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ABSTRACT

EResearch is being conducted to develop expert sys-
tems that eolve design problems. The strategy of this
research 15 to research and develop basic seftware. with
emphasis on user needs and application systems. The
goals of this research are:

e To elarifs the archirecture of the experr system for
verious designs by introducing constraint-based

PIU]J].L“: ki ‘bLI].\- II].IE.

a To propose primitive tasks to realize the archigee-
ture,

a To provide an expert svstem building tool based
on the above considerations.

This paper focuses on and zpecifies constraint-
hased problem solving in order to consider expert sys-
iem arciucecture. including the modeiing tacility of the
design abpect.

In this case. thourh the desipn knowledze must
be supported and handled. currens expert systems and
tools do oot alwars do so. especially for the design
object. Therefore. the handling of design object and
problem-solving mechanism are considered.  Design
nbject representation svstern. called FREEDOM. s ex-
plained. Moreover, a detailed architecture for an expert
svstemn building tool. tneluding the knowledge compi-
lation technigque for the efficient problem solving, is
deseribed. Finally, curren: state of a design support
sysrem, called MECHANICOT. is explained as a practical
example of this bulding tool.

1 INTRODUCTION

Design svstems. such as desien automation (DA
svstems and computer aided design (CAD) systems,
have been developed and used i various design fields.
More and more of these svstems have meorporated ex-
pert systems and kouwledge-based svaremns for design
problems.

Diesign svatems can be classified as antomated de-
sigh systems or interactive design svstems: it depends

on whether there is interaction during design [Eastman
81]. Automated design svstems require the determina-
tion of definition of the design process and the decision-
making sequences. Automarted design systems do not
usuadly nteract with the designer, and they demand
vast anounts of data and computation time. Interac-
tive systems are very flexible and open-ended to the
designer. whe may input multiple descriptions as in-
put specification. Thev have a decentraiized control
structure for the design process, while the structure of
the non-predetermined decision-making sequence and
ite eontral depend on the designer. Most CAD systems
are interactive and are applied only to parts of the de-
sign process, Furthermere, the structure of the process
model and the decision-making sequence for design sys-
termns depend on the design area.

Expert systems have two major applications: di-
agnosis problems and design problems. Expert systems
for design problems are being developed and ewvaju-
ated for various application fields. such as VL3I design
[Kowalski and Thomas 33] Subrabmanvam 36): me
chanical design [Brown and Chandrasekaran 86] [Dixon
and Simmeons 34) [Mittal et al, 26 configuration
MeDermaott $2|; and process planning; ‘Descotte and
Latombe 83] [Elivahu ef ol 37

The architecture of expert systems for design prob-
lems 13 not ver as explicit as thae for diagnosis prob-
lems. Design problems can be regarded as complicated
problems that contain a svnthesis task iz addition to
analvsis and simulation tasks [Medland 36]. The de-
seviptions of objects o be designed are changed and
deterruined dyaamically because of the trial and error
nature of the svnthesis task. and the results from the
synithesis task are analvzed and evaluated in the analy-
sts task. In other words. first the models for design ob-
jects are selected. modified and determined so that the
design specification can be satisfied. then the synthesis
and analysis tasks are performed repeatedly according
to the madel for detailed description of design objects.

However, this modeling facility is not provided ex-
plicitly in existing expert systems for design problems.
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sentation is classified ns the general constraints that
are needed for remtine desien or domain-specitic ron-

straimes: appiwation mechanisms are considered ac-
coneling 1o these kinds of consrraint. Modeling ot
slie design object corresponds to the formalization of
various deseriptions lor design knowledge and to the
method of handling design knowledge by trial and er-
Tor.

Thewe ronstraint: are generated, derived. moodi-
fed. or deleted from moedeling during she desgn oo
vess. The ronstraint-nased problesm-solving mechanizn
i deseribed aceording to the constraing elassifirniinns
hing the design process moeds] for 1 rontine de-

fhage

catens DlGLdIng DeolE DRE2O G
preliirerare, nrrecuoing the modeling conecdt o
ducigrn aniecs e Socelsing On CONSTTRAND Tep
Tiod.

appreiplize: solnsiom of he exnert STEtem

T l_l:-fJ‘. XL -

R TR LS S :.'_‘-un.','_" SRRl L= j_.l'_l.-i'.l‘-.:“"'

. N - .
aieoenerhod according 1o the aleon al

romstrainT anil

CRETeCT e,

Section T expaans in getaml the arenizecture 2nd
curremt state of @ support enviroinnenl called NECHAN-
IC2T in which the designer can construer design sys-
terns easily. This spstem focuses on mechanieal deslian,
asing the design of & main spindle head fur o lathe as
an example,

2 DESIGN SYSTEM
2,1 Necessary Functions

A design svetemn sxerntes the fnllowing desigs ar-
tiviey in an automated or interactive manner. D=
slon iv 2 creative and intelligent human activity that
transformse <he requircments represented hy formalized
langiages. symbals, aud Guures, into physical objerts.
In ather words. given requirements. design creares the
steneture and *he form of the design obioer according
to the desizn object model that satisfies these require-
ments. Design ean ajso be considered ax synrhesis and
analisiz tasks, It iz necessacy o ronsider the corre
spondence berween the analysis task and the rodel of
the desizn chject.

Design consists of thiree phases:

¢ Coneeprual design

Fundamental desiga

[

Detailed design

The design in each phase creates the model and
exectres the anaiysis and evaluation. and medification
in the indetermimistic manner.

There are varions cesign systems that cover vari-
ous desizn levels sucl as conceprual design. fundamen-
tal design aml detailed design, Design systems ninst
execute the design acuvity at each level

o



Conceptual design enumerates the requirenments
for the realized design abjects. It focuses on and for-
malizes the design preblem. inchuding the specificanion
definition. This phase begins & creative rask rhat for-
malizes the concepts and ideas applied to the designed
obiect. Excepr for parts of the stviized design. con-
ceprual design is not {ormalized explicitly and is exe-
ruted acconding ro skills sucll vs the designers” ideas
and experience. Designers mull and judge the concep-
tual models and chioose among them. In fact. there are
design sverems for conceptual desizn,

Fundamental design anaivzes. evaluates, and mod-
ifies the maodels feom various viewsodnts according to
the result of rhe conceptual design. It does this in order
o refine the desizn objects and to select some models.
Lhe methods of analvsis and evaluation for each model
are prederernuned, bur when rthese methods are oot
established. ther are derormined by experument and
sinruiation.

Detailed design refines rhe components of the de-
sign objecr and relarions between components using
the selected model. according to the result of the fun-
damental (lesign, The oprimization and evaluation of
the result of the design are executed hr'l'nr:{i:|_|_=__ to this
madel.

Aozt design systems are intended for fundamental
design and decailed design.

Next. necessary functious for the design svstems,
considering mechanical and VLST designs, are de-
seribed.  In mechanical engineering, there are many
cases in which design syerems auch as D4 svstems and
CAD swstems are provided for each design ohject. In
fact. the individualiry thar the design object poszesses
makes 1t difficult to abstract. arrange. and use the de-
stgn systems as the design environment. because the
rorresponding mode] and analvsis method for this ob-
ject usually change when the structure of the design
object changes. In other words. of all the svnthesis
and analysis casks used in DA systerns or CAD sys-
tesms, the analysis tasks for the performance and be-
hevior {(funcrion; predietion and evaluation are espe-
crally determined and provided based on the model of
the design objecs. This is coused by the fact that a
cliange o the structure of the design ohject, such as itz
geometrical clhiaracteristics. may result in a change in
1ts funczions,

The models of V0LSI design for the analvsis of
the performance and behavior (function) and evalua-
tior: are fxed and formalized as the design method-
ology, hecause structural changes have livtle effect on
the function and behavior. The hievarchical structure
of the VISD design. especially the nested structure
with the function. can be represented by combining
the lower level functions so that interactions between
sub-structures of the design can be minunized.

2.2 Routine Design
2.2.1 Definition of Routine Design

Routine design determines the structure of the de
sign object by combining predetermined components.
given the model of the basic components and struetures
of the design object and the methods by which they are
to be analveed and evaluared, In routine design. the
twa levels of desien activity. functional level and phys-
ical level. are executed. First. functional level design
15 executed, [t ineludes the functional decomposition
of the specification into a funetional description such
as funetional specideation. unit, block. or componens.
Next, physical level design is executed. It contains the
decomposition of the functional deseription into a phys.
iral description of the components for implementation.
Finally, the physical deseription can be obtained as the
solution of the design,

Routine design satisfles the following items.

13 The functional or behavioral description ean
he formalized explicitly as the desizn require-
ment or specification.

21 The design plans at each phase can be for-
malized. They consist of a problem decompo-
sition method such as functional or structural
decomposition of the specification or problem.
a refinerment method. an analvsis method, and
an evaluation method.

Routine design can formalize a design that has
beert realized a8 a well-defined and well-structured
problem. [t is a design that uses the same expertise
and problem-solving method in the previous design.
The design specification of routine design is well under-
stond. The problem can be solved using the standard
problem solving method. and DA svstems and semi-DA
svstems are realized instances of routine design,

Modification or edit design ran also be interpreted
as typical routine design, They improve the results of
previous designs | the explicit specification of the design
parameters and therr dimensions),

In contrast with these DA svstems and semi-DNA
systems. most CAD systems that conduct drawing,
mass property determination. Hnite-element analysis,
ot dynamies analysis, provide only basie assistance fa-
cilities for the designer. They are not suitable for rou-
tine design. which decides whether the design resuit
satisfies the design requirements,

2.2.2 Design Process Model and Fundamental
Design Task

This section describes the fundamental tasks in
the design process model.

