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Abstract 

A ne111 method for contro lhg  telerobots over- tiast 
distances, where communication propagation delays ex- 
ist .  is  presented. Such delays are potentially desta- 
bilizing, ond certainly degrade the hunzan teleopera- 
t 01' Z int U it io n and performance. A pp l  iciit ions include 
iizterizet-based robotac systems, as well as underwater 
and sp~ce-ba~srd systems. A carzon.icu1 state space for- 
l i t  dation is pwaented, taking iiito accotrnt t h  trni.e- 

rurying i,on-det~riii,anist%c rzaturp of tlzz control and 
obsc,i.i:atron delays. A model of the delay cha,iucter- 
ist ics fbr the comniurzication medium is also dei-iued. 
[rsing t l i c  state space fromework a general pwrpose su- 
penrisory architecture is developed, allowing the pro- 
. ject ion, of h.uni.u.n " i d  el 1 ige rice '' to th.e rem0 te en  zr iroti- 
merit uio the telrrobot. Dynamics of the robotic system., 
as uirll as the delay characteristics of tho con~mzrnico- 
tion medium. hecom.e part of the design process. Tht, 
rlesigri cr i twia  of transparency, generulity, and safety 
h n r ! F  btwl met and stic. 
tul  srtu,p 0etu;ren Albuyuer.que, N e w  i14ex:ico a,iid Wash- 
ii,gtoi, 1 ' n i w r s i t y ' s  Center for  Robotics nnd .4titonin- 
t r o , i .  

illy tested in  citz exp 

1 Iiitroductioii 

The remote control of telerohotic manipulators has 
ga.inrd considera.hle a.t,tent,ion in recent, yea.rs. Issues 
concerning communica.t,ion chmnels,  conimunicat.ion 
propagation delay, bandwidth liniit,ations, and tjrlrp- 
rcseiice have all heen dealt. wit,h t,o varying degree. In 
part  i t - i i l a r ?  great, iiherest, has Ixxn gmrrat,ed hy t.hr 
i i h iq r i i t . o i i s  iiit.ernet. as a via.ble iiiediiini for reniot,c, sys-  
t v i I i h .  M o s t ,  reii-1ot.e cont,rol a.r.cliit,ect,iires fall int,o O I I P  
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c.Iiit.ect,iirC for remot,e t,clroperation. They disc.iiss a . id  
t akc iiit,o account, t.hc t,iiiic-varyiiig nat lire of tShe in- 
t csriit't, a i i d  t . l i r  iioiilinear dyiiaiiiics o f  t l i e  t.elerobot. 
,-\ir  c~xpc~riiiiriit i:, preserit.ed conlprising of a. hardware 
I ~ ~ s c d  I 11 as t er. mtl virt.il al soft.wa.re SI a.ve i i i a n i  pul at or 

ISc:,ic.zy et a l  ['L] suggest, use of t.he "pliant.oiii robot." 
f o r  rci1lot.c t.chleoperat,ioii. The idea i s  t,o SI] perimpose 
; I  j)rc,(l icq iw rohot.ic iiioclel owr  live delayed video 

mi. H u m a n  "int.elligenc-e" is 
t i s c ~ l  to I>ritlgr. any  g in kiiowledgf? or iiiotlel dis- 

I*.iiiida a.iicl Ihiil [5] suggest, t.he colic-ept, of "Telepro- 
gra i 11 n i i ng" for dealing with con trolling t,iine-del ayed 
tmclrrol,ot,s. The a.pproacli is based on creat,ing a. set. 
of syinbolic iiist.rnct,ions for a.ccornoda.t.ing the cliscrep- 
aiicy het.ween the world and local model. The t'elerohot. 
rxecwt,es instmictions unt,il their complet~ioii, unless a11 
iinc-'spec-t,ecl occurrence such as a collision int,ervenes. 
In m - 1 1  a. case t,Iie t.elerobot. a.wa.its fiirtjlier iiist,ruc- 
t,ioiw froiii t . l ic,  t,eI(q)erat.or who has a force-reflect3ive 
/ gra1)Iiiciil nlotlcl of t.lic remot.? workcell. 

( 'o i iway PI i i l  [ill present. iriet.liods for "teleaii- 
t~onoli~ous t,ec-liiiology" or " t~eleautoii~at~ioii" . 'Their mo- 
t.i\Ja.t,ion i s  t.o pro,ject int,elligence over a. dist.anc-c. Idend- 
iiig a.ut.onorny wit,h hnnia.n infelligence. Va.rious t,elea.u- 
t,oiiia.tion "tools" are int.roduced, most, not,a.ble is t,he 
t,ime-rlut,ch. The  t8inie-clut,ch gives t8he t,eleopera.tor the 
abilit,y t,o engage and disengage the remotme manipula- 
t,or t,empora.lly, giving great,er flexibility and efficiency 
in coinpletiiig some task.  

