. For instance a sharp rise in ambient air
temperature influences the efficiency of a gasturbine. but it does not influence a nuclear power
plant. The determination of which changes in the environment are disturbances to means of
production can only be dealt with when more detailed information on the actual equipment is
available.

The next sub-section describes a framework for hierarchical internal control levels. A
practical application of the theoretical aspects of internal control is dealt with in Chapter 8,
which is a case study of generating control and monitoring facilities for the platform systems
of a frigate.

4.3.3 Internal control levels
The reason wh\ it is advantageous to include hierarchical levels in a control model originates

from organisational issues dealt with by socio-technology. Alders16 states that classical
organisations have trouble to react to adequately and fault free on (fast) developing changes in

the environment. The reason is. according to Alders, a systematic separation between
preparation. planning. execution and adjustment of a task.

The control paradigm of sub-section 4.2.2 already distinguishes three levels of control:
routine, adaptive and goal control on a functional level. This can be adapted to fit into the
level of tasks. which gives three hierarchical levels of control on execution tasks:

Routine or local control only influences the internal operation of the task itself. Control
actions could lead to a change of performance of the entire chain of execution tasks (forming a
function), but no additional control is needed for other tasks. Consequently routine control can
be delegated to the lowest possible level of a ships control structure.

Adaptive or process control requires additional control actions on linked tasks. An overview
of the entire functional chain is required. Adaptive control typically leads to reconfigurations.
direction
goal

control

contro

real time control

o

delegation of control

uo

info & feedback
control

w

routine
control

control

task
execution

ou put

Figure 4.10: hierarchical levels of internal control
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while the output of the function still fulfils the overall performance requirements, following a
different process then before.

Goal control comes into action when all the process deviations have proved rn be insufficient
in delivering the required output. Two basic options are available to remedy this: redefine the
goal of the function at hand or redefine the output of other conflicting functions. In both cases

redefinition of goals of functions is required. resulting in the highest level of control. An
overview of all relevant functions together with authorisation is needed to decide on the
overall operational output of the ship itself.

With these principles it is possible to generate a control model distinguishing three levels of
control (see Figure 4.10). Additional control links between the three control tasks are also
implemented, because functional and process control can delegate control tasks to a lower
level of control. This represents in fact a redefinition of the envelope of permitted control
actions of the lower control mode. For instance a ship in transit could trip an engine at the
indication of a malfunction. This is not allowed when manoeuvring in close proximity to other

ships. Goal Control can "tell" Routine Control in advance of possible occurrence of
malfunctions which actions are permitted. Delegation of' control makes sure that control
actions always take place at the lowest possible level in the control structure. Variety in the
environment of the function(s) can lead to a situation dependant, dynamic delegation
mechanism. Delegation of control has a non real time character, instead it is based on
anticipation of possible events, which is related to feedforward from external control. Direct
controls, in contrast, have a real time character.

is important to realise that the results of these considerations can lead to different
organisational structures compared to those the navy is used to. This can be a serious
It

threshold in implementing delegation mechanisms.

4,4 ANALYSIS OF CONTROL ACTIONS
We have distinguished two types of control, namely external and internal control (see subsection 4.2.4 respectively 4.3.2). The analysis of control described in this sub-section deals
with both types of control simultaneously. The control unit is at first viewed as a black box.
Inputs are information (either from feedforward or feedback) and goals. The output is a
control action (see Figure 4.11). The following text analyses the following four aspects:
dìurhance

me050rcrnncnl

gool

control

,

goal

controll

control unit

.

information J
(volume)

OrlOn

.

..........control action

(complexity). . : : :Ø

(relevance)

(time)

Figure 4.11: aspects for analysis of control tasks
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the inputs:
L the importance or relevance of the goal.
the volume of the information flow,
the available time in which a decision has to be made and

the complexity connected to the relationships between goals, information and possible
control actions.

4.4.1 Relevance of control actions
Not all control actions are equally importanti some actions are less important because of low
relevance of the goal with respect to the functional output. This creates the need to distinguish
levels of relevance of the goal. It is not desirable to express this notion only by yes or no. YES
would mean that the task is absolutely required to perform the function NO would mean that
the task is absolutely superfluous and has no additional value for the function. In between
those extremes two additional levels are identified. Closest to YES is important
contribution", meaning that the contribution of the task is considerable, but for instance when
a very quick response is required it is possible. although with loss of quality. to skip the task.

A lower level of relevance is when the task increases the quality or performance of the
function without being indispensable. For instance in a car an engine is essential, windshield
wipers are important. a radio is nice to have and a book on warship design is not relevant.
Four relevance levels are distinguished in Table 4.5.

i

relevance levels
essential

2
3
4

important contribution
nice to have
not relevant

rationale
required or essential to perform the function; there are no alternatives
available
the performance deteriorates severely without this control action
the performance deteriorates slightly without this control action
is not considered to be a part of the function

Table 4.5: relevance of goals

4.4.2 Time constraints on control
Time is not classified in terms of how fast events develop, but time is used to express the
length of the so-called refreshment cycle (compare rate of turn for a RADAR antenna in
situation awareness). Five time levels are distinguished in Table 4.6.

i
2
3

4
5

time levels
up to 5 seconds
5 seconds to 2-5
minutes

2-5 minutes to i hour
1 hour to i day
longer than i day

rationale
for humans only reflex action possible
2-5 minutes maximum duration of highly concentrated work for human
operator
i hour is the limit of human capacity to sustain attention
more than one operator is involved because of watch hand over
information needs to be formalised and logged in order to be retained

Table 4.6: time cycles

58

Chapter 4: Functions and tasks of a warship

Most time levels placed in the table above are self-explanatory. Two levels, the second and
the third, need some additional remarks. Psychology investigates how human operators
function under various conditions. A human operator is studied in a condition where he or she
is doing a life-like job. Contrary to this approach is the analysis we are undertaking at this
moment; we are analysing small parts of a (hypothetical) operator job. Consequently we
cannot rely on an analysis of a whole or complete job.
The second time level (5 seconds to 5 minutes) is relevant because it says that we do not want
operators to shield themselves from other tasks longer than for a period of several minutes.
The next time level (the third level: 5 minutes to 1 hour) is largely based on the limited ability
of humans to sustain attention over longer periods. A typical vigilance decrement shows that
the probability of detecting a signal (i.e. a disturbance) drops considerably after one hour. (see
for instance Sanders and McCormick'7).
The existence of the five time levels is not (and cannot) based on complete job descriptions.
We have taken the position that recognition of the five time levels, in conjunction with

volume and complexity enhances the ability of designers to perform human-machine
allocations and in general design better systems for operator support.

4.4.3 The volume of input information
Data volume is expressed in the number of parameters processed simultaneously. In a very
concrete sense one could express this in a nunìber. The notion exists that a person can only

deal with a limited number of chunks of information at the same time. The concept of
information chunking and the magical number seven plus or minus two was introduced by
Miller'8 in 1956 and it is still considered relevant in modem textbooks on human factors (e.g.
Sanders and McCormick op. cit. page 67, or Wickens'9). Chunking means that several
separate pieces of information are grouped to form a meaningful chunk, which take less effort
to remember (for instance IB MJF KTV is more difficult to remember than IBM JFK TV).
The working memory of humans is limited to dealing with seven plus or minus two chunks of
information: however there is some evidence that chunking can be taught (Wickens page 224
op. cit.). Context information may in many cases be helpful in applying chunking.
Estimations of very concrete nature are, in this stage of the design process. impossible to
make. However this notion forms, on an abstract level, the basis of the three levels of data
volume as is described in Table 4.7.
volume levels

i
2
3

low
medium
high

rationale
it is possible to grasp and deal with all information simultaneously
it requires great effort to grasp and deal with all information simultaneously
it is impossible to grasp and deal with all information simultaneously

Table 4.7: volume levels

4.4.4 Complexity of control
Figure 4.12 is the part of a control loop relevant for the discussion on complexity. The first
part of complexity lies in the comparison between goals and the actual situation as derived

from the information (either feedback or feedforward). The comparison leads to the
determination of an error. The second part of complexity is the result of difficulties in
choosing a control action that has the best chances to remove the error. Situations in which
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several alternative control actions can possess different efficiency. effectiveness and security
levels can be very complex. Decision making often requires in those cases more information
and a more detailed goal description then is required for error determination alone.

The lowest level of complexity is characterised by a complete absence of uncertainty and
therefore also by the existence of only one applicable transformation process to choose. It is
possible in those cases to start a pre-defined response triggered by a stimulus.

The medium level of complexity is also characterised by the existence of standard
transformation processes, but in this instance there is more than one process available. The
increased complexity is created by the need to choose between alternative modi operandi. The
choice of which process to apply is not completely pre-defined, but is an assessment of which
procedure is the best for the given situation.
The highest level of complexity is characterised by completely new situations. It might be
possible to use standard procedures (in a new context) or it might be necessary to invent

completely new ones, but

is impossible to pre-define them beforehand. The added

it

complexity is composed of incompleteness and/or ambiguity of input information introducing
uncertainty in the decision making process.

The concept of complexity is based on the degree to which one is able to define what the
relations between actions and results are, before the situation actually occurs. The level of
complexity is therefore also determined by the degree to which readjustments are possible,
which requires timely received feedbackv. In order to appreciate complexity we place
ourselves in the position of a designer and assess whether it is possible to pre-define control
loops or if it is necessary to (partly) rely on mn the spot" intelligence to make a choice or even
invent a completely new procedure. The tree levels of complexity' are described in Table 4.8.

complexity levels
I

2
3

rationale
trigger leads s.ithout exception to response
some on the spot assessment on which process to choose is required
it is required to "inven(' a new process on the spot

lo

medium
high

Table 4.8: levels of complexity

goal

control unit
parison
s. unit i

I

error

Decision Making
by a
controller

control
action

infonnation (feedback)

Figure 4.12: inputs and output of a control unit
This does not only require short time delays of feedback, but also that actions are reversible (e.g. dismantling a
bomb gives immidiate feedback, but it is hardly reversible).
The three levels of complexity roughly coincide with decision making under certainty, risk and uncertainty as
discussed in Chapter 6, sub-section 6.2.2.
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4.5 TASK ALLOCATION
Task allocation is a process in which the abstract analysis as described in the foregoing is
translated in concrete, tangible concepts. Tasks need to be executed by physical means or
humans and these need to be controlled. Allocation of tasks to machines is a well established
area of expertise, likewise has the field of physical ergonomics (or anthropometrics) increased
our knowledge of workplace design. The role of the "thinking human" has nonetheless
categorically been under-emphasised. The result is often that the role of operators is
determined by those jobs that a machine or software agent cannot perform. Problems are
sometimes revealed in later stages of design, but by then the possibilities of providing a
fundamental remedy are limited. The purpose of this section is to address the allocation
problem as it exists in early, conceptual stages of design. The subject of this section is limited
to allocation of control tasks, because it is just there where problems occur in choosing
between human or software allocations.

4.5.1 The problem of task allocation
Task allocation is often seen as the decision whether a human or a machine must perform a
certain task. It was primarily focused in the past on the front end of a technical design where
humans and machines meet (also known as the Human-machine Interface (HMI)). This field
of expertise is covered by physical ergonomics or workplace design. lt has even gained
importance over the past few years as a result of national legal requirements, stating that a
workplace has to be subject to an analysis before it can become operational.
The explosion of computing power combined with ever increasing intelligence of software
applications brought a paradigm shift about: it is no longer sufficient to deal only with the
HMI but task allocation has to deal with the question whether a task, previously performed by
a human, can be performed by a machine. Prior to the paradigm shift, task allocation was
more or less used to reason backwards (as a result it was often called task analysis instead of
task allocation). An analysis could start with a required output of a function, followed by the
decomposition into tasks and the mapping of the technical design on the task decomposition.
The part that cannot be mapped has to be performed by humans.

The paradigm shift placed the thinking human next to the "thinking" machine thus
introducing the field of cognitive ergonomics into task allocation. Publications giving
evidence of this trend are numerous, but few come up with workable proposals. Often a
pragmatic-scientific approach is followed: dividing the big problem in a lot of small problems,

resulting in an increased amount of detailed information on task execution. The result is a
paradox: the questions can only be answered in a late design stage but by then most of the
choices have already been made and they are almost non-reversible. On the other hand

proposals exist for allocation methodologies that make a more fundamental effort in
implementing an iterative allocation methodology as part of the inherent iterative design
process (e.g. Beevis and Essens20. Bost et al.2' and Corbridge and Cook22).

The RNIN has had some experience with task allocation (see also sub-section 2.2.3). A group
of experts (of which the author was one) was placed before the task to generate the

requirements for the platform automation of a new frigate. The experience with the used
allocation method led to two conclusions:

Conceptual Design of Warships

61

The expert group felt that the result would to a great extent depend on the expertise and
enthusiasm of the expert group. The results would probably not be reproducible.
The Frigate for which the automation system had to be developed was in a final design

stage. The expert group felt that it would be better to start earlier with preliminary
allocations, but felt at the same time that it would be difficult to get the relevant
information in an early stage.

The need arose to develop a methodology that would generate reproducible results and would
be applicable in an early conceptual design stage. The RN1N initiated a research project at
TNO Human Factors Research Institute in the Netherlands (Essens et al.23). The aim of the

study was to test a new method of task allocation and apply it to a part of the platform
automation design and compare this with the earlier produced results of the expert team.

The new method contains primarily a set of questions for each of the four stages of the human
factors information processing model as described in sub-section 4.2.4 (see also Figure 4.6).
The function mobility" was chosen as a test case. An interviewer from the institute, with no
naval or military experience, interviewed nine subjects with the questionnaire addressing all
tasks within the mobility function. Four interviewees were or recently had been bridge watch
officers and five were officers from the engineering department, in total encapsulating the
required operational knowledge and experience. Neither the interviewer nor the interviewees
had any specific knowledge on the Frigate under design and the level of knowledge available
to the interviewees is comparable to the level of knowledge that would be available to them in
a conceptual phase of design.

The results showed a remarkable resemblance with the results of the expert team. Where
differences occurred it was always possible to bring them back to ambiguity in the definition
or in the description of the context. Navigational issues where in some cases difficult to
interpret for officers of the engineering department and the same was true for bridge watch
officers with respect to propulsion systems. More importantly it turned out to be a lengthy and
cumbersome task for both the interviewees and the interviewer. The process can be drastically
shortened if problematic issues are addressed only. Secondly the discussion with the experts
(i.e. the interviewees) can be more fruitful when they are presented with a preliminary concept
of operation. The purpose of the next two sub-sections is to develop a method of generating
such a preliminary concept and also to be able to recognise potential problems.

4.5.2 Skills, rules and knowledge
Rasmussen24 introduces levels of difficulty in information processing in his skill, rule and
knowledge (SRK) framework. A short description of skills, rules and knowledge is placed
below (based on Rasmussen2).
Skill level: represents sensory-motor performance during acts or activities which take
place without conscious control as smooth, automated and highly integrated patterns of

behaviour (ibid.). Skills are acquired by prolonged exposure to the task at hand.
Examples of skills are:
handling a fire hose,
loosening a sized bolt without damaging it, or
maintaining revolution setpoint on a diesel by manipulating the fuel rack (can
e)
be both human or machine task).
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2.

Rule level: rules can be described by if-then statements. The choice of which rule to
use is not primarily based on the effect of the rule but it is a mapping process of the
present situation on the conditions under which a specific rule or procedure may be
used. Rules are derived empirically during previous occasions, communicated from
other person's know-how, as instructions or as a cookbook recipe (ibid.). In general,
rules are acquired by training. Examples of rules are:
crash stop ventilation after confirmed fire, or
establishing fire attack route.

3.

Knowledge level: during unfamiliar situations the control of performance must move
to a higher conceptual level (ibid.). Knowledge is required to make an educated guess
to what the possible result of an action would be and to compare the results of several
actions. In human tasks the knowledge is encapsulated by the ability to maintain a
mental model of the situation at hand. Machines (i.e. computers) can have this ability
in the form of simulation software. Knowledge is acquired by education. Examples
are:

establishing countermeasures for a damaged ship when both stability and
longitudinal strength is an issue, or
deciding whether or not to keep on using a diesel engine after a warning level is
exceeded (for instance temperature main bearing #3 higher than standard but
not critical).

Neerincx uses this framework by looking at the ratio between rules and knowledge in
determining operator load of the Ship Control Centre (SCC) of a RNIN Frigate (Neerincx et
al26) where a simplified version of the SRK framework is used (see Figure 4.13). At the skill

based level signals are automatically processed into actions hardly requiring cognitive
behaviour. The rule based level is identified by the use of if-then statements such as "if oil
pressure on main bearing is low then trip engin&'. This level corresponds with procedures
rigorously trained by naval personnel. The knowledge based level deals with new situations
requiring solutions not covered by standard procedures. A new plan has to be generated. based
on a mental model of the problem at hand, and the appropriate actions have to be executed.
The dotted lines in Figure 4.13 show the possible shortcuts at the skill and rule based level.
There is a dangerous aspect in directly comparing rules to procedures as used by the navy. The
purpose of procedures is to make sure
high complexity
that actions take place in a standardised
directed by goals and know ledge
format. The assumption is that
procedures can be learned and trained
pkin pmLdurC
analyse problem
knowledge

and applied to a class of situations
where quick and standard response is
required. The problem is often that the
best known rule is chosen, instead of
the, in theory, best option. There is a

search stored rule

trade-off between a quick standard

I

response and the risk of using a non-

perception

optimal one. This is inherent to humans

performing procedures. The problem
arises when translating this to machine
tasks. A machine does not need to be

r 'I

apply rule

actionlow complexity

Figure 4.13: SRK framework
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trained or to be maintained to keep procedures operational. It is possible to provide a machine
(i.e. a computer) with much more options and a reasoning mechanism making it possible to
find the best or optimal option.

The SRK framework is developed and used for analysing existing systems and it can be
observed that rule based behaviour performed regularly tend to develop into skill based
behaviour. The same is true for a transition from knowledge to rule based behaviour. This
poses a problem in defining skills, rules and knowledge in advance of analysing an existing
system. In order to counter this problem, desired behaviour relative to the SRK framework
should be used. Furthermore the SRK framework only defines behaviour of humans; the
reality is that on many levels humans and machines are interchangeable. Definitions of skill,
rules and knowledge should be based on properties of the task instead of anchoring them on
human behaviour.
The considerations mentioned above show that it is not always possible to place a tasks on any
of the SRK levels. The diesel engine of example 3b focuses on this possible weakness of the
SRK framework. In this example time is not a great issue; damage to the engine does not
occur immediately as a result of a higher than standard temperature. The operator has the
luxury of taking some time to make a decision and can even confer with more experienced
colleagues. When using knowledge would take too much time it is possible to go to a lower
level of the SRK framework and use a procedure to prevent damage. Making the decision to
delegate is based on knowledge and implementing the procedure is rule based.
Crash stop ventilation of example 2a fits into the problem of rules becoming skills. The same

could be true for knowledge based problems becoming procedures. A judgement of the
probability of this happening has to be made on the basis of how often the decision has to be

made or action has to be performed. One cannot solve all these things in advance during
designing. It is inherently connected to using a ship that some of the judgements of designers
will prove to be inaccurate. For instance, tasks at first belonging to the knowledge level, could
in an operational context, after the crew has gained experience with the ship. be reduced to a
lower level. This is not a downside of the proposed methodology but a strong point of the
always available flexibility of humans. But recognising this mechanism makes it possible to

allocate tasks to machines when the transition between levels within the framework is
unwanted.
Of course there is not only the possibility that operators move downwards through the levels

of the SRK framework. It is possible to imagine that some situations are very difficult or
expensive to train in a life like situation (for instance the first instant reactions on a missile
hit) in order to attain these skills. There is a trade-off possible between training for skill and
education for knowledge; likewise a trade-off between fault free skills and error ridden use of

knowledge. It remains of vital importance to address the question whether the required
behaviour of the system (i.e. warship), including its operators, is matched by the expected
behaviour.

4.5.3 Matching required and expected behaviour
The reasoning in this sub-section may at first sight seem somewhat artificial, hut its purpose is
to formulate an abstract conclusion from the task analysis of Section 4.4 and develop this in a
more concrete setting. It explains the title of this sub-section: required behaviour follows from
the task analysis and actual behaviour is of course what happens in real life.
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It is safe to state, without decomposing and analysing functions and tasks of cars completely,

that one of the tasks must be "perform emergency stop". Under the same assumption two
control tasks can be recognised: first an external oriented functional control task namely
"determine moment of braking" and secondly an internal control task "control brake
pressure".
Recognising the moment of braking is very complex; situations may vary and are difficult to
predict, which prohibits us to allocate the "perform emergency stop" task to an autonomous

computer. Our only option is to allocate this task to a human, i.e. the driver, but there is a
problem: it requires knowledge based behaviour and there is not enough time available for
determining the moment of braking on a knowledge based level of behaviour. The only
possibility seems to train a driver until sufficient experience is acquired to perform this task
on a skill based level, thus allowing for a quick response. The other task, "control brake
pressure" is, on the contrary, of low complexity: only one action (apply brakes) is required and

it is applied to the point just prior to jamming the brakes. For humans this also requires
extensive and repetitive training whilst it is seldom practised in real circumstances. Modern
cars consequently are equipped with ABS, allowing drivers to apply maximum braking force
without the necessity of repetitive training.
The next step is to generalise this reasoning process. The task analysis provides estimates on

time, volume and complexity. The first assumption is that machines are always better at
handling large amounts of data and that they are also faster than humans. More difficult to
assess is the human-machine allocation in relation with the level of difficulty. The proposition
is to use complexity as a first bias towards human-machine allocation as indicated in Table
4.9, based on the second assumption. namely that complexity levels coincide with the levels
of the SRK framework.
complexity levels
I

low

2

medium

3

high

allocation bias towards
machine, semi-autonomous control with possibilities for a human veto
machine with possible intervention of humans, machine offers alternative
solutions and operator chooses a control action
human. v ith possible support or advice by for instance software simulation

Table 4.9: biases in human-machine allocation
There are two instances where support of software is required. One type is relevant for both
medium and high complexity and it compensates the limited ability of humans to process
large amounts of data and it provides memory aids in situations where long time cycles make
this necessary. The second type of support is relevant for complex situations only. Simulation
software can be applied to support humans in assessing what the possible consequence of an
action could be. We can rate the software on the degree to which it enhances the performance
of human operators. The SRK framework can be used to assess if operators will actually
function on the required level.
The levels of complexity lead quite naturally to corresponding levels of human behaviour as

follows from the SRK-framework. This is depicted in Figure 4.14. The straightforward
horizontal mapping between complexity and human behaviour is in some cases impossible
due to:
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volume too large: volume exceeds the 'magical number 7 plus or minus 2" and software
providing support in data volume reduction is required.
time intervals too long: refreshment cycle exceeds human memory capacity (especially
watch handover) and memory aids are required.

The considerations mentioned above and their related solutions still allow for horizontal
mapping. There are of course also reasons to deviate from horizontal mapping. The downward
deviations (from high complexity to low level of behaviour) are the result of one or more of
the below mentioned considerations:
too little time is available to allow for reasoning by a human operator,
volume is too large to allow for extensive human involvement; instead of choosing for data
reduction one could also try to remove or at least reduce human involvement.

Underlying reasons, for both downward and upward deviations, can lie in economic and
integration considerations as mentioned below:

Further optimisation of costs by making trade-offs between initial software implementation
costs, training and education. This could lead to a decrease in effectiveness however, the

financial payoff can be more important than the effectiveness. This is a subject that is
further dealt with in Chapter 6, in which the decision making process is treated.

The decomposition into functions and tasks leads to isolated assessments of humanmachine allocation. It might well be that isolated allocations need to be reassessed in order
to provide an operator with a full and worthwhile job, consisting of several related actions.
In some case it can be necessary to allocate for instance low complexity tasks to a human to
allow him to remain "in the loop". This last aspect is one of the considerations requiring
the availability of a product information structure (discussed in more detail in Chapter 5).
The combination of several time, volume and complexity levels of tasks leads to a total of 45
possible combinations and a solution can be found for most of them. There are combinations
however, that do not lend themselves for easy solutions: for instance the extreme problematic

combination of high data volume, faster than 5 seconds and high complexity is almost
impossible to solve. Here two options present themselves. One is the option to try to
anticipate on situations and consequently remove the time constraint from the decision
making process. The other is an estimation of the relevance of a task followed by the
recognition of which factors determine this control task being vital. Reducing the relevance of

complexity

behaviour

software support by simulation.

knowledge operator generates alternative

high
I-

mediuiìi

rules

low

skills

solutions
software support by giving
advice, operator chooses action

semi-autonomous actions with
human veto

% of
involvement

Figure 4.14: mapping of complexity and behaviour

66

Chapter 4: Functions and tasks of a warship

a control task is a form of decoupling. This is in line with Suh's axiomatic design theory, a
subject which is discussed in more detail in Chapter 5 sub-section 5.3.4.
The process described in this sub-section fulfils this requirement. The application of an
analysis as described in this sub-section is further dealt with in Chapter 9.
We have proposed to use the SRK framework as a basis for addressing human-machine
allocations. This is in line with for instance Reason's27 treatment of performance levels and
error types. This approach is an analysis of typical errors relevant for each of the three SRK
levels. Our approach is not based on an analysis of a concept; instead we have advocated the
approach to analyse environmental conditions of a task on the basis of complexity. time and
volume aspects. This results in the development of better concepts for human-machine
interaction.

4.6 DISCUSSION
This chapter deals with the decomposition of the warship into smaller parts. namely functions
and tasks. The decomposition is carried out in the context of "perfect knowledge", i.e. which
parts of the warship are important and what do we need to know about these parts. We have
done this with the primary goal in mind that a warship's performance is not only determined
by its physical properties but also by its behaviour. An extensive analysis of required control

is the most vital part in improving the design by improving the ability of a warship to
influence or change its environment. The warship can to some extent be seen as an organism:
it acts and reacts on stimuli provided by the environment: and it does so with a certain degree
of independent intelligence. This intelligence is not only encapsulated in human operators but
also in intelligent systems such as software. Recognition thereof is very important because

designers and engineers, responsible for the design of these systems. play a vital role in
attaining these behavioural aspects.

Perfect knowledge implies that all relevant information is known but it implies that
knowledge can he used and retrieved. Even more important is the reflection from perfect
adaptability that implies that information is "instantaneously" available. Both points of view
require an information structure, and we already have laid the fundaments of such a structure

in our discussion on the PRIS in Section 2.4 which we will further develop in the next
chapter.

The development of a control unit must be based on a PRIS. Kramers requirements for an
effective control structure mentioned that a control unit should (see also sub-section 4.2.2):
know its goal,
possess a model of the controlled functions,
have information on the environment and on the controlled functions,
possess a sufficient variety of control means, and
acquire and maintain knowledge based on experience.

Items 1, 2, 3 and to a certain degree item 4 have been covered in this chapter. However, items
4 and 5 are more related to perfect adaptability than to perfect knowledge and the next chapter
deals with these aspects.
Independence is in line with perfect adaptability as discussed in the concept of perfect design.

Perfect adaptability can be interpreted as easy to change design in order to meet new
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requirements or easy to reconfigure in order to be able to deal with different environmental
conditions then expected. Independence between functions results in effortless adaptability
because only small parts of the warship are effected by a change. An other independence we

have used in this chapter is the division in an external and an internal oriented control
structure. The advantage is that both aspects can be dealt with simultaneously without much
interference. However, the two control structures cannot remain decoupled because goals set
by external control on a functional level are vital input for internal control (see Figure 4.15).
The control unit as depicted in Figure 4.1 will therefore contain two control structures that
have to be mapped on each other. This mapping process can be enhanced by also considering
relations between functions and the means by which functions are realised. These aspects are
some of the final considerations that are necessary before we can start dealing with a product
information structure in the next chapter.
disturbance
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control Wilt
control unit
direction
internal
external
internal
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ask performed
by means
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Figure 4.15: combining external and internal control into a complete
control model
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5. DESIGN SYNTHESIS AND ORGANISATION OF THE DESIGN PROCESS

Chapters three and four dealt with design methodolo in a theoretical context.
This chapter deals how the elements from the previous chapters are placed in an
applicable and manageable information environment as already mentioned in
Chapter 2. The Product Information Structure (PRIS) is used as the basis for a
warship application. The function of an information structure is to provide the
ability to store, retrieve and navigate through inJòrmation. A warship has to he
designed to fit into an already existing infrastructure and an organisation is only
partially capable or willing to alter this infr astructure for the sake of a design. This
coupled to the fact that also user experience on past designs has to be
incorporated, leads to additional, sometimes non-functional information. We must
therefore also include the information lines between .clake holders and the
infòrmaiion stored in a PRIS.

This chapter will firstly introduce a concept for a product infbrmat ion structure,
which forms the basis for further investigations into decoupling measures and
information management. Organisational issues concerning the design process are
dealt with thereafter.

5.1 A PRODUCT INFORMATION STRUCTURE
5.1.1 Introduction

What we are looking for in an information structure is the ability to support different views of
the same object without neglecting relationships between pieces of information from different
views. The previous chapter introduced several views that lend themselves to a hierarchical
representation (i.e. they can be decomposed). for instance functions and materiel. Functions
can he decomposed and described in isolation; the same is true for pieces of equipment in a

materiel breakdown. For instance a water hose can be described to a certain degree, but
important specific information requires that one knows whether the hose in question is used
for extinguishing a fire or cleaning a deck. This information can be made available by
mapping the functional view onto the materiel view. The information resulting from a
mapping process is depicted in
Figure SA as a "label" attached
function
to the relationship between two
pieces of information. The next
section is dedicated to describing
concept of a product
a
information structure. Actual
implementations of (parts of) this
concept are described in the case
studies of Chapters 8 and 9.

materiel

U

N

label

Figure 5.1: mapping between hierarchies
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5.1.2 The description of a concept

control

The Product Information Structure (PRIS) as
proposed by Kals and Lutterst consists of three
domains: a functional, a physical and a control
domain (see also Chapter 2 Section 2.3). The

requirements I

structure represents in a more general context the
following three domains relevant for the design of
a system (see also Figure 5.2):

solutions

Figure 5.2: basic PRIS concept

Requirements domain: here is stated what a system needs to do (the "what" question).
Solution domain: requirements are mapped on solutions, answering the "how" question.
Control domain: describing the (required) behaviour of the system.

The domains and their relations form a triangle. Three mapping processes can be identified.
The mapping process requirements-solutions represents the state of the art methods in warship
design described in Chapter 2. A requirement stating for instance provide speed of 30 knots"
can directly be mapped on a solution as e.g. to install a gasturbine of 20 MW. The same is true
for a diesel engine requiring maintenance and the result of a mapping process is in this case a
maintenance plan placed in the solutions domain.
The basic PRIS structure as depicted in Figure 5.2 cannot capture all the relations following
from Chapter 4, but it can be used as material for a more complex PRIS consisting of three
triangles as shown in Figure 5.3. The three triangles are:
I. an externally oriented functional triangle,
an internally oriented triangle (in fact a rectangle, but more about that later), and
a support triangle.

The system border drawn around several domains shows that of course the environment, the
operational scenario, lies outside the warship system and therefore also outside the PRIS'.
Support domain also lies outside the warship system, because shore support of for instance a

PRIS

n terna I

Control Dorn am

Control Dornain

Operational

Support
Scenario

F unctional
Control Dorn am

Scenario

F unctional
D orn am

Physical
D orn am

Figure 5.3: PRIS of a warship
An operational scenario influences the Contents of the product information but it is not part of the product
information and therefore lies outside the PRIS.
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Naval Dockyard lies outside the system. We have interpreted the control unit until now
without making a distinction between internal and external functional control. Information
domains are in fact storage cabinets for information; recognising relations between domains
represents either design knowledge (during the design phase) or operational knowledge
(during the operational phase). Being able to map external control on internal control (for
instance communication between the bridge and the ship control centre) is a very important
facet of operational knowledge. Not recognising the two control domains would consequently
lead to not incorporating this vital part of operational knowledge.

The mapping process between the two control domains is dealt with by socio-technology as
for instance by Van Amelsvoort and Kuipers2, who use the Law of Requisite Variety as a
starting point for socio-technical design. The Law of Requisite Variety (Ashby3) states: "that
variety within a system must be at least as great as the environmental variety against which it
is attempting to regulate itself'. In other words, the variety of stimuli from the environment
must be matched by the variety of control facilities. Van Amelsvoort and Kuipers conclude
that there are two strategies available to regain an equilibrium in a situation where control
facilities are insufficient: reduce the need to control or expand the control capacity. This may
seem a trivial remark, reality however shows that we often neglect using any of the two (or
both) strategies, and consequently provide operators with insufficient means to control a
situation. The versatility of control needed is not only determined by the environmental
variety but also by the properties of the means (human or machine) allocated to a physical
domain. Couplings between them cannot always be avoided, and indeed allowing couplings to
exist can be costs effective. However, there is a price to pay: each coupling requires additional
control by automated systems or by operators. The next section deals with the recognition of
couplings and with the removal of couplings (decoupling a system).

