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Abstract

This paper describesa psydophysicalexperimentde-
signedto studythe phenomenorof illusion which occurs
with the pseudo-haptideedba& (see[13]), andto identify
themomentvhenthisillusion occurs : the“boundary of il-
lusion”. Thesubjectavere giventhetaskof decidingwhich
of two virtual springsis the stiffer, thesespringsbeingsim-
ulatedwith a PHANToM™ forcefeedbak device anddis-
playedon a monoscopicomputerscreen. Thefirst spring
hasarealistichehaviorsinceits visualandhapticdisplace-
mentsare identical. Thesecondspring - the pseudo-haptic
one- is stiffer, ona hapticbasis,but sometimesessstiff, on
avisualbasis.

The data collected allowed us to calculate the visual
Point of SubjectiveEquality (PSE)betweerthetwo springs,
which representghe boundaryof the sensornyillusion. On
average, a high value of PSEturnedout to be -24%. This
value increasesmonotonicallywhenthe haptic difference
betweerthe springsincreases. This impliesthat more vi-
sual deformationis necessaryo compensatéarge haptic
differencesand qualifiesthe notion of visualdominance

However, this boundaryvariesgreatly dependingpn the
subjectsand their strategy of sensoryintegration. The
subjectswere sensitiveto this illusion to varying degrees.
They were dividedinto differentpopulationdromthosewho
were “haptically oriented” to thosewhowere “visually ori-
ented”.

1. Intr oduction

This researchs a partof anongoingeffort dealingwith
multimodal perceptionand the integration of visual and
hapticinformation,in orderto provide fulfilling Virtual En-
vironments(VEs). It is particularlydevotedto developing
pseudo-haptisystemswhich could bedefinedas“systems
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providing hapticinformationgeneratedaugmente@r mod-
ified, by theinfluenceof anothersensorymodality”.

A previous study[13] demonstratedhat a passie iso-
metric input device suchasthe Spaceball™ [2] usedto-
getherwith appropriatevisual feedbackcould provide the
operatorwith a pseudo-haptideedback. During a psy-
chophysicakxperimentyarioussubjectavereableto com-
parethe stiffnesseof real springsandvirtual ones- simu-
latedwith a pseudo-haptiéeedback.

Pseudo-haptideedbackwas accompaniedby several
sensoryillusions [12]. Another surprisingresult was the
highvaluefoundfor the Pointof Subjectve Equality(PSE)
whendiscriminatingbetweerarealspringandavirtual one.

This experimentraisedmary questionssuchas:

e How is the integration of both visual and haptic
informationperformed“How is theillusion generated?

¢ What happensif a non-isometric device is used
which providesdifferentsqueezingdistances?How is the
perceptioraffected?

¢ Whatis the meaningof indicatorssuchasthe PSEor
the IND?? Whatdo they imply for the designof VEs?

The objective of the following study is to investigate
theseproblems,in orderto provide elementsfor the inte-
grationof pseudo-hapti¢deedbackand sensoryillusionsin
thedesignprocesof VESs. It is concernedvith the mutual
influenceof thevisualandhapticinformationin theinternal
representatioprocess.

The paperbegins with an overview of previouswork in
thefield of perceptiorof the compliance- or stiffness - of
real or virtual objects. It will be followed by the descrip-
tion of a psychophysicakxperimentcalled “boundary of

1The PSErepresentshe value of the comparedstimulussubjectvely
perceved asbeingequalto the stimulusof referencd7]. In this particu-
lar experimentthe PSEwasa “visual PSE”, sinceit correspondedo the
“visual stiffness”of thevirtual springfor which thevirtual springwasper
cevedasequallystiff astherealone.

2The JustNoticeableDifference(JND) is thejust detectabléncrement
(or decrementdf intensityfor a specificstimulus[7].

3Thestiffnessis theinversevalueof the complianceIn therestof this
paper theword stiffnesswill alwaysbeused.



illusion”. This experimentconsistsof a manualstiffness
discriminationbetweena realistic spring and a “pseudo-
haptic” spring- i.e. onewhich is simulatedwith different
hapticandvisualstiffness(seePart 3). Thena psychophys-
ical analysisof theresultswill be developed followedby a
dataanalysisconcernedvith the effectsof visualandhap-
tic informationon the resultof the discriminationtask. Fi-
nally, variability of the resultsamongthe subjectswill be
discussed.

