Extrapolation: a solution for force feedback ?
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Abstract

Usingaforcefeedbacldevice within the framavork of deformableobjectsimu-
lation remainddifficult becaus®f theincompatibility betweerthe computatiortime
neededby realistic deformablemodelsand high refreshfrequenciesecessaryor
real-timehapticrendering.Giving the usera goodhapticsensatiomequiresrefresh-
ing the appliedforcesat leastten times more often thanfor giving a good visual
sensation Eventhoughvisually interactve deformablemodelsexists, they cannot
bedirectly usedfor hapticrendering.

We suggest,in this paper to extrapolatethe forces computedby the deformable
modelto go beyondinteractvity to hapticreal-time.

Keywords. simulation,deformablenodels real-time forcefeedbackextrapolation.

1 Introduction

Whereadorcefeedbacldeviceshave reachedechnicalqualitieswhich allow their usein
mary simulationapplicationsthe simulationof realisticdeformablemodelsremainstoo
slow to bedirectly usedfor real-timeforcefeedbackespeciallywhenthe objectgeometry
is complex. Researclon physicaldeformablenodelshasbeenveryactivefor tenyears|1,
2] andallows usto build visually interactve models.Thanksto retinapersistencavisual
sensatiorof continuity is provided with relatively low frequenciegabout25Hz). The
senseof touchis muchmoreprecise.lt requiresrefreshfrequenciesangingfrom 300Hz
for soft objectsto 10kHzfor rigid contact.

In theliterature,two mainapproacheto reachhapticreal-timearedeveloped:

e computingforcesempirically [3], for exampleby usinga force proportionalto the
penetratiordepthof thetool in theobject.n this casetheforceis notdeducedrom
aphysicaldeformation.
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e usinga simplified physicalmodel. The simplification canbe donein two ways,
eitherby decreasinghe sizeof themodel[4] or by doingasmuchpre-computation
aspossible[5]. In thelatter casethe modelcant endureary topologicalchange.
A combinationof thetwo possibilitiesis alsoa solutionwith alarge pre-computed
partandasmallsimplerpartwhosetopologycanbealtered[6].

Ourwork is placedin the context of minimally invasive suigery simulation,andmore
preciselyin virtual hepaticresectionunderlaparoscop [7]. The purposeis to give the
sulgeonthe ability to practiceon a virtual patient. The simulatormustbe asrealisticas
possiblebothfor visualandfor hapticrenderingwhichisn't attainablewith the previously
mentionedapproaches.

In this paper we proposea solutionbasedon humancharacteristicslt hasbeenshavn

([8]) thatif the senseof touchis very precise(we canfeel vibrationsuntil 10kHz, and
forcevariationsbetweer30 and300Hz), the gestures slower (from 1Hz for theanswer
to an unexpectedsignaland 10Hz for a reflex action). Thus,the appliedforcesmustbe
refreshedat high rate, but, becausat is relatedto users action, their evolution is quite
slow. Theideais to estimatethe force betweenwo time stepsof the deformablemodel
simulation.

First, we will quickly describeour simulatorarchitecture. Thenwe will presentvari-
ousforce extrapolationschemesandfinally we will discusghem.

2 Simulator architecture

As therefreshratesof the visualrenderingandthe hapticrenderingarequite different, it
seemsaturalto divide thesimulatorin two parts.As shovnin figure 1, onepartmanages
the force feedbacKkoop, andthe othermanageshe objectdeformationloop. This latest
canbedividedinto differentsteps:

first getthe positionof thetool, which allows usto

detectaneventualcollision betweerthetool andthe model,andin this case

computethe deformationof the model;

from this deformationdeduceheforce appliedon thetool;

then,we only needto updatethe displayandto sendtheforceto the extrapolation
module,beforestartingagaintheloop.

In our casetheobjectis atetrahedrianeshrepresentinghumanliver. We giveit alinear
elasticitybehaior modeledby thefinite elementmethod,whichis eithersolveddynam-
ically with the Tensor/Masslgorithm[6], or quasi-staticallyusing pre-computatior5].
Our modelincludes1394 vertices, 8347 edges,and 6342 tetrahedra.This size of mesh
permitsaninteractve simulationonabi-processoPentium333oronaSGIOnyx2. In our
setup,asin mostsimulatorstheforcefeedbaclkdevicesarehandledoy anothercomputey
a Pentium166in our case,which drivesthe two LaparoscopidmpulseEngines. The
communicatiorbetweenthe simulationworkstationandthe force feedbackworkstation
is donevia aclassicalEthernetonnectionusing UDP soclets

http://mwwimmerse.com
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Figurel: Simulatorarchitecture

Our researchgroup[7] works on all the problemsencounteredn minimal invasve
suigery simulation. We can cite the optimizationof the collision detectionbetweenthe
tool andthe organ[9], the developmentof a morerealisticbehaior of the model(non-
linearelasticity anisotropy), thetuning of the behaior modelto bio-mechanicatlataand
realisticvisualrendering.This paperfocuseson theforcefeedbackoroblem.

