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Abstract

We proposein this papernew redundancy-basesblutionsto
avoidrobotjoint limits of a manipulator We usea contmol scheme
basedon thetaskfunctionappoad. We first recall the classical
gradientprojectionappmoad andwethenpresenta far more ef-
ficientmethodthat relieson the iterative computationof motion
that doesnot affectthe taskachievemeniand ensuesthe avoid-
ance problem. We apply this nev methodin a visual servoing
applicationand we demonstate on variousreal experimentshe
validity of theappmoad.

1 Intr oduction

Within areactize contet, planningarobottrajectoryis notal-
wayspossible If the controllaw computesa motionthatexceeds
therobotjoint limits, thespecifiedaskwill notbeachiezed. Con-
trol laws taking into accountthe region of spacelocatedin the
vicinity of thesgoint limits have thusto be considered.

In orderto avoid joint limits, ChangandDubey [1] have pro-
poseda methodbasedn aweightedleastnormsolutionfor are-
dundantobot. Thismethoddoesnottry to maximizethedistance
of thejoints from their limits but it dampensary motionin their
direction. Thus, it avoids unnecessargelf-motionand oscilla-
tions. Anotherapproachasbeenusedby NelsonandKhosla[7]
andappliedto visualsenoing. It consistsn minimizinganobjec-
tive functionwhich realizesa compromiseébetweerthe maintask
andtheavoidanceof joint limits. Duringtheexecutionof thetask,
the manipulatormoves away from its joint limits and singulari-
ties. However, suchmotionscanproducemportantperturbations
in thevisualserwingsincethey aregenerallynotcompatiblewith
the specifiedtask. Anotherapproactknown asGradientProjec-
tion Method (e.g., [5, 8]) usesrobot redundang and hasbeen
widely usedto solve joint limits problems.t reliesontheevalua-
tion of acostfunctionseerasa performanceriterionfunctionof
the joints position. The gradientof this function, projectedonto
the null spaceof the main task Jacobianjs usedto producethe
motionnecessaryo minimizeasfaraspossiblethe specifiedcost
function. The main adwantageof this methodwrt. [7, 1] is that,
thanksto thechoiceof adequat@rojectionoperatorthejoint lim-
its avoidanceprocessasno effectonthemaintask: avoidances
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performedunderthe constrainthatthe maintaskis realized.

In this paperwe first recall how the gradientprojectionap-
proachcanbe usedto avoid joint limits [8, 6]. Unfortunately it
appearshatthe succes®f this methodrelieson a paramete(the
amplitudeof the secondaryaskwrt. themaintask)thathasto be
preciselytunedin orderto ensurehejoint avoidanceprocessWe
shaw that, if badly chosenthe taskmayfail. We thereforepro-
poseanoriginal andfar moreefficient solutionto thejoint limits
avoidanceproblem. It consistdan generatingautomaticallycam-
eramotionscompatiblewith the maintaskby iteratively solving
asystemof linearequationsTheadwantageof this methodss that
it ensuredo stopary motionthatmovestherobotin the neigh-
borhoodof its joint limits.

To validate our approachwe apply the proposednethodto
a visual senoing problem. Visual senoing [4, 3, 2] is a closed
loop reactingto imagedata.As in thegenerakasejf thecontrol
law computesamotionthatexceedsajoint limit, visualsenoing
fails. This specificproblemhasbeenalreadyconsideredn the
literature[7, 6]. In aprevious paper|[6], we consideredan exten-
sion of the GradientProjectionMethod. In this paper we apply
the proposedramework to a vision-basegositioningtask.

Thenext sectionof this paperrecallstheapproacheproposed
in [6] to avoid joint limits. In Section3 we presenthe original
iteratve method.In Sectiord we quickly presenthevisualseno-
ing framevork andwe give, in Sectionb, realexperimentatesults
dealingwith positioningtasks. Theseresultshave beenobtained
usingan eye-in-handsystemcomposedf a cameramountedon
theend-efectorof asix d.o.f. robot.