Considering the design process of routine design.
the following items are required [Rinderle 87].

— 3 —



1i Inreracsion berwess ronceprial design. funda

suessrnd desige: and deratisd design

2 Dheciwn ohiects onp be stonctured witoomini-
sl or s internetion hetweesn conceprual de

sion, fundamenie: desiza, and derailed design.

Sl

31 Tl desizn proeess can be strurtured so that
e desian tesa ot onch phines san be exeented

indenendently

Fig. 2.2.2 describbes the (esign process modet 10-

cluling design object woae.. The Cesion prucess cde-

erruE, AT

ropett shetract evel are enecuron o

composes the desizn problem inte sune-0r

rhe desigl tRsE
down., Thwe de
a 1.‘-".‘".].*{10:'1111 wi I

on given a# inpul must be
ervesentation. and The design proeess

:"1.i L .: il."':!i.

PrtiET e s ieer aE oowejl-stracT

The fandan

eonsists of p

is tisn of The ";."""llg.‘il. at ol Ievel

oretiens decromiposizion, refne-

ment. opfiniization, analvsis. ase Soninarion sazks, It

curvesponids 1o repetitive refinemens i revms of the ei-

eention of Tiede Thshs,

Design Requirement

Planmiag

t Ueargn Ohject Modsl
Trecompasilion

./'/ \\ R | Pp—
—[uu

.
Design Solution

Fig. 22,2 Design Process Model

Especinlly, we must consider strategies for the de-
compesition: of the problem or specifieation at each
level in oriler to discuss the degigu process model for the
rautine design. The straregies of the problem decompo-
sition must take infe account the inreractions between
fincrional description and phvsical description for both
cirenir and mechanical design. These strategies are not
alwars formalized clearly and spplied in the mechan-
ical design. as they are in the VLSI design. In VLSI
design, the design process at each level i formalized to
make the design task more simple. modular. and easy
to apply

In mechanical design. meost interactions are raed
by the execution of the constraiut representation rom
posed of the funetion coneept. which s hazed on s
icol Jaws. and the fearure concepr of the form. «urh
as the ropology or geometry of the design obieer ar a
functional or physical level. The design problem ms
he cdealr with by investigaiing the degree of decompo-
zition of the probiemn or specification. The structure of
the design object ar the funcrionat level is assumed o
have already been decided when the above itews are
evamined,

2.2.3 Classification of Routine Design

The design has thres levels: pew desien, cormbi-
uatorr desien. and paramersie design [Tomivame aad

Hagen 37

n phase as
and derailed
design. It is executed oo srrateh without using e

suits of peevious designa. It is a creative activiry by
zhe desizner and the design process 1= modeled a8 an
l-structured prablem,

Combinatory desiga realizes the design objects
b combininge the basie predetermined comnponents a¢-
cording 1o the result of the previons design such that
iput specification eun he satisfied.

Parametric design determines and modifies the at-
tribute parameters of the Jdisign objects when their
structures can be fixed and the components cun he de-
seribedd in the form of the sttribute modeling.

Routine design applies to combinatory design and
purametsic design ouly. Tt includes tasks for both com
hinatory and paramerric design.

the &

3 EXPERT SYSTEM ARCHITECTURE
FOR DESIGN TASKS

We will begin by discussing important current is-
sues conesrning expert systems, focusing on mechanical
design and VLST design. After that. we will describe
related works. necessary architecture. and problem
solving mechanisms iu order to consider a suitable ex-
pert system architeeture for design tasks.

In mechanical Jdesign. it is difficult e modular-
ize the design object hecause geometricnl information
[surh as the representarion in three dimensions) aud
nanufacturing and assembly information are closely
linked with the design object. The behavior of the de-
sign object changes as the geometric features change.
hecause the geometric features or form descriprion de-
penad on the funetional description or fabrication infor-
mation. This behavioral change resuits from the dv-
nammic erearion of the model about the components of
the design object

In contrast to the VLSI design. feature descrip-
vion ar the functional level has little effect on feature



description at the physical level and it is diffieult to ab-
sttact the componenrs of the design obieer from their
behavier or funerion. Therefore. given the specifica.
tions. it is difficult to determine whether the behavior
satisfies the specifications and it ts necessary to con-
sicer the analvsis rask.

3.1 Previous Works

ue present trend in architecture research for
the design rasiks can be divided into two tvpes: the
problen solving based approach, and the design objecr
modeling basedd aporoach. In research on the design
nhioet modeling based approach, the TOAD svstern are
considered as typical example Phillips and Rosenfeld
LTS

I thiz seetion. research based on the prablem-
solving aporoach, called generc taak, is described,

Trpical research has been conducted on architec.
tures consisting of primivive tasks for routine design,
called design generic fasks. focusing on the mechanical
design,

These architectures provide waye to structure
knowledge fur the vurious design descriptions and solve
design problens, thus rﬂlm'ing the gaps between func-
tions neecled for the rask in the Jdesign process and
functions supported by expert systew building tools.

We describe one branch of this research below,
The DESI sysrem [MeDermott T3] represeuts an expert
geetem for the design problens at an early stage. This
system focuses on the design problem of an analog -
ter by regarding the design tusks as the problem-solving
spproach. It is the system that introduces generic fask
concept for the design probiem,

Thus, in VEXPERT sysrem |Dixon and Simmons 24,
Dixon ef ol §7]. the design task is modeled using the
probiem-solving approach and is exrended. and the de.
sisn process of this system is regarded and modeled
using the design-evaluate-redesizn architecture. The
redesign task in this design-evaluate-redesign architee-
ture exerures the new design according to the yew de-
s1g0 plaa and the systems cannot realize the local mod
ificarion facility for the analvsis and cvaluation of the
result of rhe design.

The AIR-CYL sysrem deals with the weak pomts
of the redesign task differently from design-evaluate-
redesign archireciure based svsrems such as the VEX-
PERT system. in thar it provides a local modification
facility by improving the problem solver. DSPL is a de-
sigu lauguage supported for building the AIR-CYL sys-
tem. It supports the ability to describe the design pro-
cess imodel in terns of the combinarion of the problem-
solving agents [Brown and Chandrasekaran 56]. It is
rather difficult for the designer to build the system ns-
ing tlus l’lt"ﬁign Inll_ﬂ_lmg#.

The PRIDE =ystem [Mittal et al %6) is the design
support sestem. not fiw antomared use, but for inrer-

active use. In the PRIDE svsiem. the problem-solving
agent is deseribed more easily than by using DSPL in
the AIR-CYL system. and a local modification facilicy
with multiple context management and a search cop-
trol facility for the user are added and extended to the
oroblem solver,

The ATR-CYL and PRIDE svstemns realize local mod.
ification facility. but when the form or strueture of the
design object. aud the marerial for implemencation are
modified. it is very difficult for these systems 1o analvze
and predict the behavior of the modified design obicer,
Therefore. in this case, the behavior analysis of the de.
sign object based on the first principle of the phrsicai
environment is required. The PROMFT system Murthy
and Addank: 87" i= a tool for design problems which fa-
cilitates the behavior analysis of a complicated design
abjert by realizing the simulation mechanism. and b
introducing deep knowledge and first principle to the
destgn generie lusk concept.

In design problems. the optimization problem of
parameters is especially required. The ENGINIOUS sys-
tem [Nicklous ¢t al. 37! is an automated design system
that bases on the same design-evaluate-redesign archi-
tecture as VEXPERT systern and integrates the simula
tion faciliry using the execution of CAE program aud
sophisticated techniques for aptimization.

3.2 Architecture and Pml:lem-Solﬁu
Mechanism

An expert system for routine design performs the
following four tasks by examiniug «xisting systems, es-
pecially the mechanical design mentioned above [Na-
gasawa 37).

1} Determines structurcs (mechanisms) of the

design object

2} Optimizes the attribute parameters for struc
tures of the desian oblect

3! Searches the attribute parameters for struc-
tures of the design object

4) Uptimizes and trunsforms structures of the
design objeet

The desizn for the expert system is applicd to rou-
tine design only and includes combinatory design and
parametric design.

Fig. 3.2 shows a basic strueture of expert svstem
for rourtine design based on the design process model.
First. structures of the desizn object (structural model )
are determined by searching the predefined desiga style
of the design object. or by configuring or combining the
predefned components. After determuning structures
of the design object. and refinement of the HLEineeTINg
model is executed. This refinement can be regarded as
the optimization of the attribute parameters of strue-
tures of the design object and can be regarded as the

— 5 —



search of the attribute parameters consielering imple-
MenNCAtIon CousTIAINTS such as resources. Srruerures of
the desizn object are transiormed or modified locally
witiwr the changes of the required funcrional or be-
havioral specificanons by the oprimazarion task, if pos-

hi‘illl".

