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Abstract. As adesignsolutionbecomesmoreconcreteanddetailed
duringengineeringdesign,moredesignparametersareintroducedto
specifythesolutionquantitatively. This increasednumberof design
parameterscauseschallengesanddifficulties to a designerin terms
of gaininganinsightinto thesignificanceof thesedesignparameters
andtheir influenceon theoverall performanceof a product.This in
turn caneasilyleada designerto generatinga lessoptimalfinal de-
signsolution.In orderto overcomesuchdifficulties,adesignsupport
systembasedon a genericconstraintsolvingtechniqueis derivedto
supportengineeringdesign.Thesystemis concernedwith threetypes
of constraints,namelykinematic,energetic and spatialconstraints
of a product.Standardcomponentscanbeselectedfrom thesystem
componentlibrary andaproductcanbesubsequentlyconfiguredus-
ing thesecomponents.The systemthencanautomaticallygenerate
all therelatedconstraintsanda designsolutioncanbeselectedfrom
solutionsobtainedfrom constraintproblemsolving.Thesystemcan
alsodealwith anincompletelydefineddesignsolution.

1 Intr oduction — Preliminary DesignProcess—

In engineeringdesign,particularly in mechatronicsystemdesign,
whena new artifact is designedbasedon customer's designspecifi-
cation,adesignertypically goesthroughanumberof designprocess
stages:namelyproblemanalysis,conceptualdesign,embodimentde-
signanddetaildesign[3, 6]. Designusuallycommenceswith aneed.
Thepurposeof theproblemanalysisstageis to translatethisneedin
customer's descriptioninto a ProductDesignSpecification[7]. This
canthenbeusedasa targetdocumentfor bothgeneratingasolution
andmeasuringit. At conceptualdesignstage,a numberof alterna-
tive solutionconcepts[6] or schemes[3] arenormallygeneratedfor
furtherexploration.Embodimentdesignstageis concernedwith re-
fining relatively abstractdescriptionof conceptsinto moreconcrete
anddefinitive solutiondescription.More quantitative designparam-
etersareintroducedat this stageto make a solutionmoreconcrete.
Constraintsto besatisfiedby thenew productdesignparameterscan
bedescribedin theform of equationandinequality. Thosedesignpa-
rametersassociatedwith theirconstraintsmaybeof kinematic,ener-
geticandspatialnatureof theproduct.Thekey activity hereis thede-
scriptionof constraints.At detaildesignstage,theschemeselectedat
theembodimentdesignstageis workedout in greaterdetails,result-
ing in documentationtraditionallyin theform of assemblydrawings,
detail drawingsandpartslists. During this stage,refiningandopti-
mizing thedefinitive solutiondescriptionarethekey tasksandthese
�
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canbedonebycomputingparametervaluessatisfyingall constraints.
This stageis henceessentiallya stageof computationof parameter
values.

Of interestto thispaperarelasttwo stagesof adesignprocess,de-
scriptionof constraintsandcomputationof designparametervalues.
Thereexist significantproblemsduringthesetwo activities.

(a) Problemsaboutdescriptionof constraints
In innovative design,constraintsareoften describedbasedon a
freehandsketchdrawn by a designer. For example,whena new
robot arm is designed,constraintsare definedby referring to a
sketchin which anarmis drawn asa segmentanda forcevector
is expressedasanarrow. In sucha method,designer's work load
involving robotarm's kinematic,energeticandspatialconstraints
is heavy andit is difficult to avoid designer's mistakescausedby
misunderstandingof thesketchandthecomplexity of theproblem.

(b) Problemsaboutcomputationof parametervalues
Usually, parametervaluesare computedby executingcomputer
programsmadeby adesignerbasedona setof constraints.These
valuesaredeterminedusingdifferentanalysisprogramsfrom dif-
ferent viewpoints. A different analysisof a designsolution re-
quiresadifferentcomputerprogram.Forexample,kinematicanal-
ysisusesa differentprogramfrom systemfunctionanalysis.Fur-
thermore,thoughit is necessaryto assignconcretevaluesto all
theinputparametersin aconventionalcomputerprogram,several
parametersareleft unknown attheearlydesignstage.Usingacon-
ventionalmethod,it is difficult to handlea formula thatcontains
unknown inputparameters.

Furthermore,whenanalternative designsolutionto thesamedesign
requirementsis considered,the above processhasto be repeated.
For example,sinceboth kinematicand force balancerelationships
abouttwo-joint andthree-jointarmrobotsarecompletelydifferent,
constraintsetsandcomputerprogramsarealsodifferent.Sincethe
computationis complex andtheworkloadis very intense,adesigner
often acceptsthe first designsolutionwithout exploring alternative
designsolutionsandfindingoptimalone.