2 Previouswork

A multi-sensoryapproachcan greatly increaseperfor-
mancesn avirtual reality simulation[15]. Butwhenrecev-
ing multi-sensoryinformation, peoplemay becomebetter
[9] [5], or ... poorer[16]. It isimportantto “carefully select
and characterizehe perceptualqualities of the simulated
sensorystimuli” [14].

The perceptionof stiffnessof real or virtual objectshas
beenwidely studied. Whenexaminingthe JustNoticeable
DifferencgJND) duringthetaskof stiffnessdiscrimination,
researcherbave founda valueapproachin@2%/[19] [11],
which decreaset 8% whenthe subjectsareprovidedwith
terminalforcecues[19]. This valueconstitutesa major pa-
rameterof referenceo evaluatethe performancef a force
feedbaclksystemor a virtual reality simulation[20].

Howeverthereis still aneedto understandhe stratgies
peoplebring into play in orderto evaluatethe propertyof
stiffness. Gordonand Ghez[8] studiedthe productionof
forceswhen controlling a cursoron a screenwith a force
sensingjoystick. They found that subjectsproduceforce
pulsesof differentamplitudesprimarily by modulatingthe
changeof rate of force, while maintaininga constantrise
time. Tanetal. [19] obsenedthatduring a task of stiff-
nessdiscrimination,subjectswere using both information
of mechanicaWork andterminalforcecueswvhenthey were
available. They alsonoticeda specificinteractionbetween
displacemenandforce or betweendisplacemenand stiff-
ness. Beaurgard and Srinivasanstatedthe TFC-SFD hy-
pothesis[3] : to discriminatethe mechanicalstiffnessof
objects,'subjectsapplied,on averagethesamer emporally
ControlledForcesto all stimuli andDiscriminateontheba-
sis of differencesn the resultingSpatial variationof these
Forces”.

But what if the personfacesa situationof a comple
sensoryintegration,especiallywith sensoryconflicts?Ser-
eralresearcheranalyzedheimpactof addinginformation
from anothemodality on the resultof a stiffnessdiscrimi-
nation,including: thevisualor haptic“perspectve effect”
[22] [10], sound[21] [14], or tactualcontact[18]. These
studiesshavedthatit waspossibleto modify thehapticper
ceptionof the stiffnessof anobjectandhighlightthe notion
of sensorycoherencé4].

A model of multisensoryfusion which addressegshe
problemof coherences proposedby Droulez and Darlot
in [6] for 3D sensorimotolinteractions. They postulated
that sensorysignalsare not treatedlik e seriesof measures
in orderto estimateherelevantvariablesstraightaway, but
ratherasseriesof constrainton internalestimationsn or-
derto assesshe deviation betweerinternalestimationsand
the relevant variables. Thusillusions would no longerbe
consideredas a wrong solution, but ratherasthe besthy-
pothesiq4].

Miner et al. [14] and Srinivasanet al. [17] studied
the impact of visual information on stiffness perception
in particular which is an issue central to this article.
Miner et al. obsened that visual stimuli can influence
the perceptionof virtual walls sensedthrough a haptic
interface. Srinivasanandal. shaved that by presentinga
misleadingvisualdeformationpeoplecanbetotally misled
in their estimationof stiffness. They statedthattherewas
a clear visual dominanceover the kinesthetic senseof
the handposition. However, this work did not focuson a
possibledistortion of perceptionnor on the variability of
thesubjects’perception.

Thefollowing studysetsoutto investigateguantitatvely
the propertiesof the sensoryillusion relatedto pseudo-
hapticfeedbackandto definethe conditionswhich visual
feedbackneeddo distortthe hapticsensatiorof stiffness.

3. The “Boundary of lllusion” Experiment
3.1 Experimental set-up

The aim of the experimentalparadigmdescribechere-
after is to characterizethe perceptionof the user when
he/sheusesa pseudo-hapticystem. The psychophysical
taskwhich was chosenis a manualdiscriminationof stiff-
nesshetweera constaneindrealisticspring- whichwill be
calledfrom now on the “reference”spring - and different
pseudo-haptisprings.Eachspringis characterizedby one
“visual” stiffnessandone“haptic” stiffness.

Haptic Stiffness

A force feedbackdevice - the PHANToM™ desktop[1] -
wasusedto simulatethe haptic stiffnessof both the refer
encespringandthe pseudo-haptisprings. The stiffnesses
were simulatedreferringto the Hooke’s well-known law :
the force sentback to the userby the device (Fy) is cal-
culatedby using Equation1, where K}, is the simulated
haptic stiffnessand Dy, is the displacemenimadeby the
PHANToM™ extremity.

