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Abstract

In this paper, we i nvest i gat ea possi bi li t yof ski ll
mappi ng f rom human t o human vi a a vi sual /hapt i c
di spl aysyst em. Our goal i n t he f ut ure i s t o de-
vel opa t rai ni ng syst emf or mot or ski ll s such as sur-
gi cal operat i ons. We have proposed a new concept
of vi sual /hapt i cdi spl aycall ed a WYSIWY FDisplay
(What You See IsWhat You Feel ).The proposed con-
cept ensures correct vi sual /hapt i cregi st rat i onwhi ch
i s i mport ant f or e�ect i vehand- eye coordi nat i ont rai n-
i ng. Usi ngt he prot ot ype WYSIWYF di spl ay,we di da
prel i mi naryexperi ment of ski ll t rai ni ng. Our i dea of
ski ll t ransf er i s very si mpl e; basi call y i t i s a \record-
and- repl ay"st rat egy. Quest i onsare \What i s t he es-
sent i aldat a t o be recorded f or t ransf erri ngt he ski ll ?"
and \What i s t he best way t o provi de t he dat a t o t he
t rai nee?". Several met hods were t ri ed but no remark-
abl eresul twas obt ai ned, presumabl y because t he cho-
sen t askwas t oo si mpl e.

1 Introduction

Today e�e cti ve mo t o rs ki l lt r a i ni n gi sbe c o m i n ga n
i m po r t a nt i s s ue ,e s pe c i a l l yi nt hea r e ao fm e d i c i n e .
Ma ny n e wt e ch n o l o g i e sh ave be e nr a p i d l yi nt r od u c e d ,
s u ch a s l a p a r o s c o p i c ,e n d s c o p i c ,a n da r t h r o s c o p i c
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F i g u r e1: Mo t o rs k i l lt r a i n i n gby hu m a ni n s t r u c t o r

�Experimental study i n thi s work was done when
Y.Yokokohji was wi th The Roboti cs Insti tute, Carnegi e Mel l on
Uni versi ty.

s u r g e r i e sa n di ti sg e t t i n gd i �c u l tf o rm e d i c a ls t u d e nt s
t oc o m p l e t et h e i rt r a i n i n gf o rt h o s en e wm e t h od o l o g i e s
w i t h i na c e r t a i nl i m i t e dpe r i od .I ti sa l s og e t t i n gd i � -
c u l tf o rm e d i c a ld oc t o r sa n ds u r g e o n so na c t i ve s e r v i c e
t oa d a p tn e wt e ch n o l o g i e sa n du pd a t et h e i rk n ow l e d g e
a n ds k i l l s .

Tr a i n i n gi sa k i n do fs k i l lm a p p i n gf r o ma pe r -
s o n(t r a i n e ro re xpe r t )t oa n o t h e r( t r a i n e eo rl e a r n e r ) ,
s o m e t i m e sd i r e c t l ya n ds o m e t i m e st h r o u g ha m e d i u m
s u ch a st e x t boo ka n dv i d e ot a pe . I ng e n e r a l ,t r a n s -
f e r r i n gs k i l l sf r o mpe r s o nt ope r s o ni sn o te a s y, a n d
t r a i n i n gt a ke sa l o to ft i m et oc o m p l e t e .Es pe c i a l l y
t r a n s f e r r i n gm o t o rs k i l l st h r o u g hc o nve nt i o n a lm e d i a
i sve r yd i � c u l tbe c a u s em o t o rs k i l l sa r el i n g u i s t i c a l
d i � c u l tt od e s c r i be a n di nvo l ve i nv i s i b l ee l e m e nt ss u ch
a sh a p t i cs e n s a t i o n s .Phy s i c a lg u i d a n c eby t h ei n s t r u c -
t o r ,a ss h ow ni nF i g . 1 ,i so f t e ne � e c t i ve f o rm o t o rs k i l l
t r a i n i n g .Re c e nt l yv i r t u a lr e a l i ty ( VR )t e ch n o l o g yh a s
be e ng e t t i n ga c o n s i d e r a b l ea t t e nt i o na sa n e wk i n do f
m e d i u mf o rt r a i n i n g ,w h i ch c o u l ds u b s t i t u t et h ehu -
m a ni n s t r u c t o ri nF i g . 1 .