This researchaimsto overcomethesedifficultiesdescribedabove
by applyinga genericconstraintsolving technique,andto develop
a designsupportcomputersystemto reducedesigner's work load.
Furthermore,this systemenablesa designerto explore alternative
designsolutionsto complex mechatronicdesignproblems.

Thestructureof this paperis asfollows. In Section2, approaches
of this researcharedescribed.Section3 explainsthearchitectureof
thedesignsupportcomputersystem.In Section4, a designproblem
of a two-fingered-two-joint robotis shown asanexample.
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2 Approachesof this research

This sectiondescribesa complementaryset of approachesto two
problemsdescribedin theprevioussection.

2.1 Component
�

library — Approachto description
of constraints—

In engineeringdesign,adesignerseldomgeneratesadesignsolution
from scratch.A new designsolutionof conceptualdesignis typically
presentedasanew structureconstructedby combiningavailableba-
siccomponentssuchaslinks, gearsandmotors.Fromtheviewpoint
of definingconstraints,this is regardedasaprocessin whichaglobal
constraintsetabouttheproductis composedby combininglocalcon-
straintsetsaboutbasiccomponentsandaddinginterfaceconditions
betweenthosecomponents.

Theauthorsproposeto provideadesignerwith adatabasethathas
constraintsetsaboutbasiccomponentscommonlyusedin engineer-
ing design.Thedatabaseis calledthecomponentlibrary. A designer
selectsnecessarycomponentsfrom it andobtainsaglobalconstraint
setaboutthe productby addinginterfaceconditionsbetweenthese
components.Figure1 shows a link asanexampleof componentsin
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Figure1. A componentlink representation

thecomponentlibrary. Theconstraintsareasbelow.

Constraints about the link
Kinematic constraints

1. The directionvectorsandthe rotationalaxis vectorhave unit
length.� ���	��
�� ��
���
�� ����
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.

2. Therelative rotationangleis expressedby directionvectors.��������
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��������! 
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3. Theaxisdirectionvectoris definedby positionsof bothedges
andlink length.
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102� 


.

Rotational velocity vectors of link axes

1. Therelative rotationalvelocity is expressedby bothaxes' rota-
tionalvelocityvectorsandtherotationalaxisvector.3 � "	�4$ 3 
 "#�5
76 .

Transmission of rotaional velocity

1. Thejoint of link doesnot rotatearoundany axisnormalto the
rotationalaxisvector 8 .3 
 �9�5
 3 � ��� .

Rigid body condition

1. Theloadingpoint is on theaxisandthelink is notbent.:<; $=0?> 3 
@����
�
 : 
A$B0 3 
C����
�
 : � .

Constraints about Links

Constraints about
Motors

Constraints about Batteries

Combine

Constraints about the whole system

Figure2. Composingtheglobalconstraintset
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Torque balance G �/E G 
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: axisdirectionvectors,�
: rotationalaxisvector,+�,
: positionof rotaionalaxis,+ .
: positionof interfaceto anadjacentlink,0

: link length,0?I
: positionof load, 

: relative rotationalanglebetweenaxes,6
: relative rotationalvelocitybetweenaxes,3 �'H 3 
 : rotationalvelocity vectorsof axes,: � H : 
 : velocity vectorsof edges,: ; : velocityvectorat loadpoint,G �'H G 
 : outputtorque,D � H D 
 : outputforce,D ; H G ; : externalforceandtorque.

Figure 2 shows an exampleof composinga global constraintset
about the product by defining interface conditionsbetweenbasic
componentsselectedfrom the componentlibrary. In Figure2, two
links, two motorsandtwo batteriesareselectedandcombined,then
a robot arm is constructed.A designerdefinesinterfaceconditions
includingthat interfacepointsof both links areidentical,thatdirec-
tion of link axsesandrotationaxsesaresame,andthatoutputforces
at theinterfacepointcounterbalanceeachother.

2.2 Algebraic constraint solver — Approachto
computation of parameter values—

In orderto determineparametervalues,adesignerhasto analysede-
signsolutionsfrom differentviewpointssuchasforwardandinverse
kinematicanalysisand optimization.To do that, it is necessaryto
producevariouscomputerprogramsin accordancewith the analy-
ses,andthisprocesscanoftenbetediousanderror-prone.In orderto
reducedesigner's workload,theauthorsprovide a designerwith the
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algebraicconstraintsolver [8] which automaticallyexecutesvarious
analysesin responseto designer's requests.A designercanobtain
resultsof analysesonly by giving thealgebraicconstraintsolver the
global constraintsetaboutthe designsolutionanddesignatingthe
analysis.That is, theworkloadaboutmakingcomputerprogramsis
reducedand a designercan concentrateon determiningparameter
values.

