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Abstract. The paperpresentsan extendedhand-ge calibrationapproactthat,
in contrastto the standardnethod,doesnot requirea calibrationpatternfor de-
termining cameraposition and orientation.Instead a structure-from-motioral-
gorithmis appliedfor obtainingthe eye-datathatis necessaryor computingthe
unknavn hand-ge transformationDifferentwaysof extendingthe standardal-
gorithm arepresentedwhich mainly involvesthe estimationof a scalefactorin
addition to rotation and translation.The proposedmethodsare experimentally
comparedusing dataobtainedfrom an optical tracking systemthat determines
theposeof anendoscopicameraTheapproachs of specialinterestin our clin-
ical setup,asthe usageof an unsterilecalibrationpatternis dif cult in a sterile
ervironment.

1 Intr oduction

Hand-eecalibrationalgorithmg9, 10,7, 5] solvethefollowing problemthatoriginated
in theroboticscommunity:Givenarobotarmanda cameranountedonthatarm,com-
putethe rigid transformatiorfrom armto camera(hand-ge transformation) Knowl-
edgeof this transformations necessarbecausdhe poseof the robotarmis usually
providedby therobotitself, while the poseof thecameras unknavn but neededor vi-
sualguidanceof thearm.However, if thehand-getransformations known thecamera
posecanbe computedirectly from the posedataprovidedby therobot.

Usually, the camera(eye) posesare computedusinga calibrationpatternandstan-
dard cameracalibrationtechniquesin contrastto that, a methodfor hand-ge cali-
brationis presentedn this paper whereno calibrationpatternis neededInstead the
camergposesare obtainedsolely from animagesequenceecordedusinga hand-held
cameraby applyingstructure-from-motiomethods.

Hand-ge calibrationis alsointerestingfor applicationghatarenotdirectly related
to robotics, but wheresimilar problemsarise.Insteadof a robot we usedan optical
trackingsystenthatprovideshanddata,andacameraywherethecamergosegeye) are
computedusinga calibrationpatternfor standarchand-ge calibration,and structure-
from-motionfor the extendedhand-ege calibrationdescribedn this paper The camera
mayin generabeanarbitraryhand-heldvideocameraFor our application—theecon-
structionof high-qualitymedicallight elds [11]—we usedanendoscop&vith arigidly
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mountedCCD cameraTheendoscopés movedby hand,its poseis determinedy the
opticaltrackingsystemMore detailson this systemwill follow in the experimentssec-
tion. Thehand-getransformatiorhasto beestimatedwverytime whenthecamershead
is mountedanav ontheendoscopeptics,whichis donebeforeeachoperatiorbecause
theendoscopéasto besterilized.This requiresanalgorithmthatworksautomatically
andfastwith a minimumof humaninteraction.

The paperis structuredasfollows: After anintroductionto hand-ge calibrationin
Sect.2 thestructure-from-motiomlgorithmwill bedescribeqSect.3). Sectiord showvs
the modi cationsto the hand-ge calibrationequationghatare necessarwhenusing
structure-from-motiofnsteadof standarccameracalibration.Experimentatesultsare
presentedn Sect.5.

2 Hand-Eye Calibration

The rst hand-ge calibrationmethodsverepublishedby TsaiandLenz[10], andShiu
andAhmad[9], wherethe latterformulatedthe hand-ege calibrationproblemasa ma-
trix equationof theform
R t T

Tej THe= TrueTwy; T = 0T 1 2 fHij; Eij; HEg : (1)
Twi is therobotarm (hand movementfrom time stepi to j, Tg; the camera(eye)
movement,and Tye is the unknavn hand-ge transformationj. e. the transformation
from gripperto cameraAll transformation§ aredescribecdby a3 3rotationma-
trix R anda 3-D translationvectort . Equation(1) canbe directly derivedfrom the
following diagram:

Hi ™ Ej
Thi é éTEij (2)
Hi '™ E;