5.2 INTEGRATION AND DECOUPLING ON A CONCEPTUAL LEVEL
The general definition of integration is combining parts into a whole. A concept of a warship
starts off as a structure of at first independent functions but as the integration proceeds more
couplings between functions arise. This is a result of conflicting interests between
independence of functions and cost. Literature on engineering methods does not elaborate
very much on integration, which is a stunning conclusion, particularly when realising that how

good the preparation of a design may be, everything can be lost in a poorly executed
integration phase.
Integration closes the door in a design process and it is a personal observation and personal
experience that design teams tend to run out of breath at the end of a design. Time becomes

critical and interest in finishing the job is rising. All the more reason why an engineering
method should be tailored to the information need of the integration: revisiting earlier design
decisions in a late stage of the design process is very time consuming and can be performed
more efficiently when all relevant information is timely collected during the design. This
notion is in line with the concept of perfect adaptability as described in Chapter 3.

The question is why introduce couplings when they are a potential problem? Or in other
words: can independent functions remain independent? In theory this could be reached but it
will have a serious effect on costs. A more correct question would be: do we want functions to

be independent? From the perspective of a user the answer would have to be yes. But the
second purpose of integration is to find similarities between individual tasks and to combine
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several similar tasks in one task, consequently

reducing the volume of mean, and therefore
costs. What a designer should be looking for

input couplings

is finding couplings that have a low impact on
the operational capabilities and a high impact
on costs. The following overview provides a
taxonomy of possible couplings and
decoupling remedies (see also Figure 5.4).

Input couplings, shared means: resulting
from using one task for two purposes. For
instance the propeller performs the task of
transforming rotational energy into thrust.
resulting in a forward or backward movement

of the ship. The rudders deflect the thrust.

shared means &
co-allocation

shared resources

Output couplings
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conflicting
f2

waste

making it possible to turn the ship.
Consequently the function rotation cannot be
Figure 5.4: coupling between functions
performed without the function translation. In
other words: it is not possible to turn the ship without moving it at the same time. This type of

coupling can be "one way": one function can be performed independent, the other not
(translation is possible without rotation). This can be a problem for operations requiring many
mooring and un-mooring activities (unlike a warship). Decoupling by using bow and stern
thrusters is often found on ferries.

input couplings, co-allocation: resulting from allocating two (or more) tasks to one system

or person. However this type of coupling is dominated by humans: for instance when
allocating several tasks to one operator. Under standard conditions this may not cause
problems. but when a non standard condition occurs, for instance a calamity. then the operator
might be loaded too heavily and his performance can deteriorate.

Input couplings, shared resources: resulting from distributed energy sources (auxiliary
systems) such as electricity, chilled water or high pressure air. Such a coupling only becomes
effective when the capacity of these systems becomes too small to satisfy all the needs at the
same time. It is also possible that the influence of such a coupling only becomes effective after

the ship is damaged (battle damage or technical malfunction) affecting the distribution or
generation of energy, sea water or chilled water etc. There are several reasons to introduce
these couplings:
scale effects; one big generator is cheaper than several small generators

total amount of installed capacity can be smaller in a distributed system because not all
tasks require 100% supply of resource at the same time
battle and technical redundancy. introducing backup supply of resources (for instance fire
main delivering sea water to diesel engine for emergency cooling)

Output coupling, conflicting products: resulting from two or more required functional
outputs, influencing each others performance. For instance a warship wants to sail, by night,
unidentified through the Strait of Gibraltar, but at the same time wants to identify a surface
contact. The ship can only identify this contact by using its (military) radar. By switching the

radar on, the ship makes itself known as a warship. This is a typical functional conflict
resulting from output couplings.
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Output coupling, conflicting waste: Waste is a by-product of any task within a function. For
instance heat from exhaust gases (infra red signature) is a waste product of a diesel engine.
The IR signature reduces the susceptibility function of the warship, hence the introduction of a
conflict. Waste is similar to a functional product because the waste is directly delivered to the
environment, together with the required functional product. The effect of waste is the same as
in conflicting products. However, it is worthwhile to make the distinction because it is more
likely to find possibilities of removing the waste couplings without affecting the functional
capabilities, than is the case with conflicting products. For instance exhaust gases can be
cooled without reducing functional capabilities, but using a low emission radar instead of the
nomal radar would decrease the capability to identif a contact.
coupling

effect

input,

have to perform
two functions at

shared
means

the same time

remedies
n the physical domain in the control domain
1.

introduce different
or additional
means into the
design

1.

reconfigure functional
chain

2

redistribute tasks
prioritise tasks

input, coallocation

can not perform 2. redesign
two functions at
organisation
the same time 3. increase capacity
4. introduce buffers

input,

can not perform 5. increase resources 4. prioritise users of
two functions at 6. limit use of
limited resources and
the same time
distributed systems
shut off low priority
users

3.

in the functional
domain
1. allow for
simultaneous
performance of
both functions
2. allow for
degradation of
performance

(buying time)

shared
resources

3. remove the need
to perform the
functions
simultaneously

5, create separations in
distributed systems
6. use back-up resources
output,
conflicting
product

can not perform 7. introduce new
two functions at
means
the same time

7. prioritise functions

output
conflicting

can not perform 8 suppress effect of
two functions at
waste
the same time 9 introduce new
means

9.

waste

4. remove the need

8. use alternative means

to perform the
functions
simultaneously

prioritise functions

5. remove the need

lOuse alternative means

to perform the
functions
simultaneously

Table 5.1: couplings and dc-coupling remedies for the three PRIS domains
The above described couplings are not of a "yes or no" nature; there is a grey area between yes

and no. The tolerance of the coupling expresses the severity of the effect on operational
capabilities. This makes it possible to generate different strategies to decouple functions with
different effects. The financial consequence of removing the coupling has to be set against the

gained operational capability. The subject of making these decisions is treated in the next
chapter. Table 5.1 gives an enumeration of the introduced types of couplings, together with
their effects and an overview of possible remedies. The suggestion is to start with remedies in
the physical domain, because they have the most elementary character. During the design it is
still possible to find solutions without reducing capabilities. When no appealing remedies are
left, further investigation into optimising the use of available means is required. Remedies in
the control domain will in most cases lead to some degradation of capabilities (even if it is
only the enhanced attention of the ships management). It is time to address the functional
requirements when the first two approaches fail. This sounds very ominous, because it directly
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limits the capabilities of the ship, but not all couplings have a dramatic effect on performance.

lt is stressed again that the sequence from physical to functional domain is just a general
suggestion; the focus of attention is not only determined by operational consequences but also
by costs.

5.3 INTRODUCING FACTS AND CONSTRAINTS

A designer does not only use a PRIS to store and retrieve information, but several parties
having interests in the warship also contribute information. The purpose of this section is to
shed some light on which conditions and restrictions are applicable. A start is made by
analysing the role of stakeholders in the design process of a warship, and then we will deal
with some tools enabling us to assess the effects of additional information in our PRIS.

5.3.1 The role of the stakeholders
The stakeholders have been introduced in a design context model (in sub-section 4.2.2). In
this sub-section it is shown what the relation is between stakeholders and information
domains within the PRIS. The stakeholders are:
1.

2.

3.

4.

the user (of the ship; not the crew, which is the operator of the ship)
the operator
operational department
technical and logistic departments
the provider
of personnel
of materiel
the supporter
of personnel
of materiel

A distinction is made between user and operator. The user is the party that has a vested
interest in achieving (military) goals. In general terms: stakeholders cannot be a part of the
warship system itself. It is not the purpose of the design to affect the infrastructure of the
stakeholders, but it is the purpose to meet the demands of the stakeholders. Martin4 considers
a user not to he a stakeholder. Users provide user requirements" which are further processed
into system requirements. Stakeholder requirements follow a similar flow down. One could
argue that the design process, according to Martin. starts by translating user and stakeholder
requirements into system requirements. One could argue then that the distinction between
"users" and "stakeholders" does not provide additional information.
The fact remains that the "user" provides functional requirements to the design. The provider

and the supporter stakeholder can indeed provide functional requirements, but these
requirements are not functional relative to the design of a warship. They may be functional in
the context of provider" or "supporter" policy in general (if these policies indeed exist), but

these policies do not influence the "user" in expressing its need to possess a certain
operational capability. The proposition is to persevere in distinguishing four stakeholders.
including the user. The influence of the stakeholders on the design is shown in Figure 5.5
representing the interaction of each stakeholder with an information domain.
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Figure 5.5: stakeholders and their relation with PRIS domains

5.3.2 Facts and constraints
Facts and constraints are of the same nature, hut differ in the degree to which they limit the
size of the design envelope (i.e. the freedom of the designer). Constraints limit the value of
one or more design parameters to a defined range. Facts are constraints with a defined range
of zero length for one or more parameters; facts commit design parameters to an exact value.
A requirement like "the ship shall displace no more then 4000 tons" is a constraint, and "the
ship shall displace 4000 tons" is a fact. These examples from a not so distant past are of
course counterproductive to a good design. However relevant examples, rightfully part of the
design process. can be found.

Example 1: a constraint
"Provide a safe and stable platform" is in fact a part of the functional requirement for the
function "provide survivability". This requirement lacks quantifiable content, resulting from
the inability to provide an acceptable level of risk. The functional requirement should of
course read something like: "the ship shall not be lost or seriously damaged due to a lack of
stability on more than one occasion in every 1000 years". A generally accepted standard on
stability is prescribed instead of a functional requirement that is impossible to quantify. The
standard acts as a constraint, because it states that the ship should have a minimum level of
stability overshooting is allowed. The constraint resulting from required compliance with the
stability standard is effectuated solely in the physical domain. However relations between
domains in the PRIS make it possible to trace the stability standard back to a function.

The previous example was one of the influence of the "user stakeholder". The next example
finds its origins in the domain of the "provider stakeholder".
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Example 2: a fact
The provider may have the position to state that the new design should comply with an
already ongoing project or adopt an already existing system. An often occurring example of
this can be found in the Close In Weapon System (CIWS) of the RNIN. The provider has a
CIWS available and is not intending to buy or develop a new one. The prescribed usage of an
available CIWS is a fact. It would be useless to make a functional requirement in a situation
where complying or not complying to the functional requirement is of no consequence.
Instead one could adopt the following procedure. The given CIWS has certain performance
characteristics under ideal testing conditions. But performance is reduced under actual
conditions due to for instance ship motions, available arc of fire and rate of turn. Functional
requirements must have a format where the degradation of the ideal performance is limited to
a certain level".
Example 2 is also not uncommon; new designs have to fit into other long-term developments.
Indeed, most weapon and sensor systems are the result of long-term projects. often developed

in co-operation with other nations. These systems can also be the result of independent
developments by industry, which is often the case with weapons (RN1N is in these cases a
"smart buyer"). These long-term projects can not be adjusted or started at any given time just
for the benefit of one (conceptual) design effort of the RNIN. The latest Frigate development
of the RNIN, the ADCF, was for instance greatly influenced by the development of the Active
Phased Array Radar (APAR).
Stating functional requirements partly in terms of consequences of facts and constraints
reduces the design space to only wanted solutions, while at the same time avoiding useless
functional requirements. However this should not be used as an easy way out of making
difficult functional requirements; it should only be used if functional requirements can not be
generated. A further risk involved is that the adoption of many facts and constraints limits the
design space to a degree where viable designs are not possible anymore. One has to be aware
that the design is still in a conceptual stage and that the full consequences of adopting facts
and constraints is not yet fully known. The subject of limitations on information content in the
design paradigm is dealt with in sub-section 5.3.4.
The assumption made in this section is that the effects of the facts and constraints are known
(i.e. the effects are certain). In real life this is of course often not true. The effects will often
have an uncertain nature and the designer has to make assumptions on what the effects will
be. The subject of these assumptions is further dealt with in the next section.

5.3.3 Postulates
A postulate is in a strict sense a hypothesis advanced in a train of reasoning: a hypothesis is
used without assessing whether or not the hypothesis is true or false. lt is of course not the
intention to promote widespread use of unchecked hypotheses. Instead the proposition is to

use (design) postulates in cases were the designer is not able to. nor responsible for.

Rate of turn is the speed at which the heading of the ship can be changed (degrees per second).
For instance a Goalkeeper has a certain performance when it is placed on an "ideal" stable platform: the
functional requirement can state that the performance reduction due to ship motions shall be less than x%.
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assessment of the validity of an assumption. The existence of postulates can be attributed to
two circumstances:

the inability or unwillingness of a stakeholder to provide needed specifications to the
designer, or
2. the inability or neglect of the designer to assess the effects of a fact or constraint.

The corresponding factor in both circumstances is uncertainty on assumptions. Chapter 6 will
deal with decision making concerning uncertainties. The next two examples describe a form
of uncertainty within the design process.

Example 1: inability of the stakeholder.
An often occurring problem is that the provider of personnel is not able to predict what class
of personnel (in term of for instance education levels) will be available in the navy in ten or
fifteen years. The designer needs this information in order to tune the level of automation to
levels of competence of personnel available in future. The designer can always return to
common practices and not change anything in the new design, relative to the previous design.
A more proactive approach, more fitting to an innovative conceptual design. may be followed
by stating a postulate concerning the manning of for instance a control room (in terms of both
number and quality of personnel). Acting as if the assumption is true would make it a
postulate then. This allows the designer to go ahead cautiously and at the same time it pushes
the stakeholder in a position where a reaction is required.

Example I is an example of a political nature. Designing is much like politics; both deal with
many parties with many, often conflicting, interests and opinions, whilst under the restriction
of a limited budget being able to satisfi only a part of all interests. The now following second
example is purely technically oriented.

Example 2: effects of facts and constraints.
The APAR was mentioned in the previous sub-section. AFAR is a new type of radar and
during its development its weight, power consumption and chilled water consumption have
been growing. The developments of the ADCF and the AFAR have been on parallel paths.
The APAR is ready just in time for placement on the ADCF. The preliminary estimates on
weight and power consumption will always be lower than in reality. Life for the designer
would be so much easier if the interfaces between the ship and an externally developed system
could be subjected to a fixed specification.

If the provider of example 2 would be able to define interface budgets and stick to them, then
there would be no problem. But developers of systems are rarely capable, or indeed willing, to
keep these promises. Not withstanding the claim of the developer, the designer should make

up his own budgets in postulates. Chapter 6 sub-section 6.2.2 deals with decision making
under uncertainty and particularly the use of Game Theory. Dealing with facts and constraints
postulates is a typical area for Game Theory application.
One cannot overemphasise the importance of addressing the facts and constraints postulates in
an early design stage. Many designs fail or become excessively expensive due to the inability

to address uncertainties in the influence of externally developed parts. One could persevere

with the approach that providers should stick to their promises. But this would be an
unrealistic approach. The designer should at least make sure that he has addressed the subject
of designing under uncertainty in an early stage.
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5.3.4 Limiting the information contents
An analogy to mechanical engineering comes to mind when dealing with the amount of
information that can or should be admitted in a design. For instance the suspension of a gas
turbine has to be limited to fixing exactly 6 degrees of freedom. The gas turbine is not fixed
properly if the suspension system limits less than six degrees. The gas turbine becomes highly
vulnerable to manufacturing tolerances and to expanding and shrinking when more than six

degrees of freedom are fixed (i.e. when two suspension units limit the same degree of
freedom).

Suh5 offers a mathematical representation of information contents in a design. Equation I
describes the relation between functional requirements (FR vector) and the design parameters

(DP vector). The design matrix A states which DP's are part of a FR. Equation 2 is a
representation of FR = function (DPX, DPV,
{FR} =[A}{DP}

(1)

FR=ADP1

(2)

Each element of the design matrix [A] relates a component of the FR vector to a component
of the DP vector. An clement of the design matrix may be expressed as:

A,3FR

(3)

This is a mathematical expression, hut it roughly coincides with the concept of relevance as
dealt with in the previous chapter sub-section 4.4.1.
The simplest form of design occurs when all the non diagonal elements of [A] are zero, as
expressed in equation 4:
A

[A] =

O

O

A22

O

O

O

A.3

(4)

In this case each FR is determined by one DP. This allows for making changes to the value of
one FR without changing the value of other FR's.

Most problems in warship design will not fit into this construction. We have defined, on a
conceptual level, that functions are independent as would be perceived by a user of the ship.
But tasks placed in functional chains cannot fulfil the condition of equation 4. The design
matrix [A] will then consist of many non-zero elements outside the diagonal.
Suh (op. cit.) recognises a special form of an independent or uncoupled design. Equation 5
shows a matrix where only the lower triangle is non-zero. In this case independence is assured
by adjusting the DP's in a particular order.
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A11

O

[A]= A,

A,,

O

A.,

A.,,

A.,,

(5)

After introducing the design equation of Suh it is now time to test the theory on a small
example. Let us suppose that we are dealing with the function "Mobility" and that we have
three functional requirementsiV available:

provide a maximum speed of 30 knots.
an unexpected degradation of mobility due to malfunctions is allowed not more than
once every 1000 running hours.
at least 95% availability of mobility during operational period of 30 days.

The following DP's can be listed:
power
reliability of the installations
technical expertise
repair time

FRl is a function of power (it will be shown later why we do not consider other DP's like
displacement and hull form).
FR2 is a function of the reliability of the installations, installed power (high power margins,
less malfunctions) and of the technical expertise of the operators.

FR3 is a function of power, reliability, repair time and of the technical expertise of the
operators (if the technical expertise is low more damage can be expected due to mistakes).
A

FRI

FR2 =
FR3

A.,1
A.,

O

O

O

A,,

A.,.,

O

A.,2

A.,3

A.,4

DPi
DP2
DP3
DP4

(6)

Equation 6 shows the design equation for the problem described above. lt is apparent that this
is a coupled design, what we expected it to be. Suli does not make a distinction between the
physical domain and the control domain. Equation 6 is the result of two mapping processes:

one from the functional domain directly to the physical domain and one via the control
domain to the physical domain. This is an accurate description of the situation during the
design phase of a warship (hence design equation). The first mentioned mapping process is
not available to operators of a warship during actual operational conditions, because the
contents of the physical domain cannot be changed anymore. The behaviour of the physical
domain can only be influenced by the control domain. Equation 7 describes the mapping
process in an operational condition (named the operational equation from now on). The
reduced format of the operational equation is the result of the fact that all DP's from the
physìcal domain are fixed. DP's from the control domain remain flexible.
' The values of these functional requirements are fictional (not unrealistic however) and they are solely generated
for the purpose of this example.
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rA)31
FR3] = LA'3J[DP3]

FR21

(7)

We can now see that only DP3 is able to (partly) influence the performance of functional
requirements 2 and 3. Functional requirement I is completely fixed in equation 7. This
explains why we made the deliberate mistake of not including displacement and hull form in
the design equation because they would have disappeared in the operational equation anyhow.

Now let us suppose that we have two facts, one of the provider of materiel and one of the
provider of personnel:
Fact 1: The provider of materiel has made a deal with several other navies to conform to one
standard choice of engine. The choice of an engine is therefore not a DP anymore.
Fact 2: The provider of personnel wants to conform to civilian standards and wants an

unmanned control room during transit conditions. The watch officer on the bridge
who will get some basic training on propulsion systems will perform control and

monitoring of the propulsion system in future. The knowledge of experienced
crewmembers with respect to propulsion systems (DP3) is consequently removed
from the propulsion control task.

Implementation of fact i has no effect on the operational equation. The effects of fact I can
only be assessed in the design equation. Equation 8 shows the design equation after fixing

DPi. The direct consequence is that FRl has been dropped and that some doubt arises
whether FR2 and 3 can still be reached.

r FR2
FR3
L

A22

A23

O

A31

A32

A33

DP2
DP3
DP4

(8)

Implementation of fact 2 has a positive effect on the design equation. at least according to
Sub's practical application of the independence axiom (Suh op. cit. page 57). The design
equation has been transformed in equation 9 to a triangular matrix, constituting the uncoupled
or quasi-coupled design equation (Suh op. cit. page 56). The conclusion could be that there is
no problem in accepting fact 2. Instead the design becomes easier because of its uncoupled
nature, at least if we fix the DP's in the sequence of DPI, DP2 and DP4. However, this would
be a wrong conclusion. The operational equation (7) shows a relation between the technical
expertise (DP3) and FR2 and 3. Limiting or reducing the technical expertise of the operator
completely removes the ability to compensate for design flaws or unforeseen operating
conditions under operational conditions.
FRl

A

O

0

FR2

A2

A,,

O

FR3

A31

A3,
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(9)

It is now time to generate a postulate. The designer takes a hard look at the problem and
comes up with the following postulate:

Lack of expertise in interpreting alarms and malfunctions will have to be compensated by a
greater reliance on independent safeguards on installations. It cannot be avoided to perform

emergency stops in situations where experienced crew have the ability to overrule the
emergency stop. The effect on the availability of the mobility function (FR3) will be
negligible because the installation can immediately be restarted without repair (by more
experienced crew members). However, this results in a higher number of precautionary
emergency stops than normal, and there is considerable doubt whether FR3 still can be
reached.

The result of the postulate is that FR2 has to be dropped. This does not mean that no
consideration will be paid to reaching FR2: it means that FR2 will become a result of the
design instead of a design driver, notwithstanding the fact that the results from the design
equation gave no reason to delete FR2.

The conclusion is that the introduction of facts and constraints on design parameters from the

physical domain can he addressed in the design equation. However, facts and constraints
placed on design parameters from the control domain have to be viewed in the light of the
operational equation. lt has also to be noted that the theory of Sub is in this instance an
illustration. Suh assumes the existence of functional requirements and the purpose of
conceptual design is to find out what the functional requirements should be. It is perfectly
allowable, even required, to add or delete functional requirements during conceptual design.
Suhs notion that the design becomes easier when the design matrix is triangular is true if one
looks at the effort of the designer. It does not necessarily reduces the effort of the operators of
the ship because the removal of couplings is sometimes accompanied by the reduction of the
ability to compensate, in the operational phase. for design flaws or unforeseen environmental
conditions.

5.4 ORGANISATION OF THE DESIGN PROCESS
It is obvious that one individual does not make a complex design, such as a warship. The
amount of work. the wide range of required expertise and continuityV requires that the design
is made by a team. It might also be necessary to farm a part of the design out to a specialist,
who can work on it individually for a limited period of time. This requires that chunks can be
defined which cut as few as possible interfaces with the rest of the design. These two aspects
are the subjects of the next two sub-sections.

5.4.1 Systematic design and design teams

The existence of a team with a shared design responsibility requires organisation and
leadership. Both aspects need to be present, but a further distinction between the two can be
made. Organisational issues deal with providing team members with jobs, appropriate for

Continuity can also be interpreted as redundancy within the team; the withdrawal of any team member may not
endanger the design process.
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their skills, field of expertise and experience. The effect of an organisation is measurable only
in terms of efficiency: the degree to which goals can be accomplished.
Leadership has of course an important role to play in an organisation. The organisation has to

be maintained and informed and work has to be distributed between team members. The
management aspect of leadership is therefore also measurable in efficiency; the effectiveness
of a design office is purely the result of the ability to set goals for the design and communicate
these goals to the team. This requires vision, commitment and an understanding of the design

process. This may be true for most organisations. but the aspect of having a vision is
exceptionally important in conceptual design. There is no profit or loss for which somebody
can be held responsible. There is nobody going to tell the design leader which goals set
against which risks are acceptable. And there is nobody going to tell him which goals are
achievable, because, in all likelihood, the design leader is already the most knowledgeable
person.

The design team must be able to behave as if it were one person. the ideal designer. when all
the above mentioned ingredients of an efficient and effective organisation are present. Is this
state obtainable and if not: why not?
Before we answer this question we can look into a research study of Christiaansô who studied
patterns of problem solving in design. Twenty subjects were followed in their attempts to
solve a design problem. Each subject received the same design brief and background
information. The design problem had to be solved within a pre-defined time span. Christiaans
(op. cit. page 111) uses a scale of four to distinguish levels of experience:
naive subjects: not attended any design course.
novices: students who finished first year course in industrial design
intermediates: final year students in industrial design
experts: graduates or faculty' members

Amongst the twenty subjects were a group of novices and a group of more experienced
designers (in between intermediates and experts). The design made by each subject at the end
of the test was assessed by a group ofjudges on six attributes:
creativity,
attractiveness.
technical quality.
usability,
economic value and
overall value.

The analysis of the experimental data focuses on the relationship between the creativity score,
the level of experience and the design strategy followed; our interest, for the purpose of this
discussion, lies in the analysis of the overall value. Observations on the subjects resulted in

the identification of several characteristics of novices and more experienced designers
(Christiaans op. cit. page 1 16-118). The following characteristics are relevant to our
discussion:
novices:
solve a problem they can comprehend
use constraints from their own experience
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work backwards (i.e. find a solution for a sub-problem and then try to find a solution for a
next sub-problem)
tend to redesign a previous design (the previous design was shown in the design brief)
use the program of requirements only in the end to evaluate alternative designs
more experienced designers:
use a more problem oriented approach
try to solve the problem as a whole

The overall performance of more experienced designers was assessed as being better than the
performance of the novices. Although intermediates have been taught to make a
decomposition, they did not demonstrate this ability. Christiaans (op. cit. page 116) assumes
that this is possibly due to lack of education. However there could be another explanation.

Novices cannot deal with the problem as a whole and decompose the problem into subproblems (see working backwards). But novices base this decomposition on incorrect
arguments. Intermediates do not feel the need to decompose the problem given the relative
simplicity of the design and the time constraint. Novices do want to decompose but cant and
intermediates can decompose but dont.
The next step in the reasoning process of this section is to find a relation between the findings
of Christiaans and the performance of a design team.

A design team working on the design of a warship typically consists of few experienced
designers (generalists) and many more experienced specialists. Experienced naval designers
have since long given up the notion that a warship can easily be decomposed into independent
sub-problems. Instead they have obtained the ability to develop and maintain a mental model

of the design as a whole. Since the introduction of the computer this ability has been
supported by numerical models such as described in sub-section 2.2.2. It can therefore be
assumed that experienced designers tend to behave like the intermediates from the test case
described above. Specialists have not been in a position to obtain a mental model of a warship
as a whole, and therefore tend to function on the level of (design) novices. This is to say that
they are novices in integral warship design. of course not novices in their particular field of
experience.

One of the driving forces for studying the subject of conceptual design was the observation
that design teams as a whole (i.e. seen as a single entity; not as a group) tend to behave
according to the characteristics of a novice designer. The presence of experienced designers
apparently does not raise the overall level up to their own level. The hypothesis is that the key
role in this problem lies in the earlier mentioned paradox that experienced designers could
develop a PRIS but do not feel the personal need to do so and specialists do need to use a
PRIS but do not have the experience and knowledge to make an information structure. The
solution is now of course an obvious one: experienced designers within a team must make a
PRIS even when they do not have a personal need to do so. An information structure can be
the tool that enables a specialist to function on a higher level of design experience, thus
increasing the overall performance of the design team, whilst at the same time enabling a
more unambiguous and consistent communication.
The question arises how to distribute work over team members, given the fact that a design
team will consist of generalists and specialists. High efficiency of the design team requires
that each person is doing the right job. This subject is further dealt with in the next section.
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5.4.2 Design problem sizing
The previous section concluded that the organisation of a design team requires that a design is
divided ideally into completely independent subdesignsv. In the following text we will use
the term "modules" for these sub-designs. A trivial conclusion is that the only ideal module is

the warship itself, because any division will result in some relations between separate
modules. The conclusion in itself is useless but it directly leads to a next conclusion. The
division into modules is apparently subject to an optimisation process. One possible tool for
addressing this type of optimisation is mentioned in sub-section 5.3.4 in dealing with the
design equation of Suh. Another possibility can be found in for instance the application of
graph theory (see e.g. De Ridder7). Yet another viewpoint is mentioned in Chapter 4, subsection 4.3.2.. namely that the stop criterion for task decomposition coincides with the notion
that each property of a task needs to be relevant for that task in all operational considerations.

The main disadvantage of the first two approaches is that they are only applicable in
hindsight, because only then sufficient knowledge is gathered to assess the relations between
design parameters. The purpose of this sub-section is to find heuristics by which modules can
be defined before all facts are known. It is interesting to note that several manifestations of
modularity have presented themselves already:

1. The RNIN adopted (as most navies do) a work breakdown structure based on technical
properties of systems. This results in groupings of for instance hydraulics, piping and paint
systems. The advantage is that it concentrates technical expertise. But it clearly violates the
independence criterion of an independent module. The result is for instance that the
gearbox is dealt with separate from its lubrication oil system.

Optimisation of the ship building process resulted in a gradual change from first building a

7

hull and then trying to fit in all the components to pre outfitting of large modules. This
trend was first noticeable approximately 30 years ago in civilian shipyards. Naval yards
have been dragging a little behind but (most) modem naval shipbuilders also adopted a
modular building program. The Hamburg based yard Blohm and Voss have been the frontrunners with their MEKO Frigate series. A dominant factor in the definition of the modules
has been the scope of delivery by suppliers of the yards. As a result many modules can be
found in for instance ventilation units, accommodation units, weapons and sensors (often
delivered as turn key systems).

3. The only Frigate designs fully incorporating modularity in an operational sense are the
STANFLEX class Corvettes of the Danish Navy and to a certain degree the MEKO
Frigates. The operational modules have been almost completely limited to weapons and
sensors because these systems are placed on or near the outside of a warship. No naval ship
as of yet has been realised to accommodate the removal of large internal modules.
We can now recognise three categories of modules:
design modules,
building modules and
operational modules.
This coincides with the second guideline of De Ridder as mentioned in sub-section 2.2.4.
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Both building and operational modules deal with realised physical components, instead of
paper modules, as is the case with design modules. An operational module had to start life as
a design module because the requirement for modularity has to follow from a functional
requirement (or from a stakeholder). But it does not work the other way round. For instance
distributed systems (electricity distribution) can be a design module but it cannot exist as a
building module. These practical restrictions lead to a premature end of life for several design
modules.

In Chapter 4 tasks have been introduced, together with corresponding controls. These controls
need to be connected to tasks. However not all tasks need to be connected to a control. The

question is can: a task without control be a module ? For instance a propeller shaft is a
machine allocated to a task. There is no control possible directly on the shaft. But still, if a
bearing overheats the shaft needs to be stopped. The control for realising that is actually
situated on the gearbox (brake). It seems logical, in the light on the discussion on modules, to
combine the gearbox and shaft in one module. The requirement of a design module is that at
least the control change status" is applicable to the module. By doing so it is at least ensured
that the specialist working on this module has to consider under which conditions the module
can be used. There are two trends noticeable:

I. The stop criterion for task decomposition leads to many layers and to tasks without
connected controls (a task without controls cannot have different properties in different
conditions).

2. The above mentioned heuristic for the formulation of modules is based on minimising
interfaces between modules. In other words: tasks without directly connected controls need
to be placed in modules together with tasks where the indirect controls are connected to (as
in the above mentioned example of the gearbox and propeller shaft).

Consequently there are some conflicts in implementing both trends'': task decomposition
leads to many tasks and a part of design synthesis is the generation of design modules
(consisting of a group of tasks). It is the job of the designer to find a practical balance between
both trends.
There are disadvantages connected to farming design modules out as described above. lt is not

without reason that the traditional work breakdown structures survived. The knowledge
required for dealing with complicated technical systems requires specialisation to a limited
field of expertise. The traditional work breakdown structure provided an excellent opportunity

to make use of the skills of specialists (for instance all valves are dealt with by a valve
specialist). This makes it easy for a design department to allocate personnel to a job, but this
does not contribute to the efficiency of a design team because the distribution of knowledge
makes it very difficult to assure a coherent design. However the PRIS provides the possibility
of distributing knowledge over all designers and specialists, improving the coherency of a
design process.

The ultimate module is the warship itself; in which case there would not be any interfaces left, but it is also
clear that this would be an impractical and even trivial solution.
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5.5 DISCUSSION
Chapter 2 finished with the conclusion that an information structure enables the designer to
navigate efficiently through various design phases. consequently making recursive actions (or

design iterations) easy to perform. Chapter 3 placed this in a more general model. The
discussion concerning the improvement relative to the concept of perfect design is left to the
final discussion on this thesis in the concluding chapter. For now we will limit the discussion
to the degree to which the PRIS enables the designer to function without having to adhere to a
phase like flow of design steps. We have further established in Chapter 3 that working with
information systems involves a sequence of four facilities:
function.
information,
navigation and
decision making.

Chapter 4 covers the first two and the last one, decision making. will he covered in the next
chapter. The issue of navigation is therefore left to this chapter.
Chapter 4 introduced a control structure for warship management in Figure 4.1. Chapter 4

further explained how the elements of the control structure can be analysed and which
information is relevant for the design process. The PRIS together with the operational and
support scenarios introduced in this chapter, is a direct derivative of this structure. This
enables us to navigate through the elements relevant for a design without having to make a
cumbersome translation from design knowledge to a PRIS and vice versa.