The algebraicconstraintsolver has to handlean ill-structured
problemto supportpreliminarydesign.An ill-structuredproblemis
definedasa problemin which theredo not exist enoughconstraints
to obtainsolutionsuniquely. At theearlydesignstage,thenumberof
constraintsis oftensmallerthanthatof designparametersandthere
maybeaninfinite numberof solutions.For example,supposeacon-
straint“a handof the two-joint robothasto reachbothpoint X and
point Y, and eacharm length hasto be within a certainrange” is
given.Thoughit is describedin termsof algebraicinequalitiesand
equations,therearenot enoughequationsto determinetheconcrete
numericalvalueof eacharm lengthandtheremay exist an infinite
numberof solutions.However, if the positionsof point X andY or
therangeof armlengtharenotappropriate,nosolutioncanbefound.
In general,suchan ill-structuredproblemis difficult to handle,and
a designeris obliged to solve it in a trial and error mannerbased
on designer's own knowledgeandexperience.As a result,it is often
possiblethatadesigneroverlooksanexistingsolutionor wastestime
to searcha solutionwhich doesnot actuallyexist [8]. Thealgebraic
constraintsolver is developedto avoid thesepossibilities.It provides
thefollowing functions.

1. Findingoutconflictsbetweeninequalities
2. Detectingparametervaluesrelatedto conflicts
3. Optimizingparametervalues
4. Computingexampleparametervalues
5. Plottingagraphof relationshipsbetweenparameters

2.2.1 Findingoutconflictsbetweeninequalities

Let Eq. (1) beaconstraintsetaboutthedesignsolution.
J �LK-M2N 
PO)Q#R'R#R	Q J'S K-MTN 
PO)QU � K-M?NWV
PO)Q	R'R#R#Q UYX K-MTNWV
1OZQ[ � K-M2N]\ OZQ#R#R#R	Q [�^ K-M2N_\ OZQ (1)

whereM 
 Ka`/� Q#R'R	R#Q `(bcN . Eq. (1) is replacedby Eq.(2) by introduc-
ing slackvariablesd 
 Kfe�� Q#R	R#R#Q e X N and g 
 Kihj� Q#R#R'R#Q h ^ N .

J �LK-MTN 
1OZQ#R#R	R#Q J#S K-MTN 
1OZQU � K-MTN " e � 
k�YQ#R	R#R#Q U�X K-MTN " e X 
���Q[ � K-M2N 
 h � Q#R#R#R	Q [l^ K-M2N 
 h ^ Qhj��\ OZQ#R#R	R#Q h ^ \ O)R
(2)

Thealgebraicconstraintsolver generatesEq. (3) consistingof slack
variablesh � Q'R	R#R#Q h ^ from Eq.(2), andfindsoutconflictsaccordingto
thefollowing method[8].

m Kih ,on Q#R#R#R	Q h ,qp N 
PO Kartsvu�N R (3)

Finding out conflicts
If all thecoefficientsof polynomial m Kih ,on Q#R'R#R#Q h , p N andits constant
termarepositive, thenit is impossibleto simultaneouslysatisfyall
theinequalities

[ ,on K-M?N_\ O)Q'R	R#R#Q [ ,wp K-M2N_\ O . Thatis, theser
inequalitiescauseaconflict.

For example,if ” h � E�x h � h�y 
�$z� ” is obtained,inequalities
[ � K-M2N{\O)Q [ � K-M?N|\ O)Q [ y�K-M2N|\ O causea conflict andno solutionexists.In

orderto remove suchaconflict,adesignerhastwo alternatives.One
is to relax at leastoneinequalityconstraints,the otheris to change
someparametervaluesso that the conflict is resolved.The latter is
discussedin thenext section.

2.2.2 Detectingparametervaluesrelatedto conflicts

Whenconflict is found,it is quiteusefulto suggesta methodto re-
movetheconflict.Thealgebraicconstraintsolverdetectsparameters
whosevaluesshouldbechangedto removeconflict.

SupposeEq. (3) shows theconflict. In general,a univariatelinear
equation(4) shows thatvalue } is assignedto parameter̀<~ .

`<~ 
 } R (4)

Thus,if Eq. (4) is necessaryto obtainEq. (3), it is concludedthat
Eq. (4) hassomethingto do with the conflict, that is, the conflict
might be removed by changingthe valueof ` ~ . Otherwise,Eq. (4)
hasnothingto do with theconflict andthevalueof `<~ needsnot to
bechanged.

