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Sumnmary

Kuowledge compilation is a techuoigue by which task-specific kuowledge is represented in declarative form and by
which procedures specific to the task domam nsing derived problem-solving mechanism ellectively is generated.
This paper describes a constraint-based knowledge compiler for paranetrie design problem in mechanical engi-
neeving, The purposs of our rescarch is to realize tools allowing designers to build knowledge-based systems for
parmuetric design in weehanical engineering simply by nsing a knowledge compilation approach. Our knowledge
conipilation approach secks Lo antomate 1) the process of prodocing kaowledge-based design systews from higher
level design specifications, and 23 the process of restructnring existing software systems to produce new systes
that exhibit a) an imeresse in efficiency or usability. B o change in represeatation level, and o} a veduction of
reasoning.  Consequently. we realize knowledge compilation that adopts the advantages of the constraint-based
formalization of parametric design systeims: we define this technique as constraint-based knowledge compilation,
Constraint-based knowledge compilation antomates the process of producing knowledge based design systens Tor
el design ohiject, from input design specifications. by regarding 1) a design problem in mechanical engineering
as parametric design, 2} an explicit declarative knowledge of this design as a constraint. and 31 the design process
as o eoustraimt satisbwction problen. The advantage of this techinigque is that it s easy to modify and reuse in
oriler to realize problem-solving mechanisms {ie. constraint satisfaction) for other design tasks. We have devel-
oped MECHANICOT, a tool whicl implements our constraint-based knowledge compilation lechaigee for building
knowledge based systems for parametric design in mechanical engineering. We also demoustrate its effectiveness,
capecially constraint analysis and plau peneration. on a mechanical design problem,

not feasible to rense them for other l’lF.ﬁiE]‘l tasks., To al-

1 Introduction

) i low designers or endd s=ers to binilid specialized systems for
Ty dbesign probilems, the designer perfonins a des
each design object {domain-specific design systemns), it is

sign task for cach desipgn object. Many design systems )
necessary to provide a methodology that could help av-

have boen developed and used in various fields to per- ]
o ) ) ) tomate the construction of new design systems by coru-
form specialized design tasks for design objects. or to _

bining modularized software components that are casy

help designers to perform efficient art of the design
! 6 e ¥ & ter pnain b aned extend iﬂ'mi ﬂl].

tisks, For cxaople, doman-specific design systems have

Teeen elevelopsed sl wtilized o eficiently perform design Knowledge compilation is a common term in artificial

tasks for well defined and well-structured design prob- intelligence researel on problem solving, model-based

reasoning. machine learning. software engineering, and
We shall adopt a

lews [Nagasawn 57). However, developing such systems

1= an expensive and time-consuming task, In addition, it
i= clificult to modity and extend these systems sinee it is
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antomatic progranuning [Goel 91).
knowledge compilation approach, which is expected to
provide a methodology for the eonstruction of special-
purpose desigu systems for cach design object by io-
Leprating a desipn process mode] with a design object
maodel. The purpose of onr research is to realize tools

allowing designers to build knowledge-based systews for



parametric design in wechanical engineering simply by
nsing a knowledge cotapilation approach. Our knowledge
compilation approach seeks to antomate the process of
producing knowledge-based design systems from Ligher
level design spectheations. and the process of antowati-
cally restructuring existing software systeimns to produce
uew cesign systems that exhibit 1} an inerease in offi-
vieney vr wsability. 2] a change in representation level,
and 3} a redluction of veasoning, This approach ean facil-
itate knowledge rense becanse design knowledge such as
knowledge about the design object and knowledge abaut
the problew solving wethods ean be encoded separately
and explicitly and can lw represented in a general form.
Furthermore. it can also help knowledge acquisition to
the extent that the it is possille for users to construct
new knowledge-based systems easily [Mizogueli 88].

Previous work on the application of knowledge com-
pilation techuiques to design problems focnseed primar-
ily on design plan generation methods and consistency
maintenauce methods of knowledge-based design sys-
tewns. Araya & Mittal [Arava 87) presented a wethod
Ly which design plans can be antenuatically generated
by compiling kuowledge about artifacts, problein-solving
henristies, anmd characteristies of specific problems. Sor-
rane & Gossand [Serrane 90) presented a constraiut-
based environment for Mechanical Computer Aided De-
sign. where wethods for maintaining consistency are
provided to designers with assistanee during the early
stages of design and help to close the gap between
noviee amd experienced designers.  Furthermore. Feld-
man [Feldman 88] presented a constraint-hased knowl-
vilge compiler. whicl is used to optimixe constraint
propagation aud Lo improve the efficiency of constraint
propagation for a constramt language embedded within
a frame system by performing a dependency analysis
of cunstraint networks, as work on a constraint-based
kuowledge compilation technique.