No discussion of re1iiot.e teleoperat,ion is complek 
\vit8hoot. cliscussion of the ainbit,ions project. by t.he Ckr -  
i i ia. i i  Xerospa.ce R.esearch Estahlishment - ROTEX 
[(i]. 'I'his ariii flew on the S p x e  Sliut,tle Colninbia. 
i i i  1993 where it, tested the viability of using ground 
Iiased supervision for space-based tasks. R.OTEX was 
an eclectic approach to remote teleoperation. I t  used 
a n-st,ep ahead discrek Kalman f i lkr  for predict2ion. 
Act.ive compliance wa,s used to provide desirable dy- 
namic response. Telesensorprogramniing is introduced 
for fa.cilit,ating liuiiian int,eraction with the arm. 

I n  Sect>ion 2 the t,ime-varying delays a.nd ba.ndwidt,li 
l imitat ions for remot,e systems a.re clrscrihrd. [:sing 
t liese tlescriptions a st,at.c spa.ce modcl for c'ont rolling 

t.ems is present>ed. Sect,ioii 3 builds ail archi- 
t ,ecture arouiid the st,a.t,e spa.ce model from Seho i i  2 .  
'This arc*hit.ect,iire relies on t.he t,eleoperat,or supplyiiig 
a t ra.jert,ory t,o t,lip t,elerobot, wliich esecut.es taliis t,ra.- 
ject80r); s~iiii-aut~ononiously. The  t.eleopera t-or only ia- 
t,ervenes in cases of unexpect,ed circumstances. Section 
4 prrse1it.s the Experimental R.esults of t,his archit.ec- 
t,ure. and Sect,ion 5 provides concluding rema.rks and 
direct,ioiis for fntiire research. 

<.rf'1 ) i I t i ( . ic 's ,  

2 State Space Forniulatioii 

2.1 Delay and Bandwidth Limit a t '  1011s 
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Figure 1: Delay (‘oiiipoiient~ 

I:igrire 1 sliows the lmxkdown of the uni-directional 
delay iiit,o it,s constit,uent parts. Not,e that the graph 
is ci~inuIa.tive by nat,ure. The dehy  in t,he observer 
direc-t,ion (inforiiiat,ion flowing from t,he t,elerobot, side 
t,o the teleoperat,or side) is handled differently than the 
de1a.y in the ~ont~roller direction ( informatmion flowing 
from the teleoperator side to  the telerobot side). The 
reason for t.he discrepa.ncy is rather siniple: 

In  t,he observer direction it. simply makes sense t,o 
apply received information to t8he observer model 

0 III t,he c.ont,roller clirect,ioii it. is importa.iit, for t,here 
1.0 be a sta.tic dehy bet,weeii the time the control 
is sent from the t,eleoperatsor t,o the time it, is ap- 
plied by t,he telerohot. The st,a.t,ic dehy provides a. 
c~onsist.ency in scheduling so that. a. causal na.t,iire 
is est,a~blished bet,ween t,eleopera,t,or commands and 
talle predict#ive display resnlting in great,er t,rlepres- 
ence. This delay offset, is designatbed h,. In ot,her 
words, if the control iiiforiimtion .arrives early it. 
should not, he a.ppliec1 tintmil h, seconds a.ft,er it, wa.s 
generat8etl Iiy the t,eleopera.t,or. 

N o k  talia.t, the value of the delay in Eq. (1) is differ- 
ent. drpending on if it, is in t,Iw observer or corit,roller 

a.t,ed in the a.bove pa.ra,gra.ph, it is pra.c- 
t,ical t,o apply t,he observed information as it, comes in.  
h~lathematically, this ineatis that the delay in the oh- 
server clirect,ioii ( 1 , ” )  is defined a.s follows: 

The delay in  t,he cont,rol direction is evaluat,ed sl ight . ly  
diffvrcntly. First,, a c.ont,rol delay h ,  milst hr c1et.c.r- 
iiiiiied as  a design coiisiderilt,ion. i2s inentioned ear- 
lier. h,.’s \.aliie wpreseiit,s t,he idea./ differeiiw i n  t , in ie  

Once the choice of h ,  I +  made a fuiic-tioii Ah( ( f )  c c i i l  
be used to inoclel wlien h ( t )  es(-eeds I , ,  

t -  

Figure 2: C‘otiipo4te Drliiy 

2.2 State Space Derivation 
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3 Architecture 

Figure 3 eshibit,s t.he underlying st,rwt,urc: of t .1-r~ rc'- 
motme telerohot,ic a~diit,ect,ure preseiit,ecl in !.his p a p c ~ .  
A tra.ject.ory is suhmit,tred t,o t81ie plaiiiicr for cxec. i i t . ion 
by t,he telerobot,. Esec~it~ion proceeds noriiiaIly3 wrept. 
where int,ervening supervisorv coinma.nds arc prc~iclvt l  
by the 1iuma.n t.eleoperat,or. The diffic-ult.~ lies ii i  t . l i e  
fa.ct> tmliat there is a random, t.inie-var?;iiig c ~ o i i i i i i i i i i i ~ ~ i i -  

t.ion propagation de1a.y betweeii tliv t.elcwpera.t.or ailcl 
t,ele.rohot,. In most. applicat$ions synchuiiicit.y in  t.iinc is 
a. crucia.1 problem a.nd is dealt. wit.h liere t~hrough iise 

of an Event, Bmed Pla.nner [ll]. It is not,ed t.liat, Evellt 
Based Planning. while integral t,o t.lie a.rcliitect,nre. is 
not. necessary for underst,anding tJie delay arcliit.ec:t,ure. 

