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2 VR Trainig
2.1 Machine medi ated trai ni ngconcept

One of the authors proposed a new direction of
robotics: mechanical nediuy i.e., using robotic
nec hanisms as mnedia of notion imtelligenceor notor
skillfrom hunan to human[17]. In Fig. 2,the top fig-
ure represents conventional robotic application vhere
ahumn intelligencd ssoneho w nmapp ed to the target
task viarobot by neans of program or tel eoperation.
The bottom figure, on the other hand, shows another
possibleapplication of robots (or nore precisel ysay-
ing, roboticnec hanisn), where a notion intelligence
of soneone istransferredto other via roboticnec ha-
nism This paper aing at thisnew direction.
2.2 Previousresearch on VR training

The theory of identicalel enen ts, wel lkno wn  anong
behaviorist,says that the degree of transferisa func-
tionof the identity of stimul us-response pairs between
the original (training)task and the transfer(target)
task[12]. There isno doubt that VR trainingis ef-
fectie ifthe system can provide high enough fideli ty.
Hight simuil ator of airplanesisa typical exanple that
has been successful.

In 60’s, Hanmerton examned visual factors affect-

ing transfer from simil ated to a real situation]5][6].

Recen tly Kozak et al.[9]conpared the value of real-
worl dtraini ng, virtual realif traini ng, and no training
inthe transfer of 1earningto the sane task perforned
inreal-vorldconditions. Although VR training nade
an inpro venen t of the perfornance in VR environ
nen t, there was no transfer from a VR training to
a real-vorld task. In Kozak’s experinent apparatus,
only HMD and data-glove were used without haptic
interface. Reference[12] pointed out that the chosen
task (pidding and placing cans) was too easy and peo-
ple are already proficient in that task in their daily
life.To eval uate the value of transferin training, the
task should be nore difficul t,reall yrequi ri ngtrai ni ng.

There are several researches of VR traini nginvol v-
ing haptics. Colgate’s group has been developing a
haptic device to trainastronauts for the docking task
inspace[11]. K wamura et al.[8]developed a sports
similator with a wire-driven nec hanism Yoshi kawa
and Fenmi[21] proposed a “virtual lesson” concept
and constructed a virtual calligraply traini ngsystem
For nedical applications, there are nan y challenges
of R simulator for traini ngpurp ose[ 3] [7] [13]Brett’s
lumber puncture similator isone exanple using hap-
ticinterface[4].

3 Psycholggd Issues
3.1 Theories of motor learning

So far several psychol ogi cal theories of notor 1earn-
ing had been proposed. Addans proposed a closed-1@p
theory of motor learning[1].(bn trarytoearliercl osed
loop theorists, Adans realizedthat in order to have
the capability for the system to detect itsown errors,
two nenory states must be exist: one to produce the
action and one to evaluate the outcone. H called

Human = Robot > Task

Human =———»| Robotic

Mechanism

— Human

Kgure 2: Mc hanical nediun concept

them the perceptual trace and the nenory trace, re-
spectivel y Translatingthem into robotics termnol o-
gies,the perceptual trace woul d correspond to a series
of joint sensor data for a specific skillnotion (i.e.a
desired trajectoryin joirt space), while the menory
trace woul d correspond to a seriesof notor comand
data to generate that notion.

Inheriting sone ideas from Adang, Schmidt pro-
posed the Schema Theory[15]. Schmidt’s theory also
holds that there are two states of nenory , a recall
nenory responsible for the production of no venen t,
and a recognition nenory responsible for response
evaluation. In his theory, Schema isthought of as a
general rulethat can be used for generating, or select-
ing, a nmotor program This theory alsonak es a dis-
tinctionbetween sl ow positioni ngresponses and rapid
no venen ts for which the recogni tionnenory (or per-
ceptual trace) presumably camot be used during the
response to guide the 1inb.

The Schema Theory explains the learning nec ha-
nism as folles. Giwen initialcondition and desired
outcomes, the recognitionschema generates expected
sensory consequences (expected proprioceptive feed-
back and expected exteroceptiwe feedback). The re-
call schena then generates a notor program which
ishopefull yappropriate to the given situation. Get-
ting the knowledge of results(KR, both schemas are
refined. Qe the correct recognitionschena was es-
tablished, the learner can contine toinpro ve his no-
tor program even after KR iswithdrawn, from the
error between the expected sensory consequences and
the actual sensory feedback. Schmidt and White[14]
showed an evi dence of thiserror detection nec hani sm
based on the perceptual trace.