2 Avoiding joint limits using task function
approach

A robotictaskcanbe seenastheregulationto zeroof atask
function[8] definedby:

e=J{e1 + B(In —ITI1)e2 1)

where

e e is themaintaskto be achieved thatinducesm indepen-
dentconstrainton then robotjoints (with m < n).



e ez isasecondaryask.

e JF andI,—J7J1 aretwo projectionoperatorsvhich guar
anteethat the cameramotion due to the secondarytaskis
compatiblewith the constraintsnvolvedby e;. J; = %iql
is them x n full rank Jacobiarmatrix of taske;. Each
columnof I, — J7J1 belonggo Ker J4, which meanghat
the realizationof the secondaryaskwill have no effect on
themaintask(J1(In — J7 J1)e2 = 0, Ves). However, if
errorsareintroducedin J1, T — J+J; nomoreexactly be-
longsto Ker J1, whichwill induceperturbation®ne; due
to the secondarytask. Let us finally notethat, if e; con-
strainsall then degreesof freedomof the manipulatori.e.,
m = n),wehael, — JFJ; = 0. It is thusimpossiblein
thatcaseto considerary secondaryask.

e [isascalawhich setstheamplitudeof thecontrollaw due
to the secondarytask. Tuning this scalarhasprovedto be
anon trivial issue. We will seelatter on how to consider
efficiently this problem.

To male e decreasesxponentiallyandthen behaeslike a
first orderdecoupledsystemwe get:

d=-de—f(In— JrJl)% @)

where:
e q isthejoint velocity givenasinputto therobotcontroller;

e )\ istheproportionalcoeficientinvolvedin the exponential
decreasef e;

The most classicalway to solve the joint limits avoidance
problemis to definethe secondarytaskasthe gradientof a cost
functionhs (e2 = ‘96%). This costfunction mustreachits max-
imal value neara joint limits andits gradientmustbe equalto
zerowhenthe costfunction reachests minimal value[8]. Sev-
eral costfunctions hs which reflect this desiredbehaior have
beenpresentedn [8, 1, 6]. We briefly recall the mostefficient
costfunctionproposedn [6].

Activation thresholdsof the secondarytask are defined by
Qi,,;,, andq;,,.. suchthat:

Dimmin = imin TP (qimam - qimin) 3)
Qimaz = Dimaz — P (Qimas — Dimin)

where0 < p < 1/2 (typically, p = 0.1). Thecostfunctionis
thusgivenby (seeFigurel):

n
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Figurel: Evolution of the costfunctionwrt. joint position

This costfunctionis similar to the Tsai's manipulabilitymea-
sureusedin [7]. It is however moresimplesinceit directly sets
the activation thresholdswith p. Let usfinally notethat, in all
caseses and ‘96%2 are continuouswhich will ensurea continu-
ouscontrollaw.

The parametep3 (seeequation(1)) that setsthe amplitudeof
the control law dueto the secondarytaskis very important. In-
deedaspointedoutin [1], if B istoosmall,thechangen thecon-
figurationwill occurwhen (I — W+ W)e. will becomelarge
wrt. the primarytask. It maybetoo late andmay producesome
overshootin the effector velocity. If 3 is too large, it will result
in someoscillations.Therefored is usuallysetbasedn trial and
errors. We now proposea simplenew solutionto this important
problem.

Tuning the influenceof the secondarytask Thesimplest
solutionto this problemis to computeautomaticalljtheminimum
value of 3 to stopary motion on the axis the closestfrom its
joint limits (if it is in the critical area). We first determinethe
componenbf the primarytaske; thatmovestherobottowardits
joints limits. This canbe doneby performinga predictionstep.
Assumingthattherobotis locatedin q(t), if we do not consider
asecondaryask,positionq(t + 1) is givenby:

at+1) = q(t) + At = q(t) — \ITe1 At 7)

If atleastone of the axesis in the critical area,the goal is to
choosethe component for which g (¢ + 1) is the closestfrom
thejoint limits andto computeg in orderto stopary motionon
this component(i.e., qx(t + 1) — qx(¢t) = 0). Using (2), the
constraintAqx = 0 is equialentto e, = 0 andusing(1) leads
to computes as:

Ji"elk

f=- (In = I} J1)ez,

Theconsideregoint is stoppedut it doesnotmove awayits joint
limits. The costfunctionez asdefinedin (4) is in factuseless.
Furthermorejt doesnot ensurethatanotheraxis doesnot mave
towardits joint limits. We thereforeproposen the next sectiona
new redundang-basedapproacho copewith theseproblems.