We treat parametric design in mechanical engineer-
ing. where bath the knowledge and problem-solving tech-
niques are known in advance and the problem space
needed to find solutions is reduced. Iu such knowledge,
relations between the attributes of design objects as well
as the relations between the attributes within a design
object may he represented using synibolic descriptions

such as mathematical fornmlas.  Commen knowledge

in handhooks and other sources of engineering knowl-
cdge usnally appear as design formulas or relations whiel,
are combinations of viher eugineering knowledge rewrit-
ten for the designer’s benefit. We need to represent
this knowledge in an explicit, declarative, and domain-
independent form beeanse it should be easy to modify
awel rewse this knowledge for the realization of other
design tasks. Thns. considering a constraiut-based for-
wilization that regards this knowledge as constraints,
wmeh of the engineering design process can be viewed as
the identification. formulation. and satisfaction of con-
straints.  We will realize knowledge compilation that
asdopts the advantages of the constraint-hased formaliza-
tiom of parsncetrie design systems; we define this tech-
nigque as constraink-based knowledge compilation.

I Section 2. we describe the target architecture and
coustraint-based formalization of knowledge-based sys-
tems for paramnetric design in mechanical engineering.
Section 3 deseribes onr constraint-hased knowledge com-
piler. The enrrent status and future research are de-
scribed in Section 4. Finally, we eonclude with Seetion

S

2 Target Architecture of Knowledge-Based Sys-
tem for Parametric Design in Mechanical En-

gineering

2.1 Parametric Design in Mechanical Engineer-

ing

Parametric design is subrlasses of rontine design. Rou-
tine desigu is o class of design problem where both the
knowledge and problem-solving techniques are known in
aldvance so the problem space needed to find solutions
i reduced [Chawdrasekaran 90). Parametric design de-
termines or optimizes the structural parameters of the
design object, when its structure is fixed and standard
methods of designing varions componcuts are known,
Fig. 1 shows a model of the design process for para-
First, the design plan templates are
searched for knowledge base according to a design speci-

metrie design.

fication. These templates represent the structure or con-
figuration of the design objects ohtained from previens
ilesigns corresponding to the input specification.

Next. using the design plan temeplates, the strocture of
the design object is determined by searching the struc-
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tural medel kuowledge base for an appropriate design
style. or by configuring or combining predefined compos
nents. The engineering moedel 35 then determined based
on the structure of the design object. The cogineering
wodel of the design object consists of the analysis ol
ovalnation kpowledge abont the design objeet {egg. die-
sigi formnnlas] muld public knowledge (oo parts catalogs
and the knowledge in texthooks). Refinement of the en-
_‘.’;i.l.ll.'L"Ij.]lt.'| “I."E.ll.'l f'ﬂl’]".'ﬁ'l?!'[“l-‘- L£]] ﬂ."'.l]l-"‘r-l'-il.«j.]lr ﬁiifihfﬂ-"fi“‘n
[Mackworth 92] o opdimization. 10 ean be regarded s
either the sewcely for attribute parameters so that cow-
straints can be satisfied. or as the optimization of the
attribute parameters of the stroctures of the design ob-
jeet. If possible. during optimization. the strweture of the
design ebjeet is transtoried or wodificd lecally without
changes to the input design speeifications.

Iu evaluation of englucering nwodel, the enginecring
moele] 1= analveed and checked whether it satisfies the
tlesign specifications or nod, Do this case, there e fwo
methedds: domain-specific calenlations and sinnlation

In nodification of eneipeering  wedel, information
about the Failure of evaluation 1 nsed to nodify the en-
ginecring wodel withont changing the stroctural model

Ly evaluation of structural model. the structaral woddel
5 evaluated according to somwe evaluation eriteria aud
the causes of the design’s falure are analyeed.

In modification of stewctoral el information sl

the failure of o candidate design is used to modify the

design to better match the specifications.

2.2 Constraint-Based
Formalization of Knowledge-Based Systems

for Parametric Design

In parnmetrie design, first the atructural model of the
design abiject s deteriued by scarcling a knowledge
base for o desige style template according to given de-
sign specification.  Therelore, the problem spaee of o
parametric desipn problem s kwown in advance aml is
restricted becanse a class of this desipn problem is de-
termined by asswming the stractive of the design ol
ject. We can regared a parametric design problem as a
problem with a sufficient solution space where constraint
satisfaction [Mackworth 42] can be done without exces-
sive search. This problew is to find a consistent set of

parameter values, o which case nmnenc or symbolic op

timigation techniques and constraint satislaction tech-
wigques are effective. 16 can be viewed as oo searcl probe
lewi an alpebraie cguation-solving problem, or aw op-
Liendzabion probow. Thas, o constraint-based fornmla
Lioaes of papaebeie design, the salution may e in aspace
ceterinined by a 2ol of constraints [Chandraselazan 00],
'Ihll!' iIl'l.'p'ilIJLilJ"fhl'H H' L'"[l.‘"-’-i'-i{llrlT. }lﬂ.‘"i'll E"]'Ill-illilﬂ-ﬂ.'i'illl AT s
follows: A constraint is a wmore sophisticated representa-
tion whicl is effective for Imilding knowledge-hased de-
sigm sysboms because 0L s a declarative representation.
T additiom, a constraimt can be used o ey ways; it
can be added incrementally: it can be expressed in a va-
riety of ways: it can be nsed to solve problems efficiently;
it can lee nsed to support local maintenanee: and it can
alse provide a global view of the seavch space. Further-
niore, cotstraint-lased tu:'t'|||L:I:]m':-i bave been shown to
nnprove problem-solving capabilitics. We can expect to
reduwce the fime spent i anececessary scarching aud to
pigerove Bl efficieney of one problem solver Leecanse the
solution space to he searched can e vestricted by means
of thee effective alilisation of constraints, such as cleck-
ing of a selution or a partial solution, generation of a
partial selution. modification of a solution. propagation
of decisions to modify tuture decisions, and computation
of search space metrics.

