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Abstract

We describein this paperpotentialproblemsthat mayap-
pearin image-based/isual servoingwhentheinitial cam-
era positionis far awayfromits desiedposition. e show
by conceteexampleghatlocal minimaor a singularity of
the image Jacobiancan be readed during the servoing

We thenrecallrecentresultsobtainedto avoidthesedraw-
badks. It consistdn combiningvisualfeaturesobtaineddi-

rectly from the image, and position-basedeatues. This
appmoad, called 2 1/2 D visual servoing also provides
supplementaradvantayesin functionof the meanthefea-
turesare combinedwith.

1 Introduction

The two classicalapproache®f visual serwing (that is
image-basedontrol and position-basedontrol) are dif-
ferentin the natureof the inputsusedin their respectie
control schemedq4, 5]. Even if the resulting robot be-
haviors thus also differ, both approachegenerallygive
satishctory results: the corvergenceto the desiredposi-
tion is reachedand, thanksto the closed-loopusedin the
control scheme the systemis stable,and robust with re-
spectto cameracalibrationerrors,robotcalibrationerrors,
andimagemeasurementsrrors. However, in somecases,
corvergenceand stability problemsmay occur, especially
whenthe initial camerapositionis far away from its de-
sired position. In position-basedisual serwing [12], the
first drawbackis thatnonecontrolis performedin theim-
age,which impliesthatthe targetmay getout of the cam-
erafield of view duringthe senoing (leadingof courseto
its failure). The seconddrawvbackis thatstronghypotheses
haveto bestatedn orderto demonstrat¢hestability of the
systen1]. In thefollowing sectionof this paperwe showv
thatimage-basedisual sernoing alsosuffersfrom several
drawbacks.More preciselylocal minimamaybereached,
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which meansthat the final robot positiondoesnot corre-
spondto the desiredone. FurthermoretheimageJacobian
may becomesingularduringthe senoing, which of course
leadsto anunstablébehavior. Finally, if it is possibleto ex-
hibit a sufficient stability conditionfor image-basedisual
senwing, it is quite impossibleto exploit it in practice.To
copewith theseproblems,a promisingapproachalready
describedn [6], consistan combiningvisualfeaturesob-
taineddirectly from the image,andfeaturesexpressedn
the Euclidearnspace As will bedescribedn Section3, we
thusobtainablock-triangulaimageJacobianthatprovides
interestingdecouplingproperties.lt is alsopossibleto be
surethatthetargetwill remainin the camerdield of view
whatever the initial cameraposition. Thanksto recentre-
sultsin projectve geometryit is notnecessaryo know ary
CAD-modelof the considereabiject. It is alsopossibleto
obtainanalyticalconditionsto ensureheglobalstability of
the systemevenin the presencef calibrationerrors. We
finally describea new control schemethat belongsto the
2 1/2 D visual serwing approachandalsoallows the cam-
eratrajectoryto beastraightline in the Cartesiarspace.

2 Potential problemsin image-based
visual servoing

Image-basedisual sernwoing is basedon the selectionin
the imageof a set f of visual featuresthat hasto reach
adesiredvalue f*. Usually f is composedf theimage
coordinatef several points belongingto the considered
target. It is well known that the imageJacobian/ plays
a crucial role in the designof the possiblecontrol laws.
Using a classicalperspecitie projection model with unit
focallength,andif 2 andy coordinate®f imagepointsare
selectedn f, two successie rows of J aregivenby:

2w

whereZ is thedepthof the correspondingoint.
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Most control schemeshat computethe cameravelocity r
sentto therobotcontrollerhave thefollowing forms:

F=g(TH(f - 7)) 2)

wherefunction g may be assimpleasa proportionalgain
or maybea moreccj/rpple( functionusedto regulate f to-
ward f*, andwhereJ+ isamodel,anapproximationpr an
estimationof the pseudo-inerseof J. Indeed camerecal-
ibration errors,noisy imagemeasurementgndunknovn
depthZ involvedin (1) imply theuseof suchmodel,since
therealvalueof J remainsunknaown.

