


NASA Confemnce Publication 10071 

Human Machine 
Interfaces for 

Teleoperators and 
Virtual Environments 

-piled by 
Nathaniel I. Duthwh, 7hmm 8. 
SherMan, and Stephn F?. alk 

Summaries of PIS from a 
txm&ma heM mdm the 

auspAaes of the Eh@mring 
Foundation and sponsored by 

NASA Ames Raseard, Cen&r, 
ONR, end ISM Corp., at 

. . - . --- --A Santa Batha, CaIilbmb, 
A c e ~ r s i o a  Yer ---. - MarcJt 4-9, 1990 
YTTS USUbK I n i z  r.1 
baxmcuneed 0 

Aveilabllit~ Codes N&md Ammtics and 
Space- 



PREFACE 

In the fall of 1989 we were approached by John HoUedwh. a member of the E n w g  
C o d a e n a s  Advisory Committee of the Engineering Foundation, and asked if we would consider 
oganizing a meeting mund the gent;xnl theme of telcoperation. After a number of discussions with 
a variety of people at MIT and elsewhere, we decided that it was time to bring together in an 
informal setting two research communities that are working on distinct but closely related types of 
systems: teleoperators and virtual environments. 

Accodhgly, we invited the best people available in these two emerging fields. We wee 
extxwnely pleased that, with relatively few exceptions, all people contacted were enthusiastic about 
attending the proposed meeting. 

We decided to have tbfw kinds of sessions: invited-papa sessions, panel discussions, and poster 
swims. Thc invited papers were divided into papers providing general backgrouad on sensorimotor 
pafbmmx and human-machine interfaces, papers on cumnt problems and piognss in 
tdqcmtion, and the same in virtual environments. Also, the panel d h w i o n s  were subdivided into 
thne problem areas: (1) teleprcsc~lcc and senmimotor w o n ;  (2) perfonnaacc mcasmmcnt 
and evaluation mthods, and (3) design principles and pndictive models. A mini seminar on 
teleoperatm with micro slave robots was also included. 

In otder not to burden the pmpk m k i q  pscmtatios, we did not requin -011 of written 
papers. Aocordingly, this report in no sense canstiMes a pmdings. It is, rather, a c o W m  of 
coafixence-related frclgarmts, bigbly non-miho and totally uncditca, that we hope will give 
people, particulaciy those who could not attend, a @ i m p  of the potential of these fields and how 
they interplay. We have included titles of #om even when no written material was ma& 
~k(c~bccausenowri~~was~orbecausetbepreSentationwas 
wi~).hIotensted~~contscttheauthorsdirectlytoobtainfurtherinf~onon 
these items. It is expected that a book on this topic, nourished by this conference, will be p u b M  
in the nbt-too-distant future. 

We arc grateful to Dr. Melvin Muntemcrlo of NASA Hdqwters ,  Dr. Michael Shafto of NASA 
Ames Research Center, Dr. Harold Hawkins of O N '  and Dr. Daniel Ling of IBM for their generous 
support of our meting. We are also grateful to Dr. Stephen Ellis for his belp in pnparing tbis NASA 
publication. 

Nat halach and Tom Sheridan 
Confe~Chairpersons  . 
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INTRODUCTION 

1 - - 
_.-- -- "t In a kkopcrator system {kc the accompanying figure , the human opcmtor moves 

within, and operates upon a mnok or hazardous enviro~lent by mann of a slave m#:hism (a 
mechanism often nfm#i to as a te ignalsinthisen~taresensedbydevicfsoa 
the slave mechanism and co ahuman-machiacin~anddisplaycdtotk 
human operatot; tbe humaa atesenstdbyde~attheinoerfaceaadcommu- 
nicated back to the slave 
first nuclear laboratory e two's. T e l ~ o n  in the dcep ocean, in space, in 
mines, and other n environments soon followed. Applications in rmulicirrt, 
involving exploration thehwnanbody,annownceivingincreasedattcntion. 
Early teleoperatoq win directly controlled by the operator in position (using isomorphic master- 

or vehicle rate). Mon 

and procedural commands and letting the tekopmWs own computer tben implemat tb- 
instructions by closing a control loop thmugb its own sensors aad achlatiors. We tam this moE 
sophisticated teleopcrator a teIc&t and the amle of conbrol mpcNisory conzrwf. General discus- 
sions of teleoperation are available in Johnsen and Corliss, 1971; Vcxtut and CoSet, 1986; and 
Sheridan, 1989. 

- 
*- -., -3 

In a virtual-environment system (;;ah see the accompanying figure), the interactive human- 
machine interface is retained but the slave mechanism and its enviroMwt are replaced by a com- 
puter simulation. Vidco is repbed audfmrznratinnn 
impartedtothehumanopeCatorafe 
behavior of the s h d a t b  pe 
canbepmakdwith 
operator system, wben 
facilitates exploration and 
tem, the purpose istprrain,iaform,alter,orsdudytbehumanaperatorortomodifytbe~ofthe 
computer and the iafomrotion environmnt. A major a p p k a h n  in which the human operam is the 
target @&awe thq goal is trainingf is that of flight simM011. Although flight rimul*an have bee. 
around for mon than a decade, tbey had little impact d d e  aviation ~msumably because the appli- 
cationwassospccializcdandsoexpensive. y wbathascnatedtbencentflunyof~in 
virtual en-no is the great duction incraw in power of computcr-gmphic work- 
stations, aqpmtcd, of course by H o n  of season and display devices. NOW som of the 
main applications an d g  in the a t&ahmt  h b h y  (e.g., video gams). Soon, ue expect, 
there will be an increasing emphasis on designing virtual--t systc:ms specifically for sci- 
entific study of senmimtor perfixmame and for behavior mdifimion by biofkdmck. Applica- 
tions directtd more towards changing the infixmadm envixmmcnt than the human opcmtor involve 
use of the system for scientific vhahation and themtical modelling (as in wodc on molecular 
d o c l r i n g ) . A l s o , v i r h t a l e n ~ t s y ~ a r e n o w b t i n g ~ w i t h i n t e ~ s y s t ~ l r s  
in cases for which planning modes or predictive mDdt1 outputs requin& The idea in this case is 
f ~ r t b ~ o p e r a t o r t ~ s t e e r t h e t e l ~ t h r o u g h ~ i m o l a t e d ~ ~ ~ l ~ p e s e n t e d ~ ~ -  
graphically just before perfbmbg the d operations. Alternatively, amqutcr-paphic pmktions of 
trajectory (bases on past and prpscnt control inputs) can be displayed automatically while the 



qmator flies the vehicle or guides the manipulator. Such mdd-bascd pmdictiol~s can thea be 
supapod 011 the teleoperation video. Genual- on ~ c n ~ t s  can be fouad in 
S u t b i d ,  1965, Krueger, 1983; Bolt, 19W, Haber, 19- Foky, 1987; F i  et al., 1988; Chmg 
ef al, 1989; Lanicr, 1990.. and Brooks et al., 1990. 

In either a rebopetator or virtual-cn-t system, wben the sensory feedback can be made 
~ c o m p e l l i n g ( t h r o u g h t h e u s e o f m u l ~ t y a i s p l a y s i n w h i c h 6 # a u t p r r t i s i ~ ~  
by the motor behavior of the h u m  apenrtor) to makc the opaator feel pmcnt at tbe mmte or 
~ s i t e , t h e ~ i s S a i d t o b a v e ~ T h e e x t e n t t o w h E c h t e l ~ i s  
i m p o l c l l n t f u r ~ g g o o d p e r f ~  is itselfan i n ~ g ~ t o p i c .  

In bath teleoperator and victmlcnvinmment systems, tbe human OpetgtOt is dktively trans- 
famed into a new ummc that is p m n t  in a new interactive en-t. Also* in both cases tbe 
chmma&h of the poposed tm&ocmation, as well as the sense of v n c c  (a telepmmce) in 
t b e n m e a v i r m r m e n t , m ~ y i ~ ~ b y t h e h ~ - m a c h i a e i n t e r h w x . ~ @ t h e n m  
s o m e s i ~ ~ h t b e h ~ i s s u e s a s s o c i a t e d w i t h t h e t w o t y p e s o f s y s t e r a s ( f o r  
example, in a tekqmam system it may be impossiile to code certain targets irxJcpcn&ntly because 
of inadeqPrtertSd~inth:sensorysystemofthes lave~) ,~ i sc lear iymuchin  
conmwnr. It is these common ekmcnts, d y ,  the tradbrmcd pnse~x and the human-mach 
htdiux* that CanstirUte tbe primary focus of this denncc.  

Nat I)urlach and Tom Sbaidm 
codxmaCheirpcrsons 
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VISUAL INTERFACES: THE HUMAN PERCEIVER 

R i c h d  M. Held 
Massachusetts Institute of Technology 

Cambridge, M-husetts 

I was asked to speak abut how knowledge of visual pmcption could be applied to achieve tele- 
operation and virtual worlds. After a little thought I decided that leversing subject and object makes 
the question nxxc interuting and provocative. The practice of tclcupemion and virtual world tech- 
nology challenges our miemad@ of pemcptian, and in the following I try to explain what I mean. 
But first kt me say that vision sc ie~x  incorporate a vast amount of useful knowkdge about the 
capabilities of the visual system. Fortunately, most of it is weUcodi6ed in the handbooks, of which 
tk most recent and compkb is Boff, Kaufman, and Thomas's Handbook of Visual Perception and 
Perfimnancc (1989). Unfikamately, this d e d  bwledge does not pnpare us for the surgrises 
attendant on the sensory and motor tmdmutions effected by the new tcchndogies. Instead, the 
surprises refer us to much less well understood areas. Hence the challenge to peroeptual science from 
t!tcbm,rosy. 

,- New technologies make it easy to transform spatially, temporally, and dynamically the relations 
among sensory inputs a d  motor outputs. For example, nothing could be simpier than making your 
hsndopp#ttonachtotbeleftwhenyouin~ittonachtotbr!tigbt,to~yousfepupwhen 
you should step down, the usually stable visible world appear to move as you move, and so on. 
The consequences can be errors in perf6mawx. d k h b t h ,  and a fonn ofnmhh like motion 
s i c k n w s . T h e s e ~ l e s ~ u s r e a l i z e t o w h a t e x t e n t o r r r ~ ( ~ ~ a r e ~ t u p n  the 
ngularitics and habitual ciammms of our normal world and tk dynamics of our actions in it. 
We are pmdq td  to these ordend states in multiple ways that :maled by the effects of apply- 
ing the new technologies to tbe huam-machine iat#face. Coxnpam1 to our knowledge of basic 
visual plocesses, our miastanding of these onkings is limited but not insignifbnt. Some of it has 
been n l e m  to the frinlDes of tbe field as abenant and bizam farms of perceprion. lie following 
table enumrates several types of tnmdoxmatim and examples. 

Phase shii? 
Time Delay 

Microgravity 
Force Amplifkation 

Blank Visual Field 
High Noise Level 



Som of these non-habitual conditions may cause initial errors and ~ e n t a t i o n s .  Some show 
adaptation during continued exposure in the form of error rsduction, better orhtatioa, aud -on 
of motion sickness. Adaptation nq&s maintenance of a ~~ set of n@uities, If the trans- 
forms am complex and/or if tbe coupling is noisy, adaptadon my be either very slow or not poesible 
at all. However uscfbl adaptation may be, it does take time aud npresents an additional load on the 
p d g  capacity of the system, so mMimes calleo a cognitive load. 

A particularly intriguing problem, relatad to the above-mntid considerations, is the creation 
of telepmcnce. It raises the question of what conditions spacify the sew of pmaence --a question 
thatseemsatfirstblushsoobvi~~~as~taquinno~t.%istbe~axiomofper#i~, 
namely, that the observer be tben to perceive. It implies a heEe and now spatial juxtapition 
(confrontation) of object and observer. We can begin to identify conditions for the sense of pl##nce 
as: 

I. Independent perception of an observer and an object external to the obsemer. 

2. Covariation of sensed observer movcment inkpendent of the sensed object yields the sense 
of an object external to the observer. 

r -  3. Observer has access to the sensed object at will. 

Achievement of tbese conditions is, in turn, related to the qdarhics and babhd 
discussed above. 



AUDFM)RY INTERFACES.. THE HUMAN PERCEIVER 

This talk is a brief inhoddon to the basic auditory abWa of the human pacdvct with 
particular attention toward issues that my be inptant fa the design of audibory intedma The 
unportanceof~~~ry~toobsemrswithnonaJb~ispobaMynirrtedmthe 
m k o f ~ a s a n o d ~ ~ e r f y ~ s y s t s m m d b o i t s ~ r s ~ p r i m r a Y ~ ~  
commMon of strong peYsoaal fa- 

Several lmsicpropeRiesofthe h~auditaqpemi~~tshauldbehspinmindwbend#isnias 
i n r e r f a a s . T h e ~ a n d ~ o n o f t b e ~ w r i s ~ m i n b e r r m , o f ~ ( ~  
d a c a d e s w i r h ~ v i t y t o c h r n g e s o f O ~ ) m d i n ~ ( 1 1 0 d b c i ~ w i t h ~ ~ t o ~  
o f a ~ ~ ~ o f a d s c i b c l a t ~ ' ~ I m l s ) s o t h t t b e ~ f o r c l e r n ~ ~ q ~ ~ h ~ . O n  
theotberhrrd,ourmem#yforabm1utbst imaIi ismuchn#n~~ywithnspsctto  
intensity. In an identifidion pmdigm, pumpd sysaems are gsssnlly limited to about 7 f 2 
~ t y l e v e l s , s o ~ t h e r b n i t y t o i ~ i s r m r e h m # ~ ~ ~ t h r n t b e ~ t y ~ ~ .  
T h e n o t i o n o f t h e c r i ~ ~ d t h i s a l s o ~ t i n u n d e r s t a n d i n g a u d i ~ ~ m n a a n d  

I/- sbilities In its cradest fonn, the critical band notion, which is consistent with a wide variety of data. 
is that tbeauditorysystembeha~#asif~~coasai#d~~withbradwidthsof~o#- 
tePth of an octave. 

T h t i s s u t s W a r i r e k t h e ~ g f ~ ~ m ~ ~ f ~ w b C t b C t t h C  
M~isanisomorphicngnescntrtimoffbercousdc~witbnrhtral&rrndtrms- 
f a n n r t i o n s o t a m m - ~ ~ f r o m ~ d i f E # e a t i n p t t s I n t h e c o m p l e d e l y  
i s o ~ c ~ ~ t h e p r o M e m k ~ ~ d b u t v e r y ~ t o n a l i z e . A l ~  
one simply has'tomxeate t h e a p p m @ a c d  stimuli (fiuma~loboraftunnashulahn) a t t h  
e a r s o f t h e h u m a n ~ , ~ a n ~ e a g ~ ~ i n n p r o d u c i n s a ~ t h e  
appropiatesounds.Iaadditimtotheobvi~~~~fort~#~frdelityinth~sys- 
tem,theechoaadnv~meff~onedrdmnstbetppropdrtemd.criticrlly,tbe~o11 
of the listener's head must be coupld to the Fobot or prosnm. Tbe complexity oft& problem can be 
illustrated by thinking of the e&ct on tk sounds received at the ears by sevenl sound sorwxs in a 
n o n n a l e n v i r o ~ t . I n t h i s c t s e , a s t h e h e P d w n r e s , t b e ~ - ~ ~ a ~ n a f e a c h  
source changes in a way that can only be specified with howlalp ofthe poeitioll of tbe source and 
the position and orientation of the head The processing of the hur;pan puwivct imposes iqmtant 
~ t r a i n t s o n t h e q u a l i t y o f t h e ~ ~ s i g M L  

Inthes imples~mn-~caser ,suchasa~mbataawnnel~ai tbdrobot inmc~~vi-  
ronmcnt with acoustic pmperties thn air (e.g., a helium rich ~11vhmmt), tben arc a- 
ent problems, including the tmdatioo1) of sign8ls to sign& rpprogrirbe for lnunau listeners. For 
e~k,averysmrrllrobotwoold~*#ydiaOerrmrtdi8ber#rartbrscooldk:esscati.lly 
undetectable t o t h e h u m a n ~ ~ ~ ~ w i m m ~ l o s r a f t b i l i t y t o j u ~ t k ~ d a  

l~' 



sound sounx. If these signals an pnmssed to provide an appropriate stimulus on a human scak, the 
influence of the environment on the signals would have to be Wormed and this would q u i n  
significant lalowledge of an environment that may be unfamiliar to the robot or its conttoller. The 
tramifonnation of the received stimuli to provide appropriate acoustic inputs far a natural (human 
sized) situation requins a relatively full knowledge of the sound field. 

In the case of more extreme &viatiom from a humanoid robot or simulation, the issues become 
conceptually difficult to think about. For example, if the robot has multiple ears so that a more 
sophisticated pictun of the acoustic environment could be computed by the interf'acc, the mapping of 
the signals or the infonnation to the two eats of the human perceiver is difficult to design. Either 
some of the information will be neglected a we must learn bow to increase the pmcntation of 
information to the human, possible by parsing the acoustic field and pmcnting multiple acoustic 
objects. This is a higher level recoding problem, and dcpends on techaiques that have not yet been 
developed. Some of the attributes that result in the perception of separate acoustic objects a ~ e  known 
and include separate spatial location, consistent modulation envelopes in hqumcy and amplitude, 
consistent harmonic structure, and others. I 

In some cases, if a stimulus is to be penxived as W i g  generated by the listener, then there an 
special probkms due to the fact that the sound is being received over two pathways, by the aircon- 

I - -  

duction pathway and by the boneconduction pathway. The airumductcd SOCZE,~ can be monitored 
and transformed appropriately by the interface, but the boneconduction pathway is difficult to can- 

r' cel so that the stimulus perceived by the subject is a combination of the boneconducted sound and 
i 

the air-conducted sound provided by the interface. Learning wouhl be a problem here if the new 
environment was trying to simulate an environment with light or heavy gases for example. In this 
case, the auditory stimulus would be a combination of the higher-pitched sound and the nonnal- 
pitcbed sound. 

There an many cases in which unnatural stimuli an mon e W v e  tban nanaallyoccurring 
stimuli. r]rhe argumcnt that the human sed-motor system is opimhd by evolution ( o h  applied 
to speech signals) cannot be applied in many cases because tbe canstraints of bre system an so 
comp!ex and even difilcult to know. In addition to quaticms of d c s ,  for exaaple, one can ask 
how important is the eating function to the deS'1gn of the moutb a the necessity of being born to the 
size of the head?] When the= is a welldefbd task to be PMfhncd, it is often advantagmw to 
provide non-natural processing of the stimuli. For example, angle nsolution near the midline can be 
impmved significantly by presenting nonlinearly pmccsscd stimuli that would inm85e the interaural 
differences even though some distortion w d d  be added that could be important for some stimuli. 
On the other hand, when the tasks are exrnmely varied or unpredictable, the= an significant advan- 
tages to using natural stimuli and allowing the txperiellce of the listener to be used to primary advan- 
tage with little training nquired for many tasks. In addition, thm an situations in which an unnatu- 
ral stimulus may be advantageous such as the design of hearing aids with expanded ranges of levels 
and fnquencies or in the design of auditory displays for non-auditory information. 



TACTUAL INTERFACES: THE HUMAN PERCEIVER 

M. A Sriaivasan 
Mastwhusetts Institute of Techuology 

Cambridge, ~ u s c u s  

hcmuhqly complex h u m n - e  interactions, such as in tel-OLI or in virtual eovi- 
~ ~ h a v e ~ ~ t h e o p d m a l u s e o f t h e h u m a n t r r c t u a l c h a n n c l f O t i n f o ~ o n ~ ,  
This l ladlsadstoa&rmrndforabas ic~ofhowthehumrncectualsysbem~~~so  
t h r t t h o b c t u r l i n ~ ~ t h o h u m a n a n d t h e m a c h i w c a n ~ w ~ ~ ~ f t o m  
the human, as well as display the information to tho human, in a mcmna that appoam natural to the 
human. Th6 Elctual information consists of two components: (1) contnct Mmnadon which spcxScs 
tb aatm of dinct contact with the object; (2) khsthetic Momation which nfws to tho position 
and modon of the limbs. In this talk, we shall m t l y  be concen#d with con- infamaton. 

A wide variety of tactile pmcptions that we distinguish can be thought of as combinations of 
two classes of"primitivcsn: mode of contact (static indentation, dative m t i a l  motion or dip, 
and vibration) and object pmpertics (surface mi- shape, and c o m p ~ ) ,  It is plausible 
that by underscahding the paipheral and central ptoasSiae involved in each pairwise combination 
among the primitive classes, the procasing of mon complex natural stimuli can be unravelled. Our 
knowledge of cutaneous information processing is mostly based on human psychophysics and elec- 
trophysiological ~ ~ ~ ~ r d b g s  fkom monkey afferent fibas. These fibers m of fom types: Two types 
ofslowlyadrrpdasfibers (SAIaadII) that am associatedwithMerbelallsand~endialts, and 
m~vebodrwhmanobjectincontactismo~~theSld11mWdls18DOdCtstcBdy 
iwkntadons; Two types of rapidly adaptine fibers which respond only when the ddn is moviug, one 
type(RAs)tennrnaturg 

. . i n ~ c o r p c l c s , a n d t h e  otber(PCs)inPIcinidlncoqm&s. When a 
p d m  indenting the skin is vibrat6d, lowest nsponse tlmsldd amplitudes for SAs lm at f n q d c s  
of0-1O~faRAsat20-50Hz,andforPCsat100-300Hz.Sumrmrrimlbelowlmsomofthe 
known muits on the detection of slip and microtextme, sha# andca9lpliaaa. 

Humans canud detect the slip of a smooth glass plate on the w, existence of dectable fia- 
tuns on the surface is n#xssary. However, surprisingly small featuns (fw example, 2 microns high 
dot causes RAs to xespond and 0.06 microns high grating.causes FCs to nspond) on smooth surfaces 
are detectbd by hwnans and lead to the detection of slip of these surf- with the geometry ofthe 
micmf- governing the tssociated mural codes. The division of labor amwg the di&rent types 
oftiber popuhtions in signaling the difbent events on the skin is clearat SAs sigaal the dkction ' 

of skin stntch and hence the direction of impending slip; RAs and PCs signal the occunencc of slip 
with spatiotemporal a intensive codes, depending on whether the mimhmc is a local one on a 
smooth oris~iontbcsurfaoe,~vc~.~Whentheslmfacefiiaauwof 

i a f ' o n  from a l l  three afferent fiber typcs is available for the dct&ion of slip. 

Among the different possible geombric qmscntations of the shape of objects, tbe intrinsic 
description, ie., the surface corvatun as a function of the distance along the surfkc, seems to be 



relevant for tactile sensing. Recordings of afferent responses to diverse shapes show that the depth of 
indentation and the change in curvature of the skin surface an represented in SA mponscs; in addi- 
tion, the velocity and the rate of change in skin surface curvatm are reptesented in both SA and RA 
mponses. The primary nason for such neural encoding is the form of the spatial variation of the 
pmsurc imposed by the object on the skin surface: Pnssm peaks occur where the depths of Men- 
tation andlor changes in the skin surface curvature an high. n# skin effectively acts as a low-pass 
filter in transmitting the mechanical signals, and the mechano~tccptors nspond to the blurnd ver- 
sions of the surface presswe distribution, thus encoding the s h p  of the object in terms of its surface 
ctuwwcs. 

Compliant objects can be of two typcs: (1) those with a rigid surface (such as a piano key); ' 

(2) those with a &formable s u t h m  (such as cheese). By conducting psychophysical experiments 
under both active and passive touch, with or without local anesthesia that blocked the contact infor- 
mation, the following conclusions wen reached. Humans an very good at discriminating softness of 
objects witb deformable surfaces, and the discrimination is based on contact information. For com- 
pliant objects with rigid surf-, discrimination of compliance is reliable only under active touch, 
when both contact and kinesthetic information is available, and the discrhbbility is poorer than 
that fix objects with defonaablc surfaces. Preliminary neurophysiological data show that mostly SA 
and to a lesser extent RA mpollscs provide the basis for our abiity to dhiminate compliance. 



THE DISPLAY OF TACTILE INFORMATION 

Them zm a number of examples of natural Eactile displays that can give us some insights about 
the solid geometry of touch, aud recent ~~ work on the subjact has extended our thWng 
consi&rably. The CoacerP, of this cmn&xe~lce is, haanw, mm with synthetic or artifml displays 
for the pmduction of a virtual en-nt. The nujarity of the talk will dwell on the h t m s  of 
synttitic displays that have enjoyed sam success in one of two eatup&s: The study of the spatio- 
temporal dimnsions of stimuli that Il&Md (YrmtBtt d rapid proassing of enviromtal inform- 
tion, or tbe use of displays in the design of seasoy +ids for disabled pgsons, 

Exmples of synthetic displays a~ given, with  son^ discassion of tbe'i application, sucass, and 
nasons for Wit failum, i.e., theii cumnt disuse. In the past, displays have been mainly of the type 
called difbc, i.e., spnad over a large aka of the body. In nnm mxnt yeam, the ~ v c m c n t s  in 
electronic tcchology have made possible the proddon of more and mon dense mays of t d l c  
stim- some of which, like the of Tdesensory Systeans, kc., wue devclaped for 
applied pnrposes, and now are used in basic research as well. 

/ 

This ccmkwm k best s e d  by my talk if I list some of the things that have been leanmi about 
the~o-te~pmI#tiesof~dispIrystbrtcouMbe~inthedesigPofdisplsysfot 
tel~rsystrmk~aftbese~~todowithtbesiteofthedisplay,wwhichiscommontyofcorz- 
cera to sensory aids devdopen for msons of Cornsat and qqmancc. In addition to such cawmns, 
he~v~~,&ithascclearthaSissuesofefficiarcyofenegyusage,mlatedtothe~1&for 
faling, and ttne needed dynamic range of such &vkm arc also important to the designer, and these 
paramtenvarygnatly~thesitc~bstimuiation.Ofequalimpartawx . . .  is spatial acuity, ie., the 
& s u m d o n  af high spatiat s#lucncics on the skin, which varies systematically with the location 
of the stimulus array. 

There is a considerable litenrtun dealing with soch space-tim phenomena as masking, nal and 
apparent movement on the skin, tempad integration of both energy and coded information, salta- 
tion, and kmabti011. These will be discussed in wmbc detail as useful boundary conditions for 
devia design. 

Another class of phenomena exist that may appear at Lt to be too esoteric for applied consid- 
eration, but which because they have only a slnnt history of systcmatk rescar4 deserve considera- 
tion for tbe'i potential in d c h i n g  the percepualfjdd of the tactile display. OIle of these is tbe 
heraction of toarch with other modalities, and a gooti e x a m  is found in studies of the mnpcmm 
sense. A n o k  is the phcnomnon of distal attributh. which involves the tran&rencc of the display 
pioperties fiom the veridical site of stimulation to tbe object being simalated by the display. 



A final word will be said about the importrnce of the l m d q  pmcess in aapidq a l i thued 
pmqmal-mdorsLill, which tclaopentorsystsaasmustdsmrndofthe~whmmmd#rmx 
s u c h a s t o u c h i s ~ i n t o t b c ~ ~  

1 



NEURAL MECHANISM OF g;INESTHESIA 

Ourprimary in-is in whethe s~fbrpositionaadmowmntoftklimbsoriginatcand 
how tb Mmmtion is enco&d. Humans can idcpdcnt ly  sense the positions ad movements of 
their limbs inthe absence of vision, andtbese ~amdefivedfirpmmechaaonceptors locatad in 
the limbs. Receponr in muscles, skin andjoints am POQltial souras of position and movcmcilt sig- 
~Wbow(dw~)&oftheselpoups~~tokinesthesianmainsuncercain. 
Recent evi&ace indicates that a sense of statk-po6it.ion derives from length mxpbrs in muscle, 
whereas mapton in the skin, and possiile though not likcly the j o i i  can signal movement of a 
limb but not its static position. 

We d,Wnphb this static-po6ition sense from a movement sense on the bnsis of whether a sub- 
ject's Wty to sense a small displacemnt (3 to 5 deg) of a joint varies with the rate of joint dis- 
pkmcnt .  Thenfon, if sub- possess an awamcs  of tbc static-position of a joint, slow rates of 
rotation should not seriously degrsde their ability to sense displaccmnts. In th absence of a static- - position sense, subjects would nly on movement signals that do depend on the rate of rotation and 

i their ability to detect displacements should &=meat with decreasing rate. This is roughly d o -  . .  . . gous to dmqwhmg a low-pass filter (a static-position sense) fmm a higbpfm filter ) a movement 
- * ) b y ~ f n < l ~ n s p o ' = c - .  

. . 

The intqhahgcal (IP) joints of tht fiogers (and pmbably the toes) appear to lack a static-pod- 
tion sense. Subjects were unable to detect large dispkemmts of the IP joints if the displacements 
wen slow enough (our tests used rates less than 1 deglmin). In contrast, small displace~nts of the 
q g c a l  (MCP)jointof the fingetcouldbe detected at the slowestrateg we wed. This 
is a surprising finding given that people seem quite unaware they have this kbsthctic &ficit at the 
-0 

At pmscnt, we axe examining the consequences of not having a static-podtion sense at the fingem 
apaa fiom an inability to detect very slow displacements. Using a more demanding test, we have 
found no substantial difference in the amracy of qmdudng  target positions passively imposed on 
t k  MCP joint and the proximal interphalaageal (PIP) joint of tbe index Eingcr (tbe MCP has and the 
PIP lacks a static-position sense). Our working hypothesis is that subjects normally use movement 

' 

sa3se ~chanisms to detect displiuxmcnts* pdmbIy because tbey ate f e *  but how (or whether) 
snbjects manage to obtain an absolute podtion nbncc with only a m o v m t  sense available 
remains unknown a d  is an issue under investigation. 

We have also shown that subjects can npoduce target positions of a joint fmm memory about as 
accurately as they can match the position of the joint to its conesponding joint on the opposite limb. 
Repoducing targets fiom mcmoxy nmaias remarkably accurate even after 24 hours. The existence 

, - of a stable* long-term memory for limb position is an bgmtant component of a modtl for motor 



ccmtml we ace inwstigahg. hspcctive of the mechanism, tbe accuncy of this memory compli- 
cates the study of position aod m o w  senses. Pot example, one annot study a static-position 
serwe by moving a jo i i  to some positioo and waitiq until rll movement s i p a h  have faded away. 
With r memory, one could not distinguish a true static-position mechrmism fn#n a mechanism that 
derived position from a velocity signal and stored the nsult in a memory. 