H; andH j denotethe gripperposesE; andE; thecameraposesattimesi; j. The
usualway to solve (1) is to split it into two separateequationspnethat containsonly
rotation,anda secondnethatcontaingrotationandtranslation:

RueRHj = REj RuE; (I3 3 Rej)the = tgj  Rpetwy (3)

Thus, the rotationalpart of the hand-ge transformationrcanbe determinedrst, and,
afterinsertingit into the secondequation the translationapartcanbe computedThis
is the way hand-ge calibrationis done,e.g., in [9, 10,3]. Differentparameterizations
of rotationhave beenapplied.Theoriginalworksof [9, 10] usetheaxis/angleepresen-
tation,quaternionsvereusedby [3, 7], anddualquaternionsvereintroducedby [5]. In
contrastto the formerapproachest wassuggestedh [2] thatrotationandtranslation
shouldbe solvedfor simultaneouslyandnot separatelyThis approachs alsofollowed
in [7], whereanon-linearoptimizationof rotationandtranslationis done.

3 Structure-from-Motion

The usualway to obtain the cameraposesE ; is to captureimagesof a calibration
patternand apply standarccameracalibrationtechniqueg12]. In contrastto that our



approachs capableof usinganimagesequencevithout a patternandan uncalibrated
cameraBy applyinga structure-from-motiompproachthe cameramotion (andthere-
foretheeyepose< ;) canbecomputedor eachrecordedmage.Basically it is possible
to useary algorithmthatresultsin camergosesasthefollowing computatiorstepsdo

notrely onthe actualmethodused.The approachappliedin this paperis basedon the

work of [6]; it will beoutlinedin thefollowing.

Thealgorithmstartswith establishing?-D point correspondencdsetweerimages.
Eachdetectedeaturepoint hasto betracked over a sequencef imagesto allow a 3-D
reconstructionHere,amodi ed morerobustandfasterversionof the Tomasi-Kanade-
Shitrackeris usedthatcanalsodealwith illumination change$13].

After point featuresaretracked, the actual3-D reconstructiorstepstarts.First, an
initial reconstructions computedusingthe paraperspecte factorizationalgorithmon
a subsetof the images,sinceall featureshave to be visible in all images.The recon-
structedaf ne camerasrenow corvertedto perspectie onesby assumingreasonable
valuefor focal lengthandby choosingthe centerof the imageasthe principal point.
Theseperspectie cameraganbeusedasaninitialization for anon-linearoptimization
step,wherecameramnatricesand3-D pointsareoptimizedalternatingly

The initial sequencas now extendedby performingthe following stepsfor each
framethatis to be added:First, 3-D scenepointsaretriangulatedfrom featurepoints
thatarevisible in thenew imageusingalreadyreconstructedameranatricesThisway
it is possibleto usethetriangulatedpointsascalibrationpointsandapplystandaradam-
eracalibrationtechniqueslin fact, sincedifferencefrom one camergposeto the next
will usuallybe small,it is sufcient in practiceto skip the linear standardccalibration
methodsandinitialize the new camergposewith theparametersf theneighboringone.
Non-linearoptimizationof thiscamerawill yield thedesiredresult. Thesewo stepsare
repeateduntil all framesare processedOptionally, the whole reconstructiorcan be
optimizednon-linearlyby a nal bundle-adjustmergtep.

The resultis a reconstructiorof the 3-D scenepointsaswell asthe extrinsic and
intrinsic cameraparameterdor eachrecordedimage.Note, however, that the recon-
structionis only uniqueup to a similarity transformationj. e., the world coordinate
systemcanbechoserarbitrarily, andthe scaleof thereconstructions unknovn. While
the choiceof the world coordinatesystemis exactly the problemthat is solved with
standarchand-ge calibration,the unknown scalefactorhasto be estimatedaddition-
ally. Thistopicwill now beaddressed.

4 ExtendedHand-Eye Calibration

The drawbackof usingstructure-from-motiorinsteadof camereacalibrationis thatthe
scalingfactormentionedabore hasto be estimatedn additionto rotationandtransla-
tion duringhand-ge calibration;themodi ed methodwill becalledextendechand-ge
calibrationin thefollowing.