Foo=isdgn Dass

Liesign Weguirement

)

[lenln:1ﬁ-fn-enuun o Demgs Plans ]"——

Mechanioal Syatem
i Mechazinm) Labrary -'|

Dwlermanntion of Mechinies mod Shruckine
(bt Deaige Objers Struciursi Mxdeil

MoatiCicatian o Struciurs !

af Dusigs O'srees 1
I isn of Zar Mo |
H
[Rainament of Ezmzrering Model
sbion of Mobel t
——Evaimalion of Fngineecug Hedel |
i
s Erarnalin of lruclural Mudsl |
+
Deaign Seiutian

Fig .0 Basic Srrudonee of nipers Zystem lur Howtine erign

Iu L3 destpn. after the sireeture of the design ob-
ject is determined by combining the prodefined compo-
nents. the components and their attribures are refined
The structure is then rransformed and optimized 1o re-
solve the trade-off probiein so that the specifications
A ar viclared

In mes: mechanical design. structures or mecha-
nisme of the design object are predetermined. aml the
search and oprimaization of the structural paramcters
are exccuted based on that predeternnned structure
or vwechosun Design where sl the components and
relarions AINONE them are determined after stractures
or mechanisme of the desien ohject ave detesinine] b=
called paramertric design.

Archirectures bosed on the above geaere fesd cons
vept do nen sanport the wodeling facilicy of design

knowledge especially the design object: and when re-
rarding the design knowledes as conatraing represenea-
tion. it seems that the architectures are insufficiens for
this generie fask approach and unable to handle the
constraint representation.  Tlerefore, an architecture
that inclides the consreaing representation, its applica-
tion mechanism. and the modeling Sacility, is required,

This constraint representation = proposed as a
mow pﬁrm‘lip;m for :‘inﬂ-‘-'-".t'ﬁ}!.éf' tepresentalion, and the
spulication mechanism i= proposed as a new paradigm
for the architecture of routine design experr svstems,

The application mechanisms for constraint repre-
sentation in routine design expert svstems ace defined

as ronstraint based problem solving. Medeling coree-
gponds to the formulization of various descriptions for
design knowledge and the handling of design knowledge
by trial and error. Constraints are generaced. derived.
maodified. or deleted from modeling during the design
pl‘t.\::r.':::l

The constzainr-based problem-selving mechanism
is ronsidered aceording 1o the constraint classifications
by macching the desivn process mode] for & routine
design with the design svsrem.

3.3 Technical Issues

There are many (3sues CONCETMINE eXPEIT SYSTEm
archirecrure for design tasks, called design generic fask,
Tl Jollowing itemns are shown as pracrical 13sucs [ Nagai
H&al,

1} Relation of EH]::--:'J" E‘;I'-".‘!'C‘I]l to Desion 5}'::1#111

2% Modeling of Dq_'.-'i.;:'[ Process

J :'mln"»t'.'ltﬂ:.rs_: of Dr.\f;a: O]in-"[“_

T

C'J:'lgrﬂl l-'-".r Ff'.':lil'-li"'l'l'l !;I'llll. iIJH -'.1[1!"i!|§_'! Dﬁign P'I.'('ll‘EE'.;E

Improvement of Problem Solving and Knowledge
Representation Mechanisms

‘:J.

We will describe nur research approach for these
items shown in Fig. 3.3

To resolve the above issues, we focnsed o and
investigated knowledge representation and a problem-
solving mechanism to realize desig‘n Process,

There are varions kinds of knowledge in design
problems. Two of them are design knowledge, com
posed of knowledge abour the dﬂﬁign object and knowl-
edge about the problem sclving.

Knowledge about the design object includes
knewledee about the structure of funetional and phys-
eal components. Knowledge about problem solving
ineludes l-:nnw]m"lgn about wavs L e ;mul}'g,n—_-_ il

valuate the design object,

When eonsidering the expert svstems for design
task and expert svstem building tocls for design prob-
lem. design knowicdge. especially knowledge about the
design nbject, must be separated from the problem-
solving merhamsm to make the architecture clear,

However, this design knowledge is not always clas-
sified explicitly and used separatelr, And current sys
tems and tools do not support and handle the knowl-
edge aboet the desten object. and it is not enousl that
their problem-solving mechanism handles the design
knowledze efficiently.

In Section 4, we investizated the design object
model. The design problem requires ways to model
the design objects so that we can use the knowledge
that have about them. It also requires wayvs to solve
problems by using this knowledge.



Tl FREEDDH svstem is explaiued az the modeling
rstemn of the design object acrording 1o this consider-

]

BLlon

By the way, wihen we consider the problem-solving
sechanm for desivn koowledge o cureent systems.
these are the problem-sclving mechanisms both for
knowiedge about design ohject and for knowledge
about protiem soiving. and fach mechanism 15 not in-
regrated o she wdearical problem solver. Fortunately,
FH‘.“."L L::':'r.'..a.n.'.lli.".‘-i.l-.l AL §||-_- i.lll.'?%l il‘.l:"'.i f:'i.ti"‘-i.]:- E.'l_'- '.'ﬂ%i.'l.l'diIlS
Tamee 'TI\.JTFIH:.!';T-" s CONSEraInT TPE'ITPRPI'I'.'IH{II'__

.[.['.'.l"."."-"'-'l"!'. Pxi =ri|'.g__' 'F"\:P'F_'I_' T ﬁ_ "sLelTs ﬁ]',{l [I:_:ll)i_:;u |'J_L'- Tl
support and Dandale the constraint representation. and
it is not cnough chat their probien-solving mechanism
hamiles the canscraint represenration eficientlr,

It Seerion 3. we disenssed the application mecha-
tEm for eonsre B constraint, v means either
geaeral comstratnrs necessary for routine design, or con-

StraunTs toaar are specific To one.

As deseribed above, the effective utilization of de.
srgn knewledge and etficent problem solving are re-
guired o expers svsrems for design problems, because
I'-'i'l::if"‘le :‘ii.'ll.'l'r'-'l.l!"l.':.;t"' st II'.IF [[Fii':i_’\l_:l.

nowiedge compilation is heing investigated for
raising of the effiriency of the probiem solver in many
problem areas. such as diagnostic and machine learning
probiems Anderson 86)

This rnmp:lnr'i.nn 15 & Te{‘hn'u{m- '|:-:.' which knowl-
Fi;E_P i declarative form, sueh as facrs and theories,
abowr the domain e 2tored and this stored knowledge
is apphied and atilized b interpretive procedures. This
techniiue makes existing paths of processing more ef-
fictent rather than enabling new pachs of processing,

herefore. maore afficient procedures specific to the
tusk domain can he generated using the knowledge
rompilation rechnioue

Inn emr research. rhis compilation technique is ap-
pliedd 1o a dezsien problems. espectally mechanical de-
slen B cousidening the design inowledge as constraint
by i.'l CE=ETID 0T I0TL.

Conerereiv, given the design plan generated by
compiling constraine representation. derived from the
concept of the design task and design object. and
probiem-selving heunstics. the design activity corre-
soofds 1o the mrerpretation and execution of this de-
sigh plan and ir can be regarced as constraint satisfac-
tion vroblem. The svorhesis and analvsis tasks in the
design process are inrerpreted and executed aceording
to this design plan generated by knowledee compiiation
on the predeternuned system architecture. The inter-
pretarion and execution of the design plan corresponds
to the execurion of the design system.

Hﬂ“’?‘-'f‘]’. at tI'IF' mament ll:'lﬁ"ﬁ?‘ are [any Ccases
where onlv constroints are given: design plans are not.

Therefore, the enviroument of this design plan
groeration using rhe knowledge compilation technique

and its interpretation and execution are required.

In Section 6, we deseribe the architecture for ex-
pert system and expert system building toul according
above considerations.

AL present, as various design systems including ex-
pert syatems. especially for mechanical design, are im-
plemented using a typieal procedural language such as
Fortran. Pascal and C. and these systems for only
specific design problems are provided to designers as
individualized systems. Therefore, it is inconvenient
and inefficient for designers to use them for design.

In this case. for the designer, the design knowledge
must not be represented merely in the form of the pro-
cedure. This knowledge must not be described specific
with the specifie problem solver.

To reduce these inconvenience and inefficiency of
existing design systemns. it is necessary for the designers
to provide & support systems in which the designer can
constrict design systerns easily.

After all. the facility where the designer can build
the expert system for design problem by representing
the design kaowledge. not procedurally, but declara-
tuvely, and in the form ndependent of the problem
solver, is required.

Thus, the environment of this design plan gener-
ation using knowledge compilation may be considered
as support for a CAD swstem construction envirenment
customizable by the designer.

In Section 7. the expert system building tool,
ralled MECHAKICOT, that supports the problem-solving
mechanism rhat suits the design knowledge in the form
of the declarative description, Ly considering their ar-
chitectures as uniform framework from the viewpoint
of constraint-based problem solving, is described.

Expert System Bu.ildir:E_Tonl for Design Problem

o

S e e e

EE&E o
¥

Expert Systems for Design Problem

Fig. 3.3 Research Approach



4 DESIGN OBJECT MODEL
4.1 Object Model in the Design Expert Svstem
4.1.1 Role of Design Object Modei

Diesigz: obieets 0 desigh s1stanns arv renresenited i
1

. 5 s . . o e .
[ove TORDTTT o0l ZLL00LE, dletal PAE, A esSEEDL ) ST _..1-11.+'|

represents information and knowledge ahout desizgn ob-
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5o of. During a desivn proeess, a mesdel thar sans

ol meguireqients i consteneted: it represents a solution.

