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Abstract

Research oroirlug, envoeemeis (VL) orodoeced signficart advarces in computer harc-
were (arantas boarcs and o toals) aro softwsare Jreal-Tree distributed simulatans),
Hioreszesr, foncamental guestzns remain about howe Jser perlormance is afeced oy
et Factars as graphics refresk e, nesolutior, corral atencies, and o dmodal fooc-
back. This arfice remarts an s experiments pedormec to semre dextroos anod-
aton of virttz objects. Toe firet experiment stucies the effed of grasncs frame -ate
and vignsing rrode ronoscapic v, storeosoopic) on the time required 1o areEsp a mov-
rg woget. The secoro experimant stuoies the effecl of drec fores fsecoack, pseudo-
‘oree *eedbade, and redundar: ‘arce fsedback on grasping force regulaticn. The trials
were peridrmed using a pardally-immersive emny rorrent {Fraphics workstedon arc
LD plasses), a Daadalove, and the Rutgers Master wilh foroe feedbeck, Besuts of e
first experiment iroicate that sterecsoopic view g £ benefcal far low refresh rases (it
educed Ltk completon trre by aoout 509% ve, monoscooc greprics). Resa s of te
second experimeart wloats that baobe feedbeck rereeses perfommarce aro recuces
error rabes, & compared to the ooen loop case Dwith no farce feeciaack). The best per-
farmance wis choaired wier bolk direct haptic and redundant zod ory feedback wers
provided wthe wzer. The lzpe number of subyedts pamiciparing in thess expariments
ewer 160 abe ared fermade) indicates pood statstical sgnficence for the zbove realls,

1 Introduction

¥irmual cnvironments (¥E} enhanve user-computer interachon by pro-
viding a ceal-time, mulbsensorial incerfece to the simulation. Ir i imporane o
undersrand how people peroeive and respond oo events in synthetic environ-
ments in arder to develap hermer YE tochinalogy,

Olver the past 5 vears virtual environment research has resnlted in significant
advances in computer hardware [three-dimensional {309 graphics boards and
10 tools ] and software (real-tme, nultiuser discribuced simularions); Lircle
rescarch bas been conducted to dace concerning buman performance issoes in
the context af chis new rechnology. Thus fundamental questions remain about
b people interaction with VE is influenced bi facrors such as graphics re-
fresh rates, mono/seeree viewing, concrol lacencies, and mulcimodal feedback.

Human interaction wich the enviromment is primarily visuomotor, and vision
15 the dominane source of feedback concerning che effects of acrions, For in-
srance., over the course of 2 normal day, a person makes handreds of limb
movements to manipulace ahjeces in space. To produce such actions one must
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ust visual inlormarion about the position, velocty, and
acceleracion of the object of nterest (Geoegopoulos, Ka-
laska, & Masscy. 1981 Adeeson & Hollerbach, 19835).

In warpaal environments the perceived abject posidon
ard velocing with respect to che user are suljoct vo per-
ceptual distorsions. One of the most impaorcant param
¢ters rhat creares such perceprual distorsions is the
praphics frame rate—the maximun rate ac which new
virnual scenes are presented to the user. Low frame races
make eljects appear o move in saccades (discrete spaal
mumps in 31 space ). The viswal spsrem rhuz has to bridee
the gaps berween perceived positions by usiigg spatio-
temnporal incerpelaton.

The effect of video frame race cn human perlormance
has previously been investigated by Ranadive (1979]
and Massimine & Sheridan (1989%. However, chese
studies involved manipulation of static objects wsing
servo manipulators and video displays, The frame race
had no ¢ffect on visual perception of seatic objects in the
environment, since voly motion perceprion was atfeceed
by frame eate, Airey, Eohlf, 8 Fredecick (19907 lar
shionared thar a frame rate of 6 frames per second (fps) 15
the minimum rate for an interactive Y'E svstem. Homwar-
ever, this study involved seli“mation percepton in a
static virmal emvironment.

The belict of the VE research community 15 that the
higher the frame rate, the better the visual feedback
itvpically 30 ips is desived). These high frame rates
coupled wich tmoday's slow graphics rendering do, howe-
ever, limit the complexioy of the virtual world, The more
realism required by e VE applicarion, che more com-
plex the world model is, and the smaller the number of
frames per second displaved by the computer. It is,
therefore, of merest to study user performance at slow
frame rates, A relared issue is whether at low frame rates
steren wisual feedback is berter fhan MOnoacopic view-
ingr, The fiest study presented in chis article considers che
influence of frame rate anad viewing mode on a tracking
and grasping nf a moving object.

