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Abstract

Usinga forcefeedbackdevice within theframework of deformableobjectsimu-
lation remainsdifficult becauseof theincompatibilitybetweenthecomputationtime
neededby realisticdeformablemodelsandhigh refreshfrequenciesnecessaryfor
real-timehapticrendering.Giving theusera goodhapticsensationrequiresrefresh-
ing the appliedforcesat leastten times more often than for giving a good visual
sensation.Even thoughvisually interactive deformablemodelsexists, they cannot
bedirectly usedfor hapticrendering.
We suggest,in this paper, to extrapolatethe forcescomputedby the deformable
modelto go beyondinteractivity to hapticreal-time.
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1 Introduction

Whereasforcefeedbackdeviceshavereachedtechnicalqualitieswhichallow theirusein
many simulationapplications,thesimulationof realisticdeformablemodelsremainstoo
slow to bedirectlyusedfor real-timeforcefeedback,especiallywhentheobjectgeometry
is complex. Researchonphysicaldeformablemodelshasbeenveryactivefor tenyears[1,
2] andallowsusto build visually interactivemodels.Thanksto retinapersistenceavisual
sensationof continuity is provided with relatively low frequencies(about25Hz). The
senseof touchis muchmoreprecise.It requiresrefreshfrequenciesrangingfrom 300Hz
for soft objectsto 10kHzfor rigid contact.
In theliterature,two mainapproachesto reachhapticreal-timearedeveloped:

� computingforcesempirically [3], for exampleby usinga forceproportionalto the
penetrationdepthof thetool in theobject.In thiscasetheforceis notdeducedfrom
aphysicaldeformation.�
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� usinga simplified physicalmodel. The simplificationcanbe donein two ways,
eitherby decreasingthesizeof themodel[4] or by doingasmuchpre-computation
aspossible[5]. In the latter case,themodelcan’t endureany topologicalchange.
A combinationof thetwo possibilitiesis alsoa solutionwith a largepre-computed
partandasmallsimplerpartwhosetopologycanbealtered[6].

Our work is placedin thecontext of minimally invasivesurgerysimulation,andmore
preciselyin virtual hepaticresectionunderlaparoscopy [7]. The purposeis to give the
surgeontheability to practiceon a virtual patient. Thesimulatormustbeasrealisticas
possiblebothfor visualandfor hapticrendering,whichisn’t attainablewith thepreviously
mentionedapproaches.
In this paper, we proposea solutionbasedon humancharacteristics.It hasbeenshown
([8]) that if the senseof touch is very precise(we canfeel vibrationsuntil 10kHz, and
forcevariationsbetween30 and300Hz), thegestureis slower (from 1Hz for theanswer
to an unexpectedsignaland10Hz for a reflex action). Thus,theappliedforcesmustbe
refreshedat high rate,but, becauseit is relatedto user’s action,their evolution is quite
slow. The ideais to estimatethe forcebetweentwo time stepsof thedeformablemodel
simulation.

First, we will quickly describeour simulatorarchitecture.Thenwe will presentvari-
ousforceextrapolationschemes,andfinally wewill discussthem.

2 Simulator architecture

As therefreshratesof thevisualrenderingandthehapticrenderingarequitedifferent,it
seemsnaturalto dividethesimulatorin two parts.As shown in figure1, onepartmanages
the force feedbackloop, andtheothermanagestheobjectdeformationloop. This latest
canbedividedinto differentsteps:

� first getthepositionof thetool, which allowsusto

� detectaneventualcollisionbetweenthetool andthemodel,andin this case

� computethedeformationof themodel;

� from this deformation,deducetheforceappliedon thetool;

� then,we only needto updatethedisplayandto sendtheforceto theextrapolation
module,beforestartingagaintheloop.

