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Abstract

We have been working on developi ng a vi sual /hapti c
i nterface f or vi rtual envi ronments. In the previ ous
work, we have proposed a WYSIWYF (What You See
Is What You Feel ) concept whi ch ensures a correct vi -
sual /hapt i c regi st rat i on so that what the user can see
vi a a vi sual i nterf ace i s consi stent wi th what he/she
can f eel through a hapt i c i nterf ace. The key comp o-
nents of the WYSIWYF di spl ay are (i ) vi si on-based
tracki ng, (i i )vi deo keyi ng, and (i i i )physi cal l y-based
simul at i on. The �rst prototype has been bui l tand the
proposed concept was demonstr ated. It turned out ,
however, that the ori gi nal system had a bot t l eneck i n
the vi si on tracki ng comp onent and the perf ormanc e
was not sat i sf actory(sl ow f rame rate and l arge l a-
tency). To sol ve the probl em of our �rst prototype,
we have impl emente d a f ast t racker whi ch can track
mor e than 100 markers i n vi deo-rate. In thi s paper,
new experimental resul t sare shown f oll owed by the im-
provements of the vi si on-based tracki ng comp onent .

1 Introduction

Haptic interfaces have been recognized as im-
portan t input/output channels to/from the virtual
environmen t[10][11][16]. Usually a haptic interface is
implemen ted with a visual display interface suc h as a
head-moun ted display or a stereoscopic display screen.
Correct registration of visual and haptic interfaces,
however, is not easy to achieve and has not been se-
riously considered. For example, some systems have
a graphics display simply beside the haptic interface
resulting in a \feeling here but looking there" situa-
tion as shown inFig.1. Poor visual/haptic registration
could result in inter-sensory con
icts that leads to a
wrong sensory rearrangemen t[15].

One of the most imp ortan t poten tial applications of
VR systems is training and simulation. For training
visual-motor skil ls, correct visual/haptic registration
is imp ortan t because a visual-motor skil l is comp osed
of tightly coupling visual stimuli (asso ciated with task
coordinates) and kinesthetic stimuli (asso ciated with
body coordinates). If there is an inconsistency be-
tween the two kinds of stimuli, there would be no sig-
ni�can t skil l transfer[8], or in an even worse case, the

Figure 1: \Feeling here but looking there" situation

training migh t negativ ely hurt performance in real sit-
uations (negativ e skil l transfer).

In our previous pap er, we have prop osed a WYSI-
WYF (What You See Is What You Feel) concept[19].
The prop osed concept ensures correct visual/haptic
registration so that what the user can see from the
visual interface is consisten t with exactly what he/she
can feel through the haptic device. A vision-based ob-
ject tracking technique and a video-k eying technique
are used to get the correct visual/haptic registration.
The �rst protot yp e was built by using a color l iquid
crystal display (LCD) panel and a CCD camera for the
visual interface comp onen t and a PUMA 560 rob ot for
the haptic interface comp onen t. It turned out, how-
ever, that the original system had a bottlenec k in the
vision tracking comp onen t and the performance was
not satisfactory (low frame rate and large latency).
To solve the problem of our �rst protot yp e, we have
implemen ted a fast tracker whic h has a capabil it y to
track more than 100 mark ers in video-rate (30 Hz).

The rest of the pap er is organized as follows. First
the concept of the WYSIWYF display is presen ted in
section 2. Our protot yp e system and some new exp eri-
men tal results are shown in section 3, and �nally some
impro vemen ts of the vision-based tracking comp onen t
including the video-rate tracker is shown in section 4.
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Figure 2: WYSIWY Fdi splay

2 WYSIWY FDisplay Concep t
2.1 Realizing WYSIWYF

F i g u r e2 i l l u s tr a t e st hep r opo s e dco nc e p to ft h evi -
s u a l /h a p t i ci nt e r f a c e .A h e a d - mo u nt e dc a m e r at r a cks
m a r ke r sa t t a ch e dt oa ne n c o u nt e r e dty pe h a p t i cd e v i c e
(t h em e a n i n go fe n c o u nt e r e dty pe wi l lbe e xp l a i n e d
l a t e r )a n de s t i m a t e sa r e l a t i ve po s ebe twe e nt h eu s e r 's
h e a da n dt h eh a p t i cd e v i c e .Th ev i r t u a lo bje c ti sr e g i s -
t e r e dt ot h eh a p t i cd e v i c e ,j u s tl i ke a u g m e nt e dr e a l i ty
a p p l i c a t i o n s ,a n di t si m a g ei sd i s p l aye dt ot h eu s e rv i a
a h e a d - m o u nt e dd i s p l ay. Un l i ke a u g m e nt e dr e a l i ty,
h owe ve r ,t h et h er e a ls c e n ei sn o td i s p l aye de x c e p tt h e
u s e r ' sh a n d .T h et h eu s e r ' sh a n di m a g ei se x t r a c t e d
f r o mt h er e a ls c e n et a ke nby t h eh e a d - m o u nt e dc a m -
e r a ,a n di ss u pe r i m po s e do nt h es y nt h e t i cs c e n eo ft h e
v i r t u a le nv i r o n m e nt .S e eF i g . 5( c )f o ra na c t u a le x a m -
p l e .