A well known sufficient condition to ensurethe global
asymptoticstability of the systemis [11]:

THI(f(t), Z(1)) > 0, Vi 3)

This condition,evenif it is difficult to exploit in practice,
allows oneto setthe possiblechoicesor J+.In fact,three
differentcaseave beenconsideredn theliterature:

o« Jt = JA+(t). In that case the image Jacobiaris nu-
merically estimatedwithout taking into accountthe ana-
lytical form givenby (1). This approactseemdo be very
interestingif any cameraand robot modelsare available.
However, it is impossiblein thatcaseto demonstratevhen
condition(3) is ensuredFurthermorecoarseestimatiorof
theimageJacobiarmayleadto unstableresults.

o« Jt = J*(f(t),Z(t)). The image Jacobianis now

updatedat eachiteration of the control law usingin (1)

the currentmeasureof the visual featuresandan estima-
tion Z(t) of the depthof eachconsideredooint. Z(t) is

generallyobtainedfrom the knowledgeof a 3D modelof

the object[2]. Thiicaseseemsto be optimal since, ide-

ally, we thushave J+J = I, Vt. In thatcase,eachimage
pointis constrainedo reachits desiredpositionfollowing

a straightline (seeFigure 1.a). However, we will seethat

sucha controlin theimagemayimply inadequateamera
motion, leadingto possiblelocal minima andthe nearing
of tasksingularities.

o« Jt = JH(f*,Z*). In this last case,J+ is constant
and determinedduring an off-line stepusingthe desired
value of the visual featuresand an approximationof the
pointsdepthat the desiredcamerapose. Condition (3) is
now ensuredonly in a neighborhoodf the desiredposi-
tion, anda decoupledcbehaior will be achievedonly in a
smallerneighborhoodDetermininganalyticallythe limits
of theseneighborhoodseemsdo be out of reachbecause
of the compleity of the involved symboliccomputations.
Theperformedrajectoryin theimagemaybequiteunfore-
seeableandsomevisualfeaturesmay getout of the cam-
erafield of view during the senoing if theinitial camera
positionis far away from its desiredone(seeFigure1.b).

o
a) J*+(f(1), Z(t))

b) J*(f*, Z*)

Figure 1: Possiblechoicesfor J+ and correspondinge-
havior: black points representhe initial position of the
targetin theimage,andgray pointsandlinesrespectiely
represenits desiredpositionand a possibletrajectoryin
theimage)

2.1 Reachingor nearing atask singularity

It is well known that the imageJacobianis singularif f
is composedby the image of three points suchthat they
arecollinear, or belongto a cylinder containingthecamera
opticalcenter{10]. Usingmorethanthreepointsgenerally
allows oneto avoid suchsingularities.However, whatever
thenumberof pointsandtheir configurationtheimageJa-
cobianmay becomesingularduring the visual senoing if
imagepointsare chosenasvisual features. A simple ex-
ampleis describedelow.

Let us considerthat the cameramotion from its initial to
desiredposess apurerotationof 180dgaroundtheoptical
axis. If J*(f(t), Z(t)) is usedin the control schemeand
perfectmeasuremen@ndestimationgareassumedye can
notethat J*J = Il for theinitial cameraposition,which
leavesus to expecta correctbehaior. However, the ob-
tainedimagetrajectoryof eachpointis a straightline such
thatall the pointslie at the principal point at the samein-
stant(seeFigure2.a). It correspondso a pure backward
translationatameranotionalongtheopticalaxis(andun-
fortunatelyto a zerorotationalmotion aroundthe optical
axis),thatmovesthe cameraatinfinity. At thisunexpected
position, the image Jacobianof eachpoint i is given by

(see(1)):
0 0 -1 0
Ji:(o 1 0 0) @

MatricesJ andJ+ arehereof rank 2, insteadof 6, which
of coursecorrespondso atasksingularity andwherecon-
dition (3) is no moreensured.

