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Abst.ract 

This paper uplores a game-theoretic approach to automatic planning 
of sensor·based robotic manipulation programs. To win the game, the 
robot must provably attain a specified task swc. The robot moves by 
cboosing 1 control signal. and nature moves by cboosing a sensor signal. 
Planning is accomplished by searching lhe game O"ee. In some task 
domllnJ. lhe llppf'OII:h provides a slrllght!orwan1 method or reasoning 
about uncenalnty. non-detenninistic actions, and imperfect sensors. We 
cScmonstrate lhe approach in two dift'erent wlc domains: orienting an 
object using an instnunent.ed tilling tray: and orienting and and gnuping 
111 object with an insuumen:ed panllel-jaw gripper. 

1 Introduction 

This pepc:r approac.hes robotic manipu13tion as a game being played ~ 
tMICII lhe robot and nawre. To win the game. the robot must attain a wk 
siiiC that provably satisfies 1 speciJied goal. such as uniquely orienlin& 
1 polygonal object or achieving 1 stable gnup. The robot chooses !he 
motor signals. and rwure chooses lhe sensor data. To plan for lhe worst 
cue. lhe robot must searcb lhe game tree Cor 1 winning stnuegy. 

Our llppi'OICb lrealS manipulation planning IS I tree se:ltCb. Uncenainry 
in lbe robot's world model. error in the robot's actions, and noisy sensors, 
are all e:~pllcitly modeled and accoullled Cor in the construction of the me. 
We are implementing planne!S for two dift'erent Wk domains. Fll'St, to 
utend Etdmann and Mason's (1986) worlc on orienting objects with tilting 
trays, we have incorporat.ed lhe use or sensory feedback. Second. baled 
on Brost's (1986) earlier worlc on planning parallel-jaw grasping motions, 
we have implement.ed a system that plans a sequence of squeezes to orient 
and ultimately gnup an object, using me3Surements or finger separation 
when appropriate. 

The rules of lhe manipulAtion game arc determined by l.he liCiions and 
se1130ry events that are possible from any given s~IC of l.he wk. To 
avoid combinalorial uploslon, it is impetUtive that we consider only those 
actions and sensory eventS that have di.I'Cerent effectS. In some cases, It 
is possible to reduce tbe number or alternatives from 1116nity to a small 
6nll.e number withoul compromising the planner's scope. 

1.1 Previous work 

Our lpi)I'OaCh originates in the desire to construct p13ns that model un­
cenainly in tbe robot's model or the world. Taylor (1976) ~bes a 
system thar predicts possiblle WJCenainlies, using them to choose among 
altenwive Strategies, and to adjust the parameten of the chosen Stral· 
egy. Brooks' (1982) system veri11es and re-worlc.s robot plans, based on 
boundl on uncer1lllnly. Broolc.s' wortc Cllll be viewed as complementary 
to lbe present paper, since Brooks' plans use sensory information in a 
continuous raslllon. rather than for conditional branching. Our plans use 
senJOty data uclusively Cor conditional branching. 

A formal frameworlc for planning in the presence or uncerulln1y il tle­
vetoped in Lozano-Ptrez, Mason. ana Taytor ( t984), Mason (1984), Erd­
mann (1986), Buckley (1987), and Donald (1986). Buc.ltley provides the 
link to lhe present paper by his use or AND/OR graphs. Buckley applied 
lbe approach to planning or genenilized damper and generalized spring 
motions. The snsent paper adopts Buckley's nouu.ion for AND/OR graphs. 
uplores the general application or lhe idea. and Ulustrates the concept 
with Implementations in two task domains. 

The IJ'CSCOI paper ~bes planners for two different wk dom3ins: tray. 
dJtillg and sq~tU·grcupillg. Ttay-tiJting iJ the process or onenung I 

planar object in a tray by moving the tmy through a sequence of Ult 
anglel, and squeez.e.grasplng is lhe orienting and grasping or a planar 
object by a sequence oC squeez.es with a parallel-jaw gripper. The first 
wortc on tmy-tilting was Grossman and Blasgen (1975), followed by Erd­
mann and Mason ( 1986). For earlier worlc on the mechanics or pushing, 
and squeezc.grasplng in particular, see Mason (1986). Manl and Wilson 
( 1984), Brost (1986), and Peshltin (1985). 

Our work is also relat.ed to the problem or choosing UICtile probe motions 
to delermine the position and orienuu.ion or an object (Grossman and 
Blasgen 197S, Orimson and l.owno-?trez 1984, Orimson 1986, EUiJ 
1987). The problem iJ ea.sily C3St as an AN®R graph SC41'Ch. Ellis' 
ambiguily lrtt iJ similar, bu1 describes the interpretation or probe diLl. 
wilh the probe sequence filled, yielding a pure AND ~tee. 

2 Example 

We will begin with a simple example, contrived to lllwtmiC lhe basic 
conceptS and avoid lhe many complications. Consider a rectangular object 
in the plane. conslnlined to have one of itS edges aligned with a fixed 
reference line. Due to the symmetry of the block, we will distinguish 
two stat.es, SHORT and TAU.. The robot can roc.atc the block through 90 
degreeJ, which turnS a SllORT into a TAU., and vice vena. An optical 
intcmJpt type sensor iJ mounled so as to detect the block's s~te (sec 
Figure 1). 

