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Abstract 

1 Introduction 

that Ilia!. require the 11u111al1s to merride the rohot,ic 
i i~~ tonomy:  or t,lle long run ps)-c-hological effects for 
the human of living in an environment in which ev- 
eryt,l~ing is '.est,ernall!; direct,ecl and operated". 

I11 this paper we describe JERRY, n system which sup- 
ports t , l~e  interactive design. planning, cont,rol and 
sup~rvision of t,lie operations of aut,onomous systems 
in a space environment. The ail11 of JERRY is t,o pro- 
\-icle a high level of autonomy still retaining t,he pos- 
sihility for the user to  non nit or. c.ontrol and override 
potentially autonomous operations in a flesilde nay.  
.JERR\- is c~oniposed by a set of tightly integrat,ed spe- 
c-ializetl 51111-systems, nllich ha\.? Ixen designed to 
perform effec-t,ively and efficient,l!. their specific t,asks, 
and,  at the sa.nle t,ime, t,o be open to t,he interact'ior~ 
among each other. This results in a syst,em wit ' l~ a 
potrnt,ial high level degree of arit~onomy, but which 
can still be cont~rolled and  guided tllrougli int,erac- 
tion. The set of tools provided I,? JERRY. all t,o- 
get her, have Ixen developed to 1)1m~ide t he following 
main f e a t ~ ~ w s :  

Modlllarity: tliffercnt 1;inds of tasks. ivllic-11 are in- 
trillsicall!. c.onip1ex and rcq I I  i re spec-ial purpose 
c-apal~ilities, are handled 1 1 ~ -  independent and 
Iiighly specialized sub-systc~~ls. 

Autononly: the syst,enl is ablt. to c-arry out tasks 
n i t l i o ~ ~ t  a cont,inuous and (letailed user super- 
vision, I,!; enal~ling the spec,ialized sub-syste~ns 
to e s c h n g e  data autonon~ously and to perform 
their own t,asks a~~t,oniatic-ally. 

Flexibility: tlie systelu call 1 1 ~  recmnfigured to fit 
several different robotic- s>,stenis and environ- 
ments of interest,, 1,y allon.ing for the possibil- 
ity to flexibly specify tlie application domain,  
to require different kinds of services to the spe- 
c-ializetl slthsystems, and to rxc-Iiange dnt,a with 
tliffcrent modalities. 

Adaptability: the sjsteni  can Ile adapted to work 
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a t  \.itriol~s lr\~els of task specificatio~l detail a~i t l  
'.a11 hr~pport clifferelit user expertise. 

.I E R R Y  is ( .o~nposed by four inter-connected moclules. 
I-allecl the I.7ser-System I~it,eract,ion ~ i i o t l ~ ~ l e  (clevel- 
ojml at IP-C'NR),  the P l a n n i ~ ~ g  module (IRST). the 
F:sec,ution module (DIST) a i d  the Simulator Rlotlule 
(DIS) .  T11r Planning, Executio~l and Simulat,or niod- 
r~ltls are Ilighly aut~ono~ilous hut open sub-syst ems, 
wlrich ran work a t  various levels of interact~ion. T h r  
~ ~ l i t ~ ~ ~ l i n g  nroclule generates high level plans of at:- 
r iollh 1 0  Iw exr(-l~t,cd; the esecution nlodule t,railslat,cs 
t he111 illto 101ver level progranls and monitors esecu- 
t iolih: the s i l ~ ~ r ~ l a t , o r  module provides a graphical and 
ilitt,ra(-live :,i~nulation environ~nent.  