Problem-solving mechanisins can be realized to solve
the constraint satisfaction problem, the optimization
probfem, or the sguaticn-solving problemn by apply-
ing various solution methods,  These solution meth-
adls 1volve search methods sueh as constraint propa-
widion, peonerate & tesl, refincment, or least cownoit-
et [N.‘L,,‘.:‘il.ll 88, Nagai Sﬂ'u]x mathematical progranming
miethods siel as linear programming and integer pro-
gramming, and equation-solving methods. Becanse onr
target design is & parametrie design and can be regarded
as a constraint satisfaction problem, the search for the
strnetural parameters is exeented throngh A constraint
nebwork [Dechiter 92] decived froan Lhe determined stroe-
ture of the design ohject.

Chir problem-solving  mechanism for a knowledge-
based system for parametric design is based on a gener-
ate & Lest mebhod and s composed of the following prim-
itives: the generator, the propagator. the tester, and the
filter shown in Fig. 2 [Nagai B8, Nagai §9a]. The con-

treller controls a hievarchical generate & test hy selecting
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and executing the problap-solving primitives according
to the structuee of the constraint network, The seieralnr
assigng valwes Lo paratncters or maps functional blocks
o eomnprrenls o plivsieal blocks or compouents. This
grenerator can take cilhor continnons or diserete valies,
In the former case. the generator assigns paramcters of
the attributes by local modification based on the prede-
bernmned components, Lo the latter case, thoe Frenerator
asdlghs pavameters by retvieving the standard prarts for
implewenting components fromn a catalog using a table
look-up wmethod. The propagator Asslphs parameters by
actively ecvaluating functions or consteaints. aned reog-
agating and solving constraints. The tester cliecks the
coustraints: testing is also considered as the passive hay-
dling of constraints. In general. ineaquality constraints
v be regarded as the tester, but in some contexts, ey
can also be considered as equality constraint, The filter
produces. as ontput. values that sibisfy the constraints.
by removing the wsatisfied values [rom input values or
acjusting inpnt values to standared valnes.

Finally. knowledge-based design systems having an
mference engine. wlere a prableme-solving meehanism
e performing a specialized desipu task is realized ns-
wmg problenesolving primitives and embedided. are gen-
erated using knowledge-based system building tools or

progranming languages,

4 Constraint-Based Knowledge Compiler for
Parametric Design Problems

Lu this section, we describe a constraint-hased knowledge:
compiler which adopts vur constraint-based knowledge

compilation technigue.

3.1 Overview of Constraint-Based Knowledge
Compiler

The general flow of our constraint-based knowledpze com-
piler is shown in Fig. 3. The compiler contains fonr main
procedures: retrieval of design plan template. determina-
tion of structural model of design object, determination
of engineering model, and constraint analysis and plan
grneration,

Inputs to the compiler are a design specification, which
nelndes the fanetional description and constraints sneh
as performance and a resource linitation in the form

of a parmmetric description, The compiler searches a

knowledge base for a design plan template according to
given design specification, 1t determines the straeture
of the design object by searcling the knowledge base for
the strnetival nwdel of design object {e.g the instances
of the configuration and mechanisim of the design object )
tsing bliis design plan template,

Mext, this compiler deternines the engineering model
fe-g- the analysis and evaluation methorls) correspond-
g to this structure by searching the kuowledge base
for knowledge about the design object and knowledge
about problew-solving.  Cousequently. the compiler is
able to penerate a set of constraints smee most engineer.
ing monlels ean be expressed in terms of constructs such
#s algebraic equations and data input descriptors. This
sct of constraints is regarded as a constraint network in-
volving a set of parameters and their domains of finite
or infinite values [Mackworth 92).

3.2 Constraint Analysis and Plan Generation

Fip. 4 shows the general flow of coustraint analysis and
plan generation. [n order to deal with constraint analy
sis and plan generation for networks with a hietarchical
structure. five main procedures are used.  These pro-
cedures are: inheritunce analysis of drswgn object {by
generation of class definition tables), determination of &
dutaflow analysis sequence. two dataflow analyses, wnd
plan generation (by both generation and update of ta-
bles},

Handling the constraint network in constraint analysis
and plan generation is diffienlt because the strueture of
the network is quite complicated for a complex design
objeet. Therefore it is uecessary to structure the network
with a Lierarchical level of abstraction aud to combime
submetworks, mstead of handling the whole network as

a flat structure,

(a) Constraint Analysis

Effcctive utilization of the structural information of
the problem: space extracted nsing constraint analy-
sig will lead to improvements in ihe solution et
ods for constraiul satisfaction (e constraint prop-
agation ). construnt-divecied search (eg. dependency-
tirected backtrack search). and hierarchical generate &
test [Mackworth 92. Dechiter 92). In the process of con-
sbraint propagation, local aned won-loeal (glubal) propa-
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pations must Landled [Sussman 80 In local propaga-
tion. known values are propagated along the aes to the
nodbes of the constraint network by wsing local iefocme-

tion

Sussman 20). When Lhene s acoyelie dependeney in
the constraint petwork. Lle IJl'I]]J]FlJI can ot solved Ir}’
nsing local propagation ouly. In non-local {global) prop-
agatiot. giobal information snch as an eupuation-solving
techeiope. s regquired todeduee the values of the pa-
viuneters. [nonr copstraing analvsis, the analvsis for
the loeal constrainl propagation nol constraint-diveeted
searell meclanism is vealivel.