3 Forceextrapolation

Ouraimis to generatdorcesat a rateof 500Hzfrom forcescomputedoy the deformable
objectsimulationat a rateof about30Hz. A solutioncould have beento introduceatime
delaywhich valueis thetime neededo computeone simulationstep,andto interpolate
retrospectiely the computedforces. But two major dravbacksprevent us from using
this solution. First, this delayis not acceptabldor a suigical gesture.Secondthetime
neededo computeonesimulationstepcanvary someavhat. Thuswe chooseto estimate
the currentforce by extrapolatingthe previously computedones.

Theforce extrapolationprocesss describedext.

Thesimulationloop givesusa discreteseriesof parameterst,,, P,,, F,,) representinghe
forceF,, appliedon thetool in positionP,, attime t,,. Thetime stepbetweenwo suc-
cessvet, is about0.04s(visualreal-time)andis not necessarilyconstant.Good quality
force feedbackcan be reachedoy an updateof the force at about500Hz. So, we must
chooseanextrapolationfunctionF (¢) providing anestimationof theforceto applyto the
tool attimet (¢, <t < t,41) accordingo alreadyknown data(t;, P;, F;), i = 0..n.

A very popularmethodfor this kind of estimationis Kalmanfiltering. As defined
in prefaceof [10], Kalmanfiltering is an optimal stateestimationprocesswhich gives
alinear, unbiasedandminimum error variancealgorithmto estimatethe unknowvn state
of a dynamicsystemfrom noisy datataken at discretereal-timeintervals. But in our
casetheabsenc®f randomperturbationglirectsour researchiowardsa simplemodelof
extrapolation.

In orderto validateour approachye have testeddifferentextrapolationfunctions.
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3.1 Constant extrapolation

The easiestway to producethe unknovn datafrom the known oneis to usethe latest
computedorceasaguesdor thecurrentone.

F'(t) = F, th <t <tpit

This extrapolationmethodhasseveraladvantagesFirst, it needsno computation.Then,
as the applied force resultsfrom the deformationcomputation,such an extrapolation
schemeensureaus to apply only valid forces. Thereis no risk of applyingtoo large a
forcewhich could damagdhe device. In mostforce feedbackdevices,this extrapolation
schemas a partof the hardwareandis automaticallyapplied. Thisis the caseof the La-
paroscopidmpulseEnginehardware. Obviously, this methodtakesinto accountonly the
lastcomputedorce andproducesa falseestimationof the force assoonasit changego
anotherstep.Themainproblemwith this methodis the discontinuityof theappliedforce
which givesthe sensatiorof touchingaroughsurfaceassoonastherefreshratebecomes
toolow (underabout300Hz).

3.2 Linear extrapolation over time

Anotherway to estimatethe currentvalueof a signalchangingovertimeis to extrapolate
it overtime. As ourdeformablenodelsketchesalinearelasticbehaior, we only consider
linearextrapolation.

Letuscall t;,, andF;_, thetime andthe force estimatedfor the next datatriplet,
extrapolatingthe force linearly is equivalentto interpolatinglinearly on the interval of
time [t,, t;,,,] theforces[F,,, F; _ ,].

Assumingthatthe simulationrunsat a constanfrequeng, we have:

ti—l—l =ty + (tn — tn-1)

If we supposehattheforcevariationis linearin time, we have thefollowing definition of
theforcefunction:

o t—ty
oty —tas

This methodgivesbetterresultsthanthe previously describedne. Theforcediscon-
tinuities arelessnoticeable.But we mustfacea new problem,asthe appliedforcesare
nottheonesthatthe simulationof thedeformablemodelcomputesthey canbearbitrarily
large. Theseforce amplitudepeaksoccurespeciallywhensimulationtime stepincreases
(tn — tho1 K tpy1 —tn).

F'(t) (F,—F, 1)+ F, tn <t <tpir.

3.3 Linear extrapolation over position

The force changesare mainly dueto the tool movement. In the caseof a dynamicde-
formablemodel,theforce alsochangeslightly overtime, evenif thetool doesnt move,
whenthemodelevolvestowardsits restposition. Thetool positionis thusvital for guess-
ing whatis the force appliedto it by the deformablemodel. Although computingphys-
ically baseddeformationat the neededrequeny is not yet possible,nothing prevents
usfrom queryingthe force feedbackdevice to know thetool positionat sucha high fre-
queng. Theseobsenationsleadusto developaforceestimatobasednthetool position.
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Figure2: Tool positionprojectionfor extrapolationover position

As the tool positionis not a scalarvalue, we can not directly apply the algorithm
previously presented A way to obtaincomparablescalarvaluesis to projectthe current
tool positionP in P’ ontheline definedby thetwo precedentool positionP,,_; andP,,
(figure 2). We canthenconsiderthe normratio for extrapolation:

[P — Pl

FPt)=F,, + —————
O =Ft 1p, P, ]

(Fn - Fn—l) tn S t< tn—l—l
We cannoticethattheerrorinducedby thetool positionprojectionis null, whenP,, ;,
P, andP arealigned,in otherwordswhenthetool trajectoryis aline.

