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Abstract

We have been working on developing a visual /haplic
interfae for virtual environments. In the previous
wrk, we have proposed a WSIVWF  (Wat You See
Is Wat  You Feel ) concept uhich ensures a correct vi-
sual/haptzcregzstutzon so that uhat the user can see
via a visual inlerfae is consistent with uhal he/she
can feel through a haptic interfae. The key comp o-
nents of the VST VIWF display are (i) vision-lused
trcking, (ii)video keying, and (iii)physicall y-lased
stmul ation. The first prototype has been builtand the
proposed concept was denonstr ated. It turned out,
houever, that the original system had a bottlenck in
the vision tracking conp onent and the perfornanc e
uns not satisfactory(slow frume rate and lawe la-
tency). To solve the problem of our first prototype,
ue have tnplemente d a fast tracker uhich can tmck
nor e than 100 markers in video-rate. In this paper,
new expertnent al resultsare shoun foll oued by the im
provenents of the vision-tused trcking conp onent.

1 Introduction

Haptic 1interfaces have been recogiized as im
portant imput/output  chamels  to/from the virtual
enviromman t[10][11][16]. Wually a haptic interface is
impleran  ted wth a visual display interface such as a
headmim  ted display or a steresscopic display screen.
(orrect  registration of visual and haptic interfaces,
however, ismot easy to achieve and has 1ot been se-
riosly comsidered  For example, som  systern have
a graphics display simply beside the haptic interface
resulting in a “feeling here but looking there” situa
tion as shown inHg 1. Poor visul /haptic  registration
could result in inter-semsory conflicts that lead to a
wong sersory rearrangeran  t[15].

Ome of the st 1mp ortan t poten tial applications of
VR systern  is tramng and simulation For training
viswl-mtor  skills, correct visual fhaptic  registration
isimp ortan t becase a visual-motor  skillis comp osed
of tightly coupling visual stimuli (associated wth task
coordimates) and kinesthetic stinmli (associated wth
body coordinates). If there is an incorsistency be-
tween the two kindk of stimuli, there woud be o sig
nifican t skill tramsfer[8], or in an even warse case, the

Hgre 1. “Feeling here bt locking there” situation

traimng mgh t negativ ely hirt perforrance inreal sit-

uations (regativ e skill tramsfer).

In or previos pap er, we have prop ased a WYSI-
WE (Wt You See Ts Wat You Feel) concept[19].
The prop csed concept  ersures  correct visual /haptic
registration so that vhat the wser can see from the
viswal interface iscomsisten t wth exactly what le/she
can feel through the haptic device. A visionrbased ob
ject tracking techmque and a video-k eying techmque
are wed to get the correct visual /haptic  registration.
The frst protot ype was bult by wing a coor liqud
crystal display (LA) parel and a @D camra  for the
visual interface comp omen t and a MK 560 rob ot for
the haptic interface comp oren t. It turned out, how
ever, that the original system had a bottlenec k in the
vision tracking comp oren t and the performance was
ot satisfactory (low fram rate and large laterncy).
To solve the problem of or frst protot ype, we have
irpleran ted a fast tracker vhic h has a capahilit y to
track more  than 100 rark ers in video-rate (30 k).

The rest of the pap er is organized as folom. Hrst
the concept of the WIIWE display is presen ted 1in
section 2. Qr protot ype system and som new exp eri-
mn tal results are shown insection 3, and fmally som
impro veman ts of the vision-based tracklng corp oren t
including the video-rate tracker isshown insection 4.
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Figure 3: System overview in use
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K gure 4: Prototype system configuration

type and the held-t ype isthat the hel dtype device is
“grounded” vhereas the worn-type device 1snot.

Withthe encoun tered-type, on the other hand, the
user need not keep hol ding the haptic device. Instead,
the system tracks the motion of the user’s hand and
places the haptic device in the appropriate location,
waiting for the user to “encoun ter” it (surface dis-
play mode). Once the user encoun ters the device, it
responds to the forces exerted by the user, based on
the virtual object no del (admttanc e display m de).
McNeel y[14][ 7], Hirota and Hrose[9], and Tachi et
al.[17 have already proposed and inplemen ted this
encoun tered-type approac h, vhere they called robotic
graphics, surface display, and haptic space respec-
tively

The encoun tered-type approac h is well suited to
our WSIWF concept as shown in kg 2. But
WS WF display concept is not limted to the
encoun tered-type haptic display.