I nt h i sp a pe r ,we i nve s t i g a t ea po s s i b i l i ty o fs k i l l
m a p p i n gf r o mhu m a nt ohu m a nv i aa v i s u a l /h a p t i c
d i s p l ay s y s t e m .Ou rg o a li nt h ef u t u r ei st od e ve l o pa
t r a i n i n gs y s t e mf o rm o t o rs k i l l ss u ch a ss u r g i c a lo pe r a -
t i o n s ,h a n d i c r a f t ,s po r t s ,a n ds oo n .We h ave p r o po s e d
a n e wc o n c e p to fv i s u a l / h a p t i cd i s p l ay c a l l e da WYSI-
WYF Di spl ay( Wh a tYo uS e eI sWh a tYo uFe e l ) [1 8].
T h ep r o po s e dc o n c e p te n s u r e sc o r r e c tv i s u a l / h a p t i
r e g i s t r a t i o n ,w h i ch i si m po r t a nt f o re � e c t i ve h a n d - e ye
c oo r d i n a t i o nt r a i n i n g .

T h e�r s tp r o t o ty pe o fWY S I WY Fd i s p l ay wa s
b u i l t .A s i m p l ev i r t u a lc u be m a n i p u l a t i o nwa sch o -
s e na sa t a r g e tt a s kt obe t r a n s f e r r e d .O u ri d e ao f
s k i l lt r a n s f e ri sve r ys i m p l e ;b a s i c a l l yi ti sa \r e c o r d -
a n d - r e p l ay "s t r a t e g y [ 21 ] .Qu e s t i o n sa r e\ Wh a ti st h e
e s s e nt i a ld a t at obe r e c o r d e df r o mt h ee x pe r td e m o n -
s t r a t i o n sf o rt r a n s f e r r i n gt h es k i l l ?"a n d\ Wh a ti st h e
be s tway t op r ov i d et h ed a t at ot h et r a i n e e ? " .S e v -
e r a lm e t h od swe r et r i e di nt h ep r e l i m i n a r ye x pe r i m e nt ,
b u tn or e m a r ka b l er e s u l twa so b t a i n e d ,p r e s u m a b l y
be c a u s et h ech o s e nt a s kwa st oo s i m p l e .



2 VR Training
2.1 Machine medi ated trai ni ngconcept

One of the authors proposed a new directi on of
roboti cs: mechani cal medi um, i .e. , usi ng roboti c
mec hani sms as medi a of moti on i ntel l i genceor motor
ski l lf rom human to human[17]. In Fi g. 2,the top �g-
ure represents conventi onal roboti c appl i cati onwhere
a human i ntel l i gencei ssomeho w mapp ed to the target
task vi a robot by means of program or tel eoperati on.
The bottom �gure, on the other hand, shows another
possi bl eappl i cati on of robots (or more preci sel ysay-
i ng, roboti c mec hani sm), where a moti on i ntel l i gence
of someone i s transf erredto other vi a roboti cmec ha-
ni sm. Thi s pap er aims at thi s new di recti on.

2. 2 Previ ous research on VR trai ni ng
The theory of i denti calel emen ts,wel lknown among

behavi ori st,says that the degree of transf er i s a f unc-
ti onof the i denti ty of stimul us-response pai rs between
the ori gi nal (trai ni ng) task and the transf er(target)
task[ 12] . There i s no doubt that VR trai ni ng i s ef -
f ecti ve i f the system can provi de hi gh enough �del i ty.
Fl i ght simul ator of ai rpl anes i s a typi cal exampl e that
has been successf ul .

In 60's, Hammerton exami ned vi sual f actors a�ect-
i ng transf er f rom simul ated to a real si tuati on[ 5] [ 6] .
Recen tl y, Kozak et al . [ 9]compared the val ue of real -
worl dtrai ni ng, vi rtual real i ty trai ni ng, and no trai ni ng
i n the transf er of l earni ng to the same task perf ormed
i n real -worl d condi ti ons. Al though VR trai ni ngmade
an impro vemen t of the perf ormance i n VR envi ron-
men t, there was no transf er f rom a VR trai ni ng to
a real -worl d task. In Kozak' s experiment apparatus,
onl y HMD and data-gl ove were used wi thout hapti c
i nterf ace. Ref erence[ 12] poi nted out that the chosen
task (pi cki ng and pl aci ng cans) was too easy and peo-
pl e are al ready pro�ci ent i n that task i n thei r dai l y
l i f e.To eval uate the val ue of transf er i n trai ni ng, the
task shoul d be more di�cul t,real l yrequi ri ngtrai ni ng.

