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Abstract. Asadesignsolutionbecomesnoreconcreteanddetailed
duringengineeringlesignmoredesignparameterareintroducedo
specifythe solutionquantitatvely. This increasedhumberof design
parametergauseshallengesanddifficulties to a designeiin terms
of gaininganinsightinto the significanceof thesedesignparameters
andtheir influenceon the overall performanceof a product.This in
turn caneasilyleada designetto generatinga lessoptimalfinal de-
signsolution.In orderto overcomesuchdifficulties,adesignsupport
systembasedbn a genericconstraintsolvingtechniques derivedto
supportengineeringlesign Thesysterris concernedvith threetypes
of constraintsnamelykinematic,enegetic and spatial constraints
of aproduct.Standarccomponentganbe selectedrom the system
componentibrary anda productcanbe subsequentlgonfiguredus-
ing thesecomponentsThe systemthencanautomaticallygenerate
all therelatedconstrainteanda designsolutioncanbe selectedrom
solutionsobtainedfrom constrainfproblemsolving. The systemcan
alsodealwith anincompletelydefineddesignsolution.

1 Intr oduction — Preliminary DesignProcess—

In engineeringdesign,particularly in mechatronicsystemdesign,
whena new artifactis designecbasedon customers designspecifi-
cation,adesignetypically goesthrougha numberof designprocess
stagesnamelyproblemanalysisconceptuatiesignembodimentie-
signanddetaildesign3, 6]. Designusuallycommencewith aneed.
The purposeof the problemanalysisstageis to translatethis needin
customess descriptioninto a ProductDesignSpecificatior{7]. This
canthenbe usedasatamgetdocumenfor bothgeneratinga solution
andmeasuringt. At conceptuabesignstage,a numberof alterna-
tive solutionconceptg6] or scheme$3] arenormally generatedor
further exploration.Embodimendesignstageis concernedvith re-
fining relatively abstractdescriptionof conceptinto moreconcrete
anddefinitive solutiondescription More quantitatve designparam-
etersareintroducedat this stageto make a solutionmore concrete.
Constraintgo be satisfiedby the new productdesignparametersan
bedescribedn theform of equatiorandinequality Thosedesignpa-
rametersassociateavith their constraintsnaybe of kinematic,ener
geticandspatialnatureof theproduct.Thekey actvity hereis thede-
scriptionof constraintsAt detaildesignstagetheschemeselectedt
theembodimentesignstageis workedout in greaterdetails,result-
ing in documentatiotraditionallyin theform of assemblydrawvings,
detail drawings and partslists. During this stage refining and opti-
mizing the definitive solutiondescriptionarethe key tasksandthese
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(b)

canbedoneby computingparametevaluessatisfyingall constraints.
This stageis henceessentiallya stageof computationof parameter
values.

Of interesto this paperarelasttwo stageof adesignprocessde-
scriptionof constraintandcomputatiorof designparametevalues.
Thereexist significantproblemsduringthesetwo actities.

(a) Problemsaboutdescriptionof constraints

In innovative design,constraintsare often describedbasedon a
freehandsketchdrawvn by a designerFor example,whena new
robot arm is designedconstraintsare definedby referringto a
sketchin which anarmis dravn asa sggmentanda force vector
is expressedisanarrown. In sucha method,designers work load
involving robotarm's kinematic,enegetic andspatialconstraints
is heavy andit is difficult to avoid designers mistalescausedy
misunderstandingf thesketchandthecompleity of theproblem.
Problemsaboutcomputatiorof parametevalues

Usually parametenvaluesare computedby executingcomputer
programdamadeby a designeibasedn a setof constraintsThese
valuesaredeterminedisingdifferentanalysigprogramsrom dif-
ferentviewpoints. A different analysisof a designsolution re-
quiresadifferentcomputeiprogramFor example kinematicanal-
ysisusesa differentprogramfrom systemfunctionanalysis Fur
thermore thoughit is necessaryo assignconcretevaluesto all
theinput parameterin a corventionalcomputemprogram several
parameterareleft unknavn attheearlydesigrstagelUsingacon-
ventionalmethod,it is difficult to handlea formulathatcontains
unknavn input parameters.