3 Prototype WYSIWF Display

3.1 System configuration

Fgure 3 shows a system overview in use. Hgure
4 1llustratesour current protot ype system configura-
tion. Although ahead-noun ted camera/displa y woul d
be 1deal for WSI WE, we decided to use an existing
LCD panel for our first prototype. A color D cam
era 1s attached at the back plane of the I{D panel.
The I(MYcamra  system is noun ted on a mo vable
stand so that the user can no ve i1t around to change
his/her viewp oint.

Pose estimation was originallyperfornad by a SGI
Powern yx with an optional SIRIUS Video Bard
in the first prototype[19]. Tt turned out, however,
that the original system had a bottleneck in the wvi-
sion tracking conp onent and the performance (frame
rate and latency) was not satisfactory To solve the
problem of our frst prototype, we have inplenan ted
a video-rate tracker (FuitsuTracking Msion) which
has a capability to track nore than 100 nark ers in
video-rate (30 T). Mre detailsabout Tracking M-
sion will be described inthe next section

Fendering the virtual scene isperformed by a SA
Power(n yx and final images are sent tothe (D panel
via SIRIS Mdeo Board A PAIMA 560, 6 OF in-
dustrial robot, isused for the haptic device. We put
an alumn um plate wth four nark ers, small incandes-
cent lanps covered by translucent lenses, at the tipof
the PAM\  for tracking.

P ysically-
based simmlation is perfornad on a WE-bus-based
MB8040  (PU  board (Mtorola MMELG62) vith the
WKW orks realtine 5. RCO/R d[12], realtime C li-
braries for controllingPAMy  has been installedon
our VKW orks system A SPAR C 10 workstation is
used for the %W orks and RGO,  host nac hine. A
six-axisforce/torque sensor isattached to the PIMA
The Uhimation controllerand the V&W orks system
are comnected by a parallel cable. Qiginal VAL in
the thimation controllerhas been replaced by a spe-
cial corm unication software called “nop er”.

Iie to the conputational perfornance limtation,
the physically-based sinul ation al gori thm runs at 50
B (20 maec/cycle). The simulation no dule gives the
current position/oriertation of the virtual object to
the RCO/R d ne dule as a setpoint. RCI/R A
then irterpol ates these points and generates a smo oth
trajectory. The generated trajectory data are sent to
the UGnnation controllervia parallellines. Mp er re-
ceives the trajectory data and distributes the data to
each joirt servo loop mo dule in the controller. The
lowest joirt level servo loop in the Uination con
trollerruns at 1000 He.

The working environmen t was covered by blue cloth
for Groma Keying. The forearm and wist portions
of the PMy  including the /T sensor, were wapp ed
up by blue cloth as well.

3.2 Experimn tal results
3.2.1 A cube

A simple frictionlessvirtual environman t was built,
where a 20 cmx20 ecmx20 cm cube ison top of a flat
table. Figure 5 shows the tracking and video blending
process. The overlaidinage inHg 5 (b), vhic h isnot
shown to the user, shows how wellthe virtual cube is
registeredto the real mark er plate. Small square wn-
dovs 1nthe image indicate searching wndo vs for the
mark er tracking. Qe of the fowr mark ersisoccluded
by the user’s hand.

Inthis system the sensor knob isthe only permt-
ted portion of the haptic device for the user to access,
whic h corresponds to the knob attached to the virtual
cube (see Fg. 5(c)).
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Figure 8: Handling multipletools

4 Vision-based visud/hgptic registra
tin

4.1 Registration method

Visiorrbased tracking is a key conp onent of the
WYSIWE  display. In the conputer visionfiel d, sev-
eral techn ques have been developed for tracking the
object in the video inage. Uenochara and Kanade[18]
have developed a real-time image overlay system with
vision-based object registration and tracking tech
niques. Bajura and Neunann[1] have inpleman ted
a simmlar natho d for the head tracking application, to
conp ensate registrationerrors induced by the mag
netic head-trac king sensor.

