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A B S T R A C T  

Design theory and methodology is an emerging area of re- 
search. It supports understanding of the design process and its 
automation in the form of Computer Aided Design. This paper is 
focused on design methodologies used in computer aided design 
systems. Several typical cases are reviewed. They are: Com- 
putational Model for Hierarchical Mechanical System Design, 
Optimal Directed Design Model, Knowledge-based Creative De- 
sign Model, Model-based System Design. Common trends in the 
area of design methodologies are also disc,ussed . 

1. I N T R O D U C T I O N  

A design methodology is a very important basis for support- 
ing automation of the engineering design process. This paper is a 
survey of design methodologies that employ model-based frame- 
works. A number of methodologies and design systems have 
been developed to aid the engineering design process in different 
domains. Although different systems use different models to  rep- 
resent design knowledge and different systems work in different 
domains, some common features can be found and comparisons 
can be made among them. 

In order to  understand a design methodology for CAD, sev- 
eral concepts must be clarified. Engineering design can be con- 
sidered as a technological activity in which knowledge about a 
specific domain is employed. I t  is an activity that seeks all rel- 
evant knowledge and combines it to  produce a design solution. 
One view of design is that it is a search process in which a 
satisfactory design solution is produced from a number of al- 
ternatives (Gero, John S. st al, 1989). Those alternatives come 
from knowledge of the relevant domain. The search is done in a 
design space which includes all knowledge and design decisions 
known so far. The design space can be expanded during the 
design process, i.e., new knowledge and design decisions can be 
added t o  the space when the existing knowledge and available 
design decisions are not sufficient t o  obtain the design solution. 
If a design solution can be achieved using only existing knowl- 
edge in the design space, the process is then termed routine de- 
sign. In routine design, no new knowledge is added t o  the design 
space and the design space is not expanded. If a design solution 
cannot be achieved using only the existing knowledge in the de- 
sign space, new knowledge must be added. This kind of design 
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is called creative design. In creative design, new knowledge is 
added into the design space, and thus the space is expanded. 
The new knowledge marks the creativity of design. The design, 
which is a search process in the design space, is guided by some 

principles. These principles are given by a design methodology. 
In other words, design methodology provides a search method 
in the design space. 

The first important feature of a design methodology is the 
creativity factor. If only the existing knowledge is used in the de- 
sign process and there is no method t o  add new knowledge, then 
the methodology is suitable for routine design and the creative 
factor of the methodology is limited. If a design methodology 
allows for new knowledge to  be added when necessary, the de- 
sign space can be expanded during the design process and the 
design methodology can be considered creative. The second fea- 
ture is the representation method used in different stages of the 
design process. Some methodologies use a unique representation 
method throughout the whole design process. Some employ sev- 
eral different representation methods. The third characteristic is 
domain independence. Some methodologies can be used only in 
a specific domain. Some are domain independent. Engineering 
design problems are often quite large and complex. The decom- 
position of the large, complex design problem into subproblems is 
another characteristic of design methodologies. In the following 
sections, several case studies illustrating the discussed charac- 
teristics of design methodologies are presented (Rozenblit, J. W. 
and Zeigler, B. P., 1988). 

2. ComDuta t iona l  M o d e l  for Hierarchical  

Mechanical  S y s t e m  Design 

This design methodology is based on a tree-like hierarchical 
model. It was proposed by J. R. Dixon, et.al. (1989,1988). It han- 
dles parameteric design problems in which the attributes of the 
design are known but the values of the attributes must be deter- 
mined so as to  satisfy a certain goal and contraints. The design 
process is directed by a tree-like structure. The root and interior 
nodes represent the subsystem manager. The terminal nodes 
represent the component designer. The subsystem manager is 
responsible for the problem specification and conflict resolution 
among lower level subsystem managers and component design- 
ers. The component designer is responsible for creating compo- 
nents that satisfy the constraints and design specifications. The 
design process is shown in Figure 1. 
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The first step in designing is t o  specify a design problem. To 
describe the problem, the following terms are defined: 

Problem Definition Parameters ~ The problem for each 
node is defined by a set of problem definition parameters (PDP). 
It’s value is the specification for the system being designed. 

Design Variables - The design variables of a component 
are the set of parameters that define the component. 

System Design Variables - These are design parameters 
that are not chosen by any of the subsystems but are part of the 
overall system design. 

Performance Parameter - It is a quality measurement of a 
design in terms of the performance. 

Analysis Procedure - Performance parameters are calcu- 
lated by the procedure which produces the value of the perfor- 
mance parameter by summarizing the performance parameter 
values of its subordinate nodes. 

Satisficing Objective - It indicates the relationship between 
designer satisfaction and the value of a performance parameter. 

Extremum Objective - I t  is one which requires maximiza- 
tion or minimization of performance parameters. 