ANALYSIS OF TIIE HUMAN OPERATOR SUBSYSTEMS 

Lynetm A. Jones and Ian W. Hunter 
McOill Universiq 

Moatnal, -.CANADA 

Except in low ~ k n o w l c d g e o f t b h u m r u r ~ ~ ~ ~ ~ i s ~  
f ~ r ~ ! h - w  ~ ~ s y s t m s . . T h i s i n l o l r m t b a h a s ~ y b c c n ~ e r i ~ ~ ~  
a d y s e s o f ~ p e r f o n a m a , i n w ~ t h e ~ a p e n t o l : i s a m s i ~ a s a c ~ m ~ l e b e ~  
ratberthnasa~mafawmbetof ~ e a c h o f w h i c h i n a u m c c s  tbeopaam'sout- *- . . inadytktecbniqrresand~tknow~aboutthechamc&&hoftbe 
humAn opemar have xedtul in these "black box" depictions of tracking perf-. One come- 
q u e n c e o f ~ a p p o r c h i s t h r r i t ~ b s e a ~ l e t o d e t w n i a e ~ ~ o f c ~ i n  the 
parcrmetsrsofthr,trrnsfer~mder~~cms.snadiesofoneof~subsystea3% 
the limb mchanics system, dmaWatc that large paremfer variafioas can occur (e.g., tbe elastic 
st i f fhm of a limb can chauge over a 50-fold range for diffuent levels of muscle activation), that rm 
have a profound efkt on tbe stabii  of f o r a x e m  t e W  systems. 

+ 

Human Operator Subsystems 

- mikx.8 

One of the objectives of om -h is to decompose th perfommcc of the human operator 
system (LC., its damphg, natpral &apemy, pum &lay, static gain) in *&ms of tbe subsystiePls 
depicted above, in c#der to establish how the dynamics of each of these ebnmts influem the 
operator's nwp0nse-s. For example, the delays associated with each subsystem m diffumt (ranging 
f i o m 1 5 m s f o r ~ ~ t o o v e t 1 ~ f o r ~ v c p o c e s s i n g ) , a n d f o t s o m ~ ~  
tems ttae ~ ~ 0 ~ s  cnn linear and time invariant, w h e m  for others they an nodhem and time 
varying. Recent advances in nadkar system identifiation makc it possible to characterize the 
dynamics of the human operator subsystems in a singEe experimntal d o n .  Ideally the sam 
cquipmentanddyticpocechn#isbolrldbeusedinallphasesoftbisprocess.Onthebjlsisofthe 
resuits fiom such an analysis, it should be possible to predict f a  any given operator tbe conditions 
(e.g., muscle-joint segmnt, type of controlled m9panse. m c l d c a l  propetties of the human 
intafate) under which umlml is optimaL 



With thisobjcctivckmind. wehavecorrstnrctedlmqpaati~fwsardyingth:bmnrnneurp. 
muscular system in terms of its neural (umtmcth dymnksh mahnrcrl . . (limb -1. percep 
t u a l ( ~ ~ ~ ~ 1 & ~ a n d t r r r c k i a g ( h u r m n i n o e m a C t ) ~ T b t r p p a r a h l s c a n s i s t s o f  
t w o p o w e r f u l ~ - a m t r o l l e d l i n e a r r c t u r b # s ~ w i t h d i s p ~ d f i m x t r a n s -  
dwms. With thisequipmat t h e n e r m w u s c u l u f u n c t i o n o f t b e ~ ~ t h e e l b o w  canbe 
d e t e n n i a c d b y i m p o s i n s s m a U . ~ r i ~ i d t h , s t o c ~ ~ ~ t o t h e ~ I n  
s d d i t i o n t h e ~ ~ r e f k x , a r d # u n l ~ ~ ~ ~ ~ ~ o f t h e # w n a u s c u l a t s y s t e m  
controlling the elbow fIexor/atcnmr musdcs can be sars~ry thmsbolds can be caldakd, 
and M y  the tracking dyndcs  of the hmnan ~ p c n t ~ t  cmtd system can be &&mind To date, 
studies of these subsystems have been limited to singkjoiat8 such as the &ow, and the effects on 
trscIdng performarm of varying the xmpm type and l n m m w i n e  p m p t h  have ban 
investigated. 

The charscteristics of the human operatur in a pwsuit-tmkhq task chsn# as a fbction of the 
operator's fqonsc. When subjects track a visually pmtd target either by changing the position 
of their h e a m  or by modulatiag tbe times genemtd by tbe elbow flexor ad extensor muscles, 
fonx control is -or to position contlol in bmns of xkpnsc M a y  (100 1118 less), but subjects arc 
more accurate wben position is the coatroW variable. PoQition control is, however, infhmcd by 
the mechanicalpropdesof the human ioterhrce,aadin~changesinmanipUorssiffaess 
affect both fqonsc &lay (less at higher [up to XWO Nh] st i fha amplitudes) a d  tracking accu- 
racy (more accurate at lower [< 1500 Nlm] amplitudes). 



Fmcptiaa of body o r h t a t h  d c d i g m h i  is dependent oa d t i p k  sotma of m t  md 
e&rartinfwmrtonaboutt&spetirlcoafislndorroftkbodycmditbrelrtionshiptothe~ 
d f ~ ~ o f t b e ~ S l r c h ~ ~ u s u a & r n a m s l c i r c u m -  
~ t o p n # e n e m ~ m d s t r M e ~ b a a r # o ~ ~ i n n a p o r r c t i v i t y c o n -  
~ t o n s e l f - m o t i o a a a d ~ ~ o n m o d a r o f o r w i r h i n t h e c l l v i n w n a r t . ~ o f  
this distiacton is essential for the ongoing coatm1 of namal body moytment and poam. 

Ikcurseofthisactivtint~ofseasoyrad~~wbeneverthenism~inthe 
n ~ o f ~ i n g b o d y ~ t a t i o r r , a n d i f a y a n d ~ ~  . . ofnlaaedmrpnihulr! 
and time course can occur. As a comqmm depcading oa the puceived spatirl qmmtab of 
t& body, ideatical pattuns of arrival time md btuuhy cues # tbe cats (aad irlr?ntlrl nCiarl rad 
OCUl~signals)cangiverisetotbepa#ptionof~(apdvisuJobjeds)inwidely~ 
Sprtiplpositiorrsin~~~on~tbeherddbothewrCernrtc~~~Tbe~onbehPansen- 
sgr localization and the representation of body orientation is actually bidirectional. For example, a 

r rotating sound field can elicit illusory self-rotation aad compmsatory eye mcments in a smkmq 
listmu. 

T h e c o M c i o u s ~  . . oflimb padim is influeocsd by mPscb a&Eent sip&. Wbar tbe 
body or teadon of a muscle is mcchauidy v h d a b  forexcmqple at 120 Hz, tbe muscle rcfkxly 
contracts. This contra&on is known as a to& vibmtkm dbx ('WR). If tbe #notion of a limb mov- 
ing under the action of a TVR is resisted, i h m y  motion ofthe (unseen) sEatioaaty limb will be 
experienced.For~b,ifthebi#psbcscbii~bis~tbe~f~willbe6elt 

- to move into extension. A target light sntadrad w the stathmy idex finger of the hand, m au 
ohnvise dark mom, will be sear to move in bbeping with the appmt motion of the arm even 
though theeyes mllintain steady M o a  Iftk ~isallouedto seehis index fingerin relation 
tothes~gs,butnottbenestofbisfanatm,kwillseehisfingetinone~l~~~~and 
feelthen~rofhisanntobeinandhetspgtirllydistinctlocatiaL 

During body movement in a high fonx tield, tbe relationship between muscle activity and mus- 
cle spindle feedback is altered, much as in the case ofthe vibration illusions just describe& If an 
individual does deep knee bends during exposme to twice earth gravity, then be will mispaciyt the . extent of his own voluntary m o t h  d shhmmdy experience visual motion of his mnwdhgs 
by tbe amount of that m k p t q h a  This daPaash.ates that tbar: is a dynamic relationship betwccll 
intended movements and the & movaneats execat& and the pemqtian of those movammts. 

During normal temsbrial locomaCion, &fixmation of the optic p r o i  of the visual worid, the 
intensity axid timing of effemt signals and of muscle a&mt sigds, and the -on of contact 
forces of support on the txxiy -vary and ate mutually amobodve. If the relationship betwear 



f 

voluntrry stepp"tag movements, body c&spkumnt, and visual flow ae a t i i k U y  abed, it is pos- 
siMetodistort&perceptioaofvol~acti~~~sobnt~indi~~~ysOeppiPgforwud 
cm perceive himselfto b e v o l i r ~ y  walkingbrckwrds,ato be- moteslowly amm 
npid3rthnbercbullyis.CommontoaU~~elicitedaecombmrt##s . . ofpa#ived 
sc~motion,~ivedlimb~vity,seenmocioaofthevisPrl~d~ltmotioaofthegrau3d 
that ace dimdmrlly coasistcnt (even if not physicaUy pdmble, such rs changes in w t  kg 
largtb) with minimal dcprtulw from temJtriat amsdnts. 

- 

". 
- --- 
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WATCH WHAT YOU SAY, YOUR COMPUTER MIGHT BE LISTENING: 
A REVIEW OF AUTOMATED SPEECH RECOGNITION 

Stephen De Gennam 
IBM Thomas J. Watson Research Center 

YMLtown Heights, New York 

Spoken language is the most convenient and nan;fal means by which people interact with each 
other and is, therefore, a promising candidate for human-machine interactions. Speech also offers an 
add i t i d  channel for haads-busy applications, complementing the use of motor output channels for 
conuol. 

Cumnt speech recognition systems vary considerably across a number of important characteris- 
tics, including vocabulary size, speaking mode, training nquinments for new speakers, robustness to 
acoustic environments, and accuracy. Algorithmically, these systems range from rule-bescd tech- 
niques tbmgh mort probabilistic or self-learning appmaches such as Hidden Markov Modeling and 
Neural Networks. 

This tutorial begins with a brief smnmary of the relevant features of c m n t  speech recognition 

r systems and the strengths and weaknesses of the various algorithmic approaches. 

Issucs criticai to the successful application of speech -pition in human-machine interactions 
will be discussed in mon detail. Tbae include: "raw" recognition vs. speech understaading, 
grammar- coasaaiaed dialog vs.. natural-hnguap, fne discouse and the imposition of 
appropriate constraints to makc the techw,logkdy feasible, with acceptabk accuracy. The 
potential &lay in rccogaitim, due to algoritbmk f- or to interactive verification of recognized 
words f a  e m  comctioa, must also be considered. The need for verification is determined by both 
the expected error rate and the coso sf awh error. Th cost function could be dynamic if enws will 
have sipE1caotly diffc~cnt impact given the state of the system. 

As in any h'umaa-machine interface, not all of the coas!raints are due to the "-machinew half of 
the interaction; the "human-" partner also imposes a share of burdens. For example, people will not 
always say exactly what is expected of them, even when canfully prompted with a small set of pos- 
sible choices. Stnss, untion, and general physical state can have strong effects on system perfor- 
mance. 

For applications that are not ammtly speech-driven, it might also be necessary to reformulate 
tbe basic human-machine interface. For example, moving a cursor over a docwnent by voice in the 
most straightforward way (upupupleft-left- ...) is not as efficient (and probably not as acqtable) 
as moving the cursor by keys or mouse. Recasting the basic problem as "go to the word HELLO is 
the second paragraph" prc vides a better match between tbe task and speech control. Na-+gating a 
robot by voice instead of by joystick might quire similar r e f e o n .  Of course, while "go to the 
word ..." is more natural, it imposts new nquiremt~lts to wLderstand the command and map it into 

/ the appropriate action. 
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Given these characteristics, it is not yet mmnable to expect that an off-the-shelf speech mmg- 
nizer can be used as a tmqaxent replacemenk for a IreybomI or joystick as input to any arbitrary 
application. The highest performance levels will be achieved when the application and recognition 
processes are more tightly coupled. 

Using existing spec& recognition technology, it is certaiply possible to build successful virtual 
environments. This is particularly true for systems that mimic environments in which speech is 
m y  the primary communication mode, and when the control "protocols" have been well 
defined. For ex'ample, A .  Traffic Contml training consoles have Baen demonstrated using continu- 
ous speech, but the task is constrained to deal only with objects (i.e., specitic fli@ts) on the trainee's 
console to provide reasamble accuracy and response delay. A general problem with coupling. how- 
ever. is that it leaves the system vulnerable to unanticipated scenarios, with concomitaut risk that the 
system will not respond gracefully to "exceptional" interactions. 

This tutorial will conclude with some pointers to cox&cnces and pubLications that reflect the 
current state of commercially available speech recognizcrs, aud the state of research in this field. 



EYE MOVEMENT CONTROL AND TOP-DOWN SCANPATH VISION AS A 
DESIGN METAPHOR FOR ROBOTIC -ON AND CONTROL 

I. Eye Movement Conml 

1. Kinetics: Time Optimal Control of SIccades 

Eye movements an elypat biological cxanplcs far application of tinresptimrl . . 
~~1troitheory.Tbem~~~lesthrtdri~~eyebrll~0lls~~y~md~aedfast.Ths 
eyeball has low rotational inertia so that the intcmal viscosity of active muscle &mimes plant 
dynamics; thus we may thinL of the system as t v h o d d c  load. What controller d g d  shapes 
would produce a dmesptimal movcxmnt? F i  reciprocal ~~ proposed by Descutes 
(#149) and expwbmtally found by Sbaninsboa, should be olnmved (Rigm 1A). Next, a set of 
multipulsc-step control signals first described by Clack md Stark (#137) can be justified on theor&- 
cal grounds by Bellman-Ponfriagin baug-bang theory. 

/- 
2. Dual Mode Control: Sampled Data Operator 

I 

Anoeberbeautifulcxample is the sampkddataCOPtrOlmOddofYoungandSta&(#27)that 
was experimmtJIy verified by study of hmht q m s c s  in wrmol subjects. A fiadret cxcitin8 
-on was found in the explanation of "rmmo-ssccadc osdlationn found in path@ with 
ce&W disease that e&ctivcly removed tht continual ahptive gain adjustumt and left the patient 
with high gain instability oscillation (#I%). (F"lgan 1B). 

. - 
II. Higher Level EM Conml and Scanpatb Tbegr 

3. Active Looking and the Kantian Theory of PucqHion 

A more mtaphoric theory, the Scanpath Tbcory has been developed by Noton and Stark 
(#110) and Stark and Ellis ( a 1  1) to account for the rcpdtive scqumcc of sacccsdes that enable the 
eye aad its fovea centralis to travtrsc over impextant sub-fcatms of a pktm or scene. This has been 
taken to mean than an internal cognitive mo&l drives active looking in a topdown manner. The evi- ' 
deuce to support this theory has to do with statistical proof that there is indeed repetition of scanpath 
sequences. Further evidence comes from studies of ambigwus figuw w M i  the same subicct 
looking at the same pi- switcbes both mental states of perception and patterns of repetitive sac- 
cadic sequences. Most mntly, Brandt and Stark (in pqmdon) have used visualhation Easks. A 
subject recalling a previously seen diagnun d e w  scanpath movements similar to those 
looking at the earlier viewed diagram; hue only the internal model can be mponsible for the scan- 
path sequence ad, indeed, string editing distances support this finding quantitatively. (FQtm 24. 



The philosopher* Kant, recwurad that in#mal npresentatio~ls (Platonic ideals) controlled active 
~ p t i o u  in a topdown procedun. that could then organize sensation (without time and without 
space) received from the chaotic work of rp~earanas. In this view, the virtual model within a human 
bnin is mon nal than the external world of tbe naive nalisticl (F@m 2B). 

Acknowledgment to: NASA Ames R d  Center C O O ~ V C  Agmment NCC-286, Dr. Stephen 
Ellis, Technical Monitor, and to California ?ustitUte of Technology, Jet h.opulsion Laboratories, 
Dr. Anatal Bejay, JPL Technical Manager. for their support. 



XU, Top-Down Robotic Vision 

4. Models of Robots and ROIs 

For our use of visual fadback, for use by autonomous algotitbm, for use by manual opkmtors, 
and for use by supervisory contro11crs. We have t h n  this topdown scheme from humen vision and 
introduced it as r basic design principle in our Telerobotic Lmboratofy. Instead of searching ibr 
important features of the T R W  (telcmbotic working environmnt) with bottom-up image pmcss- 
ing algorithms, we instead use a topdown approach. We a h d y  know when a particular robotic 
link is located in 3D space, we lmow w h  the camem am poh* we know what important 

parameters we need to measure. Thus, we use our knowledge h tbe fann of forward-loop control 
model not only to control the robots and the cameras, but ats0 to direct the image pmcmsbg (#312 
and A304). We constnrct ROIs (ngions-of-intenst) for each camera frame so that b image 
processing can be done rapidly and robustly (p-&we 3A). 

, Within the ROIs, local thnsholding and centroid calculations enable us to compute a feedback 
model, indicated by crosses that npnsent the visual nmtsmrnnt of the lacation of key on&- 
scene-visual-enhancements. This, of course, is done dynamically so that rapid fbedback permits 
closed-loop control of the robotic movement, with the human operator acting as a supemisory con- 
troller only (Figure 3B). 

,,,- IV. Over-All Robotic Control Scheme 

The overall model ( F i p  4A) permits one to appreciate the coamrunication functions of our 
top-down image processing scheme. Communication is restricted to pammcte~~ ofthe visual models, 
an enormous bandwidth duction compared to sending video pi- of a number of view of the 
TRWE. The supervisory controller 1- not at the camera view of the scent, but rather at a model of 
the TRWE! Is this going to be satisfactory? (#r411, #313). 

6. Evaluation of Displays and HMD 

Several evaluation studies of visual display requirements have been carried out in our labom- 
tory (#301, #A313). Dr. Won So0 Kim and ~ 0 1 1 ~  have established that, although for some pur- 
poses enhanced 2D displays enable the operator to perform satisfactorily, virtual 3D displays are 
robust to various deficiencies and enable performance at least as good as the best 2D displays. Also, 
models alone or models superimposed onto video pictures axe better than video pictures for short- 
term robotic control tasks (Figure 4C, #A291). In another study, Dr. Greg Tharp and colkagues 
demonstrated that 5 to 15 Hz update rates for a stem display were fast enough to permit the subject 
to slew his head freely without suffering a penalty in performance (delays wem less than 1 h m e  
interval). (Figure 4B). 



v. Summary 

Telerobotics with virtual environments is an exciting and worthwhile field of mearch. It offers 
challenges to engineering design of displays, of control, and of communication schemes. It relates to 
human performance since the human operator is a component either as a direct manual controller or 
as a supervhoxy controller. It will teach us more about human capacities and we can use knowledge 
of human plans and schemas to produce initial designs. Wc an also learning more about ourselves. 
Did we thing about "ppresence" before we considend teleptcscna? 



Figure 1B. SD clinical hulation. 
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SCANPATH THEORY 

Figure 2A. Scanpath theory. 
#I 10 David Noton and Lawnace SEarlc, "Bye Movemoats and Visual Rxceptl011.~ ScIe~&AmcrtcM 224: 33443 
(1971). 
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Movements, Cog& and VIsvPl Pempdtm, d. F i s h  Monty aad Sendar, New Jersey: Efibaum Ress, 193-226 
(1981). 



Figure 3A and 3B. 
#312La~S~~Mills,AnNguyea,HuyXN~~EadmmdRobodc~ProcetdngUsing 
TopDown Model Control." Roboffcs and Mtuu&ctrcring, Jamshidi et al., eds., ASME, NY (1988): 675-682). 
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Tckmbth PasPdeor (1989k 

Figure 4A. 
#313 Lawrena Stark, a al., Tekrobotics: Robhts and Needs." lEEE Trrammhs, Aervs$ace a d  
E k W d  Systmu 24: 542-55 1 (1988). 
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Figure 4B. 
#301 Woo Soo Kim, Frank Tcodrbk. Stcpben Ellis and L~WICC Smir, "VEtPrl Pnhmrmrcnt h Fkk-and-Place Tab 
Human OpmUors Controlling a Simulated Cyliadnical Manipulator.'' IEEE J d  ofRobotlcs und Arctomution RA-3: 
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426-436 (1987). 
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Mounted Display to Adrp the Tekmbodc Envimmna~ to I i m n a n ~ a J ~  Spree Ce&rv Tsxrr (1989). 

P i  4C. 
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P m c e ~ y  IEEE I .  Cinghmc, Systanr, Man & Cybmrsdc* Mjiq (1988). 
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TELEROBOTIC REMOTE PRESENQEt A- AND 

Walter A Aviles 
Naval Ocean Systems Center 

Kailua,Hawdi 

The Matine Sciences and Technology Departnmt of the Naval Chau System k W  has ( ~ _ a  one 
of its particular thrusts the &velopment of delerobotic work systems w W  blend the qmbilitics of a 
human with those afforded by automation techndogies. The g d  of dreae systems is to give a human 
operator the subjective exp#ience of W i  at a mmte work site when k is in fact at a location well 
removed fiom the (potentially hezardous) work ana. Systems of this type tn said to exhiit We- 
pnsum". Tclepmencc is accomplished tlnuugh the use of spatially c o m p d m t  amtmls and 
high-fidelity sensory feadback systems which dlb the human aperetois cognitive and sensory 
capabiitits in a mannct that is natural to him. A mew advantage of the tckpfma crppoach is that 
the human operator does not have to concentrate on how to use &amilk or unnatural displays and 
controls but instead uses his own c~v'tive and manipuMve abilities to perfarm the ta& As a con- 
sequence, the telepmcnce approach minimbs the tim nquhd to perfocm work as well as mini- 
mizing the amount of training quind to use q h t m e d  

. . l l n a w o d r ~ m s .  

/- Although the goals of a telerobotic human-machine interface exhibiting teleprtscnce axe intu- 
itively straightforward to grasp, the quantification of terms such as "conespoadent controls" and 
"high-fidelity sensory feedback" in a manrm u d i d  far development nmrias a major challenge to 
tfre field. In addition, the p m p  blending of- assistance, mnob wark site sensay scasorY- 
back, and utificially generated seusory h l b &  is both a fasciaating and challenging endeavor. 
This talk will attempt to outline the prognss in human-machine h t d w e s  fiWa the p c q d v e  of 
telcmbotic Emote pmmcc and to suggest avenues fix ibtm mcach. 



ISSUES IN DESIGN OF HIGH DERFEIUFY, FORCE 

S. C. Jacobsen, E, K. Iversen, C, C. Davis, K. B. Biggers, and D. K Ikckmrn 
Uni* of Utah 
Salt Lakc City, Utah 

The Center for ~~g Design at the University of Utah is develop@ an antbmpmqbk, 
hydraPlicaly acn;leted, beleapenrted amr. The system includes a sixteen d e ~ f - f i # ~  slave 
mmipubr controlled by a kinmatically identical, sixdetn degneof-finedoxu for?ce;..ra&aive, 
e x a b h l  master. The project has facused on four anas: (a) f~~mulating analistic setoftklp 
ol&dvw which balrmce, against technical d t i c s ,  the desire for pwhmmce* nliatility and ccon- 

(b) undeftcsnding amtml- (c) dcsfgrins a d  -tias - -r m=-b 
unavailable) neassary for the construction of a successful machine and (d) i n t e e ?  subqmm, 
through a series of stages, into an operational teleoperation system. 

Gemating a compreWve set of desigo objectives q u i d  the &dentiion of Mtumtal 
questions such as: (1) what should be the kiaematic coniiguration of master and slave* hnd r\nd ann, 
(2) how many degnes of M o m  will be necessary for the level. of dexterity d e s ' i  (3) should the 
master be exoskeletal, or some other configuration, (4) what is the importance of force nfloction and 
how can its fidelity be impmved beyond c m t  systems, (5) what am the nalistic actmian a h m -  
ti- ~ g d v e a o d ~ w p e r f ~ q u i r e ~ ( 6 ) w h a t ~ ~ k r # l t l i n d o f  
~ s y ~ , C I ) w h e n n e c e s s a r y ~ c a n ~ b e s P c a s s f P l l y u s e d t o n m o t i # ~  

Our work in thc coiltrol ana f d  on: (1) developing stable position aud torque f#dkck 
aQQsoacaes whichnsult in &sirable her-system impedaace ( ~ u c n c y d e p e ~ g a i n , ~  
and damping), (2) genedug accqtabk joint-torque coanpumtion which mmvcs m&&abk 
effi;ects of gravity* mass and viscoas drag, (3) increasing system band- to impcove oparrta 
awmncss of loads imposed on the slave. 

Extensive efforts wen expended in the design and fabrication of pnsently unavairclble sabsys- 
terns such as: (1) mtary and linear hydraulic actuators along with nquind sen0 valves, (2) joint- 
torque sensors capable of remote-axisdg, high stiffi~ess, low stictioa and minimal sensing of 
loads on other axes, (3) position sensors with accqtable acamcy, (4) -on systems which 
include digital and analog ekctmnics for implementation of servo, intmdiak and higher level 
control functions, (5) systems for long range communication betwan tfie mester and slave systems. 
Designing subsystems such that they "packag~'' into the available shaped VOW as well H j -  
ing otber constraints was a problem of substantial magnitude. Packaging =mains an ~~ 
problem which in fact dominates many design decisions. 

F i y ,  work is pioceeding towards integrating subsystems into a working machhe which 
actually achieves its objectiva with nspcct to performance, =liability and ecoaomy. The system 
must: (1) be capable of operating in sea en-ts which includes d m  and substanW 

/- 





TELE-EXBi'ENCE ANIWBR CYBERNETIC INTERFACE STUDIES 
IN JAPAN 

SusumuTgchi 
Mechanical Engineering Labotatory, MiTI 
Tsukuba Science City, IbaraLi, JAPAN 

Telecxis te~~~t  aims at a natural and efficient nmott controi of mbots by povidiug the operator 
with a ml time sensation of psmcc.  It is an advanced type of tebpedon sy- which mables a 
human operator at tbe controls to perform ~ m o t e  m m i p u h h  ta4s dcxtumsly with tbe f d u g  
t h a t k o r s b e e ~ k o n e o f t h : a m d e m ~ ~ r o b o t s i n t h e ~ e a ~ e . g . , k  
a hostile environment such as those of nuclear dation, high temperahme, and deep space. 

Systematic maeach fot the deve1opment of tckcxktam has been at &EL by f e d q  
back rich sensory information which the remote robot has acquired to provide the operatw with a 
xed& scasatioa of paesmce. 

With the advent of science lad technology, it has becane possible to envisim tckqedon with 
a sedan of presence. Tbe concept of proj.,c*g ourselves by using mbob, cornputsrs and c y k -  
=tic harman interfaces is called Ttle-Existence, and a lot of effort has been made for tht nalization 
0f this~~colagpalsoprovidesanextens ionofhumansensiagaadmcrscPlsr~~ 

Tbe telecxistum systcm coashs of intdiptt  mobile raboca, their s o p a y h q  sobsysfem, a 
nmott-pmwmx subsystem ud a sensory aqumtatioo wbgystem, which allows an opentar to use 
tbe~sultruoaic,imfrca#ldother,otherwisc~visibk,sarsoryinfmnabiolawiththe~r 
gC8*- d o n  of plesuMx. In the -1YX subsystem, Id- 
istic visual, a u d h y ,  Elctile; kkstktic a d  vim disphys will be mbd (nf. 1). 

Using this system, a human ~ p ~ r a t ~ f  can be in a safe and COmfbrtabk en- ad, at tk 
same tim, be p#ent or exist at other envimnmats where the robots axe working. He or aw? will 
~tortbtwork~the~sscnsors,and,ifncassary,conductthetaskmbehatfofthe 
robotruifhewasdoiagthewodt~If(ideally)orasifhewasworkingins'rderhenobot 
@racticaUy)* 

The principle of the tebcxistmce sensory display has been proposed. Its design proccdm has 
been explicitly defined. Expaimmtal visual display h d w m  ha9 bcen built, and the t;rsnibilitv of 
t h e v i s u a l d i s p l a y w i t h t h e ~ ~ ~ ~ o f ~ l l ~ ~ b a s b a e n & ~ b y p s y ~ e x p e r i -  
meats using tht test hmdwam (Iefs. 12). 

A method has also been proposed to &velop a mobile telecxistence system. which a n  P i  
amate~y driven with the auditocy and v i s d  sensation of pmam (mf. 3). A paorype mobile tela 
vehicle system has ban coastnrted and tbe frqsibility of the method has been C V ~  



In order to study the use of the telecxistence system in the astificially construcM tavhment, 
the visual tele-existence simulator has been designed, a pseudo-nal-time binocular solid model robot 
simulator has been made, and its feasibility has been expuimcntaUy evaluated (ref. 4). 

An anthropomorphic robot mechanism with an ann having seven d e w s  of M o m  hrr been 
designed and developed as a slave &t for feasibility experiments of telcopexation using the tele- 
existence method. An impedance controlled active display mechanism and a bead mounted display 
have also been designed and developed as the display sub-system for the master. The robot's struc- 
tural dimensions are set vcry close to those of humans, and it is designed to mimic the movement of 
humans (ref. 5). By using this tele-existence master slave system, the feasibility of the tdeexistence 
master slave system has been demonstrated. 
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TELEROBOTICS IN THE DEEP OCEAN 

Hagen Schempf and Dana R Yoager 
Woods Holc Ocamjppbic Institution 

woods Hole, Massachuse#s 

Remotely operated vehicles can be made more useful for a wide range of survey tasks h& 
the use of precision navigation and automatic control integrated under a pllopet supavhory control 
hnework, Tasks ranging from scientific smey to ship hull inspection caa be done mon produc- 
tively and produce a m useful d t  ifthe motions of the ROV are tightly controlltd A key b e a m  
efit of automatic control is the ability to npeat a track at a later time to study dynamic poasses 
Stanoof. 

This paper pmmb, experimental mults of the control system for the JASON ROV that has bwn 
dcsipd for pddon survey and other automated applications. The JASON control system e q h -  
sizes a form of supervbry contml when the human pilot and the au'tomatic system shan the control 
task. Results presented included hovering, auoornatic hack following, and several b m t i v c  modes. 