In [1] a structure-from-motioasedhand-ge calibrationapproachwaspresented
already wherethe scalingfactorhasbeenintegratedinto the standardequationg(3).
Themaindravbackof thatmethodis thatthe orthogonalityof the rotationmatrix R g
is notguaranteetly theextendedequationsbut hasto be enforcedafterwardsusingthe
SVD.



4.1 Extensionof BasicEquations

The straight-forvardmethodis to extend(3) by ascalingfactorsyg, resultingin:

RueRuij = Rej Rue (4)
(Is 3 REgj)the=tgj SHERHEtH; )

It canbe obsenedthatthe rotationalequationin (3) andeq. (4) arethe samej. e., the
scalefactorhasnoin uence onthe computatiorof rotation. Thereforetherotationcan
be obtainedby standardnethodsg.g., usingthe quaterniorrepresentatioof rotations
[3, 7], which guaranteeshat the resultingmatrix actuallyis a rotation. Equation(5),

however, containstranslationand scale,and canbe formulatedas a linear systemof

equationsasfollows:

(Is 3 Reij) Rugtni =tgj (6)

the
SHE
This methodof extendedhand-ge calibrationhasthe advantagethatall equationsys-
temsarelinear, but thedisadwantagehatonehasto solve for rotation rst, andthenfor
translatiomandscale.

The equationg4) and(5) canbe usedto formulatean objective functionf () for
non-linearoptimization whichis basednthe objective functionfor standarchand-ge
calibrationproposedy [7]:

Nrel
f (dpes the; SHE) = KQgi qHEquqHEk2 +

Krel - (7)

kQ((Is 3 Re)tue te)+ QueQ(Suetri)uek®+ (1 Guelpe)”:
i=1

whereq,¢ is thequaterniorusedfor parameterizatioof therotationmatrix R yg and

is aregularizationfactor(e.g., = 2 10°) thatpenalizesleviationsof the quaternion
gue from normoneandthusimplementsthe norm one constraint.The function Q( )
mapsa 3-D vectorto apurelyimaginaryquaternionQ(x) = O+ xqi+ X2j+ X3k, where
X = X1 X2 X3 T The singletermsof (7) canbe derived directly from the hand-ge
equationg4) and(5): The rst summandequalg4) in quaterniomotation.Thesecond
oneis derivedfrom (5) by reformulatingthe multiplication of the rotationmatrix R pg
andthetranslatiorvectorof therelatve movementf theleft camerausingquaternions.

4.2 Extensionof the Dual Quaternion Algorithm

This sectionshavs how the estimationof rotation,translationandscalecanbe formu-
latedusingdualquaternionsAs quaternionsrearepresentatiofor 3-D rotations dual
guaterniondreatrotationsandtranslationsn auni ed way.

Dual numberswere proposedy Clifford in the 19" century[4]. They arede ned
bye= a+ "b, where"? = 0. Whenusingvectorsfor a andbinsteadof realnumbers,
theresultis adualvector

A dualquaterniorg is de ned asa quaternionwheretherealandimaginaryparts
aredual numbersnsteadof real ones,or equivalently asa dual vectorwherethe dual



andthenon-dualpartarequaternionsg = q,4+ "dq. Justasunit quaternionsepresent
rotations,unit dual quaterniongontainrotationandtranslation5]. In the dualquater
nion representatiomf R andt, the non-dualpart q,4 is the well-known quaternion
representatioof R, andthedualpartis givenby

1
9a = Statns ta= (O:1) (8)

wheret is a purelyimaginaryquaternionde ned by the translationvectort. A dual
guaternionformulation of hand-ge calibrationwas introducedby [5]. We will now
shav how to integratescaleinto thedualquaterniorformulationby usingnon-unitdual
quaternionswhich resultsin auni ed representatioof similarity transformations.