Aswe discussed insection2, nark ersna y be placed
either on the haptic device or on the fixed environ
mn t. Inour prototype system only one C(D camera
isused and the camara wllalnost al ways be headed to
the haptic device. Ifthe nark ers attached on the fixed
environmen t, they na y be occluded by the haptic de-
vice or ma y be out of the camara view We therefore
decided to attach the nark ers at the tipof the haptic
devi ce.

Iteratie pose estimation wth least squares
mini mzation] 13] isan efficient way, assumng that the
relatie notion between the carera and the target ob-
ject is so small in each subsequen t video frane that
the relationcan be linearized. We first inplenen ted
this netho d. This techmque issinple but sensitie
to the neasuremran t noise. In our case, the estinated
pose tends to be shaky even when the nark ers are
stationary inthe camara view We then 1nplenen ted
the pose estimtion algorithm based on the extended
Kalman FHlter (EK) by Gemnery[6]. Gnnery’s algo-
rithm uses quaternion to represent the orientational
conp onent. Uhlike Kiler angles and Roll-Pitle Yaw
angl es, quaternion has no singul ar representation.

At least three nark ers are necessary toestinate the

anmera

Fgure 9: (O ordinate franes

pose of the target object (position/oriertationinthree
dimensional space). More than three mark ers should
be put on the target object to cope wth the mark er
occlusion.

4.2 Som impro vemn ts of visionrbased
tracking

4.2.1 Tracking movirg mk ers flan am vig
aaga

For the folleing discussion, let three coordinate
frames, X .omera, 2dev, and Xpgse, be defined.  These
frames are attached to the camara, the tipof the hap-
ticdevice, and the fixed environman t respectiwly as
shom in Hg 9. Let ATy denote a 4 x 4 honoge-
neous transformation matrix from Xpg to X4, repre-
senting the positionand oriemtation of ¥p with re-
spect to X 4. To render the virtual object and the
bac kground, we need “*7*" T4, and “F" Ty 45, Te-
spectiwely Reading the joirt sensor informtion of the
haptic device, one can get accurate baseq . . Vat
the canera can see is 2D projectionof the nark ers’
location “*77 4T ;... °97®7 4T ;. can be deconp osed
as follws:

camzraTdev — (baseTcamzra)_lbaserev (1)

Fy (1) means that the mark ers’ motion inthe camera
view could be caused by both the camera mnetion and
the device motion. To reconstruct the 3D pose, we
have to track the mo ving mark ers from the no ving
carera.

We first took the rel atie pose between the camara
and the device, °"®*" T ,,,, as the state variable of
the TF.  FHgure 10 (a) illustratesthis first configura-
tion. Inthisconfiguration, FRF outputs the estimated
cameraqr . . as folls:

camzra{i—vdev — E[(F(camzr aTdev) (2)

The estimated pose of the fixed environmen t wth re-
spect to the camra isthen calcul ated using ®%*°Ty,,.

camzra{i—vbase: camzra{i—vdev(baserev)_l (3)

Ineq.(2), FKF()neans a transfer function of the esti-
mtor. & discussed in[6],FRF can be appro xi mated
to a second-order recursive filter. The larger the co-
variance mtrix of noise is set, the larger the time
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Figure 10: Two configurati onsfor poseestimations-
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constant of the filter becones. In generalifthe in-
put signalX containsl ov frequencyconp onentsonl y

the fil terout put X = EKF(X)isnearlyequal to X,

i.e.X ~ X. Ifthe input signalcontainsa highfre-
quency conp onent, thi sconp onent 1sfil teredut and

1tsphase isdel aed, resul tingn X # X. Note that
thisisjust a qualitatievdi scussion.

Withour prototype systemusing a LCD panel,
users tend to keep the camera/disply system at
his /herpreferred ccation,neani ng that baseq o ra
isof tenconst art while?®“T';,, al ways changes. Inthe
firstconfigur ationthe estinmat orcannot know whet her
themark ersareno ved due tothe hapti cdevi cenotion
or due tothe canera nmotion. Since®®™"¢T;., con-
tail nst he devi cemmti on, t he hi ghfrequencyconp onent

isfilteredout and c‘”m“af'dev ;é camEr A, . Con-

sequertly fromeq. (3), cameraq, 4 CAmET AT, e
neani ng that i1fthe user no ves the haptic device
up and down or rotatesback and forth,the back-
ground i nage tends to be shaky even when the carm
era/displyasystemisstationary

Si ncewe know exactl yt he not1on of the hapti cde-
vice,we can exclude the contributiomf the haptic
devicemotion fromthe statevariabl eof the estina-
tor.The no difiednetho d does so.