JASON is equipped witb an un&nwater m@ulatof that can exhibit a nide faage d c o m p h  
h@ a combiion of mechanical design and software control is dkibecl and its p e d o m c c  
charactcrhd. The major goal of the design was to produce a mmipulator that can control the inter- 
acticmforceswiththe worLtaskandcanworkttliablyinthehestiledapoceaaen~The 
manipukds perfixmmm has been chancterizad in tbe lab a d  its overall opc#atiaul utility has 
b e e n c o n f i r m e d d u t i n g a n ( ~ ~ h a # , ~ c a l ~ v a t i 0 ~ r r t 7 0 0 ~ & p t b i n t h e ~  
Results from the lab tests and sea trials wi l l  be pnsesdbd 



MODELS OF REMOTE MANIPULATION IN SPACE 

Blake Hannaford 
University of Washington 

Seattle, Washington 

Astronauts operating in space can hardly be called autonomous. Their progress is constantly 
being monitontf and supported by the ground team, The same procedures will apply to robotic sys- 
tems in space - no matter how intelligent. This is also true of other important manipulation tasks. For 
example, a surgeon must perform an operation within a system of supervision and documented pro- 
cedures which ensun quality care and accountability. What these two domains have in common is a 
high value environment in which a highly specialized manipulation is performed a small number of 
times (in contrast to factory automation). Thus robots involved in high value manipulation must be 
efjFbctively coupled to a human operator either at the work-site or remotely connected via communi- 
cation links. 

Hun* of hours of man in the loop experiments have been performed to quantify the perfor- 
mance of telemanipulation systems with diffennt levels of capability. 

In order to make use of experimental performance evaluation data, models must be developed. 
Powerful models of remote manipulation by humans can be used to predict manipulation perfor- 

f - mance in several ways. Fit, they will allow prediction of performance in future systems based on 
today's laboratory systems. In this paradigrr, tk models an developed from experimental data, and 
then used to predict performame in sligidy cliff-t situations. Second, accurate telemanipulation 
models will allow design of manipuhth systems which extend manipulation capabiity beyond its 
c m n t  bormds. 

The barriers which an currently bcimg extended by state of the art remote manipulation systems 
include distance and scale. Distance benius are most relevant to space telemanipulatioa although tht: 
large manipulators made feasible by the lack of gravity involve scale factors of about 10. Micro- 
teleoperators are now being developed which couple the operator to micm-worlds. For example, a 
force reflection system has recently been developed by IBM which couples the operator to the tip of 
a scanning tunneling microscope: a scale factor of about lo-'! 

The famous time &lay problem inherent in overcoming the distance barrier is yie'ding to new 
methods in which control is shared between the manipulator and the human operator in ways which 
allow energetic interaction between manipulator and environment. 

Models developed by several l a b o d e s  to explain the dynamics of kinesthetic force reflection 
will be brieily reviewed and applied to tht experimental data. Two-port network models have been 
successful at improving the understanding and performance evaluation of teleoperators with kines- 
thetic force feedback in which the human operator, master manipulator, slave manipulator, and envi- 
ronment are coupled together through savo control loops. Such systems can create a sense that the 
operator directly manipulates the environment. , 



A relatively new model of task prfomance based on Hidden Markov Models, is able to analyze 
progmssion of multi-stage compound tasks. The HMM has several properties that makc it attractive 
for use as a near-nal-time execution monitor and post hoc "explainer" in practical applications. 
Among them are: 

1 

o Explicit Representation of Uncextainty 

o Support for "knowledge based" operation (tbe HMM can be constructed heuristically by an 
expert). 

o Closed form, thomughly developed, efficient algorithms for state estimation (Vilerbi) and model 
identification (Baum-Welch). 
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TELEOPERATING niE SPACE STATIONS 

WLMinslry 
Massachusetts Institute of Technology 

Cambridge, MasWhwetts 

(Talk not pmented,) 



SOME CRITERIA FOR TELEOPERATQRS AND,VIRTUAL 
EIWIRONMJDJTS FROM EXPERIENCES WITH 

Vli'lICLE/OPERATOR SIMULATION 

Henry R. Jex 
Systems Technology, Inc. 

Hawthorne, California 

Over 30 years of experience in the simulation, modeling and analysis of man-machine control 
systems has ssulted in a variety of xulessf-thumb and some quantitative criteria for assuring valid 
simulation of "d-world" situations and likely users. It is hoped that these criteria, which apply 
directly to teleoperations (i.e., no communication &lays; operator-in-thc-loop; no U~mart-&t'* del- 
egation), will be useful for designing better telerobots and in simulating telerobotic controls and vir- 
tual environments. 

Fit, some definitions are given: "Valid simulation" is defined as that producing the same opera- 
tor behavior, performance and mental workload as the real-world case. r)elay M m t "  is the 
(measured) sum of al l  throughput delays from: sensing, computing, pipeline and display generation. 
"Kinetosis" is the vertigo and malaise from conflicts among visual, vesti'bular and proprioceptivc 
motion cues. "Mental workload" is the operator's evaluation of his attentional-load margin while 
performing adequately in a specified task context. 

A nview is given of a wide range of simulations in which operator steering control of a vehicle 
is involved and the: dominant-cues, closed-loop bandwidth, measured operator e-ve timedelay, 
and ratio of bandwidth-to-inverse delay, are summarized. For well designed and low mental work- 
load conditions, this ratio is well under 1.0, as control theory would dictate. However, for important 
human tasks like fast locomotion, the ratio appmches 1.0 ( h i t c d  by the i n v e  delay limit of 
about 8 rad/sec), and the mental workload becomes critical. These imply requinmctlts that the eye- 
ball s t a b i i o n  and pursuit subsystems have higher bandwidth. More importantlyI it dictates that 
any simulation delay artifact must be less than about 114 of the effective operator &lay in a given 
task, i.e., less than about .04 seconds delay artifact for locomotion simulation. 

A correlation of kinetosis (simulator-sickness) with dynamic scene fieldsf-view (FOV) is 
shown. It has been found that, to avdid kinetosis, the FOV should span less lateral view than a curve 
of about 1.10 Gy would cover at real-world speeds (typically, less than 60 &gnes). Other nquire- 
men& include: framing of scene " s ~ r s * *  and avoidance of perceivable image jitter or "strobing." ' 

The visual -1ution of a virtual environment should allow Ecading a newspaper subhtadlines at 
anns length. High Definition Television (HDTV) would pass this test. 

The use of moving base simulators to improve the validity of locomotion telcoperatim is dis- 
cussed, and data are shown to support the following recommendations. Linear motion bases are not 
needed if the real-world task entails less than about 1.1 Gy of transverse acceleration. If the mk Gy 
k greater, it is more important to maintain correct motion-cue phasing (00 &gne disparity) than 



amplitude, which can be cut to about 1/5 the actual bvtls. Rotary motion rates an ,scad and used 
as 'Wary d o n  dampem" when thc nal-world task is xegulatiou againro inertial d o n  dhu- 
banas (as in nmhg), but axe ignond when the task involves pursuit of a maneu* target. 
D e e  are discwsed in the ptcstntation. 

Some ndcs-of-thumb for good '%el-systemn simulation, such as for control manipuhda are 
given. Wu vernacular version dictates that "good" simulation of a: 

- zero hrcrttcr md force-fke control should Yccl like a stick of balsa wood" (negligible 
friction, jerk or jitter) 

- hrd stop should Yeel like a brick wall" (no c m p  or sponghss) 

- coulomb iMctknr should ''feel like sliding a nfdprator m e e t n  (nmain in place; no creep, 
bounce or jitter) 

- ecllterfug dctcnt should "yield an audible "klunk" when traversed" (no lag or sponginess) 

Try thesc on your favorite manipulandum! 

Finally, simulation tests of teleoperatom and virtual environments should include three types of 
measures: system performance, operator (or robot) "behavior" (e.g., describing functions, etc.), and 

/-- - mental workload evaluations. The criteria for adequate mental workload measures are that they be: 

I. Relevant - 
2. Sensitive - 

- 
3. Concordant - 
4. Reliable - - 
5. Convenient - 

to mental workload, gct sc 
monotonic correlation with workload 
insensitive to irrelevant variables 
high test power (cov-dual) 
ubiquitous mnds in target population 
proven test: retest qa@Mity 
proven norms and statistics 
easy to administer and learn 
portable 
low cost for adequate level of =liable d t  

Properly designed subjective ratings usually fam better than such mt8surcs as evoked response 
potentials! Examples of the foregoing approach axe given, in optimizing motion washouts. 

If your tekopcrator or virtual environment simulation can pass these rule-of-thumb tests, tben 
you can be fairly sun that it will provide results which am stand the find test of nal-wortd valida- 
tim, form a proper data base for scientific modcling and tnginecring design, and be liked by its 

B USCtS. 
- 
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REID OF VIEW VS. KINETOSIS 
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VERIFICATION OF VAWD SIMULATION 
MOTION CUE ARTIFACTS 



SWAY WASHOUT PARAMEERS VS. COMMMTS COMPARISON OF OPTIMUM SWAY WASHOUT 
VS. ROLL ONLY 

\$h" 
#.j 

UNOESIRA~L€ 
ay mollon-cws 
hlghly dlstortrd 

Swg Wmbu8 Freqwncy,ollr0d/sd 

oo a 4 Al .8 10 

20%. Wnrv R.. Ramand 8 .  Makrra, W w  p. Jm.11, 

Na 
-vmb 

I 

MOlW SWAY WASHOW Vf. R O U  OM,Y . 

I I I I I 

Roll Only 
r Rdl-#rly 8 a ~ l l  Atp, a), r g + 



MAN-MACHINE INTERFACES IN HEALTH CARE 

Steve Qlaries, M.D. and Roy E. Williams 
Center f a  Eagincering Applications 

Memphis, Temessee 

The swgcon, like the pilot, is codmtai with an ever inmasing volum of voice, data and 
image input. S i m y *  tbe surgeon must control a rapidly &rowing number of devices to 
&liver care to the p a k k  The broad disciplines of man-machine interface design, systems integra- 
tioa tlnd telmpcdon will play a rcile in the operating room of the fume. The putpose of this coa- . . mmcatm is to tbe incopration of these design concepts into new surgical and laser &liv- 
ey systems. A zcview of e& general problem area an8 the systems mdex &velopment to solve tbe 
~ f o t l o w s .  * 

opbrhlmologJris8 mchbdependent specialty embracing the patient-machine interftct and 
tbe surgum-rnehinc hterkx. As many as fifteen independent systems may be use2 !a tbe operating 
roam during 8 aPgi#l pocedun. Each system is cumntly manually controlled cmth3 an intensive 
operabor interfs# envirrmmentt. The suqgkal operating system known as the Ocular Co~ection 
Machine (OCM) has rcduad the number of stopcocks, foot pedals, adapters, displays, controls and 
power cords by scvcral orden of magnitude. Physiological analog parameters, inclliding intrmcular 
tmpcmtm and pmmm p v i d y  n x m i d  with human interaction m now controlled by scrvo 
systems, white sargial- parameten, LC., cutting and thermal, ate amtrolled 3 dual prppor- 
t i d  podtionkg of the -*s foot. Multiple displays have been rep- by one thus d u c i q  
viewing time and esak By reddng tbe mount of man-machine intaactions, tbe sys&m ma&dly 
rrrhrrr set-up tbm and CLCIuMIp tk, as well as ~ v h g  ~rcWiIity, f?unctionality and patient 
-5'. 

Laser tmtnmt of the d n a  5 an intmsive man-machine task. The o@thahoIogist must 
dcmmhc the area of aim the beam and fite while the patient is awake. Tbc Laser h q h g  
Work Station (LWS) currently under development alleviates much of tbe o@Wm&@-mw:hi# 
kderactioa and d u a s  thC M o r t  of the patient-machine interaction. Tb LIWS is an integrated 
system mtaiuiug a high-speed digital correlation ntinal tracker* an automated laser &livery sysrm 
which controls laser power, wavelength, spot size, duration and location, a d  an expat system with 
algodtlms to avoid tbe macula, optic newt, vessels and prtvious photocoagulated anas. Surgeon 
interface occurs off-line whereby a patient treatment template is determid and down-loaded to the 
laserdeliverysystem. 

Real-tim diapxtk imaging of a pathut's eye is cunnntly nsolution limited, twodimnsional 
and user interaction b&asive. A system b cumntly under &velopmnt which provides q u a s i d  
time ster#, (3D) ultrasumd awl impmved lateral resolution. Depth of the viewing volume within the 
eye (focal plane) is i b t i d  to armnt focus mechanisms used by ophtbhologists wbenby a hand- 
heM deas is moved forwrtd and backwd yielding difftrent viewing planes (ihdinct 
opbdratmrscopy). Tbis hand* coodidon  and resulting spatial infixmation will be natural for 



Utihtion of advanced robotic systems in a tdeoperation e n v i r o m  will enable mimwc- 
geons to improve pmsent operations and allow thaw sugsons not as dexterous to puform ~ o n s  
not manqabk with present systems. POf example. epirctinal membranes too thin to nmovc without 
risk of numb holes would be a dizable target for the ophthalmic mi-n. By applyias 
6 degnesd- hdorn in a comc-fiae strategy with traaslatonal rcs01utions of 10 to 20 m h m ,  

.. these tcchniqws and others are made possible. The surgeon controls the bilateral robotic sys!an 
thmgh tbe surgeon-- inttrface (SMI) which provides stiffness feedback by sensing force and 
position at the operating site and backdriving actuators within the SMI, Fktk sensing of opticrl, 
e ldca l  and meal impadance at the opedon site is M back to the surgeon via the foot 
pedal intcrbx, ofking another nalm of sensory tbibuk 



TELEROBOTICS IN REHABILITATION: BARRIERS TO A VIRTUAL 

Lany Leihr, Machiel Van Der Loos, and Stefan Michalowski 
Stanford Center for Design Research 

S ~ r d , c a l i h r n i a  

The Need for Tekabotics in pah.MHt9ttrun ' 

Then are over 67,500 quadriplegics in the United States today, with an estimated 2.400 to 4,000 
new injuries occurring each year (Stover et al., 1986). These injuries occur most fnqucntly among 
young males between the ages of 16 and 30. Due to advances in d c a l  tnatment (antibiotics and 
skin can), these individuals now have a nlatively normal life expectancy. They an alive, but & 
matically cut off from most aspects of a normal existem. Tbey live, uirtually, through the actions of 
others. Perhaps, lik would be mon fu l6 lhg if they were also the oppormity to directly 
control thdi environment thFough tclttobotic tools for in-dent living. Virtual telerobotic envi- 
ronments for the rest of us could bring nality to these iadividuals. 

It is estimated that caring for a quadriplegic, including standard medical tmtmcnt, equipment 
maintenance and attendant can, costs about $47,000 (1980 dolb)  per year. This translates to, 
approximately 1.9 million dollars over forty years (Kalsbeek et al., 1980). The net direct cost to the 
Department of Veterans Affairs will be approximately $5 billion for its current population of service 
connected quadripkgics. On the promising side, Young et al(1982) estimatbd that every dollar spent 
for rehabilitation research and development =turns $1 1 in cost benefits to society. In tbe case of 
quadriplegia, thc cost of attadant care (nominally $25/hr to tbe insuer and inmasing) can be 
reduced by providing personal telcrobots (nominally $ 5 k  and decnasing). Hamml et al. (1989) 
demonstrated that tckmbots can satisfy the vocational manipulation needs of p d  computer 
users for periods of over fm hours at a time without attendant intervention. Emplaymnt makes it 
possible to recover some or all of the in- cost of sevem disability. 

Barriers to Tekmbotics TecbndogV fn Rehabibth and Health Care 

If the direct cost of seven disability is so high, and telerobotics technology is available to help 
nduce costs, then what have been the barriers to its widespmd acceptance and deployment? Clini- 
cal experience with telerobos suggests that there are several key baniem: 

Social Barriers: As a society, we place little emphasis on restoration of function for persons - 
with disabii,  we pnfer to "take care of themn. Because the economics of cost and ben- 
efit are not coupled, we fail to see the opptudty. However, even if we began deploy- 
ment today, our society has educated too few persons to support the a d v d  assistive 
devices (i.e., we have enough nsmchexs to cnate in&pcndent living fools, but too few 
development and service persons to support clinical and domestic usage). These are the 
dominant factors impeding wider adoption of advanced technical aids for persons with 
disability. 



Institrrtional Badem Govenunent programs am scattend and disjoint. Them is no system- 
atic vision and consi&rable inter-agency protectionism. Perhaps most sigdfbmtly, the 
"conflict of intenstn witch hunt in govenunent makes it virtuaUy i n p d b b  to rraasSer 
laboratory results to the commercial sector in a timely and cost-effective manner, For its 
part, the commmial sector does not tatkc the investment risk to &wlop thesc devices 
because it is not clear that third party rtimbmexrmt will be forthcoming. 

TecMcal Baniem Here, at least, the science and engineering communities do have some 
control of the issues, these includc: 

The  human^^ is the dominant technical banier to wi- use 
of telerobots in rehabilitation. Text, voice, gtaphic and kinemadc c o d a n -  
trol interfaces axe very cumbcmme for robot motion specification, planning and 
supervision. This forces the user to be overly dependent on pn-progmud 
motions and the technicians who create them. We must work towards 
"instrw:tabltn telembots. 

The m a ~ ~ t - i n t e r f a c e  is the second most deficient aspect of teler- 
obotics in nhabilitation. The absence of sensor driven grasp and object appoach- 
avoidance reflexes forccs the user to W t l y  control end-effkctor motion un&r 
difficult observational circumstances and without "natural kinesthetic cues". We 
must develop robust sensate end-effectoxs and the bbreflexes" to make them useful. 
Force (impedance) control will be a quirement fm advanced user suppo~ ceslts. 

Mobility, orthe lackof it, definesthe telcrobot's workspaceand,inpaxt,its ulthatc 
utility. One can not muonably expect general C06t4fcctiveness when people 
must be available to bring work to the telembot. Raw m o b i i  is, however. not 
enough. Remote presence makes much gnatet demands on the user-interface and 
telerobotic sensory capability. A moxe "intelligent" robot may, in fact, be the 
greatest challenge yet to the user-inte- &signer. 

Fault-intderance is an overriding shortcoming of almost all robots. As program- 
mable electto-mechanical systems, they are inherentty subject to a very wide 
variety of fault modes. Not even the digital contmk in cumnt machines take 
advantage of computer fault-tolerance architams (which themselves makc no 
provision for sensor and actuator failure modes). W- personal use of 
telerobots will q u i r e  fundamental progress in design for fault-tolerance (we must 
get well beyond just being careful). 



Telembotics in Rehabllitatkm Once Around the World 

A small number of unMinancr:d telwbotics teams around the world an attempting to over- 
come these barriers. The most mmt compilation of papers are in the Proceedings of the "F i t  1 . -  
national Workshop on Robotic Applications in Medicine and Health Can:*' (1988). The next edition 
will grow out of the International Conference on Rehabilitation Robotics (sponsored by the A. L 
duPont Institute, June, 1990). The following synopses highlight some of the ongoing R&D (see 
Table-4 for a technical comparison of the telwbots used. 

The Johns Hopkins University Applied Physics Laboratory (JHUIAPL) project (Schneider et 1, 
1981) concentrated on the implementation of a workbench-mounted robot intended to perform 
activities of daily living (ADL) tasks. The design (initially 4 dqps-of-fntdom then extended to 5) 
was derived h m  pmthetic arm technology. ContFol is accomplished by a head-motion (chin) con- 
trolled joystick for joint specific motion. Pre-programmed motions are invoked by menu-selection 
and input commend via a sipand-puff switch. 

The Tufts-New Englaud Medical Center robotics project (G'ibert and Foulds, 1987; now at the 
A I W4mt Institute) conctlltmted on the desii of a universal robot programming language, 
CALVIN, to provide a common interface to the many diffierent manipulators available. Using 
CALVIN, they set up a variety of small, low cost, robot work alls (typically 4 and 5 degnesf- 
fizcdorn mmipuhm) m clinical rehabilitation settings for disabled childten. The clinical objective 
is to foster intellectual development of the child. 

/' 

The Boeing Company developed a voice-controlled workstation using the Universal Whine 
Eatelligetlcc RTX (5 degnt of M o m )  manipulator (Fu, 1986). The distinctive f w  of this pro- 
ject is that it's user inberfirct is a voice query system for large data bases developed by Boeing. Pnb 
Command, Inc., began marketing the system in 1988 for vocational applications. There is very little 
teledmtic function beyond pre-proepmmexi dkhtte loading. The internal project at Boeing has 
ended and Prab sold the technology to the Zenith-Heath. 

I 

From 1980 through 1988, the Veterans Administration s p o d  a collahrativc effort with 
Stanford Unimsity (Leifer, 1982; Hammel et al., 1989) to test the hypothesiis that industrial manipu- 
lators could cost effectively serve the needs of severely impairtd spinal cord injury patients. Tht 
project demonstrated that, through voiced conmands, the utility and reliability of a high perfor- 
mance manipulator (PUMA-260) and control language (VAL-2) can yield attractive cost-to-benefit 
performance ratios when the telerobot is able to operate for four homs without attendant interven- 
tion. Sensate end-effector* mobility, 3D point designation and rptraal language studies laid the foun- 
dation for further R&D. A desktop vocational assistant robot (DeVAR) version of the system is 
available commercially. 

Outside the United States, the Canadian Neil Squirt Foundation has developed a low-cost 
manipulator designed for desktop applications in rehabilitation (Cameron, 1986). The system is 
being sold by the foundation. At the Institute for Rehabi ion  Research in the Netherlands, Hok 
Kwee (previously with the French Spartacus project (Kwce, 1983) and his colleagues have &vel- 
oped a wheelchair mounted. joystickcontrolled, manipulator (MANUS, Kwee, 1987). They are 



particularly interested in collocation ofthe robot and user at all times. The mauipulator is expected to 
function as an ann, not really a telerobot. 

While human attendant can is the nonn today, and telcmbotics technology promises to ~~ 
some attendant time cost effectively, then is a third altmative. Capuchin monkeys have been . 
trained to provide attendant services from f#dine to apphce operation (intunal VA pangram 
review, 1988). Monkey training is expensive, labile, and done by methods objtcdonablc to the ani- 
mal rights community. Programgramretention (to a maximum of 12 short tasks) and willfulness remain 
si@icant obstacles to the monkey assistant compt. The approach is @cuMy limited by the fact 
that monkeys can only work oneqnsne with their user. The dhtracdons of institutionrl and voca- 
tional settings render the monkey ineffective. 

Table 1 pnsents an extended comparison of the stmgths, capabilities and limitations of five 
approachss to augmenting the independena of severely impaind persons. Supported by a gco* 
body of expabntal  evidence, this comparison strongly suggests that telembots can become cost- 
cffktive pusonat and vocational asshtants. Table 2 lists many of the fsedia& pusonal hygiene, 
vocational, a n d ' d o n a i  tasks that have been de- over the past 8 years by four genera- 
tions of the Stanford-VA Rehabilitation R&D Center's Telerobotic systems. Table 3 identifies the 
technical functions q u i d  to perfonn these tasks. 

The operator interface will remain the dominant problem. It is so difficult that most systems 
r designers prefer to ignore it and focus on "tangible" technical specifications. It is likely to use mul- 

tiple-chaanels in the sense of incoprating a "natural robot instructional langmgcn and bi-dinc- 
t i 4  pictographic dialog between the operator and tbe system. Inmasingly "autononmusn teler- 
abots will actwlly inmasc the burden on this inte~facc. 

Serwor driven motion planning and autonomous grasp/avoidance reflexes will become common- 
place. The rate of introduction of such features will, however, be much slower than expected. In part, 
this is due to the fact that system mhitectum will continue to be "fault-intolaant" such that the 
introduction of botb sensors and progmmmd =flexes will bring new M i  problems with them. I 

Force (impedance) control of telcrobots will continue to evolve slowly even thought this capa- 
b i i  is a fundamental noquinment for any robot that must work intimately with humans. Physical 
therapy by robots is both needed and impssible without force control. These liaes of technical evo- 
lution will themselves depend on getting mon appMons feedback from teltxdum in the clinic, 
home and office. In combination, we see a rather daunting challenge. 

The following individuals have made important c o ~ o n s  to the d g  in tbis paper: Joy 
Hanunel, David Lees, Dean Chan, h&r Perkash, Lin Liang, David J. Cannon, Charlie Wamplcr, 
Chuck Bucklcy, John Jamson, Doug Schwandt, and Jim Anderson. 
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T W  la In+ Review of tbe CapabUtica, Stm@hs and W- of Five Basic &pacbs 
to the Restoration of NbmipuWve Fuaction fot People with S c n n  Physical Limitations (aoae = -, 
limited = *, usable = **, good = ***, excellent = ****). 
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Table lb 

Alammmt 
PERFORMANCE 
Task time 
Training time 
Numberoftasks 
C 0 ~ d s p e r t a S k  
Recision 
m a t y  
Reliability 
Accessibility 

SAFETY - ~ o n c f i w s  
Intrasion errors 
Contact errors 

COST 
Hardwan 
Soffwarn 
Tfahhg 

Costmour of use 

Environment Controllers 
Prostbetics Workstatiop8 - scamom 

Monkeys - Willard 
Robots-wer 

People 

seconds minutes minutes 
2hrs 3 0 h r s 2 m s  
10-20 15-30 10-20 
1 1-4 1-4 - 5mm 2mm 
- lmm 3mm 

, high good fair 
24hrs 24h 12hts **** *** ** 
5% . 10% 5% 
0% 4% 5% 
0% 2% 4% **** ** ** 

minufes 
40hrs 
20-200 
1-20 
Oalm 
0.2mm 
good 
2Ahrs ** 
10% 
5% 
2% ** 

seconds 
rUus 
40-400 
1-2 
2mm 
3mm 
fait 
8 b  **** 
4% 
2% 
1% * 

low mcdium medium high low 
low low high high low 
low medium high mdium low 
low medium medium low 
$lhr $4/hr $lO/hr $5mt 

hish 
$25h 



Table 2 Meal pepamion and sewice, vocational material hading, personal hygiene, and m- 
ational tasks that have been perfoimd for and with disabled individuals acnws four generations of 
&sktop robotic asshuts @eVARs I, II, III, IV) 

anauge table setting 
open and close mimwave door 
open and close nfiigemtor door 
mrmipulatecolltainers 
setappliancetimr 
porn liquids and solids 
beat eggs 
toss salrd 
soup preparation and service 
heat and serve casseroles 
mpuadhrg 
servefhlit 
pnpare and save spaghetti 
p q w e  and bdre a cake 
use knives, forks and spoons 
retrieve drinks 
mixdrinks 
lodrand~crrbiaetdoors 
ligbt and extiPgDirh candles 
light and extirydsh cigantte 
opal and close storage drawers 
room lights 
wiadow open and close 

write with pen and/or pencil 
retrieve books end manuals 
set up books for nading 
tunr book and nport pages 
turn on-off computer equip- 
wonkey- 
adjust keybod position 
operate private and qmkm phones 
insert and ntrievc diskettes 
insert and ntrievi: audio tapes 
operate dictation equipmnt 
manipulate printout 
voiced control of genaic so- 
loadandopetateptiater 
retrieve and serve medication 
circuit boards for inspection 
aperateelectroaiccoptrolunits: 
d o o r o ~ o n  
==itYsystem 
stemequipment 

Rccrcrrtia;l 
paintandsketch 
arrange flowers 
hand out flowers 
hand out candy and souveuh 
perform ont armd bauet 
checkers 
m o ~ p o l ~  
television 
opcratevideoganms 
pac-man 
invaders 
P ~ Y  w: 
chess 

comb end btush hair 
blow nose 
apply mntMm 



Table 3. Several functional capabilities rn needed in a Telerobotic Assistant to achieve utility in tbe 
perfonnancc of independent living tasks, not nceded ( ), should have (0). must have (m) 

uApmlwmT*  -- 
Food %wke 

PeraonalHygh 

Personal Glrooming 

Clothing Management 
Appliance Usage 

VoCAT#mTwio 

Storageam 

Equipment Operedion 

A-mw 
word f'mwsdng 

ComQuttng 
Materials Processing 

RECREATIONTrder 

Reading 

Film a Vkleo 

perfanning 

GraphlcN 

w 
Sodallnteradiocl 



Table 4 The performance and technical fatures of selected Rehsb'iation Robotics pjeds arc reviewed in m n - 1 ~  
chronological order. Legend: DF = degrees of M o m ;  R = rotational joint; T = bandatid (liaar) degree of m. 

ARM 
TYPB 

HAND 
TYPB 

4mumoL AUTO. 
MODE(S ROUT. 

PROGR S-Y UARN W. RBUIS- 
CAPAB PLlNCrtON MPPKl CAPAB B W Y  

2. RANCHO 
dui? m. 

Mukid SDR 
sR.ur.2lkg 

nme Iarv 

9. PAVA - nme lav 





VIRTUAL ENVIRONMENTS 





CREATING BETI'ER VIRTUAL WORLDS 

Co~gmachineshaveblMl;gbtnewopgaamitiesaswtllas~gestoaa~~011 
age. While computer capacities and speeds have h e a s d  mmbbly, our ability to commPnicate 
with these infomation e q k s  is still limited by pooz inmerEaces betwccn.bre human and th oom- 
pmer. To hamess and exploit the power of tbe compuar as a tool and exander of om intellsa, it is 
esseotialthatwebuildnewinterEaceswhichanMti~~trrmspll~eptand~~~ofm 
inom spatial abiities. 

The new technology of virtual inoesfaces povides arcvolutionaq way to impwe the ampling 
o f t b e h u m r r n t o t h c c o m p d i a g ~ V ~ ~ I s a n d a i s p l a y s a l l o w p a a ~ ~ ~ ~ ~ ~  
ia~dimensi~~l~tobemadetotheyes,earsandhendsafthe~byp~o~"virtual"~ 
itdo the senses. To gain this global experience "the human literally wears the computer." \ T i  

/- 
I intcrf& transfer stimyli to the eycs, ears and hands, and use had, eye, hand movement and speech 

t o a m t m 1 ~ ~ I u t h i s w a y  t h e q e r a t o r c m b e s u m n m & d b y a u ~ " d c o m -  
~ s y a t b e s i z e d i n f o a n a t i o l l ~ h i c h ~ 8 ~ p r t i a l W d d ~ w b i c h b e d ~ ~ 1 l l l .  
& e c t i v c l y c o m m u a i c r o e . T h e ~ ~ i n t u r n , ~ w i t h h i s g l o b r l m e d i u m ~ ~ r t  
objeas,pointinghishmtPandgivingvabalammmds.Tbemediumalsoall~~btirtoal~ 
~ h a p p c a t t o b e d b u t w h i c h ~ v i r t u a l ~ ~ t o b e t o u c h e d a n d ~ b y t b e  
haAl.IILOlrdCtto~tbCvirtual!3pelce 

i n t o a c a n m t t b C ~ ~ ~ f t h e h m r r a r a n d d y n a m i c a U y c r # l t e r , ~  
soond,videoandtactileimageswhichrppearasan~rcalitysllm#mdingtbeuser. 