For this purposea dual quaterniong,z containingall theseparameterss intro-
ducedwhichis de ned by:

—_— n —_— n 1 .
8sHE = Osteng T OsHEg = SHEQHE + étHquHE : 9)

A dualquaterniorhaseightelementsbut for rotation,translationandscaleonly seven
degreesof freedomare necessaryThe norm of a dual quaternioris in generala dual
numberwith non-neativereal partgivenby:

j€i° = 88 = dnglng * "(Unddg + Qelng) (10)
Whenthedualquaterniorasde nedin (9) is used the scaleis actuallymodeledasthe
normof Ggpe:

j8suei® = sne® + "0, j8shel = SHE (11)
Sincethescalefactorwill alwaysbeapositiverealnumberthedualpartof thenormhas
to bezero.Thereforepnedegreeof freedomis lost,andwe getanadditionalconstraint
thatis givenby:

OsHengOsHEd * AsHEdOsHERG = 0 (12)
Using (9), the extendedhand-ge calibrationproblem(cf. [5] for the standardor-
mulation)solvingfor scale rotation,andtranslationcanbeformulatedas:

Oeng9sHEnd = GsHEndAHng (13)

1
OenglsHeq T EququEnd = OsHend9dHd T 9sHEQOHRG - (14)

Theindicesij thatindicatearelatve movementrom framei to framej have beenomit-
tedfor reason®f simplicity. Note thatsye is not anadditionalindependenparameter
asin the previoussection put thenormof thedual quaternionge (cf. (11)).

It canbe obsenedthat(14)is a non-linearequation;anobjective functionf 9 ) for
non-linearoptimizationwill look asfollows:

Xrel
f o) . - 2 +
(Asheng AsHEd) = Uendi 9sHEnd  YsHERdAHndi
i=1
Xrel 1 2
OengidsHEg ¥ B=———=0eq;QsvEnd YsHEnddHdi T GsHEQHng T
i=1 UsHEnddsHENd

(dshEnddsteq + quEdquEnd)2
(15)



Fig. 1. Opticaltrackingsystem(left) andoneimageof the sequencedRT1 (middle)andART2
(right) shaving a siliconliver/gall-bladdemodelthatwereusedfor structure-from-motiomased
3-D reconstruction.

This objective functionestimatesotation,translationandscale which areall encoded
in the dual and non-dualpartsof g,.z. The rst summands derived from (13), the

secondonefrom (14). As before,a regularizationtermenforceghe constraint(12) on

thenormof thedualquaterniorgg, Which hasto bearealnumbern this case gight
parametersvith only sevendegreesof freedomareoptimized.

5 Experiments

In the following we presentan experimentalevaluationof the extendedhand-ee cal-
ibrationmethods The datawereacquiredusingan endoscopevith a cameramounted
onit (theeye), which wasmovedby hand.An opticaltrackingsystem(cf. Fig. 1, left)
providesposedataof a so-calledtarget (the hand) thatis x edto the endoscopeThe
infrared optical tracking systemsmARTtrack1 by AdvancedRealtimeGmbH is em-
ployed.lt is atypical optical trackingsystemconsistingof two (or more)cameragnd
atametthatis tracked. The targetis built from markersthatcaneasilybeidenti ed in
theimagescapturedoy the camerasin our casesphereswith aretro-re ective surface
areused.Infraredlight simpli es markeridenti cation. The 3-D positionof eachvisi-
ble markeris calculatedby the trackingsystem.The knowledgeof the geometryof the
targetthenallows to calculateits pose.

Insteadof usingconsecutie movementdor calibration we appliedthevectorquan-
tization baseddataselectionmethodproposedn [8], which leadsto moreaccuratere-
sults.

Sinceno groundtruthis availablewhencalibratingreal data,we cannotgive errors
betweerthe real hand-ge transformatiorandthe computedone.lt is desirable how-
ever, thatanerrormeasures availablewhich ratesthe quality of the resultingtransfor
mation. Therefore the following error measurds used:After applyingthe computed
hand-getransformatioron thehanddata,we getanestimateof the eyemovements=C.
This estimatednovementcannow be comparedo theoriginal egemovemente, which
hasbeenobtainedby structure-from-motiontf the hand-ge transformatioris correct,
the relatve movementsbetweensingle camerapositionsare equalin E and E®. The
errorsarecomputedoy averagingover a setof randomlyselectedelative movements.