Design Requirements - These are similar to  contraints in 
optimization and indicate that these equation like constraints 
must be satisfied in order for the design t o  be acceptable. 

System Quality Level - It is based on the value of each 
satificing objective and the subsystem quality levels. Each of 
them has a priority so as to  rate the level. 

Solution Parameters - The output of each subsystem in- 
cludes the set of design variables’ values and solution parameters. 
These are needed by the superior manager. 

The design process starts from the design problem decompo- 
sition. The root creates the subsystem PDP and the subsystem 
in turn creates PDPs for the lower level subsystems or compo- 
nent designers. Each subsystem node and component node has 
its own P D P  and a desired quality level. The subsystem man- 
ager decides what quality level the lower level nodes should have. 
The task of a lower level node is to  create the design according 
t o  the specification (PDPs) within the quality level. 

A design problem can be decomposed into two types of sub- 
problems: order dependent and order independent. The first 
type requires the subproblem to be solved in a specific order. 
It means that some subsystems are determined by the solution 
parameters of other subsystems. The second type is order inde- 
pendent. The subsystems can be designed in parallel. 

The computational model is based on a hierarchically man- 
aged specification. In this model, the interior nodes solve the 
assigned design problem. This is achieved by selecting values 
for system design variables and by specifying subproblems for 
the subordinates. When the subsystem solution is returned, the 
manager node integrates the subsystems and evaluates them. 
If the result is not satisfying with respect to  the design require- 
ments and satisficing objective, the manager node prepares new 
values for the system design variables and new specifications for 
the subordinates. The process continues until an acceptable SO- 

lution is obtained. Thus, the design problem is decomposed into 
component design problems, and then integrated into a solution. 

This model is in general domain independent, although it 
has been used only in the mechanical parametric design. The 
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Figure 1. Hierarchical Structure 

representation during the design process is unique and hierar- 
chical. I t  is suitable for routine design to  some extent, because 
it assumes that the parameters of a system are pre-defined. 

3. Optimally Directed Design Model 

The optimally directed design model was proposed by Al- 
ice M.Agogino, et al(1989J988). This model provides a theo- 
retical framework to  incorporate qualitative, functional (math- 
ematical), and numerical methods in engineering design. The 
approach is based on the theory that a good designer combines 
both basic knowledge of engineering principles and optimizing 
trends with experience of successful and unsuccessful design. 
The design is viewed as a goal-directed, constrainted activity. 
Designers are optimizers with limited resources. Designers rea- 
son qualitatively, functionally and numerically. Effective design 
systems must reason at all those levels and incorporate both 
contraints and goals. 

Optimization is essential since the design objective is t o  cre- 
ate a design that not only meets the minimum requirements but 
also ranks high relative t o  the goal. Analysis and simulation are 
fundamental concepts supporting the methodology. Optimiza- 
tion, analysis and simulation are both qualitative and quantita- 
tive. 

The qualitative reasoning is defined as reasoning about ob- 
jects and their qualities or parameters in the way that does 
not rely on specific numerical values. At this level, AI and 
knowledge-based concepts are used. Computer programs for 
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equation solving or finite element analysis are examples of nu- 
merical reasoning. 

The main components of the design system proposed by 
Agogino are: 

1st Prince - 1st principle computational evaluator, deriving 
new design features from the previous ones. 

CODESIGNER - Conceptual design environment. 
SYMFUNE - Symbolic functional evaluator. 
SYMON - Symbolic monotonicity analyzer. 

1st PRINCE incorporates the qualitative, functional, and nu- 
merical levels of reasoning. I t  utilizes SYMON and SYMFUNE 
t o  do the monotonicity analysis. The CODESIGNER system 
assists the designer in choosing initial conceptual design and 
related parameters (the initial prototype). The data  are then 
passed t o  SYMON and SYMFUNE for qualitative and functional 
optimization using the monotonicity analysis and the mathemat- 
ical functional backsubstitution. The symbolic form result can 
be translated directly to  the form suitable for numerical analy- 
sis and optimization. The structure of the system is shown in 
Figure 2. 

The CODESIGNER can be considered as the user interface. 
It uses a concept network to  represent the design prototypes. A 
concept network is a set of linked concepts. A concept is a class 
of design prototypes with a number of models which model the 
design object qualitatively, mathematically or numerically. It 
describes a device with associated documents about the struc- 
ture, function and manufacture. These are arranged hierarchi- 
cally. Once a concept for a device is chosen, models associated 
with the device may be used t o  select parameters t o  describe a 
device and to  impose constraints on them. Designer can build a 
new model and modify the concept network. 

The optimally directed innovation of design is a process of 
deriving new design features from the previous ones. The inno- 
vative design process that has some relation t o  previous designs 
can be reached by the transformation of the prototypes. This 
innovation allows for creativity in this design methodology. 

