A DESIGN PR

OCESS MODEL WITH MUL

TIPLE DESIGN OBJECT

MODELS

Masaharu Y oshiok a, Masahiko Nak amura, T etsuo T omiy ama, Hiroyuki Y oshik a w a

Department of Precision Machinery Engineering

F acult y of Engineering, The Universit y of T oky o

Hongo 7-3-1, Bunkyo-ku, T oky o, 113, Japan

telephone: +81-3-3812-2111 (ex. 6481)

internet: yoshiok a@zzz.p e.u-tokyo.ac.jp

ABSTRA CT

An intelligen t CAD system is not merely a set of intelligen t design

tools, but rather it must b e an intelligent, integrated design en-

vironmen t. This requests it must b e equipp ed with a large scale

kno wledge base in which design knowledge is intensiv ely and sys-

tematically stored. T o do so, design knowledge must b e systemat-

ically formalized, made computable, and organized. The present

paper inv estigates fundamental issues of systematization of de-

sign knowledge. Design knowledge has tw o categories; i.e., design

ob ject knowledge and design pro cess knowledge. In our previous

reports, we hav e formalized a computable design pro cess mo del to

represen t design pro cess knowledge and the concept of metamo del

dealing with multiple design ob ject mo dels. This pap er prop oses

a framework to achiev e harmonized combination of these tw o. In

this framework, the computable design pro cess mo del navigates

the metamo del mechanism to generate and mo dify mo dels of the

design ob ject. W e describ e a prototyp e system and illustrate an

example of ship design.

1 Intro duction

In telligen t CAD systems aim at serving designers as a knowledge

in tensiv e intelligen t design environment (T omiy ama, 1991). At

the Universit y of T oky o, we hav e b een working on the I I ICAD

(In telligen t Integrated Interactiv e CAD) pro ject to develop such

a knowledge intensiv e intelligent CAD system (Xue et al., 1992)

that must b e equipp ed with a large scale knowledge base

(Lenat and Guha, 1989). Our exp eriences with building such a

large scale knowledge base (Kiriyama et al., 1992) tells that a

process called systematization of design knowledge which is indis-

pensable even only to collect knowledge (T omiy ama et al., 1992).

This means that design knowledge must b e systematically formal-

ized, made computable, and organized in the knowledge base to

ac hiev e exible, e�cient, e�ective reuse and sharing of knowledge.

There are tw o categories of design knowledge (V eth, 1987,

T omiy ama et al., 1989). One is design ob ject knowledge that

is fairly well studied and understo o d. Examples of this research include geometric mo deling and pro duct mo deling. The

other is design pro cess knowledge that is less clari�ed than

the former, but research e�ort sp ent in this area has achiev ed

some signi�cant theoretical results. F or example, Y oshik aw a

(Y oshik a w a, 1981) prop osed General Design Theory that dis-

cusses static asp ects of design based on axiomatic set theory

. Ull-

man et al. (Ullman et al., 1988) conducted an empirical study on

design and show ed that the proto col analysis metho d was useful.

W e have prop osed a computable design pro cess mo del based

on analysis of design proto cols (T ak eda et al., 1992). This mo del

has tw o levels of inferences; i.e., an action level and an ob ject

level. In this mo del, a design ob ject is describ ed in �rst order

predicate logic in the ob ject level, while a design pro cess is repre-

sented and navigated by a sequence of design op erations includ-

ing mo di�cation and ev aluation of the design ob ject in the action

level. In other words, the design pro cess knowledge is op erational

knowledge ab out the design ob ject knowledge.

A mechanical engineering design pro cess requires v arious

kinds of design ob ject mo dels, such as geometric mo del, kine-

matic mo del, and �nite element mo del. The designer has to

deal with these \asp ect" mo dels and to keep consistency among

them. W e hav e also prop osed a framework for integrating v ari-

ous kinds of asp ect mo dels. This framework, called metamo del

mechanism, based on a qualitative physics reasoning system

handles them and maintains consistency among asp ect mo dels

(T omiy ama et al., 1989, Kiriyama et al., 1991).