I ft h ev i r t u a lo bj e c ti m a g ei sc o r r e c t l yr e g i s t e r e dt o
t h eh a p t i cd e v i c e ,t h eu s e r ' sh a n dc a nr e a ch t h eh a p t i c
d e v i c ee x a c t l yw h e nh i s / h e rh a n dr e a ch e st h ev i r t u a l
o bj e c t .T h es p a t i a ll oc a t i o nw h e r et h eu s e rf e e l sh a p -
t i cs e n s a t i o nt h r o u g ht h ed e v i c ei sc o n s i s t e nt w i t ht h e
s p a t i a ll oc a t i o no ft h ev i r t u a lo bj e c tpe r c e i ve dt h r o u g h
t h ev i s u a ld i s p l ay. Wh a tt h eu s e rs e e si se x a c t l yw h a t
h e / s h ef e e l s .T h e r e f o r et h eWY S I WY Fs i t u a t i o ni s
r e a l i ze d .

T h r e eke yc o m po n e nt so ft h eWY S I WY Fd i s p l ay
a r e( i )v i s i o n - b a s e dt r a ck i n g ,( i i )v i d e oke y i n g ,a n d( i i i )
p hy s i c a l l y - b a s e ds i mu l a t i o n .Ea ch c o m po n e nt w i l lbe
e x p l a i n e db r i e 
ybe l ow .Fo rm o r ed e t a i l s ,s e e[19].

Vision based head-trac king

U s i n gt h ev i s i o n - b a s e dt r a ck i n gt e ch n i qu e ,t h eu s e r ' s
h e a dpo s ec a nbe e s t i m a t e dby t r a ck i n ga t a r g e to bj e c t
i nt h ec a m e r av i e w .T h et a r g e to bj e c tc o u l dbe e i t h e r
t h eh a p t i cd e v i c eo ra �x e do bj e c ti nt h ewo r k i n ge n -

v i r o n m e nt s u ch a sa t a b l e .T h er e l a t i o nbe twe e nt h e
h a p t i cd e v i c et i pa n dt h ewo r k i n ge nv i r o n m e nt c a nbe
o b t a i n e dby j o i nt s e n s o r so ft h eh a p t i cd e v i c e .

A d va nt a g e o u spo i nt so fv i s i o n - b a s e dt r a ck i n gove r
e m i t t e r - b a s e dt r a ck i n gt e ch n i q u e ss u ch a sm a g n e t i c
t r a cke r sa n da c o u s t i ct r a cke r sa r e( i )v i s i o n - b a s
m e t h od c a nt r a ck a ny t h i n gw h i ch i sv i s i b l ef r o mt h e
c a m e r aw h e r e a st h ee m i t t e r - b a s e dm e t h od c a nt r a ck
o n l yt h eo bj e c tw i t ha m a g n e t i c / a c o u s t i cr e c e i ve r ,a n d
( i i )t r a ck i n ga c c u r a c yo fv i s i o n - b a s e dm e t h od c o u l dbe
i np i x e ll e ve lw h i ch i se n o u g hf o rt h ed i s p l ay p u r po s e
a n di sf r e ef r o mf e r o m a g n e t i cm a t e r i a l s .