We should resist the temptation to prescribe a sequence by which the PRIS should be filled

with information, now that we have established that the role of a PRIS is that we free
ourselves from a fixed prescribed phase like design process. What we can establish is that
there are two triangles in the PRIS together with the two scenarios that can to a certain degree
be analysed in isolation. These are the support triangle and the external oriented functional
triangle. The analysis concerning these two triangles is further described in Chapter 8 and
Chapter 9 respectively. Just because it is possible to treat these triangles in isolation to a
certain degree. is it also logical to start a design, and therefore also the process of filling the
PRIS with information, by starting with these two triangles. This is the interpretation in this
thesis of the concept of scenario based design as put forward in Chapter 4.
One of the goals of this thesis is to provide an alternative of variant design, a type of design
that is highly dependent on existing warships (evolutionary design). One could argue

however, that product information structures have been used, but only in a implicit and
difficult to recognise manner. The warship that is used as a starting point for further
developments, functions as a product information structure for a new warship. For instance
properties of a diesel generator are extracted from the existing warship and the interfaces (i.e.
relations) with other systems are documented. The specifications of the diesel generator can

be changed or modified in order to cope with the requirements of the new warship. The
existing warship is in fact a product information structure that supports almost any viewpoint.

The problem occurs when the diesel generator is "placed" in the new warship design:
interfaces change, new relations with previously not existing systems appear, other previously

related systems disappear altogether. The product information structure of the existing
warship is not the same as the one of the new warship design. We are therefore deterred from
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making large steps from an existing warship to a new one because large deviations lead to
risks i.e. high probabilities of not recognising important interfaces and relations. If we want to
use an original" approach to design, via the function analysis described in this thesis and if
we want to progress in big leaps instead of small steps; we consequently need to support the
design process with a product information structure in order to reduce this risk to acceptable
proportions.

The subject of decision making is dealt with in the next chapter. The PRIS is capable of
storing decisions. However the history of decision making is not supported by the PRIS
because the PRIS is always a momentary view of the information. For instance removed
relations between elements from domains are lost after the moment they are broken. This is a
subject for further improvements of a PRIS.
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6. DESIGN DECISIONS
"Uncertainty is one of the fundamental facts of life"
(F.H. Knight5

Iterations will always be a substantial part of the design process. Integration will
show alternatives for solutions and some problems, faults and inconsistencies. One

facet of integration will be some sort of procedure for optimising cost versus
performance or in any case getting the estimated cost of the design into the bracket of
the available budget. The question remaining is how to apply an economic criterion in
the design process, not only for design problems in which alternative solutions are

quant Ulable in performance parameters, but also when alternatives can only be
compared on an ordinal scale. Incompleteness of information and thus uncertainty in
the design process as well as the conditions under which the design has to prove itself
introduce a risk of making the wrong decision. The goal is not only to reduce this risk
but also to behave rationally and to make decisions consistent with the assumptions
and estimations, even when they are based on imperfect knowledge. in this chapter
parts of economic theory related to decision making and welfare are treated. The
reason for this is that, besides practical relevance of these theories in decision making,
it provides a way of thinking that underlines the decision processes treated in this
thesis. Some basic elements of microeconomic theory are presented for readers not
familiar with microeconomics. lt is farther noted that the theory concerned, in which
we will have to use literature sources from 1921 onwards, is not customarily applied
in the context of design.

6.1 INTRODUCTION
Problems in generating an effective unit of measurement for performance are inherent to
designing warships. In a standard cost benefit analysis both cost and benefit are expressed in
one unit: money. making comparisons between alternatives fairly easy. This is equal to
comparing alternatives on the basis of their levels of efficiency. The performance of a warship
is measured in degrees of effectiveness: for instance the number of targets destroyed or the
expected sustained damage as a result of a developed threat. lt is clear that making choices,
based on degrees of effectiveness. between targets destroyed and the chance of survival of the
warship is subjective. As a result a unit of measurement can not be generated based on pure

reasoning. Instead sometimes expert opinions are used to form a mathematical model of a
measurable unit of performance. One of the advantages of mathematical processing is found

in making the diverse set of expert opinions consistent. However, Saaty2. one of the
predominant promoters of mathematical support of decision making, states that "Economic
theory is tied today very strongly to its unii of measurement", hut has problems in dealing
with political and social values that do not have economic' implications ". Saaty is in a formal
For instance ifA is better than B and B is better than C, then A should also be better than C. See also transitivity
as dealt with in sub-section 6.2.3.
Saaty considers money to be the Unit of measurement within economics.
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sense correct in stating this. A widely accepted definition of economics is put forward by
Robbins3: "Economics is the science which studies human behaviour as a relationship
between ends and scarce means which have alternative uses". Van de Woestijne4 also limits
the field of economics to situations where both scarce means and benefits are measurable in
the same unit, in order to make exact calculations on comparing alternative directions of
spending scarce means possible. He even used an example of a military strategist using scarce
means in a war and concludes, notwithstanding rational decision making of the strategist, that
economics is not able to aid the strategist. Saaty chooses to go around the problem of formal
decision making by implying that it is possible to aggregate these answers into a solution if
one asks questions to decision makers. This is a rather passive approach. In order to play a
more proactive role, the designer has to gain more insight on how decisions are made, and it is
just the science of economics we have to look further into.

One of the world's management gurus, Henry Mintzberg. is quoted in an interview published

in FORTUNE (Palmer'): The idea of doing strategic planning through software is
ridiculous. Strategy is a process of synthesis .... a process of debate, planning, exchange ".
This somewhat popularly stated criticism on formalised strategic planning or decision making
is supported b\ Kerstholt and Raaijmakers6 when they start their discussion on decision
making in dynamic task environments by stating that: 'Two decades of process tracing

studies have provided one robust conclusion: there is no generally used strategy for a
particular choice problem, but the selected strategy is highly contingent upon various task
and context factors, such as complexity or time pressure
In an ideal situation decision making would solely consist of an exact reasoning process; in

reality this cannot always be the case. A pointer towards utility theory can be found in De
Groot7 who states that evaluation often leads to considerations or calculations concerning the
utility of several concepts, which is sometimes very difficult due to incomplete information or
not possible due to uneven distributed levels of uncertainty or risk over various aspects

relevant for evaluation. Even more than a suggestion to use utility theory is found in
Hennipman8. when he uses a quote of J. Lesourne as a motto of one of his chapters in a book
on welfare economics and economic policy. The motto reads as follows: if economists wish

to express their problems in terms allowing them to explain to decision makers the
consequences of the various options, they must concentrate on comparisons of utility."

lt has been established in earlier chapters that the design process is dynamic. The fact that the
system in which decisions have to be made changes over time, requires that it is not sufficient
to know how decisions have to be made; a designer also needs to be capable of determining
when a decision needs to be taken. Kerstholt and Raaijmakers (op. cit.) provide us with some
characteristics of decision making in a dynamic environment:
I. situation changes over time (or real time according to Sage9),
availability of feedback and
need to make several (interdependent) decisions.

This introduction gives us a framework for further discussion on individual choice. However,
design decisions are seldom made by individuals. Group decision making processes provide
us with some additional choice problems. The first part of this chapter deals with individual

choice, whilst the second half deals with the added difficulties found in group decision
making. For the latter we will use some aspects of welfare economics, which are focussed on
compensation criteria.
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6.2 INDIVIDUAL PREFERENCES
This section deals with choice problems of individuals. We will start by dealing with some
basic economic theories whilst assuming perfect information and rational behaviour of

decision makers. Then we will look into the consequences of restricted availability of
information, thus introducing risk and uncertainty in decision making. followed by tackling
the second assumption. namely the origins of possible irrational behaviour of the decision
maker. The section is finished off by discussing some practical aspects.

6.2.1 Some aspects of the theory of consumer behaviour
Decision making processes regarding investments in a social-political context require that one
has to weigh preferences and costs against each other. This is also the case with warships. As
is explained in the foregoing section, the numerous aspects of a warship's performance camot
be expressed in one measurable unit, whilst costs are expressed in such a unit (i.e. money).
From the second half of the 9° century on, related problems have been studied intensively in

economic science, which in the theory of subjective value largely reached satisfactory
solutions. The insight obtained thereof can be applied also in other fields as e.g. in conceptual
design of warships, which will be explained in this section.

Microeconomic theory distinguishes Price Theory of which the Theory of Consumer
Behaviour (including the Theory of Value) is the first part and the Theory of Production the
second. In very basic terms, producers buy semimanufactures, materials and other means of
production, rework the semimanufactures to increase their value on the market and sell them
as products (or services). Microeconomics describes steady states and optimising processes,
using comparative static and dynamic models. Characteristic is that both input and output of
the processes are measurable in the same quantifiable unit: money.
The theory of Consumer Behaviour uses mathematical expressions similar to the ones used in
the Theory of Production, but the conditions under which these expressions are valid differ.
Consumers are placed before a problem that differs from the one envisaged by producers. A
consumer or a household has a limited budget or income, and the theory describes how a
rationally behaving household spends its money optimally on the purchase of various goods
(including services), in which aspects like health, social standing. etc. are also significant.
Is the navy a producer or a consumer? Listening to modern management ideas one could
conclude that the navy is a producer of safety at sea. But the navy normally does not get paid
for this service; the navy has a yearly budget and is set before the task of maximising the
utility of this budget. Therefore, one may conclude that the navy acts like a consumer and that
the behaviour of the navy should be primarily explained by using the Theory of Consumer
Behaviour.

Microeconomic theory is characterised by marginal optimisation. which is the application of
marginal analysis to the objective function. For a long time, economic scientists have been
discussing whether utility has a cardinal character (i.e. is measurable) or only an ordinal one
(involving the ability to rank as is the case in for instance telephone numbers). This does not
regard so much the question whether utility is principally measurable, but rather if it could be
possible to overcome the technical problems of measurement (e.g. Ng'°). This problem was

solved, as far as it concerns the theory of consumer behaviour, by the introduction of the
concept of indifference (or iso-utility) curves, depicting combinations of commodities equally
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eligible to a consumer. This makes a cardinal nature of utility unnecessary

(see e.g.

SchumpeterTM. Samuelson12 or Ng op. cit. page 14). This solution is not sufficient in welfare

economics, of which some aspects are treated in Section 6.3. There is also an ongoing
discussion about the question if interpersonal comparisons of utility are all subjective
(normativew. ethical or political) or that they. to a certain degree can be of an objective
(positive) kind. (see e.g. Ng, op. cit. page 15 et seq.)

An indifference curve, respectively surface, is the locus of points - particular combinations or

bundles of goods - which yield the same utility (level of satisfaction) to a consumer. The
following elaboration can be found in many standard textbooks on microeconomics (see for
instance Koutsoyiannis'); a more comprehensive explanation can also be found in Annex C.

The concept of budget constraint is used to indicate the optimal spending of a consumers
income. A budget constraint is the locus of points - particular combinations of goods - that a
consumer can buy with a certain amount of money (i.e. his income), given the prices of these
goods. Figure 6.1 shows iso-utility curves and a budget line.
The marginal utility of a commodity is the change of its utility for the consumer concerned, by

a to zero approaching change of the quantity of that commodity. Indifference curves are
convex to the origin. This is due to the fact that the marginal utility of a commodity decreases
as the quantity of this commodity increases. This is called Gossen's First Lawiv. The further
away from the origin an indifference curve lies, the higher the level of utility it indicates. The

equilibrium is reached at the point of tangency of the indifference curve and the budget
restrictionv.

For a two dimensional analysis as used in Figure 6.1, one can substitute commodity 2 by
income, meaning in this case all other commodities. The same is possible for all other

commodities under consideration by a consumer. This means that an individual has
maximised the satisfaction resulting from spending his income if the last spent monetary units
iso-utility curves

''

combination of q1 and q2
with maximum utility

budget line

q1

Figure 6.1: iso-utility curves
"The term normative' is used in science in two different meanings: as the opposite of value-free ("positive"),
and as containing applicable rules that, to one's own best knowledge, proved to be correct.
I-1H. Gossen, forerunner of the Austrian School of subjective value, introduced the 'Law of diminishing
marginal utility'S in 1854. Different from the Law of diminishing returns in the theory of production. it is not a
law but an axiom derived from observed behaviour (there are some exceptions however).
Two indifference curves can never intersect because of the assumption that indifference curves are reversible.
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for the different uses have equal marginal utilities. This principle is known as Gossen's
Second Law, which is a theorem unlike his First Law: In order to secure a maximum of
satisfaction from any good that is capable of satisfying different wants, an individual or
household must allocate income to the different uses in such manner as to equalise its
marginal utility in all of them (e.g. Schumpeter, op. cit. page 910-911).

These are the foundations of a simple model of consumer choice. There are of course more
complex generalisations and there are more complications to be analysed. However, the model
presented here is a sufficient description of the principle that matters in this framework.

Now one could think that statements like "Gossen's Laws" are more or less trivialities.
However, as Schumpeter said: " We must not forget that the proudest intellectual structures
rest on trivialities that are entirely uninteresting in themselves" (Schumpeter op. cit. page
911). Also in this case a number of important theories have been erected based on these
"trivialities". Besides this consideration, it is just Gossen's Second Law that is very often
violated in political decision making, which will also prove to be of importance for the subject
of this study.
Machlup'4, one of the key theoretical economists of the 20h1 century, addressed the subject of

dealing with exactly these kinds of trivialities in an essay on "the extreme difficulty of
calculating". Machlup uses his often cited analogy of the theoretical automobile driver. A
driver of a car wanting to overtake another car has to judge the situation and possibilities. He
has to judge his speed. the speed of the car he wants to overtake and the speed of an oncoming
car. He also has to make judgements on distances between the cars. That is not all; he then has
to judge his capability to accelerate to a higher speed and anticipate on possible reactions of
the other two cars. Together this is a very complicated problem and it can, if at all possible,
only be described with very complex mathematics (principally able to be carried Out by a
computer). The car driver does not perform all these calculations but he makes an educated

estimation of the situation and overtakes without causing an accident. Consumers do the
same, and as long as all relevant information is available, consumers, without realising it. will
follow the mathematics of the above mentioned theory and behave rationally (at least if they
want). Machlup used this example to make clear that, although decision making is not based

on a conscious use of a certain (in this case) marginal analysis, it is nevertheless de facto
based on it.

The indifference curve theory made it theoretically possible to construct individual price
demand curves, which would result in the collective price demand curve of a commodity.
However, this is not the way these functions are constructed in reality. This is done, in fact, by
market research and by trial and error. The observed gap between theory and real life could
lead to the opinion that the above described exercise could be discarded with. A proposal to
this nature was made as early as 1899 by the prominent Swedish economist Gustav Cassel
(Schumpeter, op. cit., page 1067). On the other hand even elementary textbooks still use the
indifference curve theory; the reason why is expressed by Alchian'5: S'the greatest virtue of

indifJèrence theory is that... the indffrence curve analysis by using an extra dimension
facilitates intercommodity analyses - the heart of price analyses ". Generally spoken, the
significance of the indifference curve theory is that it provides us with a habit of thought and
also facilitates the explanation of some phenomenavi. The insight that the measurability of
For instance the substitution effect and the income effect of a change of the price of a commodity.
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utility is not essential to the derivation of demand curves (Stigler'6), means that the ordinal
character of utility is not an insurmountable obstacle for economic analysis, which will prove
to be also of importance for application of the principle of indifference curves into design
decisions.

The use of the indifference curve theory in textbooks is often accompanied by examples using

for instance apples and oranges as alternative commodities. The fact that even apples and
oranges are not homogeneous is not taken into account. There is no objection against that as
long as the intention is only to explain the principle. Adaptations are needed when more
complex goods are involved, and when for instance complementarity and indivisibility aspects
are relevant. This is all the more so if one wants to apply the principle of indifference curve
theory to the explanation of decisions regarding alternative versions of complicated technical
designs, let alone if one wants to use this theory for optimising these decisions. In this respect
there seem to be two possibilities: either a transition to an improved version of the commodity
is treated as an increase of the quantity of the commodity, which is best suited for situations
for which both costs and performance (utility) are varied. The second option is to treat various

aspects of a commodity as different "goods", in which case the analysis becomes
multidimensional. The latter type of optimisation is more suited for situations where utility is
maximised within a fixed budget.
Decreasing the level of abstraction is necessary because of the fact that, as mentioned above,
most cases have a presence of discontinuities in the alternatives concerned. This is mentioned
in theoretical textbooks (e.g. Koutsoyiannis op. cit. page 68 et seq.). where discontinuity of
applicable quantities of production factors is taken into account. The relevant analysis, based
17,
on the application of the theory as presented by Van der Schroeff is placed in Annex C.

6.2.2 Risk and uncertainty
Risk and uncertainty are terms, which can be easily mixed up, but both terms are routinely
based on understandings of probability. Knight (see also Chapter 3) introduced these concepts

of risk and uncertainty (e.g. Van Praag'8), based on the following classification of
probabilities (op. cit page 215):

A priori probabilities, which are based on general principles. An example of an a priory
probability is throwing a dice or playing roulette in a casino.

Statistical probabilities, based on empirical data. The risk of car theft (expressed in an
insurance premium) is based on statistical data. Also the risk of an installation

malfunctioning is based on Mean Time Between Failure (MTBF) data. Statistical
probabilities are very common in an engineering environment.

Estimates and guesses are used to estimate what the effect of future developments will be

on present plans. The first two probabilities fall under the category of risk. This last
probability type is characterised by the absence of measurable risks, creating true
uncertainties, which typically deal with the future but also with the present.

The discussion on different types of probabilities subsequently leads to different types of
decision making, all applicable to game theory. The concept of game theory entails a set of
alternative actions from which the players (i.e. the decision makers) have to choose the best
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one by using decision making strategies. The rules of the game also award payoffs. expressed
in utility (can also be of monetary unit), to the players for actions taken. Wubben'9 follows the
founders of game theory, Von Neumann and Morgenstern. in stating that a decision rule or a
a plan which specfìes what choices he (i.e. the player) will make in every
strategy is:
possible situation, for every possible actual information which he may possess at that moment
in conformity with the pattern of information which the rules of the game provide him for that

case" (Von Neumann and Morgenstern20). Within game theory commonly three types of
decisions are distinguished: decision making under certainty, under risk and under uncertainty.

The last one is the one that is interesting to us for our purpose to get a grip on uncertainty.
However, the first two are also dealt with in short for the sake of completeness.

Decision making under certainty: all relevant information is known. A well known
example is the travelling salesman. In more general terms it is choosing the alternative
action from a limited set, yielding the best performance. under the condition that each
action leads to a certain payoff. Decisions made with the aid of design models as described
in Section 2.2 fall within this category.
Decision making under risk is to a certain degree equal to decision making under certainty
with the exception that each action does not lead to a certain outcome but to an outcome
with a known probability (a priory or statistical). For instance taking into account reliability
figures of installations in decision making.
Decision making under uncertainty is the situation where each alternative action can lead to

several outcomes, all with unknown probabilities. States of nature depict the possible
conditions under which the action may have to function. A state of nature can also be seen
as a scenario in which an action has to take place. Each action has a utility for each state of

nature (see Table 6.1). In the first two decision making types there were in fact no
strategies: the optimum solution follows directly from the given rules.
S1

S2

A2

U11
U21

U12
U22

A11

Uni

U2

A

...

Sm

Uim

Uni
Unm

Table 6.1: payoff matrix in utilities (U.) for alternative Actions (A1) and
States of Nature (Si)
Of decision making under uncertainty Wubben (op. cit. page 203 et seq.) describes two
variants:

1. Insufficient reason: given that the probabilities of states of nature manifesting itself are
evenly distributed chose the action with the highest payoff. This is described in the
following equation:
max,

U,1

This equals decision making under risk, which is very striking because the insufficient reason
strategy is commonly placed in decision making under uncertainty. Wubben explains this
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by going back to Bernoulli, who first formulated this criterion by stating that given no
information on the probabilities of states of nature actually occurring, the decision should
be based on the premise that each state of nature has an equal probability of occurring.
Sage2' opposes this view because this strategy should in his view only be used when there
is reason to believe that all probabilities of states of nature occurring are (nearly) equal,
otherwise application of this strategy may yield potentially undesirable results. It is only
logical to follow Sage and discard with the insufficient reason strategy because it is already
covered by decision making under risk.

2. Subjective expected utility: Probabilities may be used, even when the imperfectness of our

"a priory" knowledge concerning the true state of nature, is acknowledged. The
probabilities related to alternative possible situations are subjective because they are
specific to the individual. This is in line with Von Neumann's and Morgenstern's theory of
expected utility (maximisation of subjective expected utility), because for decision making
it does not matter much if an expected outcome is (only) subjective or not; in both cases
the decision should be consistent and in accordance with the chosen strategy. Therefore,
also when the utilities concerned are only expected ones, an analysis based on indifference
curves is applicable.

Now, given the fact that there are no known probabilities, the decision maker has to follow
one of the below mentioned strategies for choice under uncertainty:
maximin: choose action A1to maximise the occurring minimum utility (max minj u1). This is
choosing the best of the worst, which is a rather conservative or pessimistic approach. This
strategy leads to a high security level; the utility is maximised for the least favourable state of
nature (worst case scenario).

maximax: choose action A to maximise the occurring maximum utility (maxi maxi u).
Contrary to maximin this is a very optimistic approach; it is choosing the best of the best. The
resulting security level is therefore low.

pessimism-optimism: provides a sliding scale (linear) from maximin to maxiniax. Given an
index ß (Oß1) choose an action to satisfy the following condition:
maxi (ß maxi U + (l-ß) mm, U)
The strategy follows minimax for ß=O and maximax for ß1.
min imax loss: Choose the action with the lowest maximum loss or regret. Just the opposite of
the payoff matrix is the regret matrix. Regret is the difference between what could happen and
. The criterion now becomes
what actually happens. The regret R = maxU -

mini maxi R or mini maxi (max1U, - U). The regrets (or opportunity costs) are minimised
for the least favourable state of nature.

It would be interesting to know if these strategies are used in practice before we investigate
possibilities of use during design. The origin of the strategies is not only based on pure logical
reasoning. For instance investors (players) on the stock market (the game) show repetitive use
of these strategies without always being conscious of it.
Some evidence of implicit use of these strategies may be found in comparing the SAAR 5
Corvettes of the Israeli Navy22 to for instance Frigates of European navies. The SAAR 5 is a
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Corvette with an impressive weapon suite, with a strike capability almost equal to light
Frigates. However the Corvette, compared to the Frigates, has a much lower endurance and is
much less able to accept and deal with serious battle damage. It seems likely that the Israeli
Navy, given the high threat environment, uses a maximax strategy, whilst European navies in
a much lower threat environment try to find a higher security level by adopting a maximin
strategy.

Which strategy is to be used in a design? There is of course not one definite answer. But it
seems logical to adopt a fairly aggressive approach (maximax) to offensive operational
functions of the warship. These functions are the raison d'être of the warship. But more
important. the warship may be used for the more favourable states of nature, rendering the
unfavourable ones less influential. This luxury does not exist to that degree for defensive
operational functions and for supporting functions (mobility and damage control). A much
more conservative strategy such as maximin or minimax loss strategy is better suited to these
functions, because the warship is not always able to avoid the unfavourable states of nature".

6.2.3

Rationality in choice and subjectivity in preferences

The indifference curve analysis as dealt with in Section 6.2 rests on the assumption of rational
conduct. This assumption. however often misunderstood, plays an important role in economic

theory. Decision making in warship design will in the end always include some form of
intuition or expert opinions. An often misleading conclusion is that the introduction of
subjectivity subsequently renders decision making irrational. This is not true; rational
behaviour requires that all relevant information is included in the decision and that the
decision maker acts according to (possibly subjective) assumptions and preferences. F.H.
Knight. who gave the concept of rationality a prominent place amongst his abstractions,
specified rationality as follows: acting completely rational includes that people know what
they want and seek it intelligently; all acts take place in response to real, conscious and
consistent motives" (Knight op. cit. pages 76-77").
A profound treatment of this matter would surpass the framework of this study. It is, however.
necessary to pay attention to some rather frequent occurring fallacies on this matter. One of
these is the misconception that theories based on rational behaviour are other-worldly because
in reality economic subjects do not behave (completely) rational. The truth is that these kind
of assumptions (e.g. profit maximisation of an entrepreneur) are necessary to analyse certain

phenomena. For the explanation of what happens in reality it is necessary to lower the
abstraction level (often step by step). This will also be practised in this sub-section. A theorist

like Knight was of course aware of the unrealistic nature of his basic abstractions and he
consequently called them heroic".
Another misunderstanding about the assumption of rational conduct concerns the nature of
preferences. Following the standard book of Hennipman23 it can be stated that in economic

theory, rationality in the meaning of sensible conduct can only be relevant for the way
decisions are made but never for their aims. In this sense rationality can be taken to mean
"action in

accordance with

preferences" or "action consistent

with

preferences"

The same tendency can be found in comparing wave loads on fixed oil rigs to ships: a fixed platform can not
anticipate on high waves a ship can move and avoid high waves. As a consequence the ship has a less
conservative approach to resistance against high wave loads.
Knight's definition includes a few other criteria that are of less importance here.
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(Rothenberg24). This, however, does not imply anything about the rationality of the
preferences themselves. A preference can be a product of analysis and reasoning, but can also
concern (purely) emotional matters, as well as mixtures thereof. A consumer can choose to

spend only little time and effort on gathering information about products to buy, or even
deliberately prefer impulse buying. without being irrational in an economic sense. The same is
true for a producer who does not want to maximise his profit (even in the long run). Even ifa

consumer chooses to investigate the quality of products thoroughly, (part of) what he
appreciates has a subjective origin.
Many aims are indeed of a subjective nature. This concerns tastes, and also a considerable part

of ultimate, often rough goals. The preferences are partly derived from the latter after these
were transformed into specific (i.e. operational) aims. The fact, however, that many
preferences thus originate from subjective objectives, should not lead to a confusion of
subjectivity and irrationality.

Many preferences, and especially those based on emotions, tastes or belief, may be
incomprehensible or even incredible to others and are therefore conceived as irrational
conduct. In economic theory rational conduct is a synonym for maximisation or optimisation

(Leibenstein2), but this is irrespective of the rational content of what is maximised or
optimised. This field is of special importance in the arena of politics. Some preferences can be

based on analysis and reasoning, but some others cannot. Politicians but also functionaries
(civilian and military) who want to maximise welfare (which is what they can be expected to
do), should strive for an optimal allocation of public funds. Economic science can help them

to avoid for instance violations of Gossen's Second Law (see page 95). The goal of
minimising subjectivity in preferences however has a moral or political character, not an
economic one.

This subject will receive further attention when we will discuss group decision making
processes. In the meantime we will pay attention to some biases in the manner preferences are
determined by individuals, leading to irrational aspects thereof and consequently to irrational
elements in making a choice. However it is useful to discuss some aspects of the concept of
preferences before we start analysing these biases. The following concepts of rational choice
are of special interest in this framework' (Kreps26):
asymmetric preferences: there is no pair x and y such that x>y and y>x;
negative transitive preferences: if x>y. then for any third element z either x>z or z>y or
both:
transitive preferences: if x>y and y>z then x>z (exists if preferences are both asymmetric
and negative).

Only two possibilities are mentioned in the foregoing. namely "strict preference" (x>y) and
"indifference" (x-y). However also "weak preference" is possible (xy. excluding x<y). Weak
preferences are transitive if xy and yz. then xz.
Obvious is of course that rational behaviour of individuals implies that preferences are
transitive. Intransitivity of preferences (x>y and y>z but x<z) is an important example of
irrationality (Intransitivities as a result of Arrow's voting paradox will be discussed in subsection 6.3.3.) An other aspect concerning preferences relates to the point in time for which a
choice is valid. If this is for instance a week, respectively a year from the moment the choice

x, y and z represent bundles of goods, x>y means that x is preferred over y
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is made, it can well be that some choices would be different when made for instance four
days, respectively eight months later (Kreps, ibid.) X

Incomplete or limited access to information leads, as explained in the previous section, to
uncertainty in the decision making process. This is the area where we will have to accept
"educated guesses" and expert opinions into the process of generating preferences. Decision
making in warship design is characterised by an almost complete absence of feedback due to
the time scale of the life cycle of a warship and because most warships are almost never used
for their initially intended goal. Consequently decision makers will in all likelihood never be
confronted with the consequences of their decisions. Experts can as a result only learn from
their decisions on a limited scale and decision making will hardly improve as time goes by.
The myth of the expert (Wickens27) is explained by addressing biases present in experts.
Wickens attributes these biases largely to four aspects all concerning feedback (or the lack
thereof) from the decisions:

I. misleading feedback.
limited attention to delayed feedback,
selective perception of feedback and
selective influence of outcome.

Numbers 2. and 3. are, as it were the reversal of the phenomenon mentioned above, that
choices concerning future situations often would have been different if made at a later
moment.

Biases in judgement as observed by Tversky and Kahneman28 reveal also some heuristics of
thinking under uncertainty:
Representativeness: What is the probability that object A belongs to class B or what is the

probability that event A originates from process B ? People tend to judge these
probabilities by the degree to which A is representative of B (A resembles B). For instance
ifA highly resembles B. the probability that A originates from B is judged high.
Availability: the probability of an event occurring is often assessed by the ease with which
instances or occurrences can be brought to mind.

Adjustment or anchoring: people make estimates by starting from an initial value that is
adjusted to yield the final answer. Different starting points yield different estimates, which
are biased towards the initial value. This phenomenon is called anchoring.
Tversky and Kahnernan (ibid.) conclude that a better understanding of these heuristics and of

the biases to which they lead could improve judgements and decisions in situations of
uncertainty.
Tversky and Kahneman present an approach that makes clear how rationality and irrationality

are sometimes blending. In the development of prospect theory Tversky and Kahneman29
present the concept of value functions. A value function is a different representation of the
utility function, but the differences can be put aside here for the purpose of explaining the
Herewith we are introducing the dimension of time-preference, which is closely linked to the troublesome
discounting discussion (see also remark on page 105).
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tendencies present in a typical value function. A

va ue

typical form of a value function is depicted in
Figure 6.2. First Tversky and Kahneman explain
the S-shape of the function by the difference in

subjective value between a gain of $100 and a
gain of $200. which is greater than the subjective
value of the difference between a gain of $1100

and $1200. This is of course completely in line
with the concept of decreasing marginal utility as
expressed in Gossen's First Law (see sub-section

gains

losses

value function
ithout responsibiiit\

value function
ith responsibility

6.2.1).

A more compelling tendency is that the response

to losses is more extreme than
the response to
.
. .
gains: the disutility of giving something up is
greater than the utility associated with acquiring

Figure 6.2: value function with and
without responsibility

it (loss aversion). Tversky and Kahneman mention several studies of risky choice. supporting
this tendency. People apparently tend to choose a more conservative decision strategy (such as
for instance maximin instead of maximax) than would follow from a logical and normative

approach based on a symmetric value function (as is assumed in the indifference curve
analysis of sub-section 6.2.1). This could have the following effect in making a choice. Let us
suppose that we have two mutually exclusive options A and B. Both A and B are not yet
included in the design. nor ever have been included. Let us suppose that A and B are valued

equally and also cost the same. The choice is indifferent. Now let us take the same two
options A and B and present them to the same decision maker. Further let us suppose that A
already was included in the design at the particular moment option B presents itself. In this
situation option A will be preferred to B. Or in the spirit of Tversky and Kahneman: the
decision maker is "framed" by the fact that choosing B means losing A.
Shefrin and Statman3° further elaborate on the value function by introducing responsibility.
Their experiments showed that decision makers are even less likely to accept a gamble when
held responsible for their actions. For instance a project manager who is held responsible for
the consequences of his choices will not make the same choices compared to a designer who
is generally held less responsible (see Figure 6.2).
Or. very relevant in a military context, Von Clausewitz31 who observed that warlords fighting
Frederick the Great acted under orders and therefore developed, unlike Frederick the Great,
who was his own master, rather prudent strategies.

More generally significant in this framework is Leibenstein's treatment of "selective

rationality", a striking example of which is his observation that some decision makers tend to
learn only from successful experiences or at least more from those than from unsuccessful
ones. This leads to results of a decision making process that differs from the results obtained if

the decision makers learn from all experiences (Leibenstein op. cit. pages

71

et seq.,

especially page 86).

6.2.4 Practical aspects to application
A designer is often confronted with several alternatives for a design: all fulfilling minimum
requirements. These alternatives do not have to be alternative solutions for one and the same
part of the design; several additional improvements in completely different parts in the design
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can be found to be attractive, but still a choice has to be made to bring the cost of the design
within budget constraints. An additional complication, compared to most normative models,
is that we not only have to maximise utility, but also have to balance utility versus costs.
Common sense suggests that one should begin with an elimination race between alternatives
and start the decision making process by generating a ranking of alternative actions. Two
alternatives can be compared on the basis of price (could also be life cycle costs) and utility as
expressed in the table below:

p' >

P2

p = P2
p, <p2

uI>u2

u1u2

?

alternative 2
indifferent
alternative i

alternative I
alternative i

alternative 2
alternative 2
?

