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ABSTRACT

While a considerable amount of research effort is spent on design theory and methodology, we do not
have a clear, uniform theory that can explain design synthesis universally and uniformly. This can
mean that such a theory either is yet to be established or does not exist. From the viewpoint of the
latter, this paper examines a variety of design theory and methodology and argues that indeed such a
theory has not yet been found. In order to clarify positioning of existing design theory and
methodology, we first give their classification based on General Design Theory. We then focus on so-
called candidate generation process which is considered the core of design synthesis and identify
models and theories including simple solution generation and test, backward reasoning, database
lookup, search in a problem space, abduction, generative rules, case-based reasoning, grammar
production, computational models, parametric search/generation, constraint-solving, and genetic
algorithm. However, none of these does not give sufficiently general, universal, or uniform
explanations about design synthesis, although each of them does fragmentally in a limited scope and
case. This paper proposes a new model of design synthesis as collaborative, flexible use of fragmental
theories, in a way similar to intelligent collaborative agent architecture. Finally the paper also presents
its implications to systems integration aspects of multi-disciplinary product development.

Keywords: Design process model, design theory, design methodology, design synthesis, multi-
disciplinary design, systems integration

1 INTRODUCTION

Within the design theory and methodology community, it might not be an exaggeration to say that a
fundamental research issue still unsolved today is the lack of a single, uniform theory that explains
design synthesis. A number of research efforts in the past attempted to establish such a theory,
although up to now we are still unable to do so.

A well-accepted generic model of design processes can be depicted in Figure 1. A design problem will
be first analyzed and then candidate solutions are generated. These candidates are analyzed with
simulation tools and evaluated. A decision is then made whether or not the candidate is a good design
solution. If so, this is the end of the process; if not, a next candidate solution can be analyzed or the
candidate can be modified to meet the requirements. This model of design synthesis is generic and can
be applied to many different types of design. We sufficiently and confidently know what designers
should do in the ‘analysis’, ‘evaluation’, and ‘modification’ stages as well. However, we do not really
have a single theory that explains the ‘generation’ stage for a variety of design synthesis, which is the
core of design synthesis. Instead, we have discovered a variety of theories and models that can explain
only a very limited type of design synthesis.

The problem here is that none of them can really explain the mechanism of ‘candidate generation’ in a
sufficiently general manner. They are more or less limited to and valid within a very small area of
design synthesis. If we encounter such a situation, perhaps there are two explanations.
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. We could find those fragmental models that are applicable to a limited situation. A more
universal, general single model of the candidate generation process exists and is yet to be
discovered.

. There is no such a universal theory of candidate generation. In other words, the core of
synthesis is not driven by a single universal theory, nor it might be even possible that the
‘candidate generation’ process itself is not the core of synthesis.

While we are not able to totally reject the former case (a situation similar to Pierre de Fermat’s

conjuncture), it might be interesting to pursue the latter case, i.e., the core of synthesis, ‘candidate

generation’, is not driven by a single theory, or even the candidate generation process does not explain
design synthesis as a whole (‘vacuum core theory’).

Design
Problems

Generate Candidate
Solution

Modify

Analyze

Evaluate

Design
Solutions

Figure 1. A Generic model of design synthesis

If there is no single theory that can explain candidate generation, what could be a reasonable,
alternative explanation for this process? This paper is written based on the latter idea and tries to
answer this question.

In the past some survey papers tried to give a rational classification of design theory and methodology
(DTM) (for instance, [1], [2], [3]). Such classification is needed to identify DTM to be examined later
against the generic model of design synthesis (Figure 1). However, unfortunately these were not based
on a scientific foundation. To do so, Section 2 tries to establish a classification of a variety of DTM
based on Yoshikawa’s General Design Theory (GDT) [4]. Based on axiomatic set theory, GDT
explains design as knowledge operations. In Section 3, we will focus on the candidate generation
process to find out if there are theories that can explain the candidate generation process sufficiently in
a uniform manner. However, we will need to conclude that we don’t have such a theory (at least yet).
Section 4 proposes an alternative theory for the candidate generation process, which basically says that
the core of synthesis resides within the human ability to collaboratively and flexibly use fragmental
pieces of knowledge (models and theories). This model is an extended model of synthesis proposed by
one of the authors [5], [6], [7], [8] and in a way can be regarded as an intelligent collaborative agent
architecture.

