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Abstract

\isionfeedbak control loop techniquesare efficientfor
a greatclassof applicationsbut they comeup againstdiffi-
cultieswhentheinitial anddesiedpositionsof thecamern
are distant. In this paperwe proposea new approad to
resolvethesedifficultiesby planningtrajectoriesin theim-
age. Constaints sud that the objectremainsin the cam-
era field of view canthusbetakeninto account. Further-
more, usingthis processcurrentmeasuementalwaysre-
main closeto their desied valueand a control by Image-
basedServoingensuestherobustnessvith respecto mod-
eling errors. We apply our methodwhenobjectdimension
are knownor not and/orwhenthe calibration parameter
s of the camen are well or badly estimated.Finally, real
time experimentalresultsusinga camea mountedon the
endeffectorof a six d-o-frobotare presented.

1 Intr oduction

Visual senwoing is classifiedinto two main approaches
[15, 6, 8]. Thefirst oneis called Position-basedontrol
(PbC)or 3D visualsenwoing. In PbCthecontrolerrorfunc-
tion is computedn the Cartesiarspacelmagefeaturesare
extractedfrom the imageand a perfectmodel of the tar
getis usedto determineits positionwith respecto cam-
eraframe. The main advantageof this approacthis thatit
controlsthe cameratrajectorydirectly in Cartesiarspace.
Howeverthereis no controlin theimagespaceandthe ob-
ject may getout of the camerdfield of view during seno-
ing. Furthermorejt is impossibleto analyticallydemon-
stratethe stability of the systemin presenceof modeling
errors.Indeed the sensitvity of poseestimationalgorithm
with respecto calibrationerrorsandmeasuremerertur
bationsis not available[2].

The secondapproachis called Image-basedControl
(IbC) or 2D visual senwoing. In IbC the poseestimation
is omittedandthe controlerrorfunctionis computedn the
imagespace. The IbC approachdoesnot needa precise
calibrationand modelingsincea closedloops schemeis
performed.However, the stability is theoreticallyensured

only in the neighborhoodf the desiredposition. There-
fore, if initial anddesiredconfigurationsareclosed,IbC is
robust with respectto measuremenand modelingerrors.
Otherwisethatis if desiredandinitial positionaredistant
the stability is not ensuredand the object can get out of
the camerafield of view [2]. Controllaws takinginto ac-
countthis last constrainthave beenproposedor example
in [13, 12]. We proposein this papera morerobust ap-
proach.

A third approachis describedin [11] and is called
2 1/2 D visualsenwing. In this casethe controlerrorfunc-
tion is computedn partin the Cartesiarspaceandin part
in the 2D imagespace An homographycomputedat each
iteration,is usedto extractthe Cartesiarpart of the error
function. Hence this methoddoesnot needa modelof the
target. Contrarilyto the previousapproachest is possible
to obtain analyticalresultsaboutstability with respecto
modelingandcalibrationerrors. However, the main draw-
backof 2 1/2 D visualsenwoing s its relative sensitvity to
measuremenrperturbations.Furthermore keepingall the
objectin thecamerdield of view is not obvious.

In this paperanew method robustandstableevenif
initial anddesiredpositionsaredistant,is described.The
methodconsistsn planningtrajectoriesof asetof n points
lying on thetargetin imagespaceandthentrackingthese
trajectoriesby 2D visual serwing (seeFigure 1). Using
this processgcurrentmeasurementiwaysremaincloseto
their desiredvalue. Thus the good behaior of IbC in
suchconfigurationcanbe exploited. Moreover, it is pos-
sible to ensurethat the objectwill always remainin the
camerdfield of view by enforcingsuchconstrainton the
trajectories

Therearefew papersdealingwith pathplanningin im-
agespace.In [7] atrajectorygeneratousinga stereosys-
temis proposedandappliedto obstacleavoidance.ln [14]
analignmentaskis realizedusingintermediateview of the
target synthesizedy imagemorphing. However, noneof
themwere dealingwith robustnessssues.Our pathplan-
ning strategy is basedon the potentialfield method. This
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methodwas originally developedfor an on-line collision
avoidance[9, 10]. In this approachthe robot motionsare
underthe influenceof an artificial potentialfield (V') de-
fined asthe sumof anattractive potential(V,) pulling the
robot toward the goal configuration(Y,) anda repulsive

potential(V;) pushingthe robot away from the obstacles.