Let usnow considerthe casewhereJ*(f*, ﬁ) is usedin
the control scheme. This choiceimplies that the control
law behaesasif the errorin the imagewasas small as
possible. It is clearfrom Figure 2.b (wherewhite points
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correspondo suchnearposition)thatthe obtainedcamera
motionis now a pure forward translationalmotion along
the optical axis (and, once again, without ary rotational
motion aroundthe optical axis). The camerathusmoves
directly toward the target, and toward anothersingularity
of J. IndeedwhenZ = 0, for all pointsnotlying on the
opticalcenter J; is givenby:

o0

) ®

(5
It is interestingto notethat, in thatcase J*(f*, Z:), that
is usedin the controlschemeis notsingular However, the
problemoccursbecausef the singularity of J, which is
involvedin condition(3).

In the two previous casesthe reachingof the singularity
can be avoided if the camerarotation is lessimportant.
However, thecouplingbetweertranslationabndrotational
cameramotionimplies a really unsatishctorycameratra-
jectory, by the nearing(andthenthe moving away) of the
singularity In fact, the problemreliesin the selectionin
f of thevisual features.For the consideredexample,the
choiceof imagepointscoordinatess reallyinadequateln-
deed,for the sameinitial position,the singularity canbe
avoided, and a perfectcameratrajectory can be achieved
(thatis a purerotationalcameramotion aroundits optical
axis) if (p,6) parameterglescribingstraightlines in the
imageareusedin f [1].
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Figure 2: Reachinga singularity: on the left, imagemo-
tion using J*(f(t), Z(t)); ontheright, imagemotionus-
ing J*(f*, Z%)

2.2 Reachinglocal minima

We now focus on anotherpotentialproblemthat may ap-
pearin practice. By definition, local minima are defined
suchthat? = 0 ands # s*, i.e. suchthat:

f—fre Ker J+ (6)
If fis composedy threeimagepointswe have Ker J+* =

0 when J is full rank 6. This implies that thereis none
local minima. However, it is well known that the same

imageof threepointscanbe seenfrom four differentcam-
eraposes. In otherwords, thereexist four cameraposes
(thatis four global minima) suchthats = s*). A unique
posecantheoreticallybe obtainedby using at leastfour
points. However, in that case,J is of dimension8 x 6,
whichimpliesthatdim Ker J*+ = 2. Thisdoesnotdemon-
stratethatlocal minimaalwaysexist. Indeed the configu-
rations f suchthat f — f* € KerJ+ mustbe physically
coherent(which meansthat a correspondingamerapose
exists). The complity of the involved symbolic com-
putationsseemgo make impossiblethe determinationof
generakesults.Particularcasesanhowever be exhibited.
In Figure 3 are presentedhe simulationresultsfor a pla-
nar target composedf four points. When J(f(t), Z(t))
is usedin the control schemethe visual featuressimulta-
neouslydecreasewing to the usedstratgly. However, a
localminimumis reachedincethe cameravelocityis zero
while thefinal camergpositionis far avay from its desired
one.At thatposition,theerror f — f* in theimagedoesnot
completelyvanish(andis aroundl pixel in the presented
example). As explainedin [1], reachinglocal minimais
dueto the existenceof unrealizablemotionsin theimage
thatare computedby the controllaw. Using 4 points,the
controllaw indeedenforces8 constraint®ontheimagetra-
jectorywhile the systemhasonly 6 dof.

It is interestingto notethatthe globalminimumis reached
from the sameinitial camergpositionif J(f*, 2\*) is used
in the control scheme.In that case,ascanbe seenon the
plots,thetrajectoryin theimageis quitesurprisingaswell
asthe computedcontrol law, but this behavior allows the
systemto avoid the local minima. However, in thatcase,
somepoints of the target may leave the camerafield of
view

2.3 Discussion

Selectingvisual featuresable to avoid local minima and
task singularitieswhatever the consideredarget and the
initial camerapositionis a difficult problemthat hasnot
beensolved yet. Furthermore other expectedproperties
are that the target always remainsin the camerafield of
view andthe camerdrajectoryis satishctoryin the Carte-
sianspace Whentheinitial camerepo/s\itionis in theneigh-
borhoodof its desiredposition,usingJ+(f*, Z\*) seemdo
ensurgheseproperties.A solutionto copewith theabove
problemsis thusto performa pathplanningin the image
spaceandto computeoff-line an adequatalesiredtrajec-
tory f*(t). Ensuringthattheerror f(t) — f*(t) alwaysre-
mainssmallwill allow onethatcondition(3) is alsoalways
ensured.This approachthasnot beeninvestigatedyet and
we now presentinothemethodto improvethebehavior of
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Figure3: Reaching(or not) alocal minima

image-base@andposition-basedyisualsenoing.