This pap er discusses a uni�ed framework to arrive at har-

monized combination of the design pro cess knowledge represented

by the computable design pro cess mo del and the design ob ject

knowledge organized by the metamo del mechanism. W e assume

in this pap er that the design pro cess knowledge is knowledge to

op erate asp ect mo dels; for example, how to select an appropriate

asp ect mo del for ev aluation, how to add detailed information to

it, how to revise and mo dify it, and so on. W e use the meta-

mo del mechanism that integrates v arious asp ect mo dels, includ-

ing a functional mo del, to represent the ob ject level op erations in the design pro cess mo del.

The pap er is divided into �ve sections. Section 2 illustrates

a computable design pro cess mo del and the framework of the

metamodel. W e also intro duce a new technique to deal with

functional information. Section 3 discusses an extension of the

computable design pro cess mo del to deal with multiple asp ect

models. Section 4 demonstrates a prototyp e system based on the

extended design pro cess mo del. Section 5 compares our approach

with other related work and Section 6 concludes the pap er.

2 Mo dels of Design Pro cesses and Design

Ob jects

2.1 The Computable Design Pro cess Mo del

T ak eda et al. (T akeda et al., 1990) observed from design exp er-

imen ts that a design ob ject evolves in a step-wise manner. One

step consists of �ve elementary stages; i.e., awar eness-of-pr oblem,

suggestion, development, evaluation, and c onclusion. These �ve

stages form a cycle called design cycle. A design cycle solves a

small design problem or divides it into smaller subproblems. This

observ ation from design exp eriments led to a cognitive mo del of

design pro cesses which is rep etition of design cycles.

W e hav e for-

malized the design cycle in logic (T akeda et al., 1992)(Figure 1).

Suggestion in a design cycle is a stage in which the designer sug-

gests new candidate design solutions for a design problem, and

it can b e logically simulated by a pro cess of ab duction. Ab duc-

tion, prop osed by Peirce (Peirce, 1932), is a typ e of inference to

�nd axioms from given consequences that can b e derived from

the axioms. Developmen t and ev aluation are stages in which the

designer �gures out the prop erties of a candidate design solution

and ev aluates it with resp ect to the sp eci�cations. Developmen t

is muc h similar to simulation to see how a candidate b ehaves un-

der a certain circumstance. W e can formalize development and

ev aluation as pro cesses of de duction.

A designer often faces inconsistency during the design pro-

cess. In most cases, inconsistency means that knowledge is in-

complete in that su�cient descriptions ab out its applicability are

not provided: It is practically imp ossible to describ e all appli-

cable situations. Circumscription(McCarthy

, 1980) can �nd im-

plicit descriptions of the knowledge to restrict its applicability

and mo di�es the knowledge to resolve the inconsistency .

The action level inference guides the entire design pro cess

and is considered meta level inference. In the action level, actions

to b e taken in the next step are derived from the current situa-

tion of the ob ject level. This computable design pro cess mo del

is shown in Figure 2. Knowledge used in the ob ject level is cho-

sen by the action level inference; i.e., the action level knowledge

selects appropriate ob ject level knowledge. Once a design cy-

cle successfully completes, knowledge for the next design cycle is

made av ailable by the action level inference.

2.2 The Metamo del Mec hanism

A design ob ject can usually b e represented with v arious asp ect

models. that encompass a wide v ariety in di�erent dimensions,

i.e., domains of concepts for mo deling, levels of abstraction, and

lev els of approximation. F or instance, domains include function,

geometry

, and kinematic. A functional mo del represents the de-

signer’s inten tion, a geometric mo del represents the shap e, and a

kinematic mo del represents the motion of the design ob ject. On

Figure 1: Logical inferences and the cognitive design pro cess

mo del (T ak eda et al., 1992)

Figure 2: The computable design pro cess mo del

(T ak eda et al., 1992)

the contrary

, a b eam mo del and a �nite element mo del are used

for ev aluating strength at di�erent levels of abstraction. A kine-

matic mo del with friction and without are used for ev aluating

motion at di�erent levels of approximation. These asp ect mo dels

are not indep endent of each other; therefore, we need to hav e a

mechanism to maintain consistency among asp ect mo dels.