Motion planningis performedin an iterative fashion. At

eachiterationanartificial force F(Y'), wherethe6 x 1 vec-
tor Y representsa parameterizatioof robotworkspaceis

inducedby the potentialfunction. This force is defined
asF(Y) = —VV whereVV denoteghe gradientvector
of V at Y. Using thesecorventions,F(Y) can be de-
composedas the sum of two vectors,F,(Y) = —VV,

andF,.(Y) = —§VT, which are calledthe attractve and
repulsive forcesrespectrely. Path generatiorproceedsa-
longthedirectionof F(Y) andthediscrete-timerajectory
is givenby thetransitionequation:

F(Yy)

A e W
wherek is the incrementindex ande, a positive scaling
factordenotingthelengthof the k* increment.

The paperis organizedasfollows. We describein Sec-
tion 2 the methodwhena modelof thetargetandthe cali-
brationof the cameraareavailable. We presenin Section
3 how we proceedf theobjectis planarbut neitheramodel
of thetargetandneitheraccuratecalibrationareavailable.
In Sectiond we usethetaskfunctionapproactio trackthe
trajectories.Experimentaresultsarefinally givenin Sec-
tion 5.
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Figurel: Block diagramof the method

2 Known target

Here, we assumethat the calibration parametersand
a target model are available. The techniqueconsistsin
planningcameraframe trajectorybringing it from initial
cameraframe F; (¥ = T;) to desiredcameraframe F,
(T = T,) andthento projectthetargetmodelin theimage
alongthetrajectory Let R, ?t., u andf berespectiely
the rotationalmatrix andthe translationamatrix between
the currentcamerarame 7, and.F,, therotationaxisand
the rotation angleobtainedfrom YR... We chooseas pa-
rameterizatiorof the workspaceY” = [9t1 (ug)T]. We

thushave Y] = [t] (uf)] and YT = 06x;. Usinga
poseestimationalgorithm[3], we candetermin€R.,, ‘t,,
IR, and?t, thatrepresentrespectiely the rotation and
the translationfrom objectframe 7, to F; and ¥, to F,
(seeFigure3). ThevectorY; is thencomputedusingthe
following relations:

IR; = 9R,'R]
9t; = —IR;'t, + It,

Accordingto (1) we constructa path as the sequencef
successie path sggmentsstartingat the initial configura-
tion Y';. We now presenhow the potentialsfunctionsand
theinducedforcesaredefinedandcalculated.

Attracti ve potential and force. The attractve potential
field V, is simply definedasa parabolicfunctionin order
to minimize the distancebetweenthe currentpositionand
thedesiredone:

1 1
Va = 5l X = T, = Sal Y|

whereq is a positive scalingfactor The attractive force
deriving from V, is:

Fo(Y)=-VV, = —aY @)

Repulsive potential and force. A point P;, which
projectsontothe cameras imageplaneat a point with im-
agecoordinatep; = [u; v; 1]7, is obsenableby thecam-
eraif u; € [uy, up] andv; € [vy, var), Wherewn,, up,
vm, vy arethe limits of the image (seeFigure2). One
way to createa potentialbarrieraroundthe camerdield of
view, assuringthat all featuresare alwaysobsenableand
do not affect the cameramotionwhenthey aresufficiently
far away from the imagelimits, is to definethe repulsive
potentialV,. asfollow (seeFigure2) :

r = ll Ty 1 X3 s L T
Vi(s) = 3 log jl;[la—ﬁ)(l—ﬁ) (=20 (a- )

if se C andV,(s) =0 else.