One other key problem when interacting with virtual
objects i the influence of haptc fewdback, Being able to

L. Spatiomempoeal inrerpalation creaces t impecsaion of mgion
frioam a sequence: of stabemary images by recnesmraceng the motoen
path in beoween che stations actually prosaead,

rouch, feel, and manipulate abjecrs in the environment,
in addition o seeing {and for hearinye) them, gives a
sense of compelling immersion thar is otherwise not
pussible. Haptic feedback is nos necessary in all applica-
tinns, but it is mandatory for dark or visually occluded
SURTHS.

Farlier research on inteprating foree feedhack o VE
simuladons was done by the robobos commumnity, which
adapted exisnng releoperanon serve-arms (Brooks, Ouh-
Young, Batter, & Terome, 1990k Jacobsen, Inverson,
Dravis, Tocrer, 8 Mclain, 1989; Tau, 1993). Steps to-
ward less complex systems were raken by incegrating
force feedback o joysticks (Minsky, Oub-Young, Steele,
Broals, S Behensky, 1990; Schomelr, 195 Daata,
19935, Unformnarely, force fesdback jovsticks limic che
hand mocion to a small volume close oo che degk, dius
reducing the user's frecdom of modon, Additicnally,
jrysricks cannot provide foree feedback o independent
fingers, thus are ot well suired for highly dextrous tasks,
such as precision grasping of virtuzl objects [Cutkosky 8
Horare, 19907, Mot of the smdies reported to-date in-
vialve wrist foree feedback {Millman, Stanley, % Colgate,
1993; Llhs, Ismaeil, & Lipserr. 19935 Much less work
has been done for deverous VE with nonportable hapric
feedback, where interaction is ar che finger tips (Massic
& Balisbury, 19%94; Hashimoro, Boss, kuni, & Ha-
rashiona, 19945

To pravide finger force /touch feedback oo the user
wichout sacrificing freedom of moton, forve ftactile
lzedback interfaces have to be portable. Such porcable
prototypes have been developed in recent years [ Patrick,
1990, Stone, 1992; Cutt, 1993; Bouzit, Coiffet, & Bur-
dea, 1993 Pormable masters need to be light, mo prevent
user fatipue during prolonged simulanons [Burdes &
Langeara, 19933, T'his is a design challenge due to the
poor power Sweight satio of most of today’s actuators,
The Rurgers Mascer {Burdea & Zhuang, 1992) and
Bouggrers Master T1 (Gomez, Burdea, & Langrana, 1994
are force feedback devices that use light, silene, and safe
preumatic acruanes, Previous cests with the Rurgers
Masrer showed that haptic lbedback enhanced manipu-
lating task performance when interacting wirh virmal
abjecs by about 50%, wnd reduced the learming gme by
S0% (Richard, Purdea, & Coiffer, 1993}, These ealy



reses were done with a monoecopic display and low
praphics frame rates (67 fpa). In the second part of this
article we repeat caclier eaperimencs, but wing a higher
frame race (27 fps], 2 steren display, and fesdback mo
fowe insread of three fingers.

Providing force feedback to the operator’s hamd can
hawe its disadvantages. For example, significant static
friction in che haptic mascer may not allow the wser to
lee] leedback torces dunng mampulacion of very solt
virtual objects. Maoreover, presenting force feedback in
rhe: prescnce of even small delavs has been shoawmn oo cre-
ate operator-induced instabilities (Ferrel, 1966). In such
cases, senzory subsgmtion or nformarion redundancy
cold be used o open the power luop or oo help the op-
crator apply small smble forces on the manipalated ol-
ject. Therefore the present shady incudes the influence
of redundant force feedback (visual or audirordous’ on
subject’s perlormane.

2 Temporal Resolution of VE Visual
Displays

The remiporal resolution of VE visual displays
inumber of updared images presented per wnit time) s
affected by a number of factors, such as hardweare refresh
race, graphice frame rare, and delays, The hardware re-
fresh rate 15 the number of images seen by each eve every
second, and varies betwreen Gl and 120 He, I diffecs
from the graphics frame rate; which 15 the maxinnm rare
at which new virtzal scenes are presenied o the user,
Far instance, if a display svstem has a refresh rate of o
Hi, but a frame rate of only 4 tps, then the system
presents LS conseoative identical images before any
changes are made 1o the scene.