Video keying

T h eCC Dc a m e r af o rm a r ke rt r a ck i n gc a na l s oc a p t u r e
t h ewo r k i n ge nv i r o n m e nt i n c l u d i n gt h eu s e r ' sh a n d .I f
we c o u l de x t r a c tt h epo r t i o no ft h eu s e r ' sh a n di m a g e ,
we c o u l ds u pe r i m po s et h i si m a g eo nt ot h eg r a p h i c a l
i m a g eo ft h ev i r t u a le nv i r o n m e nt i n s t e a do fr e n d e r -
i n ga s y nt h e t i cpo l y g o n a lh a n di m a g e .T h ee a s i e s t
way t oe x t r a c tt h eu s e r ' sh a n di m a g ei st h e\C h r o m a
Ke y i n g "t e ch n i q u ew h i ch i sc o mm o n l yu s e di nwe a t h e r
f o r e c a s t i n gT Vp r o g r a m s .U s i n gt h el i ve u s e r ' sh a n d
i m a g ea l l ow su st oe l i m i n a t ea d a t a - g l ove - l i ke s e n s i n g
d e v i c e .

Physically-based simulation

Mo s th a p t i cr e n d e r i n ga l g o r i t h m sa r eb a s e do n
i m pe d a n c ec o nt r o l[ 1 1 ] [ 1 6] ,w h e r et h epo s i t i o na n d
t h eve l oc i ty o ft h eh a p t i cd e v i c ea r em e a s u r e da n d
a na p p r o p r i a t ef o r c ei sd i s p l aye dt ot h eu s e r .Wi t h
t h i sa p p r o a ch ,a f o r c ec a nbe g e n e r a t e do n l yw h e na
pe n e t r a t i o noc c u r sbe twe e ntwo o bj e c t s .To r e n d e r
a r i g i do bj e c tw i t ht h ei m pe d a n c ed i s p l ay a p p r o a ch ,
t h es t i �n e s sp a r a m e t e rs h o u l dbe l a r g ee n o u g h ,a n da
h i g hs a m p l i n gr a t ei sr e q u i r e d ,o t h e r w i s et h es i mu l a -
t i o nt e n d st obe u n s t a b l e [ 5 ] .

I nt h ei nt e r a c t i ve c o m p u t e rg r a p h i c s� e l d ,Ba r a � [ 2 ]
h a sp r o po s e da p hy s i c a l l y - b a s e dd y n a m i cs i mu l a t i o n
m e t h od f o rn o n - pe n e t r a t i n gr i g i dbod i e s .We a p p l i e d
h i sa l g o r i t h mt ot h eh a p t i cr e n d e r i n g .T h ea d va nt a g e s
o fa p p l y i n gh i sa p p r o a ch t ot h eh a p t i cr e n d e r i n ga r e
( i )i np r i n c i p l e ,a r i g i dbod yc a nbe r e n d e r e d ,a n d( i i )
i np r a c t i c e ,t h et i m es t e ps i z eo ft h es i mu l a t i o ni sn o t
c r i t i c a le ve nf o rs i mu l a t i n gr i g i dbod i e s .

2.2 Encoun tered type haptic displa y
Mc Ne e l y [ 1 4]c l a s s i � e dh a p t i cd i s p l ay si nt ot h ef o l -

l ow i n gt h r e ety pe s :( i )wo r n - ty pe , ( i i )h e l d - ty pe ,
a n d( i i i )e n c o u nt e r e d - ty pe . E x a m p l e so f wo r n -
ty pe sa r ee x o s ke l e t o nm a s t e r [ 3]a n dd a t a - g l ove w i t h
a c t u a t o r s [ 4 ] ) .U n i ve r s a lh a n dc o nt r o l l e r [ 1 0]a n df o r c e
f e e d b a ck j oy s t i ck [ 1 6 ]a r ety p i c a le x a m p l e so ft h eh e l d -
ty pe h a p t i cd e v i c e .A wo r n - ty pe o rh e l d - ty pe h a p -
t i ci nt e r f a c ea l s owo r k sa sa ni n p u td e v i c et om e a s u r e
t h eu s e r ' sm o t i o n ,r e q u i r i n gt h a tt h ed e v i c ea l way sbe
p hy s i c a l l yc o n n e c t e dt os o m ep a r to ft h eu s e r ' sbod y
( ty p i c a l l ya r m ,h a n do r� n g e r s ) .T h i sr e q u i r e m e nt l i m -
i t st h eu s e r ' swo r k s p a c ea n do b s t r u c t st h eu s e r ' sf r e e
m o t i o n .A d i s t i n c t i ve d i � e r e n c ebe twe e nt h ewo r n -



Figure 3: System overvi ew in use
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Figure 4: Prototype system con�gurati on

type and the held-t ype i s that the hel d-type devi ce i s
\grounded" whereas the worn-type devi ce i s not.