The metamo del me chanism is a mo deling framework

for integrating multiple asp ect mo dels (T omiy ama et al., 1989,

Kiriyama et al., 1991). It has symb olic representation of concepts

ab out physical phenomena and mechanical comp onents (Figure

3). A metamo del of a design ob ject is represented as a netw ork of

relationships among concepts that app ear in the asp ect mo dels.

Typ es of relationship include causal dep endency among physi-

cal phenomena, arrangements of comp onents, and quantitativ e

relationships.

An asp ect mo del is generated from the metamo del by select-

ing only relev an t concepts to the asp ect (Kiriyama et al., 1990).

Since causal relationships among the generated asp ect mo dels are

represented in the metamo del, the metamo del mechanism can

maintain the consistency among the asp ect mo dels.

The metamo del mechanism uses physic al fe atur es for de-

scribing a design ob ject in the conceptual design. A physical

feature is a piece of qualitative knowledge which represents me-

Figure 3: The metamo del mechanism (Kiriyama et al., 1991)

c hanical comp onents and physical phenomena causally related to

the comp onents.

The designer builds an initial qualitative mo del of the prin-

cipal physical b ehavior and the structure of the design ob ject. W e

call this initial mo del a primary mo del. The primary mo del is an

aspect mo del that represents the designer’s mental mo del ab out

behavior. A metamo del is generated from the primary mo del

through qualitative reasoning.

2.3 F unctional Representation

Modeling function of a design ob ject is of particular imp ortance to

assist the designer in the conceptual design. A functional mo del

is an asp ect mo del that can represent the designer’s inten tion.

W e use the FBS (F unction-Beha vior-State) diagram

(Umeda et al., 1990, Umeda et al., 1992) to represent functions.

An FBS diagram denotes tw o typ es of relationship. One is re-

lationship b etw een b ehavior and state. A state is describ ed by

en tities, attributes, and relations among them. Behavior is a

sequence of one or more changes of states. This relationship b e-

t w een b ehavior and state is called B-S r elationship. The other is

relationship b etween function and b ehavior. A function is a sub-

jectiv e description of b ehavior abstracted through human recog-

nition of the b ehavior in order to utilize it. This relationship

betw een function and b ehavior is called F-B r elationship, and

giv es physical semantics to a function.

An FBS diagram of a design ob ject is comp osed of func-

tional prototyp es that represent the F-B relationship and phys-

ical features that represent b ehaviors and states of the design

ob ject. The scheme of a functional prototyp e is shown in T able

1 (Umeda et al., 1992).

T able 1: De�nition of a functional prototyp e

Item Conten ts

Name verb + obje ctives

Decomp osition netw orks of subfunctions

F-B Relationship physical features

The designer uses the FBS diagram in tw o wa ys in func-

tional design. One is function decomp osition in which a function

Figure 4: FBS diagram (Umeda et al., 1990)

is divided into subfunctions. The other is function synthesis in

which physical features that can exhibit the desired function are

searched for and instantiated.

The metamo del mechanism maintains the consistency of

the B-S relationships: F easibilit y of functions is tested against

the sp eci�cation by reasoning out b ehavior of the design ob ject.

3 Mo del Op erations in the Computable De-

sign Pro cess Mo del

3.1 Extending the Computable Design Pro-

cess Mo del

In the design pro cess mo del describ ed in Section 2.1, we assumed

that there was only one asp ect mo del through a whole design

pro cess. W e extend the computable design pro cess mo del by in-

corp orating the metamo del mechanism and the FBS diagram as

ob ject level knowledge. The metamo del mechanism can consis-

tently deal with v arious multiple asp ect mo dels and the FBS di-

agram can represent the functional asp ect mo del.