There are several researches of VR trai ni ng i nvol v-
i ng hapti cs. Col gate' s group has been devel opi ng a
hapti c devi ce to trai nastronauts f or the docki ng task
i n space[ 11] . Ka wamura et al . [ 8]devel oped a sports
simul ator wi th a wi re-dri ven mec hani sm. Yoshi kawa
and Henmi [ 21] proposed a \vi rtual l esson" concept
and constructed a vi rtual cal l i graphy trai ni ngsystem.
For medi cal appl i cati ons, there are man y chal l enges
of VR simul ator f or trai ni ngpurp ose[ 3] [ 7] [ 13] .Brett' s
l umber puncture simul ator i s one exampl e usi ng hap-
ti ci nterf ace[ 4] .

3 Psychological Issues
3. 1 Theori es of motor learni ng

So f ar several psychol ogi cal theori es of motor l earn-
i ng had been proposed. Adams proposed a cl osed- l oop
theory of motor l earni ng[ 1] .Con traryto earl i ercl osed-
l oop theori sts,Adams real i zedthat i n order to have
the capabi l i ty f or the system to detect i tsown errors,
two memory states must be exi st: one to produce the
acti on and one to eval uate the outcome. He cal l ed
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HumanHuman

Fi gure 2: Mec hani cal medi um concept

them the perceptual trace and the memory trace, re-
specti vel y. Transl ati ng them i nto roboti cs termi nol o-
gi es, the perceptual trace woul d correspond to a seri es
of joi nt sensor data f or a speci �c ski l lmoti on (i . e. ,a
desi red traj ectory i n j oi nt space), whi l e the memory
trace woul d correspond to a seri esof motor command
data to generate that moti on.

Inheri ti ng some i deas f rom Adams, Schmi dt pro-
posed the Schema Theory[ 15] . Schmi dt' s theory al so
hol ds that there are two states of memory , a recal l
memory responsi bl e f or the producti on of mo vemen t,
and a recogni ti on memory responsi bl e f or response
eval uati on. In hi s theory, Schema i s though t of as a
general rul e that can be used f or generati ng, or sel ect-
i ng, a motor program. Thi s theory al so mak es a di s-
ti ncti onbetween sl ow posi ti oni ngresponses and rapi d
mo vemen ts f or whi c h the recogni ti onmemory (or per-
ceptual trace) presumabl y cannot be used duri ng the
response to gui de the l imb.

The Schema Theory expl ai ns the l earni ng mec ha-
ni sm as f ol l ows. Gi ven i ni ti alcondi ti on and desi red
outcomes, the recogni ti on schema generates expected
sensory consequences (expected propri ocepti ve f eed-
back and expected exterocepti ve f eedback). The re-
cal l schema then generates a motor program, whi c h
i s hop ef ul l yappropri ate to the gi ven si tuati on. Get-
ti ng the knowl edge of resul ts(KR), both schemas are
re�ned. Once the correct recogni ti on schema was es-
tabl i shed, the l earner can conti nue to impro ve hi s mo-
tor program, even af ter KR i s wi thdra wn, f rom the
error between the expected sensory consequences and
the actual sensory f eedback. Schmi dt and Whi te[ 14]
showed an evi dence of thi s error detecti onmec hani sm
based on the perceptual trace.

3. 2 Some aspects of ski l ltrai ni ng
3.2.1 Adaptive training

One advantage of VR trai ni ngover real -worl dtrai n-
i ng i s that VR trai ni ng system can provi de suppl e-
men tal cues to hel p the l earner to impro ve the perf or-
mance. A typi cal exampl e i sgraphi cal cue f or ai rpl ane
l andi ng i n the 
i ght simul ator[ 10] . Addi ng augmen t-
i ng cues i s, however, concerned that subj ects mi gh t
l earn to dep end on the augmen ti ng cues duri ng earl y
trai ni ng, and are unabl e to use the imp ortant i ntri nsi c
cues e�ecti vel y when the augmen ti ng cues are wi th-
drawn, especi al l ywhen the task has no cl ear i ntri nsi c
f eedback.