Vodes tsed o convensional Jesien spstem: con

sist of dara struerures that are meress statie, Thew
newd to be inerpreted and menipulnted motesms of

destgn Tnsxs or procedures, { © T e Aot

i Sy s 1. -
eIl DLt 15 5% &

des1a o

poduares or Jesien methods, [n eonventional

sprrpe. in i GiFeult to make eFaerive e of the nowl-

1 nerformance de-

eeiwe nlwmt design obzeczs, Alsool
& : .

sign and the sstabilshment of @ zeneral metiodowgy

Tifiei.

T avorcl a eotu

natarial sxnlosion and ro sojve de-
sign problems offertively, it is important fo oepresent
she knewledee abour design objects a: ahijerr models
g T 1t shieze models o p:‘:u"?ir'n? e in the de-
sign process. A framework mmst he developed that
represents 'r:rl-'n‘-".'l.-:"-.’lg-’I phont decion ohjects thar hE]l}
o make a design nrocess supnort mechatism that can
solve probleos,

4.1.2 Framewnrks for Representation

A frame svstom has heen used ro represent struc-
ture: and artibures of objects in znowiedge systems,
Lsing o frame sVEtem, we cRL Tepoesen: awch element of

ucd maodular form. He-

an objert i umierstandaile.

conrlv, ap obiect-orented parnciy wiose concept U8
similar 1o frame svstem has been generaily usged and
also applied 1o destgn probiems. Though conventrional
object-antented languages are smitable for representing
stpuetures. attribures and behaviors, ther do not pro-
vice faciiities for represenring and NSILE CONSITMINN O
desian abjects. Coustraine: are rypical and unportant
nrobiems

el 1o represent knowledge about
desig ahjects thar ntroduce constraints have bees in-
vestigated Stallman and Suss
Steel 80! Heinrze et al. 7. These provide efficient for
malism for knowledee representation in terms of declar-
ative description, but they are not suitable for the rep-
resentation of large-sealed and compiicated objects be-
rause thev lack structural representation.

Investigations introducing constramnts tu o an

object-oriented paradigm have been done [Borning 31
Borning and Duisberg 36] [Harris 36 Srruss $7]. and

knowledge 0 desiz

Alethods by owl

an 77] (Sussman and

have made it possibie to represent properties of de-
sign objeets in an understandabie form. However. omly
constraints on numerical arributes (instance varialles)
can be represenred in these svstems, and these con-
straiats may be used oniv to eaiculate the vaiues of
artribures,

Represcntation of struciures of design objects is
at important part of solving a design problem. so 2
fupetion te describe and use structural constrainis is
Ill!'l."l'..il"l..l..

While the cbiect model in an analytical problem
such as a diagnosc is furmalized in a fixed form. one in
a design probiem takes a variable form becausc of the
narure of the dynamic change. In a design problen.
she el handline funetions such as selection. modifi-
ration. and refinement are nportant in design object
modeiing. sine the designer constructs a object model.

4.1.3 Use of Object Model

The architestures fur knowledze systems and ex
pert systems are different according o the way the sys-
tomis use the object model, We arc exammining two of
these wavs, One is to generate a design plan by analyz-
ing and compiling knowledge abonut the design object
maodel nnd design methods. We call this knowiedge
compiling method and will deseribe 1t in more detail
later. Tt is suitable for a parametric design,

The second way is to provide a system for support
ing design process interpreting knowledge thart is de-
seribed on object models. The system makes 1t possible
to construct ouly models that satisfy the constraints,
and aiso supports their effective coustruction.

This second way is suitable for a problem in which
the structure of the design object is not given or not
fued. In such a case, the problem must be solved by
trial and error or by interaction with users. Currently.
the design object system 1# being developed and is x-
plained in the next section.

4.2 FREEDOM : A Design Object
Representation Svstem

4.2.1 Basic Functions

Here. a knowledge representation system for de-
sigzn object modcling, A Framework for REprEsent-
ing Design Object Model (FREEDOM). that facilitates
an effective problem-solving mechanism. is presented
"Yokoyama S8]. FREEDOM provides the facilities that
keep the state of the model for constraint satisfac-
tion and supports design tasks. and currently A
being developed and implemented using ESP language
[Chikavamka %) on a PSI machine [Taki et al. 54].

It is useful to distinguish between a model repre-
senting a solution and a model representing zeneral and
fundamental knowledge about design objects. Here. we
call the former an instance model and the latter a temn-
plate model. For example. in a mechanical esign. the
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fundamentai strucsure of the machine and constraints
on attribures are deseribed as a templare model. and
the walues of size and moterial artributes of parts are
described as an instance model.

This svstemn descoibes a remuplate model and sup-
ports the creation of an instance model chat satisfes
the design requirements. Fig. 4.1 represents the basic
structure of a design svstem thet includes the FREEDOM
svstem. Npowledge abour a Jdesizn object, namely an
abpect model 1 described o tlis svstem. Procedures
ranserd '!'u_i' -:".e-z:ai.,gn rasks are pn.-:iri-'umﬂ-n' mtsice,

Procedures caused by desiom tasks correspond to
the manipuiation of an instance model on this system.
modification of elements and wnlues of atrributes. aadi-
ticenn of eonstraine:. amd so o Ar this rime. the FREE=-
DOM system rreates an insiance mocdel that satisSes the
entstraines for realizatinn of an efective design.

o .
| Dasign Syaten
Design Dbiect Model
Made] Design
Template Inztance Mamipu- | Procedures
Hudel Molel lation | {(Xmowledge
(Enowledge on Jesign
| on Design | | (Design | | pethods)
| Objects) i | Data)
L
' FREEDOM —

Fig. 4.1 BRasiec Strugture of & Design Systes with FREEDCH

4.2.2 Knowledge Representation Framework

Fonowledee representation provided i the FREE-
DOM svstem. based on an object-oriented paradigm.
makes it possible to deseribe constrainis in declara-
rive form. A template model corresponds to classes in
the object-oriented paradigm. and an instance model
carcesponds to instances. The features of knowledge
representation ace deseribed below.

(1) Introduction of Constraints to
an Object-oriented Paradigm

Consteaints play important roles in solving prob-
lems in designs. Thev reduee a eombinatorial explo-
sion. and values of attributes and structures of ohjects
can be determined using them. Thus, it is effective to
introduce the coustraints concept 1o an object-oriented
paradigm. Constraints are described in rhe form of a
predicate,

The whole-part relation. so-called part-of (s an im-
portant way to tepresent the structure of objects, The
relarion is elassified into two: the first is thar parts are

needed to consteuct the whole: the second is thar parts
are not needed to construct the whole. For example,
the relation of a recrangle and its four sides corresponds
to the former case and the relation of a bookshelf and
books in it carresponds to rhe latter case, The former
is called & constate-of relation and can be regarded as
a structural constraint of an object.

Because constraints may be generated dynami-
cally during a design process. funetions for addition
Wi Ll‘fllfti.u[l L'lf 4 L'Ull.bil.l'-ﬂ;n'. el I luﬁ:m{'e mMust bF_" p[‘l:l'

vided,

(2) Dynamically Changeable Relation
hetween Class and Instance

In a design process. paris that satisfv the design
requirement must be searched and the values of their

trributes must be determined.

For example, after the values of atiributes of an
Instanee that corresponds to a selected class have al-
ready determined. the designer may want to perform
an operation that changes the class to another class to
which the instance helongs,

In this case, in existing object-oriented languages.
wit st Temove an instance that belongs to old class,
create an instance that helongs ta new class. copy at-
trihutes commeon between these twn classes, and re-
move the old instance.

Therefore, the FAEEDOM system handles the cela-
tion between e¢less and instance. the nstance-of rela-
tion, which can he changed and maintained dynami-
callv, This makes it possible to design effectively, be-
cause 1t is UnnNecessary to create a new nstance and to
copy artributes,

It 15 inefficient for a realization of & svsiem o ad-
mit a dynamic change of class definition with no restric-
tion. Moreover, it is not necessary o change o class
definition dynamically because class change is needed
when only o part of the corresponding instance is mod-
ified.

In general. eloss change is required because a top-
down design is regarded ws a refinement from a2 ab-
stract level to a concrete level, An -2 hiefarchy of
classes which represents relations between an abstract
level and n conerere level is applied to a refinement. A
dynamic change of a limited class definition is refined
according to a hierarchy of sz relations.