Loyw frame rares produce annoying illusory motion
artilacts, which are compounded br che syscem delas
s from sensing, communicarion, graphics, and dvmamics
computations], The compueational delay 15 2 major fac-
tor in determining the frame rare of a display system.
sensorial delavs nepresent the fime between user inpur
\pusition or force) and che corresponding sensor output,
sensorial, communication, and computadonal delays are
aclditive, For instance, a systemn chat hasa 12 fps, 10
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maec communication delay and 150 meee sensor delay,
veould produce a maamum delay of 260 msec whenever
the viewer has moneed enough to fequine the syathesis of
a new imape of the virmal world. If che delavs or simula-
tion “lag” are larger than 300 msec, then the wser loses
the immersive feehng in che simulation {(Winka, 1995
The sore dynamie the virtual environment, the moce
important the simulation delays become. A case in poinc
(anwd one that is the subject of the present study) is mack-
ing and caphuring a mewing objecr while suhjecr to low
graphics refresh cates.

There are ren repes of visual displavs used in VE
samulations: monoscopic and seeregscopic. In 2 mono-
soopic display, a single 2T image is presenbed to botk
vyes. The human brain incerprees che 213 monoscopic
image as a 31 image by aniliving depeh coes {perspec-
dve, occlusions, moton parallax, and soonj. In steren-
scopic vision the brain fuses two slightly ditherent views
of the world (seen by the meo eves) inm one coherent
AT image, Sterenscopic displavs provide distinet depth
cues when the scene of interest is close oo che user (Kim
ctal,, 1985, 1987, It 1s of interest to find out if viewing
2 dynamic scene nn 1 Snerensoopic (15 oppased o monn-
scopic) display can belp the user regain some of the 1m-
merzinn feeling in the presenoe of Tow refresh mnes, Tao
dor that the users performance needs oo be measured
using objective cricera {such as error rates, rask comple-
rion time, aod task learning time ).

| Force Feadback and Sonsorial
Subsitubion

‘T'he visual and auditory sensorial channels have
aone-way, informston-ooly Bows, This ivolves collec-
tion and analyss of photons (for vison) and snund
waves (lor heaning) voming from the enviconment. Al-
though head movements play 2 key role in 312 visual and
aural perceprinn, they do not involve cnergetic ineerac-
tivms with the physical world. By concrast, haptic sensa-
tinng fundamentally invalee a hidirectional flow of cn-
ergy beeween the human and the emdironment (arional
Hesearch Council, 14957,

The visual and auditory senses are of ineerest for hap-
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tic feedback research since chey provide nonreacove rep-
resenearions of foree feedback.® Thus, unlike foree feed-
back, they do noc cause instabilices in the presence of
rme delay, Tn additien, vision and hearing aee allocaned
relatively large areas in the sensore cortex (Shreeve,
1993, suggesting har visual and audieory displays could
T sucomstul in presenting force feedback information.

Bach-w-Rita, Websrer, Tompking, and Crabh { 1987
defing sensory substitution as the provision to the brain
of informarion that is usnally in one sensory domain by
means of the recepror, pathways, and brain arcas of an-
wther sensory system. Sensory substimition has been suc-
cesstully used [oe many vears i belping people who arc
fully ur pargally defident in one or more of their sensory
systems (hann, 1974 Bach-v-Rita eval., 1987, 5en-
sorv substtution has also been used in the field of
teleoperation { Bejozy 8 Paine, 1982; Corken, Rejory, 8
Rappaport, 1983; Reger, 1987 Ouh-Young, Pique,
Hughes, Srinrvasan, & Brooks, 198%; Massimino 8
Sheridan, 1994 o provide pseudohaptic fecdback
through auditory or visual cues. This was necessary due
oo the lack of adequare hapric fecdback hardware. Sen-
sy substtution may also serve as a redundant cue in
the simulanon. Bedundant force feedback by adding an
audicory cue) may be used o accentuaee corrain simula-
tion events, thas improving wser's efficiency. Too much
redundancy is detrimeneal, as i may lead to sensorial
overboad and wvser dizonentation (Bundea & Coiffet,
19943 1t 15 thus necessary to smdy sensorial substnarion
i general, and foree feedback substitution and redun-
dancy in particular, to decermine whar is beneficial and
whar is derrimental.