To prevent such a negati ve e�ect, an o�-course



schedule, in whi ch the augmenti ng cues appeared onl y
when subjects exceeded a prespeci �ederror,mi gh t ai d
l earni ng i n a poor-i ntri nsi c- feedback task whi l e not
permi tti ng subj ects to rel y on the augmen ti ng cues
when they were perf ormi ng at a reasonabl e standard.
Such a strategy of showi ng augmen ti ng cues can be
regarded as adapti ve trai ni ng; the task i s automati -
cal l y and conti nuousl y transf ormed f rom easi er to a
more di�cul t versi on at a rate determi ned by i ndi -
vi dual l earni ng. Li ntern[10] showed i n a simul ator-to-
simul ator transf er-of -trai ni ngdesi gn that adapti vel y
trai nedsubj ectsperf ormed best i na transf ertask than
the control groups wi th constant-augmen ted-f eedback
and nonaugmen ted-f eedback trai ni ng.

3.2.2 Guidance

Another techni que f requentl y used i n teach-
i ng/trai ni ng i nvol ves gui dance, whereb y the l earner
i s i n some way gui ded through the task that i s to
be l earned[ 16] . Gui dance coul d be a vari ety of pro-
cedures, such as physi cal l ypushi ng and pul l i ng the
l earner through a sequence, vi sual cues to be f ol l owed
by the l earner, and verbal i nstructi ons. Gui dance
coul d be regarded as a ki nd of suppl emen tary cues, but
i t i smore di rect assi stance than other cues, especi al l y
i n case of physi cal gui dance. These gui dance proce-
dures tend to prevent the l earner f rommaki ng errors
i n the task. There have been two opp osi ng vi ews of
whether or not gui dance shoul d be e�ecti ve[ 16] . Fi rst,
i t can be argued that i t i s imp ortant f or the l earner
to avoi d maki ng errors and gui dance can e�ecti vel y
prevent man y ki nds of errors some of whi c h coul d be
even dangerous. Al ternati vel y, we coul d argue that
l earni ngi smost e�ecti ve by tri al -and-error.Gui dance,
under thi s vi ew, prevents the person f rom recei vi ng
experi ence about errors, and thus l earni ng mi gh t not
be as e�ecti ve as practi ci ng the task under ungui ded
procedures[ 16] .

In mac hi ne medi ated l earni ng case, physi cal gui d-
ance by a roboti c mec hani sm woul d be possi bl e. As
di scussed i n the motor l earni ng theory secti on (3. 1),
there i s an evi dence of the error detecti on mec ha-
ni sm based on the perceptual trace. Physi cal gui d-
ance mi gh t be e�ecti ve f or strengtheni ng thi s percep-
tual trace (i nAdams' theory) or recogni ti onmemory
(i nSchmi dt' s theory). Al though i tmi gh t depends on
the gi ven target task, gui dance ma y be most e�ecti ve
i n earl y practi ce stage when the task i s unf ami l i ar to
the l earner.

4 WYSIWY FDisplay
The authors has been emphasi zi ng the imp ortance

of correct vi sual /hapti c regi strati onf or vi sual -motor
ski l ltrai ni ng, and proposed a new concept of WYSI-
WYF (What You See Is What You Feel )[ 18] [ 19] .

Fi gure 3 shows an overvi ewof the prototype system
i n use. The user can see the vi rtual envi ronmen t i n
the LCD (Li qui d Crystal Di spl ay) as though l ooki ng
through a wi ndo w. Fi gure 4 shows an exampl e of the
di spl ayed image to the user. Note that the vi rtual

Fi gure 3: Overvi ew of prototype WYSIWYF di spl ay

Fi gure 4: Di spl ayed image exampl e

obj ecti sa syntheti cimage but the user' shand image i s
a real image. WYSIWYF di spl ay provi des vi sual and
hapti c sensati ons i n a consi stent manner. Theref ore
i t woul d be sui tabl e f or the pl atf orm of vi sual -motor
ski l ltrai ni ng. For more detai l sof WYSIWYF di spl ay,
see [ 18] [ 19] .