Ab duction in the extended computable design pro cess

mo del is realized as op erations to the FBS diagram to �nd out a

candidate that exhibits the most appropriate b ehavior from the

given functional sp eci�cations. During functional design, the de-

signer builds the functional structure of the design ob ject with

physical features from the functional sp eci�cation. If the sp ec-

i�cation is to o abstract to b e asso ciated with physical features,

the designer recursively decomp oses the sp eci�cation into sub-

functions. The functional structure is completed, when all the

decomp osed subfunctions are asso ciated with physical features

that realize as a whole the sp eci�cation.

Deduction in the extended design pro cess mo del p erforms

simulation of b ehavior and is realized as mo del op erations to the

metamo del mechanism. This pro cess inv olv es tw o steps. One is a

pro cess corresp onding to developmen t of the design cycle in which

a metamo del is generated from the primary mo del built during

the functional design. The other corresp onds to the ev aluation

of the design cycle to ev aluate the design ob ject using multiple

asp ect mo dels. In this sense, mo del op erations include those to

build a primary mo del and those that deal with multiple asp ect

mo dels.

3.2 Dealing with Asp ect Mo dels in Design

Pro cess Mo del

W e should extend the action level inference of the computable

design pro cess mo del to include the following �ve metamo del op-

erations for dealing with asp ect mo dels.

In the extended design pro cess mo del, the designer mo di�es

and ev aluates the design ob ject using multiple asp ect mo dels.

Selection of an appropriate asp ect mo del is equiv alen t to selection

of av ailable knowledge in the design pro cess mo del. Selection

of one asp ect mo del implies changes of the designer’s fo cus of

atten tion in the design ob ject.

W e formalized this selection of an asp ect mo del as follows.

1. Sele ct a domain.

Selection of a domain dep ends on the design context trig-

gered by

, for example, execution of a mo di�cation op eration.

F or instance, the designer adds new descriptions of the de-

sign ob ject using a functional mo del, and up dates the pri-

mary mo del according to the progress of the design pro cess.

Therefore, the action level inference makes the metamo del

mec hanism to generate a metamo del from the mo di�ed pri-

mary mo del and all physical phenomena that p ossibly o ccur

are recomputed. These physical phenomena and the changes

of the primary mo del de�ne a new design context accord-

ing to which the action level inference selects an appropriate

aspect mo del.

2. Determine abstr action level for the sele cte d domain.

The metamo del mechanism determines most appropriate ab-

straction level for the selected domain based on the knowl-

edge ab out building asp ect mo dels. The metamo del mecha-

nism suggests concepts included in the determined abstrac-

tion level and needed for the selected domain, and the de-

signer has to give abstract descriptions of the design ob ject

using these concepts. F or example, consider design of a rob ot

arm. If the metamo del mechanism reasons out that distor-

tion is p ossibly to happ en, the metamo del mechanism sug-

gests to describ e the arm only using concepts such as b eam,

load, supp ort, and b ending. Then the designer abstracts the

arm concept in the domain of geometry as a b eam. This

abstraction is computationally done by uni�cation that is an

operation to create a new instance that delegates the tw o

concepts of shap e \arm" and physical feature \b eam."

3. Determine appr oximation level for the sele cte d domain.

The designer determines appropriate approximation level for

the selected domain. He/She selects physical phenomena

that should b e considered in the selected asp ect mo del. In

other words, some physical phenomena might b e neglected.

F or instance, the designer can say that any b ending is con-

sidered while vibration is not of interest in the arm design.

4. Gener ate asp e ct mo dels.

The metamo del mechanism generates asp ect mo dels of the

design ob ject from the metamo del. Supp ose in the example

of arm design, a b ending asp ect mo del is generated. Since

aspect mo dels often require numerical information, the meta-

model mechanism requests the designer to sp ecify an ap-

propriate asp ect mo del to feed the required numerical infor-

mation. F or instance, since the generated b ending asp ect

model needs dimensions of the b eam, the designer sp eci�es the solid mo deler as a source to provide geometric informa-

tion ab out the arm. Once this information is given, the meta-

mo del mechanism can maintain consistently the relationship

b etw een these two mo dels.