Fy=Kp* Dy, (1)



A maximumerrorof 10% wasobsenedon the absolute
valuesof force and/ordisplacementiueto PHANToM™'s
hardware. The springsare actuatedaterally from left to
right, with the thumbbeing posedon the extremity of the
device asshowvn in Figurel.

Visual Stiffness

Thespringsweresimulatedvisually on amonoscopicom-
puterscreerusinga piston-like representatiomasshavn in
Figurel. Let uscall Kv the simulatedvisualstiffness.The
visualdisplacemen(D,) of the pistonwascalculatedwith
Hooke’slaw asshavn by Equation2 whereF,, is theforce
appliedby theuser At eachsimulationstep theintensityof
F,, wasequalto that of the reactionforce producedby the
device (F, = Fy).

DV:FU/KV:Kh/KV*Dh (2)

A maximumpushinglimit wasindicatedby a red mark
onthemoving partof the piston.

Figure 1. Experimental apparatus / Top = vi-
sual display of the springs / Bottom = catch-
ing of the device with the thumb

Letuscall respectiely K v andK  thevisualandthe
hapticstiffnessof the referencespring,and K v and K

thevisualandthe hapticstiffnessof a pseudo-haptispring.
The referencespring was characterizedvith the samevi-
sual and haptic stiffnessin order to provide a “realistic”
sensationK v = K ). The pseudo-haptispringswere
simulatedwith differenthapticandvisualstiffness(X v =
K ). The pseudo-haptispringswere always haptically
stiffer or identicalto the referencespring (K K ).
However they were sometimesvisually stiffer or identical
to thereferencespring(K v K v), but someothersless
stiff thanthereferenceone(K v K v), asdescribede-
low.

3.2 Experimental Procedure

31 subjectshetweenthe agesof 18 and55 took partin
this experiment. Therewere 24 menand 7 women, with
no known perceptiordisorders All the subjectavereright-
handedand usedtheir dominanthandto performthe task.
The psychophysicainethodusedwasa methodof constant
stimuli with a forcedchoiceanda (+,-) paradigmdetailed
in [7]. During eachtrial the subjectfirst had to testthe
stiffnessof the referencespring (known by the subjectas
the REFERENCESpring),andthento testthe stiffnessof the
pseudo-haptispring(known by the subjectasthe coMmR-
ISON spring). After investigatingboth springs,the subject
hadto selectthe “stiffer” of the two.

The referencespring was always simulatedwith the
samehapticandvisualstiffness(X v = K = /).

Therewere 48 pseudo-haptispringsto comparewith
the referencespring. Each pseudo-hapticspring was
definedby a combinationof one value of haptic stiffness
from 4 possibilitiesand one value of visual stiffnessfrom
12 possibilities:

e There were 4 values of haptic stiffness (K ) of

/ / / / This implied
differencesof +0, +33, +82, and +186 percentfrom the
valueof thereferencespring’s stiffness.Onepseudo-haptic
springwas hapticallyidenticalto the referencespring,and
the threeotherswere much stiffer than the referenceone,
sincepreviousstudieson manualdiscriminationof stiffness
had showvn that the Just NoticeableDifferencevalue for
stiffnessdiscriminationwasapproaching-22%[19] [11].

e Therewere 12 valuesof visualstiffness(K v) varying
from the stiffnessof the referencespringby: -70, -60, -50,
-40,-30,-20,-10,0, +10,+20,+30, +40 percent.

Eachsubjecttestedall the possiblepairs. The chartdis-
playedin Figure2 summarizeshe differentpossibilitiesof
comparisonpairs. Among the 48 testcases21 pairsare
casesof “sensoryconflict” - i.e. the discriminationresult
is differentwhenthe subjectrelieson his/herhapticsense
ratherthanon his/hervisual sense.

For eachsubject,eachpair appeared times,in random



Figure 2. Comparison possibilities

order, for atotal numberof 144tests.During eachtrial, the
subjecthadthe possibility of changingfrom one springto
theotherwithoutatimelimit. Whentestingeachspring,the
subjectswereasked not to go beyond the red mark printed
on the moving part of the visual display of the piston. No
responsdeedbackwas given after eachtrial. Within the
frameawork of theexperimentatask,onemaywonderwhich
answelis the“right” one: thevisualor the haptic?