Let � be an ideal [2] of an equationsetobtainedby subtracting
Eq. (4) from Eq. (2). If Eq. (3) doesnot belongto � , it is concluded
thatEq. (4) is necessaryto obtainEq.(3). Otherwise,Eq. (3) canbe
obtainedwithoutEq.(4), thatis,Eq.(4) is unnecessary. Therefore,by
usingtheGröbnerbase[2] (seeAppendix)of � , it is checkedwhether
Eq.(4) hassomethingto dowith theconflictshown by Eq.(3) [8].

RelationshipbetweenEq. (4) and the conflict shown by Eq. (3)
Let � beaGröbnerbaseof anequationsetobtainedby subtracting
Eq.(4) from Eq.(2).

1. � doesnot reducem Kih ,on Q#R#R#R#Q h , p N to
O
.� Eq.(4) hassomethingto dowith theconflictshown by Eq.(3).

2. � reducesm Kih ,in Q#R#R#R	Q h ,w� N to
O
.� Eq.(4) hasnothingto dowith theconflictshown by Eq.(3).

2.2.3 Optimizingparametervalues

A designeroften needsto conductoptimizationsuchas“minimiz-
ing theweight”and“minimizing powerconsumption”.Thealgebraic
constraintsolver minimizesor maximizesanobjective functionde-
fined by the designerunderthe constraintsof Eq. (1). In order to
avoid computationaldivergenceandroundingerror, algebraicalgo-
rithm basedon theLagrangemultiplier methodis employed[8].

2.2.4 Computingexampleparametervalues

Parametervaluesare not always determinedbasedon rational de-
cision.Rather, quit a few parametersareassignednumericalvalues
consideredto beappropriatebasedon designer's knowledgeandex-
perience.Thealgebraicconstraintsolver computesseveralexample
numericalsolutionssatisfyingall the given constraintsin order to
giveadesignerakey to theoptimumfinal designsolution[8].

In order to compute example numerical solutions, the ill-
structuredproblemis convertedto a minimisationproblem.First of
all, anobjective function � K-M H d H g N whichhasthefollowing proper-
tiesis introduced.

Objective function � K-M Q d Q g N
1. � K-M Q d Q g N is continuousin K-M Q d Q g N -space.
2. � K-M Q d Q g N hastheminimumvaluein K-M Q d Q g N -space.
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3. If at leastoneparameterof K-M Q d Q g N becomespositiveor negative
infinite, � K-M Q d Q g N becomespositive infinite.

Let � bea region definedby Eq. (2). Sinceall theboundariesof �
areincludedin � , � K-M Q d Q g N hastheminimumvaluein � if � is not
empty. Thus,

�
by computingthe minimum valueof � K-M Q d Q g N in � ,

solutionsto Eq.(2) areobtainedastheminimumpoints.If � K-M Q d Q g N
doesnot have the minimum value,it is concludedthat � is empty,
thatis, Eq.(2) hasno realsolution.

Theminimumvalueis computedby theoptimizingfunctionof the
algebraicconstraintsolver.

2.2.5 Plottinga graphof relationshipsbetweenparameters

Graphsshowing relationshipsbetweentwoparametersareoftenused
to determineparametervaluesandto checkdesignsolutions.Theal-
gebraicconstraintsolver computesan equationof two parameters` , Q `Z��Ka�?�=��N designatedby adesignerandplotsthegraph.Further-
more,it hatchestheunacceptableareain which any point cannotbe
acceptedasasolution.

Obtaining a plotting function

1. Gröbnerbase� S of Eq.(2) is computedunderthelexicographic
ordering[2] in which ` , and ` � aregiventhelowestrank.

2. An equationconsistingof ` , and `�� is selectedfrom � S . This is
theplotting function.

Obtaining acceptableand unacceptablesolution areas
An unacceptableareais givenasasetof pointswhichviolateoneof
inequalitieshj�!\ OZQ#R	R#R#Q h ^ \ O in Eq.(2). Theacceptableand
unacceptablesolutionareasareobtainedaccordingto thefollowing
procedure.

1. Gröbnerbase�W� of Eq.(2) is computedunderthelexicographic
orderingin which ` , , ` � and h � Q#R#R'R#Q h ^ aregiventhelowestrank.

2. Equationsconsistingof ` , , `Z� and hj� Q#R#R'R	Q h ^ areselectedfrom�W� . By applyingQuantifierEliminationtechnique[9] to the
selectedequationsand h � \ O)Q'R#R#R	Q h ^ \ O , theacceptable
solutionareasarecomputed.Theunacceptablesolutionareasare
obtainedasthenegationof theacceptablesolutionareas.