Wi ththe encoun tered-type, on the other hand, the
user need not keep hol di ng the hapti c devi ce. Instead,
the system tracks the moti on of the user's hand and
pl aces the hapti c devi ce i n the appropri ate l ocati on,
wai ti ng for the user to \encoun ter" i t (surface dis-
play mode). Once the user encoun ters the devi ce, i t
responds to the forces exerted by the user, based on
the vi rtual object mo del (admittanc e displ ay mo de ).
McNeel y[14][ 7] , Hi rota and Hi rose[ 9] , and Tachi et
al . [ 17] have al ready prop osed and impl emen ted thi s
encoun tered-type approac h, where they cal l edrobotic
graphics , surface displ ay, and haptic space respec-
ti vel y.

The encoun tered-type approac h i s wel l sui ted to
our WYSIWYF concept as shown in Fi g. 2. But
WYSIWYF di spl ay concept i s not l imi ted to the
encoun tered-type hapti c di spl ay.

3 Prototype WYSIWYF Display
3.1 System con�guration

Figure 3 shows a system overvi ew in use. Fi gure
4 i l l ustratesour current protot ype system con�gura-
ti on. Al though a head-moun ted camera/di spl a y would
be i deal for WYSIWYF, we deci ded to use an exi sti ng
LCD panel for our �rst protot yp e. A col or CCD cam-
era i s attached at the bac k pl ane of the LCD panel .
The LCD/camera system i s moun ted on a mo vabl e
stand so that the user can mo ve i t around to change
hi s/her vi ewp oint.

Pose estimati on was ori gi nal l yperformed by a SGI
PowerOn yx wi th an opti onal SIRIUS Video Board
i n the �rst protot ype[ 19] . It turned out, however,
that the ori gi nal system had a bottl eneck i n the vi -
si on tracki ng comp onen t and the performance (f rame
rate and l atency) was not sati sfactory. To sol ve the
probl em of our �rst protot yp e, we have impl emen ted
a vi deo-rate tracker (Fuj i tsuTracki ng Vi si on) whi c h
has a capabi l i ty to track more than 100 mark ers i n
vi deo-rate (30 Hz). More detai l s about Tracki ng Vi -
si on wi l l be descri bed i n the next secti on.

Renderi ng the vi rtual scene i s performed by a SGI
PowerOn yx and �nal images are sent to the LCD panel
vi a SIRIUS Video Board. A PUMA 560, 6 DOF in-
dustri al robot, i s used for the hapti c devi ce. We put
an al umin um pl ate wi th four mark ers, smal l i ncandes-
cent l amps covered by transl ucent l enses, at the ti pof
the PUMA for tracki ng.

Ph ysi cal l y-
based simul ati on i s performed on a VME-bus-based
MC68040 CPU board (Motorol a MVME162) wi th the
VxW orks real time OS. RCCL/R CI[ 12] , real time C l i -
brari es for control l i ngPUMA, has been i nstal l edon
our VxW orks system. A SPAR C 10 workstati on i s
used for the VxW orks and RCCL host mac hi ne. A
si x-axi sforce/torque sensor i sattached to the PUMA.
The Unimati on control l er and the VxW orks system
are connected by a paral l el cabl e. Ori gi nal VAL in
the Unimati on control l erhas been repl aced by a spe-
ci al comm uni cati on sof tware cal l ed\mop er".

Due to the computati onal performance l imi tati on,
the physi cal l y-based simul ati on al gori thm runs at 50
Hz (20 msec/cycl e). The simul ati on mo dul e gi ves the
current posi ti on/ori entati on of the vi rtual object to
the RCCL/R CI mo dul e as a setpoi nt. RCCL/R CI
then i nterpol ates these poi nts and generates a smo oth
trajectory. The generated trajectory data are sent to
the Unimati on control l ervi a paral l el l i nes. Mop er re-
cei ves the trajectory data and di stri butes the data to
each joi nt servo l oop mo dul e i n the control l er. The
l owest joi nt l evel servo l oop i n the Unimati on con-
trol l erruns at 1000 Hz.

The worki ng envi ronmen t was covered by blue cl oth
for Chroma Keying. The forearm and wri st porti ons
of the PUMA incl udi ng the F/T sensor, were wrapp ed
up by blue cl oth as wel l .

3.2 Experimen tal results
3.2.1 A cube

A simpl e f ri cti onl essvi rtual envi ronmen t was bui l t,
where a 20 cm�20 cm�20 cm cub e i s on top of a 
at
tabl e. Fi gure 5 shows the tracki ng and video bl endi ng
process. The overl ai dimage i nFi g. 5 (b), whi c h i s not
shown to the user, shows how wel l the vi rtual cub e i s
regi steredto the real mark er pl ate. Smal l square win-
dows i n the image i ndi cate searchi ng windo ws for the
mark er tracki ng. One of the four mark ers i s occl uded
by the user' s hand.