3 A newapproach:
Iterati ve computation of adequatemotions

As seenin the previous section agoodsolutionto achieve the
avoidancetaskis to cut ary motion on axesthat arein critical
areaor that movesthe robot toward it. Consideringthat qx is
oneof theseaxes,we have to computea velocity qx = 0. In the



previousparagraphwe considereducha conditionbut theresult
wasto computethe minimum value of 3 (for all the axes)that
ensureghis task. It shouldbe moreinterestingto computesuch
againon eachaxis. As describedbelaw, the proposedapproach
to achieve this goal relies on the resolutionof a linear system.
Anotherdravbackof the previous approachs that,thanksto the
new computedcontrol law, other axes may enterin the critical
area.ln thenew framework, this canbe handledby applyingthe
samealgorithmiteratively.

A generaltaskfunction that usesredundang canbe defined

by':

ng
e=JFe; + Z BiE,; (8)
i=1

where
o ng =dimKerJ; =n —m.

e > " B;E.; definesmotionsthat try to ensurethat the
robotwill neverencounteits joints limits. Within thisterm:

— Eis abasisof Ker J; of dimensionn x ng (thisin-
suresthat thesemotionshave no effect on the main
task).

— B is avectorof gainsthatwill beautomaticallycom-
puted.

Considetthataxisq is in critical situation(i.e.,qx < qx,,,,
or Qk,... < qr). We determinevector B in orderto stopthe
motiononaxisk: Aqx = 0 (or g = 0). Fromequation(8), for
eachaxisin critical situationwe obtain:

Z B.Ey; = — [J-ll_el]k ©)

If we now considerthe p axesin critical situation,we candefine
from equation(9) alinearsystemFB = S whereF is of dimen-
sionp x no while S andB areof dimensionng. We have three
possiblecases:

e whenp > ng, we have moreaxesin critical situationthan
redundantxes. Of coursein that case the total efficiency
of themethodcannotbeensured.

e whenp = no, thereis only one solution but the problem
canbesolved.

e whenp < ng, thesystemfeatureamultiple solutions.

In ary case,a solutionis given by B* = F*S whereF™ is
obtainedusinga SingularValuesDecomposition.

Let usconsidemrmoredeeplythe lastconfiguration(p < no).
If vectorB* is computedasB* = F*S, ary motion on the p
axesin critical situationarestopped However, with theresulting
controllaw:

no
q=-\ (erl + Z BZEM-) (10)

i=1

1If M is amatrix, we noteM; its ith columnandM;, its ith row.

otheraxesmay enterin thecritical area.This undesiredsituation
canbehandled.Indeedwhenp < no, thelinearsystemfeatures
multiple solutions.B* canin factbechoseras:

ni
B =F'S+) a;(ln, — F'F),; (11)

j=1

whereln, — FTF is abasisof Ker F andn; = dimKerF. The
new motionsinvolved by Ej aj(In, — FTF),; arebuilt in the
kernelof the constrainf(i.e., projectedonto the null spaceof the
constrainttheresultinghave thereforestill no effectonthemain
task).ReplacingB™* by its valuedefinedin (11), we get:

a4 = -AJ{es (12)

no ni
+)° <F+S +> 0 (Tng — F+F).j) E.:
i=1 j=1

3

To determinethe vectora, like in the previous case we build a
linear systemconsideringhat¢y = 0 for all thep’ axesqy, that
will enterthe undesiredareaaccordingto the prediction. After
somerewriting, eachline of the systemis givenby:

ni ng
D0 Y (Ing —F'F);Ex = —(Ifer), (13)
j=1 i=1

- li(F+S)iEo¢]
k

i=1

Asin thepreviouscasetherearethreepossiblecaseregarding
the dimensionof a. Hereagain,p new axes may enterin the
critical areaaccordingto the new control value computedwith
the appropriatevectorB* anda. Thereforethis last procesds
repeatedteratively (andcanberepeatedslongasp + p’ +p” +
... < mo).