3 Ar chitecture of the system

Figure3 andFigure4 show thearchitectureandanoverview of the
designsupportsystemrespectively. The main part of the systemis
implementedin Visual C++, and the algebraicconstraintsolver is
implementedin Risa/Asir[5] Windows edition.

A designervia theuserinterfaceworksonadesignproblem.First
of all, a productis decomposedinto its sub-productsin the prod-
uct manager. In a productdesign,it is commonlyagreedthata de-
signproblemcanbe decomposedinto sub-problems.For eachsub-
product,designcouldbeconductedseparately.

Thedesignercreatesaproductmodelby selectingappropriateba-
sic componentsheld in thecomponentlibrary, andediting thecon-
straintsvia theconstraint editor. In this system,eachcomponentis
selectedby drag& dropof thecomponenticon.A line betweencom-
ponenticonsin theconstrainteditorshows that thereexist interface
conditionsbetweenthosecomponents.

All the createddesignpartial solutionsare classifiedand repre-
sentedin theform of treestructurecalledcontext-tree[1] whichrep-
resentstheresultsof creatinga full designsolutionfrom abstractto

Context Tree

User Interface

Constraint Editor
     Composing
     product model

Component
Library

     Link,
     Motor,
     Gear,
         :

Product Manager
Product
     Sub-Product 1
     Sub-Product 2
          Sub-Product 2-1
                  :

Solver Handler

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

Context TreeContext Tree

Figure 3. Architectureof thesystem

Figure4. Overview of thesystem

concrete.Eachcontext-treecorrespondsto oneof sub-productsde-
finedin theproductmanagerin oneto onemapping.In acontext-tree,
all thegeneratedconstraintsareinheritedfrom theparentproductde-
signto thechild onein anobject-orientedmanner.

Whenthedesignergetsa productdesignconcreteto someextent,
thealgebraic constraint solvercanbecalledvia the solverhandler
andtheproductdesignsolutionis evaluated.Thissolvergivesfurther
informationabouta productdesignsolutionthathelpsa designerto
progresstowardsan optimumfinal designsolution.The solved re-
sultsareshown to thedesignerthroughthesolverhandler.

4 A designexample

Thissectiondescribesanexampleof adesignproblemof wire-driven
two-fingered-two-joint robot holding a cube (Figure 5). Suppose
specificationsandassumptionsaregivenasbelow.

1. Specification

Sizeof the cube
x O

[mm]
� x O

[mm]
� x O

[mm]

Massof the cube 50 [g]

Operation task To carry the cubefrom the point K $!��O)Q��YO N toK �YO)Q���O N along to a horizontal line at the velocity of 100
[mm/sec]

2. Assumption
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Figure 5. Two-fingered-two-joint robot

� Frictioncoefficientbetweenthecubeandrobot's fingeris 0.5.� Lengthof thelinks aresame.� Link length
0

hasthefollowing relationshipwith its massr .

r 
5�<0{Q

where
�

is the linear densityof link. Its valueis assumed3.5
[kg/m]3.� Thepositionsof robot's root joint are ` 
�� x O [mm].� Theleft finger is designed.That is, thedesigntaskis to deter-
minethelink length

0
andselectappropriatemotors andgear

ratiosfor Joint-AandJoint-B in Figure5.

Designis conductedaccordingto thefollowing procedures.

1. Constructingtheproductmodel
2. Determiningthefingertipforce
3. Determiningthelink length
4. Computingthemaximumpower requirementsat thejoints
5. Selectingthemotors
6. Determiningtheappropriategear ratios
7. Analysingtheobtainedsolutionin detail

Detailsof eachtaskaredescribedbelow.

1. Constructingtheproductmodel
Necessarycomponentsareselectedfrom the componentlibrary
and combinedinto a productmodel. The productmodel is ex-
pressedasa graphthat shows interactionsbetweencomponents.
If necessary, dimensionsand interfaceconditionsbetweencom-
ponentsaredefined.Thesystemautomaticallygeneratesa global
constraintsetabouttheproduct.

2. Determiningthefingertipforce
A designercalls the algebraicconstraintsolver to plot a graph
that shows relationshipbetweencube's positionandrobot's fin-
gertipforce.In thisexample,thoughrobot's fingertip forceis not
uniquelydetermined,its allowablerangeis shown in theform of
inequalitiesasbelow.

��� \ ��� O [mN]
Q

�/� 
 x ��� [mN]
Q

where
���

and
� �

arerobot'sfingertip forcein ` - and � -direction.
Afterwards,

���
is supposedto beassigned��� O [mN].