ure 1. 111 t his f i g u r ~ ,  the planning. rsec:ut,io~i and 
simulator ~l~oclules are visil~le in the toj) part,, while 
t hr, in terac t io~~ nlotlule (wit ll the s ~ r  11-n~odules ;tit- 
i ~ ~ g  as interfac-cs with o i ~ e  of t,he otllcr ~nodules)  is 
thr  "big 110s" at t,lle Ijottom. Tl~r ,  "Domain Defini- 
tion" box rc,presents a ~~ioclule  that i~llows the user 
to specify tlir d o n i a i ~ ~  ( ~ o n s i d ~ r e d ,  ~ I I I ~  i:, (.urrcnt,ly 
part of t l ~ c  sirlinlator. The "Hol~o t~ i .  S n t r ~ n "  Ims 
ri'lxew1it5 the real robot,ic tlrvic-i.. 'I'lic solid arrows 
reprrwnt a flow of i n f o r ~ ~ ~ a t , i o n ,  wl~ilc, t lir tlot,t,etl ar- 
rows represent a st,ill missing c-o~~nert  i o ~ ~ .  For esanl- 
ple, the tlashed arrow bet8ween ' . D o ~ ~ ~ i r i n  Defi ait,ion" 
box and the int,erface, means t,hat cl~rrent,ly t,he user 
call specify ii domain not t h r o ~ ~ g l l  tl~c, int,erfacc, but, 
only interact,ing directly with this ~i~oduI(- ' .  

Finally. J E H H Y  has been developed ;I- part of ail oil- 
going and morr aml~it ious projcct I'tintlccl by ASI, 
the Italian Spacr Agent-y. In this apljlic-ation, J E R R Y  
provides it,s ft~nc-tiouality to tliffere~rt lti~icls of r w r s  
nhic-h have to tlcsign, cont,rol and n~oni tor  a SPIDER 
Rol~ot Arin perfornling quite c-on1p1f.x tasks, e.o,., t,he 
set up of sevrral kinds of espi.rimrlits in a spa(-e 
workcrll. Eve11 t,hougli the project is st,ill running, 
a first prototype is already working and available 
for cxperinlel~t,ation. The prot,otypr produces plans 
for problem in a scenario wliich is q ~ ~ i t , e  close t,o the 
payload t,ut,or esprriment clescrihetl in [5]. In t,liis 
.;c.c,nario, c,.g., the SPIDER arm is sr~pposecl to r s -  
t,rac-t a tray fro111 a shelf, fis i t  to O I I C  out of two 
t,al)les ant1 t,lren automatically perforin esperimrnt~s 
111ovi1lg ol~.jec-t,s c-ontaiilccl in thc tra).. As far as  the 
\vliole project is concerrietl, the f ~ ~ ~ l c - t  ionalities of t,I~e 
~vllol,, system will be those of .JERR\ , integrrtt,etl 11y 
the services pl,ovitled by a niodule I'or diagnosis [c)], 
a module for the visual int,erprct,atio~i of arm's a(-- 
t,ivities [ I] ,  antl a module (see [4]) responsit)le for 
supervising t,he arm in a outtloor e~~ \ - i ro~ lmenf  s h -  
ilar to t , l~at  described in [GI .  S w  t,l~i. corresponding 
papcrs (in this volume) for more inforniation on any 
of t,l~ese additional modules. 

2 JERRY'S Architecture 

. J E H I I ~ .  can \vork a1 two le\.els of i ~ r t c r a c t ~ o ~ ~ s  t,llat 
are targct,etl to tn-o t,ypical users of :,pace rol~otic- tie- 
\.ices: the "1,rogranlnier-levc~l" c-o~it ;tins fun(-tionali- 
t,ies offered to t he rol~otic system opc.rator; the .'user- 
Irvel" tlcals with activities performc~l 11). ou-ground 
sc-irl~tist,~ or pi~j.loatl operator>. .-it  l lrr progralniiier- 
levrl, the IWI .  can program tlir b~llavior of the tle- 
vic-e using its typic-ally loiv-level int,.rfac,e language, 