In ourcase,theobjectis a tetrahedricmeshrepresentingahumanliver. Wegiveit a linear
elasticitybehavior modeledby thefinite elementmethod,which is eithersolveddynam-
ically with theTensor/Massalgorithm[6], or quasi-staticallyusingpre-computation[5].
Our modelincludes1394vertices,8347edges,and6342tetrahedra.This sizeof mesh
permitsaninteractivesimulationonabi-processorPentium333oronaSGIOnyx2. In our
setup,asin mostsimulators,theforcefeedbackdevicesarehandledby anothercomputer,
a Pentium166 in our case,which drivesthe two LaparoscopicImpulseEngines1. The
communicationbetweenthe simulationworkstationandthe force feedbackworkstation
is donevia aclassicalEthernetconnection,usingUDPsockets.

1http://www.immerse.com
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Figure1: Simulatorarchitecture

Our researchgroup[7] works on all the problemsencounteredin minimal invasive
surgery simulation. We cancite the optimizationof the collision detectionbetweenthe
tool andtheorgan[9], thedevelopmentof a morerealisticbehavior of the model(non-
linearelasticity, anisotropy), thetuningof thebehavior modelto bio-mechanicaldataand
realisticvisualrendering.Thispaperfocuseson theforcefeedbackproblem.

3 Force extrapolation

Our aim is to generateforcesat a rateof 500Hzfrom forcescomputedby thedeformable
objectsimulationat a rateof about30Hz.A solutioncouldhavebeento introducea time
delaywhich valueis the time neededto computeonesimulationstep,andto interpolate
retrospectively the computedforces. But two major drawbacksprevent us from using
this solution. First, this delayis not acceptablefor a surgical gesture.Second,the time
neededto computeonesimulationstepcanvary somewhat. Thuswe chooseto estimate
thecurrentforceby extrapolatingthepreviouslycomputedones.

Theforceextrapolationprocessis describednext.
Thesimulationloopgivesusadiscreteseriesof parameters���	��

����

����� representingthe
force ��� appliedon the tool in position ��� at time �	� . The time stepbetweentwo suc-
cessive �	� is about0.04s(visual real-time)andis not necessarilyconstant.Goodquality
force feedbackcanbe reachedby an updateof the force at about500Hz. So, we must
chooseanextrapolationfunction ������� providing anestimationof theforceto applyto the
tool at time �����	���������	��� �!� accordingto alreadyknown data �"�	#$

��#$
%��#��&
('*),+.-/-10 .

A very popularmethodfor this kind of estimationis Kalmanfiltering. As defined
in prefaceof [10], Kalmanfiltering is an optimal stateestimationprocess,which gives
a linear, unbiased,andminimumerrorvariancealgorithmto estimatetheunknown state
of a dynamicsystemfrom noisy datataken at discretereal-timeintervals. But in our
case,theabsenceof randomperturbationsdirectsour researchtowardsasimplemodelof
extrapolation.
In orderto validateour approach,wehave testeddifferentextrapolationfunctions.
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3.1 Constant extrapolation

The easiestway to producethe unknown datafrom the known one is to usethe latest
computedforceasaguessfor thecurrentone.

�325456������7)8��� �	���������	�9� �
This extrapolationmethodhasseveraladvantages.First, it needsno computation.Then,
as the applied force resultsfrom the deformationcomputation,suchan extrapolation
schemeensuresus to apply only valid forces. Thereis no risk of applying too large a
forcewhich coulddamagethedevice. In mostforcefeedbackdevices,this extrapolation
schemeis a partof thehardwareandis automaticallyapplied.This is thecaseof theLa-
paroscopicImpulseEnginehardware.Obviously, this methodtakesinto accountonly the
lastcomputedforceandproducesa falseestimationof theforceassoonasit changesto
anotherstep.Themainproblemwith thismethodis thediscontinuityof theappliedforce
whichgivesthesensationof touchingaroughsurfaceassoonastherefreshratebecomes
too low (underabout300Hz).

3.2 Linear extrapolation over time

Anotherway to estimatethecurrentvalueof asignalchangingover time is to extrapolate
it overtime. As ourdeformablemodelsketchesalinearelasticbehavior, weonly consider
linearextrapolation.