3. Computingthelink length
In orderto getan ideaof possiblelink length,thealgebraiccon-
straintsolver is called to plot a graphwhich shows relationshipy

Thisvalueis obtainedfrom arobotin [4].

Figure 6. Link lengthto cube's position

betweencube's positionandthe link length.Figure6 shows the
graphdrawn by the algebraicconstraintsolver. The vertical and
horizontalaxesshow the link length[m] andcube's position[m]
respectively. The hatchedareashows the unacceptableareain
which any point cannotbe acceptedasa solution.Mouseclick-
ing on the graphinvokes a dialog box that shows the detail in-
formationaboutthe clicked point, the coordinateand inequality
constraints'values.If theclickedpoint is in thehatchedarea,vio-
latedconstraintsareshown by markingthem.Thisgraphgivesthe
informationaboutpossiblelink lengthto conductthegivenoper-
ation.For example,if the link lengthis assigned50 [mm] (black
dottedline in Figure6), theoperationcannotbeconductedwithin
themarkedregion.
Usually, it is preferableto assigna smallvalueto link lengthand
to make thetotalweightsmall.Figure7 shows comparisonof the
necessarytorqueat eachjoint in the casebetweenthat the link
lengthis 60[mm] andthatthelink lengthis 80[mm]. Thevertical
andhorizontalaxesrepresentthetorque[Nm] andcube'sposition
[m] respectively. In thesegraphs,pointson black lines arevalid
andgrey lines' pointsviolate someconstraints.Actually, in the
caseof shorterlink length,the necessarytorqueis alsosmaller.
Theseresultsof analysisgive thedesignergroundsfor designde-
cisions.In this example,supposethedesignerdeterminesthatthe
link lengthis 60 [mm].

4. Computingthemaximumpower requirementsat thejoints
Thedesignercalls thealgebraicconstraintsolver to computethe
maximumpower requirementsat thejoints,andobtainstheresult
of 34 [mW] for Joint-Aand212[mW] for Joint-B.

5. Selectingthemotors
Basedon the above maximumpower requirements,the designer
selectsappropriatemotorsfrom commercialcataloguesthat can
provide thenecessarypower. Supposethefollowing motor is se-
lectedfor bothjoints.

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

Thesevaluescanbeaddedasnew constraintsaboutthemotor.
6. Determiningtheappropriategear ratios

Usually, a gearratio is firstly determinedbasedon themaximum
torqueor the maximumrotationalvelocity, then evaluatedand
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Joint-A

Joint-A

Joint-B

Joint-B

(a) Link length = 60 [mm]

(b) Link length = 80 [mm]

Figure 7. Torqueto cube's position

modifiedsothat thegivenoperationcanbeconducted.However,
in this example,in orderto getanideaof possiblegearratios,the
algebraicconstraintsolver is called to plot a graphbetweenthe
gearratio and cube's position.Figure8 shows the graphwhere
theverticalandhorizontalaxesrepresentthegearratioandcube's
position[m] respectively.
The designercanalsocall the algebraicconstraintsolver to get
optimal gearratios in the acceptableareashown in Figure8. In
thisexample,supposethedesignerrequiresgearratioswhichmin-
imises the power consumptionwhen the output power of each
joint is maximum.Then,thealgebraicconstraintsolverreturnsthe
gearratioof 1/931and1/502for Joint-AandJoint-Brespectively.

7. Analysingtheobtainedsolutionin detail
The designercan obtain further informationaboutthe robot by
analysingthe obtainedsolutionin moredetail.Suchinformation
givesthedesignera goodinsight into therobotandits operation.
For example,thedesignercancall thealgebraicconstraintsolver
to plot a graphthat shows relationshipbetweencube's position
andinputvoltageto themotors.
Figure9 showsthegraphin whichtheverticalandhorizontalaxes
show the input voltage[V] and the cube's position [m] respec-
tively. In Figure9, pointson black lines arevalid solutionsand
grey lines' points violate someconstraints.Violated constraints
are shown in the dialog box invoked by mouseclicking on the
grey lines.Thesegraphsgive the designerinformationaboutthe
appropriateinputvoltageto themotorsto conductthegivenoper-

Joint-A Joint-B

Figure 8. Gearratio to cube's position

Joint-A Joint-B

Figure9. Inputvoltageto cube's position

ation.

Thisexamplecontainsmorethan60unknown designparametersand
morethan70 constraints.All thecomputationswereexecutedin the
following environment.