While this understanding of design synthesis contributes to scientific understanding of design, it can
also have a significant implication to design practices. As product technology advances and the
complexity of products significantly increases, it is widely recognized that so-called systems
integration becomes crucial to develop world-class products. Within practical product development
processes, the systems integration technology is least understood; often we believe only experienced
engineers can become a good systems integrator who cannot be trained in schools.

In Section 5, we will briefly discuss systems integration technology that addresses three aspects in
product development; systems level aspects (product architecture, dividing into subsystems, product
family, etc.), process coordination and management, and integration of subsystems design results
(systems integration in a narrow sense) [9]. The proposed model of design synthesis proposed in this
paper deals with the second and third aspects of systems integration, i.e., coordinated, flexible use of
design knowledge.
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Finally, Section 6 concludes the paper.

2 CLASSIFICATION OF DESIGN THEORY AND METHODOLOGY

For scientific advances of any branch of science including DTM, it is crucial to establish good
classification of a variety of theories in the field. Such classification needs to be based on a scientific
foundation. Tomiyama [4] proposed to use General Design Theory (GDT) proposed by Yoshikawa
[10], [11], [12], which is a theory of design knowledge based on axiomatic set theory. In the following,
this classification is briefly introduced.

2.1 Design processes as designh knowledge operations

GDT sees design as design knowledge operations, i.e., set operational processes regarding the entity
set and its subsets. Through recognition of physical entities, we create categorization of entities
according to their attributes and functions. Mathematically, this categorization forms a topology on the
set of entity concepts, which allows us to operate abstract concepts (i.e., attributes and functions) with
set operations. GDT says that a result of set operations will signify a region that includes design
solutions within the entity set. As we increase the number of design specifications with abstract
concepts, the area that contains design solutions narrows down, eventually boiling down to a single
design solution. In so doing, a critical step is a process to find an entity that can fulfill requirements
designated with abstract concepts. If no design solution is known a priori (GDT calls it an imperfect
situation), it requires a core process of synthesis in design [7] which is covered by some DTM.

Once a design solution is obtained, its neighborhood in the attribute space is analyzed to obtain its
attributive information. This process creates the necessary information to manufacture the solution.

2.2 DTM to generate a new design solution

Tomiyama identified strategies that can be employed for this case, viz., creativity-based design,
combination-based design, and modification-based design [4]. Note that in these categorizations, one
design method can be categorized in multiple categories.

2.2.1 Creativity-based design

A new design solution is generated as a new element of the entity set. This case corresponds to
invention and not only an artifact but also a piece of new knowledge about this new design are indeed
created. This is heavily dependent on human intuitive creativity and few theories can rationally
explain it in a general framework [12].

A general formalization of this type of process with logic is abduction [5], [7], [13], [14], [15], [16],
[17], [18]. Given a set of axioms A and a set of facts F, deduction derives a set of theorems T/ using
modus ponens o. The symbol ‘|-’ signifies the right hand side is deducible from the left hand side.

AUF|-,Th (1)

Abduction, on the other hand, reasons out ¥’ from given 4 and 7/4. When the design knowledge is well
known and a design problem boils down to picking up a solution from a set of known entities, factual
abduction [16] can be used. However, at this moment, abduction cannot explain creative design, in
which a design solution is generated ‘out of the blue’. However, it can explain when multiple (known)
theories are combined to produce a new solution which was unknown before. In other words,
abduction can deal with creative design that comes from innovative, new combination of existing
well-known knowledge [17].

Given a problem and a set of theories, if judged impossible to find a solution within the domain,
abduction can introduce an appropriate set of relevant theories to form a new set of theories, so that
solutions can be found with the new set of theories [17]. For instance, as long as our knowledge is
limited to structural strength of materials of given shape, we will never reach such an innovative
design as ‘drilling holes’ for lighter structure while maintaining the strength. This is only possible
when we have a piece of knowledge that removing material that does not contribute to strength does
not make any harm but only makes the whole component lighter. The importance of introducing
multiple aspects to arrive at high quality products is pointed out by Pugh’s total design [19].