3 21/2D Visual Servoing

2D 1/2 visual senoing consistsin combiningimagefea-
turesand 3D data. The 3D information can be retrieved
either by a classicalposeestimationalgorithm [2] (if a
CAD modelof thetargetis known), eitherby a projective
reconstructionpbtainedfrom the currentand desiredim-

ageq3, 7]. Thelastcases moreinterestingevenit is less
robustwith respectto imagemeasuremengrrors,sinceit

doesnot necessitatéhe knowledge of the 3D shapeand
dimensionof the target. In both casesthe rotation R that
the camerahasto realizecanbe computedaswell asary

depthratio.

We selectthefeaturevectoras f = (z,y,z,0U7T)T where
x andy arethe coordinateof animagepoint, z = log Z

(Z beingthe depthof the considerecpoint), andwhered

andU aretherotationangleandtherotationaxisof R. The
correspondingmageJacobians anupperblock-triangular
matrix givenby [6]:

L‘]-’U J’Uu)
J:( wr > @)

where:

) L

with sing8) = sin(#)/6, U beingthe antisymmetriona-
trix associatedo U. Thedeterminanbf J,, is

det(J,) = 1/sin8(g) 9)

andit is thussingularonly for = 2kr, Vk € Z* (i.e. out
of the possibleworkspace). We have also the following
nice property:

J;U6 =U8 (10)

We cannotethattheimageJacobian/ is singularonly in
degeneratecaseqsuchasZ = 0 and1/Z = 0). Finally,



if thethetargetis known to be motionlessandif a simple
exponentialdecreasef f — f* is specifiedwe obtainthe
following controllaw:

F==AJTU(f— f) (11)

where ) tunesthe corvergencerate, the first two compo-
nentsof f — f* aredirectly computedfrom the current
and desiredimages,the last four componentof f — f*
are computedfrom the available 3D data,and J~! is an
approximatiorof J 1.

If the 3D dataarecomputedusinga poseestimationalgo-
rithm, all termsinvolvedin J areavailableandthe system
is globally stable(andhasno singularity norlocal minima)
underthe samestronghypothesegerformedin position-
basedvisual senwing (perfectcameracalibration, perfect
3D modelof the target, perfectimage measuremengnd
perfectposealgorithm).If the 3D dataarecomputedrom
a projective reconstructionthedepthZ involvedin J can
be estimateddy pd* wherep is available,but notd*. An
approximate/aluecf* hasthusto be choserbeforethe ser
voingandintroducedn J~!. Thecontrollaw is thusgiven

by:

. d*J1
— [ Py
i ( N

—pd*J Ty e
e e
Valued* hasnotto be preciselydeterminedsinceit hasa
small influenceon the stability of the system. More pre-
cisely it influenceghetime-to-covergenceof thetransla-
tional velocity andthe amplitudeof the possibletracking
error dueto a wrong compensatiorof the rotationalmo-
tion. As far asthetrackingerroris concernedit is propor
tional to the rotationalvelocity andthusdisappearsvhen
the camerais correctly oriented. Let us also emphasize
thatJ—! is anuppertriangularsquarematrix without ary
singularityin thewholetaskspace Sucha decoupledys-
tem providesa satishctorycamerarajectoryin the Carte-
sianspacelndeedtherotationalcontrolloopis decoupled
from the translationalbne,andthe choserreferenceoint
is controlledby the translationalcamerad.o.f. suchthat
its trajectoryis a straightline in the statespaceandthusin
theimage.If acorrectcalibrationis available thereference
point will thusalwaysremainin the camerdfield of view
whatever theinitial cameraposition. Of course this prop-
erty doesnot ensurethat all the target remainvisible. In
practicejt is possibleto changehechosenreferencepoint
during senoing, andwe canselectasreferencepoint the
target point nearesthe boundsof the imageplane. How-
ever, this solution leadsto a discontinuityin the transla-
tional componentf the cameravelocity at eachchange
of point. Anotherstratagy is to selectthe referencepoint
asthe nearesof the centerof gravity of the targetin the

image. This would increasethe probability thatthe target
remainsin the camerdield of view, but without any com-
pleteassuranceln [6], anadaptve controllaw is proposed
to dealwith this problem.