Mext, each procedure of constraint analysis 15 de-
seribisl. Thecanse our design kuowledge is represented
using an object-orieuted agnage, Hexible modification
and reusability of this kuowledge can be aclipeved by an
ihentanee wechanisi, Toferitanee annlysis analyees
mheritanee relations belween Tunctional Blocks aoul fe
Lween l'"l:lll]"]H'll'.H ill I:]f".‘i..!ﬂll li'll('l-wh‘ilF:F". I“ I'IIH-FI'I:_HI'”I'
arealpsis seguence determinetien. the part-whole vela-
tions and inheritance relations of the design abject are
analyzed and a divected-acyclic graph (DAG) 15 goner-
ated using the resalts of the analysis, The datalow anal-
yais geguenee 5 determined according to the DAG graph
and it is represented as a tree description composed of
part-whole relations and inheritance relations of the de-
sign abject, The two datafiow analyses {phase one and
phase twio) are execnted according to this tree descrp-
tion. These analyses execnte a procedure similar to that
af the datatbow analysis in the optimization phase of a
conventional compiler [Alo 77, Plase one corvespoueds
to the loval optimization. Le. optinization of a basic
biock of the compiler. amd phase two corresponds to
the glohal optimization. e global rearrangement of the
dataflow graph generated during phase one.

Fig. 5 (a} shows the main algorithm of the dataflow
analysis composed of phase one (line 3-8) and plase two
(e 9-11). Phase one procecds rom the bottow wpe it
performs dataflow analysis (Ao 77] and grouping of ana-
lyzed dataflow information for cach component as shown
in Fig. 5 (1) and each functional block as shown in Fig,
T {c). In the dataflow analysis for each component. con-
atraints are analyzed according to the problem-solving
types assigucd to each constraint and the dataflow infor-
s bion 1% extracted, Thos. the dataflow graph is built for

thes cous Lraints h_l,' m:rj:dini:ug al gu:illpillg the extracted

dataflow inlorwation (Fig. 5 (e)). In the dataflow anal-
yais [or functional Block. the same dataflow analysis as
anie for each eompouent is execnted nsing the resalt of
the datafiow information of each compounent as shown in
Fig. 5 {¢). Concretely. dataflow analvsiz beging at the

lowest-leve] node af the tree description of the design obe

Jeet am] procesds towards the highest-level node of the

tree, IF there ae inheritance velations, the coustraints
are not processed along the node luerarely between par-
et noedes aned children nodes. bot are treated as a flat
set of constraints ineluded in both pavent nodes and their
chileren nodes.

Phase two starts from the root and proceeds from the
top down towards the leaves of the tree se shown o Fig,
el b the depondencies among Ll constrants ave deter
mineak by re-analyzing datallow information extracted
Fromn constraints wnong mnctional blocks, and between
fusetional blocks amd components, This dataflow anal-
wvais bs cguivident to the inter-procodnral optimization
of & conventional compiler [Aho 77). Finally the depen-
dencies among the constraints of the whole system ave

determmned,

(b} Plan Generation

After dependencies among the component and functional
block constraints are obtained by constraint analysis,
plan generation procecds towarnds the higher levels of
the hicrarchy of the design object using the results of
the constraint analysis as shown m Fig. 5 {[) and {g).
Thus, o desigy plan is generated by gronping the depen-
dencies apalyzed above and re-analyzing them. Fioally,
a problew-solving mechanism based on the problem-
solving primitives snitable to the given problem is gen-
erated by assmming tasks necessary to solve the problem

from the analyzed dependencies,

3.3 MECHANICOT

To help designers build o kpowledge-basedl system for
parametyic design in mechavical cogiucering, we pro-
pose a tool MECHANICOT in which design knowledge is
treated as constraints and this design process is treaded
as o constraint satisfaction problem. MECHANICOT is
aconstraint-based knowledge compiler with libraries for
describing design knowledge., The designer inputs & de-
sign specification, knewledge about the design object,



amd knowlidge abont problen-solving to MECHANI-
COT. by speeifving systo libraries of knowledge basos,
MECHANICOT aua-

I,‘!-"?mi paralneters, coustraints. ol straetures of a de-

or by wodifving these libraries,

sigh object. extracts the dataflow inforation. gener-
ates a design plan by analyzing depowdencies among
constraints awd paramcters. and provides an interfaes
between the design knowledze amld the inferenee en-
The ontput from MECHANICOT is & special-

ized knowledge-based design system inelnding desiguers’

i

heuristies. As a result of an execution of this generated
system. a design calenlation is performed and the fue-
tional machine il with dimensions is descrilvd an the
graphic display.