{3} Class Hierarchy using is-2 and inciudes
Relations

As disrussed before. a refinement is performed
according to & hierarchy of is.a relations of classes,
A class hierarchy with multiple inheritance is not-al-
ways represented using a celation between an abstract
level and a concrete level. but using inelusion relation
of funetion in many ohject-oriented svstems. [t also
makes a class hierarchy oo complex to understand.
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Thus, tseq telntions ras le declared only in the
vase when *_'-.'l.'r.1 clasies ht‘ll:}:‘.g fo the =pne caremnry,
and ther mmst he represented n the fom of <mple
rpee sronetures, A sefnemient inoa cdesign process cocee-
wponds to the searel operation of a class that zntisfies

drsimn reguirements by referring to shes faed troe STTIEC
enre.
The weltinle inlesranes mechanism is usefnl for

repreaeat! nsices of fanetzons, so oy defieinion of

larion s inrradiesed for representation

tliis imers

o e closs wievs

. T
Sl enrTes g L D T

(TR EE HEC N e
clase suel s melde clpss,

Fie. 4.2 represents an cxample of ¢lass hierarehy
of piates. Helerions, such as the e relatinn Hetwern
PLATE and BUOARD. the includes relanon Derwees
PLATE awd METAL. and rie te-e relarion between
JRON il METAL are deseribed. v b= possible to st
plify description of class lierareties asing thie mtofedes

rolariom,

[ includss
clasze BJARD mamcmmmm) class  GUAPE
Lﬂmml SHAPE tis-a  fis-a
class RECTAKGLE | | elass TRIANGLE |
is-a | ls-a | SRAPE | | is-a | SHAPE |

e | 2 | U B

| === | class  NETAL

ja-a BOARD | is-a | MATERIAL
ineludes | METAL fis-a fis-a
class [RON E:zss ALUM NS
is=a | METAL i [g-3 | METAL

Fig. 4.7 Ciass Hierarehy with “is-2" and "iaclodes” relations

4.2.3 Functions Required for Suppuorting
the Design Frocess

FREEDOM provides functions to keep the states of
mstatees. that ﬁﬁ'r':.-afj.' coust ks, derived from Li.t‘."iji_;l'.l
atsiect madel. These functions make it possible fo solve
design peoblens effertively. The fanenons nf rhis svs-
rem are descriled helow,

class  PLATE

fs-a I EOARD

[
constraint , sass = denmity ¢
area ¢ thlekness ;
i

Tis=a Tis=a

class 1ROS-PLATE <lass ALUMINUM-PLATE

fs=a | PLATE is=a | PLATE

ZERELLY 1.9

density | 1T

i

* imstance=af E

instance  a-PLATE |
aras | 100 |

!
:thinknu'ir. ! FI |
1

attribute

WAGT I :

nass ¢ LOQ0

canstTaint

Fig. 4.7 Chaage of 2 Class by Constraint Zatisfaction

{1} Maintenance of a Model that Satisfies
Constraints

Thir ariributes of a design objeer model are repre-
sepred numerically or simbolically, and their valies can
b cbtained by solving constraints derived from them.
For example. wheu there is the constraint on four at
teibutes shown below, such as mase. density, area and
thicknees. the value of one artribute is determined if
values of other three attributes are given,

mass = density * area ¥ thickness

[ty FREEDOM. o definition of a class 15 regarded as
a description of constraints on objects belonging to A
certain category. Search for a class that satisfles design
requirements is realized using a constraint satisiaction
mechanism.

In otler words. when a structure or attribute of
an instance is modified. if constraint satisfaction can-
ner he executed in the class to which it belongs. the
class mar be chenged automatirally to another class
to satisfr the constraints. In this way. it is possible to
search for # class that satisties design requirements by
a modification of a corresponding insrance,

For example. a problem to determine the kind of
a plate is considered. Fig. 4.3 represents o class hier-
archy of plates,

hemeh a a-PLATE iustance for represenuation
of the solution corresponds o an [RON-PLATE -
stance. where an aren and thickness are determined.
its class is changed 1o ALUMINUM-PLATE according
to the constraint on the mwass.



{2) Support of Top-down Design

Cenerally, designe are executed in a top-down
miner. so rhe main operations consist of refinemenrs
of vihjerts. Befinement is execured in two wavs: the
Hret war is from the abstroet lovel to the conerete level,
and the second way is from the whole to partz. The for-
mer corresponds (o refnemens using sea relations and
the latter corresponrds to refinement nsing inefndes and
aonsiste-nf telations in FREEDOM.

foen relarions are ssed to selees o svstem stencturs
or a comiponent ivpe. molndes relations are used 1o
refine prrts of an object in parallel from several view-
podnits. and comarsts-af relations are azed to design sowe
comtanenits divided from an ohiees, independesntly.

A slass deelared as o parr with a constats-of rela-

tica: can be applied to a subeluss of a declared claes,

el as A clasz with an melndes relation, Tlhivs, a design

prowvess ean be considersd as follows; first, an inaance

of an abstract vlass is crented. then it is refined alomg

an ig-q erarchy and divided into parts using smefudes

atl consists-of relations. and those divided perts are

refined. This evele is repeared in the design process.
-

A mwmeutioned above. the FREEDOM svetem repre
sents not only koowledes on cesign ohyects but ajso

supports design Tasks,

CONSTRAINT-BASED PROBLEM-S30LVING

MECHANISMS
5.1 Constraint Representation

Cuonstrants can be defined as cortain relations or
roditions that may exist between components of the
cesign objects. as relations or conditions between prop-
erties of those design objects, and as expressions of laws
or rales which must be satisfied | expressed in the form
of egualities or inequalities). Que example of an ex-
plicir constraint is a constrainn on the stpaetural infor-
mation rom the modeling representation of the design
vivjert. The other examples of constraints are Kereh-
foff s+ laws and hm s law in cirenit analysis [Scallman
and Sussman 77 Sussman and Sreei 30], the number
of resources. costd, operation prioriries and dates in
nb-sbop scheduling {Fox 331, and rhe edee connertions
that are physicaily possible in artempting to recognize
# line drawing Clowes V1|, However. the given repre-
sentution of constraint is ot always used efectively in
existing svitems. The effective use of such constraings
shouid make it possible to restrict searches in the so-
lution space, thus improving ~ffiriency by climinating
unnecessary searclies. Mot many of the existing rools
supprrting the construction of expert systems provide
an environment that makes it easy 1o express the con-
straint concept explicitly. Therefore, the person con-
structing the system must use the tool development
langnage to artempt to realize mechanisms for applying
CONSLINInL cepresentations which depend on the design

5.2 Classification of Constraints [Nagai 33h

object, Most design problems can be regarded as con-
straint satisfaction probiems. For instance, considering
the concept design gemeric task, constraint handling is
equivalent 1o checking the constraints in the test pro-
cess of the generate and test method. In the step-wise
refinement method, constraint handling invelves refine.
ment from an abstract level to a more concrete level.
and the constraints imposed at each lovel also change
dynamically In general. when a set of given specifica-
tions is refined. it is wlso usually divided mnro different
sub-problems. and there ure often interactions between
constraints on different sub-problems as well,

Thase funetions are required for oroblem soft-
ing acrording to the classification and effective solving
mechanisms of constraints when addressing probiens
of & syatheric nature, such as in desizn and scheduling.
Tae purpose of this is to provide the serson constrict-
img the svstem with an environment that enables the
eonvenienr representation of constraines,

{a) General (Domain-independent)
Constraints for Routine Design

Constramts are classified al.‘l.‘url.hns ter the follow-
ing characteristics.

1} Classification According to Generation
Method

Constraints may be classified according to whether
thev are generated statically or dvnamically. Static
constraints are specified in advance, and are constant
and unchanging. Dvuamic constramts depend both
on nteractions with the user and on the svstem: they
tend to change, with their range of applicability varv-
ing. Such constraints may be interpreted as incom-
plete knowledge. and. in order to manage changes in
truth in the knowleder base accompanying changes in
constraints. the functions of the Truth AMainrenance
Svatem [TMZ) Doyle 79] and Assumption-Based Truth
Alaintenance System (ATMS ) [delleer 36 are necessary.

2} Classification According to Importance

Constraints may be classified according to impor-
tance into obligatory or requisite constraints. and SUE-
gestive constraints. When such a distinetion is made.
uot all the constraints are selected and executed on an
equal basis, That is. the importance of a constraint
may depend on the context, the time. or another con-
cept. All obligatory constraints must be satisfied. and
these are given explicitly. Suggestive constraints are
also referred to as weak constraints. and are used as
zuides m choosing the optimum branch at a node in
the search tree. Such constraints mav be described in
rule form. and are given priorities and nther attributes,



3) Classification According to Scope
Cunstraints mnay alse be classiiied according to
whether they apply loenlly er gloh: this distine-
stores in the search space.

don s used in evaluating
Local ‘ponstraints are used to coduet searches when
a wiven medel. oblect or pro-
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4) Classifieation According to Propagating
Varinble Information

Consiraint: mav he classified according e the

Ijr{}'[lugu[.i::!'; varabie information. that & depending
on whether the variables of cons:raints propagate over
value, or wihother the constraing Propagales Over the in-
terval bound in which tie variable can take on a value
or values. At present. the ronstraint logic programining
system |Dhncbas 26, Heintze of el 3, | CONSTHALNT
gystem [Sussman and Sreel 30 and most other con-
straint systems {Borning 8] handle only constramnes i
whieh vriues are propagated.

Cumstraints that propagate over mterval bounds
in which variables can take ccrrain values, are de-
scribed using inequalities, and the variables of the con-
straint are not constant: these comstramnts propagate
over the interval bound as a label. Most design prob-
lems include sub-problems that can be solved using the
method of existing operations research: it 12 eesential
that the arelitecture should enable functions te operate
in a unified framework based on constraint propagation
in labels with interval bounds Davis 571

When considering practical design problems, there
are some combinatory posaibilities of handling of above
classified ronsrraints,

(b) Domain-specific Constraint
for Routine Design

There are various domain-specific constraints for
routine desizn. These constraints are related to the
simplified design process composed of the ronceptual
design. fundamental design and detailed design.