4 Experimental Study

The above menticned problemes relatod to simula-
don delavs and haptic feedback subsritunion led us m
perlorm a suudy of dynamic VE interaction considering
the problems of 1) Jow refresh races and 2 force feed-

2. Boorcactive sensory modalitoes do o indace aperacee finger
rarmemanrs. Such cnovemenes may be arsdesicable it cerrain sirmarions

back sensorial subsotution and redundancy. We present
frst the experimiental system, followed by a deseription
of the experimental protocols and test results,

4.1 Experimental System

The Rutgers VE system has a loosely coupled, cli-
eo-server archircctuns, as usteated in Figure 1. This
approach allows fior the distriburion of compurzoon for
the sumulation oo teo workstations (Buedea, Baoskos,
Gaomer, 8 Langrana, 1993). The first is a Sun 4 dedi-
cated oo reading, calibrating plove data, and maintaining
stare informarion on all virmal objecs. An HIE 755-482
worlseation is dedicaced to graphics rendenng and dis-
play of the virmual world ar rares up o 28 fps. Our ex-
periments used a single screen with me-multiplexed lef
annd tght views, andd LOT shutter glasses. Alrernacing
left and righe images are synchromzed with che shutter
Elassues through an indrared IR contmaller [ Lapton,
1991). The HP75S manoscopic display (1280 x 1024
pixel resolution) was replaced by a special sbereo mom-
tor wich 1241 Hz retresh rate required for che use of LCL
elasses,

A DataCilone®™ (VPL, 1987 measures hand gestures
aind wrast 3T position using @ Polheimus®™ cracker (Pol-
hermus Mavigation, 1487, The tracker acouracy ( lso-
track®™ model) i alsowe 2,5 mm teanslarion, and 17 pora-
gon. The Rurcgers ivasoer (Burdea, Langrana, Roskos,
Slver, & Zhuang, 1991} is used for foece fecd back 1o
the user's fingers. 1o compact strucoure fits in the palm
ol the Dharallove, as shown in Figure 2. The feedback
achuators consist of four pneumatic microcyliners that
press againar the finger cips. The lightness of che feed-
back seructare {about 100 g) 15 important to reduce op-
erator fatigue daring the simulation.

The: feedback pressurne is contmiled by analog propor-
donal regulators {FPR ) housed in an interface boe. The
[ lisplavs virtual farce feedback; (17 hapeicalky
i through the feedback actaators), (2} visually through
tiur sers of 200 .ED, ocared on che front panel {one ser
per finper;, and {3 anditory through bead phones, The
number ot LEID: “an® is propartional oo the level of the
virtual force feedback computed by the simulation, We
decided o display anditory force feedback by controlhng
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the frequency {between 200 He and 1 kHz) of the audic
signal since the mimmum detecoable change in this case
is 2 Hz, The froquency of the audio signal 18 contralled
by the average of che four virtual haptic feedback signals.
A foroe foedback of 0.2 W corresponds to one LED “on®
when the force feedback is displayed visvallv, or toa fee-
quency of 51 Hz for andioory feedback.

The expenirnental virtual emviecnment (illustrated in
Fig. 3] 18 composed of black walls with perspective
grids, a virtaal hand, and a deformable red ball {rargee).
Visual depch cues such as projection of ebject “shadows™
can be inrenduced in the environment oo improve depth
perception, The volume of the virtual room i@ abour 1
m?. The ¥irmal hand ix made of 2% polygons and has
sirmilar kinematics to the buman hand Jless Goger addue-
rinn/ahducrion ). The ball is made of 72 polygons. The
simulatien uses the Starbsse Graphics Libeary [Hewdetr
Packard, 1%}, double buffering, and Gourand shadding
with one light source, The ball, depending upon itz com-
pliance, deformed approximacely as it would in the
phyzical wirld,

Feedback forces (5 woere caleulated individually, ag-
coeding to the simple Honke’s Law (F, = ki), Here A
represents the deformation at the contact poine berareen
finger & and the hall. In chis wav the squaton 15 kepe
simple for rapid computation while still reeaining the
ahilire ro model nhjecos of varving safnesses &, Onenta-
Hoe of the contact forees was kepr nommal ar the four
grazping points on the ball. The maxmuam detorntion
af the ball vorrespands oo a force of approximacel 4

§ Experiment | (Tracking and Grasping
Task)

This cxperiment conceens the effect of frame raze
o human performance in a cracking/grasping task of a
AT moving target, [or both monoscopic and soereo-
soopic displays. T groups of 2 subjecs cach (42
males and 42 females) were wsed in cthe experiment. The

first proup performed the tracking task vsing the mona-
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scopic display, while che second group pertormed the
same fask using the srereoscopic display. Bach proup was
divicled ot @ subgrronps (Gl to G of 7 subjecs each.
5] pracoced capturing the rarget at s frame rate rl = 28
B, G2arrd = 14 fps, Glacrd = 7 ips, GHatrd = 3
fos, G3 ar v = 2 fpe, and G ar ety = 1 ips.