5 Moto rS ki l lTr a i ni n gvi aWY S I WY F
D i s p l ay

5.1 Basic idea

In consi deri ng mo vemen ts, especi al l yski l l s,i t i s of -
ten di�cul t to i sol atea mo vemen t f rom i ts envi ron-
men t. In other words, ski l lcannot exi st al one but has
i tsmean through an i nteracti onwi th the envi ronmen t.
To construct a trai ni ng system, theref ore, i twoul d be
reasonabl e to bui l d a vi rtual envi ronmen t of the target
task �rst and add a trai ni ngmec hani sm on i t.

Let us supp ose that the target task i stomani pul ate
an obj ect. Our i dea of ski l ltransf er i svery simpl e; ba-
si cal l yi t i s a \record-and-repl ay" strategy[ 21] . Fi rst,
an expert perf orms hi s/her ski l li nthe vi rtual envi ron-
men t vi a a WYSIWYF di spl ay, and the system records
al l avai l abl edata such as posi ti onand vel oci ty of the
target obj ect and the appl i ed f orce, l ocati ons of con-
tact poi nts, and constrai nt f orces (See Fi g. 5 (a)). Our
WYSIWYF di spl ay uses the physi cal l y-basedsimul a-
ti on al gori thm by Bara�[ 2] , whi c h i s a ki nd of mea-
suring force and displaying motion approac h[ 20] . As
shown i n Fi g. 5 (a), the user' s appl i ed f orce, f input,
i s �rst measured, and the al gori thm sol ves constrai nt
f orces or impul ses, i f necessary. The al gori thm then
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Figure 5: Training methods

outputs the posi tion command xcmd to the haptic de-
vice controll er, solving ordinary di�erential equations.
In the next subsection, we di scuss some possible ways
for motor ski l ltraining with VR system.

5.2 Some possible ways

Yoshikawa and Henmi [21] di scussed the \vi rtual l es-
son" concept based on thi s strategy[21] . They pro-
posed two metho ds for motor ski l l training: (i ) mo-
tion playbac k with vi sual cue to di splay the desi red
force, and (i i ) force playbac k with vi sual cue to di s-
play the desi red motion, in whic h the desi red but in-
verted force i s replayed whi l e el iminating the original
constrain t from the vi rtual envi ronmen t. They al so
di scussed switc hing the two metho ds, dep ending on
the si tuation. Here �ve possible metho ds, whic h are
extensions and/or mo di�cations of thei r two metho ds,
wi l l be given as fol lows:

Method 0 (Visual cue)

Since we have the reference motion, we can vi sual ly
di splay thi s motion to the learner so that he can fol low

it. If the target task i s to manipulate an ob ject, the
reference motion can be di splayed by a transparen t
ob ject as shown inFig.6. One problem of thi s metho d
would be that the response time from visual stimulus
i s usual ly slower than from haptic or acousti c stimul i .
If the target motion i s fast, i t would be di�cul t for
the learner to fol low it without delay. There i s al so
a concern that the learner migh t rely on thi s supple-
men tal cue and migh t not be able to perform the task
wel l wi thout i t. As di scussed in 3.2.1, i tmigh t be nec-
essary to di splay thi s cue only when the motion error
exceeds a certain threshold.
Met hod I (Vi s ualcue + Force pl ayback)

The next metho d to be consider i s force playbac k
metho d where the recorded force i s \fed" to the sim-
ulator, up on the actual force appl i ed by the learner.
(See Fig.5 (b). ) Since thi s metho d has no feedbac k
mec hanism, once the motion largely deviates from the
reference motion, i t would become no meaning to con-
tinue to feed the reference force.
Met hod II (Vi s ualcue + Mot i on pl ayback)