OS WindowsNT4.0
CPU Mobile Pentium-III500MHz
RAM 320MB

Eachcomputationaltimewasfrom 1 secondto 1 minute.

5 Conclusion

This researchaimsto help designersto gain an insight to a design
problem,to reducedesigner's workloadandto improve working ef-
ficiency at the early designstage.Theseareto be achieved by de-
velopinga preliminarydesignsupportsystem.Thesystemallows a
designerto explore variousdesignsolutionsand to examinethem
from different viewpoints efficiently. The systememploys generic
constraintsolving techniques,especiallycomputeralgebraictech-
niques,andhasthefollowing advantages.

1. It allowsadesignerto composeandanalysevarioussolutionstruc-
turesrapidlyby combiningbasiccomponents.

2. It providescomputertools for a designerto analysedesignsolu-
tionsandexplorealternatives.
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3. It automaticallyexecutesvarious analysesin responseto de-
signer's requests.

The above advantagesarerealisedby applyingcomputeralgebraic
techniques,which canhandlegenericconstraintsexpressingdesign
solutions.Especially, it is one of greatadvantagesthat a designer
doesnothaveto considerinputandoutputparametersseparately. For
instance,in Section4, themotorandthegearratio weredetermined
for thegivenrobotstructure.Instead,it is possibleto determinethe
robotstructurefor thegivenmotorin thesamemanner.

This systemis currentlydevelopedfor engineeringdesignin the
field of mechatronics.However, thereis no limitation abouttheap-
plicationareaonly if constraintscanbeexpressedin theform of alge-
braicequationsandinequalities.Therefore,it is possibleto improve
thesystemto dealwith genericengineeringdesign.

ACKNOWLEDGEMENTS

We would like to thank the CanonFoundationin Europefor their
supportfor this research.

REFERENCES
[1] Akira Aiba andRyuzoHasegawa, `Constraintlogic programmingsys-

tem– cal,gdccandtheirconstraintsolvers–', in Proceedingsof Interna-
tional Conferenceon Fifth Generation ComputerSystems, pp.113–131,
(1992).

[2] David Cox, JohnLittle, andDonalO'Shea,Ideals,Varieties,andAlgo-
rithms, Springer–Verlag,New York, 2 edn.,1996.

[3] M. J.French,ConceptualDesignfor Engineers, Springer–Verlag,2 edn.,
1985.

[4] Hitoshi Maekawa, Kazuhito Yokoi, Kazuo Tanie, Makoto Kaneko,
NobuoKimura,andNobuakiImamura,̀ Developmentof athree-fingered
robot handwith stiffnesscontrol capability', Mechatronics, 2(5), 483–
494,(1992).

[5] MasayukiNoro and Taku Takeshima,̀ Risa/asir– a computeralgebra
system',in Proceedingsof ISSAC'91, pp.387–396.ACM, (1992).

[6] Gerhard Pahl and Wolfgang Beitz, Engineering Design, Springer–
Verlag,2 edn.,1996.

[7] StuartPugh,Total Design— IntegratedMethodsfor SuccessfulProduct
Engineering—, Addison–Wesley PublishingCompany, 1990.

[8] Hiroyuki Sawada, `The algebraicunderconstraintsolver as a design
tool', in Proceedingsof 1998 IMACS Conferenceon Applicationsof
ComputerAlgebra (IMACSACA'98), http://math.unm.edu/ACA/ 1998/
sessions/industr/sawada/index.html, Prague,(1998).

[9] Volker Weispfenning,`Quantifier elimination for real algebra– the
quadraticcaseandbeyond', ApplicableAlgebra in Engineering, Com-
municationandComputing, 8, 85–101,(1997).

Appendix Brief Intr oduction of Gröbner Bases

Whena finite setof multivariatepolynomialequationsis given, it
candefinean infinite setof polynomialequationscalled ideal [2].
Differentequationsetsdefiningthesameideal have the samesolu-
tionset.Gröbnerbaseis asimplifiedpolynomialequationsetthathas
thesamesolutionsetasthegivenequationset.This appendixgives
somedefinitionsof terminologyandpropertiesof Gröbnerbases.

ideal Let
� 
�� J � Ka` � Q#R#R'R#Q ` b N 
�R#R#R_
 J ~)Ka` � Q#R#R'R#Q ` b N 
tO��

bethegivenmultivariatepolynomialequationset.Theidealof
�

denotedby ��� I })  K � N is definedasbelow.