3)
wheres is the vectormadeup of the coordinatess;j—..n,
Vj=1..n, C is the set {s/3j u; € [um a] N [um —
a up) Orv; € [um a]N[vy—a wvum]}, @ beingapos-
itive constantenotingthe distanceof influenceof theim-
ageedges.

Theartificial repulsive forcederiving from V. is :

pin) = (240) - (20’
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Figure2: Repulsie potential

wherer denotethe situationof the camerawith respecto
areferencdrame. The previousequationcanbewritten :

F.(YT)=-MLLT (%S(S))T

where:

oL = % is theimageJacobiar(or interactionmatrix)
[4]. It relatesthe variation of imagefeatures to the ve-
locity screv of thecamerdT : § = LT. Thewell known
interactionmatrix for a point P with coordinate(X Y Z)
in cameraframeandcoordinatep = (zy) in theimage
expressedn metersfor aonemeterfocal lengthis :

-1 0 Z zy —(1+2%)y
- 7 Z
L(p,Z)—( 0 _% % (1+y2) -y —I

Whens is composedf theimagecoordinateof n points
the correspondingnteractionmatrixis :

L (pn, Zn)]  (4)

L(s,Z) = [L" (p1, Z1) ...
e My = g—; is the 6 x 6 Jacobiarmatrix thatrelates
thevariationof r to thevariationof Y :

IRT  03zx3 ]

Mr = [ 0sxs Lt

where[11]] :
L3 =Tdsys + gsiné’ (g) [u] + (1 — sing(6))[u]

[u], being the antisymmetricmatrix of cross product
associatedo u
OV, (s) : : : .
e —= is easilyobtainedaccordingto (3).
Let us note, using (2), (3) and (1), we obtain a cam-
eratrajectoryin theworkspace A PbCcouldthusbeused
to follow it. However, it is more interestingto perform
featurestrajectoriesin imagein orderto exploit the good
behaior of IbC when the current and desired camera
positionsareclose.

2D trajectories. Let IRy, 9t and*R,, *t, bethe ro-
tationsandtranslationgmappingF; with F, andF, with
Fr, whereFy, is thecamerdramepositionatiterationk of
the pathplanning.With thesenotationswve have:

*R, = ‘R}‘R,
ko, = IR} (9, — Ity)

In orderto performvisual seno control, we constructthe
trajectoryof the projectionp; of eachpoint P;—;.., on-
to the image using the known coordinates’P; of P; in
F,. Thetrajectoryin imageis obtainedusingthe classical
assumptiorthatthe camergperformsa perfectperspecire
transformatiorwith respecto thecameraoptic center(pin-
holemodel):

Pjk = A[kRo kto] OP]'

whereA is the matrix of cameraintrinsic parametersin
the next part,we extendthis methodto the casewherethe
targetmodelis unknown.

3 Unknown planar target

In this section,we assumehat the targetis planarbut
the targetmodelis not available. After recallingthe rela-
tions betweerntwo views of a planartarget, we presenthe
methodwith accuratecalibrationparameterandthenwe
proveits robustnesvith respecto calibrationerror.

3.1 Euclideanreconstruction

Considera referenceplanell givenin desiredcamer
a frame (7,) by the vectorr” = [n*T — d*], wheren*
is its unitary normalin F, andd* the distancefrom II
to the origin of F, (seeFigure 3). It is well known [5]
thatthe projectionof point P; lying onII in currentview
p; = [u;v;1]T andin the desiredview p} = [u} v} 1]7
arelinkedby theprojectie relation:

1ip; = Grp;j (5)

whereG  is aprojectve homographyexpressedn pixels,
of planelIl betweenthe currentanddesiredimagesand i

a scalingfactor We canestimateit from a setof N > 8

points (threepointsdefiningII) in generalcaseor from a
setof N > 4 pointsbelongingto IT [11, 5]. Assumingthat
the cameracalibrationis known, the Euclideanhomogra-
phyH, is computedasfollows:

H, = A"'G,A (6)

Thematrix H, canbe decomposedsingmotion parame-
tersbetweenf, andF, [5]:

c
t
H, = ‘Ry+ —fn"" = 'R} - ‘Rte-n™"  (7)
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FromH, it is possibleto compute/R., tg« = g;:, and
n* usingfor examplethe algorithmpresentedn [5]. The
ratio p; betweenthe coordinateZ; of a pointlying onII,
with respectto cameraframe,andd*, thatwe will usein

the continuationcanalsobe determined11] :
Z; 1+ n*T cRgT(ctg/d*) ®)
Pi= g = “T ¢ =
7T d n*T cRTA-1p;

Figure3: Euclidearreconstruction

3.2 Trajectory planning

We now choosethe partial parameterizatiorof the
workspaceas YT = [tL, (ug)T]. We thushave Y7 =
[tT., (u§)T]and Y, = 0. Frominitial anddesiredm-
ages,it is possibleto computethe homographyH, ; and
thento obtain/R;, t4«; = 9t;/d*, n* andthusY;. Asin
theprevioussectionwe construcia pathstartingat T; and
orientedalongtheinducedforcesgivenby :

{Fa(‘r) = —a¥Y

F.(Y) = -ML(d*)L7(s,d") (BVB_())T

Accordingto (4) and(8), L(s, d*) canbewritten:
L(s,d") = [ 1s q ] (9)

whereQ = [Qf .. Q] ..QF]" andS = [ST ..ST ..ST]"
aretwo 2n x 3 matrixindependentf d* :

Lo
Sj = ()J _1 Y

Pj Pj
Q = [ zjy; —l—2} oy ]
T 14y —wyy g
The Jacobiamatrix My (d*) is givenby :
d*9RT 03X3]
O0sxs Lyt

Usingthe above equationthevectorY, canbecomputed
ateachiterationandfrom Y, therotationmatrix R, and
thevectortys ,, = 9t /d* areobtained.

Mr(@) = | (10)

2D trajectories  The homographymatrix H, . of plane
II relatingthe currentanddesiredmagescanbe computed
from Y, using(7) :

H, = ‘R — Rtz pn*"

According to (5) the image coordinatesof the points P;
belongingto IT attime k aregivenby :

T *
1Pk = [ ik Bvik f5 | = Gorp;  (11)

pj,x is easilyobtainedby dividing u;p;,x by its lastcom-
ponent,thusthe equation(11) allows usto obtainthe tra-
jectoriesin theimage.

Influenceof d*. Theparameted* appear®nly in repul-
sive force throughthe matrix J composedf the product
of MZ(d*) andL” (s,d*). Accordingto (9) and(10) we
have:

J =ML(@)LL (s,d*) = [ ‘RS* ]

L—TQT
ThatprovesthatJ andthusthetrajectoriesn theimageare
independentf parameter*.

Influence of intrinsic_parameters. If the camerais not
perfectlycalibredandA is usednsteadf A, theestimated
homographymatrixis :

H,;=A'AH,,A'A (12)
Let usassumehefollowing hypothesigH1):
H,;=A'AH,;,A"'A = H,, = A'AH, ;A'A

This assumptiormeanghattheinitial errorin the estimat-
edhomographys propagate@longthetrajectory Accord-
ing to (11) and(6) we obtain:

;B = AH, . A~'p] (13)
ConsideringH1), (12) and(13), we obtain:
1Pk = AH, tA7'p} = p;pjk

ThereforeunderassumptiorH1, thetrajectoriesn theim-
agearenotdisturbedoy errorsonintrinsic parameterswWe
will checkthis nice propertyon the experimentalresults
givenin Sectionb.

