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Abstract - Visual-haptic perception of an object's compliance de- periments using psychophysical procedures.
mands integration of haptic position and force information as well Information derived by different senses has to be integrated
as visual position information. In this investigation the role of active into a single percept of the manipulated object. Most research
exploration on visual perception as well as the influence of visual- in this area has concentrated on the intersensory integration of
haptic information was addressed. Participants were instructed to a single object attribute (e.g. [1-4]), e.g. position (see e.g. [1]).
directly match a compliant stimulus displayed either by vision (static In addition, intrasensory integration, i.e. within one modality,
passive or active), haptics, or both. Active testing of the visually dis-' . ~~~~~~hasalso been addressed (e.g. [5-7]): Research indicates quali-
played cube resulted in no difference in visual thresholds, suggesting tative differences when integrating intra- or intersensory infor-
that exploration method did not influence visual position discrimi-
nation. However, the threshold of visual matching of the cube's in- mationles(e [3) Howevner stde,asconcernlng morencomlex
dentation was smaller than for haptic compliance matching, not only variables such as compliance have, as yet, rarely been under-
unimodally but bimodally, in which case the alternate modality was taken (see e.g. [8-14]). When a person explores a compliant
present and adds noise resulting in an increase in bimodal thresholds. object, the haptic system provides information about arm and

finger displacement along with signals as to force (kinesthe-
Keywords - Visual-Haptic Perception, Compliance, Human System sis), as well as information about the indentation of the finger-
Interface, Sensory Fusion, Psychophysics tip (cutaneous or tactile information) (e.g. [15, 16]). The visual

system adds information about the finger positions over time
I. INTRODUCTION (see Figure 1). These inputs give rise to a percept of the ob-

ject's compliance. When there is redundant information from
Mechanical environments can be perceived by processing both modalities, i.e. both arise from the same physical event,

force- and position-based information (i.e. position, veloc- integration presumably occurs (e.g. [17]). However, the way in
ity, acceleration). Considering human visual-haptic percep- which haptic and visual information are combined to determine
tion of compliance, position-based information can be detected compliance, and whether additional cognitive factors influence
by both modalities while force information can only be de- integration, is not as yet known.
tected by the haptic modality. The obtained information has Tan and colleagues found evidence that people tended
to be mathematically processed to obtain an estimate of the to rely on force cues to discriminate levels of compliance,
explored compliance. An analysis of the underlying percep- but were affected by position cues as well [9]. They com-
tual process of information integration will contribute not only puted the just-noticeable difference (JND) relative to a given
to a psychological understanding of compliance perception but standard stimulus (the so-called Weber-fraction or JND%, see
also to the design and control of human system interfaces used e.g. [18]) when people discriminated compliance with vary-
to access artificial environments. A sound analysis requires ing pinch force over a constant displacement and when people
a visual-haptic human-system-interface (HSI) with high accu- discriminated force with varying pinch displacement. These
racy in displaying mechanical environments and extensive ex- JND% were lower than when compliance was discriminated
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Visual intermodal discrepancy. On this basis, it appears that a thresh-
Position old assessment method which allows the participants directly
Sensor to match perceived compliance could offer valuable clues to in-

Perceived
Compliance Po_iion m =Force termodal interaction. The present study was designed with thisComplianace .n Position g .

Sensor s:;goal. Participants directly matched compliant stimuli signaledX Q -" ..........Pt3sition .
by vision, haptics, or both. On each trial, a standard stimulus

W s; orcewas presented, and the participant adjusted a comparison stim-
ulus to match it in compliance.