Emergent synthesis is a more recently developed methodology [20], [21], [22], [23]. It typically uses
such soft computing methods as genetic algorithm, simulated annealing, ANN (Artificial Neural
Networks), and a variety of learning algorithms. In the context of creativity-based design, for instance,
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ANN [24], [25] can generate a design solution even for requirements which were not previously
experienced. On one hand this shows the robustness of the method and to some extent a kind of
creativity, but on the other its output is in one sense similar to past design experiences. The majority of
learning algorithms applied for design exhibits more or less similar behavior [26] (ANN itself is one
method of learning algorithms).

Shah [27] points out two approaches to achieve creative designs, viz., intuitive and systematic. The
former, intuitive approaches increases the flow of ideas, remove mental blocks, and increase the
chances of conditions perceived to be promoters of creativity through such mental reasoning processes
as association and analogy. By exposing designers to a collection of knowledge that they never
experienced, it is expected that their imagination can be stimulated. Examples of such collections of
knowledge could be books, archives of past designs (museums), other designers (i.e., a variety of
methods for brainstorming), and some unrelated areas from which designers can be inspired (e.g., bio-
inspired design).

2.2.2 Combination-based design

The latter of Shah’s categorization, systematic approaches define methodologies to apply design
knowledge and to arrive at creative designs more rationally and systematically. These methodologies
assume one important assumption; existence of building blocks and rules to combine them to arrive at
a new design solution. For example, a new machine can be designed by combining known components
or units. Combinatorial logical circuit design is another example. The question here is however the
level of those components.

For instance, Pahl and Beitz [28], based on a definition of function as transformation of energy,
material, and information, defines rules to systematically model, decompose, and combine known
‘function carriers’ at physical principle level. In this method, the use of databases about known
machine elements and physical principles and phenomena is highly recommended.

There is one thing common to Pahl and Beitz, TRIZ [29], and Axiomatic Design (AD) of Suh [30],
which is explicit representation of functions with respect to entities (in case of Pahl and Beitz, the
function hierarchy and morphological table) or attributes (in case of AD, the design matrix between
function requirements and design parameters). By analyzing such representations, the designer can
analyze and improve solutions. In this sense, these representations function more or less as a creativity
stimulation method.

2.2.3 Modification-based design

Modification-based design is perhaps the most often practiced method and begins with a solution close
enough to the final solution. Examples of this method are parametric design and case-based reasoning.
In the former case, an unspecified design solution is found from a database and then it will be adjusted
to match with the given requirements. Another example is a design method in which a near solution
will be modified according to some rules such as: (1) components are added (A -> A + B), (2)
exchanged (A + B -> A + B’), (3) merged (A + B -> A’), and (4) removed (A + B -> A). These rules
can be applied to solutions obtained by systematic methods or creativity-based design methods.

The questions for this type of design are (1) if we can find a function to judge how close a candidate to
the goal and (2) the level of these components.

TRIZ [29] falls into this category. It primarily defines design problems as a process to remove barriers
to achieve the goal from an existing (incomplete) solution. There come also rules to modify existing
designs and a huge design database (built from Russian patents).

Other methods of emergent synthesis, such as genetic algorithms, simulated annealing, ANN, and a
variety of learning algorithms, can also be seen as methods to derive ‘optimal’ design solutions from
close enough approximations [20], [21], [22], [23]. In this sense, they are modification-based design
methods.

2.3 DTM to enrich functional and attributive information of design solutions

Once a design solution is found in the area designated by the functional requirements, an analysis is
conducted regarding its neighborhood, not only in the attribute space but also in the function space.
The latter is carried out to achieve perfect design (e.g., to enhance customer satisfaction). QFD
(Quality Function Deployment) [30] is such a method. By building a house of quality, overlooked
functional requirements regarding customer satisfaction and technical tasks will be identified. AD [30],
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[32], its Axiom of functional dependence, is useful to enrich functional information with regard to
technical solutions. FMEA (Failure Mode and Effect Analysis) [33] also lends itself to identifying
overlooked or potential problems to enhance quality. In this sense, FMEA is also a method to enrich
functional information as well as attributive information from the design quality perspective.
Analyzing attributive neighborhood of a design solution and enriching attributive information are
equivalent to improving performance and eventually to generating sufficient information to physically
build the design solution. A variety of engineering analysis techniques (typically CAE related
techniques) and optimization techniques fall into this category. DfX (Design for X and X stands for a
variety of activities in product life cycle, such as manufacturing, assembly, disassembly, environment,
serviceability, reliability, maintenance, recycling, etc.) lends itself to enrich attributive information of
a design solution [34]. Taguchi method [35] and AD (especially Axiom of information content) help
designers to optimize design parameters.