5. Evaluate asp e ct mo dels.

New information ab out the design ob ject is obtained by ev al-

uating the asp ect mo del in the ob ject level. Obtained infor-

mation can b e propagated to other asp ect mo dels for further

ev aluation.

3.3 Consistency among Asp ect Mo dels

Since the designer ev aluates asp ect mo dels with v arious indep en-

dent domain knowledge, he/she is sometimes confronted with in-

consistency . F or example, a motor seems to rotate qualitatively ,

though it do es not quantitatively b ecause of friction.

In the extended design pro cess mo del, the metamo del mech-

anism maintains the consistency of asp ect mo dels. All of the as-

p ect mo del hav e information ab out assumptions which are used

in building itself. When a new asp ect mo del is generated by the

metamo del mechanism, the mechanism maintains the consistency

b etw een the new asp ect mo del and other asp ect mo dels by chec k-

ing assumptions of the new asp ect mo del if they contradict with

assumptions of other asp ect mo dels or not.

In case of the motor example, the metamo del mechanism

can generate two types of asp ect mo dels; a mo del in which motor

rotates, and otherwise.

4 The Protot yp e System

4.1 The System Architecture

Based on the extended computable design pro cess mo del dis-

cussed in Sections 2 and 3, we hav e develop ed a prototyp e system

that is capable of dealing with multiple asp ect mo dels. The sys-

tem is implemented in Ob jectworks

1

nSmalltalk on a Sun work-

station.

Figure 5 depicts the architecture of the system. Here, the

FBS mo deler (Umeda et al., 1992) represents an FBS diagram,

with which the designer decomp oses functions and builds a pri-

mary mo del using the knowledge base of functional prototyp es.

As a result, the functional hierarch y information, b ehavior, and

structure of the design ob ject are obtained.

Information in the ob ject level is stored in the FBS mo del

and the metamo del, and further used for dealing with multi-

ple asp ect mo dels. The current implementation of the proto-

typ e system is connected to three external mo deling systems; i.e.,

DESIGNBASE

2

(a solid mo deler), MODIFY

3

(an FEM system),

and Mathematica

4

(a symb olic pro cessing mathematics system).

This system con�guration prov es that the metamo del system can

realize the \pluggable" architecture that p ermits plugging-in ex-

isting external mo deling systems.

The action level inference guides the designer to use the

FBS mo deler and the metamo del mechanism for ab ductive and

deductive reasoning. The knowledge ab out the action level which

do es not dep end on design ob jects is written in �rst order pred-

icate logic. F or example, the knowledge ab out developmen t and

1

Ob jectw orks is a registered trademark of ParcPlace Systems.

2

DESIGNBASE is a trademark of Ricoh Company Ltd.

3

MODIFY is an ob ject oriented �nite element analysis system developed

by Ohtsub o and Kub ota(Ohtsub o et al., 1992) at the University of T okyo.

4

Mathematica is a trademark of W olfram Research Inc.

Figure 5: The architecture of the prototype system

ev aluation is written b elow in an abstract but extremely general

w a y .

if (abducted)

; if ab duction takes place

then (getNewAssumption NA)

; then identify mo di�ed place in the design solution

(makeMetamodel NA NewDerived)

; and create a metamo del based on mo di�cation

(selectAppropriateDomain NewDerived Domain)

; and select an appropriate domain

(generateAspectModel Domain)

; and generate an asp ect mo del.

In general, there are three typ es of knowledge in the ac-

tion level knowledge base; one for requiring sp eci�cation, one for

suggestion, one for developmen t and ev aluation. The action level

inference navigates mo del op erations using these three typ es of

kno wledge.

4.2 Example

Let us describ e an example of designing a hydrofoil b oat on the

system. Figure 6 illustrates a hydrofoil b oat.