The contribution of this study is three-fold. First, it ad-
Hum,an Operator .Environ:ment dressed the role of active exploration in a visual position dis-

Figure 1. Visual-haptic perception of compliance information: Redundant crimination task (i.e. of actively indenting a visually displayed
position information and haptically perceived force information are combined cube without receiving force or relevant haptic position in-

to generate the final estimate. formation): As could be shown e.g. in multisensory texture
perception, even auditory information can allow participants

by applying force over randomly varying displacements. The to get information about a texture's roughness (e.g. [30,31]).
increased JND% seems to result from the perceptual system Based on the results by Tan et al. showing increased thresh-
computing the perceived compliance when both force and po- olds when position varies [9], information about the process of
sition signals vary (see [9]). While more than 20-30% dif- indenting, when added to visual information about indentation,
ferences in compliance appear necessary for discrimination to should add noise, resulting in an increase of the discrimination
be successful (e.g. [9-13]), differences in finger distance of threshold (Hypothesis 1). Furthermore, we expected that when
around 5% (e.g. [1, 19,20]) and 8-10% difference in force in- compliant cubes had to be discriminated by static indentation
formation can be discriminated (e.g. [9,10,21]). without active exploration, participants would rely on static po-

On the other hand, visual perception of object compliance sition information, and therefore the value obtained should be
might primarily be based on visual position information, be- comparable to the JND% observed in visual position percep-
cause there exist no visual receptors to decode visual force tion (see [25]). Secondly, the study investigated intermodal
information (see Figure 1). Visual discrimination ability for interactions, by having subjects adjust stimuli rendered hap-
position information has primarily been addressed by compar- tically and visually. On these trials, the comparison stimulus
ing length or size of objects: Deviations of around 3% can be matched the standard stimulus in one modality (called the ref-
detected (e.g. [22-24]). Similar results have been found when erence modality), and the task was to adjust the second modal-
people discriminate line length (e.g. [25]). Furthermore, an in- ity of the comparison stimulus so that the stimuli matched com-
fluence of line orientation on the accuracy of discrimination pletely. According to reported results on intermodal discrep-
has repeatedly been shown (e.g. [23-25]): A difference of ap- ancy thresholds (see [28]) and the phenomenon of visual dom-
proximately 10% between lengths of vertically oriented lines inance (e.g. [32]) an influence of reference modality is also
can be visually perceived (e.g. [25]). Force information, and expected with the present matching paradigm (Hypothesis 2):
thus object compliance, cannot be directly derived by the vi- Smaller errors should occur with the visual modality matching
sual system. However, an estimate of an object's compliance and the haptic modality being the reference (which remains
could be obtained even by mere visual observation and thus unaltered during the visual matching) than with the reverse. A
involve expectancies about visual deformation of a compliant third issue is how the thresholds obtained in the bimodal con-
object ( [26], see also e.g [27]). dition compare to unimodal thresholds. Keeping in mind that

Some preliminary results on visual-haptic perception of integration often occurs by combining information from more
compliance have been reported, showing that easily discrim- than one sense by weighting them e.g. according to their re-
inable stimuli became harder to discriminate with decreasing liability (see [1]), a difference between unimodal and bimodal
visual reliability [8, 28]. Multisensory perception has often assessed threshold is expected (Hypothesis 3). Specifically, the
been reported to result in a more reliable percept than uni- threshold for a given comparison modality is expected to be
modal [1]. However, intermodal discrepancy can remain un- greater in the bimodal condition than the unimodal, if the pres-
noticed (e.g. [28]) and result in a single, altered percept [29]. ence of the unaltered reference modality in the bimodal condi-
In a task where people were to compare two multi-modal (vi- tion adds irrelevant cues to the judgment.
sual and haptic) stimuli, one with congruent compliance cues In order to answer these questions, an experiment was con-
and another where one modality was discrepant, the detectabil- ducted. The article is organized as follows: The Human Sys-
ity of the discrepant information was found to depend on the tem Interface used for the experiments is explained in detail in
modality. Specifically, detection was lower when the visual Section II. The method (Section III) and results (Section IV)
modality was held constant across the stimuli and haptic cues are then described. Section V provides a discussion of the re-
were made discrepant, than in the reverse situation (for further search conducted, and conclusions are drawn in Section VI.
details see [28]). In addition, the method of threshold assess-
ment also influenced the overall magnitude of the detectable
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II. HUMAN SYSTEM INTERFACE B. Stimuli