.+.: i l r r .  I i~~lguage (c-alled PDL2) currently used to 
w 1 1 1  1.01 I 111, SPIDER ar111. .A typical PDL2 inst,ruc- 
I i o 1 1  i. ..\Io\-F, L I N E A R  T O  point-in-space", where 
point-in-space is a (i-tuple of real values. This 
l r ~ \ . ( ~ l  of i ~ r t  c,ri~c.t i o l ~  is adequate for ail experie~lc~etl 
11h1'I'. ~( ' \ . f~rt l l( ' lcbs,  pr0grallllllillg ( ~ O I I I ~ ~ P X  tasks at 
t I r i h  Ic~vc~I  ma!; I ) c ,  very tlific-ult for n user which has 
I I O  r~sperit~~rc-c~ wit11 the psogramming language, e.g. 
1'1)1,2. . \ l o r~o \~c~r ,  lowlevel programs can be hard to 
I I I ~ ~ I I I  ; ~ i r r  ; ~ n d  re-11s~. For this rsason, interaction at 
t l r l .  ~~.;r>r-le\-cl ~~rov ides  also no11 expert,s (e.g. sc~ie~l- 
t I>(.;)  \\.it l r  the al~il i ty to specify robotic tasks. Snc-11 
r l ~ i ~ r s  tlc  rot need any 1;nowledge of the r~nderlying 
~>lr>.hi,.al h t  rurt [Ire of tlrr rolmtic tlcvic-e (e.g. of t he 
t l t~c , r (~c~  o f  frcwloln of tlir a rm)  or of the pllysiral 
~i .c '~~:lr io (( , .a.  of the esnct position in space of the 
ol),j(xc.is). .I t~.l)ical high-lc>vel instruct,ion is "GET o n -  
.II.:('I object-name". 

11st.r-drives-syste~ll-s~~pervises: in t , l~is moclality 
a11 cxspert, kiiowledgeal~le of tlic underlying 
r.ol)o(ii. cle\-iw a d  rnissio~i int,eract,s with t , l~e 
h~ st r n ~  l ~ y  (IPS(-ril~ing t , l~e nlission in the rolmtii- 
I lc.vii.c, i I I ~  clrfnc-e lauguage. TIIP inissiol~ is cli- 
r i ~ l m l  as n low level plan whit-11 is tlirec-tly exe- 
i r r ( ; r l ~ l t .  1 1 )  t l r ~  esec,trtio~i ~noclrrle. 

' ~ ' I I ( ,  r . c > h ~ ~ l t  i11g arc-11itcv.f urc is Irigllly motlular and ( Y I I I -  

f i c , l l l ' ; ~ ~ I ~ c ~ ~  1 l l i ,  ~ ~ ~ s t c ~ l l l  ('i?ll 1 ) ~  ~~ol l f ig l l r~d to 1~0I'li ; I t  

( l i l f ' c ~ ~ . r ~ r r t  l i~\- i~ls of a u t o ~ ~ i a t i o ~ ~  ( ~ . g .  t l (~l)i~ntl i~ig or1 1 hi. 
; r r . l ~ \ . i t > .  ~~c~rfosllletl 11y t 111, planning ~i iodulr )  n ~ r t l  tlic, 
II.I,I. 11;rh t 1113 ~)osbil)ilit,y to flexibly ircc.ess I-lat a nla11ij)- 
I I I ; I ~ I Y I  i r t  (liff'cre~~t I c \ ~ l s  of clctid ( r .g .  data a t  the 
I > X I Y . I I ~  io~r or at t l ~ e  plannilig l e \ ~ l ) .  'The inkrf'ai-c' (.all 
Iw ht .1  to I r  ~ ~ s c ~ l  1y ~is(,rs with diffbrent C S P ~ I . ~ C I I ( . ( ~  
( J ) I , I J ~ ~ ; I I I I I I I ( , ~ S  or si.it,~~tihts) and ran also I F  i ~ d a p t c ~ l  

to tliffcrer~t input. devices (e.g. .  driven entirely fronl 
mouss or touchpad, ent,irely frorn keyhoard, or ,  pos- 
sil~ly, from custom input devices). 