Furthermorewhenanalternatve designsolutionto the samedesign
requirementss consideredthe above processhasto be repeated.
For example,since both kinematicand force balancerelationships
abouttwo-joint andthree-jointarm robotsare completelydifferent,
constraintsetsand computerprogramsare alsodifferent. Sincethe
computatioris complex andtheworkloadis very intense a designer
often acceptshe first designsolutionwithout exploring alternatve
designsolutionsandfinding optimalone.

Thisresearctaimsto overcomethesedifficulties describedabore
by applying a genericconstraintsolving technique and to develop
a designsupportcomputersystemto reducedesigners work load.
Furthermorethis systemenablesa designerto explore alternatve
designsolutionsto complex mechatronicesignproblems.

The structureof this paperis asfollows. In Section2, approaches
of thisresearctaredescribedSection3 explainsthe architectureof
thedesignsupportcomputersystem.In Section4, a designproblem
of atwo-fingered-tw-joint robotis shavn asanexample.



2 Approachesof this reseach

This sectiondescribesa complementaryset of approacheso two
problemsdescribedn the previoussection.

2.1 Componentlibrary — Approachto description
of constraints —

In engineeringlesign adesigneiseldomgeneratesa designsolution
from scratch A new designsolutionof conceptuatiesignis typically
presentedsa new structureconstructedy combiningavailableba-
sic componentsuchaslinks, gearsandmotors.Fromtheviewpoint
of definingconstraintsthisis regardedasaprocessn whichaglobal
constrainsetabouttheproductis composedby combininglocal con-
straintsetsaboutbasiccomponentandaddinginterfaceconditions
betweerthosecomponents.

Theauthorgproposedo provide adesignemwith adatabas¢hathas
constrainsetsaboutbasiccomponentgommonlyusedin engineer
ing design.Thedatabasés calledthecomponenlibrary. A designer
selectmecessargomponentfrom it andobtainsa global constraint
setaboutthe productby addinginterfaceconditionsbetweenthese
componentskigurel shaws a link asanexampleof componentsn

Figurel. A componentink representation

thecomponentibrary. The constraintsareasbelow.

Constraints about the link
Kinematic constraints

1. Thedirectionvectorsandthe rotationalaxis vector have unit
length.
la:| = |ao| = n| = 1.

2. Therelative rotationangleis expressedy directionvectors.
a; X ao =nsinf, a; - a, = —cosé.

3. Theaxisdirectionvectoris definedby positionsof bothedges
andlink length.
Pi I_Jo = Lao.

Rotational velocity vectors of link axes

1. Therelatve rotationalvelocity is expressedy bothaxes' rota-
tional velocity vectorsandtherotationalaxisvector
Wi T —Wo " T = W.

Transmission of rotaional velocity

1. Thejoint of link doesnotrotatearoundary axisnormalto the
rotationalaxisvectorn.
Wo X1 = Ww; X N.
Rigid body condition
1. Theloadingpointis ontheaxisandthelink is notbent.
Ve — Lewo X Qo = Vo — Lwo X Qo = V;.

Constraints about Links

Constraints about [ |

. Motors

[ Pl |
Constraints about Batteries
ﬂ Combine

Constraints about the whole system

Figure2. Composingheglobalconstraintset

Forcebalance F; + F, = Fe..
Torquebalance 7; + To — Fo X Lao = Te — Fe X Leao.
Parameter list

ai, a,: axisdirectionvectors,

n: rotationalaxisvector

P;: positionof rotaionalaxis,

P,: positionof interfaceto anadjacentink,

L: link length,

Le: positionof load,

0: relative rotationalanglebetweeraxes,

w: relative rotationalvelocity betweeraxes,

wi, Wo: rotationalvelocity vectorsof axes,

v;, Vo Velocity vectorsof edges,

ve: Velocity vectoratloadpoint,

Ti, To: OUtputtorque,

F;, F,: outputforce,

F., T.: externalforceandtorque.