Remark: Letusnotethattheresultingcontrollaw is notcon-
tinuous. Evenif, in practice,the dynamicof the robotsmoothes
the velocity, copingwith this issueis one of the perspectie of
thiswork.

Moving away fr om the joint limits. Thepresentedrame-
work providesa completesolutionto ensurethat,if a solutionex-
ists,thejointsin critical situationwill not encountetheir limits.
It couldalsobeinterestingjike in the previous sectionto gener
atea motionthat movesthejoint away from its limits. This can
be simply achiezed by introducinga costfunction (as proposed
in equation(4)) within equation(8) thatbecomes:

ng
e=Jle1 +(I-J7J1)ez + ZBiEoi (14)

i=1

Thenew linearsystenmto besolvedis thengivenby:

ng
ZBiEki = - I:J-li_el + (In - JTJl)e2]k (15)
i=1



4 Application to visual senvoing

We appliedtheproposednethodto animage-baseuisualser
voing problem.Let usdenoteP thesetof selectedrisualfeatures
usedin thevisual serwing task. To ensurethe convergenceof P
to its desiredvalue P4, we needto know the interactionmatrix
(orimageJacobianLy definedby theclassicalkequation2] :

whereP is thetime variationof P dueto the cameramotionT..
Controllaws in visual senwoing aregenerallyexpressedn the
operationakpace(i.e., in the camerarame),andthencomputed
in the articularspaceusingtherobotinverseJacobian However,
in orderto combinea visual senoing with the avoidanceof joint
limits, we have to directly expressthe controllaw in thearticular
space.Indeed,manipulatorjoint limits aredefinedin this space.
This leadsto thedefinitionof a new interactionmatrix suchthat:

P=Hp g 17)

Sincewehave T = J(q) q, whereJ(q) is nothingbuttherobot
Jacobianwe simply obtain:

Hp =L} J(q) (18)

If I visualfeaturesareselectedthe dimensionof Hp isl x n. If
thevisualfeaturesareindependentherankm of Hp is equalto
1, otherwisel > m. Thevision-basedaske; is thendefinedby:

e1 = C(P — Py) (19)

wherePy is the desiredvalue of the selectedvisual features P
is their currentvalue (measuredrom theimageat eachiteration
of the controllaw), andC, calledcombinationmatrix, hasto be
chosersuchthatJ; = CHp is full rankalongthedesiredrajec-
tory qx(t). It canbedefinedasC = WH+p|p=pd, whereW
is afull rankm x n matrixsuchthatkKerW = KerHp (se€[8][2]
for moredetails). If Hp is full rankm, we cansetW = Hp,
thenC = I andJy = Hp is afull rankm x n matrix. If rank
m of Hp is lessthanl, we have J; = WHHp whichis also
afull rankm x n matrix.

Wethencanusetheframework presentedh theprevioussec-
tions.

5 Experimental results

All thejoint limits avoidanceapproachepresentedn this pa-
perhave beenmplementedn anexperimentatestbeccomposed
of a CCD cameramountedon the endeffectorof a six degreesof
freedomcartesiarrobot. Theimplementatiorof the control law
aswell astheimageprocessingunson an Ultra SPARC. Each
iterationis donein 100ms.

Positioning task. Thespecifiedvisualtaskconsistsn agaz-
ing task. If P = (X,Y) describeghe positionin the imageof
the projectionof the centerof gravity of an object, the goal is
to obsere this objectat the centerof theimage: P4 = (0, 0).
In the presentedxperimentstheinitial robotpositionis located
in the vicinity of threejoint limits (q1, q2, q3) while gs is lo-
catednearthethresholdqgs,,;, . If nonestratey is usedto avoid

joint limits, thevisualtaskfails. On all the plots, joint positions
arenormalizedbetweer-1;1], where-1 and1 representhejoint
limits.