Let us call �;:��� � and �3:�9� � the time andthe force estimatedfor the next datatriplet,
extrapolatingthe force linearly is equivalent to interpolatinglinearly on the interval of
time < �	�.
�� :��� �	= theforces <>���.

� :��� �$= .
Assumingthatthesimulationrunsat aconstantfrequency, wehave:

� :�9� � )?�	�A@,�"�	��BC�	�EDF�%�G-
If wesupposethattheforcevariationis linearin time,wehavethefollowing definitionof
theforcefunction:

� 6 �����() �HBI�	�
�	��BC�	�EDF� �����JBK���EDF���L@M��� �	�������N�	�9� �G-

This methodgivesbetterresultsthanthepreviously describedone.Theforcediscon-
tinuitiesarelessnoticeable.But we mustfacea new problem,astheappliedforcesare
not theonesthatthesimulationof thedeformablemodelcomputes,they canbearbitrarily
large. Theseforceamplitudepeaksoccurespeciallywhensimulationtime stepincreases
���	�JBI�	�ODF�(PQ�	��� �HBC�	�R� .

3.3 Linear extrapolation over position

The force changesaremainly dueto the tool movement. In the caseof a dynamicde-
formablemodel,theforcealsochangesslightly over time,evenif thetool doesn’t move,
whenthemodelevolvestowardsits restposition.Thetool positionis thusvital for guess-
ing what is the forceappliedto it by thedeformablemodel. Althoughcomputingphys-
ically baseddeformationat the neededfrequency is not yet possible,nothing prevents
us from queryingthe forcefeedbackdevice to know thetool positionat sucha high fre-
quency. Theseobservationsleadusto developaforceestimatorbasedonthetool position.
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Figure2: Tool positionprojectionfor extrapolationoverposition

As the tool position is not a scalarvalue, we can not directly apply the algorithm
previously presented.A way to obtaincomparablescalarvaluesis to projectthecurrent
tool position � in � ’ on theline definedby thetwo precedenttool position ���ODF� and ���
(figure2). Wecanthenconsiderthenormratio for extrapolation:

�7S������()T���A@
U ��VWBK��� UU ���JBC���ODF� U �5���JBK���ODF�%� �	�������X�	��� �

Wecannoticethattheerrorinducedby thetool positionprojectionis null, when ���ODF� ,
��� and � arealigned,in otherwordswhenthetool trajectoryis a line.

All of thesethreeextrapolationmethodswereimplementedin our surgerysimulator.
In order to compareand to evaluatethem, several experimentswere performed. The
resultsarepresentedin thenext section.

4 Evaluation

Thefirst experimentwassimplyperformedby usingoursurgerysimulatorwith oneof the
threeextrapolationschemesactivated.Theconstantextrapolationgivesus thesensation
of touchinga roughsurface.Theextrapolationaccordingto time is animprovement,but
we sometimesfaceto unexpectedlarge forces. As soonas the tool movementis slow
enough,thesensationgivenby theextrapolationoverpositionaresmooth.Of course,this
is averybiasedevaluation,andwe tried to comparethethreemethodsmoreobjectively.

4.1 Reference data set

Wewantto comparetheforcesproducedby thedifferentextrapolationschemesto arefer-
enceforce.We alsowantto studytheimpactof thesimulationfrequency on theseerrors.
Thetime, the tool position,andthe forcecomputedby thesimulationof thedeformable
modelwererecordedduringseveralsurgerysimulationsessions.A simplifiedmeshwas
usedto model the deformableobject. It allows the simulationto reacha frequency of
80Hz. Fromthis high frequency data,we generatelower frequency databy keepingonly

VIRTUAL REALITYANDPROTOTYPING June1999,Laval (France)



onesampleover n. For example,keepingonesampleover 4 givesusa datasetat 20Hz.
To evaluatetheextrapolation,weneedareferenceforcevaluefor eachextrapolatedvalue.
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Figure3: A referencedataset(20Hz)with interpolation(500Hz)

We producedthis referenceforce by linearly interpolatingthe forcescomputedby
the simulation. This is shown in figure 3. Impulsesrepresentthe input forces,the line
shows the interpolation. For an easierunderstandingof the shown figures,we plot 2D
experiments.Wealsopreferapolarrepresentationof theforces(right isdeof thefigure3).