Table1 shavsresidualerrorsin translationandrotationaswell asthe computation
timesfor hand-ge calibrationon a Linux PC (Athlon XP2600+)including dataselec-
tion, but notfeaturetrackingand3-D reconstructionT helatterstepsarethesamefor all
methodsandtake approximately90secfor trackingand200secfor 3-D reconstruction.
Thevaluesshown arerelative andabsoluteresidualdor rotation,andrelative errorsfor
thenormof thetranslationvectorof relative movementsAbsoluteerrorsfor translation



Table 1. Meanerrorsin rotationandtranslatiorof relative eye movementscomputedwith differ-
enthand-ge calibrationmethodsusingstructure-from-motiormsa basis.

DataSet Method Translation Rotation Time
DQ, scalesep. 22.3% 0.191 3.75% 310msec
Hor., scalesep. 13.0% 0.179 3.72% 2090msec
ART1 non-lin.,eq.(7) 17.8% 0.191 3.75%  2350msec
non-lin.,eq.(15) 446% 0.191 3.75% 756 msec
Andreff 13.2% 0.172 3.60% 309msec
DQ, scalesep. 20.7% 0.290 7.25% 433msec
Hor., scalesep. 18.7% 0.266 7.00% 1590msec
ART2 non-lin.,eq.(7) 18.4% 0.290 7.25%  1770msec
non-lin.,eq.(15) 20.7% 0.290 7.25% 482msec
Andreff 19.7% 0.272 7.10% 434msec

arenotgiven,asthesearehighly dependentn the estimatedscalefactorandtherefore
cannotbe comparedlirectly, whereasabsoluterotationalresidualsareindependenof

scale.We show the resultsfor two datasets,namelyART1 (190 images)and ART2

(200images)After featuretrackingand3-D reconstructiondifferenthand-ge calibra-
tion methodshave beenevaluatedjn all caseghereconstructedameramovementhas
beenusedaseye-dataTheresultsshovn in Tablel werecomputedasfollows:

DQ, scalesep.: Here,the scalefactorwasestimatedrst by solving (4) and (5). Af-
ter scalingthe eye-reconstructiomppropriatelyrotation and translationwere re-
estimatedusing a standardhand-ge calibrationmethod,namelythe linear dual
guaternioralgorithmof [5].

Hor., scalesep.: ThesameasDQ, scalesep, i. e., scaleandrotation/translatiorwere
computedseparatelylnsteadof dual quaternionghe non-linearmethodproposed
by [7] wasusedfor hand-ge calibration.

non-lin., eq. (7)/(15): Here, the non-linearobjective functions (7), (15) were used,
whichwereinitialized with theresultof DQ, scalesep After non-linearoptimiza-
tion of rotation, translation,and scale,rotationand translationwere re-estimated
usingthelineardualquaterniormethod whichresultsin amoreaccuratéhand-ge
transformatiorcomparedo non-linearoptimizationalone.

Andreff: Thisis theresultof thehand-ge calibrationmethodproposedy [1].

Therelative residualerrorsobtainedusingstandarchand-ge calibrationanda cal-
ibration patternare 4.20% (transl.)and 0.725%(rot.) for the con guration similar to
ART2 and5.39%(transl.)and1.09%(rot.) for the con gurationsimilarto ART1. The
deviationsto thehand-getransformatiorcomputedhis way comparedo theextended
approachusingstructure-from-motior{dependingon the method)are 15%to 16%in
rotationandabout35%for translation(ART2), and9%to 11%in rotationand26%to
32%in translation(ART1).