3.2 Sone aspects of skilltraining
3.2.1 Adaptive tranirg

(e advantage of VR traini ngover real -vorl dtrain-
ing is that VR training system can provide supple-
nen tal cues to hel p the learner to inpro ve the perfor-
nance. A typical exanple isgraphical cue for airplane
landing inthe flight simalator[10]. Adding augnen t-
ing cues is, however, concerned that subjects mgh t
learnto depend on the augnen ting cues during early
training, and are unable touse the inp ortant irtrinsic
cues eflectivel y vhen the augnen ting cues are wth
drawn, especiallywhen the task has no clearintrinsic
feedback.

To prevent such a negative effect, an off course



schedule, in whi ch the augmenting cues appeared only
vwhen subjects exceeded a prespecifiederror, mgh t aid
learning in a poor-intrinsic-feedbak task while not
permtting subjects to rely on the augmen ting cues
vhen they were perfornming at a reasonable standard.

Such a strategy of showng augnen ting cues can be
regarded as adaptive training; the task is autonati-

callyand contimously transforned from easier to a
nore difficult version at a rate determined by indi-
vidual 1earning. Lintern[10] showed ina simiator-to-
simi ator transfer-of-traini nglesign that adaptively
trainedsubjectsperforned bestina transfertask than
the control groups with constant-augnen ted-feedback
and nonaugnen ted-feedback training.

3.2.2 Guidance

Another techmique frequently used in teach-
ing/training imwol ves gui dance, whereb y the learner
isin sone way guided through the task that is to
be learned[ 16]. Guidance could be a variety of pro-
cedures, such as physicallypushing and pulling the
learner through a sequence, visual cues to be follwed
by the learner, and verbal instructions. Gi dance
coul d be regarded as a kind of suppl enen tary cues, but

itisnore direct assistancethan other cues, especially

in case of physical guidance. These guidance proce-
dures tend to prevent the learner from naking errors
inthe task. There have been two opp osing views of
vhether or not guidance should be effective[16]. First,
it can be argued that itisinp ortant for the learner
to avoid making errors and guidance can effectively
prevent nan y kinds of errors sone of which could be
even dangerous. Aternatively we could argue that
learni ngisnost effective by trial -and-error.Gii dance,
under this view prevents the person from receiving
experience about errors,and thus learning nigh t not
be as effective as practicingthe task under ungui ded
procedures[ 16] .

In nac hine nediated learning case, physical guid-
ance by a roboticnec hanism would be possible. %
discussed in the notor learning theory section (3.1),
there is an evidence of the error detection nec ha-
nism based on the perceptual trace. Physical gui d-
ance mgh t be effective for strengtheni ng this percep-
tual trace (inAdans’ theory) or recognition nenory
(inSchmdt’s theory). Athough itmight depends on
the given target task, guidance na y be nost effective
inearlypractice stage vhen the task isunfamliar to
the learner.

4 WYSIWY FDisplay

The authors has been enphasizing the inp ortance
of correct visual /haptic registrationfor visual - notor
skilltraining, and proposed a new concept of WYSI-
WEF (Wat  You See Is Wat You Feel )[18][19].

H gure 3 shows an overviewof the prototype system
inuse. The user can see the virtual environnen t in
the ICD (Liquid Gystal Dsplay) as though 1ooking
through a windo w Hgure 4 shows an exanple of the
displayed inage to the user. Note that the virtual

Hgure 3: Overview of prototype WSI WF displ ay

KHgure 4: Dsplayed inage exanple

objectisasyntheticinage but the user’shand inage is
a real inage. WSIWF display provides visual and
haptic sensations in a consistent nanner. Therefore
itwould be suitablefor the platform of visual -notor
skilltraining. For nore detailsof WSI WF displ ay,
see [18]]19].

5 Moto S ki Tr la i
Di syp 1l a
5.1 Basic idea

In considering no venen ts, especiallyskillsjtisof-
ten difftult to isolatea no venen t from itsenviron-
nen t. In other words, skillcannot existalone but has
itsmean through an interactionwth the environmen t.
To construct a trainingsystem therefore,itwould be
reasonabl e to builda virtual environnen t of the target
task first and add a trainingnec hanism on it.