Fig. 6 shows the architecture of MECHANICUT,
the tool we are developing.  The libraries consist of
knowledge abont the design object which includes fiune-
tioual blocks and conmponents feag. shafts, beavings
prars) imeluding design fornilas, eatalogs, and tables
and knowiedge ahont probleni-solving,

Design knowlidge. such as knowledge about the di-
sign object and knowledge about the problei-salving,
is encoded separately and explicitly so that knowirdge
reuse can he facilitated. Kuowledge about the desipn
ohject is represented in a molularized forne e do-
sign plan tenplates. functional blocks, and coinpolents
are described as class modules. A class hierarchy rep-
resents inheritance velations {inherit_from) and part-
whole relations | consist_af) amnong classes. This kuowl-
edge consists of design parmnciers. part-whole or inher
itanee relations. and constraints.  Constraints include
structural constraints. design formnlas, and relationships
among desigu parameters, Strnetural constraints repre-
sent relationships between components, hebween fune-
tiomal blocks and componentz. and between fnetional
blocks; these relationships are determined according to
the part-whole relations of tie design object,

Knowledge about problem-solving describes solution
methods to realize problem-solving mechanisms for de-
sign tasks wsing au extension of generate & test, In
MECHANICOT. suwch knowledge is classified into fonr
problew-solving primitives sucl as the generator. tester,
design method. and filter shown in Table 1. according
tn the problem-solviug types. The design method repire-

sents the functions or wethoeds, and search methods from

catalogs and tables which have uo alternatives. while the
generator represents the functions aud search methods
fronn eatalogs or tables which Lave alternatives such as
inequalitics. The generator is used for restricting the
search space. The tester represents cqualities and in-
erualities nsed for testing solntions from the generators
or for evaluating solutions. The filter is used for adjust-
ing solutions to standard values.

Generally several alternative valoes may he generated
for a parmmeter so that constraints cay be satisfied be-
calse wiany constraints are represented as pnltidires-
tional relations and no notions snch as ASSIENLICNE, Pro-
ceilure. or control flow are introduced. Sinee there are
several possible solution wethods, it may be efficient or
mefficient to solve the problemn depending ou the solution
wethod msed. or it may be difficult to solve the problem
cuongh nsing only given constraints,

MECHANICOT uses a dataflow implementation of
constraints [Borning 81, Sussman 80, Each coustraint
is represented as aset of procedures that compute valmes
for the remnimng parameters and o procedural test for
whether or not the constraint is satisfied. The former
procedures are implemented using fanctions or weth-
odds and are given a problem-solving type design_method
The latter test is implemented using relations such as
enualities and inequalities amd it is given a problem-
solving Lype fester. In addition, probleni-solving types
such as gencrator, constraint. and filter can be assigned
to each eonstraint. The problem-solving type constraint
18 assigned to the structural constraint and a direetion
ol this constraint can be determined wsing input infor-
mation. For exainple, the constraiut @ = b+ ¢ has three
design_method type cotstraints o = b e, b= g — o, an
¢ = a—b (where := means an assignment ) and the tester
type constraint @ = b+ ¢ (where parmmeters a, band
¢ bave a value). il neccssary.  Consequently problem-
solving wechanisms are realized accordin g Lo Lhiese bypes
through a constraint analysis and plan generation.

3.4 Example of Constraint-Based Knowledge
Compilation Using MECHANICOT

we will explain in detail MECHANICOT's
constraiut-based knowledge compilation process, nsing

First,

A gear unit as an exaiuple of the design object. Next, we
will deseribe a result of the compilation nsing the main
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:-ip'im“i‘ lieal of a Latle

3.4.1 The Gear Unit Design Problem

lu this section, we nse, as an excaple, the gear wut, Fag,
T {al) shows the gear nuit, a subsystem of the power unit
of the main spindle ead of & lathe transmission ot
fTnone 88]. Fig. 7 (b shows the part-whole relation of
the gear unit composed of the entpat shaft, mput shaft.
aned gears. The gear nndt design is a typleal exanphe
of parawetrie design. [t can be considered as a prob-
lewn of determining the design paranieters o that the
specification parameters. performmeee paraeters, apd
cogstraints e sabisfied when the stracture of the design
alject s assaned to Te fioed, Do thes problem it is nee.
pseary to comsider that there are bwo stratepies for the
i plementation of the physical components nsing stan-
dard parts and data obtained by searching catalog ansd
tables, and now-standard pacts olstaioed by calenlating
design formanlas aned determuiming design parameters ancd
thelr combinations,

Tenpsmnt patvsnnpebers ad ontpat parameters ave shown i
Fig. 7 el Tuput parameters arve the twisting monient
of the input shaft Ty the shiearng strength &, the
tederant torsion angle 8. the nnmber of input revolu-
Lisis . the twisting mowent of ontpnt shaft T, the
shearing strength (7., and the tolerant torsion angle
#ope. Outpnt parameters are the gear ratio Hy. the piteh
diameter of gears Pd_wleeel and Pd_prnion, the shalt di-
amters 1, and By, and the nuuber of ontpat revo-
lutinns f,,p