During eachtest, the time spentand the number of
changeg$rom onespringto theotherwererecordedogether
with theresultfinally providedby the subject. The experi-
mentlastedbetweer25 and45 minutesfor eachsubject.

4. Psychoptlysical Analysis
4.1 Global Valuesof PSEand JND

Theanalysisof theresultsfollows the methoddescribed
in [7]. The differentialthreshold,the Weberfraction, the
JustNoticeableDifference(JND), andthe Pointof Subjec-
tive Equality (PSE)are calculatedon the basisof the pro-
portion(or probability) of “the comparisorspringis stiffer”
answers,over the entire population. The Weberfraction
represents standardizedaluefor the JustNoticeableDif-
ferenceandis computedrom the IND intensity divided by
theintensityof thestimulus.For thesale of simplicity, from
now ontheJNDwill beassociatetb theWeberfraction. As
alreadymentionedthe PSErepresentthevalueof thecom-
paredstimulussubjectvely percevedasbeingequalto the
stimulusof reference.This particularpoint definesa point
in theresultcurveatwhichthesubjectsactasif they answer
in arandommanner- i.e. thereis an equalprobability for
themof choosingeitherof the stimuli presented.

Theglobalresultsfor the IND andfor the PSEaregiven
for eachdifferenceof haptic stiffness (betweenthe two
comparedprings)asvaluesof differenceof visualstiffness
(seeFigure 3). Globally, the average“visual” JND found

duringthediscriminationtaskbetweerarealisticspringand
a pseudo-haptispringis 25%. The average“visual” PSE
foundis -24%.

Figure 3. PSE and JND

4.2 Discussion

The global IND found in this study is consistentwith
previous researchcarried out on stiffness discrimination
[19] [11], which found valuesof 22% and23%. This con-
sisteny would indicatethatthe pseudo-haptisystemused
in thisexperimentlobally providedspringbehaiorswhich
arecomparablevith realones.

The high value found for the global PSE (-24%) sug-
gestsa strongdistortion of perception. This distortionin-
creasesnonotonicallywith thedifferenceof hapticstiffness
betweerthe referencespringandthe pseudo-haptispring.
It is asif morevisual deformationis necessaryo compen-
satdargehapticdifferenceandto distorttheproprioceptve
sense.However the necessaryisual deformationremains
greatlyinferior to thehapticone( ), asif the
subjects’perceptioris globally moreaffectedby theformer
ratherthanthelatter.

ThePSErepresentthemomentwhenthediscrimination
resultis invertedandwhenthe pseudo-haptispringlooks



lessstiff thanthe referencespring, eventhoughit is much
stiffer haptically Thisis the boundaryof a sensonillusion
- theillusion broughtaboutby a visualdisplacementvhich
replacesthe proprioceptve one. A visual PSE of

would then be sufficient to simulate“realistically” a stiff-
nessof / with apseudo-haptisystemandgenerate
theappropriatesensonjllusion.

Surprisingly however, theglobalPSEfoundhere(-24%)
goesagainstthat found in the previous paper(+9%) [13].
This could be dueto the greatemumberof differencesde-
tweentherealandthe virtual ervironmentsin the previous
paperwhich probablyaffectedthediscriminationtask.An-
otherreasorncouldbethat,in the previous paperthe visual
displayof thevirtual springwashorizontaland perpendic-
ular to the sagittal plane of the subject,while the spring
wasmanuallyactuatedvia the Spaceball™ perpendicularly
to the sagittalplane. Hoganet al. [10] andWu et al. [22]
demonstratethattheperceptiorof force,stiffness sizeand
lengthis not metrically consistent.This propertyof human
perceptiorimplied thereforeonemoredistortionin thepre-
vious papers task of discrimination. A final explanation
could be that in the first study the input stiffnessof the
Spaceball™ was constantand thus that the haptic differ-
encemay have hadlessinfluenceon the discriminationre-
sultthanthe visualinformation. However, this issueneeds
to beinvestigatedvith furtherexperiments.

5. Effects of Visual and Haptic Information on
the Discrimination Task

5.1 Global Results

Thedatacollectedduringthestudyweretreatedasanex-
perimentalplanto analyzethe potentialeffect of two types
of information. The two factorsare: the differencein vi-
sualstiffnessbetweernthe two springscompared12 possi-
ble values from -70 to +40 percent) andthe differencesn
hapticstiffness(4 possiblevalues,from 0 to 186 percent).
Thesetwo factorsdefinethe situationof comparison(see
Figure?2).