Figure 2 shavs an example of composinga global constraintset
aboutthe productby defining interface conditionsbetweenbasic
componentselectedrom the componentibrary. In Figure 2, two
links, two motorsandtwo batteriesareselectecandcombinedthen
arobotarmis constructedA designerdefinesinterfaceconditions
includingthatinterfacepointsof bothlinks areidentical,thatdirec-
tion of link axsesandrotationaxsesaresame andthatoutputforces
attheinterfacepointcounterbalanceachother

2.2 Algebraic constraint solver — Approachto
computation of parameter values—

In orderto determingparametevalues,a designehasto analyseale-
signsolutionsfrom differentviewpointssuchasforwardandinverse
kinematicanalysisand optimization.To do that, it is necessaryo
producevariouscomputerprogramsin accordancevith the analy-
sesandthis processanoftenbetediousanderrorprone.In orderto
reducedesigners workload,the authorsprovide a designemith the



algebraicconstraintsolver [8] which automaticallyexecutesvarious
analysesn responsdo designers requestsA designercan obtain
resultsof analyse®nly by giving the algebraicconstraintsolver the
global constraintset aboutthe designsolution and designatinghe
analysis.Thatis, the workloadaboutmakingcomputemprogramss
reducedand a designercan concentrateon determiningparameter
values.

The algebraicconstraintsolver hasto handle an ill-structured
problemto supportpreliminarydesign.An ill-structuredproblemis
definedasa problemin which theredo not exist enoughconstraints
to obtainsolutionsuniquely At theearlydesignstagethe numberof
constraintds oftensmallerthanthatof designparametersindthere
may beaninfinite numberof solutions.For example,suppose con-
straint“a handof the two-joint robot hasto reachboth point X and
point Y, and eacharm length hasto be within a certainrange”is
given. Thoughit is describedn termsof algebraicinequalitiesand
equationstherearenot enoughequationgo determinethe concrete
numericalvalue of eacharm lengthandtheremay exist an infinite
numberof solutions.However, if the positionsof point X andY or
therangeof armlengtharenotappropriateno solutioncanbefound.
In general suchanill-structuredproblemis difficult to handle,and
a designeris obligedto solwe it in a trial and error mannerbased
ondesignes own knowledgeandexperienceAs aresult,it is often
possiblehata designewoverlooksanexisting solutionor wastegime
to searcha solutionwhich doesnot actuallyexist [8]. Thealgebraic
constrainssolver is developedto avoid thesepossibilities It provides
thefollowing functions.

. Findingout conflictsbetweerinequalities

. Detectingparametevaluesrelatedto conflicts

. Optimizingparametevalues

. Computingexampleparametevalues

. Plottinga graphof relationshipsetweerparameters
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2.2.1 Findingoutconflictsbetweerinequalities

Let Eq. (1) beaconstraintsetaboutthe designsolution.

fl(m) =0, :fp(m) 0,
gl(m) #Oa --:gq($)7é0: (1)
hi(x) >0,...,h () >0,
wherex = (z1,...,2z,). Eq.(1) is replacedy Eq. (2) by introduc-
ing slackvariabless = (s1,..., sq) andt = (t1,...,t,).
fi(®) =0,..., fp(=) =0,
gi(®) -s1=1,...,94(x) - 5o = 1, @

hl(m) =1t1,.. .,hr(il,') =1,
t1>0,...,t >0.

The algebraicconstraintsolver generate&q. (3) consistingof slack
variableg, ..., t, from Eq.(2), andfindsout conflictsaccordingo
thefollowing method[8].

c(tigy-eytin,)=0(m<r). ?3)

Finding out conflicts

If all thecoeficientsof polynomiale(t;,, ... ,ts,, ) andits constant
termarepositive, thenit is impossibleto simultaneouslgatisfyall
theinequalitiesh;, () > 0, ..., h;,, (x) > 0. Thatis, thesem
inequalitiescausea conflict.