Iet us supp ose that the target taskisto nani pul ate
an object. Qrr idea of skilltransferisvery sinple; ba-
sicallyitisa “record-and-replay” strategy[21]. Hrst,
an expert perforns his/her skillinthe virtual environ
nen t viaa WSIWF display, and the system records
all avail abl edata such as positionand velcocity of the
target object and the applied force,1ocations of con
tact points, and constraint forces (See Hg. 5 (a)). Or
WSTWF display uses the physically-basedsi mil a-
tion al gorithm by Barafff 2], vhich isa kind of mea-
suring force and displaying metion approac W 20]. %
shown inHg5 (a), the user’s applied force, £,
isfirst neasured, and the al gorithm sol wes constrai nt
forces or inpulses, ifnecessary. The algorithm then

ni 3V S I WY F
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Figure 5: Training methods

outputs the position comand  x.,,q to the haptic de-
vice controller, solving ordinary differential equations.
In the next subsection, we disciss som possible ways
for mator skilltraining wth VR system

5.2 Some possible ways

Yoshikawa and Hermi[21] discussed the “virtual les-
son’ concept besed on this strategy[21]. Tey pro-
posed two mtho & for motor skill training (i) no-
tion playbac k wth visual cue to display the desired
force, and (ii)force playbac k vith viswl ce to dis-
play the desired mation, inwhic h the desired but in
verted force isreplayed wile elimmnating the original
costrain t from the virtual enviromen t. They also
discissed switching the two mtho s, depending on
the situation Hre five possible mtho ds, vhic h are
extensios and/or 1o difications of their two retho ds,
wll be given as follom:

Method 0 (Visual cue)

Since we have the reference mation, we can viswally
display this mtion to the learner so that he can follow

it. If the target task is to mmipdate an object, the
reference mtion can be dispayed by a transparen t
object as showm inHg 6. Ore problem of this metho d
woud be that the respomse time from visual stinmlus
iswwlly slower than from haptic or acouwstic stimmili.
If the target motion isfast, it would be difficdt for
the learner to follow it without delay. There is also
a concern that the learrer mgh t rely on this supple-
men tal cee and migh t mot be able to perform the task
well withot it. As discussed in3.2.1, it mgh t be nec-
essary to display this cue only when the mation error
exceeds a certain threshold

Mthod I (Visuakue + Forcepl aback)

Te next metho d to be cosider isforce playbac k
etho d were the recorded force is “fed’ to the sim
uator, upon the actual force applied by the learrer.
(See Hgb (b).) Snce this mtho d has mwo feedbac k
mec hanism  once the mtion largely deviates from the
reference mation, it would becore no meaning to cor-
time to feed the reference force.

Mthod II (Vi suakue + Mtionpl ayback)

Irstead of feeding the reference force in an open
loop mammer, ore can introduce a position feedbac k
mc hanism regarding @,.p as the desired trajectory
(Se Hg 5 (c)). If we set the feedac k gain K large,
the system pulls the learner along wth the reference
mtion by force. If the gain K issmll, the simulator
accepts the learrer’s force and the resultant nation
can deviate from the reference mation. Tis matho d
isakind of physical gudance discussed in3.2.2. If the
learner can follow the trajectory with a smll error,
contribution from the feedbac k loop issmall. There-
fore this mtho d has an adaptiv e mec hanism innature.
We can also change the feedbac k gain adaptiv ely, nak-
ing itsmller as the learner imro ves his perfornance.
Mthod III (Vi suakue + Hybri dpl ayback)

Qe m jor problem of motor skilltraining isthe dif-
ficlty of displaying the desired force, especially con-
straint forces. Supp ose that the target task isto m ve
acube on a frictionless table while applying certain
force in the normal  direction of the table swface. In
the training phase, we ma y want to replay the desired
forces, f,.;, as showm inHg7 (a). It isinp ossite,
however, for the learner to kno w how much force is
applied in the norml direction from the tangen tial
mtion Vswl cue swch as bar graph woud be an al-
ternative way to show the desired force to the learrer,
but again resporse time to visual stinmulws woud be
a prodlem  In addition, the desired force could be
three dinemsional force and nonen t ingeneral, whic h
would be difitkdt to graphically display.

Qe possible mtho d to display the desired force is
to introduce the time swtch, by whic h the wer can
sspend and resune the simulation tine, as shown
in Hgb5 (d). We also introdce the selection ma-
trix of the comstraint, S, so that the learrer’s force
is accepted only along with the direction in whic h
the object is comstrained, expecting that the learner
can understand the comstrain t state and the corstrain t



Figure 6: An example of skilltraini ng
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Kgure 7: Slidinga cube on a rigidtable

forcenore clearly When the learner pushes the tine
switd, the similationissuspended. If the object is
constrained at that tine, he/she can examine how
much the desiredforceis,by applying forceinan op-
positedirectionuntilthe constraint contact isbroken.
By pushing the tine switch again, he/she can resune

the simuil ation.