A human system interface is used that provides visual and Cubes of 80 mm edge length with a standard compliance
haptic feedback at high accuracy. The visual subsystem con- amounting to 0.85 mm/N were chosen to represent the compli-
sists of a TFT screen mounted in the line of sight of the hand ant stimuli and displayed by the HSI (see Section II). Addi-
showing the visual virtual reality. The haptic subsystem con- tional dummy cubes with a different standard compliance (see
sists of two SCARA robots providing two degrees of freedom below) were included in testing, in order to prevent response
each (see Figure 2). The system interacts with index finger and perseveration. Virtual cubes were either displayed unimodally,

i.e. visually or haptically, or bimodally, i.e. visual and hapti-
cally. No visual cues were given during the unimodal haptic
presentation as well as no haptic cues during the unimodal vi-

* | i | 111!sual presentation. An additional haptic standard compliance
* ; 1:of 0.5 mm/N was chosen to represent the compliant cube of

the dummy trials. Unimodal visual stimuli were presented in
two ways, with and without active exploration. In the active

l....;...... condition, participants were allowed to indent the visual cube
....ll by moving the grasp device while no haptic force feedback as

~~~wel as no haptic position information was given: T e grip-
pers could be closed, causing the cube to be visually indented
to the pre-defined standard indentation depth (Va). In the pas-
sive condition, visual discrimination was done with watching

Figure 2. Haptic and visual feedback: Haptic feedback generated by an the static indented cube (Vp). Additionally, a visual standard
admittance control scheme. In the visual feedback fingertips are represented indentation depth of 13 mm was selected for the dummy trials.

as yellow spheres. Due to the method of threshold assessment (see Section D)
there were two bimodal conditions: Either the haptic or the vi-

thumb to allow the exploration of the compliant environment sual modality provided a basis for comparison while the other
by gripping movements. Workspace is about 80mm and max- modality served as a constant reference. Therefore five modal-
imal force is about 35 N. Position information is measured by ity conditions were realized: unimodal haptic (H), unimodal
angle encoders and force is measured by strain gauges. Hapti- visual active (Va) as well as unimodal static passive (Vp) and
cally, the compliant environment is generated using an admit- the two bimodal conditions, visual reference with haptic com-
tance control scheme. Visually, the environment is presented parisons (vH) as well as haptic reference with visual compar-
by a compliant cube with yellow spheres representing the fin- isons (hV).
ger tips. Within psychophysical experiments participants are
able to adjust the compliance of the comparison stimulus with
a potentiometer: A 360 degree turn of this rotary knob corre- C. Design
sponds to a 50% change of compliance. The matched compar-
ison compliance was recorded when the participant ended the

tria bycomandng he oysick Th sytemwors uderre- Thresholds of each reference modality (H, Va, Vp, vH, hV)trial by commanding the joystick. The system works under re-
wer asese fro abv (dw-eis i.. th.opaio

altime conditions and is programmedby Matlab/Simulink. For were assessed from above (down-series, i.e., the comparisonaltimeconditions and is programmed by Matlab/Simulink. For
started detectably above the standard) and below the thresholda detailed description refer to [28].
(up-series). Each series was repeated 5 times. Thresholds were
assessed in three modality-specific blocks: Unimodal haptic

III. METHOD (H), unimodal visual (Va, Vp) as well as bimodal (vH, hV)
stimulus presentation. Five dummy trials were included in
each block; order of series or modality condition within one

A. Participants block was randomized. Order of blocks was counterbalanced
Twenty-three students of the Technische Universitat across participants using latin squares. All 65 threshold assess-

Miinchen and the Ludwigs-Maximilian-Universitat Miinchen ments had to be completed by each participant.
took part in this study and were paid for participation. Three
participants had to be excluded from further analysis because D. Produre of the PSE and the threshold
of missing data. The remaining 20 students (15 women and 5
men) were 24 years on average. All of them were right-handed