Forexample,if "1 +2¢2t3 = —1” is obtainedjnequalitiesh; (z) >
0, ha(x) > 0, h3(x) > 0 causea conflictandno solutionexists.In

orderto remove sucha conflict,adesigneihastwo alternatves.One
is to relax at leastoneinequality constraintsthe otheris to change
someparameteraluesso thatthe conflictis resohed. The latteris
discussedh the next section.

2.2.2 Detectingparametervaluesrelatedto conflicts

Whenconflictis found, it is quite usefulto suggest methodto re-
move the conflict. Thealgebraiaconstrainsolver detectgparameters
whosevaluesshouldbe changedo remore conflict.

Supposeg. (3) shaws the conflict. In generala univariatelinear
equation(4) shavs thatvaluea is assignedo parametety,.

T = Q. (4)

Thus,if Eqg. (4) is necessaryo obtainEqg. (3), it is concludedthat
Eq. (4) hassomethingto do with the conflict, that is, the conflict
might be remored by changingthe value of z. Otherwise Eq. (4)
hasnothingto do with the conflict andthe valueof x5, needsotto
bechanged.

Let I be anideal [2] of an equationsetobtainedby subtracting
Eq. (4) from Eq. (2). If Eq.(3) doesnotbelongto I, it is concluded
thatEq. (4) is necessaryo obtainEq. (3). Otherwise Eq. (3) canbe
obtainedwithoutEq.(4), thatis, Eq.(4) is unnecessary hereforepy
usingtheGrobnerbasd?] (seeAppendix)of 1, it is checledwhether
Eq. (4) hassomethingo dowith theconflict shavn by Eq. (3) [8].

RelationshipbetweenEg. (4) and the conflict shonn by Eq. (3)
Let G bea Grobnerbaseof anequationsetobtainedby subtracting
Eq.(4) from Eq.(2).

1. G doesnotreducec(t;, , ... ,t:,, ) t00.

= Eq.(4) hassomethingo dowith the conflictshavn by Eqg. (3).
2. G reduces(t;,, ..., i) 100.

= Eq. (4) hasnothingto do with the conflict shavn by Eg. (3).

2.2.3 Optimizingparametervalues

A designeroften needsto conductoptimizationsuchas “minimiz-

ing theweight” and“minimizing powerconsumption”Thealgebraic
constraintsolver minimizesor maximizesan objectie functionde-
fined by the designerunderthe constraintsof Eq. (1). In orderto

avoid computationabivergenceandroundingerror, algebraicalgo-
rithm basedn the Lagrangemultiplier methodis employed [8].

2.2.4 Computingexampleparametervalues

Parametevaluesare not always determinedbasedon rational de-
cision. Rather quit a few parametersreassignechumericalvalues
consideredo be appropriatdbasedn designes knovledgeandex-
perienceThe algebraicconstraintsolver computesseeral example
numericalsolutionssatisfyingall the given constraintsin orderto
give adesigneia key to the optimumfinal designsolution[8].

In order to compute example numerical solutions, the ill-
structuredproblemis corvertedto a minimisationproblem.First of
all, anobjectie functionu(z, s, t) which hasthefollowing proper
tiesis introduced.

Objective function u(zx, s, t)

1. u(z, s, t) is continuousn (z, s, t)-space.
2. u(z, s, t) hastheminimumvaluein (z, s, t)-space.



3. If atleastoneparametenf (x, s,t) becomepositive or negative
infinite, u(x, s, t) becomegpositive infinite.

Let A bearegion definedby Eq. (2). Sinceall the boundariesf A
areincludedin A, u(z, s, t) hastheminimumvaluein A if A is not
empty Thus, by computingthe minimum value of u(z, s,t) in A,
solutionsto Eq. (2) areobtainedastheminimumpoints.If u(z, s, t)
doesnot have the minimum value, it is concludedthat A is empty
thatis, Eq. (2) hasno realsolution.

Theminimumvalueis computedy theoptimizingfunctionof the
algebraiaconstraintsolver.