W e demonstrate how the system p erforms one design cycle

in the design of this b oat (Figure 7). Before starting the design

cycle, we assume that the designer has already built the functional

hierarc h y of the hydrofoil b oat and decided to use hull structure.

Figure 6: Hydrofoil b oat

Figure 8 depicts the FBS diagram of the hydrofoil b oat at the

b eginning of the design cycle. The ov al no des represent functions

and the links b etw een the ov al no des represent the functional

hierarch y . The rectangular no des denote physical features that

comp ose the primary mo del for the metamo del mechanism.

Figure 7: Design cycle of the prototyp e system

After the designer decided to fo cus on the function of oat,

the system suggests tw o candidates to achiev e this function; one

is a hydrofoil and the other is an air tank. The designer chooses

Figure 8: FBS diagram of the hydrofoil b oat

the hydrofoil as the candidate. Then the system adds a hydrofoil,

and a strut and relations among them to the FBS diagram (Figure

9) from which a metamo del is generated (Figure 10).

Figure 9: Revised FBS diagram of the hydrofoil b oat

F or selecting appropriate asp ect mo dels, the meta-

model mechanism uses qualitative physics reasoning system

(Kiriy ama et al., 1991) to reason ab out all p ossible physical phe-

nomena that the hydrofoil and the strut may cause. In Figure

10, icons with dotted areas represent the derived physical phe-

nomena. Since the lifting force o ccurred on the hydrofoil and the

Figure 10: Metamo del of the hydrofoil b oat

transmitted force o ccurred on the strut and the hull, the system

selects the asp ect of strength of material to analyze deformation

of the hydrofoil, the strut, and the hull. Then a b eam mo del

and a �nite element mo del can b e generated. Note that, at this

stage, these mo dels are only qualitative and hav e no quantitative

information.

The designer selects the b eam mo del to analyze deformation

of the hull. Then the metamo del mechanism prepares assump-

tions regarding abstraction of comp onents for building the b eam

mo del; i.e., b eam, load, supp ort, and so on (Figure 11). Because

the transmitted force on the hull equals to the reaction force of

its weigh t, the designer can neglect the transmitted force. How-

ever, at this stage there is no numerical information ab out the

structure, the metamo del mechanism cannot generate the b eam

mo del. Therefore, the designer provides geometric information

by using DESIGNBASE, the solid mo deler (Figure 12). Figure

13 depicts the shearing force diagram of the hull computed by

Mathematica. If the designer wan ts to analyze the �nite ele-

ment mo del with MODIFY, the metamo del mechanism feeds the

needed information to MODIFY from other asp ect mo dels.

5 Related W ork

Xue et al. (1992) developed an earlier version of I I ICAD (Intel-

ligent Integrated Interactiv e CAD) to integrate knowledge ab out

design pro cesses and ob jects. The integration of I I ICAD is, how-

ever, less mutual and less closer than the system prop osed here,

in that the design pro cess manager cannot deal with op erations

to asp ect mo dels.

Nayak (Nay ak, 1992) prop osed a metho d to select an ade-

quate mo del which can explain the given problem. His approach

is suitable to generate explanations that arrive at an exp ected

conclusion. How ev er, this is not the case for design, in which

no conclusion can b e assumed b efore analyzing b ehavior of the

design ob ject.

Pro duct mo del is an approach tow ards integration of v arious

design ob ject mo dels. Most of pro duct mo deling systems places a

geometric mo deler in its core. Therefore, it is not easy to expand

the framework if non-geometric information is needed.

P A CT (Cutkosky et al., 1993) is another framework for in-

tegrating existing external mo deling systems. It is similar to our

Figure 11: Generated b eam mo del of the hull

Figure 12: Geometric mo del of the hydrofoil b oat

Figure 13: Result of shearing force analysis of the b eam mo del approach in that integrating mo dels takes place through trans-

lating their knowledge to one format; i.e. they use KIF (Knowl-

edge Interc hange F ormat) (Genesereth, 1992) and Ontolingua

(Grub er, 1992), we use qualitative pro cess theory (F orbus, 1984)

as the most fundamental description. How ev er they do not men-

tion ab out the design pro cess management, although an intelli-

gent agent oriented architecture is assumed.