Controller Robot 

z Motion Reference 

Figure 3 provides more det.ail oil t.lie delay a r c h -  
t.ecture iclealized in Figure : 3 .  ' l ~ h ~  res111t.s of il st.;ii.c, 
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Figure 4: Timt,-Delayed Architect,urr 

d. (s) 

4 Experiiiieiital Results 

i--c State 

Utiriiig a plena.ry address of the 1997 IEEE Int8er- 
iiat,ioiia.l Conference on Robot,ics and Aut,omatioii in 
hlliiicluerquc~, Nb,f a live demolist,ra.t.ioll of t.liis remotme 

iirc wa.s performed. The t,eleoperat,or in  A -  
ie controlld a P~UVIA robot located in Wash- 

iiigt,oii I inivcrsit,y's Cent.er for Rol)ot,ics and Aiit,on-ia- 
t,ioii St,. Louis, A10 (approxiina.t,eI~ 1500 kiIomet,m 
dist,aiit*). (I~ominiinica.tioii was at 2 Hx via it ITLIP coli- 
nect.iou. An audio aiid visual iiit,erface using S(;L's In- 
person was aiigmeiit,ed by R predir:t.ive int,erfac.e using 
Deneb's TGR.IP robot,ic workspact. simulator. 

The experiment. begins wit,li t,he t.eleopera.t,or choos- 
'e d a t a  exchange rate ancl st,at.ic delay 
nds for t,lie esperinient.). Kext,. t lip 

t,elropcrat,or c1ioosc.s a set point, for t hc rollot t.o m o v e  

Human 
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5 Conclusions 

'I'Iiis p ; ~ p e r  has presented a promising arcliit.ectui-e 
l o r  ~.oiit.roIliiig rti1iot.c w1erobot.s. The goals of sa.fet.y, 
P I  f i ( .  i c i i ( ,y. t e I ''1) r c w i i  ('c a.1 rtl t ,  ra nspa r w  ( '?; h a.ve bee i i  

i i i e t  . 11.5 c.ffect,iveiiess has heen t.rst,ed, iiitrluding a live 
cl(,iiioiist,rat.ioii during a f'leiiary address at t,he 1997 

('c,iifiwwc.t, 0 1 1  Itohotics and Aut.oma.tion in  XI- 
Ixiqiierque, New Mexico. Such an a.rchitect,ure has 
lea.tly a.pplica.t.ion t,o re1not.e cont,rolled space-ha.secl a.nd 
underwat8er rohot,s. Additionally, i t  is liiglily relevant. 
t.o t,he nascent field of int,ernet<-based cont-rol. 

There are a number of contributions presented in 
t h i s  paper .  First,, a. clescript,ioii of the delays inherent. 
i i i  (.oinmiinica.t,ion clia.nnels is disctissed, a.nd it,s rela- 
t,ioiisiiip wit,h I-midwidt h is analyzed. Secondly. a. coni- 
prrlwiisive st,at,e qmce model is present,ed t.akiiig i1it.o 

acw)unt, t.lie t.iiiie-varying nature  of the delay. Fiiia,lly, 
a 'Iiiinian i i i  tslie loop' a.rchit~ecture ha.secl on t,hc stat,? 
spa(-e modcl is illust~rat,ecl. The a.rchit.ect8urr i s  flesi- 
hle enough to a.llow t,lie robot. t,o esecut,e commands 
aut,onon~ously, while ret.a.ining the abi1it.y for t,ele- 
operattor to intervene in certa.in circumstances. The 
ve1ocit.y. accelera.tion, a.nd force feedback of the robot,ic 
syst,eni are not, limited clue to the delayed nature of the 
conimunica~tion cha.nne1, but, by t,he physical liinit,s of 
t,he systsen1. 

The ideal of this research area depends on the vir- 
t.iial iiiiiiiersioii of a hiunan opera.t,or i n  t,he reinot,e 
m-orkrell. Fut.iire resea.rc1i. t,herefore. depencls on t,he 
development. of inore sophist,icat,ed vision syst,enis t.0 
cwract, t,lie relevant, cIat#a from t>he eiivironment, and 
provide itr t,o t,he teleoperat,or. Hapt8ic a.nd force reflec- 
tive rlat8a should also he presenkd t80 augment. t.hese 
mea 11s. 

Re fe re 11 c e s 
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