In thi s system, the sensor knob i s the onl y permi t-
ted porti on of the hapti c devi ce for the user to access,
whi c h corresponds to the knob attached to the vi rtual
cub e (see Fi g. 5(c)).



(a) Original video scene

(b) Ov erlaid image

(c) Final blended image

Figure 5: Results of registration and blending

(a) What the user can see

(b) What the user is actually doing

Figure 6: Virtual tennis

Figure 7: An example of skill training

Although the PUMA is con trolled by con ventional
high-gain position serv os and we are up dating the set-
poin t every 20 msec, whic h is a relativ ely slow rate,
the system can keep stable and can render reasonably
con vincing haptic sensations.

3.2.2 Virtual tennis

Figure 6 is another example, virtual tennis. Note
that the ball is a virtual image but the rac ket is a
real image. This example demonstrates that the user
can interact with a virtual environmen t not only with
his/her own hand but also with other real tools.

3.2.3 Training

One poten tial application of this system is for the
training of visuo-motor skills, suc h as medical op er-
ations. Figure 7 sho ws a simple example of training.
The user is trying to follow the pre-recorded motion
of the exp ert displa yed by a transparen t cub e. A week
position serv o can guide the user to the reference mo-
tion. Unlik e just watc hing a video, the trainee can feel
the reaction forces from the virtual environmen t while
following the reference motion.

3.2.4 Handling multiple to ols

As discussed in 2.2, our WYSIWYF displa y adopts
the encoun tered-t yp e haptic displa y. In the previous
examples, the user could manipulate only one virtual
ob ject (a cub e or a ball). In suc h a case, the haptic
device can simply sta y at the location where the vir-
tual ob ject exists. If there are more than one virtual
ob ject, ho wever, the device has to change its location
according to the user's choice.

Figure 8 sho w an example of handling multiple
tools. There are two tools stic king in a piece of \vir-
tual cheese". When the user decides to change the
tool, the haptic device changes its location so that
he/she can encoun ter the next tool. In this example,
the user man ually selects one of these tools by a tog-
gle switc h. When the selected tool gets ready to be
encoun tered, its color changes from red (dark color
in the �gures) to green (brigh t one). Ideally the sys-
tem should detect his/her selection automatically by
trac king the motion of his/her hand.



(a) Sequence 1 (b) Sequence 2

(c) Sequence 3 (d) Sequence 4

Figure 8: Handli ng mul ti pl etool s

4 Vision-based visual/haptic registra-
tion

4.1 Registration method
Vi si on-based tracki ng i s a key comp onen t of the

WYSIWYF di spl ay. In the computer vi si on�el d, sev-
eral techni ques have been devel oped for tracki ng the
object i n the vi deo image. Uenohara and Kanade[18]
have devel oped a real -time image overl ay system wi th
vi si on-based object regi strati on and tracki ng tech-
ni ques. Bajura and Neumann[ 1] have impl emen ted
a simi l ar metho d for the head tracki ng appl i cati on, to
comp ensate regi strati on errors i nduced by the mag-
neti c head-trac ki ng sensor.

As we di scussed i nsecti on2, mark ers ma y be pl aced
ei ther on the hapti c devi ce or on the �xed envi ron-
men t. In our protot ype system, onl y one CCD camera
i sused and the camera wi l l almost always be headed to
the hapti c devi ce. If the mark ers attached on the �xed
envi ronmen t, they ma y be occl uded by the hapti c de-
vi ce or ma y be out of the camera vi ew. We therefore
deci ded to attach the mark ers at the ti pof the hapti c
devi ce.

Iterati ve pose estimati on wi th l east squares
minimi zati on[ 13] i san e�ci ent way, assuming that the
rel ati ve moti on between the camera and the target ob-
j ect i s so smal l i n each subsequen t vi deo f rame that
the rel ati on can be l i neari zed. We �rst impl emen ted
thi s metho d. Thi s techni que i s simpl e but sensi ti ve
to the measuremen t noi se. In our case, the estimated
pose tends to be shaky even when the mark ers are
stati onary i n the camera vi ew. We then impl emen ted
the pose estimati on al gori thm based on the extended
Kalman Fi l ter (EKF) by Gennery[ 6] . Gennery's al go-
ri thm uses quaterni on to represent the ori entati onal
comp onen t. Unl i ke Eul er angl es and Rol l -Pi tch-Yaw
angl es, quaterni on has no si ngul ar representati on.