4.2 Error measurement

For eachextrapolatedforce,wemeasurethedifferencesbetweentheinterpolatedandthe
extrapolatedforces.

The left columnshows the original datasetwith impulsesandthe extrapolatedone
with a line. Theseplots arecomparedto the referenceonein figure 3. The difference
betweentheextrapolatedandthe interpolatedforces,which is takenasa measureof the
error, is plotted,alsoin a polar fashion,in theright columnof thefigure4. Thesesplots
showstheextrapolationresultsfor a input datasetat 20Hz.

We cannotethat the linear extrapolationover positiongivesvery interestingresults
(very few discontinuitiesandno singularforce). We tried the samekind of experiment
with different simulationfrequenciesand with different tool movement. The position
linearextrapolationalwaysgavethebestresults,whichis confirmedby sensationreceived
duringutilization.
Other testswere performedwith different speedsfor the tool movement. They show
that for a high speedtool movementor for a too weakly sampledmovement(too low
simulationfrequency), theerrorbecomesimportant. An importantfeatureto geta good
qualityforcefeedbackis thesamplingof themovement.Whenthesamplingis toosparse,
theassumptionthatthetool followsa linearpathis no longerhold.

In orderto completeour study, we have alsoperformeda long simulationexperience
(severalminutes)on our liver mesh.During this experiment,the simulationloop ran at
about30Hz. Somestatisticaldatawascomputedon this experiment,including the tool
speed.This timeweonly considerthenormerror. Thisallowsusto give theerrorson the
appliedforcesasapercentageof theinterpolatedforce.Resultsaregivenin thefollowing
table:
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Figure4: Evaluatingthedifferentextrapolationmethods
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Averagespeed 0.017 Y[Z DF�
Max speed 0.078 Y[Z DF�
Frequency 33 \^]
Spatialsampling 0.5 Y_Y
method averageerror maximalerror maximalforce
constant 1.1% 56 % 133%
linearin time 0.3% 9 % 109%
linearin position 0.1% 7 % 106%

This experimentconfirmsthe precisionof the linear extrapolationover positionand
the importanceof the spatialsamplingof the movement. Studieshave shown that the
surgeon’s gestureis performedat about0.01 Y`-aZ DF� . With sucha speedanda simulation
runningatavisualreal-timerate(about20Hz),thelinearextrapolationoverpositiongives
verygoodresults.

5 Conclusion

We have developeda methodto reconcilethe computationtime of realistic physically
baseddeformablemodelsandthe high refreshfrequenciesneededfor hapticrendering.
Thismethodtakesinto accountthesensibilityof thehumantouch,andthecharacteristics
of the humangesture. It is basedon two asynchronousloops,one for the deformable
modelrunningat visual real-timefrequency, theotherfor theextrapolationof theforces
computedby thesimulationloop. We have tried threeextrapolationfunctions:constant,
linear over time extrapolation,andthe moreoriginal linear over positionextrapolation,
which usesthe fact that the positioncanbe readon the force feedbackdevice anytime
we needit. We found that this last methodgives good resultsas soonas the spatial
samplingof thetool movementis denseenough,or, in otherwordsthetheratio between
the simulationfrequency andthe tool speedis large enough.This leadsus to conclude
that for the speedof the surgeon’s gesture,a simulationat a visual real-timefrequency
(about20Hz) is enoughto producehigh quality force feedback(about500Hz)thanksto
thelinearextrapolationoverposition.
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