Fig. 8 shows constraints requived to design a gear unit.
Based on problem-salving types assigned to these con-
straints. a problem-solving mechanism s realized so Ehat
these constraints can be satisfied, Among the constraints
[ each gear design. equation {1) describes the relation-
ship amoug a0 gear mednle m, a nionber of gear teeth Z,
and a gear piteh dinmeler Pd Iu this case, beeause e
tenlule wr takes a discrete valne set, the problemsolving
type generator is assigned to the parameter moof this
couation. The eguation can Dee interpreted as a proces
tlure with the generator. Inegualicy (2] means that the
minimnm valie of the gear piteh diameter is obtained
from the values of the shaft diameter D5 and the valoe
of the wodule m. luequality (3) means that the ma-

wimiwe value of the gear pitch diameter is determined from

the valne of shaft revolutions Rpm. In MECHANICOT,
inequalities ave trausformed to eguations with genera-
tovs. Dased on the probleme-solving type design_method
assigned too these cguations.  these transfomed  eqgoa-
tioms are reparded as procedures (e assigninent state-
pienkspoand luunlled by generate & test probleme-solviog
meclhamisig,  For example. both doegualities 2] el
(31 for wheel and pinion gears are regqiived and they
P

- _rhesld

are trapsformed to the procedores:

De + T, Pilps wheel =

D +Tiw, Pil i grimiony
M= i,

Pl e tiveims v= 2000 % R, and the two

grnerabors:  a generator for a pinion gear that gener-
ales positive integer Pdopinion by increments 1 from
the midtinnn vabwe Py, pinden and the maximnm
vihie Pidype prvion and a peunerator for a wheel gear
thar gencrates positive integer 0 ahies! by increments
L fronn the winimum value P, rhes! and the maxi-
wintin vadne P cedecls Boguation {4} desovibes a re-
Intronship mnong the gear pitcl diameters Pd_udfieel and
Pl piimion, and the gear vatio Ry for s pair of gears,
The probleme-selving type fester is assigued to this con-
straint. Then the constraint is regarded as a testor which
tests the gear vatio [, Equation (5} is the design for-
mula representing a relation with parameters twisting
meiuent 1 tolerant tovsion angle 9. shearing strength G,
anel shaft diameter D Based on the assigned problem-
solving type desigre meethiond, a procedoee is selecte] from
a sl Uf IJ[lH'l.‘i]ll“"ﬁ- 'Il!!til'l].'I !JI“‘.IJ{H!S or rlllll!t.il]'llﬁ COTTe-
spanding to the eqnation. The equation is regarded as
a procedare. Equation (6] describes a structural con-
atradnt on this unit: the gear hole diameter Dwehee! mast
b egqual to output shalt diameter Dowd in order to as-
senble the gear unit, Based on the problene-solving type

constvaind assigned to this constramt, datafow forna-

tion can be analyzed using given input information.

3.4.2 MECHANICOT' Solution

We explain MECHANICOT s constraint analysis and
design plan generation using the gear nnit as an example.

The user inpnts design specification including design
parameters shown in Fig. 9 (a) to MECIIANICOT.
MECHANICOT determyines the structure of the gear
nmt,  After mhentance analysis and construant analy-
sis sedpepee determination, MECHANICOT begius cou-

atraint analysis. First, it scarches the knowledge base

T —



for knowledee about functional Blocks and colnponents
shown in Fig. 0 (bl ie. il determines the enginecring
model aceording to the determined stroetinre. This eol-
lected knowledge can thus constitube & set of constraints,
Fig. 10 shows a constraint network corresponding to this
COLEEAIE et

Next. ddataflow analysis consists of two plases, o
phase one. dataflow analysis [Aho 77] is excented to the
constraints of the iput shaft. autpat slnft. anel gears
b pair of gears) thar corvespond te the leaves of the
tree deseription showu in Fig. 7 (b} {ie wreprnid sfioft
— oulprt shaft — geas — gy wndt), T this ease,
when the problem-solving type design_method is asslged
Lo the constraint, an approprirte procedure nsing Dge-
tions or inethods corresponding to the constraint to he
analyzed i= seleeted from a seb of procednres stored as
kuowledge abont the design abject. For exaniple, if tle
constraint o = b+ ¢ has three designomnethod Ly con-
straimts a ;= b+e b= a—c and e = a—bas kmowlodge
about the design ohject, a appropriate constraiut is so-
lected from them amd is regarded as a provednre. When
the probleni-golving type generntor is assigned to o con-
straint. the constraint is regarded as 2 generator wliose
nput and ontpul parimneters are determined, When the
problem-salving type filter is assigued to the constraint,
the constraint is regarded as a filter, When the problem-
solving type fester is assigned to a constraint. the eou-
straind is vegarded as a tester. In the case where there
i~ only one paraueter of this constraint. the Fenerator
sharing the swne parameter is modified so that it enn-
merates only values that satisfy the tester, [n the design
method for calenlating aw input shaft dinmeter. datafiow
information is extracted from fusctions or methods cor-
responding to the constraint and input parameters such
as the twisting moment T, the shearing strenpgth G,
Al the torsion angle #,,. As a reault, the inpmt shafi cli-
ameter 0., can be considens as the sutput parancter.
Then, traversing toward the root of the tree. datafiow
analysis is done in the functional block {gear unif) i the
upper part of the tree description. After that, we pet-
form dataflow analysis for the funetional block gear unit
and its components the mput shaff, mudprat shaft, and
pair af gears. The dataflow analysis terminates when
the roob of the tree is resclicd.