TbevirQal~Mbedabarenotonly~01~~marryexis t iPginmfacepob~krt  
empower new aad nod interfaces fa operators in vehicles and other qplidons such as 
te- computer-aided design, medical inmging, pmthcs for tbc ~QCI cater- 
tamnrcnt Even though som aspects of virtual interfaa tecbndogy have been unda devclopamt 
fatwodcdcs, then- StillscveralkyproMerns whichnmstbea&esscdandrcsohndtomake 
theseunmptspracticalfornserurcb,iDdclsrdalandconspmer~ . . 

d below: 
--= 



THE PROBLEMS 

1. We don't understand the human factors of virtual space. 

2. We don't h o w  how to mcmm the "goodness" of virtual worlds. 

3. Except for the m o ~  expensive military versions, virtual displays lack sufficient nsolution for 
wide field-of-view presentations. 

4. Position sensing tcciumlogy (for coatrol and image stabiim) needs impmvement to 
iacresse p i s i o n  and update rate while reducing noise and sensitivity to coductivt materials. 

5. C h m t  graphics engines have limited update rate and polygon count. 

6. The hesdgear is too heavy. 

8. Thcrt is a need for a universal sofhme d t ec tu r t  and tool kit for supporting fu tm devel- 
opment and application of virtual worlds. 

/- 

9. Virtual interfaces arc too expensive. 

10. There is no fonun cumntly for discussiag tbe developmnt and applications of v'uaul worids. 

PossmLE SOLUTIONS 

As ramrch and &velopnmt laborptories in universities and industry respond to tbe growing 
excitcmnt about virtual worlds, we would p r o p  that a research agenda be established to solve tht 
problems above. Hem axe recommended qproachts.. 

1. Establish a national knowledge base mgarding the ergonomics, technology a d  applidon 
of virtual interfkxs. Build a cenrralized bratwe collection, and interfact with the Crew System 
Ergonomics I n f o d o n  Cenar (CSERIAC) at Wright-Patterson AFB, OH. Add to the Handbook of 
Perception and Human Perf- aud the Engineering Data C~)mpendium publisbcd by the Air 
Fonce. Begin a scholarly journal to address issues of virtual interfaces including the psychophysics, 
technologies and applications of virtual worlds. 

2. Explore new psychophysical and neurophysiological measuement techniques which opcnue 
within virtual worids. 

3. Develop high lrtsolution parallel image projection approaches which nduct bandwidth and 

i 
, don't quire the pduction of an auial image. 



f 

4. Develop position measurement approaches which are passive. 

5. Improve image stabilization (close loop outside graphics processor). Develop graphics pro- 
cessor to support parallel information input. 

6. Eliminate wires with passive sensing and data links. 

7 Create micmscanner for Maxwellian view image projection. 

8. Create mindware to take into account the perceptual organization of the human. Stan* 
on network protocols for televhality and transportability of software and applications. 

9. Establish a special interest group on virtual interface technologies under the aegis of the 
ACM,EEEorHFS. 

V i  interfaces provide a bold new opportunity for solving many of the perplexing problems 
of interfacing human and machine intelligences. As pioneers, we are obligated to pursue the &vel- 
opment of virtual interface technologies in a s y s t e q c  way and to leave a technology base and tools 

,-- as our legacy for others to build upon. If developed systematically, virtual interfaces can be one of 
the gnatest advances of our age. 



INTERACTING WITH VIRTUAL WORLDS 

David Zeltzer 
Massachusetts Institute of Tccbnology 

Cambridge, ndasdl- 

What tools should we provide the user for defining and htmcthg with objects and agents in 
virtual environments at varyiag levels of complexity? UndenrEmding the appropriate simplifications 
to makc is critical for modeling non-trivial envhmcnts and agents with vaxying levels of auton- 
omy. I describe a set of abstraction m c h a n h s  approptiate f a  constmcting and intemchg with vu- 
tual worlds, and I discuss how programming, and k t  man@Won a gddhg techniques, can be 
used to afford users interactive access to graphical simulation8 at appphte levels of abstrdon. 

Smctural abstractions provide a mechanism for descxib'ing the lrinematic structure of objects, 
such as trandormation hierarchy for a jointed figure, and for d&hg physical attributes of objects, 
e.g., mass, stiffness, etc. 

Procedural abstractions an a mechaaism for d e w  procases that control rigid and non-rigid 
object motion, such as elastic deformation, collision detection, forward dynamics a inverse kinemat- 
ics, independent of the structun of the agen or object. 

/-- Functional abstractions are the means with which we associate procedures with objects and 
object sub-assemblies, for the purpose of d e W g  meaningful behaviors. This allows complex, 
largely unmanageable systems with many DOFs - like the h u m  figun, with over 200 DOFs--to be 
decomposed into a set of small, managable subsystems, each with few DOFs. 

An agent consists of a structural definition, a set of functional units which &hne the behavior 
npertoire of that entity, and some mesas for selecting and sequencing (possibly amcullcnt) behav- 
iors. The mechanism for selecting and sequencing these mtor drills must link aczion with petrep- 
tion. 

The lowest layer of abstraction is represented by objects and stmcttms with no procedural 
attachment, and is called the machine Icvel. At the other extreme, the task Icvel, guiding and pro- 
gramming tools interact with agents through their   per to ire of behaviozs. Task level interaction 
emerges when guiding and programmiq techniques are applied at higher layers of abstraction. 

Guiding and programming tools have a dual nature: they can be used to constrd and modify 
instances of any of the abstraction types; or they caa be used at runtime as control instruments. I 
describe how programming and guiding can be used with each of the four classes of abslraction. 



VIRTUAL REALITY AT WORK 

Fnderick P. Broolrs, Jr. 
U n i d t y  of North Carolina 
Qlllpel Hill, North Camlina 

1. INTRODUCTION 

The utility of virtuat d t y  computer graphics in tielepnsencs applications is not hard to grasp and 
promises to be gmt. When the vixtual world is entiFely synthetic, as opposed to real but remote, the 
utlility is harder toestablish, V d i d t  sim- faair#af\, vessels, andmom- an proving 
their worth every day. Enbrbhmnt applications such as ~ y w o r l d ' s  StafI'm an technologi- 
cally elegant, good fun, and cumcdcaUy viable. Nevuthelcss, some of w have no real desire to 
spend our lifework serviPg the mbertainment craze of our sick culture; we want to see tbis exciting 
technology put to work in n#dici# aud s c h .  

2 TESTING A FORCE DISPLAY FOR m C  VISUALIZATION: MOLEWEAR 
DOCKING (Minsouh-Yowg) 

21 Tbe t d d o g y .  This test uses a Model E3 Argonne Remote hhipubor (tbe ARM) 
that offers a full.6-D input position sensing and full 6-D force and torque output. A Sun 4 provides 

,- 
f 

computational power and AJtM contmk and EM. PS-30 provides the visual output. A Tcktronix 
stereo plate is usad with passive cincular polarizing g@sm. 

Binding energy is a complex function of atomic positions, involving Coulomb folrcas, van der Waals 
forces, nuclear forces, hydrogebboading fences, and themmidynamic forces. With 6 d e w  of free- 
dom in the drug docking, and up to 12 twistable bonds in the drugs, the docker is attempting to find a 
global minimum of the energy in a space of up to 18 dimensions, a space pock-marlred with local 
minima. Brute-force algorithmic mthods would qu i re  years of computer time to explm the space. 

It is hard to imagine a visual display that would effectively produce all the needed insight to enable 
a user to manually dock th drug so as to mhhize energy. We postulated that feehg the foms, 
particularly the (l/r)**7 and (l/r)**13 forces that define the receptor pocket, would subs&ntially 
help chemists in maaual docking. 

23 The expdmentd msdts. Chtmim can dock an inhibitor in about 25 minutes using 
our force display system. Ming's mtrolled e w t s  indicate an upper bound of about a factor of 
two improvement in docking pcd- when the visual dispiay is aided with our force display. 
Our force display has many primitive chracmhics, so the= is hope for some improvement in this 
number, but an order-of-magnitude improvement doesn't seem to be in the cards. 

- 
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2.4 Whither now? We plan to get some aduat drugdesign exptrinra with nal drug 
clesigners, We also want to build or buy a finger-sale, versus anre-scale, 6-D fozlrx device. 
The litemme suggests that reso1udon should be at least as good with the scaIcd-down device, a d  
stability and case of use much better. 

3. m G  A HEAD-MOUNTED DISPLAY FOB-C AND MEDICAL 
VISUALIZATION (Jmm Chung) 

3.1 The techaokgy. We use the standerd available technology: tiny TVs and Polbemu 
trackas 0ur.PixeIPlanes graphics engine is faster than almost all of today's delivend engines. The 
Polhemus has mpectable fhmrate but unaocepeaMb lag fbr  tad &splays. We masue 
250400 msec., and lag seems to depend upon source-sensor distance. We an pursuing several new 
ttacher ~ o l o g i e s .  

~ b s ~ d y d ~ d h c d . l m o m r f d l ~ ~ - ~ ~ m ~ . ~ ~  
cold-bloodedly, Way's htad-mounted @lays have rqany disadvmtqck: msolution, sharpness, 
W-of-view. Their h b c m t  comparative advantage is intuitive navigation of& vixtual space. It 
should be much easier for the user to know w h  be is and what be is lookiag at than in thmghb- 
window graphics. How much is this worth? How much does it improve perf' in a nal 
application? 

3 3  Tie rrdiation-treatment plnnning application. Radiation oncologists have to plan the 
/ shape, intensity, and direction of multiple beams of radiation so as to bum the tumor withqut burning 

otber sensitive or vital This task nquins imminnt;ve use of 3-spaa, r good image of the 
anatomy of the patiem, and, ideally, real* calculation of the dose to the tamor and to uawanted 
'ma"s* 

Tbc p h w d  tests. We have volumavisualizad MRI anatomical data on tumor patiem 
Our comrating radiologists, in a controlled cxpcrbnt, will devise tnstmat plans using the 
head-mounted display versus dmmgbtbwindow We will masun task tim a d  
goodness of plan as expmhental variables. 



USING VIRTUAL REALITY AS A TOOL TO STUDY TEE RELATIONSHIP 
BETWEEN HUMAN BEINGS AND PHYSICAL REALITY 

J. Lenier 
V P L ~ h , I n c .  

Redwood City, California 

This pesentation focused on the following anas: 

1. VPL's V W  Reality system (the RB2); What it is and what has been hmed fbm it. 

2. Umlved &chid problems in \ T i  Reality. 

3. Cultwal, phitosaphical, and political inquiries demanded by Virtual Reality. 

4. Tbe uucoming Reality Net project. 



THE AMES VIRTUAL ENVIRONMENT WORKSTATION: 
-ATION ISSUES AND REQ- 

S. Fisher, R Jacoby, S. Bryson, P. Sttm, L McDowrU M. Bob,  D. I h m ~ ,  B. Wenoel, 
C. Coler* and D. K#r 

NASA--- 
Ma-- 

This pnsentation &scribes lacent - in tb itlqpbmephton of a Virturl Envhmmt 
Workstation in the Aerospga Human F w  Resea& Divbh &NASA's Amw R a e a d  Ctnter. 
~ ~ O n s a c e ~ t C d o a t b e p d m r y ~ ~ r P d r p p ~ d ~  
system and on tbe system9s cucmt hrtdwrnrr md cd4m&m. F d d p d  attention is tbm 
focusedonunique i s s u e s a n d p r o b l e m s ~ i n t h s  w ~ * s ~ w i t h ~  
onitsabilitytomseto@hldesignspeciticrti#ls 
f0r-hurnan-n~- 

f o r ~ ~ ~ ~ e r f o r m t a c s ~  
n e c e s s r r y ~ p r o v i d e c o m p a l l i D g - o f ~ ~  

~ t i n ~ o n i n t h e v i r t u a l e n v i r o n m e n t .  

In the Acmspace Human Facton, Resertleh Divisiaa of NASA's Amcs Rcsmch Center, an inter- 
active Virtual Environment Workstction 0 has been developed to aid in design, shuhion and 

' evaluation of advanced data display and mamgamt c m q t s  for opmtor htdacc dcsigu. The 
V I B W s y s t a m p r o v i d e s a v i r t u a l a u d i ~ d ~ ~ ~ t h a t h ~ ~ ~  
inplts holn the opetator's position, voice and gestonn As a low-cmt. d t i p q w w  parroarl d m -  
lati011 &vice, this variable intd&e c- rlkm an opmtor to v & d y  e m  a 
3 6 O d c ~ s y a t h e s i z c d o r n m o t e l y s e n s c d c a ~ a n d ~ ~ w i t h i t s ~ .  

At~tbenlaj~dvustofthis~effort~oatbe&vel~ofgoideliaessnd 
r e q u i n m a t s t h a t m ~ f o a i m p ~ o f ~ a r v i t r w m e o r s u l a t ~ ~ s d ~  
closely as possible to human cognitive and acnsay capbilities ad tbat fbme muspmw. nraual 
system intmd011, It is pojectd that design spdfhhm & r i d  from this pototype system can 
b e i p & f i e e t b e m g e o f n e c e s s a r y a n d ~ ~ a r m d ~ m ~ f a f p t r m e v i r -  
tual envkr#unent systems. 

Application amas of the virtual envinramart nserarch am f d  in: 

TELEPRESENCE. D c v c l ~ t  of w-0~18 for complex operatonal tasks such as teler- 
obotic and te- control of ~rtmofcly opanhsd robotic & v h i  a d  v*b that xquin a suf- 
ficientquantity~qualityof~feedbdtto~~rreQtalperienceatthetasltsitc 

DATASPACE: Development of amccqts a d  guiddiaes f a  -]en muIti.-modal infamation 
management systems such as EVA S p a c e d  visor display, with mbsqmt dedopment of work- 
&= for sqmision and management of hqpsmk integrated M e  -= in which data 
manipulation, storage a n d ~ v ~  and systemmomtamg . . t+dcscmbespetiallyogaaized. 



VISUALIZATION: Dtsign and evaluation of virtual enviromts to facilitate visualiutioa of 
complex, timedmcnsional data saucnves in anas such as ~~l~hiwtwe,  enghdng and computa- 
tional fluid dynamics, and for interactive training or planning envinwmeace such a9 surgicaI 
simulation. 

2. V I E w s y s t c m c ~ : P e d ~ ~ ~ a n d i m p l  mtrtklr 

The cumnt Virtual Interface Enviromnt Woxkmtion consists of: a wide-angle stereosoopic 
display unit, glove-like &vices for multiple degreeof-bedom tactile input, connected speech 
mgnition technology, gesture tracking devices, 3D auditozy display and ~ s y n ~  technol- 
ogy, and real-time computer graphic and video image generation equipment. This hardware is in@ 
grated with a realtime Unix workstation that supports the compuW0lls requid to drive an extetnal 
high-performaucc realdme 3D graphics system, proasses input from up to 12 naltim input periph- 
erals (e.g., the tracken and gloves), and provides otber realtime task processing. A collection of 
softwen called the "simulation framework" has also been devciopcd rhar consists of a well-docu- 
mcnted library of functions to provide access to all of the system peripherals and softwan suvices, 
and of a collection of source files and simulation software that &monstfatcs the use of the mjor 
hardware and software components that make up tbe VIEW system in order to fwilitate system 
monfiguration for changing lweatch xequiremtllts. 

Before the beginning of the implementation phase of the V W  Environment Workstation, a 
T 

number of performance requirements and specifications for the major VIEW systems components 
were determined. These an discussed with nspect to attaining an overall performance -e of 
pmvidhg 640x480 pixel resolution imagery at 30 frpmes per second over dual, indcpen&nt, syn- 
chronized display channels with image viewpoints updated in coordination with head and limb 
motion. 

The VIEW pmjxt attempts to match media aad congutatid technology as closely as possible 
to the peicqtual aud cognitive capabilities of the human operator in or&r to achieve a state d 
Telepnsence in which a sufficient quantity and quality of sensory feedback is pmentcd to the opera- 
tor to approximate presence at a remote task silt or in a syntbtic environment. The factors that 
directly influence and effect the achievement of this display cunfiguration are divided into thnt 
main areas and are discussed in detail as examples of problems and challenges for the developmnt 
of virtual environment systems. 



3.1 Computrtioaal issues. 

- Problnnsin~vhgVIE3Wobjecdveaf30Hz~~.  - Overall cmdativc sysam tmqxxt delay - "Ruud"' - ~0~1timingpfab~andSChCdUliOgI l l t i fBC$ - ProMems w i t h ~ p e r f t n x t m m b e n c ~  - I / o p r o b b a n d ~ t s :  - R S 2 3 2 ~ t s a n d h o s t ~ o o 8  - Plnl le ic0~011betwanhogt~graphicssys tem - F l o a t i P g p o i n t ~ w a c y n ~ ~ i n ~ ~ ~  - s y s t e m ~ o n ~ ~ f o r ~ a p p ~ ( Q a d o e r , e t c . )  - T h e a b s d f o r e v o l u t i m t o o b j e c t ~ 8 0 ~ ~ f w V I B W .  

- Requhmts and pioblems in synching dual channel graphics systems for propet 
s#nocrrpic irmrgc nqxesmtatim. - SGIIRISgraphics - HP-Rxgraphics - ISGgrephics - Dm- between human eye and virtual camMa image geometry: 

,/- - Viewport specification 
- . Fmpedvc ~ ~ o n s  (world rocation) 
- F i o f V i e w  specification - Disphycalibratm- - -tation; difficulties and advantaga 

- imple-tatko~ d -OL~S (GOSAMR) 
- oPljecta3itOr 
- Probl#ns with animating textma - Netdedcxtasions - Idiosymdcs of lighting model in VIEW en- 

- S o f t w l a e s t n r c t r a n f o ~ 3 D i o f d ~ i n V I E W t l l ~ ~  
betwanscrcenspaccandwoddsprce. 

3.3 Human Fadors issues (Tcleprcsmce requirements): 

- Guidelines and nquirements nccessq to provide stcmscopic images that an 
geommidly cornet npmenhtiops of the depth &tionships and pusptivc of a 
n n & d  or capund scem an discussed (v). For example, in an 
0- -, an objed in the V i i  En-t would subtend th samt 
a n ~ c o f v i s u a l E i e l d a s t h e o b j e c t i t ~ i n d r e n a l w o r l d d w o a l d a l s o ~  
correct motion parallax and motion pmipdvc cpes in nlation to its virtual 
surroundings as the viewer changes position. 



- D i f f c r e ~ ~ ~ b e t w e e n h u r r r r m e y t ~ v i l t u a l c a m a a ~ ~ a f e d i s a r s s e d w i t h  
r c ~ t o v i e w ~ o n , d e p t h o f f i e l d ~ o n , i m 8 g c ~ ~ f o r  
stenoscopic fusion, window effect in stenoscqac . . im8gefusioa,fovealimr(godisplay, 
and~foca l l cngthandvie~spec l f i c l rhorr ,  

- Diffcrcuccs between humaneye andvhd cunar imrge Q U M  such as 
l ~ , ~ l u t i o n , c o l ~ ~ , a n d ~ a n ~ m w e l l & u I ) ~  
humanvisualsysamdviaualcam#a~DYNMmCSauchasfnmemted 
~ ~ l a g , a x i s o f ~ O I I f o a ~ V i G W P O i L l f ( ~ o s E p c t ) , i m 8 g e  
and spatial dismtions fiom ~m-pdhl o#A axes, and Mnity optics versus variable 
acconaodation perfonnaace. 

- Mul- virtual qmmations provide m additid dimmion to thC 
telepnsence e x p i a m  and an discussed in &tion to sydud&on with visual 
i m a g e r y , a u d i t o r y l ~ o n a ~ d 3 D s o u e d c u e s , ~ ~ a n d v i s a r a l  
simulation with motion platforms. 
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VIRTUAL ACOUSTIC DISPLAYS 

ElizrbethM. Weazel 
NASA Am#r Resecrrch Center 

Mo&rtFWd, Cllifornia 

As with most nscmh in i n f d o a  displays, vixtual displays have generally eIlrphasized visual 
information. Many investigators, however, have pointed out the @ortam of the auditory Sysarm. as 
an altemativc or supplementary inf- chmd (e.g., Deatbenee, 1972; Doll, et. d., 1986; 
Pattenon, 1982; Cavcr, 1986). A auditory display cm potentially cnbma inba- 
mation trader by c o m b i i  dktional md i c d  idbumti011 in a quite na(umb& . . 'on 
of dynamic objects in the intufacc. Bomwhg a term h m  Gaver (1986). an obvious aspea of 
"everyday listeningn is the fact that we live a d  lisM in a tbdhm&d wofld. Indeed, a pb- 
mary advantage of the auditory system is that it allows us to monitor and identify soums of infa- 
mation from all possible locations, not just the dimtion of gaze. This hatme would be especially 
useful in an application that is inbenntly ptial, such as an air traffic control display for the aOanr or 
cockpit. A fUrther advaatage of the binaunl system, often nfemd to as the "cocktail pmty effect" 
(Cheny, 1953), is that it impoves the intdigiity of sounxs in xmise and assists in the scpgahn  
of multiple sound sources. This e&ct could be dtical in appbahns involviug encoded mmpcech 
messages as in scientific "visualhtion," the acoustic npnxentation of multi&nsional data (e.g., 

/ Bly, 1982) and the development of alternative interfaces for the visually-impaid (Edwards, 1989; 
Loomis, et. al., 1990). Another aspect of aaditoq spatial cues is that, in caqjunction with otba 
modalities, it can act as a potentiator of infamtion in the display. For exmnpk, visual and rrrrditory 
cues together can ninfom the information content of tbe display and povide a pats sense of 
pnsence or nalism in a maam not M y  adkvable by either nrodality alone (C04ubun. 1975; 
Warnu, et. al., 1981; 0'- and Rhocles, 1984). This plmomcnon wil l  be p t i d a d y  usdul in 
telepresence applications, such as a d d  he-- en- shared ela#nmic 
workspaces, and monitoring telembdc activities in emote a hazardorrs situations. ThPs, the am- 
bination of dinct spatial cues with good principles of iamic &sign could provide an exhnmly pow- 
erful and infodon-rich display which is also quite easy to use. 

This type of display could be nalized with an array of d sound sources or IoudspeaLMs (Doll, 
et. aL, 1986; Calhoun, et. al, 1987). An ahanativc approach, 1#mrtly developed at NASA-- 
generates exterpalized, thnedimensionald cues over headphones in * using digital sig- 
nal-processing (Wetlzel, et. al., 1988a). Hcn, the synthesis tecbniquc involves the digital gemation 
of stimuli using Head-Related Transfa Functions (HRTFs) masured in the two ear-canals of indi- 
vidual subjects (see Wightman and Kistler, 1989~. Up to four moving or static sources can be simu- 
lated in a head-stable environment by digital fibring of acbitmy signals with the appropriate 
HRTFs. This type of pmntation system is desimble because it allows complete conrc~l over the - 
acoustic waveforms delivered to the two ean and the ability to interact dynamically with the virtpal 
display. Other similar approaches include an analog system developed by Loomis, et. aL (1990) and 
digital systems which make use of trausfoems derived hm d v e  mnnntlrins and simulations of 
m m  acoustics (Genuit, 1986; Posselt, et. al, 1986; -, 1989; Lchnm aud BBlauert, 1989). 



Such an i n t d m  also nquins the carefut psychophysical evaluation of listeaers' a b i i  to accu- 
rately localize the virtual or synthetic sound m. For example, a ment study by W- and 
Kistler (1988b) coafinned the peraprual adequacy of the basic tecbniqw f# static sourrx 
~ t h w a s s y n ~ d y ~ y ~ f o r b b ~ w ~ s o u r c e ~ m w a s ~ h r t l e s s  
well-defined in the heaclphoae conditions. 

From an applied standpoint, measunment of each potePtial lisbeslet's HRTFs may not be pad- 
b!e in practice. It may also be the case that the user of such a display will - have tbe m t y  
for extensive training. Thus, a critical xeamh issue for virtwl scoustic displays is the depe to 
which the general pqndation of listenas caa obtain adequate locabtion coes from stimuli based on 
non-individualized tmshns .  Pnlimiaery data (Wenzel, ct. al., 1988b) suggest that using non-lis- 
tener-specific tmshms  to d k v e  syntkis of l o d i d  cues is at leapt Wble. 

For experieiKxd listeaeft, localization performance was only slightly &graded compand to a 
subject's inhemt a b i i ,  even for the less robust elevation cues, as long as the transfornrs wue 
derived from what ow might call a "goodw localizer. F d m ,  tb fact that iadividual di&naces in 
p e r f o ~ , ~ y f o r ~ o a , c o u l d b c t r a c e d t o a # n r s t i c a l i d i ~ i n t h e ~ ~ ~  
suggests that it may eventually be possible to create a set or "uni- tmusbms'' by appmpriate 
averaging (Gcnuit, 1986) and data reduction techniques (e.g., prWpd cxmpmts analysis), or 
perhaps even d m c i u g  the spectra of e-yaved tmsh hctioas (Dud& and Pang, 
1986). 

/- 
Alternatively, even inexperienced listeners may be able to adapt to a Wcular set of HRTFs as 

long as they provide adequate cues for localidon. A rca&mabk appmch is to use the HRTk from 
a subject whose meamemnts have been "ioehrviolaldydhatd" d an thus ccmclatcd with 
known pcmptud ability in both -field a d  beadphorre conditions. In a =tly campldd study. 
sixteen inexperienced listenas judged the appa~mt spatial location of sounxs pnstntcd over loud- 
speakers in the fne-fAd or over hmdphm The - stimuli wue gcnmtd digitally using 
HRTFs measured in the ear canals of a rqmmtative subject (a "good lodim") from W- 
and Kistler (19-b). For twelve of the subjects, localization perf- was quite good, with 
judgements for the nm-individualid stimuli nearly identical to those in the fne-field. 

In general, these data suggest that most listeners can obtain useful dkec t id  inf-on from 
an auditory display without rquikg the use of individuaUy4od HRTk. However, a caveat is 
important here. The &ts described above an based on analyses in which em,n due to hnthack 
confusions wae  resolved. For b-field versus simulated fnx-field stimuli, expcrknced listmers 
exhibit bn-k codision rates of about 5 vs. 10 % d h e m  Wmrs show avcrage fates 
of about 22 vs. 34 %. Although the reason for such umfusions is not completely unde~stood, they are 
probably due inlarge part tothe static natuteofthe stimulus andtheambigaitymulting finmthc so- 
called cone of confusion (see Blauert, 1983). Several stimulus chatacteristics may help to minimize 
these ems. For example, the addition of dynamic cues conelated with head-motion and well- 
conmlled environmental cuts derived from models of room acoustics may improve the abiity to 
nsolve these ambiguities. 
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VARIETIES OF VIRTUALIU'X'ION 

Saephen R. Ellis 
NASA Ames Research Center 

Moffett Field, CA 

and 
- 

University of CaMomia 
Berkeley, w o m i a  

Natural enviromnts have a content, i.e., the objects in them; a g e o m ,  i.2.. a pattan of ruks 
for positioning and displacing the objects; and a dynamics, Le., a system of n2es H i  the 
effects of f m  acting on the objects. Human inttracton with most common natural envkammts 
has been optimized by centuries of evolution. V W  e n v b m n t s  nested through tbe humancorn- 
putcr interfax similarly have a content, geometry, and dynamics, but the arbitrary characta of tbe 
computer simulation creatiag them does not iasun that human interaction with these vitaul envi- 
ronments will be natural. The interaction, indeed, could be supematud but it also could be 
impossible. 

/ An important determinant of the comprehensibility of a virtual environment is the comspon- 
dence between the enviroamental frames of refennce and those associated with tbe control of d- 
mmntal  objects. Thc efkcts of rotation and displaccmnt of d frames of rife- with 
respect to corresponding environmental rrcfmnces differ depending upon whether penxptual judge- 
ment or manual tracking perf- is measumi. 

The perceptual effects of frame of reference displacemtnt may be analyzed in tcrnrs of disux- 
tions in the process or vhaking the synthetic c n w t a l  space. The e&cts of firamt of nefer- 
ence displacement and rotation have been studied by asking subjects to estimate exocentrk dixcction 
in a virtual space. Exocentric judgements involve the estimation of tbc orientation of one wdemal 
object with respect to an external fnuot of refemcc. Thy  may be n t c d  with egocemic 
judgemeats in which objects orientation is judged with rtspact to tbe viewer himself. Though 
alternative models of the errors of exocentric dhxtion may be compand, the most p a r s ~ o ~ s  
explanation may be thar viewers misjudge the direction of the view vector used to pro* the 
display. The motor effect. of framt of refemnce misalignment have been studied wing a Whniqut 
of thne dimensional tracking in which a target moves irregularly in 3 axes. Pursuit tracking e r m  
may be stparated into linearly additive visual aml visual-motor components, but the pattern of error 
as a function of angular misalignment may not generalize to compensatory tracking or to mra- 
hoionomic control modes. 
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THE EXPLORATION METAPHOR 

.Michael W. McOnevy 
NASA Ames Research Center 

Moffett Field, Wcmia 

NASA's experience in planetary exploration has demonstrated that the desktop workstation is 
inadequate for many visualization situations. The primary mission displays for the utmmmd Sur- 
veyor missions to the moon during the mid-1960s, for t~ample, wen envbmcntal images assem- 
bled on the inside surfaces of spherical shells. Individual images taken in 1971 by the first Man, 
orbiter, Mariner 9, were applied to the outside of four-foot diameter spheres, cnating composite pho- 
tographs of the entin planet. During the V i g  mission to Mars in 1976, initial orbiter photos we= 
mosaicked on large tables or on walls to m e  as group decision-mairing displays. Tbt environments 
smunding the two Viking landers wen visualized using stem and panoramic images, desktop 
models, and full-sized replicas of the lander and the sunmuding rocks. 