An analysisof variance- anova - wascarriedout on the
subjects’answerswhich are calculatedasthe averagere-
sult of thethreetrials in eachcaseof the plan. For a given
testcasethevaluerangesdetweerD and3. If thevalueis O,
it meanghatthe subjectalwaysansweredhatthe pseudo-
haptic springwas lessstiff thanthe referencespring, and
if the valueis of 3 this meansthat the subjectsystemat-
ically answeredhat the pseudo-haptispring was stiffer.
The anova showved a significant effect of both the haptic
difference(F(3,90)= 19.4, ) andthe visual dif-
ference(F(11,330)= 164.9, ) ontheresultof the
discriminationtask. The two-way interactionbetweenthe
haptic differenceandthe visual differencewas significant

(F(33,990)= 3.829, ). Globally the numberof
“stiffer” responsesncreaseswith the haptic differenceas
well aswith thevisualdifference.

Thetime it took the subjectto answerwassignificantly
affected by both the haptic difference(F(3,90) = 15.07,

) andthe visual difference(F(11,330)= 8.665,

). Therewas a significanttwo-way interaction
(F(33,990)= 4.498, ). The numberof changes
from onespringto the otherfor eachtrial beforethe subject
decideswhich springis the stiffer of thetwo is alsosignif-
icantly affectedby the two factors.Whenthe hapticdiffer-
enceincreasesthe subjectsneedfewer changef springs
to respondF(3,90)= 18.393, ). Whenthevisual
differencancreasestheorientationof thisdifferencebeing
either or - the subjectseedalsofewer changeof
springto answer(F(11,330)= 9.137, ). Thetwo
factorsshow a significanttwo-way interaction(F(33,990)=
4.84, ).

Theseresults shav that the difficulty of the task in-
creasedvhenthe two springsgot closer in haptic and/or
visual terms. Furthermore the global resultssuggesthat
bothhapticandvisualinformationaffectedthe processesf
discriminationanddecisionduringthetask.

5.2 Further Analysis

For a betteranalysisof the experimentalsituationthe
experimental plan was divided into 4 cases(as shavn
in Figure 2). The datausedfor the analysisremainsthe
averagevalue of the three answersfor each situation of
comparison.

Casel - Springswith the samehaptic stiffness
The pseudo-haptispring hasthe samehaptic stiffnessas
the referencespring. The pseudo-haptispringshave 12
differentvaluesof visual stiffness,rangingfrom lessstiff
(-70%)to stiffer (+40%)thanthereferenceone.

In thesel2 situationsthevisualfeedbacki.e. thevisual
difference)had a significant effect on the result of the
discriminationtask(F(11,330)= 141.206, ). This
replicategheresultof a previousstudy[13] in shawving that
pseudo-haptideedbackmay be generatecby simulating
“visually” thestiffnessof aspring.

Case2 - Springs with the samevisual stiffness
The pseudo-haptispring hasthe samevisual stiffnessas
the referencespring. The pseudo-haptispring has4 dif-
ferentvaluesof haptic stiffness,rangingfrom identicalto
stiffer (+186%)thanthereferenceone.

In onesituationit shouldnot have beenpossibleto dis-
criminate betweenthe two springssince both their haptic
and visual stiffnesseswere identical. In the 3 remaining
situations the pseudo-haptispringwasstiffer. The haptic



feedback(i.e. the hapticdifference)hada significanteffect
ontheresultof thediscriminationtask(F(11,330)= 5.227,

). Since both springs have the samevisual
behavior it implies thatthe hapticinformationwasutilized
to performthetask.

Case3 - Consistentvisual and haptic information
The pseudo-haptispring has 3 differentvaluesof haptic
stiffness,and 4 different valuesof visual stiffness,all of
which are always stiffer thanthe referenceone. This is a
particularset of situationswhere both the haptic and the
visualinformationareconsistent.

In thesel2 situations,the anova shows that only the
visual feedbackseemdo have a significanteffect (F(3,90)
=90.114, ) ontheresultof thediscriminationtask.
Thereis no significanteffect of the hapticfeedbackandno
significanttwo-way interaction. Neverthelessijn all these
situations the subjectdargely succeedeth discriminating
betweenthe springs, regardlessof the haptic and visual
combinationgthe lower averageof resultsfoundis 2.581/3
- i.e. 86% of correctresponses andthe higheraverageof
resultsfoundis 3/3 - i.e. 100%o0f correctresponses).