2.2.5 Plottinga graphof relationshipdetweerparametes

Graphsshaving relationshipbetweertwo parameterareoftenused
to determingrarametevaluesandto checkdesignsolutions.Theal-
gebraicconstraintsolver computesan equationof two parameters
zi,x; (i < j) designatedby adesignerandplotsthegraph.Further
more,it hatcheghe unacceptablareain which ary point cannotbe
acceptedsasolution.

Obtaining a plotting function

1. GrobnerbaseG, of Eq.(2) is computedunderthelexicographic
ordering[2] in whichz; andz; aregiventhelowestrank.

2. An equationconsistingof z; andz; is selectedrom G,. Thisis
theplotting function.

Obtaining acceptableand unacceptablesolution areas

An unacceptablareais givenasa setof pointswhich violate oneof
inequalities; > 0,...,t, > 0in Eq.(2). Theacceptabland
unacceptablsolutionareasareobtainedaccordingo thefollowing
procedure.

1. GrobnerbaseG, of Eq.(2) is computedunderthelexicographic
orderingin whichz;, z; and¢y, . .., ¢, aregiventhelowestrank.

2. Equationsconsistingof z;, x; andts, . .. , t, areselectedrom
G, . By applyingQuantifierEliminationtechniqug?9] to the
selecteckquationsandt, > 0,...,t, > 0, theacceptable
solutionareasarecomputedTheunacceptableolutionareasare
obtainedasthe negationof theacceptablsolutionareas.

3 Architecture of the system

Figure3 andFigure4 shawv the architectureandan overview of the
designsupportsystemrespectrely. The main part of the systemis
implementedn Visual C++, and the algebraicconstraintsolver is
implementedn Risa/Asir[5] Windows edition.

A designewia the userinterfaceworkson a designproblem.First
of all, a productis decomposednto its sub-productsn the prod-
uct manaer. In a productdesign,it is commonlyagreedthata de-
sigh problemcanbe decomposeihto sub-problemsFor eachsub-
product,designcouldbe conductedeparately

Thedesignercreates productmodelby selectingappropriateéa-
sic componentheldin the componentibrary, andeditingthe con-
straintsvia the constaint editor. In this system,eachcomponents
selectedy drag& dropof thecomponentcon.A line betweercom-
ponenticonsin the constrainteditor shavs thatthereexist interface
conditionsbetweerthosecomponents.

All the createddesignpartial solutionsare classifiedand repre-
sentedn theform of treestructurecalledcontet-tree[1] whichrep-
resentghe resultsof creatinga full designsolutionfrom abstracto

| User Interface |

97 v v
Product Manager | Constraint Editol |Componen
Product 4] Composing = [#Library

Sub-Product.1 product mode Link,
Sub-Product-2. .. I Eontext Tree Motor,

L Sub-Product 2 y Gear,

VY|

Solver Handler

L |

Algebraic Constraint Solver
Detecting conflicts, Optimization,
Numerical Computation, Plotting graph

Figure 3. Architectureof thesystem
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Figure4. Overviav of thesystem

concrete Eachcontext-tree corresponds$o one of sub-productsle-
finedin theproductmanagem oneto onemappingln acontet-tree,
all thegeneratedonstraint@reinheritedfrom theparentproductde-
signto the child onein anobject-orientednanner

Whenthe designeigetsa productdesignconcreteo someextent,
the algebraic constaint solvercanbe calledvia the solverhandler
andtheproductdesignsolutionis evaluatedThis solver givesfurther
informationabouta productdesignsolutionthathelpsa designetto
progressowardsan optimumfinal designsolution. The solved re-
sultsareshavn to thedesignethroughthe solver handler

4 A designexample

Thissectiondescribesnexampleof adesignproblemof wire-driven
two-fingered-tw-joint robot holding a cube (Figure 5). Suppose
specificationsndassumptionaregivenasbelow.
1. Specification

Sizeof the cube 20 [mm] x 20 [mm] x 20 [mm]

Massof the cube 50[g]

Operation task To carry the cubefrom the point (—60, 80) to
(60,80) along to a horizontal line at the velocity of 100
[mm/sec]