Genetic algorithm is a method to pick out most optimal solutions from a large problem space [24].
Emergent synthesis based on genetic algorithm [22] can be viewed as a system to find out optimal
solutions as a combination of known components. In this sense, it is also a method to enrich attributive
information of design solutions.

2.4 DTM to manage design and to represent design knowledge

We can also identify two other categories of design theories and methodologies. Since these are not
the focus of this paper, we do not discuss them in detail. However, short remarks can be made.

Design is a human activity largely driven by knowledge. A design process involves design knowledge
and design information to be handled by a designer. This means that we need theories and
methodologies to capture, represent, model, and codify design knowledge and information. At the
same time, these sorts of knowledge have to be used appropriately.

This requires us to study two DTM areas. One is those theories and methodologies to capture,
represent, model, and codify design knowledge and information about design processes, design objects,
environments, and any other life cycle issues. Examples of this category are theories of solid modeling
and product modeling.

Second, we need to address operations of knowledge. The scale of products is becoming increasingly
bigger; the complexity of products as well as of processes is becoming higher. Therefore, we need
management perspectives. This DTM area includes those theories and methodologies to manage
design, viz., design knowledge, design information, design process, and design complexity. Besides
well-known knowledge management issues, we may add here AD (especially, Axiom 1 of functional
independence) [32] and DSM (Design Structure Matrix) [36], [37] to deal with complexity of design
[38], [39].

3 MODELS OF SOLUTION SYNTHESIS

The core of design synthesis is a process to generate candidate solutions, as depicted in Figure 1.
Section 2.2 illustrated a number of past research efforts in formalizing this process and categorized
them into three categories. However, as shown, developing a generic model specifically for the
generation phase of design has proven to be a challenging task. Such a model should not only describe
activities, but also the role and use of knowledge. Virtually, there is no explanation that gives
sufficiently scientific foundation for this process. One possible reason is that no such model exists.
Another possibility is that it does exist, but yet to be found. A good reason for the latter case is that it
is hard to find due to the diversity of industry’s design processes. For instance, Maimon and Braha
[40] researched a formal model of the design process, focusing on the synthesis part. The main
conclusion is that although high expressiveness is necessary to allow for the generation of a wide
variety of designs, it might swamp the designer with alternatives. So, any increase in expressiveness
must be accompanied by an increase in the designer’s ability to control the complexity of the design
space.

From cognitive design research, Visser [41] considers design as a construction of representations, or a
description of the artifact being designed. During the ‘generation phase’ of design, a representation
evolves rather than being generated ‘out of the blue’. The first representation is usually developed by
interpreting the design requirements. At this stage, the design problem is often ill-defined (both ill-
structured and ill-specified) but gains in concreteness and detail during the design process. The artifact
description is repeatedly transformed through activities such as replicate, add, detail, concretize,
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modify and substitute [41, p. 131]. This view of design as step-wise refinement matches experimental
findings as well [5], [42]. At this level, the activities during candidate generation can be modeled as
indicated in Figure 2: transformation of an artifact representation until a set of requirements and
constraints is met.

solution

requirements proposal
L Artifact

representation

— Transformation 4/

Figure 2. Activity model of synthesis

Cagan, et al. conducted a survey on computational synthesis methods and indicated that the act of
formulating or initializing a synthesis process did not receive much attention in literature, since most
computational synthesis methods were developed to solve a particular design problem [43]. A number
of techniques and models for the generation of candidate solutions are developed for a number of
design cases, listed up as follows [4], [7], [43], [44].