In phase two, the dataflow analysis is execnted from

the voot of the tree to the leaves in Fig. 7 (b) (i.e. frer
wnit — input shaft — output shaft — years). In this
phase, depemdencies between the functionnd block { gear
unit] aml the components (mput shaft, outprt shafl, and
gears). and dependencies between the components them-
selves. are re-analyzed wsing dataflow information: fi-
nally the dependencies of the whole system are analyzed.

L plan generation, the problene-solving  primitives
shown in Table 1 are integrated into subgoals accord-
ing to the problew-solving Lype [generator, tester de-
sigm_method. constramt, and filter) assigned to each con-
straint =0 that the name of each subgoal is unigue, Suhb-
goals are arvanged and integrated into goals based on the
uput-output dependencics of the paruneters genelatad
by dataflow analysis shown in Fig. 11 Unigue names
e assighed to goals in exactly the same wiy as they are
assighed to subgoals. Finally, an exeention seqivence for
poals is determined ased on their input-output depen-
tlenecies. This sequence is managed in a class that is one
level higher than the class iv which the goal is tneluded,
When generator & tester loops are inelude] in execn.
tion stateients. a gencrator correspolading to a tesier
i5 found by analyzing dependencies of constraints and is
moved to execnte the generate and test loop efficiently.
Execution of these statements can be considered equiva-
lent to the realization of test movement [Dietterich 86).
Test movement regresses tests back into the generator to
achieve carly proning without affecting the correctuess
of the problem solver,

Fig. 11 shows a design plan generated according to
this analyzed result. This figure consists of dataflow de-
seriptions for each gear and for the pair of pears.  We
asswne that the relationships among the goals and sub-
goals correspond to the hierarchical relationships of the
design object shown in Fig. 7 (¢): the structural relation-
ships between the functional blocks and components and
the design methods for the functional blocks and O
nents are formalized and given in advance as the strue-
tural amd engineering wodel descriptions of the design
ohject i the knowledge base. From kEnowledge about
the design object and knowledge about probleni-salving
derived from the input design specifications shown in
Fig. 9. we gencrate a design plan using constraing-
based knowledge compilation and finally obtain a plan
written in the Extonded Self-contained Prolog (ESP)

8_



[Chikayama 84] code shown in Fig, 120 Fig. 13 shows an
ecxnple of the MECHANICOT system appeanng s the
Persomal Sequentiad Inference machine (PSI) 11 [Taki 84]
wittilows: {a) shows the compilation process of a gear
it design problen. (B shows the hieravcly of design
knowledge {design object ) and (o) shows the cliss dedi-

niticns of lli'HiHll |-;,||uw|r|_':|,;.:,1,

3.4.3  The Main Spindle Head Design Problem

Az another example. we examine the wain spiwdle heal
design problem. which is a large aned practical paranet-
rie design problem in wmechanieal enpiocering [lnone 38).
The wndn spindle head of a bathe, shown o Fig, 14,
vonsists of a main spindle to grip and rotate a work-
piece. womobor as a power souree. Ve-belts and a paic of
pulleys Lo transmal power Teome the peotor tooa palley
shaft, bearings to suppovt both the wain spiodle ol
the pulley-shaft, and two pairs of gears o change the
main spindle spesd. This prableny is to detormime flie
climensions of each part and find cach part wpber by
searching catalogs.

Talile 2 shows an cxanple of two input paratneters {de-
sign specificatinns | composed of cutting capacty reguire
ments and evaluation criterion al an example of soatpat
felesign) parimeters. The defanlt valves of input param
eters are shown at the right side of the table 1. Talle 3
shows the nmbor of constraints used o the coustrain
anatysis of MECHANICOT. Although the wanual con-
struction of desipn plans (ic kuowledge-based design
syatemes) for this problens takes a few hours by scarch
and choiee of parts cataloge winl tubles, desigy formulas,
or physical laws, MECIIANICOT compiles this prodslem
comatradnts derived frow the inpnt design specification
wnd generates a design plan in renghly 10 minntes CPU

tine on & FST U mackine.

4 Current Status amd Future Research

The first implementation of a consteaint-based knowl
valge compiler MECHANICOT is carried ont using the
ESP lauguage on the 'S 1T machine.

MECHANICO'L does not provide a friendly user inter-
[ace, i one where the designer can give design specifi-
cations and desigy knowledge in the form of a schematic
deseription as an input. In other words, it receives de-

sign specifications, design object representations writien

in an ESIlike object-odented langnage, and problem-
solving primitives excenting solution methods as input,
acl generates the design plan written in ESP as ontput.
The exeeution wechanisin of the generated design plan
15 realieed wsing ESP's mference mechanisms. such as
nnification and backbracking.

Tor analyie Loth bocal aind non-loeal consteaints in con-
straint analysis. it is necessary to separate the canstraint
petwork into parts that can be processed by local prop-
agation {tree description) and parts that require non-
loval propagation {loop description) [Henley 73], Con
sequently. each deseription shonld he dealt with by ns-
g the appropriate problem solver for constraint han-
dling to split up the constramnt network thereby redue-
g the search space of the problem. However, since only
leweal comstraints are handled in onr constraint analy-
sis. problop-solving types anch as genemtor awd lester
st b assigned to cowstrants soo that the oele of a
constraint dn the probleme-solving wechnai=m s leed,
[n futnre, the problem-solvers that can handie the lo-
cal auel the non-local constraint propagations (e, con-
stramt solvers) are required. Fucthermore, we handle
only obligatory (havd) awd static constraints [Nagai 88).
Thes hanelling of snggestive (soft) constraints [Nagai 88]
and of ilynamic constraints such as the addition, deletion
and modification of cousteaints during design process
lias not yet been investigated. Both static and dynamic
analysis of constraints, including constraint relaxation
[Nagni B8, Nagai 89a]. are required to realize dynamic
constraint handling.