Gradient Projection Approach. We performedasetof ex-
perimentausingthe costfunction definedin Section3 with vari-
ousvalueof the 3 coeficient. The goalis reachedvith 3 > 0.1.
If gistoolarge(e.g.,8 = 2), it resultsin oscillationandtoo im-
portantmotions. If 3 is too small(typically 8 = 0.05), the mo-
tion generatedby themaintaskin the directionof thejoint limits
is notenoughcompensatetly thesecondaryask. As pointedout
in [1], tuning 8 is thereforeperformedbasedon trial anderror.
This solutionis notacceptable.

Fig. 2 depictsresultsobtainedusingthe approachproposedn
Section2. g is automaticallycomputed.Motion on axis q; has
beenstoppedsinceit is the closestfromits joint limit.

Results with the iterative approach. The following re-
sults deal with variousexperimentsconsideringor not the iter-
ative process(i.e., the iterative evaluationof the vectora) and
includingor nota costfunctiones.

To considerthe behaior of our algorithm,we shav on Fig-
ure3 thebehaior of theroboton the5th axis. Thethresholdg is
-0.93.0nthefirst plot 'no iteration’ the a vectoris not estimated
usingtheiterative approachandno costfunctionhasbeenadded
in (8). Thecomputedmotionmaovesaxis qs towardits joint limit
until it crosseshethreshold.Then,sinceit is in thecritical area,
B* is computedin orderto stop ary motion on this axis. On
the secondplot 'no iter with costfunction’, a costfunction has
beenadded(asdefinedin equation(4)). As in the previous case,
therobotcrosseshethresholdwhich increaseshe costfunction.
This resultsin a motion in the oppositedirection. Oncein the
safearea,the costfunction is null and motion is againdirected
toward thejoint limit. This predictablebehaior resultsin oscil-
lationsaroundthethreshold.In bothcasesthemotionsproduced
to avoid otherjoint limits (q: andq:) have generatedin unde-
siredbehaior: axisqs thatwasnotin thecritical areaentersthis
area.Let usnotethatsuchabehaior canbe alsoobseredwhen
we considera gradientprojectionapproach.

Theiterative methodhasbeenbuilt to copewith this problem
ascanbe seenon plot 'iterationsand'’iterationswith costfunc-
tion’. In thatcaseB”™ is computedin orderto avoid thata new
axis movestoward the threshold. In fact when predictionscon-
sideringa = 0 shaw thatqs will enterin the critical area(just
afteriteration55), anothersolutionis proposed As explainedin
the previous section,this adequatenew solutionis proposedoy
computingiteratively motionin the kernelof the constraints As
canbeenseenthe motionon g5 allows therobotnotto enterthe
critical area(plot 'iterationg. Themotionis evendirectedon the
oppositedirectionif acostfunctionis consideredplot iterations
with costfunction’).

Thefull behaior of asimilar experimentconsideringheiter-
ative approachis reportedon Figure4 (without e2) and5 (with
e2). Behavior is quite similar exceptdealingwith the motionon
theaxesq; andqs thatarein thecritical areaat the beginning of
the experimentandthat are only stoppedn thefirst casewhile,
in theseconccasethey movesaway towardthethreshold.
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6 Conclusion

We have proposedanoriginal methodto avoid thejoint limits
of amanipulator It consistsn generatingautomaticallycamera
motionscompatiblewith the main task by iteratively solving a
systemof linear equations. This new approachis far more ef-
ficient than the classicalgradientprojection method. It avoids
unnecessarymotions,andunlike gradientprojectionmethodsijt
guaranteethejoint limits avoidance:anaxisin critical areawill
be at leaststoppedand even moved outsidethis area. For axes
outsidecritical area,it ensureghat they will never enterit (if
sucha solutiondoesexist). We have demonstratedn real ex-
perimentswithin a visual senoing context the validity of our ap-
proach. Let usfinally notethatthis newv approachmay be used
for otherproblemswvheregradientprojectionapproachareclassi-
cally used suchasobstacleavoidanc€8].
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