All of thesethreeextrapolationmethodsvereimplementedn our suigery simulator
In orderto compareandto evaluatethem, several experimentswere performed. The
resultsarepresentedn the next section.

4 Evaluation

Thefirst experimentwassimply performedoy usingour sugerysimulatorwith oneof the
threeextrapolationschemesctivated. The constantextrapolationgivesus the sensation
of touchinga roughsurface. The extrapolationaccordingto time is animprovement,but
we sometimedaceto unexpectedlarge forces. As soonasthe tool movementis slow
enoughthesensatiomivenby the extrapolationover positionaresmooth.Of coursethis
Is avery biasedevaluation,andwe tried to comparehethreemethodsmoreobjectively.

4.1 Referencedata set

We wantto compardheforcesproducedy thedifferentextrapolationschemeso arefer
enceforce. We alsowantto studytheimpactof the simulationfrequeng ontheseerrors.
Thetime, thetool position,andthe force computedby the simulationof the deformable
modelwererecordedduring several sugery simulationsessionsA simplified meshwas
usedto modelthe deformableobject. It allows the simulationto reacha frequeng of
80Hz. Fromthis high frequeny data,we generatdower frequeng databy keepingonly
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onesampleover n. For example,keepingonesampleover 4 givesus a datasetat 20Hz.
To evaluatethe extrapolationwe needareferencdorcevaluefor eachextrapolatedralue.
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Figure3: A referencedataset(20Hz)with interpolation(500Hz)

We producedthis referenceforce by linearly interpolatingthe forcescomputedby
the simulation. This is shawn in figure 3. Impulsesrepresenthe input forces,the line
shows the interpolation. For an easierunderstandingf the showvn figures,we plot 2D
experiments We alsopreferapolarrepresentationf theforces(rightisdeof thefigure 3).

4.2 Error measurement

For eachextrapolatedorce,we measureghe differencedetweertheinterpolatedandthe
extrapolatedorces.

The left columnshaws the original datasetwith impulsesandthe extrapolatedone
with a line. Theseplots are comparedo the referenceonein figure 3. The difference
betweenhe extrapolatedandthe interpolatedforces,which is taken asa measureof the
error, is plotted,alsoin a polarfashion,in theright columnof thefigure 4. Theseglots
shownsthe extrapolationresultsfor ainput datasetat 20Hz.

We cannotethatthe linear extrapolationover positiongivesvery interestingresults
(very few discontinuitiesand no singularforce). We tried the samekind of experiment
with different simulationfrequenciesand with differenttool movement. The position
linearextrapolationalwaysgave thebestresults whichis confirmedby sensatiomeceved
duringutilization.

Other testswere performedwith different speeddor the tool movement. They shawv

that for a high speedtool movementor for a too weakly sampledmovement(too low

simulationfrequeng), the errorbecomesmportant. An importantfeatureto geta good
qualityforcefeedbacks thesamplingof the movement. Whenthesamplingis too sparse,
theassumptionthatthetool follows a linear pathis no longerhold.

In orderto completeour study we have alsoperformeda long simulationexperience
(severalminutes)on our liver mesh. During this experiment,the simulationloop ran at
about30Hz. Somestatisticaldatawas computedon this experiment,including the tool
speed.Thistime we only considethenormerror. Thisallows usto give theerrorsonthe
appliedforcesasa percentagef theinterpolatedorce. Resultsaregivenin thefollowing
table:
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Figure4: Evaluatingthe differentextrapolationmethods
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Averagespeed | 0.017ms~!

Max speed 0.078ms!

Frequeng 33Hz

Spatialsampling 0.5mm

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
suigeons gestureis performedat about0.01m.s~1. With sucha speedanda simulation
runningatavisualreal-timerate(about20Hz),thelinearextrapolationover positiongives
very goodresults.

5 Conclusion

We have developeda methodto reconcilethe computationtime of realistic physically
baseddeformablemodelsandthe high refreshfrequenciesneededor hapticrendering.
This methodtakesinto accounthe sensibilityof thehumantouch,andthe characteristics
of the humangesture. It is basedon two asynchronousoops, one for the deformable
modelrunningat visual real-timefrequeng, the otherfor the extrapolationof the forces
computedoy the simulationloop. We have tried threeextrapolationfunctions: constant,
linear over time extrapolation,and the more original linear over position extrapolation,
which usesthe fact that the position canbe readon the force feedbackdevice anytime
we needit. We found that this last methodgives good resultsas soon as the spatial
samplingof the tool movementis denseenoughor, in otherwordsthe the ratio between
the simulationfrequeng andthe tool speeds large enough. This leadsus to conclude
that for the speedof the suigeons gesture a simulationat a visual real-timefrequeny
(about20Hz) is enoughto producehigh quality force feedback(about500Hz)thanksto
thelinearextrapolationover position.
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