:I first version of tile denionstrator has heen fully 
imple~nentetl, is available for inspect,ion, and is cur- 
rcntly urrtler development to improve its general per- 
formant-e and to enrich the ser\rices offered t,o the 
user. This demonstrator (n.hosi, arc-hitecture is rep- 
resented in Figure 2 )  is I~asecl on a c:lient~/scrver ar- 
cliitec-t,urc i n  \vhicll a clir>nt intc>rfac-c service is able 
to c c ~ r ~ t , i n ~ ~ o ~ r s l ~ .  i~~tcrac-1 wit11 t l ~ c  planning, expcru- 
tiori a ~ ~ c l  hirl~ulator ~notlulrs.  'I ' l~is has involved t,he 
i lc~vc~lopnr(~~~t of b~)c~ ia l i zc~ l  prof I ~ ~ 1 5  that  allow endl 
irrtcrnctio~i rnotlule to safcl~- exc . l~ i \ r~g~  data  wit,h the 
t l~ree  srr\.ers (,hrough point-t,o-point c-ommu~~icatiori. 
(~'urrcnt protocols are tlrlil~erat ively clesigned t>o he 
\-e,ry sinlplc to nlinimizr the ovcrliead of communica- 
t,io~i I)etwecrl modl~les and to clr~ii:lily arrivc to a first 
irrtc~grntion. 

3 Interaction Module 

'L'llr . ~ I : I ~ H \ ~  Irlt(~rai'tioll \lodulc~ ~.o~rsists  of a (::raph- 
I c r  Illterfncc. c~~rdow~t l  wit 11 1 l ~ e  follo\ving fun(:- 
tio~~iilitics: 
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0 Inspec.t,iou of plan c-ompilation: tlie lowlevel 
(.ode proc1rrc:rd 11y the plan compilation and es- 
w1rt,iol1 niodlrle is sliown t,o t,lle user. 

1 '11c> ~ ~ ~ ~ r r c ~ ~ r t  IooIi of' t lie h l f~ rac . l iv (~  hIo(111le is bho\vli 
I I I  l- ' ie~~rc- :;. 111 the Figure we (-an see ( i )  t,lle IIelp 
\v~r~tlo\v ( 1  o1)-lrf't ) that is clrsig~~ecl as a separate ell- 
I it!.: ( i i )  the plani~ing ~~rohle i l i  specif(-ation window 
11riri11 ~vi~iclow l~vlow t i i t ,  Help wi~iclow): ( i i i )  tlit, pla11 

i,llrrcllt i l l  r s c c . ~ ~ t i o ~ ~  ( top r igh t ) :  ( i r )  the PDL2 code 
imrreslmntling to the ad ion  bring esrcr~tecl (mitlcllc- 
right ) : a11(1 ( 1 , )  t rx~c . r~t  ion of t 11r plan (-onling from 
t l ~ c  sinir~lator (hottom-right) .  The size of tlic 4 will- 
~lo\i.> (mrrchpo~icli~ig to point from ( i i )  t,o ( / , )  are in- 
i i~rc~o~lr~r~c~t t~t l  ; I I I ( I  w r y  ;I(.(-ording to tile user c-r~rrrnt 
f'o1.11. of' i ~ t  t P I I ~  iolr t l ~ a t  is always co~itained in tlir 
I I I ~ I I I  \vi~~clow. 

. l u  i ~ i i ~ ~ l e ~ ~ i r ~ i t a t i c ~ ~ ~  ill  ,Java ( c m ~ l ~ ~ > a t ~ I ) l t ~  wit11 .JDIi 
1.2) has 11ee11 realized nncl is c-urre~~t I! trstccl for inl- 
pTo\~rlll~llts 

4 Plan Generation 



Get o b j e c t  Y .  
i f  t h i s  a c t i o n  s u c c e e d s ,  
t h e n  pu t  Y on exper iment  t r a y  Z ,  
o t h e r w i s e  g e t  o b j e c t  Yl; 

13ot h the goal ( the  high level spee:ific-ation of the task 
lo I ) ( .  ~ ' r for~necl )  and the p l m  of actions ( the  se- 
~ ~ I I ~ I I ( Y >  of operat,ioils to IIP  esec-utetl to achievt, the 
goal) (.a11 I>( '  s1)ec:ified and inspec-trcl hy the user ill- 
t ( '~fi~( ' i . .  .I'11e 11ser-Ie\r~1 spr~ificatioii of the pr0111ei11 
1.: t r;llihlati~tl into t lie rrpreseilt at ion laiiguagc of the 
~) l ; inni l~g inotlule. 'rhe plailning i110duIe 1.rturi1s to 
t lit, ~wr-i11trrfac-r a represe~~t,at,ion of t,lie plan wllic-11 
ashoc-iatrs to c > i ~ c . l ~  operation in the 1)Iiin a tlesc-riptioli 
of' t hc, sitr~;lt iou ( the  state)  \vliich should IIe reac-Iirtl 
itfter pxrc-~it ing t , l l i> operation. 