At l east three mark ers are necessary to estimate the

Σbase

Σdev

AAAAA
AAAAA

AA
Σcamera

Figure 9: Co ordi nate f rames

pose of the target object (posi ti on/ori entati on i nthree
dimensi onal space). More than three mark ers shoul d
be put on the target object to cope wi th the mark er
occl usi on.

4.2 Some impro vemen ts of vision-based
tracking

4.2.1 Tracking moving mark ers from a mo ving
camera

For the fol l owing di scussi on, l et three coordi nate
f rames, �camera, �dev, and �base, be de�ned. These
f rames are attached to the camera, the ti pof the hap-
ti c devi ce, and the �xed envi ronmen t respecti vel y as
shown in Fi g. 9. Let A

TB denote a 4 � 4 homoge-
neous transformati on matri x f rom�B to �A, repre-
senti ng the posi ti on and ori entati on of �B wi th re-
spect to �A. To render the vi rtual object and the
bac kground, we need camer a

T dev and camer a
T base re-

specti vel y. Readi ng the joi nt sensor i nformati on of the
hapti c devi ce, one can get accurate base

T dev. What
the camera can see i s 2D projecti on of the mark ers'
l ocati on camer a

T dev. camer a
T dev can be decomp osed

as fol l ows:

camer a
T dev = (baseT camer a)

�1base
T dev (1)

Eq. (1) means that the mark ers' moti on i n the camera
vi ew coul d be caused by both the camera moti on and
the devi ce moti on. To reconstruct the 3D pose, we
have to track the mo ving mark ers f rom the mo ving
camera.

We �rst took the rel ati ve pose between the camera
and the devi ce, camer a

T dev, as the state vari abl e of
the EKF. Fi gure 10 (a) i l l ustratesthi s �rst con�gura-
ti on. In thi s con�gurati on, EKF outputs the estimated
camer a

T dev as fol l ows:

camer a
eT dev = EKF (

camer a
T dev) (2)

The estimated pose of the �xed envi ronmen t wi th re-
spect to the camera i s then cal cul ated usi ng base

T dev.

camer a
eT base=

camer a
eT dev(

base
T dev)

�1

(3)

In eq. (2),EKF () means a transfer functi on of the esti -
mator. As di scussed i n [ 6] ,EKF can be appro ximated
to a second-order recursi ve �l ter. The l arger the co-
vari ance matri x of noi se i s set, the l arger the time
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Figure 10: Two con�gurati onsfor pose es t i mat i onus -
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constant of the �lter becomes . In general i f the i n-
put s i gnalX contai nsl ow f requencycomp onents onl y,
the �l teroutput eX = EKF (X) i snear l yequal toX ,

i . e. eX ' X . I f the i nput s i gnalcontai nsa hi gh f re-
quency comp onent , thi scomp onent i s�l teredout and
i t sphase i s del ayed, resul t i ngi n eX 6= X . Note that
thi si s jus t a qual i tat i ve di scuss i on.

Wi thour prototype systemus i ng a LCD panel ,
user s tend to keep the camera/di spl ay system at
hi s/herpref er redl ocat i on,meani ng that base

T camera

i sof tenconstant whi l ebaseT dev al ways changes . I nthe
�rs tcon�gurat i on,the es t i matorcannot know whether
themark ersaremo ved due tothe hapt i cdevi cemot i on
or due to the camera mot i on. Si nce camer aT dev con-
tai nsthe devi cemot i on, the hi ghf requencycomp onent
i s �l teredout and camer a

eT dev 6=
camer a

T dev. Con-

sequent l y, f rom eq. (3) ,camer a eT base 6= camer a
T base,

meani ng that i f the user mo ves the hapt i c devi ce
up and down or rotatesback and f orth, the back-
ground i mage tends to be shaky even when the cam-
era/di spl ay systemi ss tat i onary.