Future exploration missions will greatly benefit from advances in digital compum and display 
technology, but there remain unmet user interface needs. Uafortunately, the desktop workstation is 
generally considered to be the starting pint of Ustr-computer interface design, and mrst cumnt 
humancomputer interface research emphasizes the desktop metaphor. In this view, computing b 
thought to be comparable to paperwork, and tk objects and functions available to the user m f l a  
this emphasis. Point-andclick interaction with icons and windows is supportive of operations per- 
formed on text and simple pictures, but this approach is inadequate for planetary exp1oration. 

Alternative user interfaces and mtsphors an needcd for phmtary explctration a d  otbet intcmc- 
tions with complex spatial environments. These interfka and mtqhors would enabk the user to 
directly explore environments and naturally manipulate objects in rhose en*-. Personal 
simulators, virtual workstations, and teleprcsence user interfaces are systems capable of pviding 
this integration of user space and task space. The Exploration Metaphor is a useful concept for 
guiding the design of user interfaces for virtual enviromnts and t e l c ~ n c e .  To apply the Explo- 
ration Metaphor is to assert that computing is like exploration, and to support objects, operations, 
and contexts comparable to those encountered in the expforation of natural e n v i r o m .  The 
Exploration Metaphor, weer development for user interfaces in support af NASA's planetary explo- 
ration missions and goals, will also benefit other applications where complex spatial infomation 
must be visualized. 

Visualization methods atid systems for planetaxy exploration are becoming imm&qly inte- 
grated and interactive as computing technology improves. These advances will benefit from virtual 
environment and telepresence interface technology. A key development has been the plocessing of 
multiple images and other sensor data to create detailed digital models of the planets and moons. 
Data from images of the Earth, Mars, and Miranda (a moon of Uranus), for example, have been con- 
verted into three dimensional models, and dynamic virtual fly-overs have been computed as demon- 
strations. Similar processing of lower altitude photography and the use of computer aidcd design 
tools promise to produce very detailed models in the hue. Currently, the Mageilan spacecraft is 
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mote than half way to Venus on a mission to digitize the eatin surface of that plan& and this, too, 
will provide an interactive digital xw&l for vittual explacation on Eerlli. 

Future plans call for multiple unmamd mvers to t r a v c ~ ~  the surhce of Mars, cnabliq g a d -  
entists located at a central Mars base to explore the plaoet via Wpmmm~ In uldidnn. Butfr-boaad 
mission operators and scientists will be able to access integrated digW mrvbtr of Mars as tbe aoir- 
dons pmgms. The Exploration Meclrphot will contribute to the &sign of user interfaces forthere 
applications. 

.. 
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MEASUREMENT AND MODIFICATION OF THE EEG 
AND RELATED BEHAVIOR 

M. B. Sterman 
University of California 
Los Angcles, CaWornia 

and 

Veterans Administration Medical Center 
Sepulvoda, Calif's 

Early studies in our laboratory showed that cats could be trained to alter spontaneous EEG pat- 
terns through contingent food nidorament of operant configurations. In particular, rhythmic EBO 
pattens iu sensorimotor cortex, which were related behaviorally to nw&&sms, w e n  faciltafcd 
in this manner, and showed sustained alteration across states and time. Ekctqhysiological changes 
in the sensorimotor pathways wem found to accompany this e-. Additionally, several strildng 
behavioral changes w : ~  seen as well, including in p a r b h  an enhaxmment of slap and an eleva- 
tion of seizure thnshold to epileptogenic agents. 

This latter observation raised the possibility that human seizure disorders might be influenced 
therapeutically by similar training. However, in man the use of food reiaforcamt was not practical. 
F-. unlike our cats, human epileptics present with characteristic EEG abnamditits. An evalua- 
tion of these a b n d h  from the pespective of our cat data showed 'hat while normd humans 
had analogous pattcnrs, untnated epileptics were often deficient in normal rfiytlmk sensodmom 
activity and had ElB pattcrps dominated, instead by slower and mcxe poorly or@zed patterns. It 
thus became necessary to develop a very different strargy in applying this methodology to 
epileptics. 

Our objective in human EEG fadback trrriniag becam not only tbe facilitation of normal 
rhythmic pattern, but also the suppmsion of abnonnal activity, thus q & h g  complsx amhgcn- 
cies directed to the nonnalization of the sensorhotor EEG. To achieve this, a d a m p a n e n t  fie- 
quency analysis was developed to extract and separate mmnal and abnomal elements of the EEG 
signal. Each of these elements was transduced to a spuMc component of a visual display system, 
and these wen combined through logic cbuits to pwmt the subject with a symbolic display. Tbis 
display allowed the subject to SCOIC "points" in a variety of game formats through the normalization 
of EEG characteristics. Variable criteria provided for tbe gradual shaping of EEG elements towards 
the desired nonnal pattern. Som 50-709b of patients with poorly controlled seizure disordas exp i -  
enced therapeutic benefits from this approach in our labomtoy, and subsequently in many other lab- 
oratories as well. 

A more merit application of this approach to the modification of human brain function in our 
labomtory has been dincttd to the dichotomous pmblcms of task overioad and underload in the 
contemporary aviation environment. At least 70% of dl aviation accidents have been attributed to 
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the impact of these kinds of problems on crew perf- The use of the EO Q this context has 
nquind many technical innovations and the application of the latest m h m s  in EO signal analy- 
sis. Our first god has been the idendficd011 of relevant BE0 . . Additionally, we have 
developed a portable naxdhg and analysis system for a p p k a h  in this umtcxt. FW@s fnw 
labora t o r y a a d i n - ~ t ~ d i ~ ~ s u g s e s t d r a t w e w i U ~ b e a M e t D ~ a p p r o p r i r d e ~ h  
btainfunction,aadfeadthisiaf~o11toon-kwd~fwmodiflcatianof~ian 
quinments and/or cnew status. 

SupportedbytheVe~~on,thePublicHcalth~N~dNortbiop - 
Aviation. 

/- 
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THE "TELEPRASJlNZ" CONSORTIUM STRUCTURE & INTENTIONS 

The T e l e ~ - C o n s o x t b m  is an open group of c m t l y  37 scientists of m n t  disciplines 
who devote a niajor part of their m a m h  activities to the f d o m  of telepnesence tcchuology. 
The n c w s q  suppoxt for thcii work is provided by Gennan federal and state solmxs as well as by 
~ ~ t ~ a n d i n ~ . T h e a c t i v i t i ~ ~ o f t h e ~ ~ o j g a n i z s d ~ ~ m a h  
brandus virtual environment, surveillance and contlol system and speech and language tecbl -  
ogy. In the following, a brief summary of the main activities in these ams is given. 

Telepnsence tbchnology - in this context - is basically wkstood as a means to bridge spatial 
and temporal gaps as well as certain kinds of conccalnwnt, -1ity and danger of exposure 
(e.g., micmcopic dimensions, non-pemptibility by human senses, scnsoric disabilities, speech and 
language problems, load of emissions). 

Virtual Earin#nslcnt: In this group, it is the aim to provide a virtual cnvimmmnt for specific 
tasks such as telesurveillamc or telecooperation applications. Although the main focus was d . t e d  

(- 
on the auditory and visual components so far, future work will include tactile and kinesthetic cues. 

S u r v l l n a a  and ChWd S- This group is mainly eagqcd in taslcl, which cowxrn 
control technology, diagm&s of complex systems in biology and technology as well as in 
accompanying problems in sigDal processing and softwan technology. 

Speedrcmd~T~:ThiSgroupisconcennedwith~~~trdpro~intbeanas 
of automatic speech in- and output, speech coding and symbolic pmxdng f m  tdqmxmx 
scenarios. . - 

Current research proposals of the Telepmem ConsoItium iaclude a telcmmipulator system and 
a testbed for polysensory virtual environment as well as many smaller mcamb and development 
contracts. An information brochm on Teleprawuz (in Geman) wil l  be available at the confcrellcc. 
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MACHINE PERCEPTION AND ITS ROLE IN VIRTUAL E D M R O ~  

S. K Ganapathy 
AT&T Bell L a b o d e s  

Holmdel, New Jersey 

(No written material provided) 
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PANEL DISCUSSION ON TELEPRMENCE AND SENSORIMOTOR 
ADAPTATION 

R B. Welch, Chair 
NASA Ames R-h Center 

J. Loornis 
Univessity of W o m i a ,  Santa Barbara 

RI"w= 
Science Applications Intmdonal, Inc. 

M. Knuger 
Artificial Reality Corporation 

and 

T. E m  
ANPA west 

Four questions were addressed. The following represents a synopsis of the thoughts of each 
seminar member ir;,. members) with respect to hismer assigned item. 

If victual and remotely s e n d  environments are c o q s h d  of the same sensory cuts as near- 
sensed worlds (i.e., "equivalent configurations"), telcpresence will be complete. This rather selfcvi- 
dent observation leads to the much more intertsting issue of why some everyday perceptual events 
are externalized (experienced as non-self), while dhers are not. Pain, for example, is perceived as 
internal, while k t  objects in our perceptual experience are externalize& 

It has been proposed that the degree of experienced extemalimion is related to the range of 
variation in the efference to the motor system that nsuhs in some invariance in the sensory inflow 
(e.g., Bmswik, Gibson, Polanyi). According to this view, pain is completely intemlhd because 
the sensory signals are constant with changes in motor outflow. A positive afterimage produces 
intermediate extemabtion because the change in its angular position within the visual field is 
strictly correlated with eye movements. The most compelling sense of exte-n arises when 
sensory input from all of tbe senses provides convergiug evidence, under active exploration, of some 
fixed entity. If this compelling externalizaton arises when using a virtual display or tcbpmtor, we 
say that there is "teleprtsence," but just as interesting is the esmalization that occurs with ordinary 
near-sensing of the world. 

F i y ,  a necessary condition for extemabtion (tekpmence) w k n  using a virtual display or 
telcoperator is that the observer be capable of intermking the dynamics of the khge (plant) 



mediating contact with the virtual or Emote chvhmcnt. lf the linkage is too unnlrhlrrl. arbitrary, or 
non-linear for this to occur, the ob- will experience little e x t a d i d o n  of the distal c 1 1 h  

mcnt. Nevertheless, adaptation may senn to mcstablish some sense of a t m m b W a  . . Oacethis 
happens, the plant model bccomes transpannt to the obscmr awl e x ~ o 1 1  of the distal cnvi- 
ronment results. A commc,il example involves long-cane trdaing for the bliad At first, the traiaa 
fumbles a lot and is very aware of the cane rather than the envhmmt. As skill &vcbps, bowever, 
manipulation of the cane becomes man automatic, rcdtbg eventurrlly in its tmupmy d in the 
extenralization of the environment with which the tip of the cane is making coatrct. 

2. W ~ g o o d h t d e p ~ ? D a s i t ~ t o ~ ? L i t s d I c r i d m t t b r t t L e  
-tdeprcaena,~-?(Roer,Pcppcr) 

A number of benefits nsult when the cxpcdencc of te- is increased. F a  uader hem- 
e n d  telqmsence, less opetator baining is necessary. Secoad - performena under these 
conditions is more comjmrable to dim3 human p e r f h m ~ ~ ~  Third, optimal hekpmcnce can be 
expected to haease the "emotionalityn of the remote envin#m#rt, depending on the conteDt of the 
nplicated sensory experience. An example of tbe latter point is the enjoyable visceral kclings of 
actually 'Wig tbcrcn experienced by the viewas of a very nalistic, action-filled movie. F W y ,  the 
very search for telepnscna will stimulate the coaceptuai aualysis of peraptual issues (see Loomis' 
re&). 

Telepresence contributes to perfonnaace, but not without certain costs. The benefits of teleprts- 
,.- ence to performance an: that it (1) reduces emrs and task performance variabiity. (2) incnases pn- 

cision, (3) m k e s  training costs, (4) ambles performance similar to dinct viewing ~~ and 
(5) nxdtsingrezlttflrBaptability tochangingtaskamdbos. 

The costs of enhanced telepcesmcc an (1) an iacnase in system complexity, (2) nduced mli,  
biiity, (3) increased initial investment, and (4) iocnased mhtcmne costs. 

Itmaybecoecludtdthatte~system~~thatproduamartcdiaqcgstSia 
performance g e n d y  result in a heightened expcriewx of fefcpmcncc. Exampla of sud: 
enhancements are changing a monocular visual display to a skmsmpic display and providing fcmx 
feedback for the manipulating hand. 

3. Which &mctmMcs of the tebpmtor or v h d  cmhwrment system conMbptc to 
telepresace, which are irrelevant, and whkb Bcgmlc it? (Myron grrvcg# md Tom EUer) 

A number of facton iauencing telqmsencc or artificial worlds can be a&dnssed, the most 
influential of which is maintaining a short delay between action and mqonsc. This is more important 
than a bigh sample rate by mans of pipelining techniques. It h is claimed that shoa &lays are 
mote important than a realistic portrayal in graphic worlds. Tbe allowable &lay varies with the task. 
In particular* fine manipulation quires shorter delays than Qes gnws maniptiation. The ability to 
look around su!Tm with delays longer than .03 secoads* it cau be done, but the operam is aware of 

I, 

the lag. In general, then is a decline in t e m  with distance. Beyond a ratbcr short 



distance, thc only way the immeditxy of telepnsence can be attabmi is by intcmcthg locally with rr 
graphic world. 

Another dimension that may be explored is tbe effat of unencumbeting sensors and arctuators 
designed to incnase telepresence. The first observation is that the pnsewx of eacumberrwx signals 
a distance from the world in which one wishes to fbel mt. Also, the disco* causul by prp 
longed cacwnbtraact can lead to a net loss in tdepsum. 

It sbould also be observed that realism may not n a x s d l y  be the u l h a k  god of tdepmam. 
Natural behavior can be instantiy achieved in 2-D nalities which an easier to enter and exit than an 
3-D worlds than can only be experienced by "suiting up." Ftntkmm, if artificirl worlds ue to be 
used for applied purposes, many traditional techniques will be demPDded that viohte reaha While 
people may initially obey the spatial -hop to go from one point in a virtual worid to moth, 
Later tbcy will probably want to make the trip instantly by mans of virtual tcltpatatioa 

A tkd event that will affect telepnsence in artificial nalities, as well as in usks whae two 
telerobats cooperate at a remote site, is the nprcsuWion of the operatM at the d k t o r  end. if the 
individusl is to be qmscnted, it is inevitable that a face must be provided and no method of the- 
dimensid facial image caphue and portrayal cumntly exists. 

r What enhances telepresence? Here's a related question: What enhances the "realismu of Hic ia1  
food? In this case we're clearly dealing with two separate issues, taste and food value. I suggest that 
essentially the same two issues arise i n t h e c a s e ~ f ~ a r t i f i d ~ ~  We mustdistinguishthe 
sense of presence from the pbysiaI amjmeat of pmsace, whatever exactly tbat may be. Suppose 
that you m wind into a computer-generated virtual en-t. Does the computer supply this 
physical component of p-nce? Do the whes cany it? 

Bell's theorem shows that any informational modcl of quantum phenomena (eg.., c o q u l u  
simulation) must contitin faster-than light information paths, thereby amWting tbe tfreay of 
relativity. Thus, if relativity does in fact govern the transmission of information, the c o e o l l s  
among things in the world cannot be purely informationalthcy must also trans nit something else. 
Let's call this something else the L fe. 

The L factor involves negative probabilities which makes its &g quite mysterious. How- 
ever, its mathematics are very simple and it leads to an elegant a d  robust expladon of twsic 
quantum theory. The only alternative to tbe L factor is to assum the existence of hidden, non-local 
information paths. This is easy to interpret in fimilisr ways, but it fills the world with ~~~obscrvable 
entities and generally mates a mess. 

Assuming that we go with the L factor, what might this man for te1-? Could the L fac- 
tor be the "food value" of physical presence? Could them be a long-term danger in going without it, 
like eating food with vitamins? With a moxe scientifically advanced technology, might we be able to 
build virtual environments that supply it? 



With current technology, emotcly sensed and virtual worlds inevitably entail significant inter- 
sensay and sensorhotor di- which serve to dcgr#le both performance ad the experience 
of tekpmscna. However, it is likely that these pmbkms can be overcome, at least partially, by 
means of adapmion a adapwion-like pmawcs, of which theFe arc four varieties: (1) intersensory 
bias, (2) pempn;lal adaption, (3) pmxpal-motor dqtation, and (4) habituation. 

The most commonly cited example of intmasoq b i  is "visual capurew--thc "dominance" of 
visiaa over felt limb position. It qescnts aa E and very shcwt-lived resolution of thc inter- 
senmy conflict since it disappears as soon as vision is pncludcd. The magnitude of intemnsory 
bias is inversely elated to the size of the intersensory d h q m q  and it is facilitated by fmib i ty  
with tbe intersensory relationship (e.8.. a view of tbe hand) as well as by the p~eseacc of amgment 
intersensory characteristics of the stimulus object such as its felt and seen shape, motion, orientation, 
and size. These same factors an pfmumbly involved in ma ti^ a compelling experience of 
tclcpmcll~~. 

beptua l  -on mpscnts a compensatory d b r a t i m  of one or both of the sensory sys- 
tems that serves to resolve the intersensory discrepancy. In contrast to intersensory bias, it persists as 
an aftereffect. This type of adaptation will not occur with very large discnpancies, such as 
180degree optical rotation. 

W d - m o t o r  adaphtion n h  to changes in the observer's perf-. If percepual adap 
tation has aucrcd,  motor 4apUion is likely to follow suit, w k m s  the merse doe  not 
always hold, particularly with very large ~ ~ n t s .  For example, even though after several 
days of practice one will get quite good at operating in a 180degr# rotated visual world, it will 
continue to look upside down. 

Factors that affect the mapitude of p a c q t u l  andlor ptrcepual-motor adapwicm are active 
(versus passive) movement, immtdiate f h k .  trror corntion, distributed practice, and in- 
mental exposure. Presumably, thcse variaMes would hi lady  h ace adaptation to muranged 
remote or virtual environments. 

After prolonged experience with the rearranged scnsoiy envhmmt, it will come to look famil- 
iar, a phenomenon r e f e d  to hen as habituation. This may occur even when no perqtual bdapa- 
tion has taken place. For example, well practices w m r s  of invating goggles become so accus- 
tomed to rhei upside-down visual world that f a  periods of time they pay no at:mtim to its orienta- 
tion. It is likely that at those times the feeling of plwtnce is strong and that atter much practice tbc 
same would be true for a remote or virtual world that may have initially appeaFcd quite discrepant or 
bizam. 

F U y ,  if and when it is possible to coastntct a teleoperator or virtual environment system that is 
completely accurate in its portrayal of the natudly sensed world, then will be little to which the 
operator will have to adapt. However, even with such an ideal system, some -on will be 



necessary to overcome the intersperator difkences in perception and npoase that have becn 
widely nported. 



PANEL DISCUSSION ON PERFORMANCE MEAS- AND 
EVALUATION METHODS 

Daniel T. Ling, Chair (IBM), Ruzena Bajcsy (University of Pennsylvania), Anatal Bejczy (Johnson 
Propulsion Laboratory), Beth Kmus (Exos, Inc.), and Misha Pavel (Sword University) 

The seminar was introduced by Daniel Ling who pnsented a brief outline of a number of key 
issues which need to be addressed within the context of performance measurement and evaluation 
methods. 

1. The context of any evaluation must be the task How should the tasks be &fined and 
d=-P=d? 

2. What needs to be measured? This really means obtaining the data needed to develop models. 
M&ls are needed for both the human operator as well as the hardwdsoftware system. 

3. What criteria should be used for the mcasmments? This might include task perf- (mean 
and varhce), training required, ease of mall, "likcability" which may NOT comspond to any 
simple measun of performance, etc. 

4. Need for rigorous experiments as well as general obsmations and rules of thumb. 

Misha Pavtl advocated evaluations based upon explicitly specified system models. He also dis- 
cussed the impommx of task analysis. 

Model b e d  E d u d m  (Mlsha Pavel) 

Evaluation of interactive human-machine systems is usually very difficult because there an too 
many variables, too many conditions and the results obtained with one system are often difficult to 
apply to other similar ones (generalidon problem). Frequently, the only way to make this pmblem 
manageable is to formulate an explicit "computationalW model of all the components of the system 
including the human operator. Such a model, because of the constraints it imposes, will permit con- 
siderably more efficient evaluation. For example, many formal models specify a M o n a l  =lation- 
ship among variables providing only a few free parameters. ThMI, instead of evaluating every possi- 
ble combination of all the variables, one must only determine a smaller set of parameters. 

Whenever performance of a system is measured, there is an underlying model even if it is not 
explicitly specified. Thesc implicit models arc usually weaker in that t hy  impose fewer cmmaints. 
They arc therefon more general and have less predictive power. The dishxion between weak and 
strong models is useful. A strong model imposes strong comtrahts on the system behavior, and 
therefore allows for very efficienct evaluation. Its disadvantage is that it is likely to be incorm% A 
strong model, for example, would have a second mkr poIynomial rrelationship betwan two 
variables. A weak model would more likely be &t but would not allow as efficient evaluation. 



Fot example, a very weak model would only quite a mdaotonic mlationship between two 
variables. This model is less consh'aining, but makes less accmtc pndicti011~. 

Task Analysis 

Specification of a model has f i  advantage in that it rcquhi a mful task analysis. The 
analysis alone dan fresuently reveal design problems befort a prototype is actually built. For exam- 
ple, task analysis can reveal whether the systems objectives are well ctehned. Objectives are neces- 
sary in order to test and evaluate any system. Too often we see evaluation of a system with no par- 
ticular objective specified to the operatory. The m t y  of such results is qliestionable 
because in nal-world situations the operator always has a goal to accompw 

In some cases, the system is designed for many putposes (e.g., a teleoperator for extratcmtriaI 
applications) and it is difficult to specify a single task. In those situations one should estimate the 
envelope of the performance capabilities and analyze several extreme tasks. For example, in the case 
of a teleopaator design, one might expect tasks of grasping and moving large objects, executing a 
complex trajectory, and, at the other extnme, ins- a small fastener into a hole. 

One of the results of careful task analysis is the determination of the variables to be mcasmd. 
Such analysis might mveal the need to assess other meapuns than the usual duration of a given task. 
In particular, an important by-product of a task analysis is the notion that the operator usually has a 

f choice of strategies. A typical, simple example is the speed-accuracy trade-off arising in evaluation 
of various input devices. In intcra3ions between a human and a machine most tasks can be per- 
formd faster by sacrificing =curacy. A simple, weak of the spccd-acctuq trade-off leads 
to tbe fallowing evaluation principles: 

1. Always mcapure both spaed and accuracy. 

2. Assun sufficient time pressure on the aperator so that their perfommcc has measurable 
mors. . - 

The second principle assuns that rhe expcrhenter can detect if the operatar changes strategy 
between two conditions or two systems. 

While I have indicated the need far d l - b a s e d  evaluation, it is important to note that using 
models can be very dif'6cult. One argumnt frequently used against thc m o d e l a  appioach is that 
the validation of the model is by itself a complex empirical poblem quidag too large an experi- 
mntal effort to be justified. Although this is a serious problem the cost of evaluation must be corn- 

~ p a d  to the savings from the ability to generalize the conclusions and to debug the system. 

1 Ruzcna Bajcsy echoes the theme of model based evaluation and task analysis. 
I - 



I am most intemted in sensory system performance. The way I view perfixmame evaluation is 
that it implies: 

By models, I mean characterization of the physics and geometry of the seusoxy system. Engi- 
neers have been doing modeling for a long time. For example, for a visual sensor we must -1 its 
optics, absorption functionl, nsolution, signal to noise ratio, etc. Similarly for pnssunlfonx sensots 
we should model sensitivity, sahuation, hysteresis, and the like. For manipuhors, the modcls 8ive 
degrees of M o m ,  the rersch-space, c a l i i o n  parameters, rc@Ility, accuracy, etc. In other 
words, the models provia for each parameter the limits of perfonnauce. Wbat is not so obvious is 
that similar modeling principles must apply to software modules as well as to hardwan modules. 
Examples of these software modules are: convolution QarauWcr is width and orientation of the fil- 
ter), edgedetector (looking for the first derivative or second derivative, the m t e t  is thnshold of 
acceptance of the peak in the h t  derivative or second derivative), various fitting procedures to fit 
surf's, volumes and so fotth. This is also related to the choice of primitives which serve as data 
reduction mechanisms, and which are necessary for displays, andfor other communication means. 
These primitives an in fact more sophisticated "sensorsn implemented in so-. 

i Models of the Task 

While models of the sensors tell us what CAN be measured and c h c c t d  a modd of the task will 
tell lus what NEEDS to be measund, The boatom line is, that by the choke of models, one artifi- 
cially constrains the problem, but this is the only way to have a ectable system where you tatre as 
much data as you NEED, determined by the TASK, and you explain the daWhamemnts as much 
as the models allow. So evaluation of a system is always in terms of some a priori chosen models. 

Antal Bejczy described specific issues which need to be evaluated for telequator systems in 
space applications. He also emphasized task analysis and decomposition and an understanding of the 
target user. 

Meaamnwnt and Evaluation in Tekoperator System0 (Antal Belag) 

Virtual environments for teleopemtor control will play an hcmsingly imporbut role as the sys- 
tem and task complexity and telecommunication time &lay increase. Preview and predictive graph- 
ics displays for task planning and tim-delayed colltrol execution can create an essentially virtual 
environment for the operator. When the graphics images of the manipulator and eventually also of 
elements of the task environment are overlayed over the real TV images of rhe manipulator and task 
enviromnt, the perf-ce capabiities of this human-machine in- technique will essentially 
depend on the fidelity of calibration by which rbe graphics images u e  r e W  to Ibt: real images. This 
is an objective masum, and depends on the howledge of a set of system parameters (TV camra 
parameters), on mathematical &'bration techniqucs, and on the resolution of graphics images. The 
higher the calibration fidelity, the higher is the operator's confi&l~ce in the preview and predictive 

/ - 



power of the graphics. Through high-fidelity &%ration techniques, the graphics images of manipu- 
lator and task en-t can truly become "virtual realitiesn to the operatot. 

Graphics displays of abstmtiolls in teleqaahr mtd am essentiaUy ~ o n s  of invisible 
events or situations. Such events or si t tutbs an: fol#s exerted by mdpuhw on objects and on 
environment; workspx amstmints or "bolesn m a wodrspwx nor accessible uader cutah task 
conditions; etc. They provide guidmcc to the opcmtoc. Their pdmmm csmtialIy depends on 
the'ir formats and on the easy mappins of the display fannrt to ths task en- Hen, pointed 
simplicity plays a key role. The ckvdopmnt of such displays is in an embryonic state. 

I n m s n y c a s e s , h ~ i n b e r t P e e d e v i c e s a n d ~ k ~ ~ a n e ~ a s  
separate entitics or "subsystems,n and theit full-valued pafonnana is pdcted from such isolated 
evaluations. Such evaluation nrethods am useN when difkcnt intedkc devices and techniques an 
compand, However, a specific &vice or technique best reveals its virtues or wcakmwx wben eval- 
uated in a full system operation setting. 

I n r m n y ~ t h e ~ v e d i s ~ ~ a ~ ~ f ~ j ~ o r e v a l ~ g a  
human-mad@ interkc device or tdmique in tcbpm&w amtroL Thougb this idea has a well- 
mdi~intention,~sbouldbe~to&velopamom~k~anofthe"nai~~mret.nas 
a "refaem opentoren FVobably what we mean by a "naive user" wben we judge and evaluate a 
human-machine interface &vice or technique is: the "naanal qpcal" of the technique, the easy-to- 

r remember features of the device, the amount of learning and tmhhg needed to be fully familiar with 
t h e d e v i c e a n d t e c ~ ~ ~ , a n d s o a a T h e m m a d v a a c e d ~ ~ h ~ d o i n d a d  
n q u i n f ~  .. . 'on and training befm their actpal use. In ptkular, whar &bpat ion  becomes 
mon and mom computer aided, the amtrol sretion will acqah a mom and mote "abstract" ambience 
which will have to be mapped to tbe mcdmid world. 

The case of multiple operators operating a tekopmtor sysaem d v e d  little attention from the 
viewpoint of performance measurcnmts d evaluation methods, though it is a fact that many tele- 
operatorsystems~opedbyatleasttwoopaatars.Tbisisparticalarlytmefor~-armte1eop 
erator systems. The obvious questiam arc: wodrld and fpnction disrribution, (pilotapilot; driver- 
navigator, etc.), and the dis!cibution ofrqxmWSties. A good evaluation method for multiple OF- 

ator tekoperated systems could also pave the way for d e w  ways to convert such systems into 
single-operator systems. 

Beth Marcus discussed the noti011 that evaluations must be task and perf- dented rather 
than simply basad on an abstract notion of " t e ~ c e n  or fidelity to the ncal world. 

Tht bottom line h m  the panel discusion is that evaluation of hmnan inmhccs is not easy. Tiic 
suitability of a given in!crface for tckopmtom or virturrl en- is often very task specific. 
However, it is possible to begin to collect a "wish list" for these devices. AU other things b c i i  equal 
the acauscy of seasing should be maximizad, rraining time mmlrmlul. . .  . and task perfinmame maxi- 
mized. In addition, the trade-off betwan performance (i.e., speed, accuracy) and traiaing time 
should be considered. 



I t i s i m p o ~ t t o n o a ~ s b w x n o i n ~ ~ d o d r y a i ~ f o r r s e s l b b ~ p  
vidcs all types of f d d c  and gives a fixling i&M to the,'' we anarat ttuw 8- the 
n o t i ~ n t h a t ~ ~ e q u a l s g o o d I n a ~ ~ ~ - ~ w o r l d , a a e ~ b t ~ b O ~ v y m o n ~  
t i o n i n a m o n u s e f u l f w m u s i p e u r u t i f i c i r l ~ F a r ~ r k ~ t l c t i l e ~ ~ ~  
~ a b o u t ~ t y , ~ t b o l l g b ~ b ~ d r a d b O a o c o a ~ s y t b i r ~ t t n # l b r  
tactile display. 



PANEL DISCUSSION ON DESIGN PRINCIPLES AND PREDICTIVE 
MODELS 

H. L Alexander* r-h.it (MQ N. Ho~pn 0, J. M. Hdlerkck (McGill Uni*), 
L Hunter (McOill University)* md w. vaplralt (I. D. TWO) 

2. When is it mzcsmq to have m intelligmtuqmter-mdbd telerobot, atxi will dinct 
~ 0 1 1 ~ ? ~ f i m c t i a n s ~ ~ t o t b e c o ~ ~  

B i l l V e r p ~ i n t r o d a c a d a f p r t h e r ~ , ~ b y t b e c o m p r t e t ' s ~ m ~ m r y b e  
shared with clothing, as opposed to tbe desk. He noted that the fimctiuas of clothing include physical 
w o n ,  providing a sense of beloqhg a manbad@ (as in tbe case of d o r m s  a schod col- 
ors), and generating a sense of saWWim in ones rrpperrana. Tbe point, again, is to motivate tbiuk- 
ing into how a computer might save tb same fimc&km as cloth@, and perhaps in ways similar to 
clothing. 