Instead of feeding the reference force in an open-
loop manner, one can introduce a posi tion feedbac k
mec hanism, regarding xref as the desi red trajectory
(See Fig.5 (c)). If we set the feedbac k gain K l arge,
the system pul l s the learner along with the reference
motion by force. If the gain K i s smal l , the simulator
accepts the learner's force and the resul tan t motion
can deviate from the reference motion. This metho d
i s a kind of physical guidance di scussed in 3.2.2. If the
learner can fol low the trajectory with a smal l error,
contribution from the feedbac k loop i s smal l . There-
fore thi s metho d has an adaptiv e mec hanism innature.
We can al so change the feedbac k gain adaptiv ely, mak-
ing i t smal l er as the learner impro ves hi s performance.
Met hod III (Vi s ualcue + Hybr i dpl ayback)

One ma jor problem of motor ski l l training i sthe di f-
�cul t y of di splaying the desi red force, especial ly con-
straint forces. Supp ose that the target task i s to mo ve
a cub e on a fri ctionless table whi l e applying certain
force in the normal di rection of the table surface. In
the training phase, we ma y want to replay the desi red
forces, fref , as shown in Fig.7 (a). It i s imp ossible,
however, for the learner to kno w how much force i s
appl i ed in the normal di rection from the tangen tial
motion. Visual cue such as bar graph would be an al -
ternative way to show the desi red force to the learner,
but again response time to vi sual stimulus would be
a problem. In addi tion, the desi red force could be
three dimensional force and momen t in general , whic h
would be di�cul t to graphical ly di splay.

One possible metho d to di splay the desi red force i s
to introduce the time switc h, by whic h the user can
susp end and resume the simulation time, as shown
in Fig.5 (d). We also introduce the selection ma-
trix of the constrain t, S, so that the learner' s force
i s accepted only along with the di rection in whic h
the ob ject i s constrained, exp ecting that the learner
can understand the constrain t state and the constrain t



Figure 6: An example of ski l ltrai ni ng
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Fi gure 7: Sl i di nga cube on a ri gi dtabl e

f orcemore cl earl y. When the l earner pushes the time
swi tch, the simul ati on i s suspended. If the object i s
constrai ned at that time, he/she can exami ne how
much the desi red f orce i s,by appl yi ng f orce i n an op-
posi tedi recti onunti lthe constrai nt contact i sbroken.
By pushi ng the time swi tch agai n, he/she can resume
the simul ati on.

Method IV (Visual cu e + Hybri dpl ay b a ck
wi t hi nve r t e dfo r c e )

One probl em of the previ ous metho d i s that the
l earner has to suspend the simul ati on to exami ne the
magni tude of constrai nt f orces. One possi bl eway to
avoi d thi s probl em i s to repl ay the constrai nt f orce i n
the opp osi tedi recti onso that the obj ect pushes back
the l earner (Fi g. 5 (e)). The constrai nt ma y be broken,
unl ess the l earner appl i es correct constrai nt f orce i n
the ori gi nal di recti on . The expectati on i s that the
l earner can simpl y appl y f orces i n such a way that the
constrai nt ma y not be broken, f eel i ngthe desi redf orce
wi thout suspendi ng the simul ati on.

5.3 Preliminary exp erimen t and discus-
sion

To eval uate the trai ni ngmetho ds di scussed above,
a prel imi nary experiment was carri edout. Mani pul at-
i ng a cube on a f ri cti onl ess
at tabl e was chosen as the
target task. One of the authors perf ormed a cube ma-
ni pul ati on, maki ng f ace-to- f acecontact, edge-to- f ace
contact, and apex-to- f ace contact, appl yi ng vari ous
f orces agai nst the tabl e, and so on, i n a vi rtual en-
vi ronmen t through the WYSIWYF di spl ay. Posi ti on
of the cube, appl i ed f orce, contact poi nts, constrai nt

Σv_env

x

y

z

Fi gure 8: Base coordi nate f rame attached to the vi r-
tual tabl e

f orcesand impul ses at each simul ati oncycl e (20 msec)
are al l recorded. The task l astsabout 30 seconds.

The l earner shoul d be someone who has never per-
f ormed the target task bef ore, but i n our prel imi nary
experiment the same person, who demonstrated the
target task, al so tri ed the target task as a l earner
several days l ater. Al l of the above metho ds were
tri edwi th our prototype WYSIWYF di spl ay. Fi gure
6 shows the trai ni ng phase i n the experiment. To be
honest, however, no remark abl e resul t was obtai ned.
One of the reason woul d be that the gi ven taskwas too
easy, simpl y mani pul ati ng a cube on a tabl e, and there
was no essenti al el emen t that can be cal l ed \ski l l ".
However we got some i nsi ghts f rom thi s prel imi nary
experiment.