5.1 Experimental Protocol

Lach mal was mn as follows: A red rarger ball (of
7 cm diameter) appeared in the victual coom (of 1 m?) at
the same location imarked “C* in Fig. 3) and wich the
carne nicial velociry (23 emy/sec), The imatal ball direc-
rion wis chanped randomly betwesn triale, wichin a 45*

Monaio e Faho=us sanss
Stier ghaeses

l,l' Huscpiwnes

Widual workszace |

Figure 3. conervranial arlasi srrannenal canliguronas,

coig, The Base of the cone was [ciog the horem wall af
the virtual room., So, the target path vaded between tri-
als, but its velocity was alwaws the same (25 andsce),
During collisions with the virtual walls, the ball bounced
wichout loss of energy, so thae task ditheulty did not
drop with time.

Subjects were seated so that the eye-to-monocular
display distarwe was approximately 60 cm. In the stereo-
seOpIc viewing mode, stereo glasses were worn, The
DataGlove™ was Aitbed to their mght hand, ten a quick
calibration was done, Sulyects performed oo trial ses-
s b Gunibaries themseles with the limits of the vir-
tual moom and tw grasping {gesture recogtion) wech-
migque. Larid lined perspecrive walls were superimipased
oy the vierwal walls, Taboraroey soom illaminacion wes
kept Lo mo inerezse the contest berseen the display and
its imimedinre sueroundings,

Subjects were then insrmicred m reack dhe moving rar-
get and grab iras quickly as pessible. For a given experi-
mental session, suhjocrs performed with a 15-sec rest
perind henween crials. Kach session consisred of 1] cnals.
Task completinn cime (fime oo grasp che target) was re-
corded afrer each trial. The experimenral measurements
are shown in ‘Tables 1 and 2.
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Takle 1. Aisan Task Completion Time ana 370 vWhen Lsing
Aorsconiz ond Steressooie Yool ODigpiay, for Diilevent
Cachmes Update Rarss

2 fpa

Mfpe [4fps Fips 3 fps 1 fps
oo
Mean L0R 145 A18 582 987 1457
5N 03+ 042 148 X6l 435 597
Steren
Mean 0.5 111 1L.ARE 226 436 6.9
ST 022 028 059 Ll3

124 233

Table 2. Mean T Domseno Time and 50 When Lising

Moviosoabic and Zerposcopic Wewo Oisplo?

28fps ldfps Tips 3fps 2fpd  lfps
Mone
BT l26 120 471 E4% 1477 2170
ET .44 .24 246 3.42 Bl .33
Spcron
BT 1.12 1.32 218 348 .49 YER
ET 088 092 114 136 240 4%

“BT. ar the beginning of the craining period; ET, at the
cidd of the repining period, Tor different geaphics apdare
Tates.

£.1 Resulis

Besults show that performance was stable from 28
dowen oo 14 ips when using the monoscopic display, and
frem 28 down to 7 fps when using the stereoscopic dis-
play {Fig. 43 Performance is nor sraristically different
botween 28 and 14 fps for both viewing condibons,
Huorarever, the seeren mode increased performance by
al1% (o update rates lower than 7 fps, It appears that
steren viewing provides more reliable results since the
srandard desrarion [8T¥) was 0% smaller For updare
rates of 1-7 fpe. and 30% smaller for frame rates of 7-28
Fios.

Figures 5 and & plot the capture Gme for repeated tri-
als. ‘The uzer's learning process explaing the decrease n
the: total capture tme with task repetition, For mono-
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scopic viewing (Fig. 33 and tor low frame races (1-7 fps)
learning seems o stop atter 10 trials (flat corve), There is
less learning for lowe frame rares in stereoscopic viewing
{Fig 6. For higher frame rates the pertormance did noc
increase much for eicher monosoopic or stereoscoopic
viewing [eurves are almost flat from che heginning of che
trial sequence’. These results confirm thar high frame
rates drul stereoscopic viewing roquire less adaptation on
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the part of rthe user sinee these condidons are cdoser to
ratural human ineeraction.

Subjects used ditferent straregics during the tracking
grasping task, For frame rates higher than 14 fps. sub-
jects moved cheir hand continuously in space, However,
foar frame eates less than 7 fps they exerced saccadic
muvemenes {for boch soerensoapic and mannscopic dis-
plays]. Ar these lowe rame rates the subjects found it
more difficult to accomplish che tracking cask with a
manoscopic display, resuling in longer average capture
tirmes.