Table 6.2: comparing alternatives
It obviously is possible to choose an alternative that falls within the lower left hand or upper
right hand corner. The situation where both costs and utility are equal. results in indifference
between alternatives. The question marks are decisions falling under the umbrella of Gossen's
Second Law. However there are difficulties in doing so. The alternatives, in most cases, do
not behave according to Gossen's First Law as a result of discontinuities due to steps and or
thresholds in alternatives. Steps between two alternatives can be too big: for instance the
choice between one or two Goalkeepersx, in contrast with a choice between 98 and 99 where
a approximation of a continuous utility function would be feasible. Another complication is

that budget lines in the theory of consumer behaviour are always linear. In the reality of
warship design many relationships between costs and performance are non linear. A
comparable phenomenon is well known in production theory where the price of a production
factor can be dependent on the quantity demanded by the producer concerned (e.g. Frisch2).
The budget line (in production theory this is called isocost line or isotime) is not linear then.
The analysis is somewhat more complicated but not principally different. As indicated in
Table 6.2, there are two instances where choices are undetermined. This is caused by the
ordinal character of utility (as explained in sub-section 6.2.1). If for instance the ratio between
price Pi and price P2 is 2, and utility u1 is greater than U2, then a logical choice cannot be made
because a statement about the magnitude of the ratio between u1 and u2 cannot be made. This
difficulty, which frequently occurs in reality, was bypassed by Keeney33 in the case of the
Mexico City Airport, where the principle of the indifference analysis was applied. He did this
by bringing the choices to be made under the column u1 = u2 of Table 6.2.

The proof of the pudding is in the eating the question is whether it is possible to implement
the utility concept into decision making support. Keeney used the Multiattribute Utility
Theory (MAUT) and used this on a decision making process concerning the location for
Mexico City airport. The method starts by defining the parameters (x1,.. .x) influencing the
utility of an airport. The utility is then by definition: u(x) = u(xj, .. ,u).
Keeney transformed the utility function in a simplified form by assuming independence
between utility attributes, because experience has indicated that utility assumptions varying
more than two attributes simultaneously are extremely difficult for decision makers" (ibid.).
The simplified form of the utility function now becomes: u(x) = f(ui(x1), ..

' A goalkeeper is a weapon system providing defence against missiles.

Conceptual Design of Warships

103

Keeney concludes that no unverified assumptions were made. The assumptions were
empirically verified by members of Keeney's client, the Mexican Ministry of Public Works.
This was done by asking the functionaries involved to indicate combinations of wanted (or
unwanted) possibilities that they considered as indifferent, whilst considering them
independent of the other attributes involved.
In the decision making process regarding the Mexico City Airport, Keeney found that the

functionaries involved valued 300 people seriously injured or killed and 2500 people
subjected to high noise levels indifferent to one person seriously injured or killed and
1.500.000 people subjected to high noise levels. Apart from the almost improper nature of this
kind of questioning, it seems unlikely that the answers received are to be seen as sufficiently
significant. Therefore, such questions should and can be avoided by first making a decision
about the strategy (see Section 6.3), which limits the scope of questions about alternatives of
this kind.

Arranging the alternative aspects of a design in a way that pairs of alternatives that were
considered by the functionaries involved as being (about) equally valuable, these pairs can
successively be compared for respective conceivable increments of the available budget. By
doing this, the impediment caused by' the ordinal character of utility is minimised.
Summarising. the following groups of cases can be distinguished in this framework:

1. The equally valued combinations of two attributes can be more or less continuously varied.
An example of this is mentioned by Keeney (op. cit.). namely combinations of numbers of

persons seriously injured or killed and (of course much higher) number of persons
subjected to a high noise level. Although Keeney even in this case used primarily two
alternatives, it was possible to get more combinations on the same indifference curve. In
cases like that even a situation of tangency, as indicated in sub-section 6.2.1, may be
approached then,

i Only a very limited number of combinations can be compared. caused by the factual
indivisibility of the attributes compared. The relevant analysis is explained in Armex C.

There is. in fact. only a choice between two alternatives. No further analysis is needed
because the respective prices are the decisive factors.

Then there is the question of what the scope of the designer should be during decision making.
Functions are the lowest entity of which at least a degree of independence can be assumed,

Therefore, functions are the low end envelope of decision making. Then there are the
decisions involving interaction between functions. These decisions will have to be made on a

ship level. Hockburger34 introduces an even higher level, the supersystem, into decision
making. Other ways of spending money within the navy also create utility; the marginal utility
of a design should be compared with the marginal utility of other projects and different ways

of allocating budgets (opportunity costs). The introduction of the supersystem in itself is
correct, however it does create a problem:
projects in most cases do not have coinciding budgetary schemes
a trade-off between initial budgets and exploitation budgets also requires shifting budgets
in time.

The navy, being a government agency, is subject to yearly budgets, making it almost
impossible to shift budgets in time. The only instrument the navy has is to plan projects earlier
or later. The time over which budgets can be shifted is consequently limited to a few years.
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What makes a governmental organisation like the navy different from the commercial world is
that the navy is incapable to attract additional funding for promising investments. Inclusion of

the supersystem will in practice limit itself to viewing utilities in light of long term
organisational issues of the navy. Supersystem cost issues will remain to be of little
importance as long as the above mentioned two items remain predominant in government
agencies such as the navy. (See also remarks on lack of means of compensation on page 113.)

6.3 BARGAINING TOWARDS DECISIONS

We have seen in the foregoing that not everybody will have the same opinion, even if
presented with the same information, people will develop different strategies and act
accordingly differently. We all know this from personal experience. For instance let us
suppose we are with a group of friends in a casino. Not everybody will behave similarly; some
players will make a lot of small bets and others will place all their money on the table and take

one big gamble. Individuals can act rationally when they are alone, but will they still act
rationally when they have to participate in a group decision process. and will the group as a
whole act rationally? Let us further suppose that the group of friends have to place all their
money in one basket and follow one strategy. Will the group of friends be able to decide
which bets to make and will they still be friends when they leave the casino?
First we will analyse the origins and nature of disagreements. then we will shed some light on
welfare economics and compensation principles, starting with Pareto improvements. This will
provide some insight in the mechanisnis available to settle disagreements. Together. this leads
to the generation of a two stage decision making model, which is not yet known, or at least not
usual in the context of engineering.
6.3.1 Differences of opinion

It is useful to shed some light on possible causes of differences of opinions before proceeding
basic value
judgements" and "subjective judgements of fact". A judgement is basic to a person if it is not

to the application of the theory. There is an important distinction between

derived from some other value judgement and he believes in it for its ethical appeal. No
ground is left for scientific argument if a judgement is really basic, and one can only try to
change it in an ethical discussion. However it is possible for a person to believe that his
judgement is basic, but it nevertheless can change when confronted with certain
considerations and/or facts (Ng, op. cit. pages 18-22). Max Weber (eminent sociologist and
methodologist. also economist) considered it to be a task of science to impart knowledge of
the meaning of such ajudgement ("Kenntnis der Bedeutung des Gewollten"3 k").
A disagreement (especially on policy matters) may occur due to one or more of the following
causes (based on Ng, op. cit. pages 18-24):

conflicting personal or sectional interests: These can - if at all - be solved by political
compromise.

differences in real basic value judgements: These can only be solved by ethical persuasion.
Knowledge of the meaning of what is wanted.
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differences over alleged facts or in logical analysis: These can be resolved by objective
demonstration or logical discussion.
differences in subjective judgements of fact.

The latter, according to Ng. the most prevailing type of disagreement. offering the most scope

for further discussion (likewise stated by Ward36) However they are often regarded as
differences in real basic value judgements (item 2) on which further discussion seems
impossible; a confusion against which one should be warned (Ng, op. cit. page 24). Experts
can play an important role in this framework (Ng. op. cit. page 23). Although the decision
making is not, at least ought not to be up to them.
A difficulty arises in decision making processes concerning expected utilities of different
persons who are supposed to act fully rationally. It appears that subjective probabilities in a
given situation are not assessed similarly by different persons. Framing implies that the
decision is influenced by the manner in which the problem is presented to the decision maker
as well as by his norms, habits and expectations. According to Tversky and Kahneman any
normative decision making model should at least fulfil the condition of invariance. This

means that different representations of the same choice problem should yield the same
preference. However, rational behaviour implies that framing must be the result of differences

in information (Kreps, op. cit. pages 99 and Ill). Utility maximisation implies that the
decision maker knows the available alternatives, orders them in terms of preference, and
chooses the most preferred. The question is. how much information should be amassed in
order to make a rational choice ? The fundamental answer is that additional information
should be accumulated as long as the expected gain from such marginal accumulation exceeds
its expected costs"'. According to Rothenburg (op. cit. page 231), the unrestricted

calculatingness of economic man" (homo economicus) is therefore "a caricature of the
utility-maximisation decision maker". Decision making involves two stages: the structuring of
the decision making apparatus and determining how it is to be employed, and, second, the use
of that apparatus to make decisions. This may well require much lower intensive use of the
apparatus (using short cuts and rules of thumb") for some situations than for others. This is
not only consistent with utility maximisation, but it is even essential to it. The implication is
that specific situations may not be treated with unlimited calculatingness. Utility

maximisation is compatible with imperfect knowledge of alternatives and of the decider's
own evaluations. This insight is very well formulated in Simon's concept of bounded
rationality": "behaviour that is intended rational, but limited so" (Kreps37).

Introduction of additional information can assist in settling differences of opinion types 2, 3
and 4 mentioned in the above placed overview of four types. Placing people from different
walks of life together leads to discussions and information sharing, facilitating information
gathering and consequently equalisation of preferences and their ordering. The first type of

difference of opinion cannot be settled by discussion, but only by bargaining towards
(political) compromises. The next sub-section will shed some light on mechanisms facilitating
reaching compromises.

As has been remarked by Ward, a difficulty, however, is that there is no basis for knowing how valuable a
piece of information is until one knows what it is. (op. Cit. page 121) This means that an estimation has to be
made.
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6.3.2 Pareto improvements and the compensation principle
Welfase economics is the branch of economic theory which endeavours to formulate
propositions by which one can say that the social welfare in one economic situation is higher
than in an other (see e.g. Ng, op. cit. page 2). In the heart of welfare economics lies the
Pareto' improvement. Albeit that the Pareto principle concerns the economics of social

welfare, it is also a useful concept in decision making processes regarding complicated
designs, as will become clear in the course of this chapter. Differences of opinion can be
settled by trade off's between various independent (i.e. individual) objective functions.
Compensation can, be it in an adapted way, be applied to these decision making processes. It
seems therefore worthwhile to give more attention to this part of welfare economics.

If a change from one situation to another would make all individuals better off, the new
situation, of course, can be said to dominate the original one. However, it seldom occurs that a
change is unanimously preferred (Varian38). Of more importance is the "Pareto Principle"

which says that a change is desirable if it makes at least one individual better off without
harming anyone else (Ng, op. cit. page 30 or Koutsoyiannis op. cit. page 526). Often an
improvement for one individual or group of individuals means a worsening for some others. A

criterion to judge such situations, brought forward by Kaldor, is that there is a social
improvement if the gainers can fully compensate the losers and still be better off. Similar to
this is the criterion of Hicks, which states that there is a social improvement if the losers
cannot profitably bribe the gainers to oppose the change39.
The Kaldor-Hicks compensation criterion as mentioned above, has been criticised because it
ignores the income distribution. Namely because it implicitly assumes that the marginal utility
of income is the same for all individuals concerned. And given an unequal income distribution
it cannot be accepted without restrictions (e.g. Koutsoyiannis op. cit. page 529). This criticism
is based on an analysis by Scitovsky. A logical contradiction occurs if a change meets the

criterion of Kaldor and if the reversed hypothetical compensation (from the new to the
original situation) could also meet it. According to Scitovsky, a change is only to be judged as

an increase of welfare in a situation in which the original distribution of welfare is
approximately restored. In some situations (when the gainers of a change have low incomes
and the losers have high incomes) money equivalents of the gainer would be insufficient to
compensate the losers' loss. Scitovsky introduced the reversal test and according to him a
change should be regarded as unambiguously favourable only if after the change and the
accompanying redistribution of income all parties would be in a better position than before the
change40. For a better understanding of this subject matter the following text contains a
diagrammatic explanation of the fulfilment of this condition:

The concept of utility possibility surfaces is used in the diagrammatic explanation of the
compensation criteria. A curve is used instead of a surface in the case of two individuals. A
Utility Possibility Curve (UPC) indicates the maximum level of utility one individual can
attain given the utility level of the other individual. The utilities assumed may be either
cardinal or ordinal without effecting the analysis (Ng, op. cit. page 61).

The basic form of an UPC is shown in Figure 6.3 diagram I. If the level of utility for
individual X is to stay at A then the maximum level of utility for individual Y is B. given the
fixed collection of goods (see e.g. Ng, op. cit. page 37). With the aid of UPC's it is possible to
depict different kinds of changes as successively mentioned in this section. The text placed
IV

Viifredo Pareto was an Italian mathematical economist and sociologist (1848-1923).
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below concerning compensation criteria is related to the diagrams from Figure 6.3 (analysis
based on the treatment of this matter by Ng. op. cit.).
diagram 2: It is easy to see that a change from situation qi to q would make both individuals
better off. Therefore it can be said that q dominates q.

diagram 3: This is an improvement according to the Pareto principle: individual Y is better
off without harming individual X (without taking the distribution of welfare into account).
diagram 4: The Kaldor compensation as depicted in this diagram shows a change from q to
q2 that means a gain to individual Y and a loss to individual X. A compensation, travelling
across UPC 2 to position r2, would leave individual Y still better off, whilst individual X
would be fully compensated (again without considering the distribution of welfare).
diagram 5: The logical contradiction in Kaldor's criterion is depicted here. A change from q

to q would bring a gain for individual Y and a loss for individual X. A redistribution of
income to position r2 would make both parties better off compared to ql. However, the same
can be said in this case about a change from q to q with a compensation to individual Y,
leading to the position r1. in which case both parties are also better off.

diagram 6: Illustrates the Scitovsky criterion. A change from q to q accompanied by a
compensation (approximately restoring the original distribution of welfare) leads to position r2

where both parties would be better off (Kaldor compensation). However in this case, the
reversed change from q to q could not be accomplished by a sufficient compensation to
individual Y (Hicks' criterion): the compensation AA" (that would also restore the original
distribution of welfare) would be higher than the original gain AA'.

ux

3

¡5]

u'

Figure 6.3: diagrammatic explanation of compensation criteria
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ux

A practical objection to the compensation principle is based on the fact that the fear of not
sufficiently compensated losses can in reality be so great that the proposed change would not
meet the criteria, whilst in retrospect (after the change) the losses are smaller than expected.
Viewed afterwards it would have met the criteria then (Liebhafsky45 (see also framing and
value functions in Section 6.2.3).

We can establish here that the criteria from Pareto improvements, Kaldor. Hicks through to
Scitovsky offer increasing value to rationality for a group decision process, although the same
sequence also requires increased effort in meeting them. Scitovsky has to a certain degree
introduced "framing" avant la lettre. Scitovsky's non reversable concept was based on income
(re)distribution effects only, and framing effects are based on much broader considerations.
There are however, at least on a conceptual level, similarities between income (re)distribution
effects and asymmetric value functions, because both can lead to irreversible choices.
The brief treatment of this part of welfare economics is included here because it can be helpful
in analysing the kind of decision making processes that are dealt with in this thesis. It is the
principle of compensation that matters here, not its exact contents, because these decisions do

not concern states of economic welfare but alternatives in complicated designs. The idea
behind it may be sufficiently clear and it does not seem necessary or even advisable to discuss
these somewhat esoteric theories in more detail.

The kind of optimisation as discussed in this sub-section concerns mainly experiments of
thought, and the criteria are not operationally feasible (see e.g. Liebhafsky op. cit. page 397).
The concept of Pareto improvements is nevertheless an important tool in economic theory,
mainly because it constitutes a cohesive way of thinking. Decision making processes about
warships' designs concern deviant, not - at least in principle - conflicting interests, which
makes it difficult to distinguish gainers and losers. Nevertheless they do concern conflicting
preferences, and as such the way of thinking as mentioned above is correspondingly relevant
in decision making which is a main subject in this book. Furthermore, putting the
compensation principle into practice seems to be possible rather in warship design than in
welfare economics itself.

6.3.3 Towards a normative model
There is in general a distinction between descriptive and normative models. Descriptive
models are in an empirical sense based on observations of actual decision making processes.
and are as a consequence dependent on the "de facto" processes as observed. Tversky and
Kahneman (op. cit.) reason that deviation of actual behaviour from normative models based
on rational behaviour and utility maximisation is too great to be ignored. They conclude that
normative models are not yet sufficiently advanced to form a sole basis of a descriptive
model. This criticism is unjustified in cases where normative models are used not to explain
behaviour, but on the contrary where they are used to provide a guideline for rational decision
making as is our purpose here. To prevent users deviating from a normative model, clear and
concise conditions should be present, stating how and when the model is to be used (rules of
XV Normative as used in the meaning of containing applicable rules that, to one's own best knowledge, proved to

be correct (see also note iii on page 94).
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the game). Once more using Tversky and Kahneman, we can find a hierarchy of four
normative rules or conditions. These are ordered on the basis of their normative appeal; from
cancellation, which is challenged by many theorists, to invariance, which is accepted by all
(Tversky and Kahneman op. cit.). All four rules have been introduced in the previous sections

of this chapter, but they are recapitulated below for the sake of clarity, at the same time
providing a platform for discussion on whether or not to accept them as conditional for a
normative model.

Cancellation: the choice between options should depend only on states of nature in which
they yield different outcomes. There is a considerable downside to implementing this
condition. Let us suppose choice under insufficient reason (i.e. all states have an assumed
equal likelihood of occurring). And suppose that 20 states can be distinguished, of which only
one provides a different outcome for the choices under consideration. Under the condition of
cancellation this would yield in a strong preference for the better performing option, whilst in
reality this can be only a weak preference (only one in twenty situations provides a better
outcome). This is not a problem when only utility is maximised. But the fact that for our
purpose we have to balance both utility and costs, makes the strength of the preference vital.

Transitivity: preferences are transitive if x>y and y>z then x>z (see also page 100). This is a

rule of pure logic and rational behaviour should mean that this rule is met. We have
established in sub-section 6.2.3 that transitivity is a requirement for rational behaviour of
individuals. There are basically two reasons for not fulfilling transitivity. One is insufficient
information and/or knowledge. which can and should be remedied by acquiring additional
information. The second reason is Arrow's voting paradox (see for instance Ng ibid.),
which can arise in a situation where transitive preferences of several individuals combined
together can lead to intransitivity in an ordering of group preferences. Arrow proves that the
difficulty illustrated by the voting paradox is general, i.e. we cannot find any method or rule
for passing from individual to collective ordering, satisfying some reasonable rules (Ng op. cit
page 112). Transitivity of collective preferences might therefore be interpreted as an indicator

of unanimity of preferences of a group and maybe not as an indicator of rationality of the
group.

Dominance: if one option is better in one state of nature and at least as good in all other

states, the dominant option should be chosen. This is of course quite obvious and it
completely coincides with the 'Pareto Principle" as discussed in sub-section 6.2.2 (page 107).

Invariance: different representations of the same choice problem should yield the same
outcome (see also page 106). Obvious is of course that the representations should not be
misleading or offer suggestive guidance to the decision maker.

Next to the above mentioned normative rules for decision making established in literature, we
will now introduce a fifth rule:

' For instance consider three individuals A, B and C and three alternatives x. y and z. The three individuals have
the following (transitive) preferences:
preferences of A: x>y>z (x>y means x is preferred over y),
preferences of B: z>x>y and
preferences of C: y>z>x.
The majority prefers x over y and y over z, transitivity would require that x is preferred over z. which is not the
case in this example of Arrow's voting paradox.
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Sequence: the sequence by which alternatives are presented may not influence the outcome.
Concurrent engineering is in terms of decision making simultaneously dealing with all related
choices, with the goal of reducing recursive or iterative actions. This provides a problem in
maintaining a concurrent engineering practice under the restriction of a limited budget; the
inclusion of one additional option requires the removal of an other. Therefore all options are
financially related and making choices should therefore involve all options. This is of course
quite impracticable in real life. The sequence rule requires that alternatives sensitive to the

sequence in which they are presented are dealt with simultaneously. The following two
examples of couplings will give a little more insight in the concept of sequence (see also
Section 5.2 for an overview of couplings):

Couplings resulting from shared resources: Consider two weapon systems. both large
electricity consumers. The two systems are coupled because they use electricity from the
same source. Nonetheless decisions concerning implementation of any of the two weapon
systems can be made independently and in arbitrary sequence, because the effects of a
choice on electricity generation is only an add on.

An example relevant for all other couplings: Resilient mountings (springs) reduce
underwater noise by preventing vibrations to be transmitted from a machine to the ships
hull. Springs are also used to prevent complete transmission of high accelerations due to
underwater explosions to components. Shock resistance is much cheaper when underwater
noise suppression is already chosen and vice versa.

Concurrent choice requires that all options incapable of fulfilling the sequence criterion have
to be dealt with simultaneously as if they were one choice. Where concurrent engineering is a

result of all couplings within a design, concurrent choice is a result of a sub-set of these
couplings. There may be also another reason for using this fifth rule. As is stated by
Rothenberg (op. cit. page 234), it does not matter in what combinations and sequence
alternatives are presented for choice when preferences are transitive. But the combinations of
alternatives and the sequence in which they are presented make a difference in outcome when
preferences contain some intransivities. lt is only when choice relates to pairs of alternatives,
that intransitive preferences generate unchanged, dependable and consistent choices.
Therefore we can eliminate part of occurring intransivities in choice problems by using the
sequence rule. Intransivities resulting from Arrow's voting paradox are a different matter and
we will next look into the use of compensations as a practical means of settling choice
problems falling under the umbrella of the paradox.
Summarising we will submit the following rules conditional upon a normative model:
Always included:
sequence.
dominance and
invariance.

Cancellation is only to be used when there are too many states of nature to take into
account.
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Albeit that in a group decision the lack of a (sufficient) majority is possible, and that in a

Situation of Arrow's voting paradox there is no formal solution, a practical one may
nevertheless be achieved. This can be effectuated through changing deviant individual
preferences by reaching compromises or by offering compensations. Compromises are
relatively easily achieved when the concerned conflicting preferences are only weak (see subsection 6.2.3). It could be possible to

get a joint preference ordering by offering

compensations in cases where conflicting preferences are strong. According to Cyert and
March42, handling side payments is even a basic problem in developing a theory of coalition
formation.

Now, the only objective in a bargaining process should not be to get the participants of a
decision process in line, but an optimal decision should also be aimed for. lt is here that the
compensation criteria developed in welfare economics can be of help. As is made clear in the

previous sub-section, a compensation payment that just satisfies someone who loses by a
change (in this case a decision not according to his preference), does not need to be an optimal

solution. An other aspect that should be kept in mind is that it would be illogical to regard
without further consideration compensation payments by A to B as being equal to such
payments by B to A. As Scitovsky has made clear, it matters if the side payments are coming
from a participant who has much to spend or just the opposite. For optimisation it is also
necessary that the paying and receiving parties are all better off afier the payment. The
remarks at the end of the previous sub-section may also have made clear that the directions
given here involve methods of improving the decision making process, not involving,
however, ready made solutions.

The next question is which type of game do we consider to be relevant for our purpose ?
Schelling43 distinguishes two pure games: pure conflict (zero sum games), where gain for one
player means a loss for the other, and pure common interest, where all players win or loose
together. Both pure games provide no scope for collaboration or disagreement respectively.

And pure games consequently cannot admit side payments. which excludes the option of
using compensation as a means to settle disagreements.
In between the two opposite pure games are the mixed games. also referred to as bargaining

games. Unlike the pure games. bargaining games do require the availability of means of
compensation. Schelling (op. cit. page 21) distinguishes two types of bargaining:
bargaining for mutually profitable adjustments and

bargaining in situations in which a better bargain for one means a worse bargain for the
other.

We can safely exclude the pure conflict game or zero sum game as a possibility for use within
the RNIN, because there will always be some sort of mutual interest between players. We can
therefore limit our choice to non zero sum games. The list placed on page 105 dealing with

causes for disagreements mentions one that cannot be solved without compensation
mechanisms, namely conflicting personal or sectional interests, which can only be solved by
compromise (which in turn requires bargaining and compensation). lt is therefore impossible
to settle all types of disagreements with one game type (pure common interest or bargaining
game). This problem could be overcome if the two game types are used alternating. But this
would be an unwise option because it could easily lead to for instance choices otherwise made
under pure common interest being used as collateral in bargaining.
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The assumption is that it is impossible to settle sectional differences by discussion alone, and
on the other hand, one should not try to settle differences in real basic values, differences over
alleged fact or differences in subjective judgements by offering compensation.
The proposition is therefore to have two phases of decision making: starting in the first phase
with a pure common interest game, followed by a bargaining game in the second phase. In
order to prevent sectional interests to act as agents for framing, two additional conditions for
the players (i.e. the decision makers) have to be met:
For the first phase, the common interest game:

Participants of the decision team should not represent specific groups or stakeholders
within the navy;
nor should they be held budgetary responsible; this further reduces the danger of framing.
whilst the innovative character of the design is raised.

The result of a pure common interest game should be used as a starting point for a follow up
in the form of a bargaining game in the second phase, where unsettled choice problems can be
settled, or where already settled disputes can be revisited to satisfy sectional interests. The
bargaining game requires three conditions, replacing the two placed above.
For the second phase, the bargaining game:
Participants of the design team should represent stakeholders within the RNIN;
they should be held responsible for the outcome and for the budget and
they should possess adequate means of compensation.

The risky assessments of the first game will be re-addressed and checked because of the
responsibility condition. It is also logical to delay sectional interest discussions to a later stage
in design because most discussions on sectional interests need a more concrete basis, that can
only be found in later stages of design. The first part roughly coincides with the method as
used within the RNIN; staff requirements are typically generated in a common interest game
and in most cases all disagreements seem to be settled. In the second stage, when a project
manager becomes responsible (for product. time and budget), sectional interests rise more and
more to the surface. However, the game is not played correctly. The stakeholders do have

disagreements over sectional interests, but they lack means of compensation to settle the
arguments. The biggest conflict is between the Department of Materiel, which is the budget
holder for initial investment of a new warship. and the Department of Personnel, which only
has means to fulfil the payroll requirements, but does not have a budget for implementing
initial investments for reducing future payroll costs. Seen in this light, it is only
understandable that long term personnel issues seem to have a low priority. The Personnel
Department has no other choice than to disengage from collaborative discussions, because of
the absence of means of compensation.

6.4 DISCUSSION
We started this chapter by asking ourselves if the navy is a consumer or a producer. lt has
become apparent in the approach taken that the typical choice problem a warship designer is
confronted with is best described by the Theory of Consumer Behaviour, thus eliminating the
necessity to generate a unit of measurement of performance. The navy optimises or maximises
utility whilst producers maximise for instance profit or turnover. Furthermore, the navy has a
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yearly income not unlike a typical household as viewed by the Theory of Consumer
Behaviour. Producers instead have the possibility to attract capital on the market. However,
the use of utility maximisation is restricted by often occurring discontinuities in indifference
curves. This is less influential in reality than might be expected, because many alternatives
can be ordered by simple elimination practices as described in sub-section 6.2.4. In dealing
with decision making under risk and under uncertainty we have established that ordering
preferences is not sufficient under those conditions. lt then becomes of vital importance to
choose a decision making strategy. The description of mathematical decision aids is in this
chapter limited to the Mexico City Airport case of Keeney (see sub-section 6.2.4). The general
comment on mathematical decision support systems is that they do not take the influence of
framing. incomplete information and bargaining into account. This will lead to decisions in
the end not being accepted by an organisation because stakeholders will find insufficient
reflection of their interests in the decisions. The conclusion is that we concur with Henry
Mintzberg (see page 92) that strategic decision making is a process of debate, planning and
exchange of ideas. information and visions.

It has to be mentioned that there are theorists which aim for "a cardinal utility index for
outcomes, independent of the states and probabilities" (Wakker and Zank44). Although no
mathematical calculation can change a true uncertainty into a risk, it appears that in
experimental situations test subjects' individual expectations concerning the outcomes of a
number of uncertain future events are transformed into a cardinal ordering summing up to one
(op. cit. page 3). One should, however, be aware of the big difference between participants in
a noncommittal simulation and being involved in a real decision making process. If decision
makers can nevertheless be persuaded to participate in a decision making process using these
techniques, they can also be expected to act accordingly to the outcome thereof. However it is
doubtful that decision makers will be prepared to participate in a decision making process
leading to cardinal orderings of outcomes, when they are convinced that they are dealing with
true uncertainties. Decision makers are held responsible for their actions; this responsibility
cannot be shared with experts in decision theory.

We have established that the typical choice problems encountered in warship design are
predominantly those of a consumer. The introduction of rationality however, leads to some
similarities with the behaviour of producers. Consumers can affòrd to behave irrationally. This
is easy to observe in many occurrences of intransitivities in ordered individual preferences of
consumers, which is generally accepted for consumers choosing for instance groceries in a

supermarket. We have taken the viewpoint of the generally accepted normative models
namely that transitivity of individual preferences is required. as stockholders expect of a
decision maker in their company. In short, the choice problem is very similar lo consumer
behaviour, whilst the rationality required for ordering preferences. the reduction of
subjectivity therein and choosing a decision making strategy has more resemblance with the
behaviour of producers.
We have incorporated transitivity as a requirement for ordering individual preferences, whilst

acknowledging voting paradoxes in group decision processes. This more or less accepted
viewpoint is partly based on the notion that an individual is a unit or individuals are
considered to be indivisible (just like atoms once used to be viewed) and groups are divisible,
One could argue if this is a sound assumption; an individual could well have incompatible
orderings of preferences. which would make Arrow's voting paradox also relevant for
individuals.

114

Chapter 6: Design decisions

Table 6.3 shows the two phases of decision making as put forward in sub-section 6.3.3. We
have also established that lack of means of compensation has a negative influence on the
quality of decision making. Could it be that this conclusion is not only true for warship design,
but as well for many more situations? The lack of means of compensation can largely be
contributed to two factors:
1. Life Cycle Costs are determined by a trade off between initial investments and future cash
flows. The incapability of stakeholders such as personnel departments, to finance initial
investments is largely responsible for their lack of means of compensation. This results
from the fact that the navy, as many government agencies. are financed on the basis of

yearly budgets. The short-sightedness of politics has developed a system in which the
strategic planning of an agency such as the navy with a time scale of typically about 20
years has to adapt itself to a not so strategic, often at best pragmatic approach of national
politics with a typical time frame of four years or less.

The navy has adopted a system where there is a systematic division between technical and
financial responsibility in procurement practices. The advantage is that technicians can
function independently from preferences regarding suppliers. However, at the same time it
removes means of compensation as an instrument of settling differences of opinion.

2d phase: bargaining
phase: common interest
conflicting personal or
Type of difference of opinions real basic value judgements,
sectional interests
alleged facts,
to be dealt with are:
logical analysis,
subi ective j udgement of facts.
political compromise reached
Means of settling differences demonstrations.
by. if necessary, offering
ethical persuasion,
of opinion are:
compensation.
logical discussion,
Scitovsky' s compensation
sequence.
Difference of opinion and
dominance,
criteria.
Arrow's voting paradox are
settled under the umbrella of: invariance.
should represent stakeholders
should not represent
Requirements for decision
held budgetary responsible.
stakeholders,
makers are:
should not be budgetary
possess means of
compensation.
responsible.
I

Table 6.3: requirements for group decision making processes
The last item is an internal problem of the navy and has to be dealt with as such. The first
problem is a systematic problem of many governmental agencies. The tendency of

privatisation encountered in the eighties is proof of recognition of this problem. However,
many agencies such as the navy, but also for instance in health care, are ruled by issues such
as solidarity or moral considerations, making it at least difficult if not impossible to remedy
this problem. The conclusion is that not all governmental agencies or social welfare
institutions are prone to the two problems mentioned above. For instance compensation can be

used in negotiations between employers and employees. But the lack of means of
compensation has to be viewed as one of the important factors in sub-optimal decision making
within our social structure.
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The approach taken in the two phase decision making model shows similarities with an
approach taken by Janszen4. His proposal for a product development model consists of four
sub-processes: learning, decision making. producing and financing. He further proposes that
product development teams tend to work together according to one of three possible models:
chaos team model (dependencies between team members is minimal).
hierarchical team model (some team members dominate others), and
network model (intermediate between the other two models).
Janszen puts forward that the chaos model is more likely to exist in the learning process, the

hierarchical model in production processes whilst a network model is optimal for both
processes.