4 Control Scheme

In orderto track the trajectoriesusingan Image-based
Controlschemea vision-basedaskfunctione(r(t), t) [4]
is definedas:

e =LT(s(x(t)) —s*(t)) (14)
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where s is composedof the currentimage coordinates,
s* is the desiredtrajectoryof s computedin Sections2,
3 andL™ is the pseudo-inerseof a chosenmodel of L.
Thevalueof L atthecurrentdesiredpositionis usedfor L :

o if the tamgetis known L = L(s;,Z}) where Z is
easilyobtainedfrom Y, andthetargetmodel

o elsell = L(s;, E*), d* beinganestimated/alueof d*

In order that e exponentially decreasegoward 0 the
velocity controllaw is givenby [4] :
de

T=-)e— N (15)

where) is aproportionalgainand% denotesinestimated

valueof thetime variationof e. If thetargetis motionless,
we obtainfrom (14):

Oe =, 0s*

at ot
Accordingto (16), we rewrite (15):

(16)

Os*

T=-)e+L"
e+ ot

o~

wherethetermL+ ;t* allowsto compensaté&ackingerror
in following thespecifiedrajectory[1]. It canbeestimated
asfollow :

Thediscretizeccontrollaw attime kAt canfinally bewrit-
ten:

*

~ ~,8F—s
T=—-AL"(s; —s?)+LT& k=1
(Sk Sk) + At

5 Experiments

The methodspresentedhave beentestedon a six d-o-f
eye-in-handsystem.Thetargetis a planarobjectwith four
white marks(seeFigure4). Displacemenbetweertheini-
tial and final camerapositionsis very significant (¢, =
300mm, t, = 550mm, t, = 120mm, (uf), = 28dyg,
(ug), = 78dyg, (uh). = 147dg) andin this caseclassical
image-base@dnd position-basedisual senoing fail. Fig-
ure 5(c) shawvs theimportanceof repulsive potentialwith-
outwhich the visualfeatureggetoutlargely of the camera
field of view.

The obtainedresults(seeFigure 5) using the method
presentean Section2 andcorrectintrinsic parametersre
very satishctory The positioningtaskis accuratelyreal-
izedwith regularvelocities(becaus¢heerrors;, —sj, keeps

aregularvalue). After the completerealizationof the tra-
jectory, senwoingis prolongedwith asmallgainandacon-
stantreference We cannoticethatthe desiredtrajectories
andthetrackedtrajectoriesarealmostsimilar.

The methodpresentedn Section3 hasbeentestedwith
two setof parametersin Figure6, intrinsic parametergiv-
enby cameramanufcturerandreal value of d* hasbeen
usedandin Figure7, anerrorof 20%is addedon intrinsic
parameterg&iswell ason the parametel*. In both cases
the resultsare satishctory In particularandasexpected,
we will note that the plannedtrajectoriesare practically
identicalin bothcases.

M)

Figure4: Initial -a-, desired-b- imagesof the targetandtrajec-
toriesplannedwithout repulsie potential-c-

Figure5: Firstcasea: plannedtrajectoriesp : followed
trajectoriesc : velocities(cm/sanddg/s),d : erroron pix-
elscoordinatesd-

6 Conclusion

In this paper we have presented powerful methodto
increasethe applicationareaof visual senoing to the cas-
eswhereinitial and desiredpositionsof the cameraare
distant Experimentakesultsshow the validity of our ap-
proachandits robustneswith respecto modelingerrors.
Futurework will be devotedto introducesupplementary
constraintsn the planedtrajectories to avoid robotjoint
limits, kinematic singularities,occlusionsand obstacles.
Another perspectie is to generatethe trajectoriesin im-
agespaceof morecomple featureghatn pointsin order
to apply our methodto realobjects.
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Figure6: Secondcasewithouterrors,a: plannedtrajecto-
ries,b : followedtrajectoriesc : velocities(cm/sanddg/s),
d: erroron pixelscoordinates

©

Figure7: Seconccasewith errors,a: plannedrajectories,
b : followedtrajectoriesc : velocities(cm/sanddg/s),d :
erroron pixelscoordinates
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