1

camzraTbase: camzraTdev(baserev)_ (4)

Fquation (4) neans that al thoughthe narkersareat-
tached tothetipof the device theycan be regardedas
markersattaded to the fixed base, where the nark-
ers’l catiomarenot fixed but known. Fig. 10(b) shows
thi sno di fied configuration. In thi sno di fied configu-
rationthe FKF estimtesthe fixed envi ronnent pose
wthrespcttothe canera as fol lws:

can’rzra{i-vbase: E[(F(camzraTbase) (5)

and then the hapticdevicepose wmth resmpct to the
canera 1sobtained.

caner (leev — caner aTbasebaserev (6)

Ifthe canera isstationaryr no vingslely (cortain-
ing lov frequencyconp onents only), the estinator

can output a nearlytrue value,i.e. c‘”mmf'base ~
camer aqy se. Consequentlya nearlycorrectpose be-
tween the canera and the devicelsal soobtalnedby

eq.(6)j.e. c‘”””aTd ~ cameraq, . Of course,the
timngof takinga image formrker tradki ngand the
timngof readingthe joih sensorshoul d be exactly
synchroni zed. Afterthi sno dificati ont he background
image becane stableeven when the narker no vesin
the canera viewdue to the the hapticdevi cenotion.

Lowe poittedout that sno othi ngthe notion with
EKF isnot effectie fortradki ngobjectsshi ch nay be
bunp ed or collide[13]This istrueinthe first config-
urationbecauset he devi cenotion na y not be sno oth
when the virtualobjectcollideslnthe no dified con-
figur ationhowever,the FKF estimatesonl ythe cam
eranotion conp onent which isusuallysno oth, and
sto ot hi ngby EKF isreasonable.

4.2.2 Implemm tation d viderae trac ke

In the first prototype system marker tradking and
vi deobl endi ngwere perforned by a SGI Power Chyx
with a STRIUS Videoboard[19] . Al though the SIR
IS Vi deo Board has a built-1m deokeyingcircuitry
a sonewhat disappoitingdesignspecificatiomf the
SIRITS Video prevents us fromusingthiscircuitry
as long as we use the video-imort formarker trak-
ing. Alternatiel yone has to do the chrona keying
by softvare. The estimatedfrane rateisabout 5 Hz
w th sof tvare chroma keying, which isfar fromthe
satisfactor(@30 I or nore). Inadditiontothe lov
frane rate,the l atencyisalsol arge(about 0.5secin
the worstcase).

To avoid thisannoying lov frane rate and large
latency we itraluced canera fixed no de 1n which
mark er tradki ngisdisabl edothat chrona keyi ngcan
be done by the buil t-1mircui trylhe estimtedfrane
rateof camera fixed mo de 1830 He. In the canera
fixed no de, thereisno noticeabld atency Figures6
and 7 are exanpl es of thisno de.

' course,canera fixed no de 1snot a fundanen-
tal sol utionpal though the frane rateissatisfactory
the canera/displ g systemmust be fixed. To achiew
fastemarker tradking, we have i npl enenteda vi deo-
ratetraker, FUITTSU  Tracki ng M sion(TRV), which
has a capabiliyt to trak nore than 100 narkersin
video-ratd 30 Hz). As showm inFig. 4, Tracking Vi-
sionneeds a (PU board runni ng VeW orks. Tr acki ng
VM sionsystemand S PowerChyx comm uni catevia
socket. TRV al soenabl esus touse the built-1imi deo
keyingcurcuitry

Tracki ng Vi sionhas a MotionkstimationProcessor
(MP) which can performtenpl ate natching based
on the sum of absol utedi flerence(SAD). e limta-
t1 onof t he Tr acki ng Vi s1 omi st hat t he tenpl atei nages
of the mark ers can not be updated duringthe tradk-
ing. lkuall yan i nage istaken froma known marker
l xationbeforehand and thisinage isused fortem
plates. If the canera gets closerto the markers or
faraway fromthem the trakingnay fail . To sol e