We have advocated to use a product information structure enabling a network approach,
which is especially relevant for harnessing chaos in the first phase of the decision making
model. Our second recommendation is to provide adequate means of compensation to players
in the second phase of the decision making model. Doing so reduces asymmetric distribution
of dominance. The conclusion is that the approach and hypotheses of Janszen are supported by
the approach taken in this thesis.

Finally, we can deal with some improvements made in this chapter towards the condition of

perfect design as described in Chapter 3. The major part of this chapter is dedicated to
influencing the decision making process towards perfect behaviour. However, there is a part
of this chapter that is also relevant for perfect adaptability.
Our factual limited ability to acquire perfect knowledge leads subsequently to the existence of

uncertainties. Our goal has not been to emphasise the need for additional information or
knowledge gathering; on the contrary, it has been to provide the designer and decision makers
with concepts enabling them to handle uncertainties. The fundamental idea behind this is that
there is a trade-off between the benefits to be expected from additional knowledge and the
costs of gathering it. It is clear that just the concept of uncertainty makes it impossible to

subject this to standard cost-benefit analyses. lt will remain the task of designers to make
subjective assessments on this matter.

The second aspect of perfect behaviour, rationality, has also received much attention.
Important in our treatment of this matter is that subjectivity in ordering preferences does not
imply that rationality is reduced. This is a very relevant point of view, because a warship
reflects the needs and wants of a society and will therefore always contain subjectivity in the
definition of goals. Rationality implies that decision makers act according to their preferences,
irrespective of their nature. Rationality also implies striving for absolute truth and we have
discussed in the foregoing that our ability to reach this state is bounded by our capability to
gather information. Absolute truth is of course an unobtainable goal. We chose to approach
this by addressing biases in the decision making process ultimately leading to the formulation
of two normative decision making models.
We have also addressed the misconception that there is one clear optimum. Decisions in
warship design are often made by groups, whose members have different backgrounds and
represent different stakeholders. The optimum. or truth for that matter, has many faces. The
theories originating from welfare economics, and especially the compensation principle, are

vital in improving group decision making processes. The absence of these principles in
present practices must therefore be seen as a fundamental shortcoming.
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The second aspect of perfect adaptability is continuous variability. A fundamental limiting
factor in implementing indifference curve analysis lies in not fulfilling this condition. lt would
of course be totally impracticable and even irrational to strive for continuous variability just
for the sake of improving the decision making process. The wish for perfect adaptability is of
course dominated by operational needs. Nevertheless it is stressed that representing choice
problems in bundles of goods valued as having equal utility (in line with the indifference
curve approach) is a forceful tool in improving the decision making process. However we
shall have to accept that our ability to do so is hampered by the often occurring indivisibility
of those goods.
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7. THE AUXILIARY OILER REPLENISHMENT PROJECT
The purpose of this chapter is to give insight into the effects of using parts of the in
Chapters 2, 4, 5 and 6 described methods in an actual design process. The project in
question is the replacement of HNLMS Zuiderkruis which was, at the time of the
project, planned to be taken out of service by 2002. From a research-methodological
point of view it would he ideal to compare two projects, one developed with the usual
method and the other with a new method. This is of course impossible in reality.
Mental excursions are made in order to assess the effects of the new method. A real
life case does not, as is certainly the case here, fulfil all requirements for an ideal
project, such as complete incorporation of life cycle costs or generating a complement
(crew) as opposed to starting with a given complement. On the other hand this is what
happens in real /fe. The main goal of the project was to generate functional staff
requirements and a cost structure, together being capable of giving decision makers
insight and support in balancing requirements versus costs. The final judgenient laid
down in this chapter. is the assessment o/the added value of the methodolo' as used
in this case.

7.1 INTRODUCTION
7.1.1 A description of an AOR
The main function of an Auxiliary Oiler Replenishment (AOR) is providing logistic support
to a task force consisting of typically 9 frigates. The AOR's of the RNIN are so-called first
line AOR's; they move along with the task force and are therefore subjected to the same threat
as the frigates. Second line tankers operate outside the operational theatre and are generally
built to civilian standards. An AOR itself has a limited self defence capability and has to rely
on the protection of the task force. An AOR is generally seen to be a high value unit and is
always escorted in high threat conditions. However, the limited self defence capability allows
for unprotected transits in lower threat conditions.
Naval ships. and in this case frigates, have limited resources of which fuel for propulsion.
electricity generation and helicopters is the most vital resource to be provided by the AOR.
The standard resources (except fuel) of a frigate allow for an autonomous operational period

of several weeks. Fuel, especially when the boost gas turbines are used, needs to be
replenished more frequently. After the first operational period the AOR itself has to be
replenished with fuel, either by sailing to a second line tanker or to a shore based fuel
terminal. An AOR also carries ammunition, sono buoys, food, fresh water and spare parts.
These resources have to be sufficient for two operational periods of the task force. The AOR
is resupplied with fuel only between the first and the second operational period.

Replenishment at sea is performed as follows: The AOR sails in a straight line and the
receiving ship moves alongside at a distance of about twenty yards. A thin line is shot over to

the receiving ship and a thicker line is attached. With this line a steel cable (jackstay) is
winched over from the AOR to the receiving ship. The point of attachment on the receiving
ship is lower than the point of attachment on the AOR thus allowing the hoses to move down
to the receiving ship by gravitational forces only (see Figure 7.1). The jackstay is tensioned by
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a self tensioning device. A pulley with an

attached hoisting device can be used to
move solids from the AOR to the
receiving ship. The AUR has two

Replenishment At Sea (RAS) stations on
each side, with a capability of handling

two ships simultaneously. one ship on
each side. In addition there is a stern gear
for fuel only,

that can be used when

weather conditions make it impossible or
unacceptably dangerous for the receiving

oiler

receiving ship

Figure 7.1: RAS configuration

ships to come alongside.
Standard practice is to resupply fuel to a frigate when the capacity falls below 75%. The total
duration of such a RAS operation is typically 15 minutes from coming alongside to breaking

contact again. The procedure is highly standardised, which makes it possible to replenish
ships of other (allied) nations without prior practice or training with the particular ship.

1-INLMS Amsterdam replaced HNLMS Poolster just prior to the start of the AOR project
intended to replace HNLMS Zuiderkruis in 2002. The main particulars of HNLMS
Amsterdam are placed in the table shown below.
length between perpendiculars
length construction waterline
beam
depth
draught
displacement full load
displacement light ship
deadweight
installed propulsion power
max. sustained speed

165 m
156 m
22 m

1450m
8m

17040 t
7867 t
9173 t
19 MW
20 knots

Table 7.1: main particulars HNLMS Amsterdam
The Amsterdam is a so-called two-island ship as shown in Figure 7.2. The forward island
houses a small Combat Information Centre (CIC). officers quarters and of course the bridge.

A large part of the aft island consists of the helicopter hangar. The rest of the aft
superstructure combined with below deck areas consists of crew quarters. workshops and the
Ship Control Centre (SCC). A central longitudinal transportation route on bulkhead deck'
level connects the two islands.
The RAS deck is situated between the two islands. The four RAS stations, two on each side,
are placed approximately 40 meters apart. This is necessary to allow for two simultaneous
RAS connections on one receiving ship. A packaging area in a deckhouse in between the two
RAS masts is used to prepare and store packets of goods waiting to be transferred to a ship.

Watertight compartments are built with transverse bulkheads running up to a continuous watertight deck. This
deck is called the bulkhead deck and it is the lowest deck allowing movement of personnel or goods without
being hindered by watertight segregations.

120

Chapter 7: The Auxiliary Oiler Replenishment project

RAS masts

(z-

ballast tank
u1

fuel oil

ballast tanks

machinery spaces

Figure 7.2: HNLMS Amsterdam at longitudinal centre plane
The main part of the hull is used for diesel fuel and helicopter fuel. The main storage area is
located at mid-length of the hull, just below the packaging area. A cargo elevator large enough
for the transportation of large goods (such as a missile) can lift goods to the packaging area.
More cargo stores are placed forward of the front island.
The main engine room is situated aft. Two propulsion diesels drive one gearbox and one

propeller. There are four diesel generators, two in the main engine room and two in an
auxiliary engine room below the forward island.

The experiences with the Amsterdam in the first year of deployment provided much
information and the same experience showed some areas for improvement, however there
were several reasons for not making a complete copy of HNLMS Amsterdam:
I. Double hull legislation: environmental concerns have resulted into an increasing amount

of legislation within the maritime industry. The Exxon Valdez disaster in 1989 has
prompted. or at least accelerated, the arrival of the Oil Pollution Act of 1990 (OPA 90) in
the United States. OPA 90 rules require a double hull for all vessels entering US coastal
waters. The International Maritime Organisation (1MO) has adopted a similar approach in
MARPOL regulation 13F. However, this regulation opens the door to other concepts. such
as the mid deck tanker, which relies on hydrostatic differential pressure to limit oil outflow.
Public ships are in the past normally exempted from these kind of regulations. but it is
general practice for governments to follow international legislation where possible. The

RN1N has decided to follow double hull rules because only then both OPA 90 and
MARPOL 13F regulations can be met. A pilot study (Wolff') was carried out prior to the
start of the conceptual design phase. The purpose was to assess the effect of double hull
legislation on the already existing Amsterdam. The conclusion of the pilot study is that it is
possible to redesign the oil holding area of HNLMS Amsterdam to fulfil double hull rules
without serious consequences for the rest of the ship: only a relative small increase in steel
construction weight is established'.

2. Fuel capacity: The required fuel cargo capacity is increased by 20% to allow for the
increased fuel consumption of ships possibly belonging to an (international) task force.
This directly influences the main dimensions of the hull, with consequences for
displacement.
There are some serious downsides of using double hull constructions (such as for instance corrosion problems)
but these are not dealt with in the context of this case study.
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Required volume: The operational concept up to the design of the Amsterdam was based
on a relative short, high intensity conflict in open ocean (a typical cold war scenario). Ships
belonging to a task force would use short periods of low tension to be resupplied. All task
force ships would sail to the AOR and take on board fuel and other consumables. Recent

experiences with HNLMS Zuiderkruis in the second Gulf war showed a different
operational concept. Frigates are allocated to geographical defined "boxes" where they
would for instance establish and maintain economic embargoes. In this concept an AOR is
more likely to make rounds, more or less like a mailman, and resupply frigates, one by one.
with a short stop at a forward logistic site in between rounds. The role of an AOR in this
situation is enhanced by additional functions such as personnel exchange, medical
facilities, repair facilities, additional cargo space and the facilitation of liaison functions for
foreign task force ships. The resulting additional hull and superstructure volume has some
consequences for construction weight.

Military requirements concerning survivability: The Amsterdam was designed in a
period where the attention was focused on cost reduction by the adoption of civilian
standards and manufacturing practices in warships. It is clear and widely accepted that this

trend has had beneficial effects on the costs of warships. An increasing awareness was

established of the notion that this trend somewhat overshot its goals in I-INLMS
Amsterdam. Intended as a first line AOR. the awareness grew that such a ship should to a

greater extent be subjected to at least part of the standards and functionalities as are

required for a combatant. Subsequently an AOR should have at least signatures
(susceptibility) compatible with the weapon bearing task force ships. Also more attention

should be paid to vulnerability issues. The question is to which degree this should be
followed through. Exactly this became the focal point within the design efforts and
subsequent decision making.

Issues concerning double hull, fuel capacity and volume (the latter to a certain extent) lend
themselves to evolutionary design, using the already existing Amsterdam as a starting point.
The changes from the Amsterdam to the new AUR are relatively easy to model, involving
amongst others, the interaction between the following parameters:

- cargo weight,
- steel construction weight.
propulsion system weight.
- vertical centre of gravity (including free surfaces of fluids).
horizontal centre of gravity (trim).
holding tank and ballast tank arrangements and
- installed propulsion power (is a function, amongst others, of displacement)

These couplings would result in several iterative design loops when an approach like the
design spiral is adopted. This is an illustration of the basic "iterativeness" that is connected to
ship design". Adaptive design reflected in the treatment of naval design models in sub-section

2.2.2 offers an opportunity to automate these iterations. The knowledge of the existing
HNLMS Amsterdam allows for a parametric model in which double hull, fuel capacity and
volume issues are dealt with. (This model is a so-called Concept Exploration Model or CEM.)
See also Chapter 2, section 2.2: State of the art warship design.
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Dealing with volume without making a distinction between various locations leads to an
assessment whether the total volume fits into the hull and superstructure envelope. It is
possible. however, that ship management principles require more volume to be available on a
certain location than is present in actual fact. This volume aspect requires an analysis of the

functional requirements leading to required volumes for each function and the required
location.
Military aspects also cannot be dealt with in an evolutionary manner. It is true that the AOR's

survivability requirements resemble those of weapon bearing ships: however, the contents of

the physical domain of an AOR differ from that of a combatant. The mapping of the
survivability function onto the physical domain can therefore not be copied from for instance
frigates.

The treatment of volume distribution and of survivability aspects are subjected to "original"
design as introduced in sub-section 2.2.3 and as dealt with in Chapter 4. The other mentioned
aspects (i.e. double hull and fuel capacity) are not related to behavioural aspects of the AOR
and a straightforward mapping of functional to physical domain is possible. The control
domain influences the allocation of pieces of volume (i.e. the general arrangement) and this is
not covered by the CEM. Consequently an analysis of ship management principles (the
control domain) is called for.
A further requirement of the design process itself is that the operational requirements branch
has to be able to decide which functional requirements will be implemented in the AOR
(rough estimations showed total costs exceeding the available budget). The importance of
mapping functions to costs bearing solutions found in the physical domain becomes therefore
essential.

We have shown in the discussion above that it is not possible to evolve the previous
developed AOR, 1-INLMS Amsterdam. into a new design; parts of the Amsterdani can be
reused, other parts need to be subjected to a more fundamental analysis of functions and ship
management principles. The discussion above focused on four aspects (double hull, fuel
capacity, volume and survivability) for the purpose of showing why the analysis is necessary.
There are more examples that underline this; however these have not been included in this
discussion for the sake of clarity and briefness. The manner in which functions and ship
management principles are dealt with is the subject of the next two sub-sections.

7.1.2 The staff requirements document
In 1994 and 1995 discussions took place between the Operational Requirements Department
and representatives of the Directorate of Materiel. This resulted in a staff target document in
mid 1994, followed by several preliminary design studies. By the end of 1995 the draft staff
requirements were ready. These requirements had a much higher functional content than usual
(as will be discussed in more detail in the next section), and therefore lacked the "credibility"
of the previous well known formats of staff requirements. These documents used to be filled
with requirements like 'the ship shall have a propulsion system based on medium speed diesel

engines". The new format would basically mention what was expected in terms of
performance of for instance the mobility function.

The structure of the requirements document is based on a decomposition of AOR
functionalities. A graphical representation of the decomposition is in Annex E. The
requirements for each function consist of four aspects:
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performance requirements,
ship management principles for the control domain,
relevant elements of scenarios that need to be taken into consideration and
design guidelines limiting the envelope of solutions (in the physical or control domain).

Two overall design guidelines are stated in the requirements document, next to several
guidelines with validity for one function only. The first one concerns the maximum manning
level, which was set at the same level as HNLMS Amsterdam. and the second one concerns
the requirement for the design process that design decisions must be made on the basis of life
cycle costs instead of on initial investment only. The two guidelines are very closely related
and, as will be discussed in the final section of this chapter, both guidelines, for the same
reason, did not influence the design process very much.
A large part of the staff requirements is dedicated to defining the management structure of the

AOR. The approach was to define a separate management structure for the four separate
departments of the Navy, namely:
operational department.
weapons engineering.
mechanical engineering and
logistics.

The scenarios relevant for generating and determining management principles are based on

formalised scenarios representing seven operational conditions. The military term for
operational condition is readiness state. The seven readiness states in order of highest
readiness state to lowest are:

I. RAS operations, battle stations (all personnel on post and in direct expectation of hostile
action; this state can be maintained for several hours on end)
RAS operations, defence watch (two shift watch system can be maintained for several
weeks)
Operations in confined waters (for instance entering a harbour)
Normal conditions, sea watch (transit)
Manned ship in (foreign) port
Unmanned ship in (own) port with a selection of activated systems
Dead ship (unmanned ship with all systems down)

For each readiness state each department made an assessment of which functions fall under

the responsibility of the department at hand, which functions have to be performed
simultaneously, or which functions may not have to be performed simultaneously with other
functions.

The assignment of the design team was firstly to determine the initial investment connected to
the staff requirements document, and secondly to aid the operational requirements branch in
decision making concerning balancing initial investment costs versus performance.
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7.2 METHOD
The previous section described the structure of the staff requirements and it is shown that the
elements for a PRIS are by and large covered. An example of the interaction between the
functional requirements, ship management principles and design guidelines governing the

interaction between the functional, control and physical domain, can be found in the
following:

Functional requirements state for instance which goods in which quantities shall be stored in
the AOR. This is easily mapped onto the physical domain in required square metres or cubic
meters. The functional requirement however does not say anything about how this should be
accomplished. Here the control domain holds information. It is mentioned in the text of the

staff requirement that "transport flows forward-aft, aft forward and vertical shall not
interfere". In other words the necessity for transport management is excluded by stating that
transport routes shall be decoupled. This statement is rightfully not a functional requirement
because it is directly related to an organisational issue rather than a functional one. The
functional and control domain holds vital information for the physical domain. The required

volume follows from the mapping between the functional and physical domain and the
location of the storage areas and transport routes follows from the management principles
resulting from the flapping process between the control and physical domain. A further
modelling within the physical domain is required

to assess the overall consequences on systems
level (for instance volume distribution influences
trim and stability).
Figure 7.3 shows a simplified version of the PRIS
described in Chapter 5. The mapping processes

PRIS
Soenajio

Functional

between the several domains and the scenario
offers relevant information for the designer. This
is further explained in Table 7.2.

1nin

FsiJ
ftJnin

Figure 7.3: the PRIS for the OAR

mapping between
scenario

scenario
functional
domain

functional
domain

control
domain

provides information on
functional which functions are active" in a readiness state under which environdomain
mental conditions (for instance mobility and hotel functions are active in
the transit state and the relevant environmental condition is sea state)
control
organisational issues for each readiness state (for instance a watch system
domain
for each readiness state)
physical which performance requirements are relevant for a system, and the
domain
combined costs of a function (for instance the speed for determining the
power rating of a diesel engine and vice versa the costs connected the
function niobility" consists of several system costs amongst which the
cost of the diesel engine)
control
which departments hold responsibility over a function, and which
domain
functions need to be performed simultaneously, and which in sequence
(for instance when a damage occurs maintenance can be stopped. hut RAS
operations require an emergency procedure)
physical which systems need to be controlled simultaneously and by which
domain
organisational unit of the complement (for instance watch officer on the
bridge holds responsibility for several hut not all propulsion systems

Table 7.2: mapping processes between PRIS domains and the scenario
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The formalised maimer of establishing a PRJS as described in Chapter 5 was not established at
the time of the execution of the projects. The mapping processes took place but parts of the
results were not laid down in a database but were plain text only. The most formalised part of

the AOR-PR]S are the functional and physical domains. The functional domain is, as is
explained in the previous section. based on the decomposition of AOR functions (see Annex

E). The physical domain also requires a hierarchical breakdown. A standard systems
breakdown was used for the physical domain. The advantage of using this standard
breakdown is that most existing designs (up to HNLMS Amsterdam) are based on the same
structure, which makes reusing of historical data possible. Part of the physical domain is a list
of systems and their properties (e.g. weight, location, costs etc.).

A Concept Exploration Model (CEM) has been developed to assess the effects of the
functional requirements on the ship's main parameters responsible for initial costs, and for
checking whether or not the design is viable (for instance check on stability requirements).
The tool chosen for developing a CEM is Quaestor (see also sub-section 2.2.2). A typical
design case with the AOR case consisted of roughly 80 to 100 relations and of course the
same number of parameters. The relations consist of a mix of parametrical data mainly from
the Amsterdam (e.g hull weight) and of more fundamental calculations (e.g. resistance
calculations). Sensitive parts of the assumptions made in the relations were checked for the
design that was developed further. These more detailed calculations on stability (both intact
and damaged). hull weight and propulsion showed no insurmountable differences with the
CEM results.

The information structure of the AOR CEM is placed in Figure 7.4. The most important
inputs were required volumes and areas (with required location), weights and speed. The
iteration takes care of balancing the design". The output of the iteration is first checked on
mainly four conditions: intact and damaged stability, available deck length, volume and area.
In fact, these requirements could have been made an integral part of the iteration process, but

this would make the CEM much more complex and calculations would take much more
computing time. The first CEM was therefore made as simple as possible and was only
CHECKS
stability
available deck lenuth
available storage location

INPUTS
tank volumes
storage area
weights

s-

ITERA11ON
volumes
propulsion
hull sizing
superstructure sizing
displacement

INI11AL
COSTS

costs shortcut

Figure 7.4: CEM information flow
Balancing the design as is discussed in sub-section 2.2.!. A balanced design is a design where the values of all
interdependent parameters are concurrently (and interactively) determined.
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expanded when required. Experiences with the basic CEM showed that the only important
parameters able to influence the outcome of the checking process were hull beam and number
of decks (hull depth) and these were quite easily managed manually.
The costs structure is partially based on the results of the iteration process, but a large, and

indeed a very large part as will be shown in the next section. is not influenced by the
iterations. This provides an opportunity to make a shortcut directly to the costs (see Figure
7.4). Initial costs are properties of means (e.g. costs of a diesel engine or steel construction).
The costs of a diesel engine are dependent of amongst others the displacement. and can
therefore only be calculated as a result of the iteration. But the costs of Roentgen equipment in
the medical facility is independent (i.e. uncoupled) from the rest of the ship and can therefore
be dealt with as an approximate estimate.

The mapping between functions and systems takes the appearance of a matrix. Several
supporting systems, such as for instance high pressure air, provide support to many functions.
The costs of such a system are divided over functions with the ratio of costs in the situation
where each function (user) would have its own support. Costs are in most cases obtained from

previously realised designs. The risk connected to costs is translated into a risk window
(between 5% and 20%). The risk is assessed as being low ifa crossing in the matrix equals the

same solutions as used in those already existing ships. The same matrix is also used for
generating and maintaining an overview of couplings between functions and systems.

The mapping between the functional and physical domain also allows for recognising
couplings. An example can be found in the role of the "fire main system" and the two
functions NBCVI protection" and fire fighting". In the case of NBC protection sea water
from the fire main is used as protection against a NBC threat by spraying water over the ships
superstructure. Sea water is of course also used to provide a cooling and extinguishing agent
in case of fire. In the case of frigates both functions are mutual exclusive (NBC threat and fire
are defined as not occurring at the same time). In the case of the AOR the option arose to use
the water from the NBC protection system as a cooling agent for the superstructure in case of
a fire in which case the total capacity of the fire main system has to be increased to allow for
simultaneous use. The additional costs are in this case allocated to the function "fight fire",
demonstrating the financial consequences of additional functionalities.

The analysis of functional requirements and their resulting requirements on volume and area
only is not sufficient to generate a general arrangement. To this purpose the following design
guidelines were generated:
Allocation of volumes derived from functions to specific areas, mainly:
bulkhead deck level, moving around without crossing watertight boundaries is
possible,
RAS deck and weather deck level, possibility of direct access to deck,
superstructure (for instance accommodation) and
hull (for instance fuel oil tanks or engine room).
2.

Separation of vital systems comparable to separation of two compartments.

The approach superficially resembles Quality Function Deployment (QFD), but the depicted interactions in the
matrix have more resemblance to the design matrix of Suh as discussed in sub-section 5.3.4.
NBC is Nuclear, Biological and Chemical
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Grouping of related spaces in order to reduce internal transportation efforts, unless
compliance to item 2. makes this impossible.
Allocation of spaces meeting the following restrictions:
no fuel or ammunition holds below superstructure.
amniunition holds preferably below waterline and
fuel oil holds in a trim neutral position.

The so far sketched concept of an AOR combined with the short overview of design
procedure as used in this case makes it possible to discuss some results.

7.3 SOME RESULTS AND A TYPICAL CHOICE PROBLEM

The subsequent generated ship concepts revealed that concepts capable of meeting all
requirements and design guidelines had large unused areas. In other words, the concepts were

much larger as a consequence of the guidelines than would follow from the functional
requirements only. This was mainly due to the fact that areas on RAS deck and helicopter
deck level were very much in demand. The reasoning in the design guidelines was that cargo

lifts prove to be a unreliable connection between decks in foul weather or damaged
conditions. A solution was found in making use of ramps instead of only elevators. By doing
so the allocation to deck levels was relaxed considerably. Ramps of course claim more space
than lifts but much less space than the concepts with large unused spaces. The approach taken
was to generate one concept with the emphasis firstly on logistics and with survivability issues
trailing behind, and a second concept where the prioritisations were turned around. This is in
fact a co-evolution of two concepts. The question is therefore not only which concept has the
highest utility (or fitness, see also Section 1.2). but which concept lies at the slope leading to
the highest peak in the fitness landscape.

-----V

p

wp

ballast tanks

fuel oil

ff% machinery spaces

ballast tanks

double bottom

Figure 7.5: side view at centre plane of two AOR concepts
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length between perpendiculars
length construction waterline
beam
depth
draught
displacement full load
displacement light ship
deadweight
installed propulsion power
max. sustained speed

1 78 m

168 m

24 m

1480m
8m
22300 t
10300 t
12000 t
22 MW
20 knots

Table 7.3: main particulars for two AOR concepts
Figure 7.5 shows the two concepts. The top concept is a two-island concept that is logistically
optimised and the bottom concept, the one-island concept, is survivability optimised. The two

concepts have the same main particulars (see Table 7.3). and almost identical initial costs,

placing both alternatives in the middle row of
Table 6.2, where costs are equal and a choice
between concepts has to be made based on the
respective utilities of both concepts. The thinking
behind the two different concepts is that there is a
trade-off possible between logistic capabilities and
survivability. This is the choice problem depicted
in Figure 7.6. There are two bundles of goods and
both bundles are composed of two goods, namely
logistics and survivability. The question is which

bundle has the highest utility. The hypothesis
within the presentation of the choice problem of
Figure 7.6 that the two-island concept is always
positioned in the upper left corner relative to the
one-island conceptvh. It is necessary to look a little

further in the reasoning behind the generation of
the two concepts in order to assess the validity of

survivability
Figure 7 6 utility curves for logistics
and survivability

the hypothesis.

Logistics: The two-island concept was largely based on the hypothesis that a large continuous
deck used for storage of solids (spare parts, food etc.). running over roughly 2/3d of the ships
length. would have superior loading and unloading properties over the much more vertically

oriented one-island ship. The estimation was that more usage of lifts would provide
bottlenecks in the flow of goods. The main purpose of an AOR is to refuel other warships.
When the AOR is empty it returns to a shore based fuel storage for refuelling. The refuelling
itself takes about ten hours. The thinking was that restocking of secondary goods (solids)
would need to be possible in the same time frame. In other words, restocking secondary

functions should not influence the turn around time of an AOR. Consequently the
performance criterion for logistical simulation became complete loading within ten hours.
Subsequent simulation showed that both concepts were incapable of meeting the condition
IfA is the one-island concept then B must be the two-island concept.
or ifA is the two-island concept then C must be the one-island.
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(Van den Akker2): the two-island ship needs approximately 16 hours and the one-island ship
21 hours. The 21 hours of the one-island ship is based on the assumption that the goods are
delivered to the ship in a pre-defined sequence to allow for optimal use of the elevators. The
21 hours would be exceeded considerably if the sequence condition is not met. The conclusion
is therefore that there is a preference for the two-island ship.

Damage control: The one-island concept was largely based on the assumption that a
continuous deck on top of the fuel oil holds would considerably reduce the capability of
attacking a large fire involving the fuel holds, because twisted steel construction and the
presence of stored solids would make reaching the fire almost impossible in the two-island
concept. The fuel tanks are therefore extended upward to the weather deck in the one-island
concept. Means of simulation of large fuel fires proved not to be available (at least in the time

frame given for the design). However, experiences with civilian tankers hit by an exocet
missile in the Gulf war showed violent fires that lasted for days on end which could only be
extinguished by using several fire fighting tugs simultaneously. The two-island concept has an

ability, when compared to the one-island concept, to more spatial separation of systems
performing tasks in vital functions. This could be simulated and the conclusion (Brinkman3)
was that function loss as a result of a large fire is less in the case of the two-island concept.
The one-island concept was, given the available information, preferred over the two-island
concept. with regard to fire fighting capabilities. However, the influence of improved fire
attack routes in the case of the one-island concept remains an open question.

The above described information on logistics and damage control makes it possible to
represent the choice problem of Figure 7.6 in game theoretical terms. Two options remain
relevant: the one- and two-island concepts. The state of nature relevant for logistics is an
undamaged ship loading solids and the state relevant for survivability is large fuel fire as a
result of a missile hit in the fuel storage area. This choice problem is depicted in Table 7.1.
However there remains one problem: the relative utilities for the second state of nature remain
questionable.

options
one-island
two-island

states of nature
large fuel fire as a result of a missile
hit in the fuel storage area

undamaged ship is
loading solids
-

±

-

Table 7.4: Pvo options and two states of nature

This was the situation at the moment the staff requirements had to be finalised. The
discussions that followed concerning the choice problem of Table 7.4 were very interesting
but they nonetheless did not lead to a conclusion. This was at the moment not considered to be

a problem because the purpose was to assess the financial consequences of the staff
requirements document, and a choice was not deemed necessary because the choice between
the two options is budget neutral. However the next stage of design requires that a choice
needs to be made and we were in fact not able to make a choice between the two alternatives.
The standard solution to address the two question marks in Table 7.4 is of course to compare

the two options on their basis of fire fighting capabilities. This is. even if possible. an
enormous research project with huge costs. The question whether it is necessary to perform
such a research project is an example of reasoning under uncertainty. We never tackled this
question, but the theory of Chapter 6 makes it possible to address this question.
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The fact is that we combined two types of difference of opinion (see also Chapter 6 subsection 6.3.1):

difference of opinion on alleged facts concerning the question marks in the third column of
Table 7.4 and
difference of opinion on subjective judgement of fact concerning the subjective judgement
on the four utilities in Table 7.4.

This partly explains why we could not make a choice because there are in fact two choice
problems. For instance one person might judge survivability as more relevant than logistics,
but this person is sometimes drawn in a discussion concerning the validity of the assumption
that there is a difference in fire fighting capabilities between the two options.

A more correct representation of Table 7.4 is Table 7.5 where the possible outcomes of a
research project are interpreted as states of nature. The two-island concept has a higher utility
if a fuel fire can be contained irrespective of attack routes because the spatial distribution of
equipment results in less function loss. The utilities are both negative when a fuel fire cannot
be contained for both concepts. The one-island concept has a higher survivability utility when
easy access makes it possible to contain a fuel fire.

options

one-island
two-island

states of nature
fuel fire can never
undamaged ship is fuel fire can be
loading solids
contained
be contained
irrespective of
irrespective of
attack route
attack routes

fuel fire can be
contained when
easy access to fire
is present

-

-

-

+

+

+

-

-

Table 7.5 : two options and four states of nature
The cancellation principle makes it possible to cancel the middle two states of nature because
they cannot change the outcome of the choice problem irrespective of which decision making

strategy is chosen (maximin. maximax, etc.). The reduced choice problem that can be
presented to the decision makers is shown in Table 7.6. A relevant condition derived from the
normative decision making model is the invariance condition: different representations of the

same choice problem should yield the same outcome. This is governed by the biases of
decision makers. The origins for biases relevant for this choice problem are:

The concepts cannot be presented as a one and two-island ship because discussions on the
validity of facts will arise; the concepts have to be presented as concept A and B.
It must be clear that the choice is real and that the outcome determines the actual result of
the design process rather than informing the decision makers that they are merely assessing
whether further research concerning fire fighting capability is required. This is because the
responsibility concerning research questions is less which may result in a different decision
making strategy than would be the case if the decision maker decides on the actual choice
between the two concepts.
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states of nature
options

undamaged ship is fuel fire can be
contained
loading solids

A

-

+

B

+

-

Table 7.6: A reduction of Table 7.5 to two states of nature
The outcome of the choice problem of Table 7.6 has two versions (leaving an undetermined
choice apart):
The two-island concept (B) is chosen, in which case it is not necessary anymore to perform
further research concerning the fire fighting capabilities.

The one-island concept (A) is chosen, in which case it is necessary to perform further
analysis. The choice is reversed to a two-island concept if the outcome of the research is
that the one-island concept is not capable of containing a fire. Further research is required
if the outcome is that a fuel fire can be contained because the choice would also be
reversed to a two-island concept if that too would be able to contain a fire.

What we have done in this example is to demonstrate that knowledge on decision making
makes it possible to reduce a choice problem to a problem where strategies can be determined
allowing the designers and the decision makers to behave with a rational intent but limited so
as is intended by bounded rationality.

