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ABSTRACT

We propose a multimodal architecture in which audio andibapt
textures are simulated in real-time using physical modgiger-
iments evaluating audio-haptic interaction in texturescgption
show that auditory cues significantly influence the hapticee-
tion of virtual textures.

[Keywords: physical models, audio-haptic interaction]

1. INTRODUCTION

Since human perception is based on multimodal procesdieg, t
rendering of multimodal haptic and auditory feedback irtuat
environments (VE) has the potential to significantly immgrdie
performance, realism and the feeling of presence. Additipn
the ability to combine diverging cues from different motes to
provide a unified percept can potentially compensate foitdim
tions of interface technologies.
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using a probe for exploration. Participants used both seind
auditory information to make their judgments when explgrine
surfaces with a rigid probe. In this case, touch cues carteb
62% and auditory cues 38% to the bimodal judgments, a consid-
erably different result from the 100% touch dominance foimd
the study described in [1]. This difference is largely duehe
use of the rigid probe as opposed to the bare fingers for aydito
exploration of surface texture. Since the sounds genelstbdre
fingers on arigid surface are considerably less loud thesethre-
ated by a rigid probe on a rigid surface, those softer sourads m
be ignored completely [4].

Other investigations by DiFranco and colleagues examioad h
auditory cues affect the haptic perception of stiffness [B]their
experiments, the authors used recorded impact soundsfatssr
with different stiffness level. In these experiments thigjscts uti-
lized a Phantom haptic device by Sensdblas subjects tapped
on different virtual surfaces, they were presented wittiedsnt
impact sounds. Subjects were asked to rank the surfacesiaggo

While many everyday tasks can be performed using touch alondo their perceived stiffness. Results show that when thesiphy

it is more common for multiple sensory modalities (i.e.,is
hearing, etc.) to be used. However, relatively little reskdas
investigated the specific contribution of each modalityatektper-
formances. The present study explores the impact of moitise
sory feedback on the perception of surface roughness. Tdwe sp
cific question addressed is whether appropriate auditegifack,
when presented together with haptic feedback, can altepehe
ception of virtual surface texture.

Rendering realistic auditory feedback in a virtual envinamt
based on haptic interactions is a rather complex task, secaiu
the tight synchronization needed, and the high degree ef-int
activity and responsiveness required for the sound modéts.
overcome these difficulties, we propose to use physicalbetha
models. Characteristic for the physical modelling techaiare
that they are based on the physical properties of sound afgoer
mechanisms. The advantages of this approach are that itroan p
duce high quality sounds, allowing at the same time naturatrol
of the parameters of the models. Another important advantég
this approach is that it is often possible to map velocity famde
data directly from the haptic application to the physicatelpand
thus ensure interactivity and responsiveness.

stiffness of the surfaces were the same, subjects rankéatesar
according to the sound. Recently, the same experimentsiiesmre
repeated using physical models of impact sounds [6].

Investigations on multimodal perception of virtual rougka
using synthesized sinewaves were recently performed inRé}
sults show that auditory feedback affects the haptic péiaeof
virtual textures.

In this paper, we are interested in achieving a better under-
standing of the relationship between auditory and hapktutes
simulated by using physical models. To achieve this goabuwii¢
a multimodal architecture described in the following semti

2. RENDERING OF AUDIO-HAPTIC TEXTURES

The multimodal rendering architecture used in our expemnisie
consists of two main parts: the haptic and graphical rendeap-
plication, and the sound synthesis application. Figuréustilates

the setup and data flow of the auditory and haptic architeatar
veloped. The haptic rendering is programmed in C++ using the
Openhaptics Toolkit from Sensabland OpenGL. The sound syn-
thesis is implemented as an external plugin programmedhfor t

Several projects by Klatzky, Lederman and colleagues have p1oy/MSP real time synthesis environment.

investigated texture perception, and how visual and anditoes
affect it [1, 2, 3]. Their approach employs a perceptual rise
ancy paradigm, where the percept in one modality is artificia
distorted to determine the relative contribution of the aldks

on the judgments. As an example, in [4], it is shown that audi-

tory feedback can influence the haptic perception of texiuhen

The synchronization between the haptic and auditory fegdba
is very important to ensure that the auditory and hapticbeeld

Iwww.sensable.org
2www.sensable.org
Swww.cycling74.com
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Figure 1:A multimodal audio-haptic architecture.

from penetrating the objects surface. The forces to be eglie
calculated based on the concept of a proxy which in this case i
a point that attempts to follow the tip of the stylus of the thap
interface in the virtual environment. When the stylus peates
the surface of the virtual object the proxy is prevented froo:
lating the objects surface, and based on the distance hetiyee
and proxy the resisting force to be applied can be calculasét

a spring-damper control law. The concept is illustratediguFe 2

for three different points in timet{,t2,t3).