Fi rst, Metho d I (Vi sual cue + Force pl aybac k) was
not good as we expected. Once the moti on runs o�
the target moti on, f orce pl aybac k becomes no mean-
i ng and ma y even di sturb the l earner. Wi th Metho d
III (Vi sual cue + Hybri d pl aybac k), one can certai nl y
know the constrai nt f orce when he suspends the sim-
ul ati on. But i t was not an e�ecti ve way. Metho d IV
(Vi sual cue + Hybri d pl aybac k wi th i nverted f orce)
gi ves somewhat unnatural f eel i ngto the l earner (the
obj ect acti vel y pushes agai nst the l earner). Even
though the l earner coul d appl y the desi red f orce wi th
thi smetho d, he onl y worri edabout keepi ng the obj ect
bei ng contacted to the tabl e, probabl y endi ng up wi th
a compl etel y di �erent task f rom the ori gi nal target.

Fi nal l yMetho d II (Vi sual cue + Moti on pl aybac k)
wi th a smal l f eedback gai n seems most promi si ng. Fi g-
ure 9 shows pl ots of the desi red/appl i ed f orces of one
comp onent (momen t around x-axi s of the base coor-
di nates shown i n Fi g. 8). The dashed l i ne represents
the desi red f orce and the sol i done i s the l earner's re-
sponse. Note that the l earner' s response i s del ayed
(about 40 msec) f rom the desi red traj ectory because
there i s no f orce pl aybac k and the posi ti onf eedback
gai n was set smal l ; the l earner tri edto f ol l ow the mo-
ti onmai nl y f rom the vi sual cue.

We cannot deri ve any concl usi on l i ke whi c h metho d
i s the best f rom thi s prel imi nary experimen t. At l east
the target task must be more compl ex (e. g. ,peg- i n-
hol e wi th very ti ght cl earance). For f urther i nvesti -
gati on, upgradi ng the computati on power of the sys-
temwoul d be necessary so that more compl i cated con-
strai ned dynami cs can be simul ated.

We do not �nd any good way to di spl ay the de-
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Figure 9: Experimental resul t (hori zontal axi s i s sim-
ul ati oncycl e (20 msec) count, verti calaxi s i smomen t
[Nm])

si redforce yet. Let us consi der the si tuati onof Fi g. 7
agai n. If the tabl e i s f ri cti onl essand the object and
tabl e are ri gi d, i t does not matter whether 10 N or
20 N i s appl i ed. When f ri cti onexi sts between the
obj ect and tabl e, on the other hand, the normal f orce
can be estimated through the tangenti alf orcethat the
l earner can f eel ,assumi ng that he knows the f ri cti on
coe�ci ent. Thi s di scussi onmi gh t l eadus to the f ol l ow-
i ng hypothesi s: \We need not worry about di spl ayi ng
f orces whi c h cannot be di spl ayed anyhow".

6 Conclusion

In thi s pap er, we i nvesti gated a possi bi l i ty of ski l l
mappi ng f rom human to human vi a a vi sual /hapti c
di spl ay system. Usi ng the prototype WYSIWYF di s-
pl ay, we di d a prel imi nary experimen t of ski l l trai n-
i ng. Based on the \record-and-repl ay" strategy, sev-
eral trai ni ng metho ds were tri ed. Si nce the chosen
task was too easy, simpl y mani pul ati ng a cube on a

at tabl e, no remark abl e resul t was obtai ned.

It was f ound that di spl ayi ng constrai nt f orces i n a
natural manner i s di�cul t. If the si tuati ons shown
i n Fi g. 1 were i deal , two hapti c devi ces mi gh t be nec-
essary: one f or simul ati ng the vi rtual envi ronmen t
and another f or simul ati ng the i nstructor. For f urther
i nvesti gati onto eval uate the e�ecti veness of trai ni ng
strategi es,the target task must be di�cul t, real l yre-
qui ri ng trai ni ng.
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