N c r i l l c ~ ~ ~ a d a @ a t i m o f ~ n m o t e ~ l e ~ s n c h a s t b e  
gravity-fi# dynamics of a t&opatd space vcbiclc a the vhodty dadmteddynrmicsof 
~ a t e r ~ t h i c l e , i n a r d e r t o p n s e n t t b ~ w i t h ~ n r d m a l ~ t o w h i c h W s b e i s  
~ m d . T & : p o i n t i s t o ~ t b d y n a p l i c s o f t b e n m o t e e n v i n n r m n t , ~ ~ a n d  
~0lltro1,totbe~~ratherthan~theopartortoadrpthismerselftotbnmoa- 
envinwmeatdynarnica 



N e ~ a l s o a d d n s s e d t t w ? i d e a o f t u c n i n g ~ ~ t o t a s k s , p o h t i n g o u t d r a t  
humans mmlly do this relatively Adom, and go#rrrlly by a xd i fb t ioo  of porrtun (fix example, 
m ~ ~ b y s t n n g t h e n i a g t b e ~ ) . ~ a c r l B e j c z y s p e l t e u p t o d e f r m d t h e u ~ e ~ f ~ k -  
tive~mpliauaiathepafwmuKxofmrnipllrtiaatask8. 

Ruzena Bajcsy cmplmdd the need fw nmch bth sensor &velopmcllt, to allow fix the 
detection in the Emote cnviro-t, of t t d c  i n f o d o n  for reflection to the operator. This led to a 
~ 0 1 1 o f s c n s o r a o d a c t u a t o r ~ w i t h ~ u l a m ~ t o ~ ~ a n d i e p o t e a -  
t i a l i n t h e & v e l o p n t o f t a % i l e e e a s o l l l l r ; l l d ~ T b e g ~ a r p d i s c u a s e d ~  . . and its 
pdmtialkcl#tineactmCm rsWe toexattb6fhmddispLcements~wry b excite human 
taoeh sensas. Hmdayun SriniVam's w a k  in tactk paception sensitivity (which shows that 
hlrrrmntOUChisindad~y&vc)~irutt.antbrt~mynotbctoofaroutofnach. 

This discussion, f- as it did on tbe pecisiaa of faedbock 80 individual fingers fnrm a dw- 
tNJas~manipllator,kdtoto~sf~yofspecializedr#llotetodsm 
be used m place of general papose n d p k m .  Nat DPriach pll3pCd lively dhussioo by 
h ~ g d e s i g n s o f a ~ t h a t ~ w o r r t b s ~ h s d . T w o s u c h ~ m n t i d -  
c r r m e c a m r s w i t b m ~ ~ t o g e t i a t h e w r y , d ~ w h o h a v e a o s s c a m s c t i o a s h  
theitdi~~~sevendinordertoimpotntheindependeasmobiliryofthe'~fingers.Unfottu- 
M e e l y , ~ # ~ o f t b e s e ~ b o w e v e r i m p n m d o v a t b e o r i g i n a l s , l e n d ~ l ~ t ~ t o  
K l b o t i c ~ o d l d a t t h e ~ t i m .  

Such umsi&ration, however, led to the discusion ofthe use of muscle fibers as robotic drive 
~ t s . T h i S , i a t m n , i n t r o d u c e d ~ o f t h e ~ o o ( m m # y ) c ~ o f  
N i t i n o l w i n i n t h e ~ 1 ~ t o f ~ ~ ~ ~ s t i t ] l n e s s a a d f a n x ~ I t w a s  
a l s o ~ t h a t s k i n ~ i n v i m ~ b e o s e d f a ~ a e a s i n g w i t b ~ n e m r , a p p ' o -  
pdatelycomrecccdtoe~sawnr,andthe1#uhingnenn~proccssedbymurat 
networks. 

W ~ ~ t o ~ t o d s r e p l a c i P s ~ d e x t n m s e n d e ~ t h r t p o i n t w a s  
mde that individual tods may be &velapal tbat me nmch better adapted to specific manipaMnn 



and other tasks, then are c m t l y  W b l e  dextrous mdpukm. A gemd-purpom tool inaetface, 
rather than a dextnnrs end-, would serw to at!& erch such tool to tb mrnipulrOcr wrist curd 
t o c o n d u c t t h e ~ h ~ ~ ~ t 8 r a d ~ ~ s u c h s w r p p o b l e d ~ w ~ d o f  
course be a scmidextmus haud, ranked next to tb QIU grinder, wmch, snw, a d  nut driver. Tk 
chairman proposed developing a ~~ openaor "teIe-handhn bra tcbpmkx mwer 
arm, that would povide a geneml-purpom intadkc to nmde or virhul tool, and could supply a 
wcaltb oftactileanddherfcedb&totbe~. 

Telaq3eratar tactile f;iadback having been well- the subject of tactility in viitual worlds 
wasaddressed.Wher#u,h~h~tona~obb,~calwoadsthepobhincludes 
bothsensing(m~y)d~(loccrlly)~~hvittualWOrldsthe~problem 
is eiimiaabed. The problem becoms insQed w of syntbesizins Cactile stimuli, cMnspondins either 
literally (as in the case of con- with a hlmd, u n m  virtual wall) or nmphical ly  (what does 
it feel like to have ones hand pass t h q h  a virtual wall?) to the virtuat Mty. 

+ C b r h n u n ' s I r o b t : W l t h o u t i w x e r s e d ~ o f c m d ~ t y f o r ~ ~ w e  
may want to generatize the term "bmmflcctiug" to sense-nflectirrg h d c o l l t r o k  An example 
is Steve J~obson's umtm11er which delivers tbe tap mpmscs to tbs qmabr on col l~ ld  with 
objects,whichrespanseisnotmenlyderivedfiomfor#fi;eedbsck,krtisdeli~yspthesizedto 
mpnsent to the operator the con- event. 



MINI SEMINAR: TELEOPERATOPS WITH MICRO SLAVE ROBOTS 



POSTER PRESENTATIONS 





M HUMANOPERATORTRANSFERFUNCTION:IDENTIFICATIONOF
M M MECHAMCSSUBSYM

Lyneue A. Jones and M W. Hunter
McGill University

Montreal,Quebec,CANADA

In moststudiesof humanmanualcontrolsystems,theoperatoris _ as a lumped,
indivisiblesystem, whosedynamicsarelinearandof low ot'der.The objectiveof ourresearchis to
de_ompomfl_ petfonmm_ of fl_ hmmmol_m_ in tram of _ _ fl_ dmmmm tim
operator'sresponsesinonler to establishhow thedynamicsof theseCOmlmnelsubsystemsinflu-
ence the operat_'s _. In thepresentexperiment,the_ stiffnessof thehuman
elbow jointwas measuredatrestandunderdifferentlevelsof bicepsmuscle activation;this wm'k
fnnm l_t of the mmlysisof the lin_ n_hmics subsyste_

The_ oftheelbowjointwasdeterminedbysubjectingtherishtwristtostochasticposi-
fioa pemu_tions (S.D. 3nun,bandwidthof 100Hz)delivcn_ by an elecummq_tic linearmotor

(hingingfrom0 to 150 N) duringthe imzmbafiom, andwae providedwithvisual_ of the
me_zforcz_

/

" Ti'.__ fx_lmm_ r_zmse fum_ionwu delm'mim_m each m_m fom_ level These fnnc-
_ wem calcula_ by Poudet_ the sti_m impulsen_xMe _nctic_ Fq_e 1
showsthes_m fn_p_cy mpo_ _ _ _ amb_ctl_md_ a_ _ of
25N (thinline) and l_q (thickline). TI_ a in the low fn_pm_ _ withm _ in
meanmuscleactivationlevel (as reflectedin the meanfoe:e) is clearlyevident.The figurealso
demmsua_thatstiffnessincreasesathi_.r _equmcies.'Fnismasti.UyhiSh.pmsc_
of the limb mechanicssystemis well-known.In Pilpue2. a typical_ fmctioa is shown._
decreasein_ohenm_athigher__ isdue,_npsr__oaIresin_e_ ra_o
causedbylimimionsinthebandwidthofthemotors,whereasthelossof€ohen_ atlowerfie-
quencies probablyreflectsthecontributionof reflexes.

105





TACTILE DISCRIMINATION AND REPRESENTATIONS OF 'IBXTUW 
SHAPE, AND SOFTNESS 

M. A. Srinivasan 
Research Lab of Rkctmnics 

Massachusetts Institute of Technology 
Cambridge, M a s s a c h ~  

and 

R H. LaMotte 
Department of Amsthcsiology 

Yale University School of Medicine 
New Haven, Connecticut 

W e  present hen some of the salient results on the ta3d ~~ of h u m  a&&ts 
obtained though psychophysical experiments, and the associated p a i p h d  neural codes obCeinad 
through elecbrophysiological recordings from monkey single nerve Eibeis. Homans can debct the 
pmcncc of a 2 mimns high single dot on a smooth glass p b  stmkcd on the skin, based on tht 

/ \  
~sponses of Meissner type rapidly adapting fibers (RAs). They can also detect a 0.06 microns high 
grating on the plate, owing to the mqollsc of Pacinian corpuscle f i b .  Among all the porrEble ng. 
 tati ion soft he ~ o f o b j e c t s , t h e  s u r f a c e c u s v a t m ~ o n s e e m s t o b e t b e m o r t ~  
fot tactile sensing. Slowly adapting fibers respond to both the change aad rate ofchaqp dcuwatm 
oftheskin~atthemost~tivespotirrtheirnaptive~whenasRAs~oalyto 
the nrte of change of curvatu~le. Human . . .  o f c o m p ~ o f o b j e c t s ~ o a  
whether the object has a d e f d l e  or rigid surfiKx. When the surface is dcfomable, the splatial 
pnssure distribution within the contact ngion is dependent on object t x q b c e ,  aud beace infix- 
mation h m  cutaneow mecbanoreceptors is s&icicnt fix fw of sabde di&rm#s in 
compliance. When the surface is rigid, kineahtic information is necessary fordisctirmiaation, and 
the di-ity is much poorer than that for objects with deformable smfibces, 



A HIGH PERFORMANCE TWO D E G R E E O F - m M  -C 

Bernani D. Adelstein and Michael J. Rosen 
M d u s e t t s  Institute of Tecbnoloey 

Cambridge, Massachusetts 

This summay focucies on the khmhetic iabrfh of a virtual invironment system that was 
dweloped at the Ncwmrn Laboratory for Biomechanics and Humen RduMitation at M.I.T. tor the 
study of rrrmurl control in both motorically impaid and ablebodied iudividuals. 

MECHANISM DESIGN 

The kiucsthetic interf?hc is an electromechanically actuated manipulandum (LC., backdriveable 
f- m d p b o r )  that thatles dynamic interaction between tbe ann of a human opcrator/txpuimcntal 
L s u b j c u m h a o a t r d b d m s c h n i c r l l o a d s . T b e ~ ~ i n F i  1,amsiatsofa 

~ - d r i v c ~ ~ w b i c h i s c o u p k d t o t w o p r f n b b d u m e r u n ~ D C m o d o r a I b t ~ -  
f r a i r i n r t r v m e a a s d t o a e m ~ v a l ~ 8 n d ~ o a s 1 ~ t h E ~ ~ d  
f o r # s ~ t k h r # l ~ 8 o d d r e l i n h s r ? _  

A & l i t i ~ a m i ~ ~ f t h i S ~ ~ ~ c o n t i g u r a t ~ p o v e ~ ~ f o r ~  
control. Over its 17 cm sqm wokpace, the interkc is appoximatcly planar, and, most impor- 
tantly, the actions of the two motors arc nearly dampled. 

SYSTEM CONTROL 

The overall'virtualenvinwmnt system, &own in- 2,amsists of the khdwic hedace 
and a p k  YidCO display. System operation is s q m h d  by an LSI-11/23 based miclr, ampam, 
qmnsible fa collecting and storing data, conrmaadmg 

/'.-. -.-> 

t r n d ~ g t b e C o a t r o l I a t e r f r a U ~  
(0, and Earget and tracking mpollsc inf<mnation to the Amiga 1000 pasoart 



computer for display to the subject. Tbe CN contains hardwhd circuitry to control load simulations 
by each motor as well as maintain system safety. 

Because of the manipulandum's nearly planar and nearly &coupled linkage kinematics, configu- 
ration space control can be used to ngulate endpoint impedrnca djrcctly, without geometric compu- 
tation. As a consequence, the LSI-11/23 host can update CIU load control paramtern at nues 
exceeding 1 kHz. 

MEC3XANICAL LOAD AND OBJECT SIMULATION 

The mrnipdmdum's ability to produce positive (LC., M v e )  and negative (LC., destabilihg) 
spring and damping fields was examinad. Load mges achieved with the CN's hardwind digitally- 
supenised~~~lltroIlerarelisdbdinTable l.Onrterstif]lness--up to3 timeshjgh-m 
obtahble tmdapumly digital control implementations. 

Tabk 1 : L o d ~ ~ v e d u n d e r ~ ~ y s u p e r v i s e d ~ ~ m t r o l . T h e ~ ~ W  
equivalent is calcPlraed for the hand grip end of the fixed length hadk. 

hldditimto~mec~i~,the~~lltrokcan~ithCrmaS)LatCnhlllCttbC 
muripllurdwn's prrsive inertia and friction, thenby allowing tbe handle to feel "invisiblew when 
pushed and have so&icient friction to stay in place when "kt gon by the human operator. Contact 
with a hud non4dcy wall anc capture by a detent also have ban hulami umvincingly by the 
manipahdum, as illillustrated in Figures 3 and 4. Together, the pdormance capabilities cksuii in 
this pamgmph suaxssfully meet a set of criteria used in the industry to demonstrate that an "a&'icid 
control feelw &vice is v e d t  enough to f a i W y  execute any general simulation (Jex 1988). 

REFERENCE 
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Figm 1. The manipulandum. Height from floor to spherical hand grip is 1 meter. 



F i  2 V i  envimrrment system componcmts and codcat ion .  The hiphlinhted fnquencies 
( c ~ ~ u p p c r I c p ) i n d i c a t e  tbecmputcrupdatzratesforthevisualdisplay andload 
coatrolla, and the ma- fonx baudwidth as detembd by its first structural mode. . 



Figure 3. Wall model and impbdons. Tbe wall is modelled (Icf)) as a m a s h  plate backed 
by a stiff spring and viscous damper. Wben the handle is to the right of the wall nst position (aop, ), 
no resistance is encountad. As the lumdk moves past the wall reat position (bo#om ), the spdng 
aMidempasopposefuRbetmOti~totbeleftT~nsuhingfnwthehmdforrePppliedmtfie 
c o n s t a n t l ~ m a n i ~ W g n p ~ ~ d i s p ~ ( n ' g I r t ) t a ~ t h e '  
effectof bandwidthon waUquality.Tkuppmpl~drowswallperf#marrcewitha#)nrsec~ 
i n ~ p r i ~ t t o ~ o f t h e ~ ~ b y t h e ~ . T h e l ~ p l a t h a s ~ ~  
rc~Bothsimulatio118anupdatedcrt 1 k H z T k I a g c a r u r e s a ~ v e d ~ " v i s i b k i n  
the upper plot as the attmctivc f m  pulling the handlie back toward the wall (Le, dispkcnmt = 0). 
Awayfromthew~theditr~bdrmenmeaa~levelsdmiagapploachcmdwitbdrawrl 
motions is due to ~~~:oxIqmatd  friction. 



Figure 4. Detent model and implemclltation. The &tent is modelled (top, ) as a spring loaded ball 
plunger located at the bottom of the mauipuhdum handle that is tmppd w h  it passes over tbe 
Mentation in the planar workspace. The plot shows the history of tonp  due to handle for# versus 
handle displacement in one of the manipulandum degrees of M o m  as the handle is captumi by a 
simulated &tent, comes to a stop; and then breaks b. 



PERCEPTUAL AND PERMDBMANCE CONSEQUENCES OF 
FLIGHT IN VIRTUAL WORLD6 

H t r d a # n m b a d v i r n u l r m d d ~ ~ ~ O p e d i n t h e l ~ C a m e a u m d B y t n  
(1961) xepomd on a hed-slaved vi&o control sy8tea In 1968, Suthsstrnd discussed a headdm4 
g r r p M c s ~ ~ ~ w o r l d t b r r ~ ~ d e w # s b n a e d b y V m d o e n ( 1 4 7 0 ) . ~ a n a l ~ m b ~  
r n i l i ~ ~ ~ q u i d d y d e v e l o p e d a n d f t s a e d ( J o b n s a n a n d ~ , 1 9 7 7 ) .  

~ p w 0 f ~ g c # r r d o a a e d m d o g y e f ] l o r t s , ~ ~ ~ ~ ~ g n p b l c s ~  
tcms have been developed (Fish, McGnevey, Humphrics, and Rabinett, 1986). With this new 
technology effort has come more systematic studics of the pcrfkmmce amsquenccs multing from 
c o n d u c t i n g ~ i n r a o a r n t l c a l ~  

T h e n ~ t w o p r i m r y ~ f o r b # b m a m e a d s y s t c n m i n ~ ~ ~ i s k  
- - a e d ~ ~ t e b o p e r r b e d ~ w e r p o n s ~ ~ J ~ ~  
a n d P h r t r k ( 1 9 8 8 ) e ~ b # d t r a d d a g p s r f o r m r n a ~ ~ ~ d ~ ~ f l i g h t .  Inthat 
s t u d y , c o ~ w u e a l s o n x l e o f b c a d ~ p a f o n n r n a i a ~ a n d r c I a t i v e l y ~  
virtual worlds. That study amfhed tbe tdmstms of bead tmckhg pedmma mum a wide 
~ o f v i s u a l s a a w .  

A d ~ o f v i r t p r l w o d d ~ l a y s i s f o ~ ~ c o n t r o L ~ ~ ~ ~ h e 3 w E . .  
m w n t c d , ~ l - n # n m O e d a ~ o u t - t b b ~ ~ b b e a r s y s t e m r t i c r l y ~  
(Bennett, O'Jhmll, and Sohaam, 1988, O'DanneU Sohason, md Benoett, 1988). Tho68 studies 
nported the range of rotonxaft flight tasks in wbich head-mouatcd virtaal worlds pvided some 
admatagex. 

Two studies will be nported that examine the 7 e&c$ of virtual wodds. 
T h e t i r s t e x a m b s M t r & b g p e r f ~ w i t h ~ ~ v a ' s u s ~ t l - ~ ~ U ~ ~  
worlds.Thepurpo#oftbe~wm~(a)exatllinedisplay~uacdin~displaysys- 
t e m s a n d ( b ) s n d y t b e ~ o f o b s e r v e r s t o w t i m a t r A ~ ~ ~ ~ ~ l a v a b  
v e r s u s M ~ ~ . T b e ~ o f t b i s s h d y w a s t o e x a m i a e t b e ~ o f w i d e  
fiieId4nga& during t i d  llpproaches to a xunway. 



A DECADE OF TELEROBOTICS IN REISABILlTATIONt DEMONSTRATED 
UlYUTY BLOCKED BY TEE HIGH CWI' OF MANIWLATION AND THE 

CO- OF THE USER INTERFACE 

Ths StanfMA Interactive Rdmtics Labratory set out in 1978 to test the hypashtsis that 
iPdustrial rdmtics Dcbnolosy could be applied to senn the ma-on aads of samly i m p i d  
individuals. Five generations of h d w a  time generations of system softwan, and o m  125 expa- 
imentd subjects later, we believe that pnuine utility is achievable. The c x p e h a  includes d a d -  
apment of over 65 task applications using voiced command, joystickumml, nannral language com- 
d and 3D object ddpution technology. 

A brief foray into virtual en-& using flight hulator bachnology, was iassdve. If 
nality and vhmlity come for comparable prices, you caanot beat d i t y .  

AdeCaiEbd~~vicwof~ve~~myandthepaformaaaspecifications~to 
achieve cost/beneficial utility will be used to support discussion of the fume of rehabitation teler- 

f 
i obotics. Poised on the thnshold of commercial viabili~y, but constrained by the high cost of techni- 

calIy adequate manipuWors, this wortby application domain floun&rs tapad ly .  In the long mn, 
it will be the user interfaa that govuns utility. 



A PHYSICAL CONTROL INTERFACE WfilCI PROPIUoCElTNE 
FEEDBACK AND MULTIPLE DEGREES OF FREEDOM 

G. H. Ckascy, D. Oow, Y. Sloan, aud B. &&om 
University of Edinburgh ad Pri#xar Magmet Roa Orrbapaedic Hospit& 

Edinbu& SCo 

The use of the drug Wdomide by pmgnant motbm in Bdbh in a micity of dcfumi- 
tics including the birth of children having no arms. Such childnn wue proviclcd with powernd a&% 
c i a l a n n s w i t h u p m f i v e d e g r # s o f f n e d o c n ~ c o a t r d l e d i n n r l ~ b y ~  
movemat (nf. 1) and whose operation could be learnt by childrm within a matter of boars. The 
case with which this manipulation could be krrnt and used may hve baeD due to the system wed to 
ptov ide feadbackofpos i t ion~f~ to theuser ' s s l r inadjo iPQ.Inth i sway ,~~1~  
senseofpmprioccption w a s e x t e n d e d f r o m t h e u s e t h b t h e & ~ ~ ~ w e d ~ v i a u l  
feedback and conscious control. 

With the banning of thalidomide, this techniqc~t fell into disuse but it is now being Fbwum'med 
as a control mechauism for other artificial limbs (mfs. 1-5) and it may have other mdial 
applicati0ll~toallow~utstocontrolfarmalypualysadlimbs11~)vedby~~ 
(ref. 6). It may also have commercial applications in robotic manipulation or physical interaction 
with virtual environments. 

~ o a l l o w i t t o b e i n ~ t ~ t i ~ ~ , t h e ~ ~ m r U n r ~ ' s y ~ a m ~ h  
converted to an elcmical analogue to allow intd&g to c k t m i c  and ~-~ system. 
A harness iacorpomtcs fom-sensitive Eesistors ad linear 
force at the interface with the skin, and mlnlahm 

. . ~ s e p s i n e ~ ~  elect& m o t o r s a n d k a d ~ f a ~  bedtto 
the user the position of the robotic am and the fatrxs applied to it. In tb pnsent system, d is 
applied to .fm degmm of fnedom using eMd-011 and ~ ~ a a  ateach 
shoulder so that each collar-bone emulates a jaystick. However, both ele&cal and mcdmahl 
components have been built in modular form to allow rapid replicatiion and testing of a vrn'lety of 
force and position control strategies. 
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OlUMXlW EVALUATION OF SlTUATION AWABENESS FOR DYNAMIC 
DECISION MAKERS IN ~ T I O N S  