. \~ io t l~ i . r  c711arac-teristic- of t l ~ r  planning inotl i~li~ is 
t l ~ a t  h I H P  r e t ~ i r i ~ s  "safe plans", i.e. plans \vl~ic:li 
:IIY,  g l~arant red  to achieve the goal in spite of 11011- 

t l c ~ t c ~ r ~ ~ l i ~ l i s ~ n .  For esainplc. \IBP is able to find n safe 
I ) I : ~ I I  (;w"unii~~g that one such a p1a11 esists) eve11 i l l  

1 (.:ISP i l l  ~vlli(-l~ soi11~ ;rc:tio~is inay fail (e.g.  I)ecause 
ol' O I I I ~ ,  ~nnlf'r~ilc-tioning of the devices) or in the (,as(, 
.:OIIIP : ~ i , t  io11 is 110 I o q e r  e x e ~ x t  al)l(, ( e . ~ .  I F ( ~ ; I I I ~ ( ~  

1:or efficienc~y reasons, tlie p l ann~ng  module has I~een 
tvritten in (-'. To improve its portal~ility, the starldarcl 
ANSI has I ~ e e i ~  followed. 

5 Plan Compilation/Executioll 

The Plaii C'ompilation/Esecutio~i module is respon- 
sihlr for trailsforming a Iligh-le\.rl. riser-oriented all- 
>tract p l a ~ i  iilt,o a sequence of low-level. machine- 
oric>nted esem t ion plan. 111 inore dt't ail, the Plan 
(~'ornpilatioii/Esec-l~tioi~ ~ n o d u l ~  receives in input 
from the intcrfac-P an arbitrarily long sequence of ac- 
tions to be perforined, and generates a sequence of 
ilctions ( a  "progranl") that tllc robot can directly 
execute. For example, in the c-ase of a rol~ot~ic arm.  
the program c-orresponding to ;I ruocc(o. I )  ("inove 
obJect o to location I " )  looks likr, t,lw following; se- 
quence of illstructions 

movenea r  cpos-o> by 800 ;  
openhand  ; 
m o v e l i n e a r  <pas-o> ; 
c l o s e h a n d ;  
movenea r  < p o s l >  BY 800 ; 
m o v e l i n e a r  < p o s l > ;  
openhand  ; 
move-away 1200; 

nherc <pas-o> and < p o s l >  are h i s  tuples of real 
nliinl~c~rs specifying the positio~ls of the ol~ject  and 
of the loc-ation respec-tively. 

In any case, the sequence of act lolls given to t,he ese- 
c.t~t,io~l inodde  does not need to i.orrespoi~I to a com- 
plete plan. Inst,eatl, t,lle user tr i r l l  ( i )  break a plan as 
given 11y the planning module into blocks of planning 
actions. ( i i )  require tlie co~npilat  ion of all or some of 
the I~ loc~ l i~ .  ( i i i)  validate the e swut  ion program cor- 
respo~~(l ing to a program, or ( ic , )  ask for an  csecut,ion 
program differing from the proposc~l one. 