6 Conclusions

This pap er describ ed how design pro cess knowledge could b e cap-

tured, formalized, and systematized as meta level op erations of

design ob ject knowledge. W e prop osed a design pro cess mo del

that can deal with multiple design ob ject mo dels. The mo del is

an extension of the computable design pro cess mo del incorp orat-

ing the FBS mo deler and the metamo del mechanism. The ob ject

level knowledge is represented and maintained by the FBS dia-

gram and the metamo del. The action level inference navigates

a design pro cess and controls op erations of multiple design ob-

ject mo dels. Appropriate asp ect mo dels are selected by fo cusing

on physical phenomena that might o ccur to the design ob ject.

The prototyp e’s architecture also realizes the pluggable concept,

which can contribute to adv ances of pro duct mo deling environ-

ment and CAD architecture.

F uture work includes selecting an appropriate abstract level,

and p ointing out direction of improvemen t from the result of ev al-

uation.

Ac kno wledgmen ts

W e would like to thank the sta� and students of our research

group at the Universit y of T oky o. Esp ecially Dr. T ak ashi

Kiriyama (Research into Artifacts, Center for Engineering) and

Dr. Y asushi Umeda (Engineering Research Institute) for their

supp ort through discussions and implementations of the proto-

typ e system illustrated in Section 4. The example in Section 4

was provided by Professor Akihiro Kub ota (Research into Arti-

facts, Center for Engineering).

References

Mark R. Cutkosky

, Rob ert S. Engelmore, Richard E. Fikes,

Michael R. Genesereth, Thomas R. Grub er, William S. Mark,

Jay M. T enenbaum, and Jay C. W eb er. P A CT: An exp eriment in

integrating concurrent engineering systems. IEEE COMPUTER,

V ol. 26, No. 1, pp. 28{37, 1993.

K. F orbus. Qualitative pro cess theory

. Arti�cial Intel ligenc e,

V ol. 24, No. 3, pp. 85{168, 1984.

M.R. Genesereth. Knowledge interc hange format. In James

Allen, Richard Fikes, and Erik Sandwall, editors, Pr o c e e dings of

the Confer enc e of the Principles of Know le dge R epr esentation and

R e asoning. Morgan Kaufmann Publishers, 1992.

Thomas R. Grub er. Ontolingua: A mechanism to supp ort

p ortable ontlogies. T ec hnical rep ort KSL91-66, Knowledge Sys-

tems Lab oratory

, Stanford Universit y , Stanford, 1992.

T. Kiriyama, T. T omiy ama, and H. Y oshik a w a. Qualitative rea-

soning and conceptual design with physical features. In Pr o c e e d-

ings of the 4th International Workshop on Qualitative Physics,

pp. 153{160, 1990.

T. Kiriyama, T. T omiy ama, and H. Y oshik a w a. The use of qual-

itative physics for integrated design ob ject mo deling. In Design

The ory and Metho dolo gy (DTM ’91). The American So ciety of

Mechanical Engineers(ASME), 1991.

T. Kiriyama, T. T omiyama, and Y oshik aw a.H. Building a physi-

cal feature database for integrated mo deling in design. In The

Sixth International Workshop on Qualitative R e asoning ab out

Physic al Systems, pp. 124{138, 1992.

D.B. Lenat and R.V. Guha. Building L ar ge Know le dge d-Base

Systems. Addison-W esley

, Reading,MA, 1989.

J. McCarthy

. Circumscription | a form of non-monotonic rea-

soning. Arti�cial Intel ligenc e, V ol. 13, pp. 27{39, 1980.

P . Pandurang Nay ak. Automated mo deling of physical systems.