Figure 11: Templatesof markers

current marker location

and status (visible/occluded)
‘ camera
EKF TRV —__
expected marker location "
UNIX(SGI) VxWorks markers

Figure 12: Data comm uni cationbetween EKF and
TRV no dul es

thi sprobl em we have t aken si x1 mages fromt he di ffer-
ent canera |l ccationsthat coversthe expectedcanera

motion range. Figure 11 shows the taken tenpl ates.
Fach row of the i nage 1sa setof sixtenpl atesforeach

marker taken fromsixdifleren poses. In each trak-

ing cycle,sixtenpl ates are appliedfor determmning
the currert marker lccation. The curren nmarker 1o-
cation sdetermmnedby the tenpl atewhi ch matches to
the curre marker i mage nost. When even the best
matching scoreisover a certainthreshol dwe judge

that thismarker isoccludedby sonething (e.g. the
user’shand).

TrackingVsionsystentradks narkerinvi deo-rate.

Asshown 1nFi g. 12 SGIl send a requestto TRV al ong
wththe expectedmarker 1 acationdata based on the

estinmatedpose. TRV sends back the nost recen

marker lacationsto SA. Wen TRV detectsoccl u-
sionof narkers,itsend thisstatusto SA. SA can

thenignorethe occl udedmark er forthe next pose es-
timation. TRV can use the expectednarker l ccation
torecoer the tradingof occl udedmarkers.

Figure13: Tracki ngno de usinga fasttradker

Fi gure 14: Moni tori nage of the Tracki ng Vi sion

Figure 13 shows a displg sceneof trading no de
w th the Tracki ng Vision. Fi gure 14 shows the tradk-
ingstatusof the Tradking Vision. Three narkersare
correctl ytraked, while one marker 1soccluded by
the user’shand. A white window indicateshat the
traker correctl yletectsthisocclusiomnd the wn-
dow l cationrepresens the expectedl cwationof the
occludednarker.

The estimatedfrane rate was about 20 Hz. Al-
though Tradki ngVisionitseldantrak the markersin
video-rat¢30H), thereisan overheadof socket com
muni cationbetween TRV and the S@ PowerOnyx.
Even afteritraduced TRV, thereisa noticeabld a-
tency(about two or threefranes).Fi gurel3 indicates
thisl atency Inthisfigure, theuserisno vi ngthe cube
down ward. Since we are usinghardware chroma key-
ing circul trythe 1 nage of the user’shand and the
markersisdispl ged w thout del &. The cube 1nage,
on the other hand, 1sdispl ged basedon theestimated
posewhi ch has two or threef ranes del &, resul tingna
noticeabl eegistraticarror.There are threesources
of thisnoticeabldatency: (i)Tracking Visionitself,
(iigocket comm uni cationand (i1iJKF. Fventhough
Tracking Visioncan trak the mrkersinvideo-rate,
the tradked l ccationdataisavail abl ene frane | ater,
resul tingnone frane l atencyat thispoint. A fiel d-
ratetradker ratherthan frane-ratewoul d be prefer-
able. A lccal Fthernet connecti omrat heror nore tigh
connectionbetween TRV systemand SA such as bus-
to-busconnectionw I 1be necessary

5 Conclusions

This paper has itroduced our new concept of a
visual /hapti¢rterfacedevice nanely a WSI WF
displ g, which ensurescorrectvisual /hapticegistra-
tion.There arethreekey conp onents: (i )vision-based
tradking for pose estimation,(ii)superinposingthe
user’diw hand inage withvideo-kying,and (iiign-
counteredtype hapticrenderingw th the physically-
based simul ation.

To sol e thel ov frane rateand 1 ar gel at encyprob-
lem of the first prototype system we have 1nple-
nen teda fastvi deotradker. Al though thesystemper-
fornance has been inproved, furtherinprovenents
w l1lbe necessary

Potertialapplicationof thissystemwoul d be a
teleoprationsystemwi thlargetine del & and a re-



hearsal and tr aini ngsystenfor visualotor skil Isuch
as nedi cal operations.
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