2. Assumption



Joint-A

Joint-

Figure5. Two-fingered-tw-joint robot

e Friction coeficientbetweerthe cubeandrobot's fingeris 0.5.
e Lengthof thelinks aresame.
e Link lengthL hasthefollowing relationshipwith its massm.

m =L,
where~ is the linear densityof link. Its valueis assume®.5
[kg/mJE.
e Thepositionsof robot's rootjoint arex = +20 [mm].

e Theleft fingeris designedThatis, the designtaskis to deter
minethelink length L andselectappiopriate motois and gear
ratiosfor Joint-A andJoint-Bin Figure5.

Designis conductedaccordingo thefollowing procedures.

~NOoO oA~ WN PR

. Constructinghe productmodel

. Determiningthefingertipforce

. Determiningthelink length

. Computingthe maximumpower requirementst thejoints
. Selectinghemotors

. Determiningthe appropriate gear ratios

. Analysingthe obtainedsolutionin detail

Detailsof eachtaskaredescribedelow.

1

. Constructinghe productmodel
Necessarycomponentsre selectedrom the componentibrary
and combinedinto a productmodel. The productmodelis ex-

pressedasa graphthat shaws interactionsbetweencomponents.

If necessarydimensionsandinterface conditionsbetweencom-
ponentsaredefined.The systemautomaticallygenerates global
constrainsetaboutthe product.
. Determiningthefingertipforce

A designercalls the algebraicconstraintsolver to plot a graph
that shaws relationshipbetweencube$ position and robot's fin-
gertipforce.In this example thoughrobot's fingertip forceis not
uniquelydeterminedits allowablerangeis shavn in the form of
inequalitiesasbelow.

Fe
F?,'

\Y%

490 [mN],
245 [mN],

whereF, andF, arerobot'sfingertip forcein z- andy-direction.
Afterwards,F;, is supposedo be assigned90 [mN].

. Computinghelink length
In orderto getanideaof possiblelink length,the algebraiccon-
straintsolver is calledto plot a graphwhich shaws relationship

3 This valueis obtainedrom arobotin [4].
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Figure 6. Link lengthto cubes position

betweencubes positionandthe link length. Figure 6 shavs the
graphdrawn by the algebraicconstraintsolver. The vertical and
horizontalaxesshav thelink length[m] andcube’ position[m]

respectrely. The hatchedareashavs the unacceptablareain

which ary point cannotbe acceptedas a solution. Mouseclick-

ing on the graphinvokes a dialog box that shavs the detail in-

formationaboutthe clicked point, the coordinateand inequality
constraintsvalues.If theclickedpointis in the hatchedareayio-
latedconstraintareshavn by markingthem.Thisgraphgivesthe
informationaboutpossiblelink lengthto conductthe givenoper
ation. For example,if thelink lengthis assigned0 [mm] (black
dottedline in Figure6), the operationcannotbe conductedvithin

themarkedregion.

Usually it is preferableto assigna smallvalueto link lengthand
to make thetotal weightsmall. Figure 7 shavs comparisorof the
necessaryorqueat eachjoint in the casebetweenthat the link

lengthis 60 [mm)] andthatthelink lengthis 80 [mm]. Thevertical
andhorizontalaxesrepresenthetorque[Nm] andcubes position
[m] respectrely. In thesegraphs,pointson black lines arevalid
andgrey lines' pointsviolate someconstraintsActually, in the
caseof shorterlink length,the necessaryorqueis alsosmaller
Theseresultsof analysisgive the designeigroundsfor designde-
cisions.In this example ,supposehe designedetermineshatthe
link lengthis 60 [mm].

. Computingthe maximumpower requirementstthejoints

The designercallsthe algebraicconstraintsolver to computethe
maximumpower requirementst the joints, andobtainstheresult
of 34[mW] for Joint-Aand212[mW] for Joint-B.

. Selectinghemotors

Basedon the abave maximumpower requirementsthe designer
selectsappropriatemotorsfrom commercialcatalogueghat can
provide the necessarypower. Supposehe following motoris se-
lectedfor bothjoints.