In particular. structural constraints should be con-
sidered in poutine design. Struetural constraints are re-
Aected 11 terms of the degizn stvle, and specifications.
and requirements at each abstract level of the design.
and determine the structural decomposition. partition.
and design stvle at a lower design level. In hierarchi-
cal design, it should be noted thar the constraints are

propagated to a lower design level. The design style
constraints decide the structure of the design ohjeot
and the problem decomposition at a lower design level.
Coustraints are partitioned through the strueture of
tite design nhject and decomposition of the design prob-
lem. For exampie. there are the impleentasion con-
sitainis (rechoology-dependent constraints at she -

piemensation level
5.3 Necessary Functions

T:'-'I-"‘ fL'lﬁl:' ':jg_-ns, 'reﬂ_,__1_|_1r|::'r_=. fr_)t' »:_'u;snﬁrralnt-'nased :JI'D'D'

lem soiving (Nagai 28l are listed below,

1) Function for Constraint Propagation
pnd its Control

In the process of satisfving constraints, and whsen
values are assiened ro variables of the constramt. the
lues of other conareaint variables may be derermined
by the formes variabie: this 12 the mechanism of cone
straint propagation. Such a mechanism must take intG
account both cases considering local constraint propa-
gation and cuses where the problem cannot be solved
by loen) eonstraint propagacion alone. A trpical ex-
ampie of the farmer is the propagation methed using
data-flow analvsis mtroduced i the CONSTRAINT sys-
tem. An exemple of the latter case is the variable elim-
ination method of simulianeous equations, In partic-
nular, when using propagation methods based on data-
How analrsis. the trade-off between constraints, such
as occur when regarding the TM3 as a constraint sat-
isfaction problem [CSP1 [Dechter and Pearl 87 may
result when the propagation is not always sufficient.
Clearly. & srrategy for controlling constraint propaga-
tion i& needed. Interaction: hetween constraints and
the least commitment of constraints are also indispens-
able for realizing the constraint propagation. For in-
stance, in practical design problems. if we consider de-
sign hy step-wise refinement. interaction between con-
straints np]ﬂyi:lg Ley !-il]h-l]['{:lhl.!‘ln‘."& that are solved sep-
arately is extremelv important. One approach to the
problem of constraint interactions is to minimize inter-
artions between sub-problems. This approach is the
one adopted in the MOLGEN system [Stefik 8la, 31b].
It iz referred to as the least commitment: by delaving
constraint evaluations as far as possible, refinements
acrording to the design plan are executed. and evalua-
ticns are porformed when necessary.

2} Constraint Relaxation and Selection

Relaxation and selection are applied to weak con-
straints. Relaxation of & constraint is equivalent to
searching for alternatives to the specified constraint.
That is. at the failure stage, when a constraint has oot
been satisfied, an alternative constraint, at the same or
a lower level. is sought. Selection involves the choice
of a eonstraint when there are two or more competing



constraints, and 1% reearded as constraipt Interpreta.
tion. In thus war, it is thougly that conscraine relax-
ation and selection ean be formulated a: a planning
problem "Desentte and Latombe 3.

31 Preservation and Management of
Dependency Relations

I processes where the values of constrained vari-
ahies are propagated through the execution of con-
straint propasation mechanisms. when conteadictions
in variahle values arise, the preservation and manage-
mezt of rlependency relarions among constraints, vari-
abies. and constant values are desmed importan: to
vontradictions and o explain the propa

resolve sten

gating values 'Harzis 3G],

4] Monitoring Mechanism for Constraint
Evaluation

A monitring mechandsm for constraint evaluation
sheuld nor be omitted from am problemi-soiving mech-
amsm that relies on constraint represencations. It man-
ages constrmnt checks and ensures cousisteney, and is
tor momie extent renlizable nsing demons or attaclied pro-
ceduras,

5.4 Role of this Mechanism to Design Process

Thiz =ertion considers constraiut-based problem
soiving relative to the design process. As discusseil
previvusly. the fundamental task at each design level
miakes the frerative desigy composed of the probiem de-
romposition and refinement proceed aceording to the
design plan. If a devign fails. redesign is executed. and
the problem is decomposed and refined again. It back-
tracks the previous design decisions in the tasks at the
higher ievel or executes local modification at the same
level, and executes the trerative design.

Merchanical design that mainly belongs to para-
metric design can be regarded as the generate and test
+ falure recovery |+ optimization - analysis and eval-
uari.u.-: :_I-E'.'I.':J.L::i. Tad.

Planuing decomiposes and refines the problem or
specificatiun aveording to the design plan. The de-
stgn style determined from the design plan (the con-
fgurarional or architectural knowleder about the de-
sign object] 15 indexed by the requirement or specifica-
tion of the design, and can be regarded as a constraint.
The eefinement. uptimization. and analyvsis and evalu-
ation tasks are selected and exceuted according to this
eoustraint, The decomposition of the cequirements or
specificatious of the design are executed by applving
this design style constrant,

Parameters und consiraints between the hierar-
chies of the design are propagated upward or down-
ward or the interactions among the decomposed sub-
problems oceur when there ace constraints among
them, =0 it is necessary to consider the tagks for these

tvpes of processing. such as constraint posting and
propagation.

Assuming that problem decomposition can trans-
form or map the sub-problem to the COMmponent or
assembly. there are two ways to decompose a prob-
lem. The first way is problem decomposition into sub-
probiems with interactions: the second way is prob-
lem decomposition into independent sub-problems, In
the first way, it is important to consider the relations
amony the compositions at the same level. In the sec-
ond way. it 12 important to consider the relations be-
tween the components and sub-componeuts.

Refinement transforms the divided specification
into structural representation composed of the com-
ponents and relations among them. These relations
among components can be regarded as a constrain,
Constraints on the cornponent attributes are particu-
larly tmportant. For exampie. the propagation mech-
anisin of constraints of the romponent atributes, in
decompusition into interacting sub-problems is difer-
ent from that in decomposition inte independent sub-
problems. The foriner mechanism propagates the in-
teractions among sub-problems as the consteaints, and
the latter propagates the constraints upward or down-
ward according to the hierarchical representation of the
design ohject when there are no interactions among in-
dependent sub-problems.

Optimization modifies the structural rEpresentia-
tion locally. so that the functions expressed iu the spec-
Hcation do not change,

5.5 Constraint-hased Problem Solving
on Generate and Test (G & T) +
Failure Recovery (FR) Paradigm

Tasks for routine mechanical design eonsist of the
determination of structures and structural parameters
of the design object, without the optimization and
transformation of structures of the design abject.

The structure of the design object in routine de-
sign i3 determuned by eoinbining the components or is
determined according to predefined design stvles of the
design object. Tt 15 determined hy retrieving the ap-
propriate design stvle from the predetermined design
plan.

The components are implemented using the stan-
dard parts by looking them up in catalognes or by using
non-standard parts by the design. Most of the selec
tion straregies of standard or non-standard parts for
component implementation are deseribed in the spec-
ifications or requirements. They mostly depend on a
trade-off of the performance against cost.

The necessary architecture for this design can be
formalized as the generate and teat -+ failure TRCOVETY
(+ optimization + analysis and evaluation) paradigm
shown in Fig. 5.3,
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plementarion. This paramerer can be riassfied inone
of =wo wars accurding o the type of tae value: one
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The failure ceeoverer muonlifes the atoribotes of
COLMIeTITS ioealls weing rhe alvice mechansn and
replans the probiem decospusition. The advice mecn-
amtsm can b comsidered as the repair of the paroal or
local desigi wsing the heusisties abour the attribures
and
propagator a= prinurives, In failure recovery handling,
the obligatory or suggestive consirain: must be han-
dled. The advice wechanism by the selectivo and eval-
uation of the constrain: i= executed to the obligatory
eomarraint.  For the snegestive constrnint:. planning
such as a compromising algorithm i= renured in arder

of the components, [0 uses the above geners

o reiny and select tus ronsteains. This ts a mechanism
thar satisfies as many constraints as possible. too,

Diesign knowledge. especially the constraint repre-
sentation such as the various formuins abouc the fes-
tures of the funetional or phvsieal snvivminen 1% O
piled and rthis compiied representation can be constd-
ered as the coustrain: network, when the struecture of
the design objeer, rondgnration of the romponenrs, is
flcenl.

In other words. the rousiTaini-based problem-
solving mechanisi in Fhe generate and 1est + falure re-
rovery architerture correspouds 1o the execurion of the
representarion generated by compnmg various kinds of
this desizn knowledge hased on the lundaniencal tasks
of the design process such as planning. pno sixiem decotn-
position. and refinentent.

6 ARCHITECTURE FOR AN EXPERT
SYSTEM BUILDING TOOL

6.1 Knowledge Representation

Designers knowledge must be easily represented
n a bulding twal. to enabie them to hwld an expert
swstem by themselves, [n this seetion, represeutation of
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Fig 3.5 Constramt-hased Probiem Solving
ain G i T = FHR Paradigm

design knowledge about problem solving is described.
since an object model which is knowledge about a de-
sien object itsell has already heen discussed in Section
3.3, Design knowledge about problem solving consists
of methods to analvze obiect models, to evaluate and
wodifv solutions. and plans to design the object and
search from candidate solutions.

Methods to analyze object models are regarded
as constraints: thev are expressed in the form of for-
mules derived from phvsical laws or experiments. and
are compnsed of equalities. inequalities and mathemat-
ical functions. Methods to search from catalogues. ta-
bles. and eraphs are also included in this knowledge.
in terms of deciding parameters. Knowledge to mod-
ifr solutions generates alternatives after determining
modification scope. if selutions cannot satisfy design
requirements.  Modifieation scope is not only locally
ciose within a subproblem. but also globally related to
ather subproblems, Knowledge to evaluate solutions.
often expressed by inequalities, decides whether solu-
tions can satisfy design requirements such as functions.
efficiency. and cost performance. Plans to design indi-
cate orders to solve constraints given as analysis meth-
ods and requirernents, but plans to search restrict the
search space when many alternatives exist. Lsing this
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Fig.6.2 Architecture for an Expert System Building Tool

wizh evaluation knowledge. problem solving is made
more efficient. Thues. design knowledge abour problem
sobving has various representation types.