Method IV (Visual cue + Hybri dpl gbak
withmert efdrce)

One problem of the previous netho d is that the
learner has to suspend the simul ationto exanmine the
nagni tude of constraint forces. Qe possibleway to
avoid this problem isto replay the constraint forcein
the opp ositedirectionso that the object pushes back
the learner (Fg. 5 (e)). The constraint ma y be broken,
unl ess the learner applies correct constraint force in
the original direction. The expectationis that the
learner can sinply apply forcesinsuch a way that the
constraint na y not be broken, feelingthe desiredforce
w thout suspending the simil ation.

5.3 Preliminary exp aimm
sion

To eval uate the trainingnetho ds discussed above,
a prelimnary experinent was carriedout. Mani pul at-
ingacube on africtionl esflat table was chosen as the
target task. (he of the authors perforned a cube na-
ni pul ation, naking face-to-facecontact, edge-to-face
contact, and apex-to-face contact, applying various
forces against the table, and so on, in a virtual en-
vironnen t through the WSIWF display. Position
of the cube, applied force, contact points, constraint

t ad dscus

o

Hgure 8: Bise coordinate frane attached to the vir-
tual table

forcesand impul ses at each simul ationcycle (20 nsec)
are allrecorded. The tasklastsabout 30 seconds.

The learner shoul d be soneone who has never per-
forned the target task before, but inour prelimnary
experinent the sane person, who denonstrated the
target task, also tried the target task as a learner
several days later. Al of the above netho ds were
triedwith our prototype WSIWF display. Hgure
6 shows the trainingphase inthe experinent. To be
honest, however, no renark able result was obtai ned.
(e of the reason woul d be that the gi ven task was too
easy, sinpl y nani pul ating acubeon atable, and there
was no essential elenent that can be called “skill”.
However we got sone insiglts from this prelininary
experinent.

Frst,Mtho d I (Visual cue + Force playbac k) was
not good as we expected. Qe the motion runs off
the target notion, force playback becones no nean-
ing and ma y even disturb the learner. Wth Mtho d
IT (Msual cue + Hybrid playback), one can certainly
know the constraint force wvhen he suspends the sim
ulation. Bit it was not an eflective way. Mtho d IV
(Msual cue + Hbrid playback with imwerted force)
gives somevhat  unnatural feelingto the learner (the
object actiwely pushes against the learner). FEven
though the learner could apply the desiredforce with
thisnetho d, he only worriedabout keeping the object
being contacted to the table, probably ending up with
a conpl etely diflerent task from the original target.

Fnally Mtho d IT (Msual cue + Mtion playbac k)
with asnall feedback gainseens nest promising. Hg-
ure 9 shows plots of the desired/applied forces of one
conp onent (nonen t around x-axis of the base coor-
dinates shown inHg. 8). The dashed linerepresents
the desiredforce and the solidone isthe learner’s re-
sponse. Note that the learner’sresponse is del ayed
(about 40 nsec) from the desired trajectory because
there isno force playbac k and the positionfeedback
gain was set small; the learner triedto follw the no-
tionminly fromthe visual cue.

We cannot, derive any conclusion lile which netho d
isthe best fromthisprelimnary experinent. At least
the target task must be nore complex (e.g. ,peg-in-
hole vith very tight clearance). For further investi-
gation, upgrading the conputation power of the sys-
tem woul d be necessary so that nore conplicated con-
strained dynamcs can be simul ated.

We do not find any good way to display the de-
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siredforce yet. Let us consider the situationof Hg. 7
again. If the tableisfrictionlessand the object and
table are rigid, it does not natter whether 10 N or
20 N is applied When frictionexists between the
objectand table, on the other hand, the normal force
can be estimated through the tangentialforcethat the
learner can feel ,assuming that he knows the friction
coefficiert. Thisdiscussionmgh t1eadus tothe foll u#
ing hypothesis: “We need not worry about displayi ng
forces which cannot be displ ayed anyho w'.

6 Conclusion

In this pap er, we investigateda possibilig of skill
nmapping from human to human via a visual /haptic
display system Using the prototype WSTWEF dis-
play, we did a prelimnary experinent of skilltrain-
ing. Based on the “record-and-replay” strategy, sev-
eral training netho ds were tried Since the chosen
task was too easy, sinply nanipulating a cube on a
flat table, no renark able resul t was obtai ned.

It was found that displaying constraint forcesina
natural manner is difeult. If the situations shown
inHKHg. 1 were ideal, two haptic devices nigh t be nec-
essary: one for simulating the virtual environnen t
and another for simul atingthe instructor. For further
imvestigationto eval uate the effectiveness of training
strategies,the target task must be difftult, reallyre-

quiringtraini ng.
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