6 Conclusion

We presentednethodsfor an extendedhand-ge calibration,which allow to compute
the hand-ge transformatiorwithout the necessityfor usinga calibrationpatternin or-
derto obtainthecamergeye) posesinsteadthesearecomputedusingfeaturetracking



and a structure-from-motiorapproachwhich makesthe extensionof standarchand-
eye calibrationnecessargincein additionto rotationandtranslationa scalefactorhas
to be estimatedDifferentwaysof extendingtheseequationshave beenpresentecnd
comparedThemainresultis thatthe estimationof the hand-ge transformatioris fea-
sible without a calibrationpattern.Of course ponecould not expectto obtainresultsas
accurateaswith standaratalibration,dependingpntheapplication however, theadwan-
tagesof the extendedmethodmay outweighthis drawvback. This is especiallytrue for

theclinical setupthatwe have in mind, ashand-ge calibrationhasto be performedbe-
fore eachoperation.The usageof anunsterilecalibrationpatternin combinationwith a
sterileendoscopanda suigeonworking understerileconditionsis dif cult in practice,
andcanbecompletelycircumventedwhenusingthe methodgproposecdere.

References

1. N. Andref, R. Horaud,andB. Espiau. RobotHand-EyeCalibrationUsing Structurefrom
Motion. Int. Journal of RoboticsReseath, 20:228-2482001.

2. H. Chen. A Scrav Motion Approachto Uniguenes®nalysisof Head—EyeGeometry. In
Proc.of CVPR pagesl45-151 Maui, Hawaii, 1991.

3. J.C. K. ChouandM. Kamel. Findingthe Positionand Orientationof a Sensoron a Robot
ManipulatorUsing Quaternionsint. Journal of RoboticsReseath, 10(3):240-2541991.

4. W. Clifford. PreliminarySketchof Bi-quaternions Proc. of the LondonMathematicalSoci-
ety, 4:381-395,1873.

5. K. Daniilidis. Hand-EyeCalibration Using Dual Quaternions. Int. Journal of Robotics
Reseath, 18:286-2981999.

6. B. Heigl. PlenopticSceneModelingfrom Uncalibrated Image Sequencesibidem-\erlag
Stuttgart,2004.

7. R. Horaudand F. Dornaika. Hand-EyeCalibration. Int. Journal of RoboticsReseath,
14(3):195-2101995.

8. J. Schmidt,F. Vogt, andH. Niemann. VectorQuantizatiorBasedData Selectionfor Hand-
Eye Calibration. In B. Girod, M. Magnor andH.-P. Seidel,editors,Mision, Modeling and
Visualization2004 page21-28,Stanford USA, 2004.Aka/ 10S PressBerlin, Amsterdam.

9. Y. Shiuand S. Ahmad. Calibrationof Wrist Mounted Robotic Sensorsby Solving Ho-
mogeneoudransformEquationsof the Form AX = X B. IEEE Trans.on Roboticsand
Automation 5(1):16—29,1989.

10. R.Y. Tsaiand R.K. Lenz. A New Techniquefor Fully Autonomousand Ef cient 3D
RoboticsHand/EyeCalibration. IEEE Trans.on Roboticsand Automation 5(3):345-358,
1989.

11. F. Vogt, S. Kruger J. Schmidt,D. Paulus,H. Niemann,W. Hohenbeger, andC. H. Schick.
Light Fieldsfor Minimal Invasive SumgeryUsingan EndoscopéositioningRobot. Methods
of Informationin Medicine 43(4):403-4082004.

12. Z. Zhang. A Flexible New Techniquefor CameraCalibration. IEEE Trans.on Pattern
AnalysisandMachine Intelligence 22(11),2000.

13. T. ZinRet Ch.Gralil,andH. Niemann.Ef cient FeatureTrackingfor LongVideoSequences.
In C. E. Rasmussertl. H. Bulthoff, M. A. Giese andB. Sclblkopf, editors,PatternReca-
nition, 26th DAGM Symposiunvolume3175o0f Lectue Notesin ComputerSciencepages
326-333SpringefVerlag,Berlin, Heidelbeg, New York, 2004.