We can now conclude that there is a possibility that further research is not necessarily
dependant of the outcome of the choice problem of Table 7.6. However we can draw an
additional conclusion: namely the development of the one-island concept could have been
superfluous if the choice problem of Table 7.6 was presented at the time of the development
of the hypothesis concerning the two concepts (the one- and two-island concept). In that case
if the decision had been towards the two-island concept we would only had to investigate
whether the hypothesis concerning the superior logistic capabilities of the two-island concept
relative to the one-island concept is true. In which case al the work related to the fire fighting
capabilities we have performed would not have been necessary. It is now impossible to assess
this question in reality anymore because we cannot fulfil the invariance requirement anymore
since all the results concerning the two concept are already distributed in the RNIN. The
insufficient reason principle leads to the assumption that there is a 50% chance that we spent
much time to fire fighting capabilities whilst this had no influence on the choice. This could
have been avoided if we had asked the correct questions at the right moment.

7.4 DISCUSSION
The goal of the AOR project was to establish whether the staff requirements could be fulfilled

within the available budget. The purpose of this chapter is to show the effects of function
analysis, information management (i.e. the PRIS) and decision making. Also some attention is
spent on organisational issues. It is, and has always been, understood that a very large part of
the (initial) investment costs are determined very early in the design process. Figure 7.7 is a
commonly accepted illustration of this concept. The majority of the costs are laid down in a
very early stage, whilst the actual expenditure trails behind. The expenditure is in this case
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interpreted as the calculated value of the
manpower involved (which is the
expenditure of the technical departments
in the RN1N). It was a secondary goal of
the AOR project to adjust the organisation
of the design effort to shift the attention of
the technical departments somewhat more
towards the period in which the costs are
actually

determined.

This

A

40%

costs laid down

Á'P

i.e. mançower involved

time

''î

secondary

assumption is based on the assumption
that more work done early in the design
process would reduce the total effort. We

of course that shifting the
"manpower involved" curve to the costs
laid down" curve is only partly possible
realised

Figure 7.7: costs fixed versus actual
expenditure

because "post" staff requirements work is more detailed than "pre" staff requirements work.
The method as used in the AOR case is evaluated by a comparison to the "normal", previously
used methods. However the ideas and concepts of the previous chapters were not developed to
their full extent at the time of the AUR project. Consequently a second part of the evaluation

is necessary, namely a further extrapolation of what the effects would be in a more ideal
situation.

The working method entailed that we started with scenario-like descriptions aiding the
definition of functional requirements and providing contextual information for equipment
selection. The physical domain contains information concerning equipment and systems.
There are three types of mapping functional requirements to costs:

1. Mapping directly from the functional domain to the physical domain, for instance medical
equipment. The functional requirement of "hold 12.000 tons of fuel" implies for instance
tanks and a fuel transfer system. These costs are basically uncoupled from other systems
and can therefore be directly added lo a costs overview, and they can be directly allocated
to functional requirements.

Direct mapping from the functional domain is not or not completely possible in cases
where ship management principles are required. For instance the functional requirements
concerning fire fighting alone are not sufficient for equipment selection; information on
damage control principles needs to be available in the control domain. Costs connected to

equipment selection can be directly allocated to functional requirements in cases of
uncoupled relationships between the functional and physical domain.

3. A total treatment of all related systems at once is required in cases where couplings
between systems exist. The CEM was used primarily for these iterative calculations.
The results of the first two mapping types are responsible for approximately 40% of costs laid

down by stating functional requirements only (see Figure 7.7). The remaining 60 % is
influenced by couplings and can therefore not be directly dealt with. It seems that the designer

has a large influence on the remaining 60%; however this turned out to be much less than
expected. For instance calculations concerning length to beam ratios showed only a ripple of
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plus or minus 1% on total costs. We never established the actual percentage but it seems that
the actual percentage of costs fixed by the staff goals is higher than the 40% claimed here.

The PRIS as used in the AOR case is in comparison with the PRIS described in Chapter 5
much simpler. The information structure as described above resembles a PRIS but it is a very
simple and crude PRIS. However we were able to present decision makers with functional
costs, supporting their ability to choose between, and rank functional requirements. The two
way nature of the mapping processes makes a separate feedback loop superfluous. This
enables the designers and the decision makers to adjust parts of the design with minimal
effort. All participants judged this aspect of the AOR project as a vast improvement over the
conventional method. However more use of the AOR information system could have been
made if the following aspects would have been covered:

The design process was sequentially organised. each consecutive design phase was
accompanied by generating a structure for the PRIS, instead of starting with an empty PRIS
structure. In that case the design process could have diverted from the sequences. This would
have supported us in performing work on subjects independently of their planned treatment,
thus allowing for adjustment of the design process to the dynamics of a design environment.
Secondly, we could not answer any questions before we were ready. because at mid term of
the project we were half finished with everything instead of completely finished with 50 % of
the AOR.
The PRIS was non-existent before the project started. Much time. if indeed not most time, was
spent on extracting information from mainly the previous AOR, HNLMS Amsterdam. We
could have reused many pieces of information if the Amsterdam would have been developed
with a PRIS, which would certainly have reduced our effort.

It must be admitted that information stores in the AOR PRIS is partially incomplete or
ambiguous. Three years ago. whilst completely involved in the AOR design, these white spots

were apparently unconsciously filled in. One can only conclude that documentation of
assumptions and design decisions should have got an even higher priority. Just as it is now
common practice to have specialists available to a design team making CAD drawings, it
should be considered to add a professional database maintainer to a design team.

In the previous section we have quite extensively argued that fundamental knowledge on
decision making makes it possible to design with more efficiency. Chapter 3 argued that
"perfect knowledge" would remove all uncertainties from the decision making process, in
which case no decision making strategies need to be established. It is clear that we cannot
attain the condition of perfect design", thus introducing uncertainties and the need for
strategy selection. The usual practice is to allow several design alternatives to exist and
develop them simultaneously along parallel paths. This requires of course much effort.
Uncertainties make it necessary to select a strategy at some time, and an early recognition of

this allows likewise early strategy selection which can remove the need to support several
design alternatives.

The idea of using the indifference approach was not yet fully developed at the time of the
AOR project, hut looking back one could ask the question whether it could have been used in
this case. Most choices concerned indivisible means, making it practically impossible to
match pairs of means with equal utility. The amount of fuel oil carried versus several
alternative investments would have provided us with the opportunity to use indifference
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analysis. However, the operational concept of the AOR entails the support of a given task
force with a given fuel consumption. Variations of fuel carried were therefore not considered.
The normative decision making model as introduced in Chapter 6 sub-section 6.3.3 is based
on two phases: a co-operation game in which difference of opinion not related to sectional
interests are dealt with, and a second game, the bargaining game. in which differences of
opinion due to sectional interests are dealt with. The provider of materiel did not accept the

results of the first game because their interests were apparently not considered to be
sufficiently covered.
The position of the operational requirements branch was as follows: there is a limited budget
and it was established that the absolute minimum functionalities of an AOR were covered by
the budget. The position was to go ahead and finalise the staff requirements as the design
process moves on and more detailed cost information is available.
The provider of materiel interpreted the staff requirements document as a contract between
two parties and required the "open end" in the contract io be removed prior to accepting the

staff requirements document for further development. The conflict was: performance
maximisation against a fixed cost ceiling versus risk reduction accompanied by, if necessary, a
performance reduction.
The two parties do posses means of compensation and could therefore start bargaining in the
second phase, supported by the information on functions and related costs and implementation
risks as described. Other possible conflicts between additional stakeholders (e.g. department
of personnel and maintainers of materiel) were not addressed explicitly in the second game,
but they were, to a certain degree, dealt with in the first game. This tendency can be explained

by addressing the ability to compensate. The second game requires compensations in
bargaining for a compromise; the first game does not require this. The stakeholders like the
department of personnel and maintainers of materiel are accustomed to be presented with a
design concept on which they can comment. Their interest is on life cycle costs but they do
not have the ability to provide initial investment to pay for life cycle reduction. This would
require the other stakeholders to reduce their interests and getting nothing back for it. This can
only be dealt with in a common interest game.
The first phase of the design process, the common interest game, proved capable of delivering
new, innovative concepts. Negotiating and bargaining with stakeholders did not hinder the
design process, thus creating favourable conditions for innovations. This notion is somewhat
intuitive and it cannot be checked or falsified, albeit that support can be found in Callon and

Law4 who state that innovations appear from places that are relatively private and
autonomous. The fact that we (i.e. the designers and representatives of the Operational
Requirements Brach) were surprised by a lack of acceptance of the concepts by the rest of the
navy at the end of the common interest game. can be explained by our disregard for sociotechnical issues. Two relevant aspects come to mind:
Stakeholders want to feel the satisfaction of changing a concept by arguing. bargaining and
if possible by offering compensation, even if the interests of the stakeholders are implicitly
covered by the common interest game.

The players of the common interest game at least try to view the concept as a whole.
Stakeholders are framed by their background and by their responsibilities. Stakeholders can
therefore see a different iruth" than the players of the common interest game.
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The conclusion is that it is still preferable to play the common interest game and the
bargaining game in sequence. However one has to be prepared that the second game will
dilute the results of the first game somewhat by accepting a compromise brought about by
bargaining and exchanging compensation.
Exactly this aspect provided part of the motivation of writing this thesis. Allowing to be heard
in a common interest game requires facts, arguments and logical demonstrations to show other

participants of the common interest game that things will go wrong for the RNIN if these
subjects are not dealt with. This requires at least all the elements introduced in this thesis:
function analysis, information management with the support of a PRIS and rational decision
making.
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8. CONTROL AND MONITORING OF PLATFORM SYSTEMS

Control and Monitoring (C&M) facilities are part of the Integrated Monitoring and
Control System (JMC'S. These facilities are needed to effectuate manipulations
(controls) on various platform systems and monitoring devices, provide ¿he required
information. The goal is to generate a general C&M philosophy to analyse the A irDefence and Command Frigate (ADCF) and to use the obtained knowledge thereof
to generate a generally applicable C&M philosophy. This analysis showed some
deficiencies within the ADCF whilst the consistency of the C&M structure can also
be improved. It is further recognised that more control might he delegated to a lower
hierarchical level i/ian presently is the case, resulting in a more goal oriented JMCS.
Further elaboration on operational weapon and sensor systems leads to a better
integration between externally oriented command and internally oriented ('platform)
command. Th,e complexity and the sheer volume of data involved require ¿he use of
an information system. A derivative of the Product Information structure (PR iS.)
described in Chapter 5 is used. The actual work described in this case has been
performed in ¿he years 1997/98 by the Department of Naval Architecture and Marine
Engineering of the RNIN as part of the A DCF project.

8.1 INTRODUCTION
The approach to the functional design of the specifications of an Integrated Monitoring and

Control System (IMCS) for the Air-Defence and Command Frigate (ADCF) has been
described in Chapter 2, sub-section 2.2.3. (see also Otto et al.

1)

The motivation of pursuing a

funcfional approach was partly found in the expectation that emerging technological
developments, especially in information technology, provide an enormous scope of
possibilities. At the same time implementation risks and budget restrictions make it necessary
to choose between alternatives, and consequently a thorough

analysis of the real needs, the functional requirements, is
called for.

F U N C T IONS

4
inform ation

The basic underlying "ship management" concept is based
on the distinction of two functional layers with a technical
manager in between. The control paradigm (see also Chapter
4 sub-section 4.2.2.) is shown in Figure 8.1. The control
paradigm encapsulates what in military terminology is called
C21 (Command. Control and Information). Two C21 loops
can be recognised: Command&lnformation between the

technical manager and functions, and one level lower:
Control&Monitor between the technical manager and

and feedback

co in m and

TECHNICAL CONTROL

t

monitor

I

control
Ir

SUPPORTING PLA FORM
PROCESSES:
use and support means

supporting platform processes. The relevance of this concept
lies in the observation that the importance of the
Comrnand&Information loop was under-emphasised in the
development of previous automation systems, and therefore Figure 8.1: control paradigm
Conceptual Design of Warships

137

these systems lacked support for the technical manager in his role as a liaison between
operational needs and platform capabilities. The contract specifications of the IMCS
concerning the upper command loop were, as mentioned above, based on a function analysis,
because this new aspect of the IMCS required an original approach.

The lower C&M loop was at that time largely based on the existing M-Frigate. The
specifications of platform systems entailed, amongst others, specifications on required C&M
facilities, but these were generated without the support of a general philosophy, thus creating
possible inconsistencies or gaps in C&M.
We were at first only partly able to analyse the second loop because C&M specifications

depend on the properties of actual platform systems, and most systems were still under
development. For instance a diesel engine requires other types of controls than a gas turbine.
The engineering phase has since then almost been completed and it became opportune to

analyse C&M aspects (see also Wolff). The goal was therefore to generate a C&M
philosophy and to apply it to the ADCF. The scope of this assignment surpasses the envelope

of the IMCS because not only remote but also local manual C&M need to be analysed;
however, the IMCS remains the main area of interest for this case.

The purpose of this chapter is to describe an application of a PRIS and to analyse the
opportunities and limitations of such an application.

8.2 AN INFORMATION STRUCTURE AND C&M CRITERIA
The purpose of the first sub-section is to describe the information structure as used in the
C&M case. The basic structure of the PRIS as described in Chapter 5 is used as a basis, and
this section further describes the C&M analysis developed for the database. The criteria,
which we have used in mapping relationships between the domains, are described in the
second sub-section. An example is threaded through both subsections for further clarification
of the PRIS and the mapping process.

8.2.1 The Product Information Structure (PRIS)
Whilst our analysis of the upper command loop of Figure 8.1 dealt with several hundreds of
pieces of information, this more detailed C&M analysis involves several thousands, and
obviously a more standardised information structure is required. There are also more
engineers, specialists and suppliers of equipment involved. It is consequently necessary to
have an information structure available for storing, retrieving and maintaining information.
The Product Information Structure (PRIS) as described in Chapter 5 provides such a structure.
There are three information domains used in the C&M case (see also Figure 8.3). In this case
the product is a controllable platform in which a balance has been struck between function.
physical embodiment and behaviour.
I. The functional domain: specifying which functions need to be performed. The contents of
this domain is based on a function decomposition as has been generated for the ADCF. The
first layer of the decomposition is similar to Figure 2.8 in Chapter 2, and the complete
decomposition is placed in ANNEX D. The lowest level of decomposition is reached when

independence between functions cannot be assumed anymore (for instance "provide
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translation" is a final level of function decomposition). The functions were further
decomposed into tasks.

The physical domain: representing a hierarchical decomposition of systems, based on a
structured work breakdown. This domain describes the available physical or mechanical
means. The lowest level of decomposition deemed relevant for this case is the platform
system level, as discussed in Chapter 5 sub-section 5.4.2. (For instance cruising diesel
engine port. chilled water plant forward or high pressure air distribution.) This level is also
chosen as the lowest level of decomposition because it has the same degree of detail

compared to the task decomposition, which alows for easier mapping between the
functional and physical domain. The majority of the physical domain is filled with platform

systems, however weapon and sensor systems are included also because the support of
weapon and sensor systems by platform systems is vital for performing the operational
goals of the ADCF. The mapping process between the functional and physical domain was
not meant to support the design process itself, but was solely performed for the purpose of
putting up IMCS specifications. Later on. in the discussion on this chapter. it will be
advocated that earlier application of the mapping process would be beneficial to the design.

3. The control domain: describing the behaviour of the platform in relation to functions and
systems. The contents of the other two domains is a given factor for the C&M analysis. but
the control domain still needs to be filled with control actions. The overview placed in
Table 8.1 is a decomposition of control actions as is also described in Chapter 4 subsection 4.3.2. and more extensively in ANNEX B. The first control layer is divided into
supporting and operational control, the latter is subdivided into making systems available
to be used and into maintaining output.
supporting (non real time)
control
provide safeguards
test
repair
planned maintenance
report

operational (real time) control
maintain output

make available
change status
change setpoint
ensure safe operation
determine rest capacity

maintain setpoint
change configuration
override evelope of normai use

Table 8.1: decomposition of internal platform control actions

disturbance

control unit

error

direction

platform system
control

control kr

actuator

manipulation
process

controlled
unit
monitor

f
feedback

Figure 8.2: control loop
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Chapter 4 introduced the control ioop for internal processes. Figure 8.2 is a further developed
version of Figure 4.9 presented in Chapter 4. The goal for a platform system follows from the
direction given to a function. This is compared with the present state of the platform system.
There is an error present when there is a difference between actual and required state. The

controller (either operator or software agent) needs to decide about a control action. This
control is effectuated by an actuator which manipulates a process. (for instance: an linear
actuator manipulating a fuel rack on a diesel engine). The process itself cari also be disturbed,
which leads to the second reason for control: namely control needed for getting the process
back to its prior state (prior to the disturbance). There is no feedforward because the internal
processes are by definition internal and the disturbances are by definition external.

Feedforward is covered by the functional control loop, where feedforward is used to
determine the goal (direction) of the function.

The control library of Table 8.1 provides a list of possible control actions. The procedure is
that for each control action the following aspects need to be covered:
elements leading to control:

which disturbances can lead to control (disturbances are described in a

3.

4.

scenario)
which changes in direction can lead to the control
realisation of control:
which actuator is manipulating a process
where is the control command entered into a system (i.e. remote or local)
error determination:
what needs to be monitored
how is that compared to the direction

can the error be determined by an automated system or is a human required to
be in the loop'
where is takes monitoring place (i.e. remote or local)
decision making by the controller:
can the control be
a)
control domar
automated
or is
it
MONITOR
necessary to keep an
operator in the loop'
CONTROL

The relations within a PRIS can be
visualised on a conceptual level as
depicted in Figure 8.3. The structure is
in reality a little more complex because
the PRIS is implemented as a relational
database, and database theory implies
that the three domains have to be
divided into several sub-domains in
prevent:
modification
order
to

anomalies, redundant information and

SYSTEM
TYPE
OUTPUT

TASKS

ALLATED

CONNECTION

SYSTEM

FUNCTIONS

INPUT

functional domain

physical domain

"many-to-many" relations.

Figure 8.3: simplified entity-relationship
diagram of the PRIS

Referring to the task allocation as described in Chapter 4 Section 4.4.
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The hierarchical structure of all three domains implies a theoretical possibility of showing
relationships on all hierarchical levels. We resisted this temptation first because relational
databases have difficulties in implementing hierarchical structures (an object oriented
database would be more appropriate for this aspect). The second reason is more fundamental.
We established the lowest level of decomposition within the three domains guided by a stop
criterion based on the recognition of relevant information. For instance it is possible to say
that the function mobility" has a relation with propulsion systems and with propulsion
control, but this is completely trivial because the properties of decomposed elements on this
level are too abstract to have any real value. The hierarchies within the domains in the C&M
case are only used to assure completeness of the lowest level as used in this case.
Figure 8.4 shows a part of the chain of tasks providing the function mobility. These tasks are:
provide rotational energy and provide cooling water. The tasks are allocated respectively to a

cruising diesel engine and to a cooling water system. The fire main provides a redundant
source of cooling water for the diesel engine. The chain is in reality more elaborate, but this
simple isolated part offers sufficient scope for explaining the principle. The allocated systems
are connected via physical input and output products: the sea water cooling system has an
output of sea water and the diesel engine has an input of sea water. A relationship between the
two systems has been established in the physical domain when a connection between the input
and output has been made.

Not every allocated system is dealt with separately with respect to C&M, because similar
systems have similar C&M. Allocated systems are therefore grouped in system types. In this
case there are two cruising diesel engines, one port and one starboard, and they are grouped in
one system type, namely diesel engine. This is in fact an object oriented approach
implemented in a relational database. This immediately shows the disadvantage of a relational
database, because for instance a generator also has a diesel engine. We could not deal with the
generator diesel in a similar manner as the cruising diesel because we were only able to map
relations between the domains on the lowest level of decomposition, and the cruising diesel
has other relations with the functional domain than the generator diesel.
We will also restrict ourselves in this example to a limited number of control actions for the
three system types of Figure 8.4:
1.

Cruising diesel engine:
change status: on/off

maintain setpoint: performed by a local control unit on the diesel that
manipulates the fuelrack

change setpoint: determining the revolution setpoint corresponding to the
required ship speed of advance
Sea water cooling system:
change status: on/off
a)
Fire main:
change status: open/close
a)
valve VI
SEA WATER
COOLING
S Y ST E M

CRUISING DIESEL
ENGINE

rotation

Figure 8.4: part of the functional chain of
mobility
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disturbance
control led
unii:

direction:
control:
motor manipulation:
controller
keep
open
- error:
open valve
propulsion no cooling
valve VI
available
water and
therefore
no propulsion
feedback:
sea water pressure
and position valve VI

propulsion
process

monitor:

Figure 8.5: example of a control ioop
The entire control action sequence of the fire main is shown in Figure 8.5. The controller has
two option: stop the diesel engine (with a loss of functionality which is therefore goal control)
or provide an alternative supply of seawater to the diesel engine (which has no functional

consequences and is therefore only adaptive control). The second option is clearly the
preferred one.

First controls are mapped on system types, which is a mapping process between the control
domain and the physical domain. Secondly a relationship is established between the control
action and the belonging monitoring devices (i.e. sensors such as a temperature sensor). A
second mapping process between the control domain and the physical domain can also take
place, because in this example the control on the connection between the fire main and the
cruising diesel engine is directly established by valve Vl.

Up to this point we are half way around the PRIS with the mapping process; from the
functional domain via the physical domain to the control domain. The last mapping process,
between the functional and the control domain, is, amongst other subjects, dealt with in the
next sub-section.

8.2.2 C&M criteria
The functional necessity for implementing C&M in an IMCS, responsible for the "I" of
Integration in IMCS finds its origins in three aspects:

co-ordination between two or more systems (possibly delivered by different suppliers), for
instance the propulsion control system co-ordinating propeller pitch and the power setting
of a diesel engine,
co-ordination between two or more components within one system distributed over the
ship. for instance one high pressure air compressor forward and one aft, in which case the
IMCS has to control which compressor is active. and
keeping a human in the loop by offering C&M facilities in continuous manned areas, such
as the bridge, combat information centre and ship control centre.
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The third aspect is particularly relevant to the mapping process between the functional and the
control domain. This is because the distinction of control actions that have relevance for the

operational user in either the bridge or combat information centre is established by the
mapping process that was still left open in the example of the previous sub-section. For
instance the control action "maintain setpoint" is not relevant to the watch officer on the
bridge, however change setpoint" is.
There is an additional fourth aspect found in C&M implemented in an IMCS but the reason is
not functional:
the IMCS is, or is often seen as flexible, and omissions or mistakes made in local control
units are often rectified in the IMCS.

This last aspect originates from specif'ing local control units in advance of the IMCS and
rectifications are consequently often implemented in the IMCS as this will still be in an
engineering phase during the later building phase of the warship. It is of course obvious that
we want to limit the IMCS to aspects following from items 1, 2 and 3 and avoid 4. Early
recognition of aspects within platform management systems that lend themselves for local
control not only reduces the contents of the IMCS. but it also provides an opportunity to
procure (parts of) these management systems simultaneous and from the same supplier as the
equipment itself. By doing so an increased amount of COTS (Commercial Of The Shelf)
equipment is available for implementation.

Analysis of control actions in relation to functions and properties of systems leads to the
specification of monitoring facilities that should be included in the IMCS. lt is of course also
necessary to determine on which location C&M has to he implemented:

I. Local control on or in the near vicinity of a component. for instance: emergency stop on a

diesel generator. A special subset of local control

is

local remote control where

accessibility or safety makes it necessary to introduce remote C&M on a local level, for

instance: mechanical remote control on a valve placed in the double bottom or an
emergency stop outside the gas turbine module.

Remote control from (continuously manned) operational areas, such as Ship Control Centre
(SCC). bridge and Combat Information Centre (CIC): for instance the control on the rpm
setpoint on a diesel.

Intermediate control which is in between remote and local control levels, grouped in for
instance the central passage way or in an engine room. This level is relevant for situations
where a redundant control mode is necessary under conditions where an overview of
several systems is required for instance a local manoeuvring station in an engine room.
The distinction of the intermediate level is not relevant for the IMCS as treated in this case
study, because the architecture of the IMCS allows for intermediate control on several
zonal workstations. However, discussions concerning the reliability of the IMCS and its
data bus could indeed call for back-ups outside the IMCS structure, but this discussion is
not dealt with in the context of the case study presented in this chapter. The intermediate
level is for the remainder of this chapter dealt with as remote control via the IMCS.

The local level is the default level, in other words: all C&M has to be available on a local
level, and other levels become available when there is a clear necessity following from criteria
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dealing with functional importance. frequency and accessibility. The criteria are placed in a
decision tree improving consistency in the C&M analysis (see Figure 8.6).
The application of the developed rules and criteria have been a subject of many discussions.

There were two alternatives. One was to task a specialist team with the assignment of
analysing all platform systems and fill the PRIS with data. The advantage of this approach is
that there is no necessity for a fully developed tool, because the team members who generated
the criteria, can be expected to interpret them as they were meant to. The other option is to
develop a complete tool, with decision trees enabling platform system specialists to do the

basic analysis themselves. The advantage of the second option is firstly that the work is
farmed out to many people. consequently reducing workload of the specialist team members
who do not have to get acquainted with the platform systems in great detail. Secondly: the
experience in dealing with this type of analysis leads to a broadening of knowledge of the
systems specialists themselves. The second option was chosen after carefully weighing the

pros and cons, but it entailed that a manual for performing the work had to be developed
(Wolff et al.3).
start

o

contributes to mobility o
weapon/sensor suppo

no

frequency
high

es

/ locaTand
/ remote C&M7 /

V

/ C local and

/

M remote

Figure 8.6: decision tree
Legislation was also included but this is not dealt with in this case description.
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/

Only

/ local C&M/

/

The result is a complete overview of all required C&M facilities, which was compared with
the actual status of the ADCF following from engineering documents from the yard, Royal
Scheide. The difference between the required and the actual status provides an option for
additional implementation. Several options. which are by the RNIN considered to be the most
vital ones, are presently implemented in the ADCF.

8.3 RESULTS
First some resuJts of the analysis are discussed. Part of this discussion is directed to finding
trends in developments relevant for future warships. resulting from using the method as
applied in this case. There is a common misconception or expectation that performing an
analysis such as described above invariably leads to more C&M, more data traffic on a data
bus and therefore to more costs. We will therefore try to counter this misconception in the

next sub-section. The second goal is to formulate a possible solution for tailoring the
information need of an operator to his exact needs in real time conditions. The general
concept is that we can improve the adaptability of the warship if design knowledge is made
available to the operator. supporting him in making choices.
8.3.1 Results of the analysis on the ADCF

The control domain of the PRIS consists of 4000 separate I/O's of the IMCS. An I/O is either
a control action (e.g. "off') or a monitoring facility (e.g. "oil pressure main bearing"). The MFrigate has roughly 5000 I/O's, notwithstanding that both ships have similar platform systems.
The I/O count of both ships (i.e. the M-Frigate and the ADCF)is limited to IMCS C&M. One
aspect partly explaining the difference in numbers is to be found in the fact that between the
eighties and the present, more use is made of local control units, decreasing the information
contents of an IMCS. Another explanation is that we have learned from our experiences with
the M-Frigate and that we put more restraint on releasing information to an operator. The
decrease of 20% however cannot be contributed to the C&M philosophy, because the majority
of I/O was already determined before we started the analysis. The purpose of the philosophy
was, on the contrary, to check the I/O connected to C&M. The analysis showed a surprising
low number of additional C&M required and even a lower number of C&M which could be
deleted. One carmot conclude of course that the effort is therefore not very influential, because

the effectiveness does not concerns numbers but consequences. A total of 250 I/O's
(approximately 6% of the total) were additionally specified as a result of the analysis. These

can be divided into four categories and we are presently involved in a process of
implementing part of the improvements:
1.

2.

increasing safety and improving consistency by using similar C&M for similar systems
removal of operational shortcomings in the following areas:
(local) propulsion control,
improving reaction times by additional remote C&M and
preventing failures of vital systems

3.

increasing efficiency by additional remote C&M (based on the frequency and/or

4.

accessibility criterion)
additional automatic sequences replacing operator actions
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C&M also needs to be presented to human operators via presentations on a workstation. This
is an other aspect where differences between the M-Frigate and the ADCF are noticeable.
Most staggering is the increase from 70 presentations for the M-Frigate to a total of 140 for
the ADCF. There are several reasons but the most relevant for the topic of this chapter are the

following: The most practical reason is, notwithstanding similarities between platform
systems, that the ADCF has a more complicated electricity distribution system than the MFrigate, which translates itself into more presentations. A second reason is that the IMCS of
the ADCF provides more advice functions to the technical manager aiding him in advising the
operational command on platform capabilities and limitations. This was largely a result of the
earlier executed function analysis as described in the introduction of this chapter. The fact that
there are more presentations leads to the introduction of additional navigation aids, which also
results into more presentations. Still another reason lies within the structure of the
presentations themselves. A basic sequence or flow from left to right on the screen is applied.
This sequence consists of the following aspects:

source systems - distributed systems - target systems
This logical sequence provides a genera! applied structure making interpretation of various
presentations easier, but it does use more space on screens. The logic of the presentations also
leads to the inclusion of parts of systems (mainly distributed systems) that cannot be operated
remotely, however the inclusion of those parts improves the insight of the operator.
The last reason for the increase of presentations can be found in the tendency to provide the
operator with "theme" oriented presentations. We analysed the information needs of an
operator and consequently grouped information with different viewpoints in mind, thus

reducing the need of an operator to switch between system oriented (instead of theme
oriented) presentations. The result of both the reduced I/O count and the increased number of
presentations is that the ratio between I/O and presentations has dropped from 70 to 30 I/O's
per presentation. This is not to say that the average number of I/O's per presentation is 30.

because the theme oriented approach leads to reappearance of I/O's on more than one
presentation.

The experience with the information structure has by and large been positive, but there are
some annotations to be made. Let us first deal with some negative aspects: the information
structure consists of several thousands pieces of information, and it is a substantial investment
in terms of manpower to fill the database. Because platform systems were in this case more or
less finalised and we had to appeal to the time and attention of specialists in a situation where
they were past the considerations we were revisiting. The PRIS as used in this case was
consequently not an integral part of the design effort and it is a full time job for at least one
person to keep up with the changes made in engineering. Ultimately this proved to he a battle
we could not win and we were (and still are) a few steps trailing behind the actual platform
configuration. Consequently, queries from the database cannot be interpreted without a
thorough analysis. Nevertheless, some very interesting and appealing investigations were
possible by using the database; the fact that a complete overview of all relations between
aspects of the platform is available improves the ability to deal with related subjects at the
same time (concurrent engineering).
Maybe the most positive aspect of the database has been the formalised manner in which
information has to be gathered and analysed. Even without using the database, the fact that
you have to fill it with information forces you to think of subjects you may otherwise not have
recognised. This case has been limited to an analysis of a more or less finalised platform
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design. Imagine a piping system including for instance two pipes and a cross-over between

them and a valve on the cross-over. Our C&M approach leads to the control action
"openlclose" valve, followed by an analysis on which information (monitoring) is required to
be able to determine when to open or close this valve. It often occurs that there is some form
of uncertainty or vagueness in the information making it impossible for the operator to decide
with certainty which action to take. One could opt for implementing more sensors or different
sensors (for instance flow instead of pressure sensors), but this will always lead to increased
costs. A more fundamental question to be answered is whether the cross-over with the valve is
at the correct location and if redesigning the system maybe would, without much
consequences, lead to a more simple ship management. These considerations should have
played a role in designing the system, instead of an analysis after the fact.
The subject of possible future use of a PRIS is discussed somewhat further in the next subsection and in the discussion.

8.3.2 Future developments
The increase in presentations mentioned in the previous sub-section is largely the result of
anticipating more on the information need of an operator in different situations. The PRIS
shows a possible 2200 control actions (trigger-control-feedback), whilst seen from an
operational command function (i.e. the bridge or Combat Information Centre) only roughly
100 control actions are relevant. (For instance which particular pump is active in a chilled
water distribution system is hardly interesting to an operational user.) The idea to compare
these two viewpoints is loosely based on the concept of requisite variety. The law of requisite
variety (Ashby4. see also Chapter 5 Section 5.1) states: that variety within a system must be
at least as great as the environmental variety against which it is attempting to regulate itself'.
In other words, the variety of stimuli from operational command must be matched by the
variety of control facilities within internal platform management. The I to 22 ratio is hardly
capable of fulfilling the requisite variety conditions, which in itself is enough for explaining
the existence of a technical department responsible for relieving operational command from
internal affairs. The next conclusion is somewhat speculative, but nonetheless interesting: it
seems that even 150 presentations do not relieve the operator from having extensive
knowledge of the complex platform enabling him to find and use information without fault,
mainly because the presentations have fixed viewpoints which are not always ideal for the
situation at hand.

The following text describes the concept of DYMICS (an acronym for dynamic mimics)
which can improve the capability of operators to assess a situation.