. Random selection

. Random number generation

*  Backward reasoning

. Database lookup

. Abduction

. Case-based reasoning

. Grammar production

. Computational models

. Parametric search/generation

. Constraint-solving

If these techniques are case-specific rather than generic, a generic structure could appear while moving
towards the higher-level representation of Figure 2. A common feature is the existence of a database
with a priori information of (partial) solutions, e.g., solution concepts, previous candidates, parametric
designs, individual components or materials. This (static) knowledge base can be accessed to retrieve a
specific solution (database lookup) or ‘to try something new’, i.e., more random selection. After
selection of a database entry, it can be used ‘as is’, or modified to fit the existing representation better
by case-based reasoning, parametric modification or generate and test. Another common feature
happens away from this database: observing the current state of design and deciding what to do next,
an activity that takes decision and possibly generates new knowledge. These generative mechanisms
can perform decomposition on a design state, abduction and inference of new rules, but also
computational analysis and constraint solving. These common features are depicted in Figure 3. The
content of the database and the flexibility of the generative mechanism determine the effectiveness and
efficiency of candidate generation.

@;T;B E— Generative
solutions ] mechanism

W) (2) ©)
Figure 3: A model of candidate generation

Table 1 shows positions of several known techniques using the model depicted in Figure 3. The left
column indicates basic techniques to retrieve entries the database, without further processing its
content. The second column operates on the database entries with knowledge that is specific to that
entry, focusing on the modification process. The third column pre-processes the database interface,
deciding ‘what to do next’.

When human designers generate candidate solutions, experience from past designs is stored in a
mental database. Generative mechanisms to find the correct entries are stored independently, so a new
problem can be analyzed and decomposed until existing database elements can be used, possibly with
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modifications. Exposing a human to a new ‘database of information’, e.g., a museum or exposition,
allows him/her to extract and form new rules. Non-creative designers look at a museum and enjoy it,
while creative designers extract solution principles and rules when to use these (i.e., generative
mechanisms).

Table 1: candidate generation techniques

Database Database modification rules Generative mechanism
Random selection Case-based reasoning Backward reasoning
Database lookup Parametric modification Abduction

Generate and test Grammar rules

Computational models
Constraint solving

C-K theory’s operations
(K-C, C-C, C-K, K-K)

When generative mechanisms are improved, existing database entries are found faster and more
precise. The problem space is mapped faster to the solution space, enabling more efficient candidate
generation. Likewise, the database can be expanded by adding new components or past candidates.
Creativity in design can be seen as adding a new database to an existing generative mechanism, or
extracting new generative rules from an existing database. When computational synthesis systems are
confronted with design tasks, both a database and generative mechanisms have to be combined into a
single system. A number of systems are developed that flexibly combine multiple knowledge
mechanisms, briefly discussed below.

The A-Design theory combines a number of different knowledge-based approaches, resulting in a
synthesis system, e.g. for electro-mechanical designs. The functional representation that enables
reasoning at a sufficiently complex level focuses on the transformation of energy, material and signal
[45], [46]. Four classes of goal-directed agents are used to generate a wide range of solutions.
Configuration-agents perform random selections of component types to connect input with output,
creating solutions qualitatively. Instantiation-agents fix component values, determining the parameters
of the design. Modification of existing solutions is done by the fragmentation-agents. Each agent is
given a preference while performing its task, resulting in a broad exploration of the solution space.
User preference and learning algorithms from past designs are used to influence the solution
generation process through manager-agents. These agents steer the optimization and search process by
adjusting the goals of the other agents.

The design language of grammars allows a generative representation that is as general as possible,
capable of producing complex and meaningful designs [47]. Structure grammars modify existing
designs using simple transformation rules, such as truss constructions. Parallel grammars are based on
the Function-Behavior-Structure model to map function to form, first conceptually and then
parametrically [48].