Objects Surface ~
t

® Proxy
e Effector tip

is perceived to be caused by the same event. In order to accom-

plish this tight synchronization we use the Open Sound Robto
(OSCY, which is a communication protocol that allows computers,
synthesizers and multimedia devices to share performaateeird
real time over a network. To control the sonification, theitas

of the cursor, and the force and velocity of impact are seitti¢o
Max/MSP application.

2.1. Simulation of auditory textures

The virtual objects in the application are composed of seladan-
gular boxes. The objects can be considered as passive tesona
that are excited by the interaction with the stylus of theticap-
terface. To synthesize the virtual objects we used moddhsgrs.
To simulate the sustained interaction when the user rubgrtoal
objects we both modelled the excitation caused by frictiwhthe
interactions with the surface asperities of the texturer. iGterac-
tion model is decomposed as following:

F=f+f

where f represents the deterministic friction force whflerep-
resents the dynamic texture simulation.

The frictional interaction is simulated using a dynamicseta
plastic model that simulates the interaction between rditry
surfaces [8]. This model, originally used in robotics, wasantly
adapted for sound synthesis purposes [9].

The model describes the dependence of friction on the
tive velocity between two contacting bodies through a défeia
equation rather than static mapping, as commonly done b
ditional friction models. The model assumes that frictiesuit:
from a large number of microscopic elastic bonds calledlbs
in which case the velocity force relationship is expressed a

f(z,,é) = 002 + 012 + o2V

where z represents the average bristle deflection,is the bris-
tle stiffness,o the bristle damping andzv accounts for viscous
friction.

The different levels of texture roughness are created ubimg
algorithm proposed in [10]. The same algorithm is used tasim
late both auditory and haptic textures.

2.2. Simulation of haptic textures

To simulate the contact with the virtual objects the hapéeice
must render the appropriate forces to resist the end-effettlus

4 www.opensoundcontrol.org
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Figure 2:Resistive force calculation based on proxy.

The calculation of resistive forces and friction forces laae-
dled by the functionality of the Openhaptics Toolkit basaddpenGL
primitives. However, the Toolkit does not support rendgrof
different textures needed to simulate the different serfiantigh-
ness levels needed for the investigation. Current resgaiogfoses
different methods to simulate surface roughness based ageim
based methods and procedural methods. The method used in thi
paper is based on a procedural model proposed in [10]. A pseud
random function with a normal distribution is used to pdsttire
resistive force in the normal direction of the object suefawhen
the end-effector moves on the object surface. By changipeg th
variance of the random function it is possible to simulafeedent
levels of roughness. Figure 3 shows an example of the differe
levels of roughness applied to a constant force.
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Figure 3:Different levels of roughness simulation. Left: a smooth
surface; center: a medium surface; right: a rough surface.

3. EXPERIMENT DESIGN

3.1. Participants

Twelve test subjects (8 male and 4 female) between the ag¥s of
and 30 years old participated in this test. They all repohidng
normal hearing and being right-handed.
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3.2. Method were not informed on how the virtual haptic and auditory aces
were varied.