Maximumpower 250[mW]
Ratingvoltage 3[V]
Torqueconstant  1.93[mNm/A]
Resistance 8.7[9]

Thesevaluescanbe addedasnen constraintaboutthe motor

. Determiningthe appropriate gear ratios

Usually a gearratio is firstly determinedasedon the maximum
torque or the maximum rotational velocity, then evaluatedand
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Figure7. Torqueto cubes position

modifiedsothatthe given operationcanbe conductedHowever,
in this example,in orderto getanideaof possiblegearratios,the
algebraicconstraintsolver is calledto plot a graphbetweenthe
gearratio and cubes position. Figure 8 shaws the graphwhere
theverticalandhorizontalaxesrepresenthegearratioandcubes

position[m] respectiely.

The designercanalso call the algebraicconstraintsolver to get
optimal gearratiosin the acceptableareashavn in Figure8. In
thisexample suppose¢hedesignerequireggearratioswhichmin-
imisesthe power consumptionwhen the output power of each
jointis maximum.Then thealgebraiconstrainsolverreturnghe
gearratioof 1/931and1/502for Joint-AandJoint-Brespectiely.

. Analysingthe obtainedsolutionin detail

The designercan obtain further information aboutthe robot by
analysingthe obtainedsolutionin more detail. Suchinformation
givesthe designeta goodinsightinto the robotandits operation.
For example the designercancall the algebraicconstraintsolver
to plot a graphthat shawvs relationshipbetweencube$ position

andinputvoltageto themotors.

Figure9 shavsthegraphin whichtheverticalandhorizontalaxes
shaw the input voltage[V] and the cube’ position [m] respec-
tively. In Figure 9, pointson black lines are valid solutionsand
grey lines' points violate someconstraintsViolated constraints
are shawvn in the dialog box invoked by mouseclicking on the
grey lines. Thesegraphsgive the designerinformationaboutthe
appropriaténputvoltageto the motorsto conductthe givenoper

Figure 8. Gearratioto cubes position
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Figure9. Inputvoltageto cubes position

ation.

This examplecontaingnorethan60 unknavn designparameterand
morethan70 constraintsAll thecomputationsvereexecutedn the
following ervironment.

oS WindowsNT 4.0
CPU  Mobile Pentium-111500MHz
RAM 320MB

Eachcomputationatime wasfrom 1 secondo 1 minute.

5 Conclusion

This researchaimsto help designergo gainaninsightto a design
problem,to reducedesignes workloadandto improve working ef-
ficiengy at the early designstage.Theseareto be achieved by de-
velopinga preliminarydesignsupportsystem.The systemallows a
designerto explore various designsolutionsandto examinethem
from different viewpoints efficiently. The systememplg/s generic
constraintsolving techniquesgspeciallycomputeralgebraictech-
niguesandhasthefollowing adwantages.

1. It allowsadesigneto composeandanalysevarioussolutionstruc-
turesrapidly by combiningbasiccomponents.

2. It providescomputertoolsfor a designetto analysedesignsolu-
tionsandexplore alternatves.



3. It automatically executesvarious analysesin responseto de-
signersrequests.

The abore advantagesarerealisedby applying computeralgebraic
techniqueswhich canhandlegenericconstraintexpressingdesign
solutions.Especially it is one of greatadvantageghat a designer
doesnothaveto consideinputandoutputparameterseparatelyFor
instancejn Section4, the motorandthe gearratio weredetermined
for the givenrobotstructure Instead;t is possibleto determinethe
robotstructurefor the givenmotorin the samemanner

This systemis currentlydevelopedfor engineeringdesignin the
field of mechatronicsHowever, thereis no limitation aboutthe ap-
plicationareaonly if constraint€anbeexpressedn theform of alge-
braicequationsandinequalities Thereforejt is possibleto improve
thesystemto dealwith genericengineeringlesign.
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Appendix Brief Intr oduction of Grobner Bases

When a finite setof multivariate polynomialequationsis given, it
candefinean infinite setof polynomial equationscalledideal [2].
Differentequationsetsdefiningthe sameideal have the samesolu-
tion set.Grobnerbases asimplifiedpolynomialequatiorsetthathas
the samesolutionsetasthe given equationset. This appendixgives
somedefinitionsof terminologyandpropertiesof Grobnerbases.

ideal Let FF = {fi(z1,--.,Zn) = ... = fr(z1,-..,2n) = 0}
bethe givenmultivariatepolynomialequationset. Theideal of F
denotedby Ideal(F') is definedasbelaw.