T b e ~ ~ o f ~ w # l t b b t o ~ r f o p n d r t i o r p u p o a w h i c h ~ i n t h e a e r c m  
plocssd Amoddofdynamic humrndscisioa~whichisinclusiveof sitdm mmness will 
b e ~ d o n g w i t h a ~ o n o f ~ o n r ~  Ametbodf#mamiqsituation 
~ w i l l h b e p n s s e n t t d = r W h e v r l u r t i n g d e s ~ c o n a p s . T h e S i h u t i o n A -  
O W  h c m u m t  Technique ( S A W  is m objective mer&un of siaution awamms a i g i ~ U y  
~~~thef~coclrpitenviroamWt.~~~ofSAOATvalidrtioa~rillbep 
s e n m e d I m p l i i o f t h i s m e a r c h f a ~ m d d b e r ~ o f d y n r m i c s y s t a n s w i l l b e  

/' 



DEVELOPMENT OF VISUAL 3D VIRTUAL ENVXRONMENT 
FOR CONTROL SOFIW-4RE 

Michitaka Hirose, Taloeshi Myoi, Harm Amclri, Koki Inamura, and Lawnnce Sta& 
University of Tokyo and Tdtyo Eledc Power Co., Tokyo, JAPAN 

and University of Californir. Bakeley CaMda - 

Virtual environments for softwan v i s d d o n  may enable complex program to be d and 
maiotaid. A typical application might be for control of wgiond etsctric power sys!cms. As these 
ammpm broader computer networks thnn ever, umtndon of such systems b e c o ~  very dUH- 
cult. Conventional textdented envimmnts an useful in pmgmmiq individual pr#xssoff. 
However, they are obviously iasuflticieat to program r large and complicated system, tbat itlcludes 
kge numbers of computers connected to each such pmgpmdq is called "programming in 
the luge." 

As a sdution for this problem, the authon an dmloping a grapbic proenurmring a v h n m n t  
-in me can visdize wmpiicatcd softwm in v W 3 D  world. Om of the major ikatms of the 
en~tisthe3D~trtionofcoacumat~3D~cetimk~tosopplybdh 
nenwk-widt i n t q m c c s  pogramming cqhility (qmbility for Ypogramming in tbe lap") and 

,,' ~al-time programming capabiity. The authors' idea is to fuse both the block diagram (which is use- 
ful to check relationship among large number of processes or processors) and the time chart (whir 
is useful to chedt pecise timing for sydnmhdon)  into a single 3D space. The 3D xepmmm.: ,: 
gives us a qmbility for dhc t  and intuitive plrnning a ltldenbnding of compbtcd relationship 
t m o a g m a n y t 3 l a a m m t ~ .  

T o n r l i z e t h e 3 D ~ ~ a ~ l o g y t o e a i M e m y ~ o f ~ 3 D ~ i s a  
definite necessity. Using a stereo display system and r gesture input device (VK M o w ) ,  our 
plototype of the virtual workstEtion ha9 been impkmaded. Tb wabtation can supply the 
"sensation" of the virtual 3D space to a posramma. So- f a  the 3D prosramniDg arvinrnmat 
is imp~emnted on tbe worhation. According to ph inary  asstsanems, a 50% ndpctioa of pm- 
gramming effort is achieved by using the virturrl3D envimmmat. Tbe ~ h o m  expect that tbe 3D 
environment has considerable potential in the field of softwam engineering. 

PI1OGBAMMING IN THE LARGE 

The authors rn involved in the design project f a  h u m  power supply system in Tokyo. T4c goal 
of the project is to have the entire power di- system coatrdled automafially by a wrt com- 
puter xn%working system. In order to a that goal. we nad to find ways to solve dre p o b h  
which arise in developing such a large and complicated softwan scheme. - 

Two basic types of problems associated with the di&nat levels of the netwodring ar-t 
cm be cop~idered. One type of question mi@ be: %ow do I program each c a q m t d "  (Ibis is 
cllledprogrammingiathedl).AnotbermigtrQbc:riow&Icoordiraatemanycomputas?." 
(This is called p m ~ g  in the large.) 



I 

Since the programming environment itself is built on "algorithmic'* or 'logicaln chrrradieristics, it 
is convenient to use text representation. With text, we can eliminate much mbiity. However, tcxt 
alone becomes limitingly insufllcient in the case of "programming in the la@* wbeFe the most 
important factor in the field concerns total configuration design rather than detailed logic design. 
Thus a more global methodology is needed to comct for faults in the overall system design. even 
though each individual subsystem may be conectly designed. 

In "programming in the large,** the authors believe that visual repre~tntations play an important 
role in the intuitive understanding of sofkware and a combmation of text and visual environments 
will provide the best solution. 

CONCEPT OF 3D VISUAL REPRESENTATION 

Often, a network diagram is given as a 2D representation, known as block diagram. However, if 
the description of a real-time control program is quire4 such as in the synchronization of several 
control processes, the time dimension should also be taken into consideration. 

Fig. 1 shows the concept of the 3D visual rtpnsentation. If we observe tbe rcpnsentatioa along 
the X axis, it will be a conventional block diagram. The axis nonnal !o the X axis is a time chart. 
Using this 3D representation, the programmer can intuitively grasp the state of concurrent process. 

In the 3D visual representation, the geomtrical shape used to xeprcsent program flow of succes- 
sive message passing is also important. The shape itself indicates the type of i n f o d m  exchange. 
Sometimes the programmer can handle the softwan entirely based on its shape. Ibe gmtcr the 
number of processes, the pater the advantages of 3D representation, pxesumably due to cbaracberis- 
tics of the human cognitive processes. 

Several years ago, such an idea was unrealizable due to the limitations of computer capabilities. 
To implement 3D representations, we need a new techn01ogy able to incorporates real-time 3D ani- 
mation, stereo displays, 3D input devices, and other aspects of the virtual 31) work-space. To gencr- 
ate a 3D image, the authors used Stereographics CrystalEyes System, (a flickerless 3D CRT by h!gb 
speed LC (120 Hz Liquid Crystal) shutter). By adding a head movement d e m r  (Polhemus 3D 
tracker) to that system, a partial "look-aroundn effect can be implemented. As a gestural input 
device, VPL DataGlove is used. 

Fig. 2 shows the current hardwm contiguration of the virtual 3D workstation. The system 
includes two sub-workstations. One of them (an HP9000 SRX) is used for generating the virtual 3D 
image and handling I/0 devices. Another ( a Sun 3) is used for text handling. In otber words, the first 
one is for "programming in the large," and the second is for uprogramming in the small." 

Figure 3 shows an example of the visual programming environment. The message flow between 
processes is displayed in virtual 3D space. One small box represents a computing object (sornetims 
it can be a process, sometimes it can be a processor). 



Semi-t~pamt box -6 a &er of computing objects (it can be a stand-alone computer 
box). 

Using a virouri hand which works ro 3D pointer and a kind of "action menu*' which detects ges- 
atns,pro~gammercmhadlevimulob~(suchas"ob~~and~)inthevirturl3D 
d d .  Cumntly* theenvtronmcntb twomodes,C8lledwdmOdcn a n d " ~ o c 1  mode!* 
World mode is mainly fix observiag whole sbpm of the mfhwm. Succession mode is used for edit- 
ing mmsagcs pssing a m *  objects. The txdgmtion k still phimy. Further investigation is 
needed concankg the design of object handliPg in 3D v h a l  spa#. 

Toob included in the environmnt m as foUow8: 

1. V i  M d u l c t :  Tool to masum the exact dationship among virtual objects. 

2. Critical Path F i  Tool to find and display the critical path which detennincs the total 
networlt throughput for a &en network task. 

3. Network Sirnulatot: Tool to s i d a t c  message passing and data processing on each computer. 

4. Nehvork Piaaner. Tool to update iaformation about the network configuration. This tool 
w o k  with Network Simulator. 

<- 

ASSESSMENTS AND CONCLUSION 

As a pelhimy awmmmt of tbe 3D ~11vimmat, gtv#al multipwxssor programmiq tasks 
w m  asdpd  to subjects. The taqpt system is supposed to be 3 4  networked personal computers. 
Completion tim with and without tbe enviroament was measund. Roughly speaking, completion 

~ time with the 3D envitonmcnt was shorter than that of the conventional methodology. In addition, 
using 3D lowers the variance, indicating that the environment xduces error. 

I 

The autho~~ believe that the cormpt of 3D visual xepmmtatiolls has proven to be effective even 
in the simple environmeat d m d y  irnplmted. A fat gnab# impact can be expected in a more 
sophisticated environment as the m s t  case of sotkware environmnt. For example, Smalltalk80 is 
bigbly valued for its concept of "object uricntedn programming* but its envirommnt is valued much 
mon than the concept itself. The authors consider this kind of practical effort is indispensable. From 
a pmctid point of view, however, much effort is needed to prepare aud accumulate effective tools 
for this new environment. 



CARRIER c - m  

Figure 1. Cow of 3D visual repmentation. 

F i p  2. Hardwa~ c o ~ o n  of the virtual 3D wodaatim. 





HUMAN OPERATOR TRACKING PERFORMANCE WITH A 
VIBROTACTILE DISPLAY 

Gideon F. Inbar 
Techn;on - Ismel Institute of Tcchno1ogy 

Haifa , ISRAEL 

Vibmtactile displays have been designed and used as a sensory aid for the blind. In the pnsent 
work the same 6 x 24 "Optwan" type vibmt&le display @'ID) was used tocharscterize human 
~(H0)~perfwmaMxinpursuitandcompe~~TheVTDwasco~ectedvia 
a mi- to a o ~ n s i o n a l  joy stick ma@uhtor. Various display schemes were tested 
on the VDT, and wue also compared to visual tracking performance using a specially constructed 
photo diode mabrix display comparable to the VTD. 

Optimal pdcmmcc, mtasmd as minimal rms enor betwan input and output signals, was 
achieved by dividing the VDT matrix @o two 3 x 24 fields. On one &&,I the reference signal was 
pnscntdd and on the second half the target position. The axial position on either half was generated 
by cycling between two adjacent 3 pin lines at MHz, moving up and down with the target, or refer- 
ence signals. Pseudo random bandlimited signals, DC to 0.4HZ w m  used testing the p e h c c  of 
four subjects. - 

1. Very little training was needed by the subjects to learn to use the system and then was little 
improvement with time after the quick initial learning phase. 

2. No significant diffennces we= measured between pursuit and compensatory tasks, in 
contrast to the visual tracking experiment. 

3. The calculated cohennce function for both tasks was close to 1.0 at the above dynamic 
range. 

4. The HO transfer function, after the exclusion of a fixed time delay* was a constant gain and 
constant phase at the above range. 

5. An average of about 420 msec. time delay between the input and output signals was 
exhibited by thee subjects while the fouxth subject had almost double this delay. 



-ATION ISSUES FOR A COMPACT 6 DWREE OF FREEDOM 
mRCE REFLECTING HANDCONTROLLER 

WITH CUEING OF MODES 

Heidi JacobPs, Alan I. Riggs, QIIltles Jacobus, md Yechiel Weins6ein 
CybcnactSysQnrrrCorpont~ 

Ann -, 

TeEaoperatad control a master human htafacc &vice that can provide haptic input and 
output which nflects tk: rcspoms of a slave robotic system. T& nporkd in this paper 
d d r c s s a t b e & s i g n a a d ~ o f a s i x d s g r s e o f - ~ @ O F ) ~ ~ h a n c l  
conbrollerforthispurpoge.The&vice~~isspXYZs~atEechedtoa~U 
wrist which positions a flight- hadgrip. Six degrees of hedm am traasduced and control 
brushless DC motor servo dcctm&s nimiln in design to those used in coqutcr umtmllad robotic 
manipdatm. This gareral approach suppats scaled force, velocity, a d  position h iback  to aid an 
aperator in ~~:hieving telcpnsum. Tbe gaadity of th6 &via and control s y s b e m c ~ c s  
allow the use of invuw dynamics robotic control mthodology to project slave mbot system foms 
a n d ~ t o t b e o p e r a t b l : ~ m s c a l e d f o r m ) d a t ~ s a m a t i m e t o ~ t h e  w t  inathiofthe 
robotic handcontroller itself. 

Tbe handcontroller unit which was d c & d  and shda td  in the initial effort uses b d e s s  DC 
s e r v o ~ i n ~ p a n c a b e t # 1 0 1 ~ a a d ~ g e a r i n s f o p o d P c e ~ e ~ ~ s i m p l e a n d  
Nggedm#:hanical&sign~e~~~routi#mrinbenmrce,Tbee~niccontrolunit  
~isacompectlowpwerroboticQi~~wW89~~0~$ZObOtiC~gyst~mgn&g 
up to nomblly 1500 W of power fiom a persanal cmputcr sized package. The cufient control 
design, which 6s not multiple fault tolemat, can be extendad in tfiis a m  to make flight control or 
spgce use pssibIe. 

Thepraposedhandcontrol lerwil lhaveadmUagein~b8@ed~whenan 
operator must control several robot arms in a shmkmw and wmlhtcd fashion. It will also haw 
applications in intravchicular activities (within tbe Spaa Statitm) such a;s mkogravity experiments 
in metallurgy and biological experbuts that nquite isolation firom the astmams' environment. For 
ground applications, tk: hadcatroller will be useful inuwbmbr clctt9ities when the gendity 
of the pioposed baudamtroller becomt8 an asset fot operation of many Mkmt ma@ulator types. 
A l s o a p p l i c a t i o n s w i l l ~ i n t h e ~ , ~ ~ M . f n ~ ~  
u#s including ordnance handling, & ~moval, NBC (Nuclear, C h h l ,  Biological) operations, 
control ofvehiclcs, and operating stmu@ and agility eahanad machine. Fum avhks 
app&dom including advanced helicopter and aimaft control may also become impormt. 

1. Tbe walc nporbed hera hr ban sqpawi by NASA Jolnwo Spree anda coaqact NAS-S18094. 
2. Posterv&on 



ON THE ROLE OF EXCHANGE OF POWER AND 1NM)RMATION 
SIGNALS IN CONTROL AND STABILITY OF 

THE HUMAN-ROBOT INTERACTION 

A human's ability to @nn physical tasks is limited, not only by his1 intelligence, but by his 
physical stnn@h, If, in an appmpriate cnvhmmt, a madhe's mechaaical power is closely inte- 
grated with a human arm's mhanical power under the control of the human intellect, the nsulting 
system will be superior to a loosely integrated combiion of a human and a fully automated robd 
Th&m, we must develop a fhdamental solution to the problem of "cxtmdiug" human m6chani- 
cal power. The work presented ban defines "extendersn as a class of robot mauipulators worn by 
humans to inmaw human mchauical stna%h, wbile the wearer's i n t e k t  remains the central con- 
trol system for manipulating the extender. The human, in physical con- with the extender, 
exchanges power and Wormation with the extender. 

The aim is to dctermb the fundamntat building blocks of an intdligent controller, a controller 
which allows interaction between humans and a broad class of computer-controlled machines via 

f simultaneous exchange of both power and inlonnatton d g m k  Traditionally, human interaction 
with active systems ( s e l f - p o d  machines) ha been defbd as t!m cxclmge of "infonuation 
sipalsn only. Far example, the human send8 Mmmtiaa &nab to an electric mixer (an active 
system) by pushing a "start" bu#on, but the human docs not W e r  power to the mixer and does not 
-1 the actual load on the mixer blades. As in this example, the pnvalent trend in automation has 
ban to physically separatad the human fmrn tbe machine so the hutnan must always send 
information signals via an in&mdhy device (e.g., joystick, push- lightswitch). Extenders, 
however am pedect examples of self-powend machines that arc built and controlled for the optimal 
exchange of power and information signals with humans. The human wearing the extender is in 
physical contact with the mhine, so power trader is unavoidable and information signals from the 
human help to control the machine. Commands am traDsfcrred to the exlender via the contact f o m  
and the EMG signals between the wearer and the exten&, thus eliminating the need for a joystick, 
pushbu#on, lightswitch or keyboard. This allows the person to maneuver his hand mon nahually. If 

is defined as a natural mthod of communication between two people, then we would like 
to communicate with a computer naturally by tallring rather than by using a keyboard. The same is 
true hen: if we define "maneuvering the handn as a natural method of moving loads, then we would 
like to move only the hand to maneuver a load, as opposed to using a keyboad or joystick. The . extender augmnts human motor a b i i  without acaptin% any explicit commands.. it accepts the 
EMG signals and the contsct folrx betwan the person's ann and the extender, and the extender 

. "tmsWsn them into a dcsid position. In this unique um6guration. mechanical power transfer 
between the human and the extender occurs because the human is pushing against the extender. The 
extender transb to the human's hand, in feedback fashion, a scaleddown version of the actual 



external load which the extender is -. Tbis Mhaal faedbPck fbm on the human*~ hand 
allows him to "feeln a modified vetsion of tbb extsrnrl h on tb exte&r. 

F u r t h e r c ~ c a t i i a n o f t b s ~ o f ~ o f ~ m d ~ o n ~ f o l l o ~ ~ . m  
information signals ftom the h u m  (age, BMO dgds) to tb ampter dlect human cognitive 
W t y ,  a n d t h c p o w e r ~ ~  thekmrcmmdtbnmchine(e.g,phydcd~on) 
reflects human physical ability. Thub the inhcmh t m r k  to the m d b e  aupmb cognitive 
ability* and the power^^ motat-. Them two actions amcoupledthu@the 
human cognitive/motor dynamic behavior. T b  god is to daiw th control rules for a class of com- a 

putcr-conmfled machines that augment humrn physicrl and cognitive abilities in certain manipla- 
ti= tasks. 



A TWO DIMENSIONAL ARTIFICIAL REALITY 

Myron W. Kfucgcr 
ArtificialRcdity 

Vernon, Connecticut 

The current presumption is that is necessary to don goggles, gloves and a data suit to cxpcdence 
arti&U d t y .  However, then is another technology that offem an alternative or complement to the 
c~~umbuing techpiqucs assodated with NASA. In VIDEOPLACB, your i m w  appears in a 2D 
graphic world cnaacd by a computer. The VIDEOPLACE computer can analyze a person's image in 
1/30 s d  and can detect when an object is touched Vig. 1). Thus, it can j~~ncratc a graphic or 
auditmy mponse to an illusory contact. 

VIDEOPLACE tdmology wtists in two formats: the VIDEODESK and the VIDEOPLACE. In 
the VIDEODESK envhanmt, the image of your hands can be used to perform the nonnal mouse 
fuM:tbs, such as abwruing and drawing (Fig. 2). In addition, you have the advantage of marltippoint 
contmt. For instance, you can use the thhbs and f-gem of each hand as control points far a 
spW curve (Fig. 3). k b a p s  most itqmtant, the image of your hands can be compnsscd and 
bransmitted to am- over an ISDN voice channel to appear on the xemote scnen superimposed 
over identical infodon. Likewise, the image of your colleague's hands can appear on both 
screens. Tht nsult is that the two of you can use your hands to point to features on your nspective 
scraens as you speak, wractly as you would if you wue sitting togdmr (Fig. 4). 

I n t b e ~ ~ e n v i r o n m e n t , y o u c a n i n ~ t w i t h & r a p h i c ~ a n d t h e ~ o f  
other pcople in o h  Mans in a gmphic world. Your whole body can be moved, scaled and 
rotated in teal-time witbout n g d  to the laws of physics. Thus, VIDEOPIACE can be used to create 
a faatasy world in which the laws of cause and effect an composed by an artist (Fig. 5) (Fig. 6). 

Krucgcr, M. W. W s e r t a t i o n ,  University of 
Wmnsin, 1974. 

Knregcr, M. W. Rcspomive En-ts, NCC Fnrcetdtn . . gs, 1977,375-385. Knteger, M. W. 
v, Addison-Wesley, 1983. 
u, M. W. VIDEOPLACE-An Artificial Reality, SIGCHI 85 Procdgs ,  April 1985,35-40. 



F m  1. Video touch. 



. . 5. Landing in an artificial nality. 

Figure 6. P m t  and child size mversal. 



BINAURAL ROOM SIMULATION 

In everyday limning the auditory event perceived by a listener is debermiwd not only by the 
sound signal that a sound emits but also by a variety of eavitonmcatal patsmeaers. These pammders 
are the position, orientatha and d k d d  &mxt&th ofthe sound some, tb htexds position 
and orbtation, the geometrical and acoustical p p r t h  of surfiwxs wbich afllibct the sound fkld 
and the sound pmpqptioa ppmtits of tbe rjmmdhg fluid. A complete set of these parameters 
can be called an Acoustic En-nt. If the auditory event pcdved  by a listtl#' is manipubd 
in such a way that the W is QhiftEd acoustically into a di&xW awust&.cn- without 
moviq himPclfphysidy, a Virtual Acoustic En- has beca clleaaed. Hen, we <bal with a 
special tcchniqm to set up nearly arbitrary Virtual Acoustk Envhmmt8, tb B i i  Roam 
Simulation. Thc purpose ofthe B i i  Room SimuIation is to compute the binaural impulse 
nsponse elated to a virtual acoustic e n h u t  taking iato account all para- mentioned 
above. 

One possible way to describe a Virtual Acoustic Environment is tlae concept of the virtual sound 
f - sources. Each of the virtual sources emits a c e d  signal which is correlated but not necessarily 

ident icalwithtk~cmitbcdbythe~soundsomrx.  If s o u n x a n d ~ a n w m m o v i n g ,  
theacoustic~11:-bcEomesaW-in&mThcn,tbBiaruralm 
~ostfromthesomrret~alisfener'seardnutle~alln~auditoyinf~o11niabed 
to t h e V i r t u a l A c o u s t i c ~ t . L i s t e n i n g h t o t h e s i r n l l t n t a a ~ 1 1 ~ c a n d y b e  
8chieved by canvoiviug the Binaural Impulse Response with dry sign& and Ilepl#renting the results 
viaheadphone& 

O u r s ~ o 1 1 s y s t e m ~ 0 ~ l ~ t b e f o ~ o w i n g ~ P i r s t t b ~ o f t h a e w i r o r u a m t t o b e  
simulated are entered into the computer using a CAD program geometric data oft& room aad 
databasesforacousticda~aoftbewallsandthe~chatactarsclcs. . . Position and orhtation of 
source and nceivcr an defined by local coordinaOe systems. T b ,  the positiaas and orhtations of 
the virtual sound somcs are computed by ray tracing or mhm imaging algadbms (nfs. 1.2, 
and 3). The signals of the virtual sounxs are derived by convoluting all impulse ~~spoases of the 
walls involvedin thesoundpa!hof thevirtualsoume.Thebinautalroom~respoaseisthen 
computed by propagating the signal of each virtual sourrx to the listener and mvolving the mult 
with the external-ear impllse response of the listener for the mqcctive d b b  of i d d u m .  

1. J. Borish, "Extension of the,image model to arbitrary p o l y ~ "  J .  Acorcd. Sk. Am., Vol75(6), 
pp. 1827-1836, J m  1984. 
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ACTIVE LOCALIZATION OF VIRTUAL SOUNDS 

J. M. Loomis, C. Hebcrt, and J. G. Cicinclli 
University of M a n i a  
Santa Barbam, California 

We describe a virtual sound display built around a 12 MHz 80286 micmmmputcr and special- 
purpose analog hardware. The display implements most of the primary cues for sound localization in 
the ear-level plane. Static information about dinction is conveyed by intcraml timc diffenncts and, 
for fkquencics above 1800 Hz, by head sound shadow (interaural intensity di&nnces) and pinna 
sound shadow. Static information about distance is conveyed by variation in sound pnssun (first 
power law) for al l  bquencics, by additional attenuation in the higher bquencics (simulating atmo- 
spheric absorption), and by the proportion of direct to tcverberant sound. When the user actively 
locomotes, the changing angular position of the source occasioned by head d o n s  provides h h r  
information about direction and tbe changing angular velocity puoduced by W translations (motion 
patallax) provides fiutber ia fodon about distance. Judging both from infonnal observations by 
users and from objective data obtained in an experimcci an homing to virtual and =a1 sounds, we 
conclude that simple displays such as this an effective in creating the perception of external sounds 
to which subjects can home with accuracy and ease. 



KUMAN-MACHINE INTERFACE HARDWARE: THE NEXT. DECADE 

E. A. Marcus 
EXOS, Inc. 

Lexington, Massachusetts 

In order to understand where human-machine interface hardware is headed, it is important to 
understand where we are today, how we got there, and what our goals for the future an. 

L 

As computers become more capable, faster, and programs become more sophisticated. it 
becomes apparent that the interface hardware is the key to an exciting future in computing. One only 
has to look at CAD workstation hardware and the array of tablet, stylus, ttackball, knob, and mouse 
devices which are combined with a maze of menus and function keys to understand the issues. These 
pmgrams can create visual representations in 2 or 3-D, illustra~e attributes of the object, such as 
stress and temperature distributions, or model and auimate the object as it interacts with other 
objects. How can a user interact and control this seemingly limitless array of parameters  effective!^? 
Today, the answer is most often a limitless array of controls. Thc link between these controls and 
human sensory motor capabilities does not utilize existing human capabilities to their full extent. 

Imagine if the developers of the first car had electronic controls at their disposal and decided to 
control all car functions through a tablet or an array of switches or dials. They might have argued 
against a steering wheel as follows, "If a steering wheel is used, both hands ate completely occupied c- at all time. How would you control the speed, or any of the other Euactions?" The rebuttal might 
have been, "Use foot pedals which is natural due to experience with walking or cycling." The tabla 
advocate would have said, "No one will want to use their feet, it's just not natural. Even if people 
would try it, it wouldn't be smooth and it would damage the whole concept of the car." As you can 
see, if cars evolved this way, they would be a maze of dials, menus and controls which saturate 
human sensory capabilities. We'd probably have speed limits of 30 mph due to the limitations in the 
reaction time as set by the interface hardware. Luckily, the car evolved to take more advantage of 
human capabilities. 

To use the car analogy again, when the car was born, they didn't a& what a car in the year UKW) 
would look like and leave "hooks" and "scars'* for improved technology. If they had, they would 
have been wrong, as few if any peop!e are able to anticipate technology breakthroughs. They did, 
however, provide the best that was possible at the time and got the product out to as many people as  
possible and let time, experience, market demand, and technology innovation lead to the fuaue. 

Interface hardware for teleopemtion and virtual environments is now facing just such a crossroad 
in design. Therefore, we as developers need to explore how the combination of interface hardware, 
human capabilities, and user experience can be blended to get the best performance today and in the 
future. 



COORDINATION OF HUMAN UPPER ARM AND M)REARM MOTION 
IN RAPID EXTENSIONS 

Mahmood Nahvi 
California Polytechnic State University 

San Luis Obispo, Cal&rnia 

In many movements of the upper limb such as reaching, positioning, and diplacing the objects, 
the hand moves smoothly along a unidirectional planar trajectory with a bell-shaped speed profile. 

Because of variabiity of the load, gravitational and velocity interaction forces betwetn its seg- 
marts, the dynamics of the arm during the d o n  is very complex. Motion of the upper am and the 
fonana an coordinated to produce smooth movements despite such complex dynamics. This coor- 
dination constitutes an impartant o ~ o n a l  f m  of ann movement. n# pmsmt pqer 
describes some experimental results dated to the above and interprets their role in producing 
smooth motion of the hand. 

Trajectories of the right upper limb in vertical plane and the simul- muscles' EMG activi- 
ties were ncordad for extensions of various amplitudes uhder four loads. The forearm trajectories 
are smooth with bell-shaped speed profiles. The upper ann trajectories may have b i i  sped 
profllcs and three segments, resembling an inverted 'Z." Segmentation is sharper for the points near 
the shoulder joint, and is (yxcntuated by load. As one moves from the central points nwt the shoul- 
~ I X  joint to the peripheral points near the hand, the thne segumts merge and nsult in smooth arrves 
with single-peaked sped profiles. The thee segments have a coherent time oourse and can be iden- 
tified ratber acCuratcly and non-ambiguously. 

The observed trajectork and the EMG pa#em =veal an effective cooniination strategy which 
utilizes the stntcture and the dynamics of the moving arm to prodwx smooth movemnt. 

. - 



MANUAL DISCRIMINATION OF FORCE 

X. D. Pang, H. Z, Tan, and N. I. Durlach 
Massachusetts Institute of Techaology 

Cambridge* Messachwe#s 

Optimal design of human-machine interfaces for teleoperators and virtualaviromnt systems 
which involve the tactual and kinesthetic madalitics requires knowledge of the human's resolving 
power in these modalities. The resolution of the interface should be appropriately matched to that of 
the human operator. We nport some pnliminary nsults on the ability of the human hand to distin- 
guish small differences in force under a variety of conditions. Experhmts were conducted on force . . .  drscnrmnation with the thumb pushing an interface that exerts a constant force over the pushing dis- 
tance and the index finger pnssing against a fixed support. The dependence of the sensitivity index 
d' on force increment can be fit by a straight line through the origin and the just-noticeable differ- 
ence (JND) in force cau thus be described by the inverse of the slope of this line. The reccivcf-oper- 
atingcharactcristic (ROC) was measured by varying the a prion' probabilities of the two alternatives, 
ref- force and nfenncc force plus an increment, in one-interval, two-alternative, forced-choice 
expaimcnts. When plotted on n o d  deviate coordinates, the ROCs were roughly straight lines of 
unit slope, thus supporting the assumption of equal-variance normal distributions and the use of the 
conventional d' measure. The JND was roughly 6-8% for reference force ranging from 2.5 to 

r7 10 newtons, pushing distance from 5 to 30 mm, and initial finger-span from 45 to 125 mm. Also, the 
JND nmaintd the same when the subjects were instructed to change the average speed of pushing 
from 23 to 153 mmlsec. The pushing was termhated by mh ing  either a wall or a we& and the 
JNDs wen essentially the same in both cases. 



IMPLEMENTATION OF A THREE DEGREE OF FREEDOM, 
MOTOWBRAKE HYBRID FORCE OUTPUT DEVICE 
FOR VIRTUAL ENVIRONMENT CONTROL TASKS 

Massirno Russo* Alfred Tadm, Prohior Woodie Flowers, and Prohwr David al ter  
Masst~hwtts Institute of Techlogy 

Cambridge, Massachusetts 

The advent of high nsolution, physical model based computer gmpbks has left a gap in the 
design of inputloutput technology appropriate fbr in- with such complex viitual world mod- 
els. Since virtual worlds consist of physical models, it is appropriede to output the inherent foxce 
information necessary for tbe sirnulaton to the user. The &tailed design, construction, and contml of 
a thmc degm M o m  force output joystick will be pmmtd  

A novel kinematic desigD allows all tbmc axes to be mmplcd, so thaa the system inertia matrix 
is diagonal. The two planar axes are admtd through an offset gimbal, a d  the third through a 
sleeved cable. To compensate for friction and inertia e&cts, this trmdmio11 is controlled by a 
fom feedforward and a closed force feedback pqxxtiopal loop. W a h p a x  volume is a cone of 
512 cubic inches, and the &vice bandwidth is meximized at 60 Hz fix tbe two planar and 30 Hz for 

- the third axis. Each axis is controlled by a motor/proportional magnetic particle brake combination 
fixed to the base. The innovative use of motors and brakes allows objects with high mistive torque 
requirements to be simulated without the stabiity and dated &ty isms involved with bigh 
torque* energy storing motors alone. Position, velocity* and applied eadpoint forrx an sensed 
d k t l y .  DZhmt control s m g i e s  arc discussed and implement& with an emphasis on how vir- 
tual environment force information, gumat& by the MIT Media Lab Computer Gqhics and Ani- 
mation Group BOLIO system, is transmitted to the device controlkr. 

The design constmints for a kinesthetic fonx k d h k  &vice can be smmarhd as: 
. - 

How can the symbiosis between the sense of presmcc.in the v i d  mvimment be mmimiud 
without compmmising the Weroction task under the cooukcrina ofthe mechanical dcvicG 
limitailtailons? 

W h  in this field will yield insights to the optimal human feedback mix for a wide 
spectrum of control and interaction problems. A flexibb nsearch tool that is &signed as an easily 
npmduciiilc p e t  prototype has been constructed to explore the variety of possible fonx 
interaction. 



Tht cadvent of high molution, physicd model b a d  computer graphics has left a gap in the 
design of input/output technology appropriate for interacting with such complex vixtual world mod- 
els. Visual display technology has improved dramatically, driven by &velopiq communicatiioh 
through tbe most i n f d o n  rich sensory channel. Advances in sterwgrapbic displays and mom 
pmprioccptivt input devices that contain higher &&na of M o m  position i n f o d o n ,  such as 
full hand or body gmturc magnition, still mly only on the visual sense. The user operates in a world 
of dative paralasys, not able to feel, grasp, touch, smell, or poke the objects that she interacts with. 

Since virtual worlds are based on physical models, it is appropriate to outfit the inbennt force 
Mdon necessary for the simulation to the user. Befom one commits large rcsomes to the con- 
struction of such force output machines, the appropriate design constraints and problem definitions 
for simulated environment interactions must be addressed. The problem can be S- as: 

How oan the symbiosis between the sense of ptesence in the virtual envimnment be maximised 
without mnnpmmising the interaction task, under the constrsrints of the mechardcal device 
l M m ?  

Research in this field will yield insights to the optimal human sensory feedback mix for a wide 
spectrum of control and interaction problems: teleplcstnce and supervisory control in mmote 
manipulator tasks, advanced computer assisted engineering design tools, and surgical or flight simu- 
lators among many others. A flexible research tool to explore the variety of possible force inmac- 
tions and is ~~~vertheless designed as an easily rcproducable product prototype has been constnrcted. 

Traditional force output devices have concentrated on large, global movements, motivated by the 
scale of the teleopcrated robot motion. In general, an analog slave sensor feedback signal servos the 
master joint motors. The geometric configuration and physical dimensions of the controlled manipu- 
lator and of tbe master are the same. In many cases, however, geometric equality is not necessary 
and can even hinder a particular successful task completion. Recently, in the flexible, unspecified 
tasks that are possible with virtual environments, thc goal is to design the force output device so that 
its own dynamics are transparent and yet also can simulate as wide a frequency band of forces as 
possible. The range of motion used in interacting with a computer can be limited to a small surface 
or volume, one need only think of the small "mouse" interface device movement. The design of a 
force output &vice for virtual environments should maximize the device fidelity under the general 