.Is for t 11r planning nlodrilc, t lie esecut,ion module 
is an open system in ~vhic-11 t l i ~  parameters affect- 
ing it,s I~ellavior (e.g. the availal~ility of a given Ion- 
le\.el nc,tion) I-an be inspec-tecl.  ontr trolled and even- 
tually modified 11y t,he user. For esainple, the user 
can inhihit the exec:ution module from using a c-er- 

Ion-lewl action I~ecause i t  in\.ol~.es some dan- 
gerous or u~iavailal~le 1noI.e for wine Joint .  As a l~ove.  
this fa1.t ope11su11 the possibilit\. to pro\.icle a "user- 
c-entercxl oprration mode" for . J E R K \ - ,  i l l  \vliicli the 
exec-ut io11 n~odule  interac-ts fl~'silj1j. with t lie user in- 
terfact, 111odu1r. 

:I Java (conlpatible with JDI\ 1.2) iinplementation 
of the esecxtion module has I ~ r e n  realized, and is 
crirreiitly tested for i i i~p rove in r~~ t s .  

6 Robotic System Simulator 

l'lle s i ~ l ~ u l i ~ t o r  allo~vs for ;I : I D  rrl)rescntat ioll of a 
rol~otic iIrm i l l  ;I g i \ m  ~vor l ; i~~g  en\.iroil~nent. The 



a user interface which allows t,he user to exam- 
iue the sc-ene and t,o interact wit,li it by suit,able 
( a ~ n n i a n d s :  

,111 111t~rfac-e that allows the user to define all the 
c1hjec.t~ 111 the bcenario, 

and interface t,hat allows t,he user to define t,lw 
l ~ l m t  employed to  manipulate t,he ohject,s in t,he 
hrene. 

( ' r ~ r w ~ ~ t , l y .  the simulator has been specializecl with 
k~lo~vletlge of two donlains: the first is close to the 
*,sternal robotic- experiment described in [(i]; t,he sec- 
o ~ ~ t l  tlomain resenihles t,he int,ernal payload tending 
tlcwrihecl ill [ l i ] .  In both cases, the robotic device is 
I l ~ e  SPIDER arm.  

. l l ~ o l ~ t  tltc 11st.r interfac:r, t,he operator may: 

ol)ser\.e the evolution of the scene 011 a screen, 
Imth 11)- looliil~g a t  t , l~e  arm's movements antl 
inf'orn~;~tioll of the specific values of the various 
\';I rii111lr.s cmnt rolling t , l~e  a rm,  

interai.t wit,li the rolmt,, e.g. by specifying a po- 
hition to l~ reac:hecl, or 

control thc robot. by writing a PDL2 program 
\rllic.ll ~. ;III  I F  exec~lt,ed. 

Fi~~all!;, t h r  s in~ula tor  has been writ,t,en using t,he 
.lava language, t,lie Java 31) library, while some 
\-Rhl I, tiles specify the geomehy of the objects in t,he 
hwnario. Tlie simulator is t,lierefore a Java applica- 
t i o ~ ~  t hat does not t lepf~nd on t,he particxlar external 
I)ro\r~ier used. 

. I ' l l ~ h  paper (l~s(.riJ)es JERW, a system for t,hc aut,o- 
111nt1c ;;c'~~c.ratio~l and c~sccution of plans for robotic- 
de\-ic.eh. ;LIICI briefly report,s about t,he case st , i~dy of' 
t I I P  SI'IIIEIL a rm.  The niitin f.at,ure of t Ilr ,  system is 
t l ~ c  lli&lr\.c~l of itlteracrt,iol~ t , l~at  t,lie llser (-an clcc-itle 
to Ila\-i' wit 11 the system. This level of int,craction 
i h  c.rit,ic-al in the (.ontest of spat,ial ~llissioiis, wI~cr (~  
( i )  111lf'orcwe11 ~ n l e r g e ~ ~ r i r s  C ~ I I  happen. antl ( i i )  still 
t l ~ t .  ~tiibsion has to proceed, possil~ly r~ncler the 1111- . . 
l l la l l~  hllpl~rvlsloll. 

This research is supported by AS1 (Italian Space 
Agency) as part of' t,he project "1711 Sistema Int,el- 
ligente per la Supervisione di Robot Autonomi ncllo 
Spazio". Special thanks t,o the other part,icipant,s in 
t h c  proJec-t for the many f r ~ i t ~ f u l  tlisc~r~ssions and t,he 
technical help. 
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