When a constraing-based knowledge compiler is used
as & building tool, the designer needs to be able to gen-
vrake design plans automatically, recognizing undercon-
strained and overconstrained states in the constraint net-
wark. However dataflow analyvsis seems to be unsuit-
able for a constraint analysis that checks these states.
To detect overconstrained and undercanstrained states,
wie mnst consider a structoral analysis method that an-
alyzes dependencies between parameters of constraints
(Lopology nlonmation of the constraint network) by con-
sitlering the constraint network as a bipartite graph
[Napgu 91].

For the futnee, we will cousider extending the con-
straint analysis to ntilize the stroeture of the problem

space cffectively and to inprove constraint propagation
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and constraint-directed scarch. These extensions incluee
1} ineremnental analysis to handle constraints that change
dynamicaliy. 2) handling of the different priorities of the
constraints, and 3) dynamic interpretation of the divec-
tiom of an information ow of constraints. Fuorthermore,
an gemeration reguires the seheduling of goals aned sub-
goals according Lo tle rongh prediction of the necessary
cast of problem-solving gadned during constriot analysis

[Nagai 80a).

5 Conclusion

T this paper, we discussed a constraint-based knowledge
compiler for pananetrice design in meehanical engineer-
ing. We regarded Wl design process of this parawetric
design as a constraint satisfaction prollem and assumoed
a problet-solving architecture of knowledge based e
sign systems wsing an exteusion of the generate & test
miethod,

Wi have demonsteated the constraint-based  knowl-
ealge compilation technigne on the functional machine
nnils, o gear unit and a madn spindle bead of a lathe,
by develuping a knowledge-based systemn building tonl
MECHANICOT. MECHANICOT generates a design
plan that cubeds the constraint-incorporated problem-
solving mechanisms vealized using problem-solving prim-
itives ancl that solves the pavmoetiic design problem in
mechanical engineering. MECHANICOT can be also re-
gariled as a soltware CAD tool,

The coustraint-based knowledge compilation  tech-
niggue: will be expected to be applicd to various routine
design tasks such as confignration tasks and cirenit de-
sign tasks becanse it is deseribed in a peneral form similar
to a canventional compiler and rensed so that design plan
can be generated easily for other design tasks. This tech-
nique will lead to an improvement of the developuicnt of
knowledge-hased design systems aad an enhancement of

the productivity of designers or end users,
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Table 1 Froblesssolving primitives according to the prablemeanboing 1ypes

Frablem-salvng Lvpes anaigeed Lo a constisiat | Coustrain! woorporated problemesolving primitives

same genf Faramerer, [Min, Maz, fnc]]

Generatsr
mame_grof Poramcler, [Dvscreteaei])
Tester same. tester{Conadrain, [Inpui_paraf, [Result[]
Dot grenethod e _design_rmethodi Condraind 1M¢llo¢‘a_nrfunc1 ana|]
Filier nams FlLer{Cenatraint, [Fapupara], [Tuigulpara]}
Note

Min: manimum vales, Moy maximuem value, fae Borement,
Dupereteoagl. wopnt of disereds valees, fapalpard inpul parameters,
Camilrgind; consiraint, Kesult result or cwlput vaboe,
Melhadpr_Fuactions a sef of methads ar fnetions,

Chelpplpare: gulpal parameten.

Table ? Example of input 55d satpui paramacers of & main sgzadle head desgn

Inpul parameleid
{design aeguiremaning

Example o values

Culting capacity

Workpisce materia S43C

Toal material Special bardaess
VWarkpieee diametes (mae) | 1650 jmm)
Munapizdle speed [max.] | 600D [rpm)

Cutting dezth fmax) 2.0 [mm)

Feedizg speed (max.} 0.5 [mmipr|

Dailll diasnetes {msan.) 40.0 [mm]

Theill speed [max.} 30.0 jmpen]
valuation Life of bearsngy A6DA0 [hours) |
W o

mm: millemeders, ppas: fecalulions per minule,

easape: mallimetery per recolsdion, @pla: MEErs per minule.

| Outpur {decan | parameters

Dotermined by caleulation Maa spandis diameter

Pudey. bl dameaier
Gears L pullers ratim
Number of grar eeth
Gears pitch diameters

Reawls of prewious design Beading sount tipe

Bearing 1334

Search frem esralagys ae tahles Fleuix; prart nmbar

Alowgr pars nombac
V. beft part nunther
Polleys part mumber

Takls J The aumbe of contiriinls vsed o the constiraint analyun

Freblem solving sype

clrlouajr| cf

Irengn problem

mar @Azl T2 2811 73

Spindis bead [ 11 ] 8] 105 ] 2] 152

Nate

G: generalor, Ti dester, DM dedsgnm ethad,

F: fitler, i abvwgtueal eonstraint
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