��� I })  K � N 
�� [ � J � E "#"#" E [ ~ J ~ 
POc�[ � K � s¡�¢s7£lN is apolynomialof ` � Q#R#R'R#Q ` b . ��R
Let ¤ 
¥�¦I �LKa`/� Q#R'R#R	Q `(bcN 
§R'R#R(
�IL¨ Ka`F� Q	R#R#R#Q `(blN 
�O�� V
 �
beanotherpolynomialequationset.If ��� I })  K ¤ N 
 ��� I }c  K � N , ¤
hasthesamesolutionsetas

�
.

Proof: Since© Ka�ªN � K I , 
PO N]« ��� I })  K ¤ N 
 ��� I })  K � N � ,© Ka�ªN�¬<K [ � Q#R#R'R#Q [ ~ N �LI , 
 [ � J � E R#R#R E [ ~ J ~ � .
Thus, J � 
�"#"'"Z
 J ~ 
PO � I � 
�"	"#"�
PI ¨ 
1O .
In thesameway,I � 
k"'"#"Z
PIL¨P
PO � J � 
k"	"'"�
 J ~ 
1O .
Therefore,¤ and

�
have thesamesolutionset.

term A term is definedasaproductof variables.

`�­ n� R#R'R `�­Z®b ( ¯ � Q#R#R'R#Q ¯ b arenon-negative integers.)
R

A monomialis aproductof acoeffcientanda term,andapolyno-
mial is asumof monomials.

term order A term order ° , which means“ lessthan”, is a linear
orderbetweentermsthatsatisfiesthefollowing conditions.

1.
� °²± for all terms± .

2. ±³°v´ � ± u °v´ u for all terms± Q ´ Q u .
Example:Lexicographicordering( `/� ° R#R#R ° `(b )
` ­ n� R'R#R ` ­ ®b ° `�µ n� R#R'R ` µL®b¶ ¬·Ka�ªN � ¯ , �4¸ ,(¹ ¯ � 
 ¸ � Ka� E � s=�@s 8 N ��R

headterm A headtermof apolynomial
J

is definedasthegreatest
termof

J
with respectto thetermorder ° , andexpressedas

[ h'K J N .
reduce If apolynomial

[
hasatermthatis amultipleof aheadterm

of apolynomial
J

,
J 
PO

reduces
[

by eliminating
[ h'K J N from

[
.

Suppose
[

is reducedto apolynomial U , it is expressedasbelow.[ *vº U R
Example:Supposethat

J 
 � $ ` � E ` E � and
[ 
P»?$ ` � E ` � ,

and that the term order is lexicographicordering ` °¼�k° »
.

Then,
J 
PO

reduces
[

by eliminating � asbelow.[ * º »A$ `�Ka` � $ ` $7� N E ` � 
P»A$ ` y Evx ` � E ` R
normal form Whena polynomial

[
is sequentiallyreducedby ap-

plying equationsin apolynomialequationset
�

until it cannotbe
reducedanymore,this irreduciblepolynomialis calleda normal
formof

[
with respectto

�
andexpressedas

[@½�¾
.

Gröbner base If apolynomialequationset � satisfiesthefollowing
conditions,� is aGröbnerbaseof apolynomialequationset

�
.

1. ��� I })  K � N 
 ��� I }c  K � N R
2. For any polynomial

[
, thenormalform

[¢½�¿
is unique.

Gröbnerbasesarecomputedby Buchberger's algorithm[2].
Propertiesof Gröbner bases Thefollowingsaretypicalproperties

of Gröbnerbases.

1. Let � beaGröbnerbase.Then,© K [ « ��� I })  K � N�N � [¢½ ¿ 
PO�� .
2. Let

� 
À� J �LKa`/� Q#R'R	R#Q `(bcN 
�R	R#R�
 J ~)Ka`F� Q#R#R	R#Q `(blN 
PO�� bea
givenpolynomialequationsetand � beaGröbnerbaseof

�
.

© Ka` , N�¬·K�K U 
PO N_« � N � [ h'K U N hasa form of `�­ZÁ, .
�

¶ �
hasafinite numberof solution.

This property is used to check whether the problem is ill-
structuredor not.

3. Let � beaGröbnerbaseunderthelexicographicordering̀/� °R#R'R ° ` b . � hasthefollowing form.

� 
À� U �#Ka`/� Q	R#R#R'Q `(b)ÂF� Q `(bcN 
 U �YKa`/� Q#R#R#R	Q `�b)Â/�ÃN 
�R	R#R
 U ¨ ÂF� Ka` � Q	R'R#R#Q `<~ Q `<~#Ä � N 
 U ¨ Ka` � Q#R'R#R	Q `<~¦N 
PO���Q
wherer E £�\ 8 E � .
This propertyis usedto obtainplotting functionsandsolution
areas.
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