Si ncewe know exact l ythe mot i on of the hapt i cde-
vi ce,we can excl ude the contr i but i onof the hapt i c
devi cemot i on f romthe statevar i abl eof the es t i ma-
tor . The mo di �edmetho d does so.

camer a
T base=

camer a
T dev(

base
T dev)

�1

(4)

Equat i on (4)means that al thoughthe mark ersare at -
tached tothe t i pof the devi ce,theycan be regardedas
mark ers attached to the �xed base, where the mark-
er s 'l ocat i onarenot �xed but known. Fi g. 10(b) shows
thi smo di �ed con�gurat i on. I n thi smo di �ed con�gu-
rat i on,the EKF est i matesthe �xed envi ronment pose
wi th respect to the camera as f ol l ows :

camer a
eT base= EKF (

camer a
T base) (5)

and then the hapt i c devi cepose wi th respect to the
camera i sobtai ned.

camer a
eT dev =

camer a
eT base

base
T dev (6)

I f the camera i ss tat i onaryor mo vi ng s l owl y (contai n-
i ng l ow f requency comp onents onl y) , the es t i mator

can output a near l yt rue val ue, i . e. camer a eT base '
camer a

T base. Consequent l ya near l ycorrectpose be-
tween the camera and the devi ce i s al soobtai nedby

eq. (6) ,i . e.camer a eT dev '
camer a

T dev. Of course,the
t i mi ngof taki nga i mage f ormark er t racki ng and the
t i mi ng of readi ngthe j oi nt sensor shoul d be exact l y
synchroni zed.Af terthi smo di �cat i on,the background
i mage became stabl eeven when the mark er mo ves i n
the camera vi ewdue to the the hapt i cdevi cemot i on.

Lowe poi nted out that smo othi ngthe mot i on wi th
EKF i snot e�ect i ve f ort racki ngobj ect swhi ch ma y be
bump ed or col l i de[13].Thi s i s t rue i nthe �rs t con�g-
urat i onbecausethe devi cemot i on ma y not be smo oth
when the vi r tualobj ectcol l i des .I n the mo di �ed con-
�gurat i on,however , the EKF est i matesonl ythe cam-
era mot i on comp onent whi ch i s usual l ysmo oth, and
smo othi ngby EKF i sreasonabl e.

4.2.2 Implemen tation of video-rate trac ker

I n the �rs t prototype system, mark er t racki ng and
vi deobl endi ngwere per f ormedby a SGI PowerOnyx
wi th a SIRIUSVi deo board[ 19] .Al though the SIR-
IUS Vi deo Board has a bui l t - i nvi deokeyi ngci rcui t ry,
a somewhat di sappoi nt i ngdes i gnspeci �cat i onof the
SIRIUS Vi deo prevents us f romus i ng thi s ci r cui t ry
as l ong as we use the vi deo- i nport f ormark er t rack-
i ng. Al ternat i vel y one has to do the chroma keyi ng
by sof tware. The est i matedf rame rate i s about 5 Hz
wi th sof tware chroma keyi ng, whi ch i s f ar f romthe
sat i s f actory(30 Hz or more) . I n addi t i onto the l ow
f rame rate,the l atencyi sal sol arge(about 0. 5sec i n
the worstcase) .

To avoi d thi s annoyi ng l ow f rame rate and l arge
l atency, we i ntroduced camera �xed mo de i n whi ch
mark er t racki ng i sdi sabl edso that chroma keyi ngcan
be done by the bui l t - i nci rcui t ry. The est i matedf rame
rate of camera �xed mo de i s 30 Hz. I n the camera
�xed mo de, there i s no not i ceabl el atency. Fi gures 6
and 7 are exampl es of thi smo de.

Of course, camera �xed mo de i s not a f undamen-
tal sol ut i on;al though the f rame rate i s sat i s f actory,
the camera/di spl ay systemmust be �xed. To achi eve
f as termark er t racki ng,we have i mpl ementeda vi deo-
ratet racker ,FUJITSU Tracki ngVi s i on(TRV), whi ch
has a capabi l i ty to track more than 100 mark ers i n
vi deo- rate(30 Hz) . As shown i nFi g. 4,Tracki ng Vi -
s i onneeds a CPU board runni ng VxWorks . Tracki ng
Vi s i onsystemand SGI PowerOnyx comm uni catevi a
socket . TRV al soenabl esus to use the bui l t - i nvi deo
keyi ngcurcui t ry.