6 Experiment I (Maptic Feedback
Madalities)

Thas experiment investigates the offect of sensory
substcution for grasping force regulation for a dexreons
manipalation rask, Six groups of 14 subjects each (42
males and 42 females ) were used for the experimnent. The
firse group {N) performed the sk using coly graphico
fewdback, while the second group (V) had graphics feed-
back of the virnal world and visual feedback for grasp-
ing lorces (through the ineerface LED bar graphs. ‘The
third group (A} had graphics and andirary foree foed-
hack through headphones, while the fowrth group (H)
had praphice and hapric force feedhack wirh the Rurgers

Master, The Ofth greup (H-V) had praphics, hapoe, and
redundant visual force feedback, while che sixch group
tH-A0 had graphucs, hapte, and cedundant audatory
foree feedback. The frame rate {28 1p) and virml soreld
complexity thand, sphere, and walle] were kept conscant
for all groups. The firsr 7 subjecrs of each group pee-
formed the task using 2 monvscopic graphics display,
while che lasr 7 subjects performed the sk uzing dwe
sterenscopis display,

The force-feedback scruchore was integrated with the
Tharalilove™ thraughout the caperiment, Tt was coer-
Ered enly for proups [H), (H-V) and {H-A). This al-
lowsed A crae comprrizon berween visual, audieory, amd
haptic force feedback, sinve fricdon and che master's
weight were always present.

4.1 Expermmental Protocol

Subjects were instriceed to reach and pick up a red
virmal hall (ol 7 em dizmeterd at locadon “A" then
move 1t to *C" going through location B, while keep-
ing che verrical prajecrion of the hall berwreen the o
lines. Durinyg the arm movement subjects had oo apply a
lerwe, scable amount of deformarion [ 10% of the sphere
radiug). The task had to be completed 1o less chan 15 se,
howeever, subjects were mold char che most importane
thing was w contral the amownn of deformacion, for the
completion dme. Task completion ome {time to move
the ball from locaricey A to locarion €) 2nd mean delor-
mation of the ball imean of average amount of deforma-
tion af each contace lncation wir the ball] were recorded
atber cach trial. Subjects had no explbict informatien
abour che relationship berween the number of LED=
“on™ and percentage ol deformation cegquired (10%0,

Subjects were seared so that the eye-to-monoonlar
display distance was approsimately G0 e, Stereo glasscs
were worn by sabjecs throughous the experiment. The
Rurgers Master integrated with 2 DataGlowc®™ was ltted
tor thieir hand and calibraced. Subjects had one trial ses-
sinn o familiarize chemsehees with the limits of the vie-
tual o and the sensory foroe feedback from the Eue-
gers Master {comesponding 1o 1 0% ohjecr
deformation), Then, subjucts performed the task in 140
mrals with L5-sec resr periods in henseen. Perspecrive
grid linws wens supenimposed on the virbeal walls, and a
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verdeal projection of the hand was displaved chroughour
the experiment.

8.2 Aesuhz

Results show that in all cases, stercoscopic viewing
did not improve performance significantly. This could be
expecred given rhe presence of srong monoscopic depth
cues. When oo force feedback cues were prsent subjects
deformed rhe ball by ahaur 42% while the required
amount was 10%, This highbigrhts the oeed for fore
feedback when inreracring wich virmual ahjeces. We ob-
servedl chat when visual {7, auditory (A, amd haptic
{H) force feedhack were presenc, performance {repula-
e of prasping lorees) was ingressed by 33,.3% [V,
A5.7% (A, and B2 3% (11}, respectvely (Fig, 75 Re.
dundant letee feedback inbormarion (visual and audicory
feedback) reduced ball deformation by 61.9% (E1-¥
and 69.0% (H-A}, respectively, as compared o che open
loop case (proup N

Auditory and hapric representation of feedback forces

seems to decrease operator mental workload, as com-
pared to the open-koop case, since msk completion dimes
rteeres o reach Iocatoon “C7) were reduced by aboue 30
iFig. #1. Redundan sasual presencacion of foroes in-
creased the mean completion tme again (group H-Y).

1a:
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Flgure 8, vanibwiabor ksk moan ool S jur difecent f2roe
Tusckanrk srookatfuss Srseosoopic and SEneasnens SEmE)

Mican oot derommabon [

Flgure %, A/onitvonan ik learning orocess e afforoes foece

fnodrazh medathes drmneac s oo slerenali dhRbkhe)

The (H-Aj group had the shomest average complenon
ciene.