and had normal or corrected to normal vision. Unimodal Matching. As the psychophysical method of as-

sessing the unimodal threshold, the method of adjustment was
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chosen, also called method of average error (see e.g. [18]): Par- with the least adjustments possible. In order to prevent visual
ticipants tested a standard stimulus and were instructed to ad- or haptic matching, the robot arms were set to the start position
just the compliance of the comparison stimulus with a rotary and exploring the standard or comparison was only possible af-
knob until it matched the compliance of the standard stimulus. ter a delay of 2s. The delay between standard and comparison
In order to minimize any tendency for stereotypic responses, mode amounted to Is (interstimulus-interval). The intertrial-
each of the ten repeated adjustments started from variable start interval lasted for 2s.
levels (80, 75, 70, 65, and 60%) and participants adjusted the After having completed all three blocks, participants were
compliance by rotating the knob in one direction. The trial asked to fill in a questionnaire assessing their demographic data
ended when indicated by the participant and the adjusted value as well as their immersive tendency (subscale of a presence
was recorded. From the matching data, two measures are ex- questionnaire by [33], translated by [34]) to control for any
tracted. One is the mean of the matched comparisons, the PSE. personal factors that might eventually influence the data.
The difference between the PSE and the standard, or the con-
stant error, measures bias in responding. The second measure
is the variability around the PSE, as measured by the popula- F Statistical Analysis
tion SD of the matched comparisons. As a measure of disper-
sion around the mean, this can be treated as a measure of the
difference threshold. When normalized by the standard and PSE and threshold (SD around the PSE) were computed
multiplied by 100, it is treated here as a just noticeable differ- as described in Section D. The SD was used as the perfor-
ence or JND%. mance measure to test the hypothesis. Results (SD and nor-

The visual task was either to match the visual indentation malized SD, also called JND%) are descriptively analyzed in
while being allowed to actively indent the visual displayed Section IV.B and testing the hypotheses in Section IV.C. In or-
cube or to match the visually indented cube without active ex- der to test hypothesis 1, a t-test with dependent groups (explo-
ploration. Although participants were instructed to adjust the ration method active or passive) was computed on the depen-
visually perceived compliance the task was a visual position dent variables (SD around the PSE as well as PSE) using the
matching task with or without active exploration visual unimodal data only. Afterwards, hypothesis 2 was tested

Bimodal Matching. The procedure of assessing the bi- with a two-factorial ANOVA with repeated measurements on
modal thresholds was adapted from the unimodal one. The the two factors "comparison modality"(active vision, haptics)
participant was given a bimodal standard stimulus, which had and "number of modalities" (uni-, bimodal).
congruent visual and haptic cues, and a comparison stimulus
with a reference modality that matched the standard and an
adjustable modality that was clearly discrepant. His or her IV. RESULTS
task was to adjust the discrepant modality with the rotary knob
until it matched the compliance of the standard. Again, each
threshold assessment was repeated ten times, five times from
above the standard compliance and five times from below
while start levels of the adjusting modality were variable Participants rated their immersive tendency on a 7-point-
(160, 155, 150, 145, and 140%). Bimodal trials ended with scale for each of two factors, emotional involvement and degree
the participant indicating that the adjusted level matched that of Involvement, which were computed for each participant. Av-
of the perceived congruent one. The bimodal PSE and its erage emotional involvement was 27.7 (standard deviation sd
standard deviation SD (threshold) were computed as described

= 6.5) and average degree of involvement 17.7 (sd = 5.5);
above. these values did not statistically significantly differ from those

reported by Scheuchenpflug [34], indicating that the partici-
pants are a sample of a comparable population. No correlation

E. Experimental Procedure between emotional involvement and the SD around the PSE