In addition. knowledge that Is independent on a
g pbject and beuristics that is closely depeodent
on a certain design ohject are mized. For example, de-
sipz formulas and Sran‘hi]‘tg: from rataligues in ':.:.L‘SEEI'.
knowledge about problem solving. and basic parts and
function units in objeet maodels are independent from
a desion olijeet,

Therefore. wirh the aun of snabling designers 1o
epresent s kuowledge easily, we emploved the ap-
proach thar these independent kinds of knowledge are
arepared as system liliruries wets of design formu-
las and carnlogues in knowleduse about design problem
sobving. and scts of basie parts and function units in
abdert uunlels are propared respectivelr,  And these
kpowiedye are expressed in object-oriented. Hecause
an object-oriented system has advantages that pares
and their artrnibutes arc represented naturails as afpect
fur objoct models. and knowledge can describe declara-
T.il'P]}' as methods for Lnuw]w.lg_'{: abouat pmhlem s.ﬂlt'in_z__
Consequently, designers” hewristies ean he expressed
explicitly. hy referring to ar by inheriting sud modi-
fring Jbearies.

fi.2 Architecture for an Expert System
Building Tool

As shown above, we divide design Enowledge fuio
abject madels and knowledge about probiem solving,
This enables us to maintain knowledge and ro modify
knowledge flexibly, Viewing kuowledge and require-
ments as constraints. constraint hased problem solving
18 emiploved.

To build an expert sivstem smtable for a design
problem by a desiguer. we propose a building too! that
regareds pnits of design knowiedge as constraints. gen-
erates desizn plans by analvring thelr dependencies.

anc provides an interface between design knowliedse
and a constraint sulver,

We used & constraint analvzer to obeain facilities
for this building tool. The constraint analyzer, similar
to a knowledge compiler "Arayva and Mittal 87 [Nagni
83c] aud a constrain: compiler [Feldman 88), analyzes
dependencies ainong constraints and produces a design
plan to solve a problem efficiently. In other words, the
constraint analyzer epecializes knowledge by combining
knowledge independent from a certain design object
and designers” heuristies which depend from a certain
desirn object, Fig, 6.2 wliowe the architecture of the
ool

Inputs to the tool are design reguirements. object
models. and knowledge about problem solving, Ther
are given by specifving svatem libraries. or by modi.
tying libraries with referencing or inheriting libraries.
Eeferencing results of previous design and designers’
heuristies sbout searching from alternatives are also
represented as knowledge about problem solving.

From shese inputs. the tool analyzes dependencies
among constraints and parameters, generates a design
plan. and provides an interface berween design kaowl-
edge and the constraint selver. The output from the
tonl s specalized expert svstem including desipners’
hewuristeics,

7 MECHANICOT: A SPECIFIC EXPERT
SYSTEM BUILDING TOOL

Az an example of a specific expert system building
tool. MECHANICDT [Terasaki et al. 88, which is under
developrent. is described, MECHANICOT is a tool for a
mechanical parametric design. It analvees dependen-
cles berwsen srpuetures of a design object and param-
eters. produces a design plan. and builds a specialized
design expert srstem.
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7.1 Design Problem of Main Spindle Head
in a Lathe

The design object is the main spindle head of a
]'*-‘he. shows in Fig. 7.1 It consists of a main spindle
o grip & workpleer amd ro oarete I0 @ TOTOE 8% 8 power
sottree. Vehelts aml a pair of pullers to tranmzit power

I:,"Flrl.]!"""' oy s D["ﬁrr
maft, and rwe
pairs of gears to change the wain spindle speed, Tae

frimn the moror 1o a
bl the maun <:.‘u:1-.l]H amcl the puller

.,j.r'"- -zhialt,

s of ench pacs
T AT AN

lj:‘ni];z-‘:_:]. 15 o derermine the ol

and And sach part mesher by sear

LU ST R H I B e aarisfed:

Tlie desian ¢

a Cutting raparity and the marunum dlamerer of
'.I."IP‘ '-‘-'l.}::'{i.'*i“"ff'
2 Aaximum rotating speod «

o Alasiman cuitine =-|+"‘r-‘ In anr """".-:1‘-!{1 d‘-_'}t‘f”—i

s the mnin <o

o whiminunm e rime of the benr e b o lup e

Thix iz p paruervie design probiem i whieh The
structure of the aesizn ul:n]n-n 1= fixed and knowledge
about problem solving 1s well known (Inoue ez al. 35,
In acddition. PRIAILCICTS Ule discrete values which are
decided by searching ftom caralogues or by adjusting
10 5_5:1;1]9.1-.'! vainee Tab, 7.1 shows input reirenwenis
and destgn parametsrs,

High-s gear
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Fig 7.1 Outline of Design Object
— Main-spindle Head Of Lathe —
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Tab. 7.0 Example of [nput & Design Parameters

[pout ;'.l.a-::m:’.-'_'.‘s

Cuzting capacity | il:-.w.!:'.!:.'rl’ mataroal
: L Tewri material

Worspiece disngterinay. )
\'Ia.'..':-spindla speedinat. )

Cutting depth {may. !
Fpegiing speed {r.'.ax.]
D=l diameter [max, }
Nrill speed {max, }
Evaiuazion | Life of bearings
Degign narmeters
. . |
ecided 2y { Main- spindie e disneter
caicuiaticn Puiloy= shart dianster

f2ars & pulleys ratiu
Sueaber of gear lesih
fears piienh diameiers

—

Result of i Bearing mcunt i¥pe
pravioes design  Boaring spaa

Seare® fron dearipg mart autder
catalogees ar Wotor  part nuoper
Lables L rt number

i £t number

7.2 Specific Example of an Expert System
Building Taool

7.2.1 Input
a) Design Object Maodels

Design object models consist of the structure of
the design object, constraints derived from structural
relations. and design parameters, The structure is i
ernrebically representedd: the whole of the desizn ob-
ject. function units. and parts which are elements of
a function unit are described as cluss objects respec-
tively, Fig. 7.2.5.1 shows this class hierarchy in the
case of Fig. 7.1. Description of object models is com-
praseel of comarsiaf for component elements in a fune-
tion unit. constrant for comstrmints from structural
relations. and paremeter for design parameters. Fig
7.2.1.2{n) shows the object model definition for a elass
puelley_shaft which is one of the fanction units in the
miain spincdle head,

b} Knowledge about Problem solving

Dpspriptign of L;nnu']erigr: abour ;}mbi-em S{al\'ing 15
shown in Tab., T.2.1. Equalities and inequalities, and
search method from catalogues. tables and resules of
previous design are included in the form of table. ex-
cepts in the form of functions and squalities. There
are two types in inequalities: one 15 used for limit-
ing generating space of alternatives, and the other is
used for testing solutions. Searching from catalogues.
tables mav have alternatives. similar to inequalities
which ueed for restricting search space. To handle
such constraints, thev are classified into four types: de-
sun_method. generator. tester. and adiuaf by,



spec_[nput |

I
matn_spindle sys

parrts_,natnr 5[4an|.13 rd_pulley sys

[
main_aotar pulley sys

f

: lnheritance ralation

: Class imcluded in the system libraries

reductian_sys

my_reduc _sys

5L ar.da?rd_ EpUT _gerar_u-s |

lowspesd_gear_sys highspeed_gear sys

]lrns_shaft
eain_shaft

-

pui ]e:i_sha.ft
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pa_r:s_heariTng

1
front_bear main rear_bear sain

I:ITarts_baar:'nF I
!
front_bear pulley rear bear pulley

Fig. T.2. 1.1 Hierarchical Class Structure of Yain Spindle Head

class_names
pulley shafr:
therit drom
line_shaft.
consis of
frontabear_pulley. rear bear pulley:
FI ATAMETET

[rwntbearing.tvpe, rear.bearin E-Ty¥pe

constraint
gtiront_bear pullevishaft dia = shali_dia.
T Ul "ehaft alia’ is designed. propagates it to shafi_dia’
Foem the claes [ront_beating”. Thiz is a eansiraint to
H Bt & beaning on che publey chaft
#irant bear.pallevirvpe = fromt beiring.1ypa,
wiront.bear.pullevishaft rpm = rpeomaz,
#rearbearpuilley'shafr din 1= shaft dia.
#rearbear-pulley 'ty pe = rear.bearing_cvpe,

Wrear Brear_pullevishattrpm (= rpm.omak:

il

clazs manme
lime shali:

parameter
shaf .dia. hole dia. material. pposmax,
twishimg_moment., shearingstrengrh,
tarsion angle

e

Fig. 7.2.1.2 ta) Ohject Model Definitien lur the class pulley shafe

Funetions and search method from catalowues or
tables which have no alternatives indicated by de-
sign_method. whereas having alternatives such as in-
equalities used for restricting seareh space are ex-
presseid by generaior. And tester represents inequalities
used for testing solutions led from generator or evaluat-
ing solutions. To adjust solutions ro standard values as
a filter is adiust by, Kuowledge about design problem
solving is presented by specifving a method_neme and
a trpe of method as described above to o parameter
in an object model. Fig. 7.2.1.2 {b) shows an example
of the object model definitions inciuding design_method
deseription for the class pulley.shafi.