A within-subjects design was used for the experiment. The pu - . ) .
: . : . The test was divided in two parts. In the first part subjectewe
pose of the test was to investigate how haptic and audiathapt asked to judge surfaces’ roughness with and without audieerd-

feedback would influence the perceived surface texturegneses .
of roughness on a scale from 1 to 7. Three degrees of surfacebaCk' In the second part they were asked to judge surfacaghro

texture roughness were tested: smooth, medium and rougih Ea ness, with conflicting auditory _an_d haptic cues. Subjectewet
condition was tested with the correct audio feedback ank thig aware of the presence of conflicting cues.

conflicting audio feedback from the two other conditions.isTh In all the trials there was no time limit as to how long subgect
enabled us to observe if Conﬂicting cues affect the perdgjgg_ wanted to test each condition. When the test SUbjeCtS wesadit
ture roughness. The conditions were also tested withotitaayd ~ trying the different conditions they would nod and the cdiodi
feedback to distinguish if audio feedback made a differéndtee just tested was closed, so the test subject could fill in totcse

perception of surface texture. The different scenarioewested  Of the questionnaire for that specific condition before pesting
twice and tested in random order. The test subject also Isaghlvi  t0 the next condition. This procedure was repeated throutcthe
feedback of the virtual object tested. Subjects were ingrlito experiment. After the test subjects had tried all condgtiend an-
focus on the black screen, as not to unconsciously use wisieal ~ swered the sections of the questionnaire belonging to tieidh
like the distance from her hand to the haptic device. Tegestd»  ual conditions, they were asked whether they thought thditay

were also instructed to rank their confidence in their answmea ~ feedback was useful or not, on a scale from 1 to 7, 1 being not
scale from 1 to 7, 1 being very unconfident and 7 being very con- useful and 7 being very useful.
fident.

4. RESULTS

4.1. Influence of auditory feedback

Three different conditions, with and without auditory feadk,
were tested twice. To compensate for the test subjectsiithdil
differences in the numerical scales used, the results weraal-
ized by dividing each score by the individual participantame
then multiplying by the grand mean.

The analysis of the results showed that in the conditionk wit
a smooth surface texture with and without auditory feedp#u
test subjects perceived the smooth surface texture of teali
object, as being smoother in the condition where they hatichap
and audio feedback compared to the condition with only bapti
feedback.

The normalized mean of all the test subjects was 2,10 in the
condition with haptic/audio cues and 2,38 with haptic cuesao
scale from 1 to 7. The normalized means for the two conditions
are graphically illustrated with boxplots in Figure 5, whahe
bold horizontal line represents the median (Q2), the \artioe
Figure 4:The experimental setup with a test subject placed in front the minimum and maximum values and the top of the box the up-
of the Phantom Omni haptic device. per quartile (Q3) and the bottom of the box the lower quaf@iz).

As can be seen in the boxplots in Figure 5, the median and lower

quartile have lower values (one being the smoothest) indheie

tion with audio.

The t-test was conducted, which showed that the results were

The test subjects were seated in front of the Phantom Omitichap ~ statistically significantf < 0.05). In the conditions with a medium
device, which was placed in front of a 19 inches screen faratis ~ surface with and without auditory feedback the test subjaot-
feedback (See Figure 4 ) First they were gi\/en a brief intction malized mean was 3,76 with audio cues and 3,93 without audio
to the experiment, without being informed about the presesic ~ cues. The mean, median, upper and lower quartiles are dioser
conflicting audio/haptic cues. After the initial trainingpgse, in ~ the middle of the scale (3,5) in the boxplot with audio cuesico
which subjects were allowed to practice with the Phantom Omn pared to the condition without audio cues (see Figure 6).
haptic device in order to get a sense of the devices degrde=eof When comparing the conditions with a rough surface texture
dom and motion, the test started. with and without audio cues, the results showed that onlyt4 ou

When the test subjects felt comfortable using the Phantom of the 12 test subjects perceived the condition with audesdo
Omni haptic device, they were asked to wear headphonespto pr have a rougher surface then the ones without audio cues.drhe n
vide the auditory feedback and a questionnaire to be filleaftir malized mean with audio cues was 5,26 and 5,40 without audio
each condition was tested. cues. As can be seen in Figure 7, the median and lower quartile

The questionnaire asked to judge the surface texture inla sca are perceived as rougher in the condition without audio ,coes
from 1 to 7, where 1 was very smooth and 7 very rough. Subjects the upper quartile has a higher value in condition with awdies.

3.3. Procedure
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Figure 5:m2al represents a smooth surface with audio and condi- Figure 6:Boxplots of perceived surface texture roughness. Condi-
tion m2b1l is a smooth surface without audio. Notice how auglit ~ tion m2a5 is a medium surface with audio and condition m2b2 is
feedback influences the perception of surface’s roughness. a medium surface without audio.