could be observed. In order to determine the influence of pre-

Participants were seated in front of the HSI with their dom- ferred modality, participants answered an additional question
inant hand grasping the device and looking nearly perpendicu- concerning their preference for either the visual, the haptic or

lar at the screen. They were carefully instructed during a short both modalities during the bimodal threshold assessment. Per-
training. Each trial started with testing the standard stimulus forming the task was rated to be easier when either the haptic
(unimodal matching) or the congruent bimodal stimulus (bi- (n=2), the visual (n= 13) modality was changed or without pref-
modal matching); switching between standard and comparison erence (n=5). Neither immersive tendency nor performance

wa*osbe hywr loe t eajs h eetdcm (SD) was correlated with the individual preference rating (ac-
parison stimulus, although they were instructed to decide as cording to III.E).
accurately as possible and by matching the standard stimulus
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B. Descriptive Analysis modality" (visual, haptic) and "number of modalities" (uni-
modal, bimodal). The visual active condition was selected to

Visual matching. The PSE varied little across conditions, represent the unimodal visual results. The main effect of "com-
parison modality" was statistically significant (F(1,19)=corresponding to an average constant error of CE%, as nor- 44r9,pn 0.05; partia ic0.0) Hapticanly adutn

malized relative to the standard. Visual matching. PSE and . H

the comparison stimulus yielded a higher threshold than vi-thresholds (SD) of visual indentation were assessed with active...
exploration or by mere visual observation. As can be seen from sual matching. Additionally, "number of modalities" signifi-
Figure 3 there is essentially no difference in PSE or thresh- candy influenced the threshold (F(l,19) 7.00, p < 0.05;

old betweenthetwocondition. The normalipartial q2 = 0.269) indicating an increase in threshold in the
activeoJ bimodal matching tasks. The interaction term turned out not toamounted to 11.5% with passive static and 12.9% with acve be statistically significant (F(1, 19) .8,p 0.291).

exploration.

V. DISCUSSION

1,6 -mimoda mtcing task bimodal mtcing task1,67 unimodal matching task bimodal matching task Using the psychophysical method of adjustment, individu-
1,2 -i als' matching of compliance (and visual indentation) discrim-

Z 0I8: / / / vision / ination was measured when participants explored cubes hap-///// . -visountred / tically or visually, in unimodal and bimodal conditions. The
; 0,4 / / haptics effect of actively vs. passively perceiving a visually displayed

7so||///-|/// 'ylll1I}al ered compliant cube was also assessed; participants either tested the

06Vp Va H vH hV cube by visually indenting it or only by observing the (static)
z 0,6- indentation depth. A difference between these testing meth-

0,5 l ods was expected (Hypothesis 1): Static passive exploration
0,4 should result in a JND% comparable to those observed in vi-

0,3 v lTsualposition discrimination (approximately 10% according to0,2
T

0 [25]); active exploration could increase this value due to added

w 0,1 Xl m 1 noise. The data showed, however, that about 11.5% deviation
Vp Va HvH hV when passively matching the static standard indentation depthVp Va H vH hV

Modality Ccudition or compliance could be detected, and no statistical difference
in the threshold (SD) obtained by active matching was found.

Figure 3. Mean PSE and its standard deviation when testing object * domnac wasped. btermatchingw
compliance either unimodally (visually or haptically) or bimodally while one -

modality remained unchanged visual compliance with added haptic information, the thresh-
old should be smaller than when displaying additional haptic

Haptic and bimodal matching. There are only small dif- information while adjusting the visual modality (Hypothesis
ferences between the PSE depending on modality condition. 2). Also expected was an increase in threshold when matching
However, differences in thresholds (SD) can be observed the bimodal standard compared to matching the unimodal one,
(see Figure 3): Bimodal matching results in an increase due to noise from the additional unaltered modality (Hypothe-

of the standardeviation compared tounimodalmatchin sis 3). The results showed that haptic matching led to a higherofuthermoandarehap iatic ncomparedtounimodal matching;result threshold, and this effect did not differ, according to whetherfurthermore, haptic unimodal matching results in a higher SD mthnwaunimdlo hte cnrunvialnfma