This model is quite domain dependent, because the internal 
mechanism is mechanical engineering oriented. I t  uses a hierar- 
chical representation in the CODESIGNER subsystem 
(concept network). The model is suitable for both creative and 
routine design since the CODESIGNER can manipulate the ex- 
isting concept network to  produce new design knowledge. 

4. Knowledge-Based Creative Design Model 

The knowledge-based creative design model is based on the 
idea of a design space (Gero 1989). The design here is defined 
as a search process oriented through the design space. A design 
solution is represented by design operators that can be applied 
to  produce design solutions. The search process is to  find ap- 
propriate design operators and use them to generate the design 
solution. An initial state in the design space is the specification 
of the design problem. Each operator chosen by the search pro- 
cess constitutes a partial solution, as shown in Figure 3. The 
final state is the complete solution which consists of all opera- 
tors. 
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Figure 2. Optimally Directed Model 

The prototype concept is used as a mechanism to employ 
knowledge. I t  serves as a basis for representing operators in 
a class of design solutions. Although prototypes are developed 
by individuals, there exists a general agreement about the con- 
straints and disciplines of the design problem. A design process 
may start from an initial prototype. Then other prototypes are 
brought into the design so as t o  incorporate all necessary oper- 
ators t o  reach the complete solution. Prototypes can be used 
in three ways: prototype refinement, prototype adaptation, and 
prototype generation. The prototype refinement involves an ap- 
plication of the prototype to  the current state of the design solu- 
tion. The prototype adaptation involves the modification of the 
contents of the prototype resulting in the production of a design 
description that is not derivable from the original prototype. The 
prototype generation involves producing new prototype that is 
a substantial modification of the existing prototype. 

Analogy is used as an approach for solving new problems. 
By analogy, the relations between the new problem and some 
existing knowledge can be found. This knowledge can be placed 
in the new situation so as t o  get better understanding of the de- 
sign solution. Analogy is an effective problem solving approach 
and 

Another approach is mutation which is a deliberate action 
of changing attributes of an object (prototype) in an unconven- 
tional manner. The change is not restricted by the accepted 
rules or constraints. The purpose is t o  find new attributes of 
an old object which may resultin a new design. The knowledge- 

based creative design model is basicaly a design system for both 
creative and routine design by using prototype, analogy and mu- 

is a tool leading t o  the creativity in design. 
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Figure 4. Model-Based Design Process 

tation concepts. The representation is a tree-like hierarchical 
structure used throughout the design process. I t  is also a do- 
main independent model because the mechanism here can be 
used in any domain. 

5. Model-Based System Design 

The term model-based design denotes the use of modelling 
and simulation techniques t o  build and evaluate models of the 
system being designed. As opposed t o  other approaches that  
model the design process itself (Nadler, 1981), in this methodl- 
ogy facilitates the development of models of design artifacts. 

The design process is a series of successive refinements com- 
prising two types of activities (Rozenblit, 1986). The first type 
of “vertical” activity concerns the specification of design levels 
in a hierarchical manner. The design levels are successive refine- 
ments of the decomposition of the system under consideration. 
The first, and thus the most abstract level, is defined by the be- 
havioral description of the system. Next levels are defined by de- 
composing the system into subsystems (modules, components), 
and applying decompositions t o  such subsystems until the result- 
ing components are judged not to  require further decomposition. 
At each level, components are classified into different variants. 
This represents design structural alternatives. 

The second type of activities are “horizontal” actions asso- 
ciated with design levels. Such actions include: requirements 
specification, system functional description, development of de- 
sign models, experimentation and evaluation via simulation, and 
choice of design solutions. 

The design process should proceed along both “vertical” and 
“horizontal” axes. The designer structures the designs, explores 
alternative structures, and derives specifications and models a t  
every level of abstraction. 

To appropriately represent the family of design configura- 
tions, a structure is needed that embodies knowledge about 
the following three relationships: decomposition, taxonomy, and 
coupling. Decomposition knowledge means that the structure 
has schemes for representing the manner in which an object is 
decomposed into components. Taxonomic knowledge is a repre- 
sentation for the kinds of variants that are possible for an object, 
i.e., how it can be categorized and subclassified. 

The third type of knowledge that the structure should have 
is that of synthesis and selection relationships. The synthesis 
(coupling) constraints impose a manner in which components 
identified in decompositions can be connected together. The se- 
lection constraints limit choices of variants of objects determined 
by the taxonomic relations. 