Figmures % and 10 show rhe subject’s learming process
measured by the decrease in object deformation over
repeated reials. These graphs show char che wiewing con-
dition {mono or stered) was important ooly [or g roap
N1 and less importane for vsual, auditory, and hapoe
modalities. Recdundane visual amd suditesy presentations
led o the required deformation {146 of che radins) at-
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Table 3. Vean Task Compledos Time ana 30 When Liing
Mevioscopds and Steressoopne Yswe! Ololay, far Diffcrent Farce
Fzedback Aodaoities

b W A H H-vV H-A
o
Mean 326 E8% 614 657 777 RE3
Sl 142 133 1.0 107 140 1.20
Stereo
Mean HO8 YB3 475 5ad A4+ 439
S 1.80 082 092 13 131

116

ter 10 trials. Wone of the subjects needed more chan L5
s to complere che task. Sravistically, the srandard desda-
o was smallest ae the end of the trial sequence and for
the groups (H-% ) and (H-A). The largest variahiline
5137 was shown by subjects o group (N, with lintle
benefit from task leaming. Resalts are summarized in
Tahles 3, 4, armd 2,

Fi Dzcuszion

The cxperiments presented above were aimed ac
undersranding rhe influence of borh visual and foree
feedback mesdalities in the performance of oao tepical

Table 4. ‘decs Defirchon ancd 50 When Liskie Manssoonie
are dpercascapic Visua Dvsplay, oy Oerest Fovcs Focahock

Snnalinan

K ¥ A H HVY H-A
Mono
blcan 00432 [B2H 027 0. dLlaé 013
sD oz 007 00e 008 005 D03
MLEFED
Mean 038 0,27 D023 018 0,14 D02
b1 B .08 BO7 0 De 00s 04 003
Table 5. Moos Ouforrectior and 20 When Uising Monosooine

and Serenscants visua DiEnkey f Oiferent Favcs Feeaback

Kaekolives

K & A I HY¥ H-A
Moo
BT
Mean (48 Q036 032 028 022 017
ST 10 903 003 004 002 03
ET
Mean 1137 021 0240 14 ol 0016
SDy 10 003 Q04 003 001 04l
Steren
BT
Mean (45 035 029 024 019 018
S 007 003 002 003 003 002
ET
Mean (033 021 017 013 1 (A4
SD 002 002 002

k07 0.03 00l

*RT. at the beginming of the raining perind; BT, ar the

end of the traiming period.

tasks. The first was macking and capturing of a movingg
virmal objecr (sphere), while the second was manpula-
tion with minimal deformation of the same object.
While these clearly represent anly a small parr of the ma-
mipulabve tasks pussible in virtual enviconments, track-
ing and nhjecr deformarion are clearty high-frequency
events that warrant careful stusly,
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The present study 1= important to che research com-
rnunity o at beast bwo respects. First, unlike previous
srudies that used a small number of subjects, the tesms
reported here used over 1640 subjecos. Thus, while the
resulrs do nor claim o be overly general, chey do, howe-
ever, have pood statistical sipmificance. The present study
1% Aks LM PFEANT S0 0 15 ameng The fow o focus on
dextrons manipulation with a porcable force feedback
1A,

‘I'he first experiment showed that tracking perfor-
e fmesieed as the dmc-to-caprore] degrades for
lcvws graphics refresh rates (fps]. Sreren provred to be ben-
eficial for Jow frame rates, where it ceduced caprune time
bar B1% compared o the monmscopic dieplay. Our re-
sults are similar to those obtained by Ranadive (19795,
whio used a widen display and an Argonne E-2 seven-
depree-of-freedom servo manipulator. Massiming and
Sheridan {19897 larer compared manipularion capabiliog
for direct vision vi. video feedback i simple block-inser-
tion tasks tor different graphics frame rate, They ob-
served chat mean completion omes dropped dramatically
s the frame cate fell below 14 fps, similar o the resules
of our srudy in a partially immersme virmal environ-
13T

The second experiment was aimed at dexorous ma-
nipulation of a deformable sphere with pseudo-foree
feedback, actual force feedback, and redundant force
feedback. The manipulated objeee fitted in the palm and
had no weight, thus che present results should noe be
crtended e olyects with weight and large volume, Thara
obtained wich a Rucirers Maser shovwed that haptic force
fecd hack led o hemer performance in rerms of ohject
deformaton [32.3% (E) versus 33.3% (W), anl 35.7%
(A}, However, results concerning the andiconr force
fewdback greatly depend on the task. The sphene was
symmetrical, =0 a single andio channel sufficed, bur chis
canmuot be peneralized o other tasks that require sumulta-
neous control of different fonces.