Finally, whena projective reconstructioris performed,it

is possibleto determine,thanksto the nice form of J

and J~!, the necessanand sufiicient conditionsfor lo-

calasymptoticstability, andsufficientconditionsfor global
asymptoticstability in the presenceof cameracalibration
errors. For example,we candetermineboundson (f'ﬁ/d*

suchthatthe globalstability of the systemis ensured.

In [9], asimilar methodis presentedin fact,only thethird
componenbf f is differentfrom theonethathasbeenpre-
viously presentedThis componenexplicitly takesinto ac-
countthatall thetargetpointshave to remain,asfaraspos-
sible,in thecamerdield of view, but thetriangularform of
J, andJ ! is lost. Whenthetargetis largein theimage,it
is impossibleto ensurewith this schemehatthe visibility
of all targetpointswill berespectedTo dealwith thisprob-
lem, the visual senwing is decomposedn several steps,
which implies a quite complex and discontinuouscamera
trajectory We now presenta simple control schemede-
scribedin [7], thatis alsoin the2 1/2 D approachandhas
interestingpracticalproperties.

If wenow selectf as(T7, z,y,0U,)T whereT, expressed
in thedesiredcamerdrame,is thetranslatiorthatthe cam-

erahasto realize,x andy arethe coordinate®f animage
point, and 8U.,, is the third componentof vectordU, we

obtainasimageJacobiarf12, 7]:

([ R 04
J_(%Jw Jw> (13)

whereR is therotationmatrix from currentto desireccam-
eraframesand:

-1 0 =z

Jw = 0 -1 y

0 0 0
zy —(1+2%) gy
Jo=1| 0+y%) -ry -z
I ls I3

(11,12,13) beingthethird row of matrix givenin (8).
Onceagain.theimageJacobians never singularexceptin

degeneratecasesand we can apply the following control
scheme:

d*

RT 0
= ( L JULLET ) (F=7 a9



In thatcase the cameraranslationis specifiedsuchthatit
is a straightline in the cartesiarspace(which is a partic-
ularly satishctorytrajectory),andcameragpanandtilt are
constrainedguchthatall targetpointsremainin thecamera
field of view if theselectegointis choserasthenearesof
theimagelimits. Thesecomponent®f the cameraveloc-
ity will thusbe discontinuousat eachchangeof point, but
it doesnot seemto be a crucial aspect.In someparticular
caseg(suchthat two points are nearoppositeimagelim-
its), it will beimpossibleto be surethatthe visibility con-
straintwill besatisfiedput sincethesecasesreknownand
not common,they canbe easilyavoided. A morecritical
thegrgticaldra/vbackis that, asin [9], thetriangularform
of J-1 is lost, which makes very difficult, if notimpos-
sible, the determinationof analyticalconditionsensuring
theglobalstability of thesystemin the presencef camera
calibrationerrors. The experimentakesultsreportedn [7]
arehoweversatishctoryfor bothschemegresentedh this
paper evenif verybadcalibrationparameterarechosen.

4 Conclusion

In this paper we have presentedhe currentdravbacksof
image-basetisualsenoinganddescribedhnew approach
to copewith thesedravbacks.A very interestingaspecin
2 1/2 D visual serwing is that, thanksto projective recon-
struction,the knowledgeof the 3D structureof theconsid-
eredtargetsareno more necessaryHowever, this lack of
knowledgeimpliesthatthe correspondingontrollaws are
more sensitve to imagenoisethan classicalimage-based
visual senoing. Indeed,this latter schemedirectly uses
visualfeaturesasinput of thecontrollaw withoutary sup-
plementaryestimationstep. Path planningin the imageis
thus one of our currentwork [8], aswell asdetermining
visualfeaturesexpressedlirectly in theimageandleading
to asimilar form of the correspondingmageJacobian.
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