The methodology for supporting the design process is based 
on codifying appropriate decompositions, taxonomic, and cou- 
pling relationships. In other words, the knowledge about the de- 
sign domain is modelled by finding pertinent decompositions of 
the domain, the possible variants that fit within these decompo- 
sitions, and the constraints that restrict the ways in which com- 
ponents identified in decompositions can be coupled together. 
This constitutes the declarative knowledge base. Beyond this, 
procedural knowledge is available in the form of production rules. 
They can be used to  manipulate the elements in the design do- 
main by appropriately selecting and synthesizing the domain’s 
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components. 

A formal object that meets the requirements stipulated above 
is the system entity structure (Zeigler, 1984). A system entity 
structure is a labeled tree with attached variables types. The 
system entity structure specifies a family of possible design struc- 
tural configurations. The entities represent system components 
whose models we aim to build. Aspects and specializations al- 
low designers t o  specify various design alternatives by selecting 
alternate components and decompositions. Thus, the system 
entity structure is a generative scheme from which a set of sub- 
structures underlying the construction of various models. The 
multiplicity of taxonomic relationships in a large design entity 
structure leads to  a combinatorial explosion of possible model 
alternatives. Therefore, it is necessary to  provide procedures 
that  effectively reduce both complexity of the search p r e  
cess for admissible model structures and the size of the of the 
search space itself. Such procedures have been developed and im- 
plemented in the process called pruning (Rozenblit and Huang, 

Pruning the system entity structure results in a set of com- 
position trees (Rozenblit, 1986). A composition tree is a struc- 
ture that  uniquely specifies hierarchical decompositions of design 
components. The components have no further specializations 
since they have been selected from taxonomic relationships of 
the system entity structure. A simulation model is constructed 
hierarchically by coupling model specifications associated with 
the nodes of the composition tree. 

The final step in the framework is the evaluation of alter- 
native designs. This is accomplished by simulation of models 
derived from the composition trees. Discrete Event System Spec- 
ification (DEVS) (Zeigler 1976, 1984) is used as a modeling for- 
malism used for system specification in the methodology. DEVS 
provides a formal representation of discrete event systems. It is 
closed under coupling. This property facilitaes the construction 
of hierarchical DEVS network specifications. A detailed formal 
treatment of DEVS presented in (Zeigler 1984). 

Performance of design models is evaluated through computer 
simulation in the DEVS-Scheme environment. DEVS-Scheme 
is an object-oriented simulation shell for modeling and design 
that  facilitates construction of families of models specified in the 
DEVS formalism. Models are evaluated in respective experimen- 
tal frames. The experimental frame concept is used to  specify an 
evaluation (by simulation) study. Briefly, an experimental frame 
defines a set of input, control, output, and summary variables, 
and input and control trajectories. These objects specify con- 
ditions under which a model can be observed and experimented 
with. Alternative design models are evaluated with respect to  
experimental frames that reflect design performance questions. 
Results are compared and traded off in the presence of conflict- 
ing criteria. This results in a ranking of models and supports 
choices of alternatives best satisfying the set of design objectives. 
For illustration, the design process is shown in Figure 4. 

The methodology is being substantiated by case studies in- 
volving design and simulation of distributed computer architec- 
tures, local area networks, and more recently, VLSI packages. 

1990). 

6.Common Traits in Research of Desien Methodoloeies 

Although the design methodologies that are used in various 
design systems vary in representation methods, creative fac- 

tor and application domains, there are common traits in the 
development of engineering design systems. 

In the computational model, a tree like structure is employed 
t o  represent the design process. In the optimally directed design 
model, CODESIGNER uses concept network which is a hier- 
archical representation scheme. The hierarchical representation 
schemes are also used in knowledge-based creative design model 
and model-based system design. Because the design process is 
hierarchical in nature, it must proceed from a top abstract level 
t o  lower detailed design levels. Most of the design systems em- 
ploy a hierarchical representation scheme. 

In the design process, creative design is more important than 
routine design. I t  can provide a design solution that does not 
relate t o  any existing solution. In order to  achieve creativity, a 
knowledge-based system is introduced to  exploit knowledge 
in the engineering design and some methods are needed to  ma- 
nipulate the existing knowledge to  produce new features. In the 
knowledge-based creative design model, mutation and analogy 
are used to  find relations between the new design problem and 
existing knowledge so as to  achieve a creative design. The system 
entity structure of model-based system design provides a way to  
manipulate knowledge and thus supports creative design. The 
CODESIGNER of the optimally directed design model provides 
a method to derive new features from existing prototypes. Since 
the computational model is mainly for parameteric design, it is 
not very suitable for creative design which needs not only change 
the values of parameters but also change the parameters them- 
selves. To provide a way leading to  creative design is a common 
trend in engineering design system. 

As the engineering design problems become large and com- 
plex, they can combine many different domains. Therefore it is 
essential t o  provide domain-independent methods in the design 
system. This will become a strong trend in the development of 
engineering design systems. 
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