Ideal(F) ={hifi + -+ hife =0

h;j (1 < j <k)isapolynomialof zi,...,zx.}.

Let E = {ei(z1,...,Zn) = ... = em(1,...,2,) =0} # F
beanothempolynomialequatiorset.If Ideal(E) = Ideal(F'), E
hasthe samesolutionsetasF'.

Proof: SinceV(i){(e; = 0) € Ideal(E) = Ideal(F)},
V(i)3(h1,...,he){ei=hifi+ ...+ hefr}

Thus,
f1="'=fk=0:el="'=€m=0-
In the sameway,
e1==en=0=>fi=---=fr=0.

Therefore,E and F' have the samesolutionset.
term A termis definedasa productof variables.

z7t ..z (aa,.- .., an arenon-ngatie integers.)

A monomialis aproductof acoefcientandaterm,andapolyno-
mial is a sumof monomials.
term order A term order <, which means‘lessthar, is a linear
orderbetweertermsthatsatisfieghefollowing conditions.
1. 1 < pfor all termsp.
2. p<q= pr < qrforall termsp,q,r.
Example:Lexicographicordering(z1 < ... < z5)
2 alm <P gfn
e (iH{ai <Bina; =B(i+1<j<n)}
headterm A headtermof apolynomialf is definedasthegreatest
termof f with respecto thetermorder<, andexpresse@sht( f).
reduce If apolynomialh hasatermthatis amultiple of aheadterm
of apolynomialf, f = 0 reducesh by eliminatinght(f) from h.
Supposér is reducedo a polynomialg, it is expressedisbelow.

h =y g.

Example:Supposehatf = y —z% 4+ +1andh = z —zy + 22,
andthat the term orderis lexicographicorderingz < y < z.
Then,f = 0 reducesh by eliminatingy asbelow.

h=fz—ax@ —z—1)+2°=2—2>+2° + =

normal form Whena polynomialh is sequentiallyreducedby ap-
plying equationsn a polynomialequatiorset F' until it cannotbe
reducedarymore,this irreduciblepolynomialis calleda normal
formof h with respecto F' andexpressedsh | r.

Grobner base If apolynomialequatiorsetG satisfieghefollowing
conditions,GG is a Grobnerbaseof a polynomialequationsetF'.

1. Ideal(G) = Ideal(F).
2. Forary polynomialh, thenormalform h |¢ is unique.

Grobnerbasesarecomputedoy Buchbeger's algorithm[2].
Propertiesof Grobner bases Thefollowingsaretypical properties
of Grobnerbases.

1. LetG beaGrobnerbaseThenY(h € Ideal(G)){h |a= 0}.
2. LetF = {f1(.’L‘1, .. .,Zn) =...= fk(ilh, . ,.’L‘n) = 0} bea
givenpolynomialequationsetandG bea Grobnerbaseof F'.
V(z:)3((g = 0) € G){ht(g) hasaform of "¢}
< F hasafinite numberof solution.
This propertyis usedto check whetherthe problemis ill-
structuredor not.

3. LetG beaGrobnerbaseaunderthelexicographicorderingz: <
... < z,. G hasthefollowing form.
G = {gl (:L‘l, ..
= gm—l(xlv ..
wherem + k > n + 1.

This propertyis usedto obtainplotting functionsandsolution
areas.

',mnfl,xn) = 92(.’51,.. . ,:I,‘nfl) =...
-,$k,$k+1) = gm($1, e ,(L‘k) = 0},