4.2. Perception of conflicting cues Observations of the test subjects during the experimerds an
analysis of the positional data showed that most of the st s
jects only rubbed the surface of the virtual object to deteenthe
texture roughness. A few rubbed very hard, which makes iemor
difficult for the perception of the different degrees of rbngss.
Overall the test subjects did not notice any delay whilerinte
acting with the architecture, and became quickly adjusiading

In the second part of the experiment the test subjects wkeelas
rank conditions with conflicting haptic and audio cues. Th&s
done to see how the different audio cues would affect thegperc
tion of the surface texture with the same haptic feedbackhim
second part, 9 conditions (3 auditory x 3 haptics) were tkstae
analysis showed that the conditions with smooth audio cues w

perceived as having a smoother haptic surface then the ather the system.

ditions in the three groups with the same haptic feedbaatqaabe

seen in Figure 8. The conditions with rough audio cues alse ha 6. REFERENCES

higher values than the conditions with smooth or medium @udi

cues, although they have the same haptic feedback. [1] S.J. Lederman, “Auditory texture perceptionPerception
In the three groups of conditions with the same haptic feed- 1979.

back, the mean, median, upper and lower quartiles have thighe
values when the audio cues are changed from smooth to medium
and medium to rough. The level of confidence is lower in the con
ditions with conflicting audio and haptic cues compared ¢odbn-
dition with the correct audio cues.

[2] S.J. Lederman, R.L. Klatzky, C. Hamilton, and G. Ramsay,
“Perceiving roughness via a rigid probe: Psychophysical ef
fects of exploration speed and mode of touctEfectronic
Journal of Haptic Researcii999.

[3] S.J. Ledermam, “Perception of texture by touch.,"Sichiff
W, Foulke (eds) Tactual perceptiorCambridge University

5. CONCLUSIONS Press, Ed., 1982.

In this paper, we proposed a multimodal architecture in tviaig- [4] S.J. Lederman, R.L. Klatzky, T. Morgan, and C. Hamil-
ditory and haptic cues are simulated using physical modeldio ton, “Integrating multimodal information about surface-te
and haptic cues were simulated designing a physical models o ture via a probe: relative contributions of haptic and teuch
rubbed surfaces, with a stochastic texture model modelied) as produced sound sources.,”ftoc. 10th Symposium on Hap-
pseudo-random function with a normal distribution. tic Interfaces for Virtual Envir. and Teleoperator Systems
Results concerning the investigation on the interactiawéen 2002.
auditory and haptic cues on the perception of virtual tegwhow . -
how au)(ljitory fegdback improvegthe gbility of the test sciisj¢o [5] D.E. DiFranco, G. Lee Beauregard, and M.A. Srinivasan,

“The effect of auditory cues on the haptic perception ofstif
ness in virtual environments.Proceedings of the ASME Dy-
namic Systems and Control Divisipd997.

perceive the accurate degrees of roughness. The condititims
audio cues were scaled more accurately than the conditidhs w
out audio cues. Furthermore the conditions with the samécap

feedback, but different auditory feedback were influencgdhie [6] F. Avanzini and P. Crosato, “Integrating physicallysed
audio cues and perceived as being smoother or rougher dagend sound models in a multimodal rendering architecture.,”
on the conflicting haptic/audio cues. Comp. Anim. Virtual Worldsvol. 17, 2006.

ICAD-206



Proceedings of the 13 International Conference on Auditory Display, Montré@anada, June 26 - 29, 2007

7.0

55
|

50

| 45
|

#_

m2ag mzb3

Figure 7:Boxplots of perceived surface texture roughness. Condi-
tion m2a9 is a rough surface with audio and condition m2b3 is a
rough surface without audio.
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Figure 8: Boxplots of perceived surface texture roughness with
conflicting cues. Conditions m2al, m2a2 and m2a3 have smooth
haptic feedback. Conditions m2a4, m2a5 and m2a6 have medium
haptic feedback and m2a7, m2a8 and m2a9 have rough haptic
feedback. The first condition in each scenario has smootibaud
feedback, the second medium and the third rough.
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