Tracki ngVi s i onhas a Mot i onEst i mat i onProces sor
(MEP) whi ch can per f ormtempl ate matc hi ng based
on the sum of absol utedi �erence(SAD). One l i mi ta-
t i onof the Tracki ngVi s i oni sthat the templ ate i mages
of the mark ers can not be updated dur i ng the track-
i ng. Usual l yan i mage i s taken f roma known mark er
l ocat i onbef orehand,and thi s i mage i s used f or tem-
pl ates . I f the camera gets cl oserto the mark ers or
f ar away f romthem, the tracki ng ma y f ai l .To sol ve
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thi sprobl em, we have taken s i xi mages f romthe di �er -
ent camera l ocat i onsthat covers the expectedcamera
mot i on range. Fi gure 11 shows the taken templ ates .
Each row of the i mage i sa setof s i xtempl atesf oreach
mark er taken f romsi xdi �erent poses . In each track-
i ng cycl e,s i xtempl ates are appl i edf or determi ni ng
the current mark er l ocat i on. The current mark er l o-
cat i oni sdetermi nedby the templ atewhi ch matc hes to
the current mark er i mage most . When even the best
matc hi ng score i s over a cer tai nthreshol d,we judge
that thi smark er i s occl udedby somethi ng (e. g. the
user 'shand).

Tracki ngVi s i onsystemtracks mark er i nvi deo- rate.
As shown i nFi g. 12,SGI send a requesttoTRV al ong
wi th the expectedmark er l ocat i ondata based on the
est i matedpose. TRV sends back the most recent
mark er l ocat i onsto SGI . When TRV detect soccl u-
s i onof mark ers , i t s end thi s s tatusto SGI . SGI can
then i gnorethe occl udedmark er f or the next pose es -
t i mat i on.TRV can use the expectedmark er l ocat i on
to recover the tracki ng of occl udedmark ers .

Fi gure 13: Tracki ngmo de us i nga f astt racker

Fi gure 14: Moni tori mage of the Tracki ngVi s i on

Fi gure 13 shows a di spl ay scene of t racki ng mo de
wi th the Tracki ngVi s i on. Fi gure 14 shows the track-
i ng statusof the Tracki ng Vi s i on. Three mark ers are
correct l yt racked, whi l e one mark er i s occl uded by
the user ' shand. A whi te wi ndow i ndi catesthat the
tracker correct l ydetect sthi s occl us i onand the wi n-
dow l ocat i onrepresents the expected l ocat i onof the
occl udedmark er .

The est i matedf rame rate was about 20 Hz. Al -
though Tracki ngVi s i oni t sel fcan track the mark ersi n
vi deo- rate(30Hz) , therei san overheadof socket com-
muni cat i onbetween TRV and the SGI PowerOnyx.
Even af teri nt roduced TRV, there i s a not i ceabl el a-
tency(about two or threef rames) .Fi gure13 i ndi cates
thi sl atency. I nthi s�gure, the user i smo vi ngthe cube
downward. Si nce we are us i nghardware chroma key-
i ng ci rcui t ry, the i mage of the user ' shand and the
mark ers i s di spl ayed wi thout del ay. The cube i mage,
on the otherhand, i sdi spl ayed basedon the est i mated
posewhi ch has two or threef rames del ay, resul t i ngi na
not i ceabl eregi s t rat i onerror .There are threesources
of thi snot i ceabl el atency: ( i )Tracki ng Vi s i oni t sel f ,
( i i )socket comm uni cat i on,and ( i i i )EKF. Even though
Tracki ng Vi s i oncan track the mark ers i n vi deo- rate,
the t racked l ocat i ondata i savai l abl eone f rame l ater ,
r esul t i ngi none f rame l atencyat thi spoi nt . A �el d-
rate t racker rather than f rame- ratewoul d be pref er -
abl e. A l ocal Ethernet connect i onratheror more t i ght
connect i onbetweenTRV systemand SGI such as bus -
to- bus connect i onwi l lbe neces sary.

5 Conclusions

Thi s paper has i ntroduced our new concept of a
vi sual /hapt i ci nter f acedevi ce,namel y a WYSIWYF
di spl ay, whi ch ensures correctvi sual /hapt i cregi s t ra-
t i on.There arethreekey comp onents : ( i )vi s i on- based
tracki ng f or pose es t i mat i on,( i i )super i mpos i ng the
user ' sl i ve hand i mage wi th vi deo- keyi ng,and ( i i i )en-
counteredtype hapt i c render i ngwi th the phys i cal l y-
based s i mul at i on.

To sol ve the l ow f rame rateand l argel atencyprob-
l em of the �rs t prototype system, we have i mpl e-
men teda f astvi deotracker . Al though the systemper -
f ormance has been i mproved, f urtheri mprovemen ts
wi l lbe neces sary.

Potent i al appl i cat i onsof thi s systemwoul d be a
tel eoperat i onsystemwi th l arget i me del ay and a re-



hearsal and traini ngsystemfor vi sualmotor ski l l ssuch
as medi cal operat i ons .
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