T ec hnical rep ort ST

AN-CS-92-1443, Department of Computer

Science, Stanford Universit y , Stanford, 1992.

Hideomi Ohtsub o, Akihiro Kub ota, and Y asumi Kawam ura.

MODIFY: Ob ject-oriented �nite element mo deling system. In

International Confer enc e on Computational Engine ering Scienc e,

HongKnog, 1992.

C.S. Peirce. Elements of logic. In C. Hartshorne and P . W eiss,

editors, Col le cte d Pap ers of Charles Sanders Peir c e, V olume II.

Harv ard Universit y Press, Cambridge,MA, 1932.

H. T ak eda, S. Hamada, T. T omiy ama, and H. Y oshik a w a. A cog-

nitiv e approach of the analysis of design pro cesses. In The Se c ond

ASME Design The ory and Metho dolo gy Confer enc e, pp. 153{160.

The American So ciety of Mechanical Engineers(ASME), 1990.

H. T ak eda, T. T omiy ama, and H. Y oshik a w a. A logical and com-

putable framework for reasoning in design. In Design The ory and

Metho dolo gy (DTM ’92). The American So ciety of Mechanical

Engineers(ASME), 1992.

T. T omiy ama, T. Kiriyama, H. T ak eda, and D. Xue. Metamo del:

A key to intelligent CAD systems. R ese ar ch in Engine ering De-

sign, V ol. 1, No. 1, pp. 19{34, 1989.

T. T omiy ama. Intelligent CAD systems. In G. Garcia and I. Her-

man, editors, A dvanc es in Computer Gr aphics VI, Images: Syn-

thesis, Analysis, and Inter action. Springer-V erlag, Berlin, 1991.

T. T omiy ama, D. Xue, Y. Umeda, H. T ak eda, T. Kiriyama,

and H. Y oshik a wa. Systematizing design knowledge for intelligen t

CAD systems. In G.J. Olling and F. Kimura, editors, Human As-

p e cts in Computer Inte gr ate d Manufacturing, IFIP T r ansactions

B-3. North-Holland, Amsterdam, 1992.

D.G. Ullman, T.G. Dietterich, and L.A. Stau�er. A mo del of the

mec hanical design pro cess based on empirical data: A summary .

In J.S. Gero, editor, Arti�cial Intel ligenc e in Engine ering Design,

pp. 193{215. Elsevier, Amsterdam, 1988.

Y. Umeda, H. T akeda, T. T omiy ama, and H. Y oshik a w a. F unc-

tion, b ehavior, and structure. In AIENG ’90 Applic ations of

AI in Engine ering. Computational Mechanics Publications and

Springer-V erlag, 1990.

Y. Umeda, T. T omiy ama, and H. Y oshik aw a. A design metho d-

ology for a self-maintenance machine based on functional re-

dundancy

. In Design The ory and Metho dolo gy (DTM ’92). The

American So ciety of Mechanical Engineers(ASME), 1992.

B. V eth. An integrated data description language for co ding de-

sign knowledge. In P

.J.W. ten Hagen and T. T omiy ama, editors,

Intel ligent CAD Systems I { The or etic al and Metho dolo gic al As-

p e cts, pp. 295{313, Berlin, 1987. Springer-V erlag.

D. Xue, H. T ak eda, T. Kiriyama, T. T omiyama, and

H. Y oshik aw a. An intelligen t integrated interactiv e CAD-a pre-

liminary rep ort. In D. Brown, M.B. W aldron, and H. Y oshik a w a,

editors, Intel ligent Computer Aide d Design, IFIP T r ansactions

B-4. North-Holland, Amsterdam, 1992.

H. Y oshik a w a. General design theory and a CAD system. In

T. Sata and E.A. W arman, editors, Man-Machine Communic a-

tion in CAD/CAM, Pr o c e e dings of the IFIP Working Gr oup 5.2

Working Confer enc e 1980 (T okyo), pp. 35{58. North-Holland,

Amsterdam, 1981.