The C-K theory [49] is a formal theory of reasoning in design. It defines ‘Design’ as the co-evolution
of ‘Concepts’ and ‘Knowledge’ through four interdependent operators (C-C, C-K, K-C and K-K).
These operators develop the C- and K-spaces during the design process towards a solution. The K-
space consists of a set of knowledge propositions with a logical status, i.e., a database of previous
(partial) solutions. Concepts within the C-space have no logical status (yet) and are subject of
development until a logical status can be given, i.e., their status becomes known: a C-K operation
brings them to the K-space as a known design. A K-K operation, for example, is seen as a generative
mechanism to operate on knowledge items, developing new knowledge from existing propositions.
Design tools that are based on the C-K theory are discussed in [50], where the theory is expanded to
include an environment space to allow development of a personal design assistant. Such a tool acts as
a medium for a designer to enrich his/her dialogue with the design situation and the design
representation he/she is constructing. The idea of ‘co-evolution’ of concepts and knowledge can be
found in other research work, too. For instance, Takeda, ef al. proposed to use circumscription as a
computational method to revise knowledge [5]. Roozenburg and Eekels proposed ‘innoduction’ [17].
When developing software support for the generation phase of the design process, a minimum content
has to be present for both the information database and generative mechanisms. If a generic synthesis
system were to be developed, what would this minimum set be? The different types of mechanisms
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need to be orchestrated in human-like harmony to flexibly address a wide range of problems. At each
point in the generation process, the most suitable generative mechanism should be selected and
executed. A higher level model, such as a metamodel, illustrated [51], acts as an interface between
artifact representation and knowledge mechanisms. It interprets the artifact description and acts as
input and organizer for the knowledge models, passing any modifications back to the artefact
description. Using a metamodel disconnects the knowledge mechanisms from the design artifact and
allows interchangeability between domains. This also happens when human designers enter a new
domain with existing knowledge.

4 YET ANOTHER MODEL OF DESIGN SYNTHESIS

As seen in the previous section, we have a number of fragmental theories and models of ‘candidate
generation’. Although each of these models can reasonably explain synthesis in a limited situation (for
example, database lookup can be used for design in which design solutions are indexed and these
indexes should cover the range of design requirements), none of them can explain design synthesis in
a uniform manner. Maybe it is not so important whether or not such a universal model of synthesis
exists, or even can ever be found. Confronted with such a situation, one reasonable strategy could be
to build a model that can flexibly combine known individual models and to try to explain as many
different types of design as possible.

In this section, we try to explain human design synthesis (i.e., why and how humans can design) in
such a way that the human can coordinate and use an appropriate set of small synthesis systems (or
models) selectively, and flexibly. This idea is similar to collaborative intelligent agent architecture
[52], [53] in the sense that the designer’s knowledge can be modeled by a set of small knowledge
systems each of which does a little job of synthesis (such as search, database look up, abduction, etc.).
However, it is different in the sense that there is still a meta level knowledge that selects the most
appropriate knowledge, coordinates and controls the use of selected knowledge (for example, in case
of conflicts which knowledge should be used), and combines design results done by those small
knowledge systems.

Design Process Knowledge

Model Operation Reasoning
Knowledge G Ct_)ntrgl IKrt]'OWIegr?e Design Activity
idi Lt SIS el bl e Control Knowledge
UHIETE, e (1) Knowledge, etc.) g

(External) ‘ Thought
Object Process
Model Model
GUM |-6Th
Abstraction Object Object
Dependent Independent
Models Metamodel

Multiple Model-Based Reasoning

Figure 4. A hypothetical reasoning framework of synthesis

One possible model (Figure 4) was proposed by Tomiyama, et al. [6], [7], [8], [54], [55] along this
line of thinking to formalize design synthesis in a model-based reasoning environment. Since synthesis
requires a large number of sets of axioms, this formalization should be based on a multiple model-
based reasoning system. In this model, an axiomatic system forms a theory (or a knowledge base) that
represents an aspect of the design object, such as attributes and function.

Comparing logical formula (1) with the formula in Figure 4, axioms (4) correspond to general
background knowledge (G) and facts (F) correspond to a model (M). G is a knowledge base
containing knowledge about how to operate a specific model M. In this sense, each of knowledge base
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(G) forms a modeler from a specific aspect and it represents the relationship between entities and
attributes and between entities and functions. In addition, G should contain knowledge about the
background theory of the modeler, how to use the modeler, and how to build a model for the modeler
[54]. For example, a geometric modeler can handle geometric information of entities stored in the
modeler. Gy, should also contain knowledge about concepts used in algebraic geometry, such as point,
edge, surface, cube, cylinder, etc., as well as how to use this geometric modeler, and how to build a
geometric model including input information. By using knowledge about the modeler, we can conduct
relevance reasoning to select an appropriate modeler for solving the problem and guide the designers
how to use the modeler from the design semantic point of view.