Figure 8.7 shows again a part of the mobility function of the ADCF. One adaptation has been

made for the sake of this example: there is in fact only one pump in the sea water cooling
system. Suppose that everything is in a normal condition: pump Plis active, and when it fails
pump P2 becomes automatically active. This will not result into an alarm but in a warning on
an event list because only redundancy has been used and there is no change in functional
performance. The situation changes if pump P2 also fails this is the situation described in
Figure 8.7. A query in the physical domain of the PRIS database shows that there is an
alternative for providing sea water to the diesel engine: there is an emergency connection
between fire main and the diesel engine and valve VI is the control of this relation. There is
also an alternative for the diesel engine; it is possible to use the gas turbine instead. The PRIS
query showed two actions based on the trigger alarm: sea water pressure low":
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change status: open valve VI,
2. reconfigure: start gas turbine and stop diesel engine.

Figure 8.7 also shows that of all the possible system values of the diesel only cooling water
temperature is shown. This is in fact much easier to realise than the presentation of action
sequences, because the only information required is which system parameters are relevant for
which input or output of the diesel. This is the result of a mapping process between "monitor"
and "connection", similar to the mapping process between "control and "connection" of
Figure 8.3.
The proposition is not to automate this decision making process: the choice problem is highly
dependent on environmental conditions, for instance whether the ship is in transit or involved
in a replenishment at sea operation. has great influence on the final choice. Fixing all decision

rules in software would entail that every possible condition has to be accounted for: this is of
course impossible and far too much costly to do. Decisions which are very time critical will

have to be automated, because there is no alternative. But when time factors are more
favourable it is better, or at least more cost effective, to keep an operator informed. The basic
idea of the concept of DYMICS is therefore not to automate but to make relevant and only
relevant information and control available to the operator. It is of course not the intention to
prepare many hundreds if not thousands of these presentations beforehand, but to generate
them when they are needed in a real time operational condition. The presently developed PRIS
is sufficiently evolved to test this hypothesis to a certain extent but as is concluded in the
previous section the quality of the contents is not yet sufficient for actual implementation of
the concept of DYMICS. An additional problem we have not tackled yet is that problems
might arise when multiple alarms are present. However this is not a problem restricted to
DYMICS.
The final justification of pursuing DYMICS lies of course in the trade-off between training
and education efforts of operators and costs of implementing the concept of DYMICS.
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8.4 DISCUSSION
The most important conclusion is that using an information structure like a PRIS undoubtedly

improves the ability to assess choice problems relevant for warship design and especially
C&M problems, by providing a context for decisions where all relevant or related information
needs to be accessed and interpreted simultaneously. These benefits are not brought about
however without some sacrifices. There is a huge commitment needed in allocating manpower

to filling the PRIS with information. There are also organisational aspects relevant to this
commitment. Attempts to farm this work out to a specialised team, let alone an outside agency
like an engineering firm, are destined to fail, because this type of work is inherently connected
to making choices in equipment, and the design of distributed systems. The latter is one of the

most vital parts of warship design. The conclusion is therefore that the inclusion of ship
management in warship design must be an integral part of the entire design effort itself.
Application of a PRIS opens opportunities to reuse information from previous projects. This

has always been one of the goals of many organisations. but experience shows that
information is often not accessible or is often placed in a context which niakes it difficult to
interpret. The application of PRIS provides a tool for addressing this aspect. The PRIS offers
at the same time an opportunity to reuse design knowledge in an operational context. The
concept of DYMICS is a clear example of this aspect.
There is an ongoing trend to place more responsibility with suppliers of equipment, and there
is therefore also a trend towards more local control units. The IMCS will consequently entail
more high level information (status information, e.g. on"), replacing sensor data. lt has also

been mentioned in this chapter that there is an expected trend towards more C&M in
distributed systems leading to more low level data in the IMCS. The expectation is that these
two trends more or less cancel each other out with respect to the I/O count of the IMCS. But
more attention than presently is spent is required for management aspects of distributed
systems.

A disadvantage concerning relational databases is that a chain consisting of systems coupled
by relations is very cumbersome to generate; it requires many separate queries. Chapter 2
mentioned Quaestor as an important design tool for the RNIN. Van Hees5 describes in an
appendix of his thesis how numerical and functional design knowledge might be merged. At
the moment it is only possible to "trick" Quaestor into functional thinking by formulating
functional knowledge in an algebraic manner. However, some test calculations on examples

from the C&M analysis showed that it actually works. Van Hees is presently working on
supporting functional reasoning in Quaestor. which shows great promise.

The PRIS as described in Chapter 5 Section 5.1 has a control domain that is divided into two
sub-domains. In fact the experience with the C&M analysis showed the shortcomings that
were partly responsible for making the division. Most relevant to this discussion is the
recognition of the interaction between controls that determine the behaviour of the warship as
a whole in its environment, and the controls on internal systems. It is this interaction where
the Law of Requisite Variety applies. The concept as shown in Figure 8.8 is the step in
recognising two sub-domains in the control domain: external function control and internal
control. The next chapter describes a case study of a future Combat Information Centre and
we will deal there further with the advantages of the interaction between the two control subdomains.
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CONTROL DOMAIN

Figure 8.8: the PRIS with two control sub-domains
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9. THE CONCEPT OF A COMBAT INFORMATION CENTRE

This case study reflects part of the work performed for a large study into a new
Combat Information Centre ('CI concept for the 2t° century. A working group' was
established with the task to make a decomposition of warship functions and of control
tasks performed in the CIC. The findings of the working group (Wolff') were reported

lo the study leader and to Naval Staff - Operational Requirements Branch. The
complete findings of the working group and most literature are classUled confidential.

This Chapter and the examples chose?? do not include potentially sensitive
The product of the working group consisted of a functional

information.

decomposition and of a task analysis. The purpose of this chapter is not to show a
concept of a new CIC because this is a subject of an on going research project. The
purpose of this chapter is to show how the firsts steps in the CIC concept development
are taken with the aid of part of the ideas proposed in this thesis. Special attention is
paid to the subject of scenario analysis.

9.1 INTRODUCTION
The RNIN is embarking on a route to generate a concept for a new Frigate design replacing
the S and L class Frigates in approximately 2010. A large part of present R&D efforts are
dedicated to aspects relevant to such a design. In the few years ahead, before the actual design
starts, several research topics have to be dealt with in order to accumulate knowledge required
for making such a new design. One of the research topics is the Combat Information Centre
(dc). The goal of the study "Future Command and Control" is to reduce the manning level of
the CIC substantially. whilst at least maintaining the present performance level of the M class
Frigate dIC. It is recognised that both technological and organisational issues have to be
included into such a study. It is also the purpose of this study to generate a CIC concept that
can be used as a basis for further developments.
The goal of this study is to make a functional decomposition that can be used for the "Future
Command and Control" study. However the fact that results of this study have to be used as a
start for other developments implies that the decomposition must be generally applicable for
many areas, meaning that other parts of a future warship (such as the bridge or platform
systems) must be able to use the same decomposition.

The CIC is a control room dealing with the warships' operational functions; these functions
involve operating sensor systems and deployment of weapons. Understandably and also
justifiably, the CIC is seen as the core of a warship, a notion that is often misunderstood as
meaning that the CIC represents a warship function like for instance "perform CIC duties". It
is very appealing, at first glance, to follow this misconception because it would imply that we
can decompose the CIC without interference with the rest of the warship. However, the
definition of a function (see Section 4.1) states that a function should represent a logical unit

The working group consisted of four members: RA. Logtmeijer (RNIN). W.M. Post (TNO-Fluman Factors), W.
Treurniet (TNO-Physics and Electronics Laboratory), LCDR A.W. Velema (RNIN) and the author.
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of required behaviour. Thus the question becomes: does the CIC represent a logical unit of
required behaviour?

Sub-section 4.2.3 proposed three requirements for addressing this question, and their
relevance for the CIC are as follows:

Independence: the CIC cannot be interpreted as being independent just because it is the hub
of the warship where everything comes together. It is therefore not logical to address the
CIC as a warship function.

Goal product oriented: "to destroy an enemy target" can be a goal. The CIC is not
destroying a target; a missile does that. It is not the goal of an airliner to transport a pilot to
the other side of the Atlantic; neither is it the goal of a warship to move a CIC around.
Top down oriented: the CIC can be decomposed into several hierarchical levels. This is the
only criterion that is met by the CIC.

The question arises how the CIC should be represented. now that we know that the dC
cannot be represented by ship functions alone. lt speaks for itself that we must look into the
model of tactical management as follows from the model of internal and external processes of
Chapter 4 (see Figure 4.1). and its derivative information structure; the PRIS. Before doing so
in the next section, a model is introduced that obliges to the view of the CIC as the hub of the
warship.

A view particularly relevant for naval personnel.
and also generally accepted, is depicted in Figure
9.1 that shows the CIC as the core of a warship.
Around it is the environment, consisting of two
layers. First there is the immediate environment of
the dc, which is the rest of the ship. The second
layer is the environment of the warship itself as it is
dealt with in sub-section 4.2.2. If the CIC could be
represented as a function, then interface A in Figure
9.1 would describe how the dIC interacts with the

environment of ship
ship

command

dc
A

sensors
weapons

environment of the warship. In reality the dIC
follows interfaces B and C. The consequence of
this notion is that the CIC is not able to perceive a Figure 9.1: environment of the dEC
complete "image" of the environment, but the CId
is limited in picture compilation by the sensor suite
of the warship. The same holds for influencing the environment, where the capabilities are
limited by the capabilities of the weapon suite. It is not the purpose of the future command
study to design a complete warship, which means that assumptions have to be made not only
concerning the environment of the warship, but also concerning the contents of the warship
relevant for the functioning of the CId. For this purpose a preliminary sensor and weapon
suite is generated, based on a preliminary operational need document2, drafted by Naval StaffOperational Requirements Branch. Assessments of the capabilities of the weapons and sensors
are partly based on a technology assessment3 as performed by TNO-FEL and this is further
complemented with views and opinions from within the RNIN.
The proposition is that Figure 9.2 is a better representation, compared to Figure 9.1, of the
dIC in its environment (see also Figure 4.5). The following analysis is therefore based on the
treatment of external control as described in Chapter 4. Furthermore, the PRIS, described as a
concept in Chapter 5, is applied in this case study.
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Figure 9.2: context model of the CIC

work to machines. The shift from human to
machine brings human-machine allocation as discussed in Chapter 4 Section 4.3 in the locus
of attention.

A second purpose of the study is to analyse organisational issues with respect to human
operators and managers. These issues cannot be addressed prior to analysing which tasks must
be performed by humans and which by machines (i.e. software).

9.2 METHOD
Starting points for the functional decomposition are found in the description of missions and
derived tasks generated in the Operational Value Model (Delmee4) of the FRCC/MO201 5
study and in an operational requirements document2 drafted by Naval Staff, Operational
Requirements Branch. Four operational functions are distinguished in these documents:
I. Provide Anti Air Warfare (AAW)
Provide Anti Surface Warfare (ASuW)
Provide Anti Subsurface Warfare (ASW)
Provide Land Warfare (LW)

The different types of warfare within the warfare areas do not provide unambiguous answers

in analysing these functions. For instance self-defence within A.AW is very fast, whilst
playing a co-ordinating role (force duties) for a task force within AAW is slower but more
complex. A further layer of decomposition was added to the four warfare functions (see Table
9.3). ASuW and ASW follow the same pattern of decomposition. First a distinction is made

between a function where the warship has the initiative (hunt and destroy) and a function
where the warship purely reacts on the environment (reactive). The warship never has the
initiative in AAW. However, it was necessary to make a split between self-defence and
defending a group of ships (area defence).

The first three warfare functions share force duties, where the warship co-ordinates a
combined warfare function for a task force. Performing under a condition between all out war
and peace is encapsulated in pursue/enforce Rules of Engagement (ROE). ROE's are always

political driven and are aimed at controlled escalating or dc-escalating a conflict. This is
presently becoming a very relevant warfare function. The warship has for instance to maintain
and guard a no fly zone, but is at the same time restricted to a set of rules limiting the actions
it is allowed to perform. A more detailed description of all functions is placed in Annex F.
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force duties
self-defence

PAW
(Anti Air Warfare)

area defence
Theatre Ballistic Missile (TBM) Barrier Defence
pursue/enforce ROE (Rules of Engagement)
ASuW
force duties
reactive
(Anti Surface warfare)
hunt and destroy
pursue/enforce ROE
ASW
force duties
(Anti
Sub-surface reactive
warfare)
hunt and destroy
pursue/enforce ROE
LW
conduct precision strike/land attack
conduct Naval Surface Fire Support
(Land Warfare)

Table 9.2: decomposition in functions (see also Annex F)

The decomposition into control tasks is already given by the decomposition of functional
control as described in Chapter 4. sub-section 4.2.4 (see also Annex A). The composition of
functions and control tasks fornis a matrix as shown in Figure 9.3.
Each crossing between a column and a row depicts a control task placed in the context of a
function. These control tasks are analysed on the basis of the criteria described in Chapter 4
Section 4.4. namely: relevance, time constraints, data volume and complexity.

Each criterion is divided in several levels (3 to 5 levels) as is described in Section 4.4. A
combination of levels is defined as the property ofa control task. A database is developed for
the purpose of storing and maintaining the properties of control tasks. The basic structure of
this database is shown in Figure 9.4. The working group had to address the questions related
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to the determination of the property of a control task. The database of Figure 9.4 makes
information available on the function and the control task at hand and information on the
relevant SEWACO systems (Sensor, Weapon and Communication). First a list of SEWACO
systems is made available and for each system an assessment is made whether this system

plays a role in a function. A second assessment is made on the required input for such a
system and on the output of a system. However, one vital part for addressing the property of a
control task is missing.
tactical management
tuncitonid
controlid
0001mO

It,:J

unction

11J

Th vxh norcaltity nl the
medium is at utmost

importance layer
depth. propagation
problems, detection
angel, especially in
coastal areas.
control

relevarrce

obtain data trom own sensors
Own sensors are port ot the
tixedi senso, suite The
sensor suite is limited in
some coses in range,
accuracy and
completeness Operational
conditions sometimes make
t necessary to shut down
active sensory

Record: 14

t66

IASW hunt and destroy
The initiative io with own ship The ship actively plans and acts to create an
advantage over the enemy torces Deception lalso accousticallyl and being
unpredictable is an trnportant port ot hunt rrd destroy Operation rangers lined and
relatively small box typically 20 020 milesl. The relevant threat consists of
submarines penetrating in a coastal area. In cace st long range detections, air
assets are typically deployed.

H

eooentral

_J

remarks.. Most important process step
tor thrs h,xnction

pesc_ot_tirrre

5 :econds to 2-5' rvsj

rent ai ks_ Time necessary to classity
sonar contact nonsub,
poccub. piohcub.

data_volume Il low

LJ

remarks_ 'tomber at cortracro io very low

complesdy

1 high

rem.orks_ Uncertainty whales, sit pipes.
I Sensor coverage is
uncertain as well. See also
context.

vors 270

Figure 9.5: dialogue window
Conceptual Design of Warships

155

A scenario holds vital information for the assessment, but scenarios only exist in a broad and
general context. The working method allows documentation of scenario elements in the
dialogue window of Figure 9.5. Remarks on the assessments on the criteria represent scenario
elements and a dedicated context window is added for general scenario information
concerning a control task.

9.3 RESULTS
The first goal after analysing the properties of control tasks, is attempting to find a pattern in
the results. The first pattern search was performed on time, volume and complexity properties.
The different levels of the criteria led to a total of 45 possible properties of control tasks. But
no general eye catching structure is found when the results are plotted in the matrix of Figure
9.3. At first sight a disappointing result, but after some reflection a result to be expected. The
stop criterion for further decomposition was the ambiguity criterion. It is impossible to give an
unambiguous assessment on the property of the CIC as a whole. Not even when the CIC is
decomposed in the four stages of the information processing model and the ship functions are

decomposed to the first level. For instance AAW and Situation Awareness do not provide
unambiguous answers because there are still different types of AAW and Situation Awareness
also consists of four different types of control tasks. The fact that no structure is apparent is an
indication that functions were decomposed to the correct level.

The three criteria with their different levels leading to 45 types of properties is too divers and

complex to recognise structures anyhow. The next step should therefore be to reduce the
results of the analysis to a more manageable format. We introduced three types of human
computer interfaces (HMI) in Chapter 4 (see Figure 4.14). These three types of HMI are the
first three of a series of eight HMI elements. Each of these three HM! elements require that an

operator is kept in the loop. The remaining 5 HM! elements are conditional elements for
keeping an operator in the loop. The eight HMI elements are:
semi-autonomous computers
software support
simulation
data reduction
anticipation and prediction
concept retention
watch handover
history retention

Each task ends with a conclusion on either "this is the present situation" or "this is what we

are going to do next". This becomes increasingly difficult under increasing levels of
complexity. The three levels of complexity require different types of decision making. Chapter
6 discussed game theory and different types of decision making within the context of making
a design (see sub-section 6.2.2). Game theory is generally applicable and can also be applied
to decision making in a CIC task. This gives us the first three basic HM! elements:

5 time levels x 3 volume levels x 3 complexity levels makes 45 combinations

I 56
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HMI element 1: semi-autonomous computers; actions by computers with the possibility of
operator veto (for low complexity problems, which coincides with decision makìng under
certainty).

HMI element 2: software support: operator chooses action software supports by providing
advice, (this is choosing the optimal action for medium complexity problems. which coincides
with decision making under probability).
HMI element 3: simulation: operator generates alternative solutions and software supports by
simulation (uncertainties in very complex problems require the operator to choose a decision
making strategy, which coincides with decision making under uncertainty).

All control tasks with low complexity are allocated too software (HMI 1) and only need
superficial control and monitoring, irrespective of the other properties (time and volume).
There is more interaction required for medium and high complexity control tasks. This is
possible without supplementary support if medium and high complexity levels are combined

with medium data volume level and 5 seconds to one hour time levels. The following
assumption is used: there is no necessity for support if:
data volume medium & complexity medium & time from 5 second to one hour, or
data volume medium & complexity high & time from 5 seconds to 5 minutes.
In all other cases additional support is required in order to keep a human operator in the ioop.

The first additional support HMI deals with reduction of data to, for human meaningful and

therefore manageable, chunks of information. This is of course also already present in
doctrines (for instance Velema5). Each airborne contact has different properties: height, speed,

heading, 1FF" and behaviour over time. For instance seven contacts could make up to 35
pieces of information. Instead the information is reduced to chunks: friendly, neutral, hostile
or unknown. The fourth HMI element is:
HMI element 4: data reduction by filtering and/or information chunking

A problem occurs in cases where time constraints prevent the operator to be in the loop of
decision making, especially on medium or high complexity levels. This phenomenon is
recognisable in presently used doctrines. For instance the Goalkeeper (the last level of AAW
self-defence) can operate in different modes. The fully automatic mode will not be chosen in

low threat conditions, but fully automatic engagement will be chosen when the threat
increases to a dangerous level or when the expected reaction time is shortened. The decision
to switch the operating mode is taken prior to the actual manifestation of the threat. In other

words, the CIC makes a prediction on the possibility of the occurrence of a dangerous
situation. The fifth HMI element is now:
HM! element 5: anticipation & prediction
1-1Ml support elements 6, 7 and 8 concern the retention of information over prolonged periods
of time. This is important because a situation does not instantly present itself in a condition
where a clear decision can be made. At first a hypothesis is made of the meaning of the
1FF (Identification Friend or Foe) is a system based on a responder, automatically emitting a code after being
interrogated by which a friendly fighter or an commercial airliner can be identified.
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situation, aiid when additional information becomes available this hypothesis has to be
reappraised. This becomes difficult when there are prolonged periods of time between the
occurrences of additional information. The last three HMI elements are:
HMI element 6: concept retention (5 minutes to one hour)
HMI element 7: watch handover (one hour to one day)
HMI element 8: history retention of concept in formalised format (longer than one day)

The concept of these eight elements is that they represent the eight archetypal problems of a
CIC. The notion is that it possible to research these elements and develop them for a task, and

to transport the solutions to other tasks. By doing so the problem is reduced to finding
solutions for eight problems instead of finding solutions for 225 control tasks.

The total number of tasks within the decomposition is 2OO and three properties for each task
results in many pieces of information, making implementation of the results in a database
necessary. The database is developed using MS-ACCESS and the structure of the database is
shown in the entity-relation diagram of Figure 9.4. The implementation in a database allowed
to perform queries, for instance in order to find out which HMI elements are attached to which
functions and tasks. All elements are relevant to the analysis but their frequency of occurrence
is not evenly distributed (Table 9.3). The low frequency of elements 4. 5 and S does not mean

that their influence is negligible compared to for instance element 6, because the low
frequency elements are often situated on key positions in the functional chains.
HMI

element name
2
3

4
5

6
7
8

semi-autonomous computers
software SuppOrt
simulation
anticipation & prediction
data reduction
concept retention
watch handover
history retention
total

frequency
73
68
60
7
13
55

26
4

306

Table 9.3: HMI elements and their frequency of occurence

Two functions are taken as an example for the purpose of showing the result of the
distribution of elements over functions and tasks.. The function "AAW self-defence" is
generally not too complex but very fast. The second function, 'ASW hunt and destroy", is in
contrast slower but very complex. The HMI element distribution over the two functions is
shown in Figure 9.6. The fourth property of a task is introduced here. The relevance of a
control task (as described in sub-section 4.1 .1) indicates the importance of a control task to the
success of the function. Several tasks are assessed to be important but not essential. This is not
to be interpreted as meaning that "obtain data from other sensors" in the AAW function is
superfluous; it means that a default option is available and that this option can be used in
cases when there is for instance insufficient time available.

15 functions and 15 tasks makes 225 combinations, but 25 tasks were found to be not relevant in the context of
some functions: this makes the total number of tasks 200.
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The expectation or hypothesis has been that the Decision Making tasks (tasks 8 to Il) would
turn out to be the most difficult and would require the most support. It turned out that this is

not the case. This can be explained by looking at the manner in which the information
processing model has been used in the past in analysing existing CIC's. It was always
assumed that Situation Awareness and Direction and Control are dominated by machines (i.e.

software) and that human operators dominate the other two phases. Consequently, all
uncertainties from the machine dominated phases were piled up in the Threat Assessment and

Decision Making phases. The approach taken in the case described in this chapter
distinguishes itself from the above described one by addressing complexity and operator
support to the actual control task where uncertainties, data volume or time restrictions create
difficulties in the functioning of operators.

The analysis also shows so-called "hot spots": tasks where acceptable solutions will be
difficult to find. In total 16 (out of 200) tasks were identified as hot spot. These hot spots
provide an opportunity for testing and developing solutions for elements. Three hot spots for
the two functions of Figure 9.6 are identified:
AAW self-defence; task 4 and task 14: task has to be performed within 5 seconds, but the
high complexity requires that a human is involved (this explains the need for prediction).

ASW hunt and destroy; task 15: the uncertainty in evaluating an ASW is high and the
developed concepts have to be retained, and more than one operator is involved (watch
handover).

The work described above was performed in the context of a large research project. The
purpose of the work is to generate a start for more detailed analysis of HMI's and software
support. The results show that we can provide concepts based on a scenario analysis without
using an already existing CIC as a starting point. lt is very tempting to develop the concept
further in this chapter, but this is not possible due to the fact that it is a part of an ongoing
research project. It is also not possible because the results cannot be published as a result of
the confidentiality connected to such a study. What we can do in the next section is to address
the advantages of the approach taken and analyse areas that could be improved in reflection to
the issues dealt with in this thesis.
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9.4 DISCUSSION
The working group that analysed the properties of control tasks was a multi-disciplinary team.

Knowledge and experience of four important areas were covered: operations, design,
information technology and human factors. The discussions were meaningful and deepened

the insight of the members of the working group. The analysis always started with an
anecdotal description of the environmental conditions. This made it possible to assess the
environment quickly. The functions were dealt with in arbitrary sequence. The patterns which
emerged are not pre-defined (no self-fulfilling prophecy).
There remains an area where opinions may differ notwithstanding that the working group has
tried to be as objective as possible. One solution might be to perform a second independent
analysis. The second option is to compare the results with for instance the CIC of the M-class
Frigates. The first option is actually chosen (Rasker et. al.6). but the results are difficult to
compare with the first approach described here. This is largely due to a different interpretation
of the criteria determining which property belongs to a certain control task. The definitions
were at the time not as mature as they are now in hindsight, which allowed for differences in
interpretation by the experts. The experts themselves acquired operational experience on for

instance M-class Frigates. Their opinions were consequently possibly biased by this
experience. For instance volume aspects were not interpreted as data volume as it is presented

unprocessed to the CIC but as it is presented in an actual CIC to an operator. Also time
aspects were interpreted as how fast you want a response (i.e. as fast as possible), and not as
how fast a response has to be based on a scenario analysis. Consequently the second analysis
showed lower volume levels and faster decision loops. Guidance of team members of the first
analysis was not allowed because of the required independence, however we could and should
have provided the experts of the second analysis with better definitions and examples. The
concepts used in Chapter 4. namely the control loops based on control theory, could have been
instrumental in doing so.
The task analysis resulted in the generation of Routine Control; Adaptive and Goal controlv
concern respectively the control of entire functions and the control of emerging conflicts
between functions. In the context of Adaptive and Goal control some remarks have to be made
concerning game theory. Tversky and Kahneman7 introduced the concept of framing into
decision making theory. Each individual has his own background, experience and interests.
The result is that individuals not only have different references for setting their goals but as a
consequence individuals will also choose different strategies for making decisions. In exactly
the same environment one individual might choose the maximax strategy and another might
choose minimax loss.

Framing becomes a dominant feature in Goal control. For instance the function AAW
enforce/pursue ROE is analysed in pure isolation. lt is assumed in the analysis that selfdefence is an independent function providing safety for the warship whilst enforcing ROE's.
An operator dealing with self-defence has a reference of survival of the warship and its crew,
and this operator will probably choose a conservative strategy such as minimax loss for the
warship. On the other hand, the operator of enforce/pursue ROE has a reference of not causing

a political disaster and will consequently choose an other strategy. Methodological or
analytical decision making within a function (adaptive control) might be possible using clear
See also sub-sections 4.2.2 and 4.3.3.
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concise criteria based on the classical game theory of Von Neumann and Morgenstern. But the
concept of framing makes this impossible in cases where conflicts arise between functions.
Two options arise:

Allocate the two functions to the same operator forcing him to chose one strategy. This
might be possible for the two functions mentioned in the example, but there is of course a
limit to the capability of a human operator when more functions become involved.
Adopt an organisation were goals (references) and strategies are harmonised as a result of
negotiation between team members.
The choice between the two options lies at the heart of an organisational concept for a Combat
Information Centre. Part of the inforniation required for this choice is available, namely the

distribution of control tasks over humans and software (and their interaction). The second
part. dependencies or coupling between functions is still missing. In order to address this we
have to take a closer look at the PRIS.
The entity-relation diagram of
Figure 9.7 resembles the PRIS
as described in Chapter 5, but
it is not completely the same
as is shown in Figure 9.4. The

uninterrupted lines show the
part that coincides with the
database structure as used in

PRIS

operational
scenario

control
domain

support
scenario
4,

4b
functional
domain

physical
domain

the CIC case. The dotted lines

represent the parts that are
missing. Not so relevant is the Figure 9.7: the PRIS compared to the CIC information
fact that the support scenario is
structure
missing because it is a bit early
to address this aspect. More relevant is the fact that we did not make use of the mapping
facilities between the physical and control domain. If we would have done so we would have
found more information on the direction needed for controlling SEWACO systems. At the
same time we would have been able to address couplings between functions in cases where

for instance one SEWACO system receives different, conflicting controls at the same
moment.

What we also failed to do is to present external control in terms of control theory, as was done

in sub-section 4.2.4. An analysis of SEWACO systems similar to the analysis of platform

systems described in Chapter 8 would have enhanced our capabilities to address the
interaction between external and internal control.
A second advantage of the control structure is also noted. We had much problems in getting a
handle on the functions involving Rules of Engagement (ROE). The problem is that a warship

gets an assignment (a goal of a function) together with a limited set of actions that can be
taken (the output of a function is limited by a set of ROE's). This can be translated into
limitations on the direction on a function. (This would entail mapping between the physical
and control domain. which we did not do sufficiently.) This brings us to the core of the
problem of ROE functions, namely that there are situations where the goals cannot be met by
the available directions. We did more or less talk around this problem, but the consistency of
control theory makes it possible to formalise the problem more precisely.
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The working group consisted, as mentioned in the previous section. of four persons with
different backgrounds and experience. Such a group can almost never be found in an already
existing unit within the organisation of the RNIN. Therefore an ad hoc group had to be
established consequently only a limited amount of time was available.
The members of the working group were together for roughly a week, spread out over a three
months period. One week would be completely insufficient without the availability of a clear

and concise methodological approach. A few years prior to the CIC case study a similar
working group worked on the generation of functional requirements for an Integrated
Monitoring and Control System (IMCS - see also Section 2.2.3) for platform systems. The
scope of this project was much larger than in this case study (four people during 6 months),
but none the less some comparisons can be made. The IMCS working group set out to
generate functional requirements and develop a methodology at the same time. Only a rough

idea existed on how to approach the problem and consequently a lot of time was used
generating a methodology and time was lost to readjusting the chosen approach. The
conclusion is that it is very ineffective to perform a scenario analysis without proper
methodological support and a clear concept of what one wants to achieve with the analysis.
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 INTRODUCTORY REMARKS
The goal of this thesis is to generate a design methodology that can be applied to a class of
problems. The common denominator thereof is complexity of the design process, which is
expressed by several aspects:

absence of an example to copy requiring an original" approach to design (instead of an
adaptive or variant based design process)
absence of fixed functional requirements.
ordinal system of utilities,

two or more functions with changing inter-functional relationships under different
operating conditions in which case a control domain becomes relevant.
high degree of uncertainty in assumptions. and
unforeseen aspects in fliture use.
The above mentioned six aspects of complexity lead to recursive actions in the design process.
meaning that earlier stages of the design process have to be revisited in order to readjust or

even completely change a part of the design. This is of course very time consuming and
recursive actions should therefore be reduced to an acceptable level. The concept of Perfect
Design as introduced in chapter 3. has shown that recursive actions cannot be avoided
completely because of dynamics in the environment of a design process. Recursiveneness can

also be explained by the existence of design knowledge that is less than perfect, and by
irrational behaviour of decision makers. We have therefore concluded that the main areas for
improvement are increasing design knowledge for preventing recursive actions, increasing
adaptability for easier processing of recursive actions that cannot be prevented and increasing
rationality for improvement of the decision making process. The improvements achieved have
a general validity, even if the context of this thesis is provided by conceptual design of
warships.

The three main areas of improvement are in line with the observations as mentioned in
Chapter 1. Concerning knowledge it was observed that presently used methods are focussed
more on physical aspects than on behavioural aspects. The models introduced in Chapter 4
have the ability to increase our knowledge on the behaviour of the warship in an early stage of
the design process.
Conceptual design of warships has received a meaning, in the course of this thesis, that is
somewhat different from the generally accepted one. Concepts are often seen as possible
solutions for a set of requirements. A consequence would then be that conceptual design is the

generation of those possible solutions with requirements regarded as a prerequisite for
generating concepts. The fact that the approach as described in this thesis does not presuppose

this, is a more fundamental standpoint than might be recognised at first sight. In fact it is a
fundamental impossibility to define requirements up-front. because the final judgement on the
value of a requirement largely depends on the consequences of implementation. These
consequences are for instance expressed in costs (lost opportunities), training and recruitment
of crew, organisational issues for the navy and many more. Ignoring the iterative nature of
requirement generation, assumes the availability of a priori knowledge that just does not exist.
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Designing is often, if not always, interpreted as a process. The approach taken in this thesis

does not contradict this. The interpretation of the meaning of a design process model,
consisting of formalised consecutive steps, is another matter. It is recognised that process
models provide a framework for a designer; they may support him in structuring a design
problem. One should realise however that these formalised process models are never applied
in reality. The reason for this is not an unwillingness of designers to stick to a normative
process model. We have argued that there are fundamental reasons that limit our ability to do
so. mainly caused by our inability to attain "perfect knowledge" as a result of environmental
dynamics. We have therefore not proceeded in advocating a normative design process. Instead
we have accepted a certain degree of chaos in the sequence or order in which we deal with
design problems as a inextricable part of the design process. Consequently opportunities for

improving the design process have to be found in structuring design knowledge and
normalising information structures.

Designing is to a large extent making decisions, first and foremost making decisions
concerning the value of functions in relation to allocating funding to various functions.
Making assumptions and setting priorities during the design are subjects that have often been
underestimated. Decision making applied in general engineering practice is often a more or
less straightforward optimisation procedure. Conceptual design of warships is dominated by
uncertainties and relative value judgements. and the use of straightforward optimisation
procedures totally ignores the fundamental characteristics of uncertainty and utility. The
ordinal nature of the utilities of functions can, in theory. be dealt with by using indifference
curve theory. There are limiting factors constraining the use of indifference curves, the
indivisibility of means being one of the most dominating. Uncertainty can be reduced by
additional analysis. However, the costs of such analyses have to be subjected to a marginal
analysis, namely the assessment whether the costs of additional analysis weigh up against the
benefits.