than visual. The normalized SD (JND%) amounted to 27.0% matching was unimodal or whether congruent visual informa-
with unimodal haptic matching and increased to 34.9% with tion was also present. In fact, the presently obtained JND% as

additional visual information (vH). The addition of haptic derived by normalizing the SD is similar to that reported in the
information resulted in an increase of the normalized standard literature for haptic matching of non-virtual stimuli [8-14] and

deviation of active visual matching to 24.9% (hV). for visual position discrimination [25].
In addition, the present bimodal thresholds are relatively

low compared to the results reported in [28]. This indicates

C. Testing the hypotheses again a difference of assessment method on the minimal de-
tectable intermodal threshold (see also [18]).

As has already been descriptively observed, the difference VI. CONCLUSION
in SD between active and static passive matching of visual in-
dentation tested with a t-test was not statistically significant Integration of visual as well as haptic information when ex-
(t(19) =0.73,p =0.475). This indicates that active explo- ploring an objects' compliance is demanding. As has been
ration has no effect on either PSE or its standard deviation SD. shown for haptic perception of compliance, force and posi-
A two-factor ANOVA tested the influence of "comparison tion information have to be combined and result in an in-
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crease of the JND% [9]. On the other hand, only position [11] N. Dhruv and F. Tendick, "Frequency dependence of compliance con-
information can be sensed by the visual system: We found trast detection," in Proccedings of the ASME Dynamic Systems and Con-

trol Division, 2000.
that visual exploration method, i.e. static passive matching [12] M. K. OMalley and M. Goldfarb, "The implications of surface stiff-
vs. active visually indenting, did not influence performance ness for size identification and perceived surface hardness in haptic in-
in terms of SD or JND%. The observed JND% is comparable terfaces," in Proceedings of the 2002 IEEE International Conference on

to those reported fo position discrimination in 25 amRobotics and Automation, Washington DC, 2002, pp. 1255-1260.
to those reported for position discrimination In [25], amount- [13] s. A. Wall and S. A. Brewster, "Scratching the surface: Preliminary in-
ing to approximately 12%. Additionally, we found that visual vestigations of haptic properties for data representation," in Proceedings
matching of indentation was superior in both unimodal and bi- ofEurohaptics 2003, Dublin, Ireland, 2003, pp. 330-342.

moda conditions; presumably this is attributable to not bein [14] V. Varadharajan, R. L. Klatzky, B. Unger, R. Swendsen, and R. Hol-
modal conditions; presumably this iS attributable to not being lis, "Haptic rendering and psychophysical evaluation of a virtual three-
forced to compute a compliance estimate as in haptic mactc- dimensional helical spring," in perparation.
ing tasks (see [9]). Furthermore, bimodal matching resulted [15] F. J. Clark and K. W. Horch, Handbook of Perception and Human Per-formance, volume 1, chapter Kinesthesia, N.Y: Wiley and Sons, 1986.
in an increase of thresholds compared to unimodal matching: [16] P. E. Roland and H. Ladegaard-Pedersen, "A quantitative analysis of sen-
When one modality remains constant while another is com- sations of tension and of kinasethesia in man - evidence of a peripherally
pared, the threshold increases relative to matching on the com- originating muscular sense and for a sense of effort," Brain, vol. 100, pp.

pared, ~~~~~~~~~~~~~~~671-692,1977.
parison modality alone. The size of this increase is compara- [17] B. E. Stein and M. A. Meredith, The merging of the senses, Cambridge:
ble, whether the comparison modality is vision or haptic. This MIT Press, 1993.

indicates that theadditionalalternatemodality-alth[18] G. A. Gescheider, Psychophysics - Method and Theory., Hillsdale: J.indicates that the additional alternate modality - although con- Wiley & Sons, 1976.
gruent - adds noise, and the added noise does not depend on [19] G. B. Evans and E. Howarth, "The effect of grip-tension on tactile-
the modality being matched. kinaesthetic judgement of width," Quarterly Journal of Experimental
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