Figure 4 aims to model various kinds of knowledge operations in design; i.e., knowledge/information
acquisition, solution synthesis, object analysis and so on. These knowledge operations are decomposed
into logical operations to be carried out about object independent models in the logical working space
and modeling operations to be executed in external object dependent modelers. The thought process
model controls these operations.

5 IMPLICATIONS TO SYSTEMS INTEGRATION

In the previous section, an application of the model of candidate solution generation, we introduced an
intelligent multiple agent architecture. The basic idea of this model is that a set of simple mechanisms
(such as backward reasoning, abduction, catalogue lookup, etc.) can be combined, so that flexible use
of knowledge systems (theories) as a whole explains synthesis capabilities of human designer even for
a complicated design case.

This section argues that this idea is even applicable to complicated large-scale multi-disciplinary
design cases, in which so-called systems integration technology plays a crucial role [9]. Developing
complex products such as contemporary mechatronics products is by definition a multidisciplinary
activity performed by a team composed of experts from various domains. After customer requirements
are identified, the product architecture is defined. This defines also division of the entire project into
mono-disciplinary domains on which domain experts can concentrate their effort. Since in many
industries, concurrent engineering is a standard practice, these domain experts concurrently work in a
team environment. For such design cases, systems integration technology must be excellent. Systems
integration is not just summing up elements of design. At the very beginning of the product
development process, the product architecture is determined. The architecture not only refers to
components of the system and their interactions, but also dictates how the entire product functions
based on which technology.

Systems integration addresses three important aspects particularly in multi-disciplinary product
development processes. The first is to design product architecture which determines the systems
boundary for individual mono-disciplinary design and engineering processes, and the overall
organization of components (not necessarily only physical layouts, but functional structure, control
structure, buy-or-make decisions, etc.). Decisions made at this stage not only determine the product
architecture but also greatly influence later product life cycle stages (such as production, maintenance,
and recycling). Eventually, these may influence even the organization of the development team and
resources. The second is coordination of mono-disciplinary design and engineering processes. The
coordination means during the development process, information has to be communicated among
different domain experts but sometimes this can include conflicts and contradictions. These conflicts
and contradictions are usually solved by negotiations or by the authority of the project leader (chief
engineer) often involving compromises of interests of different experts. The third element of systems
integration is the integration of individual mono-disciplinary design and engineering processes
towards the end of the product development. This includes building elementary design results into a
whole product, decisions over later life cycle stages (such as production, maintenance, etc.). During
this process, again conflicts and contradictions can be found which is the focus of the second aspect.
The architecture illustrated in Figure 4 does accommodate knowledge related to systems integration in
the forms of design process knowledge and thought process model. By allowing coordinated, flexible
use of object level knowledge, this architecture indicates what such systems integration technology
should address, not just as a discipline or decision making process but as a combination of variety of
activities that have the greatest impact on the whole product development and product life cycle.
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5 CONCLUSIONS

Despite the past research efforts in DTM, we have not yet obtained a single, uniform theory that
explains design synthesis, in particular, its core process of candidate solution generation. Although we
have a variety of simple theories and models that can explain only a very limited type of design
synthesis, as a whole we do not have such a theory yet. Instead of such a universal theory of design
synthesis, this paper suggested that coordinated, flexible use of simple fragmental theories and models
forms the core. It showed that an intelligent multiple collaborative agent architecture composed of
such simple mechanisms can explain design synthesis. The architecture can also accommodate meta-
level process knowledge which is crucial for systems integration, besides those simple theories. Future
work includes the development of such an architecture, in addition to individual simple fragmental
theories for candidate solution generation [43] and a mechanism to coordinate flexible use of those
theories. Among others, it is crucial to tackle the problem of complexity management in multi-
disciplinary product development in which coordination of disciplinary knowledge plays a crucial role
[39], [56].
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