Tab. 7.1 Description of Enowledge about
Probles Solving
Description irpe |

Functicns. egualities
{Results of previous desisn)
{Catalogues or tables search) |

design_maethod
(%0 alternatives)

inequalities )
(Limiting gemerating scope)

Catalogues or tables search

Rafer from results of previous
design

generator
whenarate al termsl ives)

Lester
(Evaluation & test)

Equalities
inegualities

Tables search adjust_br

(Filter)

c) Design Requirements

Design requirements indicate the design object,
paramerer names which are given as an input. and re-
lations berween design parameters and npot parame-
ters. To express the design object. the highest elass
name in a class strueturee is given by design_obyert. For
instance. the class nuwine for design_object is the class
matn_spindle_sys 1n the case of Fig. 7.2.1.1. Names of
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class _namic

pulley =halt

gt Jrom

wne shafe:

consisr.of

[rwat bear puiler. rear_hear pulley:

|1-.r.1.;r|-fI1rE

feant hearingsvpe, reardraring.ay pe.

constraint

Eirout beacsublarivps = front kst INE.EY P

Zrear_bearpullesshaltrpm .= rpmamax:

design merhed
-: “Yront hearing.ty pe. cear_hearing.iy gl
bearing_mouni searchi Fresuli i previous design.
frant_bearing.rype, rearbearg dvpet
b
% Parameters Tront_bearing type’ and ‘rear.bearing.iype’
% are designed by the method Leannganount search’ in the

T ochass “repult ol previcasdesign’

end .

class name
ling shalt:

parameier
shaft dia. holedis. marerial, rpm . masx.
IwisLingJmament. ":’hl‘dllug_‘ﬂjl‘ll‘th
tarsiorn.angbe:

designomet hod

[ Tsmndedial.
ahaft_dias wehaftdizcale. twisting anoiment.
torsion_xngle. =hesring=1rendgih.
holedis, shaliadial
}.
% Parameter shaft.dia iz designed by che meihod
% ehafi.dia’ in the clasy shall e cale”
T Amdl paramerers twisting_moment ' “torsion angle’
" “ahearingatrengrh’ and “hale_dia’ are input for this method.
{ !ihrnr'ing_-:'l.rmlﬂ hi.
shearingstrenghsearchi #malenal database,

marerial. sil.un:ll:rq;l-lt‘u.q'lh.l

3
i

end

Fig. 7.2.1.2 ib) Adding Design Merhods for the class pulley shaft

input parameters are represented by permmeier. Nore
that specific values of input parameters are given when
the system which is produced by the tool is actually
execured. The relations between input parameters and
desizn parameters are given by constrainds. indicaring
which design parameter in @ class receives avaloe from
a input parameter,
7.2.2 Design Plan Generation

Diesizn plan gensrations using the constrain? ana
Irger after bemng given desion knowledge are deseribed
sion plan. simiiar to dara-flow
annlvsis in a rompiler. i accomplished as shown,

hotow. Generaring a d

1) Subgoals  are  assigned o constraind
generator, fester. design_meshod, and adpust fy in
each class, [oothe case of processing comadrarnd, a
subgnal is assigned to eacl coustralnt sTarements,
Otherwise, a subgoal v given ro each methods.
nane I-|-|,r -:"Ei_"h ‘,"Ill-l';f}ﬁ.. :‘":‘II:TI'I[":. b‘:

it fr T.2% jai shows rhe assienment of

2) Subgoals are integrared nto some goals. based on
the input-ousput dependencies of parameters. The
way of giving names to goals is exactly the same
as the case of subgonls. Fig. 7.2.2 (h) shows tliis

gronping from subgoals to goals,

3} An execution sequence of goals s determined
based on the inpur-ourput dependencies of goals.
The sequence 1s managed in a class that 15 one
lewel higher than the class in which the goal is
included. For instanee. in the Fig 7.2.1.1. the
sequence of goals in the class pulley_shaft is man-
aged by the class my_redue_ays. And goals in the
elass mum_spindle_sys are controlled by the class
spec_inpus, Fig. 7.2.2 (¢) shows the merarchical
control of the cailing sequence,

Analveing  dependencis between constrauncs
initiates from the lowest level of the claas hi{.-r:u'rh}'.
That 15 to say. the level including a elass inpulshaft
and a class front_bear_pulley oxizr on the staet levell in
cxample of Fig. 7.2.1.1. The analysis procesds towarids
the highest level class specinput. In the casc when in-
heritanee relations are exist, the constrainrs are not
processed along class hiecarchy between parent elasses
and u child class hut are treated as a fHat ser of che
constraints included in both parent classes nnl thetr
children classes.

The advantage of this construint analyzer is 16 an-
alyze the relation herween generator and fester for re-
alization of an efficient execution of generate and test
loop.

When G & T loops are included in execution sfate-
ments. a grnerater corresponding to a testeris found by
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2.2 4al Subgoals Assignment

anulvzing denendencies of constraints, It is considered
rhar an everution of those statements 1s eguivalent to
a realization of the Dependency-Directed Backiracking
(DDB! mechanism.

7.3 Considerations

The MECHA¥ICIT system provides a design sup-
port cuvirnnment where a designer can mput and mod-
iy design requirements. design knowledge eomposed of
the muodel of design object ancl desizn process easily
and where rhe design plan can be generated using con-
straimts dertved from thar knowledge,

At precent. the MECHANICOT svstem is being de-
veloped and implemented wing E5F langnage on a PSI
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Fig. 7.1 2{b) Grouping of Subgoais as Goals

machine, This svstem is in the stvle of an automated
swstenl with no user interaction. It receives design re-
quirements and design object representation written in
ESP-like language as input, and generates the design
plan written in ESP as output. The following items are
not provided sufficlently or are missing.

[T} Support of Multiple Context Management

The design object must be modeled and repre-
sented from various points of view. as shown in Section
4. These points of view to the design object can he
interpreted as the design contexts. A mmultiple rontext
management Uu‘:'hu.ni':i::t is required for the execution
and evaluation of Jdesign object models under certain
desizn contexts as alternatives. This is a very effective
and important mechanism for design systems.

i Imprevement of Constraint Analvzer

In this svstem. onlv the handling of static con-
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strsind and: obligAtory eonRstealnT s ronsidered, For ex-
arnple, beeause rhe roie of o consiroine such as a gen
Lratur ﬂI‘.tl fester *2 F(:[l:it1'11::!’-][&1[1(&][1.%’ Ll“'"_".rl.?ll-li'-ﬂl
i predererimned. the interpretacion of a constrainl 1=
fixed

However, tie handling of dvnamie constraint, such
as adeition. deletion and modlifeation of ronstraints
during design process. and sugpestive coRsrrainT. s not
investigared.

Therefors, hoth staric analysis for constrain: and
dyvosmie analvsis, including constraint relaxation. ame
requirsd for realization of dynamae constraint handling.
considering a current construut analvaer,

i 3) lmprovement of Constraint Solver
In this svstem. a specific mechamsm for the

constraint-hased problem solving shoWwn in section 3. 1s
nat realizer, and @ constraint propagation is performed
using unificarion fanetion in ESP language, Moreover.
for the above dinamic constraint handling. constrainn
solver including ronstraint propagation and relaxation
mechanism. is pogquired,
14+ Improvement of User [nrerface

Correntiz the svstem does aot provide a fnendly
uzger interface. where the designer can sive hnowiedse
ahont Wlesicn requirements and the design object in the
o of o schemarie deseriprion a3 an iput. Interacting
witly the wvaten,

St nouser inrerfnee facility linked with a desivn

winect modeiing faolity 15 regueiced.
The desize plan generatsd asing consrraing ana-
Iyzer is wgec: :

languese, bur m furure an interpreter for the design

urag] o L ol { pED
LT AR INIeTEnee QIeCanisiil ot Log

il e implemented and rhis design pian desenp-

';'fll":""r'l'l AL QXeiiTel "J:" 1T,

& CONCLUSION (FUTURE WORK)

I comelusion, the areiiterture of axpert systems,
wcaaclizie the desion object mwodeling faciiity for routine
design, was proposed Sr furusing on constraint-based
D sopTing composed of ronstraint reprosentation
il the spplication mechanism.

For realization of this arehitectine, the design ob-
ject Tepresentation aveiem. called FREEDOM. and the
destge support evsterm. called MECHARICOT, were de-
s P'rll'|'il"il..i,l.."'];'|'. the MECHANICOT syslewn =uppwrts
machining onis. specifically a main spindie head of a
lathe. a design ramger,

Dur Tuture research is to clarifr the architecture
of expert sywiems for varions routine desiegns. such as
LAT design. mecimiieal design. and configuration. by
reraraing constraint-based provlem soiving as a new
paradigm. In other words, this research i+ 1o propose
gemeric tasks for various routine desivns. We wall al=o
propose primitive tasks for the constraine-hased prob-

lemu solving cequived to realize the architecrure of ex-
pest systems for various coutine desigus,

Furchermnore, -.ur_-urf.u.mrn,tiun of :'-'.ﬂt“-‘-".!"fl*ij.f' ht‘ﬂ‘.ii!ﬂ'-
tion system. especiaily for woquisition of design knowl
edpe using design object modeiing facthity and a so-
plisticared user interface. and the use of ATME as &
knowieder mainrenanee svere is cequired in order 1o
reniize more offective and practical design svsrem.
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