Case4 - Inconsistentvisual and haptic information
The pseudo-hapticspring is characterizecby 3 different
hapticstiffnesseavhich arestiffer thanthe hapticstiffness
of the referencespring, and with 7 differentvisual stiff-
nessesvhich are alwayslessstiff thanthe visual stiffness
of thereferencespring. Thisis a particularsetof situations
whereboththe hapticandthe visualinformationareincon-
sistent.

Theanovaperformedonthecollectedresultsof these21
situationsshavs that both hapticandvisual feedbackhave
an effect on the discriminationresults. When the visual
stiffnessof the pseudo-haptispring decreasesthe value
of theresultdecreasef~(6,180)= 45.49, ) -i.e.
the subjectsanswemorefrequentlythatthe pseudo-haptic
springis lessstiff than the referenceone. But whenthe
haptic stiffnessof the pseudo-haptispring increasesthe
valueof theresultincreasegF(2,60)= 14.761, )
- i.e. the subjectsanswemorefrequentlythatthe pseudo-
hapticspringis stiffer thanthe referenceone. Thereis no
significanttwo-way interactionbetweerthefactors.

Discussion
Theseresultsvalidateandextendtheresultsof the previous
paper[13] sincethey shov that the visual feedback,dif-
ferently combinedwith a hapticfeedbackcanoffer a wide
rangeof possibilitiesto the simulationof the propertief a
virtual object.

The resultsof case4 imply thatin a situationof sen-
sory inconsistenyg, both visual andhapticinformationare,
in fact, usedto discriminatebetweenthe springs.The phe-

nomenorof visualdominancg17] mustthereforebe qual-
ified. Indeed visualdominances evokedby the strongim-
pactof the visual differenceover the resultof the discrim-
inationtask, but the hapticdifferenceis far from beingig-
noredandalsoinfluenceghe subjects’choices.Within the
particularcontet of the boundaryof illusion experiment,
thetwo inconsistenfactorshadoppositeeffects.

This analysiswas a global study A subject-oriented
analysisfollows andshowvs awide dispersiorof theresults.

6. Variability of the Boundary of lllusion
6.1 Dispersionof the valuesof PSEand JND

Figure 4 displaysthe valuesof averagevisual PSEand
averagevisual JND calculatedfor eachsubject. Eachdot
correspondso a subjects averagePSEon the X axisand
his/heraverageJND on the Y axis. However theseresults
must be taken cautiouslybecauseof the small numberof
trials per testcase(=3). Somesubjectsarenot reportedin
thisFigurebecaus¢heirvisualPSEcouldnotbecalculated.
Within the choservisual range thesesubjectsnever found
the pseudo-haptispringlessstiff thanthe referencespring
(i.e. ).

The PSEvaluesavailablerangefrom -49to +14 percent,
andshaow a high variability in the boundaryof illusion de-
pendingon the subjects.

Figure 4. Disper sion of PSE and JND

The JND valuesrangebetweerb and19 percent.Other
studiesshowved that the usual IND for a manualdiscrim-
ination task of stiffnesswas approaching22% [19], but a
JND of 8% wasalsofound[19] for a discriminationtaskof
stiffnesswith terminalforce cues. This suggestshatsome
subjectgaidattentionto thered markonthevisualdisplay
of the pistonon the computerscreenwhile othersdid not
usethe maximumpushinglimit andevaluatedthe stiffness
of the springswithout ary terminalforce cues.



Moreover, thereis acorrelationbetweerthe JND andthe
PSE( = ). It is asif the strateyy eachsubjectresorted
to alsohadanimpacton thelocationof his/herboundaryof
illusion.

6.2 Characterization of Differ ent Populations

Theevolution of thevisual PSEdependingn the haptic
differencealso varies greatly amongthe subjects. But it
seemgossibleto cateyorizedescriptvely the subjectdnto
4 typesof population.