constraints of size, cost, limited computation speed, and safety. These are the general constraints that 
drove the design of the presented force feedback interface. The design ca tagds  are detailed below. 



ww=wl De-t: 
Design Simplicity: 

Appeatance 
Limited Size 
Robust 
Versatile 
Modular 
Expdable 
safety 

Difficulty of implementation 
Technological base 
cost 

con- 
InWke Tmpanncy: 

Can be coun-d (nectmnically or M a c a l l y )  Backdrivable 
HighDoF 
U ~ l a d a x e s  

Low dew of computation: 
Full State nEasurcment 
htqptcd b system wlo controYgmpbic display intcrhmc 
Limited control logic 
High Position Resolution 
Uncoupled axes 

Clostd or open loop como1: 
Full State measurement 

Stability: 
Stiff 
Hish-freq-y 

Hmnnn-MIntcnction: 
Secondary Function Control 
Non-fatiguing 
Safety 
Human ann limitations never exceedtd 
Interface Transparency 
Variable f- fadback ratio 

The describsd force output joystick incorporates linear but no rotational force output. Many 
manual tasks in which fonx idormation is of utmost importance and that aae completed with the use 
of tools can be limited to three linear degnes of ficdom.'~he mctapbr used as a design gddclhc, 
which allows for a tractable problem within the design ~ x u c n t s ,  is a tool endpoint follee simula- 
tor. To maintain design simplicity and limit the size without compromMmg devia versatility, the 
joystick adpoint is limited to the tbne d e w  of linear motion. It can be upgraded to include a 



small three degrees of fnedom torque output mechanism, so a full 6 degnes of fnedom fWc and 
torque output could be naiised. . 

Any point contact can by modulated according to the characteristics imposed by the shlation. 
The joystick endpoint is a single probe with which to explore the virtuaI computer space. How 
effective such an approach is in tmmitdng tactile information is a matter of ongoing mcatc& 
(Minsky). Full, high resolution tactile displays have a large number of independent degrees of fIleb 
dom, determined by the size and resolution of the display. Each tactile "pixeln must be indepen- 
dently controlled, so devices of this kind arc difficult to implement. Examples include Brailk 
machines for the blind, which an the state of the art for such devices, and it is an open question if 
their resolution is sufficient for effective, mom general npnsentation tactile displays. 

A fine tool is not grasped with the whole hand, but rather like a pen between one's @us.ihe 
force ma@tudc in such and interaction is much lower than in full arm movement. The restriction to 
finer fonxs and motions, which is appropriate for the limited workspace requinment of tk human 
arm and hand, allows the joystick to be constrained in size since the actuator brakes and nxWm can 
have lower torque ouputs. Also, the d e r  motors more easily meet the safety nquinmafs and the 
limitation to three degnes of M o m  decnases the difficulty of implementation and cost. Tbe thne 
d e w  of freedom can be chosen such that the axes are perpendicular and all the actuato~ m 
attached to ground, thus eliminating cross coupling between the endpoint principal dircctb and tk 

1 actuator torques. Rotary, no torque, ripple, low i n d a  motors and pmportional magnetic particle 
- brakes with a simple cable transmission for the third axis, and most of the sensors are readily avail- 

able from existing technology. Only a three axis linear load cell of sufficiently small size and mass 

I had to be specifically designed and construct&. 

Control Requhnents 

I The detailed mechanical design of the joystick is dominated by the control requinments oftbe 
simulation. To both impose the arbitrary simulation dynamics onto the joystick endpoint and mini- 
mize user fatigue when the joystick is used as a simple position input device, the actual chradensbc . . 
or plant dynamics should not interfe~ with the simulation. This interface tmspanncy is fnrm tb 

/ 
perspeztive of the user interacting with the joystick. Onc input to the plant is the force exerted by tk 
user on the endpoint. The simulation, however, controls the desired dynamics -ugh the iaput sig- 
nals to the motors and'orakes. The control strategy needs to maintain the simulation dynamics under 
varying user force inputs, or under the changing coupling characteristics between the user's ann and 
plant dynamics. The simulation essentially modulates the brake and motor signals so as to match tbc 
endpoint impedance or effective mass, stiffness, and -11g characteristics to that of the virtual 
dynamics. The mechanical design maximizes the inherent device transparency and so m m m d  . .  . the 
control effort needed to backdrive the joystick. It has a bandwidty of 60 Hz for the gimbal d r i m  
axes and 30 Hz for the cable drive. Because of closed loop force control stability issues, open loop 
backdriveability is obtained whexever possible. This necessitates a dinct drive between the brakes, 
motors, and joystick endpoint to m b h k  stiction, viscous &tion and effective actuator iaertia. 
which are all amplified by a transmission ratio. Direct drive in turn requires large motors for a signif- 
icant torque. AU the motors and brakes are fixed to ground and thus their weight and reaction tonqucs 
need not be compensated for. Because of the much higkcr toque output of the bralre for a given size 
and power input, any high torque requirements of the simulation will be met by the brake, ~ra 

/'- 
i 



inbmtly passive, no eaergy storing and thuefim safe torqw device. Thus, both backddveabWy 
andoutputfomatemaxlrmz;ad 

. . withinthesizeandsafcty~ts.  

N o k p o w n n s e a r c h h a s b e e n c o n d u d a d i n t b ~ ; a b 6 ~ f o r h ~ i n ~ t p  
portional brabe and motor control. This novel combiuation paomises to yield new methods of 
hcasing stability and d t y  bound in actively conMed ndmbm without k x d n #  the 
closed loop device stifhem. The control of brakes &tates a dinct mcasurcmtnt of the contact 
fbm bemen the endpoint and user. Both for this nason and to actively backdrive the R-axis . . tmmmam, a loadcell 3& fom sensor is implemented in the device. 

The actual joystick endpoiit position, velocity, and fom an necessary to dctamh the cham- 
teaistics of the interkc dynamics. Tbe servo loop ampling fissucncy is Wted by the band- of 
the simlllrhA enviro-t. AS all the joystick umtd must operate in reat time, tbe degne of com- 
putation lag in the control loop must be m h b h l .  TO achieve tbis and to elimhte quantizath d 
mist mum at low velocities intmducd by digital diff#entiatian, both motodbke shaft position 
and velocity am measupcd dinctly. The endpoint position and velocity can then be found through a 
simple mrrtrix position and Jacobian tms fhdc tn .  The joystick linkage is &om such that all 
crctuator induced endpoint velocities arc perpendicular. The axes ate tbcrcfon uncoupled and any 
actuator cxab a fom in one of the endpoint principle dixections. The system inertia matrix is thus 
only diagod, though time variant. 

Future Work 

Som simple textum and object fiimulation code has becn implemented successfully. Resent 
EweaEch dk ts  ate concentrated on expanding the complexity of a nal-time virtual worid inmaction 
by utilising the physically based graphics sarimetion peekage in the MIT Media Lab Computer 
Graphics tnd Animation Group. Various studies of the e&ct of multiple sensory interaction on real- 
isminsimnllltionsandtheassociattdmechanical&viacomplexitycostllicproposedwiththe~ 
s a t  device as a match tool to quantify the effect of force infonneton in succsshl task ample- 
tionandeahaMxdapparentnalism. . - 



HUMANFACTORS REQmmMENTs MIRTELEROBrnC COMMAND 
AND CONTROh THE EUROPEAN SPACE AGENCY EXPERIMENTAL 

PRQGRAMME 

Robert J. st0114 
The National A d d  Robotics Research Centn 

Salford, United Kingdom 

Space Telerobotics racamh, performed under contract to the European Space Agency @A), 
concuning the execution of human factots cxpchmts, and ultimately leading to the development 
of a aelerobotics test bed, has been carried out siwx 1985 by a BriW Consor€ium consisting of 
British Aeqmce, the United Kingdom Atomic Energy Authority and, more ncently, the UK 
National Advawxd Robotics Rcsamh Cenm. The priacipal aim of the first study of the series was 
to derive prnliminary rcquhmnts for a te1-on serviciog system, with rcfennce to two mis- 
sion model scudas. The first d o  intmducd the problem of co-ons time delays, and 
their likely e f k t  on the gnwnd-based apetator in control of a manipulator system on board an 
u n d  servicing vehicle in Low Earth Orbit. In the second scenario, the operator was located on 
the NASA Orbiter aft flight deck, supervising tbe control of a prototype manipuhto~ in the 
"sexvit5tqn of an experimental payload in the cargo bay area Huma~ factors analyses c e d  on 
defining the requirements for the teleoperator workstation, such as identifying basic ergonomic 

/'- 
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requirements for workstation and panel layouts, defining teleoperation strategies, developing 
alphanumeric aad graphic meen formats for the supmision or dinct control of the ma@&tor, and 
the pcNcntial applications of expert system technology. 

The second study for ESA involved an expuhatal  gppraisal of some of the importaat issues 
higMi@d in the first study, for which zclevant human factors data did not exist. Of central impor- 
tance during the second study was the issue of c o ~ o n s  time delays and their effect on the 
manual contror of a te1- mau@htor fiom a ground-based command d control station. An 
experimental test bed, based around ASEA Irb6 and 60 robots was developad i n c o p d u g  a gen- 
eral pmpose robot controller, a rccodgurable aperator wo&station and a modular task box. Tbe 
propamme was dividtd into a series of short pilot studies and two principal cxpuhmts. The aim of 
thepWstudi&was toapt imi se thcc~ofhandwntro~andv i sua l f eedback&-  
tions prior to their more formal evaluation and comparison in the later expuinmts. The apcrhnts  
we= conducted using standard psychological paradigms, involving hllman perfbrmancc compdsons 
over e range of 3 and 6 degretsf-fFeedom hand controllers, with TV and graphics displays in vari- 
ous dm. Although a rigoms experimntal approach was adopted during Tchperation 
and Control Study 2, it was evident that this appmtch suffers a number of limitations. The moat 
criticalooncernethcextentto w h i c h t h e d a t a a n d ~ ~ f r o m t h i s ~ c a n b e g e n e r a t i s e d t o  
f u ~ ~ o 8 , A l s o , i t i s r t ~ 0 ~ t h a t t h c p c r f ~ ~ ~ r ~ ~ o f t i m a n d a c c u r a c y a l r w e  
w m  not satisfactory, as they each provided only an overall index of perf- for a given trial, 

- not an analytical index of performance within the trial. Clearly, mom analytical techniqw to aaalyse 
operator perficmame in &tail are nqnired together with a methodological &amwork in which al l  
teclmiqm can be used to judge tbe effect of "cost" of a pgtticulaf technology, not only on hmnnn 



teltoperation performance, but also on the total telembotic system, with the futun aim of ddning 
operational procedures. 

Teleopcration and Control Study 3 is investigating a new technique - console or performa#x 
"loggingn- for the measunmnt of teleopcmtion pedormam to complement thost meclsuns used in 
the second study, such as primitive and whole-task timings, h d h g  cmm, dcbMbg Ud subjec- 
tive workload records (NASA TLX), video and audio rccow. b!runmtin# the htmmqmtm 
interface to ncord and st= both multiple gross actions and mucb finer keystnblevel penmehers 
should provide a more detailed insight into the incidence, cause and effect of interdons bctwleen 
various control activities, and assist the experimenters in analyzing those control behavioun of too 
h e  a nature tobe atracted from video mrds alone (such as fine individual joystick moths). 
Such a keystroke level of analysis should pmvide data suitable for fitun performance m d c l b g  
activities in the area of telerobotic command and control. 

Included among the paramctets to be ncorded in Study 3 are all robot control joystick rxes, all 
additional joystick-mounted controls (wben used), all panel-mounted switches, all cameta joystick 
controls, all voice input utterances (incidence of onset only), all robot motions, as m l v e d  at 
the end effkctor (i.e., translation and rotation), elapsed time (pulse code modulated), and ex@- 
rmnter-induced event markers. Areas of interest for the analysis work include an appraisal of indi- 
vidual strategies and their relation to task success, acrosscondition comparisons of control 
charactedstics (e.g., when stem vision or pndictor displays an used in the experimental designs), 
error history monitoring (i-e., analysis of "lead-up" events), analysis of discrete event changes (e.g., 
the effects of d i m t e  time &lay changes, or selections of new robot control frames), and pmhly cia 

appraisal of the effects of conmller "physical" chamctdstics (e.g., axis cross-talk, deadbad, bxcak- 
out forces). Finally, then m a number of outstanding questions to be addnssed with q a d  to the 
use and development of the data logging system d e s c f i  above. For instance, is it d a h b k  and 
even possible to use the data to generate metrics of performam? suitable for complemcntieg experi- 
mental and subjective results? Do other forms of control data (other than onset, dimtion and dur8- 
tion of control inputs) exist that arc appropriate for logging? How can the concept be extaded to 
necord performance-related parameters other than control inputs (such as vis@ search, attmtb, 
mental workload, etc.)? Can a data logging system provide a useful insight into the opetational cost 
of remote space operations? Answers to these questions will become cleanr, following the use of the 
Iogging system during the experimental phase of the third contract, scbedukd for the Sumnrcr of 
1990. 



VERDEX: A VIRTUAL ENVIRONMENT DEMONSTRATOR FOR REMOTE 
DRIVING APPLICATIONS 

Robea J. Stone 
The National Advanced Robotics Reseacch C W n  . 

Salfotd, United Kingdom 

The National Advanced Robotics Cenm was founded in June 1988, by the United Kingdom's 
Department of Trade and Industry and 11 industdal and W m i c  shamhWg oqadsations. The 
Cenm acts as a focal point for the development of the con technologies which facilitate the next 
generation of robots, and is geand toward projecting the UK to the front of this international anna. 
One of the key areas of th! Cenm's enabling bbchnologies research p m p m m  is that of the human- 
system interfb, phsge 1 of which started in July 1989 and is cmntly addnssing the potential of 
virtual environments to permit intuitive and natural interactions between a human operator and a 
remote robotic vehicle. The aim of tbe first 12 months of this pro- (to September, 1990) is to 
develop a virtual human-interface demonssator fix use later as a test bed for human factors experi- 
mentation. This presentation will descxibe the cumnt state of devel- of the test bed, and will 
outline some human factors issues and problems for mon general discussion. 

/ -  In brief, the virtual teleprcscncc system for remote driving has been des ipd  to take the follow- 
ing form- human opcratw will be provided with a kbt-mounted stem display assembly, 
facilities for speed! nxojpition and synthesis (using the Marconi Macrospeak system), and a VPL 
DataGlove Model 2 unit. The vehicle to be used fix tbe pnposes of mmte driving is a Cybamohr 
Naymaster K2A system, which will be equipped with a stem camaa and microphone pair, mounsed 
OB a mOtOriStd highpeed pan-and-tilt head iacorporating a closed-loap laser ranging sensor for 
camera cmvergence conml (amntly under contractual &velopmcnt). It will be possible to relay 
information to and from the vehicle and sensory system via an umbilical a R P  lbk. Tbe aim is to 
develop an i n t m c h  audio-visual display system capable of prwenting cxmrbined skao TV pic- 
tures and virtual graphics windows, the latter featuring control qmscntations appropriate for vehi- 
cle driving and interdon using a graphical "haad," slaved to the flex and tracking sensors of the 
DataGlove and an add i t i d  helmet-mmted Polhemus IsoTrack sensor. 

Developments planned for the virtual envhmmnt test bed include tmtsfer of operator control 
between remote driving and remote manipulation, dextmus end effedor htqyation, virtual folrce aud 
tactile sensing (also tbe focus of a c m n t  ARRL contract, initially employing a 1 4 - w  blad- 
der glove attachment), and sensor-driven world modelling for total vixtual arvinwmart genedon 
and operator-assistance in smote s a ~ e  intam@ion. - 
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DESTABILIWNG EFFECTS OF VISUAL ENVIRONMENT MOTIONS 
SIMULATING EYE MOVEMENTS OR HEAD MOVEMENTS ' 

K. D. White, D. Shuman.1 J. H. Krantz.2 C. B. Woods, and L. A. Kuntz 
University of Florida 
Gainesville, Florida 

Teleopemtors an the humans who control devices from a "distauce." This distance might be 
extrem physical separation, as in assembly of Space Station Encdom by gmund-bascd per- 
s o ~ e l .  But the distance could be efhtive distance of scale, for the mmipukion of mi- 
structures like single living cells or the components within an intqmtcd circuit chip, or even dre 
conceptual distance of s a f ' ,  when the devices effwt thdi actions inside a nuclear mtor's care or 
in the ocean's depths. V i i t d  enviromnmts rtfw to the synthahd realities that can be gcnaatd by 
various types of computerized displays, not only visual displays but also acoustic, m e ,  and force- 
reflective displays. Video games are common but usually limited examples of virtual worlds. An 
implicit theme is telepr~sence. a tenn whose definition is imprecise. It involves the use of v i m  
environments to improve tbe efficiency of telcoperatm by giving them a compt:liog sense of "being 
where the action is." Telepeseace operations seem more natural aud facile, aud thus mom easily 
trained, thanother possible models for the humq-computer intMf8ct. Consider a complex d l y  
task, coutro11ed by weering a sensor garment that enslaves a roboiic arm to mimic the user's own 
arm movements, and visualized on video and felt by tactile and force-reflecti1:e feedback, versus, its 
contml by typing code into a keyboard with feedback via numerical tables. Telepltsemx seemS to 
endow the user with such a robust mental model that he or sbe becorns absorbed into the synthetic 
reality as though abs0rkd-a vivid dream. 

The primsry cldk&c folr d u d i o n  to practia is to develop a paradigm for humancompufer 
interaction thatwilt en* tde- to be implemnted reliably. Thc natural movements of the 
human operator, such as the ability to qook aruundn in the virtual world, provide an hprtant corn- 
ponent for this garadigm inasmuch as the consistency of the virtual world can be enhanced by its 
enslavement to sensed head or eye movements of the human user. 

In the present paper, we explore cdlrects on the lnnuan of c x p  to a visual virtuaI 
environment which has bear enslaved to simulate the human user's bead movements or eye 
movements. Specifically, we have studied the q i t y  of our experimental subjects to mahain 
stable spatial orientation in the context of moving the'i entin visible smmmdings by using tbe 
parameters of the subjects' natural movements. Our index of the subjects' spatial orientation was the 
extent of involunmy sways of the body while attempting to stand still, as masurcd by h.anslations 
and rotations of the head. We also observed, i n f o d y ,  W symptoms of motion sickness. 

'NOW at Agrhlnual W Savice. US. Depamneat of Agricottm. 
2 ~ o w  at Honeywell Phoenir Techology Centa. 



METIIODS

Subjects

A total of 93 universitystudentsorstaff, 50 malesand43 femalesranginginage from 18to
43 years old, participatedas unpaidvolunteersin one of fourexperiments.Some studentsreceived
coursecredit.Subjectswere prescreenedfor medimdhistories(self-report)and any with possible
vestibulardefects were excused. Any subjectsrequiringrefractivecorrectionused theirownpre-
scribedlenses.

Apparatus and Procedures

Head Position Sensing. An acoustic timing principlewasusedto locate in spacethe headgear.
wornby each subject.This lightweight headgearcontainedtwocrick sources,thewa_ts from
whichwere detectedwithmicrosoctimingresolutionateach of fourmicrophonesattw.lzd tothe
ceiling of the testing room.Softwarealgorithmsfor windowingthe_phone outputsandper-
formingredundancychecks, then implementingsolutionsof thePythagoreantheorem,pormitted
each crick sourceto be locatedin space with translationprecisionbelow lmm at a samplingrateof
50Hzmaximum.Resolutionof therotationangleforthelinecmmectingthetwocricksoumeswas
below 0.2 deg (25 Hz maximumsamplingrate).The headgearconfigurationdid notpermitresolu-
tion of rotationsaroundthe lineconnectingthecrick sources(pitch),butdid permitresolutiunof the
otherfivedegreesoffreedomforheadmovements.

-_ V'mualEnviromnent. Eachsubjectstood neartheaxis of a verticalhemicylindricalscreenonto _ -_-
which was projecteda patternof verticalstripes.Thispatternmbtendedin excess of 180 dellof
azimuthand 120 deg in elevation.The instantaneousazimuthpositioningof thepatternwasunder
softwarecontrolwitha resolutionof approximately0.04 deg ata maxinmmupdatera_ exceeding
IKHz. Impedanceswithintheprojectionsystem were compensatedforvia nonlinearcourol signals
whenmotions simulatingsaccadiceye movementswereemployed.In thoseparticular_ts,
thecontrolsignals were precomputedto reducelag timeto below I msec. Whenmotionsemlaved to
the subject'shead movementswere employed, it was impracticalto prec0mputethecontrolsignals.
Thus, there was an additionallag time forcomputationof about1.50msec andtheupdateratewas "
reducedtoI0Hz.

SimulationsofSaecadlcEyeMovement&Two smallfixationfightsrear-proJectedontothesur-
roundingscreencouldbealternatedtodirecthorizontalsaccadesofparticularazimuthextent(0.5,I,
2,3,4,6,8,or16deg).Motionsofthepatternfront-proJectedontothescreenhadcharacteristicsof
averagevelocityandmotiondurationsimilartothoseforeach_ding saccadeexteaL3Intwo "
experiments, the saccade-likestimulusmotionsoccurredindepmdentof the subject'seye move-
ments. In anotherexperiment,the stimulusmotionsweretrigge_ by subjecteye velocity,derived
fromthe electm-oculogram,when the eye hadmoved 15-20arcminfromits initialfixationduringa
guidedvoluntarysaccade.

3A. T. Bahili, M. R. Clark & L. Stark, Mathematical Biosciences, 24, 191-204(1975).
Partiallysupportedby a grantfromthe NationalEye Instituteto KDW (R23 EY03640), andby an NSF graduate

fellowship to JHK.
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Head Movement Feedback Comliflonz EachsampleOf theh_i's fore/aitandleft/right
translationsplus head yaw angle permittedrealtimecalculationof an equivalentazimuthchangefor
thesurroundingvisual stimulus.This equivalentazimuth,modifiedby a gain factorthatwasthe
parameterselected forstudy, controlledmotionof the visual stimulusin this ¢xpedn_nt. The gain
factorsused were +2, +1.5, +1, +0.5, 0, -0.5, -1, -1.5, and -2. The gainof+l, for example,could
serve in principleto keepthestimulus"straightahead"by its faithfullytrackingthe head's ........
movements.Largergains movedthe stimulusfartherand fasterthanwould accuratehead tracking;
smallergains movedthe stimulus less farand moreslowly. Zerogain madethe stimulusremainstill
as in the naturalenvironment.Negativegains reversedthe left/rightcorrespondencebetweenhead

movementsand stimulusmotions. \

DataAmlym

Coatrei Condltlem, Althoughthe stabilityof a standinghumanhasbeen modelledas an
invertedpendulum,since thebody's centerof gravityis above itssupportbase, theproblemwith
such a modelis thatthehumanbody is not mechanicallyrigid.Rather,it is a jointed mechanism
controlledby over400 musclesand severalsensoryfeedbackloops, with correspondinglycomplex
dynamics.Furthermore,people growto variousheights,weights and distributionsof bodymass;
with variousextent of conditioningfor theirmusculature;andwith var].'ed_ of seusorimotor
integration.Individualvariationsin thebody's dynamicsare,therefore,prominentand, as a
consequence,we rely on theuse of experimentaldesignsallowingeach individualto serve ashis/her
own control.

Also, it is impracticalto open the feedbackloops frompmprioceptiveJkinestheticor vem3adar
senses butit is relativelyeasy to alterthose loops by askingthe subjectto standonly on one foot or
else on a compliantsurface.As reportedin theresultsbelow, therearemultiple techniquesforcon-
trollingthevisual feedbackloop withineach subject,including:(a) injectingnoise via random
motionsof thevisual environment,Co)stabilizingtheenvironmentvia motion feedbackfromhead
movements,(c) eliminatingcontourfromthe visual environment,or (d) eliminatingvisibilityby
turningoff the lights and(e) by closing theeyes.

Within-Subject Figure of Merit for Body Stability. Thereis no consensus in the fiteratm_for a ....
representativefigureof meritto describesuch complicatedbehavioraldynamicsas those undercon-
sideration.We have notbeen satisfied, in general,with time-domainanalysessuch as average
movementvelocity or RMS positionerror,since thesestatisticalsummariestend to obscuredetails
of the responseswhich we f'mdto be correlatedwith experimentalmanipulations.We have,however,
found one particularformof time-domainanalysisto be usefulin certaincircumstances,andthat
formis time-lockedresponseaveraging.We plan to explore in futureworkthe more generalutifity
of a "chaotic" time-domain(phase-sensitive)analysis.

We have enjoyedconsiderablesuccess in accountingfor individualvariationsamongsubjectsby
using frequency-domainanalysis,however.Specifically,each subjectis measured:(a) undercontrol
conditionsto determinehis/her individualpowerspectraldensity (PSD) functionsfor body move-
ments over lime, and (b) underexperimentalconditions,to determineany changes in thePSD
functions inducedexperimentally.The ratiobetweenPSD functions(a) and (b) is thegain, as a
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function of the fnsucncy, induced by tpe ex-tal manipulation. We find these gains to be 
~latively consistent betwen individuals (standard mrs of measunment typically less than 1 dB). 

Figure 1 shows sample m r d s  of two subjects' lateral head movements while viewing moving , 

summudings (middle two trams). For the top trace, the motion of the stimulus was saxxblike, 
while for the Wtom rrace, the stimulus tracked the subject's head movements (gain = +lJ). These 
sample xecords have been displaced vertically for clarity. 

Tbe top trace of F i  1 shows typical lateral sways made by subject S 1 when the entire visible 
summudings suddenly moved with the velocity (66 dcs/scc) and duratia (30 msec) characteristic of 
a 2 deg saccadic eye movement. Note the nlatively pronounced fluctuations in head position. By a 
compdson against the second trace, S 1's lateral sways in still surroundings, it is clew that the stim- 
ulus motion exerts a strolrg destabilizing eff;cct. 

Tbe bottom trace of F i i  1 shows lateral sways made by subject S 2 while the azimuth position 
of the visible stimulus tracked S 2's own head movements. By comparison against the third trace, 
subject S 2's lateral sways in still s-dings, the destabilizing effect of head trackiPg is appent. 
Individual variations in stability can be noted by comparing the tbird trace (S 2) spinst the second 
trace (S I), sways made in still surroundings. 

-\ 

Figure 2 &pic& averaged yaw movements (is, head mtations) made in nponse to stwadelike 
motions of the stimulus, plotted as a function of time after the motion began. Each plotted point is 
based on 10 apetitions per subject times 18 subjects, or the average of 180 masues of head yaw 
angle per condition. The m~85urcs were carried out in thne conditions: (1) saccadc-anly, the subject 

Figwe 1. Sample records of head movements in still vs. moving en-& (sacdelike or head 
tracking motions), for two subjects. 

, 



movcdtbricyesodia~db~ huQ;lightsb~fhae wua.ddmwalmotioaafba~us,  
(2) rnotiaa triggad by the mdc,  in which a &like sthdus m o t h  took@ while the 
s P b ~ s e g e s t l l m r e ~ i n r ~ a n d ( 3 ) P a d s g e t e d ~ n , m w b i c h a ~  
r l i m u t u s ~ ~ ~ ( < l O O m s d c ) t b e ~ s d 0 1 1 d a s l r c c a d i c c j n ~ t .  
In the smxbonly codtion, subjects showed a slight tendency to yaw the head as well & lo move r tbeeyes.Avlersgsheadyawfbrsaccadbonlyis~as tbebaseliraeiatbisplot.~baselioc 
m o t i o n i s ~ b m m t b e h e a d y a ~ i n n s p o o r c t o ~ ~  



Figure 3. Compdons of the gain in lateral sway as a function of sway fmpeacy* for 
and control condition. 

subjects made dimted saccsdic eye movements acro~s the still stmmdq& Two of the curves on 
Figure3weemoved~callytonduceoverlap:tbeu~out"curvewmmoveddown2dBaad 
the "head trackn c w e  was moved down 3 dB. "Eyes closed" caused dgdhatly larger sways than 
either "no contours" or "lights out," which did not diffier nliably. "Hd ha&' nsulted in loirmifi- 

- cantly smaller sways than in those conditions. 

All six cwes  show a gsaerPl a n d  of c b m s h g  gain with inamsin# fhqumcy* particularly so 
below 2 Hz. To a fint . . t h e g a i n p r o f i l e ~ w i t h a n y o f t 3 r e s e s i x ~  
appeatsnearlyinterc~lewidrdLepro~fromanotb#~mby~~slriftiagthec~rve 
upor&monthegraph.Sinaallofthese~ti~~~~m~servc~~a~visrcrlfead- 
bacSsfrom~environment,tbis~~~onsimitnl.ityisn~roveriysprprisiOg.IOdCCBil, 
however, it is intercstiag to note that the saccsdes condition (6) adually made the su&iecb swoy less 
than did fixating in still sumdhgs. Also note that the bead track adit ioa (4) is the only curve 
with a large gain decnase at 0.75 Hz (midpoint for tbe 025 to 1.0 Hz band). hqucncy depen- 
dence of gain profiles with head tracking is moxe qpmt in the f o l l m  g q h  

Piguns 4 and 5 cornpan tbe effects of four difkmt gain factars far M traclti9g. The gain 
factor parameter elates azimuth positioning of the visible fmmund to the combined f-aft aid kft- 
right translations plus yaw angle sensad for the bead. Each point on these f@w qmmts the aver- 
age movement gain across 33 suI$ec& calctrlated witbin 0.5 Hz bandwidths. These gains, tbe ratios 
of PSD profiles in tracking vs. baseline caditiam, wen nfi;ennad to "raaQm mQtion" bareline 
m t 8 ~ ~ r t ~ w i t h c o r ~ ~ ~ ~ g ~ f a c t o r s . T h # r e b a s e ~ ~ ~ b a c a w # t b e v i s i b l l e s u t -  
round exhibited a slight random jitter due to system noise even whm aUm@g b track a fixed arti- 
ficialhead 

Thenaretwon0teworthy~showninFrgunw4aad5.Fint,tbe~pmtibs~~y 
not flat but instead rise or fall in a fkqucncy&pmdcnt xmmr. TJms, we nust umclude tbrt mov- 
ingthevisualstimdusby~thesubject'shead~~velyfrPm~vrrioarorha 
f o n n s o f a l t e r o d v i s u a l f a a d b a c k ~ i n ~ 3 ~ b e c a n # ~ ~ h a w y i d d s d  



F v  4. Lateral sway gain as a function of hqucncy when the azimuth of tbe smnnmQ tracked the 
subject's head movements. The four curves repnsent mmt gain factor. 
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Figure 5. Yaw movemat gain as a function of fkqucncy* analogous to F i p  4. 
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results that an highly nimilat across fnquency. Second, whether each curve in Figures 4 and 5 rises 
0rEaUsineachfnqutncy bandishighly depeadent 0nthesignofthegainfadOrparrrmeter.Fbrbotb 
lateral sway pi. 4) and yaw rmmmats (Fig. 5), a gain peak associahbd with positive pmctcr . 
valucs becomes a gain tmgh when associated with negative pammter values, and vice wt5d 
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that the stimulus tracked her head movements, while another subject guessed that her head had been 
captured by motion of the visual stimulus. 

- We find that exposure to a visual virtual environment enslaved to simulate a subject's own eye 
movements or head movements can have deleterious effects on the subject's spatial stability. When 
the entin visible sumundings were moved with the same parameters of angular velocity and motion 
duration which characterize natural saccadic eye movements, subjects tended to lose lateral stability 
(Fig. 1) and to make head yaw movements (Fig. 2, untdggad motims). This pattern of tesponse 
was cauceiled, however, when wade-like stimulus motions wen made to coincide with the 
subject's own voluntary eye movements (also in Fig. 2, triggend by saccade). It seems plausible to 
interpret these findings in the light if theontical frameworks which ptopcwe that a subject generates a 
hypotbtical intend signal ngarding their own voluntary eye movements. Such an internal signal 
(comllary discharge or efference copy) would pmumably serve in tbe naaval world to mitigate the 
effects of ntiaal image motion accompanying one's voluntaty eye movement. In the pnsent virtual 
world, the same hypothetical internal signal presumably mitigates the effects of external stimulus 
motion if it is made at the same time when this internal signal is active. 

The effects on a subject's spatial stabiity when the visual smundings tracked head movements 
are less readily explained. First, any subject intentions to move the head were discouraged, inasmuch 
as (a) they werc irrstnrctcd to stand still and (b) they becane signifbntly at risL of falling if they 
~~#)ved the head voluntarily. It must be questioned whether an efF#ence copy or corollary disc- 
internal signal could exist without subjects' i n W  plans to mabe voluntary mvcmmts. Second, 
subjects' movement gain profiles in Figures 4 and 5 an remiaiscent of the changes in poles and 
wros in the complex d o h  when a device receiving f m k  undergoes a change in its feedback's 
sign. It is tempting to speculate that head tracking conditions efkdvely nveal som of the subjects' 
own internal feedback mechanisms. Unfortunately, the lag lag q u i d  to update stimulus azimuth 
atbr sensing head position and orientation (150 msec) was sufficient to complicate detailed in- 
tations along these lines. Third, it may be important to understand why so many subjects in the'hcad 
tracking experiments experienced motion sickness symptoms or other discomforts, even though b y  
did not become very greatly disoriented. We conjestme that the head-king visual feedback must 
have been in conflict with the subjects' own internal &Is of their orientation in space. Such 
models are probably multisensory, though highly dependent on visual f-k, and probably esrab- 
lished below the level of one's conscious awanness. ' 

We believe that tbe design of virtual environments which a enslaved to the eye or head move 
mnts of a tebpmtm must take into account the effects on the human. In the present experimenEs, 
we found that these e m  can include loss of -lity, motion sickness, or other undesirable influ- 
ences on situational awamcs. Tbcst p n s d l y  could be mitigated by c . y  matching sensor 
mlutions and-real time controls of the virtual envinwmnt to the capacitits of the human 
glmic@mts. 
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