The research started by a concept that was based on personal observations and experiences.
The second phase consisted of formalising the basic idea and checking it against a broad range
of literature (technological, economical and psychological), which resulted in changes and
improvements. Scientific proof of the effects of the proposed methodology is primarily based
on logical reasoning. Three case studies have been included, which provide more supporting
proof.
The AOR case (Chapter 7) shows that early selection of a decision making strategy is a
forceful tool and that reasoning in functions and tasks improves the ability to trace functional
requirements to solutions and vice versa. However, a PRIS was not used in this case in the
same degree as described in Chapter 8. dealing with defining control and monitoring (C&M)
facilities. This case study shows that a formalised model describing system behaviour can be

used to the benefit of the design process. The PRIS has a supporting role; it allows
information to be used effectively. We showed in the C&M case that the consistency has been
increased, that choice problems are better presented. The latter even to such a degree that a
concept is proposed to use a PRIS in a real time environment to advice operators (DYMICS).
The last case study, the combat information centre in Chapter 9. shows that the behavioural
models of Chapter 4 enabled us to address the design of the combat information centre, on a

conceptual level, without having to fall back on the use of concrete physical description or
assuming the existence of quantifiable functional requirements as starting points.
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10.2 CONCLUSIONS
The interpretation of function analysis as a top-down design process allows for an original
approach to design as an alternative to a variant based method. The analysis of formalised
sequential steps in a design process showed that sequences will not be followed through in
reality, not even under "perfect design" conditions. Full usage of the capabilities of function
analysis requires the support of a product information structure.
Function analysis is primarily a method of analysing the goals of an object of design. The
relationships between goals decomposed into functions and solutions, improve insight into
functions and costs, which enlarges the capability to compare alternatives and to making
choices. The role of function analysis in generating alternatives is limited to a reduction of the
probability that concepts are generated that do not fit into the goal structure.
The proposed methodology rectifies the asymmetry in attention paid to physical and control
aspects of a warship. Both complement and sofiware specifications used to be the result of the

choices made in the physical domain. The application of Human Factors and system
behaviour is enhanced by dealing with the control of tasks in a separate domain, which can be
filled with information following from mapping the functional and the physical domain onto
the control domain. This process can be reversed during the operational phase; the control
domain is then the translator of an assignment into physical actions. Design knowledge can be
reused rather than generating ship management principles from scratch.

Recursive actions in the design process are performed with less effort when the relevant
information is made readily available. Synthesis can therefore he improved by the use of a
product information structure.

The reason for starting to use product information structures was primarily inspired by the
wish to reduce the effects of the iterative nature of design. A second advantage emerged next
to the beneficial effect of reducing recursions, namely that information structures also
improve the quality of the design process by putting more emphasis on completeness and
consistency.

The PRIS has been introduced as a concept. The product information structures used in the
case studies described in Chapters 8 and 9 are based on this concept.
The quality of the design process is improved by using knowledge with respect to decision
making that is required to address uncertainties apparent in decisions concerning warship
design as well as dealing with differences of opinion between different actors involved in the
design process. Early selection of a decision making strategy reduces the design effort by early
cancellation of design alternatives. The quality of the design process is procedurally improved

with respect to decision making by following the rules set by the two phase normative
decision making model.
The ilmovative character of a warship design is increased when the decision making process
follows the rules of the first phase of the two phase normative decision making model, which

is a common interest game. It allows the designers to investigate solutions that may be less
than optimal to influential stakeholders, in the expectation that the overall result is improved
for the navy as a whole. The second phase (a bargaining game) is used to settle conflicts of
interests between stakeholders by bargaining and exchanging compensations. Failing to
recognise that making means of compensation available to players in the second phase reduces
the ability to reach compromises in disagreements due to conflicting sectional interests.
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10.3 SOME CONSIDERATIONS AND RECOMMENDATIONS FOR FURTHER
DEVELOPMENT
Further development is advised in the generation of supporting tools. The application of a
method is greatly enhanced by the availability of tools and procedures. The design process
would already benefit from documentation of design decisions alone. Still better would be to
provide access to the documentation through use of dedicated information systems. The days
that drawings are the only bearer of information have long gone. Structured information in
databases or in modern text formats (with for instance hyperlinks) will gain importance. The
implementation of a PRIS concept in a relational database is not optimal. More efficient and
effective tools can be realised by using an object oriented approach. However, these tools
require expertise and just as draughtsmen have existed for centuries, there is a need for
information specialists in a supporting role for designers.
Design methodology cannot compensate absence of policy. The methodology aspires to deal
with all relevant and hierarchically equal aspects at the same time. However this requires the
availability of a vision and policies concerning amongst others:
I. structure of the future personnel pool,
training and education philosophy.
maintenance philosophy,
shore based versus ship based support. etcetera.

Generating these policies from within a design team is an uphill struggle. Policies like the
above have an impact on a larger area than on one design only. It is recognised that designing
future naval vessels is of the utmost importance for the continuity of the Royal Netherlands
Navy. However, design efforts typically deal with time horizons of twenty to thirty years. The
time horizons on several policy areas are typically limited to a much shorter horizon, which
makes it very difficult to implement visions of the navy as a whole into the design.
Function analysis. information management and theories concerning decision making as dealt

with in this thesis have serious consequences for the way a design department has to be
organised and for the type of personnel involved. The effort of designing a new warship can
undoubtedly be reduced in terms of man-hours involved, and the quality of a warship can be
improved, but there are serious consequences for the composition of the personnel structure
and of the specific knowledge and experience of designers. The RN1N has to address the

question whether it is willing to implement changes. This brings us to a rather important
question. Must knowledge of design methods be distributed over all designers in the team or
is it sufficient to have just one or two "methodology ideologists" available for guarding and
structuring the design process as a continuation of quality assurance? The question is not an
emotional one; the answer however is. Someone having both experience and a fundamental
understanding of the intricacies of design, does not only want to be an observer but also wants
to be a player himself, because creating something new is undoubtedly the most intriguing and
compelling thought process I can think of. Improvements of the design process are made from

within, and it is therefore necessary that designers take a break once in a while and record
some of their working methods and heuristics.
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ANNEX A: DESCRIPTIONS OF EXTERNAL CONTROL

control action

Situation Awareness
(SA)

remarks

observe the environment and develop and maintain a picture' of the
environment, situation awareness can be viewed as "provide situation
awareness"

obtain data from own

sensors

Own sensors are part of the (fixed) sensor suite. The sensor suite is limited in
some cases in range, accuracy and completeness. Operational conditions
sometimes make it necessary to shut down active sensors.
The inclusion of information received through LlNK is mainly used to
increase range of own sensors or to compensate for the shut down of own

obtain data from

Consists of non real time (static) information.

sensors

obtain data from other

sensors.
databases

integrate to RMP

Recognised Maritime Picture is a level of awareness where all available
information is integrated into a description of the environment. This includes
position, speed and altitude (depth) of contacts and characterisation such as
friendly, hostile and unknown.

Threat Assessment

Induce, based on situation awareness, what the threats and opportunities are
in terms of consequences for the mission.

(TA)
infer opponent's
capabilities
infer opponent's
options
infer threat

Infer the capabilities of the enemy platform and the weapon and sensor suite,
in terms of range. speed. eapon and sensor characteristics.
Infer what possible courses of actions an opponent could have, for instance:
attack, remain passive or flee.
Infer on the basis of all available information what the intentions of hostile
parties could be. Generating one or (preferably) more hypotheses concerning
the intentions of hostile parties and predict their expected action in the (near)
fu tu re.

Decision Making
(DM)

Planning actions and decide between option courses of action (CoAs).

consider own
capabilities

on capabilities consist of:

generate option
Courses of Action

(CoA)
consider opponent's
reaction
choose CoA
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I. Which actions are allowed (rules of engagement)
2. availability and effectiveness weapons/sensors (also arc of fire)
3. signatures of own ship
4. platform readiness
Determination of which own capabilities are relevant for dealing with the
threat imposed by hostile parties. Estimate risk involved for each CoA. Make
correlation between generated hypotheses from infer threat and CoA.
Includes time/sequence plans and determination of decision points.
Determine the possible reaction to the CoAs of the hostile parties. Use
hypotheses from infer threat to support or reject possible reactions.
Decide between option courses of action by optimising ratio between
expected degree of success and risk involved. Consider what the effect would
be if the hypothesis and/or the prediction on which the decision is based
turns out to be incorrect.
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control action

Direction and
Control (DC)
promulgate CoA
activate CoA
monitor execution
evaluate execution

remarks

Monitor and control of actions under execution.
The tactical situation can and will change and actions will not always evolve
as planned consequently further adjustment to the execution are required.
Make chosen CoA known to all parties (man and machine) involved.
Give the final go ahead for execution of the CoA.
Follos and observe the execution of the CoA and readjust where needed.
Short cycle evaluation is dealt with by performing the SA, TA. DM and DC
cycle over again (at least relevant parts of it). Evaluation in this context
entails evaluating the chosen CoA and evaluating the validity of the
hypothesis that supported the chosen and executed CoA.
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ANNEX B: DESCRIPTIONS OF INTERNAL CONTROL
control task

machine (+example)

human (+example)

making it possible to work safely on
a system or component (prevent
starting of a diesel engine during
maintenance)
procedural testing of systems or
components before they can be
made operational again (pressure
testing of couplings in a pipe, use
self test of a PLC)
corrective maintenance monitor
facilities prevent the occurrence of a
malfunction and provide information
aiding the diagnosis (log sensor
values and events ori a diesel
engine)
making a planning on which systems
or components are available in
future, based on maintenance needs
or budgets of use (monitor running
hours for planned maintenance of
diesel engine, or running hours of a
gas turbine for checking against
budget)
making reports to overhead
organisation, monitor relevant data
for making reports (reports on
running hours, carried out
maintenance or operational
deficiencies)

making it possible to work safely on
a system or component (prevent
personnel entering the gas turbine
module when turbine is loaded)
procedural testing of crew members
before they can be assigned to an
operational job (test performance in
a fire drill)

supporting
control
provide
safeguards

test

repair

planned
maintenance

report

practice in order to bring to a
standard of required behaviour (fire
drills or machinery breakdown drills)

the development of knowledge and
abilities (education and refreshment
courses)

making reports to overhead
organisation, monitor relevant data
for making reports (make a carrier
assessment of a subordinate)

make available
change status

change setpoint

ensure safe
operation

switching systems on/off (starting a
diesel engine or clutch in/out)
determine setpoint, related to
maintaining an output (pressure
setpoint for compressor or rpm
setpoint for diesel engine)
taking actions on a system or
component after a malfunction has
occurred or to prevent the
occurrence of a dangerous situation,
preventing further damage and leave
the system or component in a safe
condition (oil pressure failing on
main bearing resulting in tripping an
engine and disengage clutch,
stopping fuel transfer pump in case
of fire before entering space)

generate billets (place a crew
member in a fire attack party)
give a crew member an assignment
(attack fire in galley)

prevent the occurrence of a
dangerous situation (safety officer
during replenishment at sea
operations)

('make available" continued on next page)
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control task
determine rest
capacity

human (+example)

machine (+example)
getting an estimate on how long a
system or component can be
operational without further actions
(monitor level in buffers such as
consumption tanks or pressure
vessel)

making an assessment whether it is
possible to allocate additional jobs to
somebody (operator load
assessment)

manipulation on at least one input
signal, resulting in a continuous
output product, however also
includes transition from one setpoint
to an other (manipulating fuel rack
on diesel engine, switching main fire
pumps on/off in fire main system)
Switching components on/off
(open/close) or making a separation
in a distributed system; giving the
system itself different properties,
includes making use of redundant
components (Zonal separations in
fire main distribution, switching over
from one DG set to an other)
allowing a system or component to
be used outside its envelope of
standard allowable conditions, often
involves removing independent
safety devices (using over capacity
on diesel generator)

manipulation on at least one input
signal, resulting in a continuous
output product, however also
includes transition from one setpoint
to an other (actual fighting of fire in
galley)

maintain output
maintain setpoint

change
configuration

override envelope
of normal use

change organisation (go from
defence watch to action stations)

allowing a crew member to perform
a job he or she is not officially
qualified (allowing a trainee to do a
certain job)
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ANNEX C: INDIFFERENCE CURVE ANALYSIS

Optimal spending of a consumer's or household's income and Gossens Laws
The utility curve or surface is expressed by:
,qn) = constant

u"q/q2,

so-utili

curves

(1)

The concept of budget constraint is used to indicate the

combination ofq1 and c

tth maximum utility

optimal spending of the income of a consumer:

y=pq

(2)

2=I

'h
bu

The negative value of the slope of an indifference curve at
any point is called the marginal raie of substitution. and is
given by the slope of the tangent at that point:

et line

q1

Figure C 1: iso-utility curves

-=---vu
dq
ai

dq2

(du=O)

ai2

(3)

The highest level, i.e. the equilibrium, is reached at the point of tangency of the indifference
curve and the budget restriction:

p

dq

p2

dqi

(4)

marginal utility of commodity i =

(5)

Likewise the marginal utility of income =

(6)

The condition on the indifference curve of two commodities is:
(7)

a»

Substitution of commodity 2 by income (meaning in this case all the other commodities
at price 1) reworks equations (4) and (7) into:

Equation (8) is made up for one commodity against income, but the same is true for all
commodities under consideration by a consumer, leading to Gossen's second law.
¿u'

Gossen's second law.

¿u

=

ai.
(p = price, q = quantity, u = utility and y = income)
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Optimal combination of production factors with discrete substitutability
If there would be continuous substitution, the optimal combination of the production factor
with budget and price ratio pI/ptan would be P (compare ligure below). However,
producing the quantity belonging to the isoproduct curve (isoquant) in question, is only
possible with the combinations A, B and C. Looking at the figure below, it may be clear that
in the case of the "critical price ratio" P,/PC=tafll3 the choice between A and B is indifferent. If
that ratio would be dissimilar in a way that the slope of the budget line is steeper (tarry> tanl3),
alternative A would be preferable because combination B could only be realised with a higher
budget (and vice versa). The same is correspondingly valid for the choice between the
combinations B and C, etc.
Because producing quantity 1 with combination A is less efficient than would be the case if
combination P would be possible, costs of producing that quantity are higher than the budget
constraint 1. This means that with p1/ptany and budget i only a smaller quantity can be
produced (q2). The best combination A', assuming a homogeneous production function, lies
on the line OA left to A.
In the analysis in textbooks the quantity to be produced is kept constant. Although it is
somewhat more complicated, keeping the budget constraint unchanged is more relevant for
the problematic nature of Chapter 6.

Q

budeet line

iso roduct curve q1

budget I

budget I

labour

Figure C 2: isoproduct curves
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ANNEX D: FUNCTIONAL DECOMPOSITION OF THE ADCF
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ANNEX E: FUNCTIONAL DECOMPOSITION OF THE AOR
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ANNEX F: DESCRIPTIONS OF OPERATIONAL FUNCTIONS
Function

Remarks

AAW
AAW: force duties

Anti Air Warfare
A command ship co-ordinates all force duties: however any other ship within
the force can fulfil a management role on force level (by delegation). This
includes: co-ordinate air movements or act as fighter controller and/or air coordinator force marchaller
Self defence against aircraft and missiles (sub and super sonic). Maximum
range is 25 miles around own ship. Ship should be capable of performing this
function on its own, but incorporation of link information is included as much
as possible
protection against aircraft and missiles including long range missiles like
cruise missiles to a maritime force in transit (dynamic) or a geographically
fixed area (i.e. Amphibious Operating Area). Typical range is between 60 and
120 miles. Because of range greatly depending on other then own sensors.
Theatre Ballistic Missile Barrier Defence: Lower layer theatre ballistic missile
defence in a geographical fixed area. Includes using fire control from other
ship or land based sensors (CEC).
Rules Of Engagement (ROE) state clearly defined responses to threats and/or
provocative actions. The purpose is to maintain a desired situation without
escalating towards a higher level conflict. This function is characterised by
high level decision making by politicians in direct relation with the deployed
forces. Differentiating between fulfilling the goals of this function and act in
self defence is ver problematic.

AAW: self-defence

AAW: area defence

AAW: TBM barrier
defence
AAW:
pursue/enforce ROE

ASuW
ASuW: force duties

ASuW: reactive

ASuW: hunt and
destroy

ASuW:
pursue/enforce ROE

Anti Surface Warfare
A command ship co-ordinates all force duties: however any other ship ithin
the force can fulfil a management role on force level (by delegation). This
includes: co-ordinate to a sustain degree actions like SAGC (Surface Action
Group Commander). The SAGC dut)' mainly differs from normal ASuW in
planning aspects. These are considered in this column.
Reactive Warfare is characterised by not having the initiative. Reactive
Warfare entails reacting to surface threats hilst performing other higher
prioritised functions. lt is more or less a secondary function performed next to
a primary function such as AAW area defence. The relevant threat consists of
surface combatants capable of firing HARPOON like missiles, and consists of
small, highly manoeuvrable craft armed with light MGs and anti tank like
weapons.
The initiative is with on ship. The ship actively plans and acts to create an
advantage over the enemy forces. Deception (mainly by night) is an important
part of hunt and destroy. Range is large (300 miles). Therefore greatly
dependant on other than own sensors. Long range and relative slow moving
vessels make for long time-cycles.
ROE's state clearly defined responses to threats and/or provocative actions.
The purpose is to maintain a desired situation without escalating towards a
higher level conflict. This function is characterised by high level decision
making by politicians in direct relation with the deployed forces.
Differentiating between fulfilling the goals of this function and act in self
defence is very problematic.

Conceptual Design of Warships

177

ASW
ASW: force duties

ASW: reacti\e

ASW: hunt and
destroy

ASW:
pursue/enforce ROE

Anti Submarine warfare
A command ship co-ordinates all force duties; however any other ship within
the force can fulfil a management role on force level (by delegation). This
includes SAUC (Search and Attack Unit Commander). Further see under
ASuW force duties. Scene of Action commandership is not considered.
Reactive Warfare is characterised by not having the initiative. Reactive
Warfare entails reacting to surface threats whilst performing other higher
prioritised functions. lt is more or less a secondary function performed next to
a primary function such as AAW area defence. The relevant threat consists of
submarines and mines.
The initiative is with own ship. The ship actively plans and acts to create an
advantage over the enemy forces. Deception (also acoustically) and being
unpredictable is an important part of hunt and destroy. Operation range is fixed
and small (box typically 20 x 20 miles). The relevant threat consists of
submarines penetrating in an operating coastal area. In case of long range
detection, air assets will typically be deployed.
This function particularly applies to situations immediately preceding full-out
war.
ROE's state clearly defined responses to threats and/or provocative actions.

The purpose is to maintain a desired situation without escalating towards a
higher level conflict. This function is characterised by high level decision
making by politicians in direct relation with the deployed forces.
Differentiating between fulfilling the goals of this function and act in self
defence is very problematic.

LW
LW: precision
strike/land attack

LW: naval surface
fire support

178

Land Warfare
Fire long range missiles (e.g. Tomahawk) at land based targets. The ship does
not determine or chooses targets but is a weapon carrier able to defend itself.
ship acts as launching platform in a strategic strike campaign co-ordinated in
shore I lQ's.
Deliver ordnance on land based targets in for instance a support role of
amphibious operations or general land based operations.
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ABBREVIATIONS
AAW
ADCF
AUR
ASW
ASuW
CAD
CEM
CIC

CVM
CUP
C&M
C2
C21

DEP
HMI
HN1MS

IMCS
LW
MO2015
NBC
OIS
PAPS
PRIS

RAS
RIS
RNIN

ROE
SBD
SCC
SRK
UPC

Anti Air Warfare
Air Defence and Command Frigate
Auxiliary Oiler Replenishment
Anti Submarine Warfare
Anti Surface Warfare
Computer Aided Design
Concept Exploration Model
Combat Information Centre
Concept Variation Model
Capability Upkeep Program
Control and Monitoring
Command and Control
Command, Control and Information
Design. Engineering and Planning
Human-Machine Interface
Her Netherlands Majesty Ship
Integrated Monitor and Control System
Land Warfare
Maritime Operations 2015
Nuclear Biological Chemical
Order Information System
Phased Armaments Programming System
Product Information Structure
Replenishment at Sea
Resource Information Structure
Royal Netherlands Navy
Rule of Engagement
Simulation Based Design
Ship Control Centre
Skills, Rules and Knowledge
Utility Possibility Curve
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SUMMARY

Conceptual design of warship is characterised by the absence of starting points. This is
resolved in the day-to-day practice by extracting starting points from earlier, already existing

designs. The importance of a thorough analysis of the goals of a design is consequently
underexposed. Next to this is the attention in present practices mainly focussed on the
physical aspects of a warship. This means that behavioural aspects are insufficiently taken into

account. The influence of operators and of software determining system behaviour take a
backseat position to physical aspects, at least in conceptual stages of the design process.
Analyses followed by evaluations in later stages of the design process result consequently in
many recursive design steps. Recursions entail that earlier decisions have to be revisited and
that parts of the design may have to be changed. The goal of this thesis is to develop a design

methodology that prevents the occurrence of recursive steps or makes them at least
manageable when they cannot be prevented. State of the art methodologies are unsatisfactory

because they are either based on extrapolating existing designs, respectively assume that
functional requirements are available, or because a design process follows the path of
predefined sequential design phases.
The concept of "Perfect Design" is a framework describing the ideal conditions for a
design process. Three elements appear to be dominant, namely knowledge. adaptability (of the
design process and of the warship itself) and decision making. Perfect knowledge would make
adaptability superfluous and vice versa would perfect adaptability render perfect knowledge
unnecessary. The interdependence between knowledge and adaptability means that a balance

needs to be struck between developing additional knowledge and developing information
structures supporting the use of information. This is in line with the earlier mentioned
observation that there is a need for models describing system behaviour. The thereof derived
information structures have to facilitate a design process that deviates from predefined
sequential design phases. The third element, decision making. also gives rise to further
investigations. The goal is to improve the quality of the decision making process by increasing
the rationality of decision makers' behaviour. The behaviour of individual decision makers is
analysed. followed by an analysis of group decision making processes.

Ship management and system behaviour are represented in several models. Introducing these
models into the design process reduces recursivety.

Function analysis uses functions as representations of independent aspects of required
behaviour of a warship. Tasks are elements that make the realisation of functions possible.
The relationship between operational needs, expressed in ship functions, and physical means
required for realising those functions provides insight in performance and costs in an early
stage of the design process. Ship management entails firstly the control of externally oriented
functions and secondly the control of the internally oriented tasks. The human-machine
allocation is performed on the basis of an analysis of complexity, data volume and available
time for control activities.
Evaluation methods are normally used in the final phases of the design process. By adapting
those methods so that they can be used in early conceptual stages allows the design process to
become more independent of already existing designs. It consequently takes less effort to
implement technological innovations and revisions of operational requirements into the
design.
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The information resulting from function analysis needs to be managed. The Product
Information Structure allows deviations from sequentially phased design processes, and
recursivety is made at least manageable if not prevented.

Information is divided into three domains: a functional, a physical and a control domain.
Design synthesis is the formulation of relationships between elements of those three domains.
Functions, which were assumed to be independent, will cease to be completely independent
because of couplings created in the synthesis process. A classification of different types of
couplings provides insight in remedies for removing unwanted couplings.
Just as information management, is organisation of the design process also indispensable.
Structuring information leads to more insight in the design. which allows relative
inexperienced designers to function as it were on a higher level of expertise.

The two methodological aspects mentioned above both have a common goal to improve the

quality of the decision making process. This is partly realised by making information
accessible. There are also opportunities for improving the quality of decision making by
analysing the concept of rationality. Performance (i.e. benefit) and costs of military products
are measured in different units. The defence organisation is consequently a consumer striving

for maximisation of utility (instead of for instance maximisation of profit). A normative
approach, based on economic theories, is complemented with a descriptive psychological
approach. This combination of two approaches is used to investigate the behaviour of
individual decision makers. The inherent uncertainty in choice problems requires early
strategy selection.

Most decisions and certainly the important ones are made by groups. The group decision
making process is characterised by the existence of differences of opinion and conflicts. A
difference of opinion can be settled by discussion and persuation. Conflicts resulting from
sectional interests of stakeholders require a different solution namely bargaining. An
inextricable part of bargaining is offering compensation from one stakeholder to another for
accepting a less than optimal solution. The group decision making process is therefore divided
into two phases. The first phase deals with differences of opinion that are settled by discussion

in a common interest game. The second phase settles conflicts by bargaining and offering
compensations.

Design case studies of an Oiler, control and monitoring facilities of platform system of a
frigate and first steps in conceptual design of a combat information centre are used to test and
evaluate the theoretical treatment of the design process.
The conclusion is that the developed methodology provides support in defining ship functions.

The Product Information Structure combined with the established knowledge on decision
making processes improves the quality of the design process.
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Summary

SAMENVATTING
Het ontwerpen van oorlogsschepen wordt tij dens de conceptuele fase van bet ontwerpproces

gekenmerkt door bet ontbreken van goede uitgangspunten. Dit wordt in de praktijk vaak
opgelost door uitgangspunten te ontlenen aan reeds bestaande ontwerpen. Het belang van een
grondige analyse van doelstellingen is biermee in de praktijk echter vaak onderhelicht.
Daarnaast wordt in de huidige situatie vooral nadruk gelegd op fysieke aspecten van het schip.
Het systeemgedrag, dat wil zeggen de rol van gebruikers eri software, krijgt hierdoor te weinig
aandacht. De analyses en de daarop volgende evaluaties ann het einde van het ontwerpproces
resulteren dientengevolge in recursieve ontwerpstappen. Dat wil zeggen dat eerder gemaakte

beslissingen heroverwogen moeten worden en dat als gevoig wellicht een deel van bet
ontwerp aangepast moet worden. Het doel van de uitgevoerde studie is, een
ontwerpmethodologie te ontwikkelen die recursiviteit voorkornt of in ieder geval hanteerbaar

maakt. Huidige methodologieen schieten te kort doordat zij òf gebaseerd zijn op bet
extrapoleren van oude concepten. respectievelijk veronderstellen dat functionele eisen bekend

zijn. òf dat ontwerphandelingen in een van tevoren vastgelegde volgorde kunnen worden
uitgevoerd.

Het concept "Perfect Design" beschrijft de ideale condities voor een ontwerpproces.
De drie elementen die daarin de meeste invloed blijken te hebben. zijn achtereenvolgens
kennis, aanpasbaarheid (zowel van bet ontwerpproces als van het ontwerp) en besluitvorming.

Perfecte kennis zou aanpasbaarbeid overbodig maken en andersom zou volmaakte
aanpasbaarheid de noodzaak tot perfecte kennis overbodig maken. Deze afhankelijkbeid geeft

aan dat er een balans gevonden moet worden tussen bet ontwikkelen van extra kennis en
informatiestructuren die bet gebruik van kennis ondersteunen. Dit sluit aan bij de eerder
beschreven observatie dat er behoefte is ann modellen die bet systeemgedrag beschrijven. De
daarvan afgeleide informatiestructuren moeten bet mogelijk maken orn af te wijken van een
vaste ontwerpprocesgang. waarmee bet ontwerpproces flexibeler wordt. Het derde element, de

besluitvorming, geeft ook aanleiding tot nadere bestudering. Met name wordt er naar
gestreefd. de rationaliteit te verhogen en daarmee de kwaliteit van de besluitvorrning.
Allereerst wordt bet besluitvormingsgedrag van het individu bestudeerd. gevolgd door een
studie naar bet gedrag van groepsbesluitvormingsprocessen.

De ontwikkelde kennismodellen bescbrijven bet systeemgedrag zoals dat be'fnvloed wordt
door bet scheepsmanagement. Door deze kennismodellen in een vroeg stadium op te nemen in
bet ontwerpproces, wordt recursiviteit gereduceerd.
In een functionele analyse worden functies gehanteerd als representaties van onafhankelijke

aspecten van bet gewenste gedrag van een oorlogsschip, en taken als elementen die de
reatisatie van functies mogeuijk maken. Zo ontstaat er een verband tussen de operationele
behoeften, uitgedrukt in scheepsfuncties. en de fysieke middelen die benodigd zijn om deze
functies te realiseren. Hierdoor wordt in een vroeg stadium inzicht verkregen in de relatie

tussen behoeften en kosten van realisatie. Het scheepsmanagement betreft enerzijds de
besturing van de extern georienteerde functies en anderzijds de intern georienteerde besturing

van taken. De mens-machine allocatie vindt plaats op basis van een analyse van de
complexiteit, het data volume en de beschikbare tijd van de betreffende besturingsactiviteiten.
Door evaluatiemethoden die normaal gesproken aan het einde van een ontwerpproces gebruikt
worden, geschikt te maken voor de conceptuele fase, kan het ontwerpproces onafhankelijker

worden van reeds bestaaride ontwerpen. 1-lierdoor kunnen technologische innovaties en
veranderende operationele eisen sneller en effectiever in bet ontwerp worden verwerkt.
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Nadat functies geanalyseerd zijn en er bepaald is welke informatie relevant is yoUr het
beschrijven van deze functies, is het nodig orn middeien te ontwikkelen die de beheersing van
deze inforrnatie mogelijk maken. De gedachte die hierbij een drijvende rol speelt, is dat een
Product Informatie Structuur het mogelijk maakt, een van oorsprong gefaseerd ontwerpproces
in willekeurige volgorde te doorlopen. Hierrnee wordt recursiviteit, zoal niet vermeden, ten
minste hanteerbaar gemaakt.
De informatie die een rol speelt bij de bovengenoemde kennismodellen, is te verdelen in drie
domeinen: het functionele, het fysieke en het besturingsdomein. De synthese bestaat uit het
leggen van relaties tussen elementen uit de drie domeinen. Hierbij komen koppelingen tussen

de eerder als onafhankelijk beschouwde functies aan het licht. Een classificatie van de
verschillende soorten koppelingen geefi inzicht in remedies voor het verwijderen van
ongewenste koppel i ngen.

Naast informatie-management is organisatie van bet ontwerpproces onontbeerlijk. Het
structureren van informatie leidt tot een verhoogd inzicht in bet ontwerp, zodat ook
betrekkelijk onervaren ontwerpers als het ware op een hoger ervaringsniveau kunnen
functioneren.

De bestudering van de voorafgaande twee methodologische aspecten hebben tevens tot dod,

de besluitvorming te verbeteren. Enerzijds wordt dit gerealiseerd door informatie snel
beschikbaar te maken: anderzijds zijn er mogelijkheden tot verbetering van de rationaliteit van
de besluitvorming. Producten voor militaire toepassingen hebben als eigenschap dat prestaties
en kosten in verschillende eenheden worden gemeten. Dientengevolge moet de krijgsmacht
gezien worden als een consument die in zijn materieelselectieproces streeft naar maximalisatie
van nut (in plaats van bijvoorbeeld winst). Allereerst wordt bet gedrag van een individuele

beslisser onder de loep genomen. Een op economische theorieën gebaseerde normatieve
benadering wordt aangevuld met een descriptieve benadering afkomstig uit de psychologie.
De inherente onzekerheid die bij de besluitvorrning aanwezig is. maakt het noodzakelijk orn
een strategie in een vroeg stadium te bepalen.
De meeste, en zeker de belangrijke, beslissingen zullen in de praktijk door groepen worden
genomen. Het groepsbesluitvormingsproces wordt gekenmerkt door het bestaan van

verschillen van inzicht en conflicten. Een verschil van inzicht kan opgelost worden door
discussie en overtuigen. Conflicten als gevolg van verschillende belangen van stakeholders
behoeven een andere oplossing. Hierbij is bet noodzakelijk te onderhandelen over de
beslissing. Voor bet verkrijgen van overeenstemming is het nodig dat de onderhandelende
partijen elkaar kurinen compenseren voor het accepteren van onaantrekkelijke oplossingen.
Het groepsbesluitvorrningsproces wordt daarom in twee fasen verdeeld: verschillen van
mening worden door overleg en uitwisseling van ideeën opgelost, en belangenconflicten
worden in tweede instantie door onderhandeling en verstrekking van compensatie verwerkt.

Het conceptontwerp van een bevoorradingsschip, het definieren van de bedienings- en
bewakingsinstallaties voor platform systemen. en het analyseren van een commando centrale

worden gebruikt orn de theoretische behandeling van het ontwerpproces in een drietal
praktijkgevallen te toetsen.
Deze toetsing geeft aan dat de ontwikkelde methodologie houvast biedt bij het opstellen van

scheepsfuncties. Daarnaast zijn hulpmiddelen ontwikkeld voor het analyseren en beheersen
van ontwerp informatie. Samen met de hieraan toegevoegde kennis omtrent besluitvorrning
leidt dit tot een kwalitatiefhoogwaardiger ontwerpproces.
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