Figure 5. Population Profiles

In Figure 5 eachchart correspondgo the resultsof a
subjecttaken from onetype of population. The resultsof
eachchart correspondto the result of the discrimination
task of eachsituationdescribedon Figure 2. On eachof
thesechartsevolution curve of the PSEis represented.

e populationl (n=15): Most subjectswere sensitie
to both visual and haptic information. In this case,the
absolutevalueof the PSEincreasesliependingnthehaptic
difference(1a), sometimeswith a regression(1lb). The
hapticdifferenceinfluencesthe perceptionto someextent,
andthevisualinformationis obviously usedto discriminate
betweerthe springs.

e population2 (n=10): A “visually oriented”population.
The PSEis nearly constant: the increasein the haptic
differencedoesnotreally affectthedistortionof perception.

Thevisualinformationis usedto discriminatebetweerthe
springs.

¢ population3 (n=3) : A “haptically oriented” popula-
tion. The absolutevalueof the visual PSEwould certainly
behigh- thevisualfeedbackhasverylittle influenceonthe
resultof thediscriminationtask.

¢ population4 (n=3): A population,whosevisual PSE
sometimesgoesin the “wrong” direction (i.e. % ).
The visual information is apparentlyusedto discriminate
betweenthe springs. But how the subjectsestimatethe
stiffness of a spring is different from how they would
estimateit in reality : a spring which is haptically and
visually stiffer thanthe referencespring may nevertheless
be perceved as bein less stiff. The pseudo-haptieffect
probablyalteredthe subjects perception.

Thesefour differenttypesof populationimply different
typesof sensoryintegrationaswell asdifferenttypesof in-
fluenceof the visual feedbackon the haptic perception:
from nearly no influenceat all (population3) to a strong,
continuousinfluence(population2). But further work is
necessaryo modelthe variouscognitive strat@ies which
useinformationsuchas: hapticforce,visualdisplacement,
hapticdisplacement.

7.Conclusionand Futur e Work

This paperexaminedthe integration and mutual influ-
enceof visual and haptic information in the courseof a
discriminationtask of stiffnesswith a pseudo-haptisys-
tem. For a greatmajority of people,it is clearthatthe vi-
sualfeedbackinfluencedthe perceptionof a virtual spring
operatedwith a force feedbackdevice. The visual feed-
backcontainednformation of displacementhatwasinte-
gratedduringthe procesof estimatingstiffness.However,
it seemshat, especiallyin casesof conflicting visual and
hapticinformation, the hapticinformation alsoinfluenced
the choicesof the subjects.This qualifiesthe notion of vi-
sualdominancg17].

The boundary of illusion experiment shoved that a
strongdistortionof perceptiorwasobsenedwhensensory
conflict occurred. This distortionincreasednonotonically
with the degreeof the conflict. In otherwords, this im-
pliesthatmorevisual deformationis necessaryo compen-
satelarge hapticdifferences.

The PSEcanbe considerecasthe momentwhenanil-
lusionoccursor, in otherwords,the boundaryof a sensory
illusion. Thevalueof PSEandtheway it evolvesarevery
differentaccordingto the subjects,and dependon the in-
tegrationprocesf eachperson.The boundaryof illusion
is highly correlatedto the subjectss cognitive strateyy. It
appearedhatsomepeoplewere“haptically oriented"while
otherswere“visually oriented”"duringthetest.



As regardsintegrating pseudo-haptiéeedbackandillu-
sionsin the early designstageof VESs, the paperaddresses
the compleity of the perceptionissue. In oneexample, it
shaws the principlesof a methodfor finding the equivalent
stimuluswith a pseudo-hapticystem: the pseudo-haptic
simulationof astiffnessof / wouldgloballyrequire
avisual PSEof -24%. But thereis alsoa strongneedfor
a calibration that takes into accountthe high variability
of this result betweendifferent individuals. Finally, it
shavsthatthe pseudo-hapticoncept i.e. “the generation,
augmentationor deformation of haptic sensationsby
information coming from other sensorymodalities” - can
be appliedto caseswere the VE integratesa true force
feedbackdevice. Indeed,differenthaptic sensationsvere
actually generatedvith the sameforce coming from the
hapticinterface but with differentvisualfeedbacks.

Future work will focus on determiningthe cognitive
stratgiesthe subjecteemploy whenestimatinghe stiffness
of virtual objects. Other datasuch as the forcesapplied
on the springs, the visual and haptic displacementsvere
also recordedduring the testsand should help to model
the cognitive integrationof a pseudo-haptistiffnessby the
subjectsIn addition,thereis aneedto studythe possibility
of simulatingotherproperties- viscosity mass- of virtual
objectswith a pseudo-haptisystemandthento assesshe
potentialof pseudo-haptisystemsn anindustrialtask.
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