Trs the abseiee of haptic feedback, visual represena-
ton of feedback forces proved beneficial compared with
graphics feedback alone. Similar results were obrained
by Reger {1987, who stodied the effect of visually dis-
plaved force feedhack in delaved and nondelayed hilat-
eral eeleoperaton. Ouh-Young et al. (1989 studied op-

eracor performance in a 617 docking sk using hapric

and visual foroe feedback. They ebsersed that even
though foece leedback was more effecrive, the sk could
be reliably done wath che visual force display alone

The smallest error aees in the present study were ob-
tained when subjects had haptic and redundant audic
feedback, This is duc e che narure of the task, which
required caretil deformacion of che wirmal object. The
task was dithoult, st the srmall desired objecr deforma-
rinn Ax produced small feedhack forces (due oo Hooke's
Ly ;. The scacic fricbon present in the Rutgers Master
acnaarors could mask such small forces. Uinder chese con-
ditions sound proved to be nseful in providing a cue for
the start of the abject delormacion phase. Thus the
group char had bath haptic and redundant audicory feed-
back pertizrmed best. The mle of sound feedback could
have been played by cactile feedback actuators such as
voier vodls placed at the: fingerip. Tacrile fecdhack was,
lonarever, not availzble in the present shudy. The above
results ane applicable to other dextrous and nondexroas
fiorce Feedback masrers char have tvpical saoc fmcoon on
the order of 5% of their output force, All these devices
will benctit from rhe inregrarion of actile feedback wich
force feedback during the simulaton.

While redundant foree feedhack praved wsefinl for
group (H-A) in terms of obpect deformation and task
codnpletion rime, it was nor o for group (H-V ). Here,
poocly desipned redundane information hampered rather
than helped the rask. The conscant shifoing of attention
from the screen to the LEDY display and back resulted in
increased task completion dme {Fig. 8). This can be
remeddied by displaving twe visual foree cucs (such as
vectors) on screen, cobocated with the virbual object be-
ing manipulated, Another approach s 1o color the finger
phalanges and the palm of the virmal hand according e
the magninade of conrac foroes (Rergamason, 1492

Leaming through task repetoon clearly improved
performance tor both experiments, While srereo viewing
had a big impace on learning in the first expeniment, it
had less imypacr for the second expeniment. This is expl-
cable bevause the secomd experiment relied primarili on
hapric racher chan graphics feedback. While the learning
process ended atrer 10 trials for groups (H-A% and [H-
¥, it was continuing for groups (V). (A}, and {IT) in-
volved in the second experiment. This means thar the
absence of redundant force feedback informarion lenyzth
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v the learning process. Innersubyecr variabiling was
largest for groap (W3, which had no force feedback cues,
arul srmallese for proups (H-V) and {H-A). This variahil-
iry wias smalicst at thwe eoud of the trial sequence, indicat-
my subject adaprability through learning,

8 Canclusion

The present study invesagated human perfor-
mance for tracking/ prasping and dexcrous manipulacion
ol avirtwal olject, The stody was aimed ar determining
the influence of the visual and haptic feedback channels
on sk performance {measured by completon time and
percent object deformation). Tests reported bere used
over 160 subject: (both male and female}. Thus, while
rhe resules do ot ¢laim to be overly peneral, thev da,
bweever, have good sodsrical significance. The present
srucy is also importane s it 15 amonys the few to focns
on dextrous mani pulaticn with a portable foeee feed back
MASICT.

In the first experaiment both the viewing vondidons
yatertd amd mone display) and graphics retresh rares
weTe varied. Object capnzre rime was found oot o b
statistically differenc between 28 and 14 fps (for boch
viewing conditions ). However, stereo mode increased
performance by 50% for updare races lower chan 7 fps.

Besules of the scoond experiment showed that direct
hapae feedback was superior m pseudo-foedback
through viswal or auditory cues. However, the best re-
sults {lowest object deformaton and cask compleion
ome] were ahrained when hoth haptic and ceduedant
auditory fewdback were presene. Here andicory feedback
serves as 4 substinace for cacrile foedback in marking the
mament af ititial comtact between the virtmal hand and
ball. These resules ane excendible to oer foree fecd back
interfaces where statc fiction may mask small feedback
forees dunng initial objecr deformarion. These interfaces
wenlld benefic from integrating tacele aml forve feedback
modabicies. It s also necessary to use low-tricrion, low
inerna acmarars whenever possible, This was the ap
prroach taken in the design of the Bucgers Master 11,
which uses nonconracr sensing and custom force fed-
hack actuators inbegraced in one structure. Fusire tests

will vse this more advanced desice m repeat che expen-
menes described here.
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