We Cllll summorlz.e the options or lhe robot as follows: at any given 
lime It Cllll decitle to ro~ the block to ItS olher s~IC. an action we 
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Figure 1: An iUusllallve example. 

wiD call ROfA'm. or It can CCIIISUltlbe sensor, obi!Wilng ellller a 0 or a 
1 clependlllg CX1 wbedlcr tile USht bam Is brolren, or I10l, respeclively. 
We williWUIIIO dial die block's stare Is lnlllally unlalowft, Wid the soal 
Is 1D Con:e lbe bloct iDlo lbe SHORT S1111e. Stanillg willa lbe rectaDgle ill 
eUIIer of two orieamriex~~, we COIIIIIUCt a pupil (Fipre 2) lllat capcuzes 
tm:1y pcaible sequcace or events illlbe Iaiit. An illldal RorA 111 cllangea 
IIOII&ia& lbe object Stale Is lliU illllalown. An illldal S1!NSII dccamiacl 
lbe cbjecc Slll&e, after wlllcb It can be IIICI1lllqf\llly RorA11!ed. Addilional 
SINSIII are reduDdallt. A S1rlllegy 10 III:COIIIpiJsll lito given lllslt can be 
CX1ftiSOd as a sub-graph or lhe cast gmph, as sbowa ill lbe llgme. 

111e tey CeablreS or 111e 111s1t graph are: 

e Eacb node is a set or possible world SIIUCS. 

• Eacb acdoa, and each sensory event. Is a lnllllitlclll from a set 
of possible illllial world swe.t 10 a sec of possible raullllllt world 
SIIUCS. 

• 1be pupil bas an AND/OR suucan. 1be robot can c1toose iu ac· 
dons, and can guara~~~ee a win If M7 or lu acllons lead to a win. 
Buc DlliUie c1tooses lbe sensory ouccoma, so lbe planner muse m­
sure dill 1111 senscxy outcaDeS lead to a win. 

Th rqlftlent model uaa:naiacy, each noc1o conaponc1s ro a sa or possible 
world Slates, not a specific world swe. Hence a searcJa node c1oe1 nat 

represau a stale or lito world. but ra11ter lbe stare or lbe robot's model 
or 111o world during p1an aecua~cn (BIODb 1982: Lozano.Nrez. Mason, 
and 'Illylor-1984). Tile cll.stlnctlon Is subtle, buc impoRIIIIL leis useleu 
to adlleve a desiml s111re of lbe wortd In I8J1011111Ce; lbe robot must know 
lhallbe lOIIis achieved. Hence we swell not for a specl4ed world slaiD, 
but for a, specified model stare. In principle, we can encode lite s111re or 
lbe robot s world model, I.e. summarize all infonnlllion available to lbe 
robot, u die sec or swes consl.srenc willa Ibis lnformallon. Hence our 
SCIIIdl nodes are clellned by a set or possible s111res or 111e world. 

®--B-.. 
SIICII(TAIL) - (0) 

®--,-.--,-~ 

SZICSIISHOat) - (0. I} 

For many pmblems, il may be impossible, w Inadvisable, to boll die 
robot's world model down to a sec or all possible world swes. Fer 
eumple, we mipt have a sysrem dial calilnles lbe locadon or a paUea, 
using lllucb probe lnfonnuclcn obtained tllroiJ8h a sequence or guarded 
moves. 'lbo sensible lhlngls to couec:c the lnfcmnation, then apply a single 

I I 

IOIIlino lilac predlc:IS tho pallet locacion, radler lllan computing a sec or all ~ 
possible pallet localiCXIS after eacb probe. To' l!li:JRSS such stnttegies In a r 1 
pupil, wo could ausmenc lito s1111e encoded ac a noc1o 111 fully represent 
lbe computadoual stare or lite robot's world model (Brooks 1982). 

Bealdea repraendng uncenam kllowledge or 111e s~are or 111e Wlll'ld. we 
have to repraenc ond reasoa about uadct-delennlned acc1ons lll1d noisy 
SCftiOI'I. Fer Instance. we can modify our earlier eumple by lnuoducing 
noise Ill our seasory data. Suppose lilac tire oplical SCIISOl's locacioa Is 
DOC precisely kllown. willa lito ccmsequence lilac a broken bam Is lncon· 
elusive, llllhouJb an unbrolren be4m sllll impllea a saue or SHORT. 'Jbc 
rauldng pupil Is shown Ill Figure 3. In Ibis case, there Is no winning 
stra~egy, beawsc dlo sensor might never give tile robot any Informacion. 
1bl.s example shows a sboru:omlng or our worse-case approach to plan· 
lling. We might wane co consider a Slrlllegy lilac lriea to get lucky, i.e. 
llopcs lilac nawre cooperateS. In principle, lhe paphs can be ClUCIIdcd us· 
lng probabiUstlc models or actions and sensors to CCXIIIniCl probeblll.sclc 
plans. 

When we tum our atrentlCXI fnlm conlrived eJ~:amplea to moro reaUstlc 
Wit domains, planning bocomea moro complicared. Tile cwnple above 
Is conlrived co have a BaJre numw of world slatcl, a lilllre number or 
actions, and a ll,nlre numw or SCAtOry events. In more reall.stlc prob­
lems, we allen muse deal wllll CCIIIIinucul spacea or Wit swe, acdoa. Wid 
senscuy data. Modeling uncenainty, actions, and scnsiD& aJe accanSingly 
men compliclued. 1bo IIIOR SUildllg difl'ercace is tire combinlltorilll na­
turo or lito seardl, apedaUy wileD lmlllcbills faclllll or dlo order of lbe 
continuum 111e CCXIremplaced. 1"bbs paper deals wilb coat1nuous sp;as or 
chok:ea Ill two ways. Flra. we pudtfon a COIUinuous space or actions Into 
classea lilac have idemica1 cfl'ecL Coalilluous spaces or action were ban· 
died thus by Brost (1986) Wid by Erdmamllllld Mason (1986). Second, 
we deal wllll c:onl.lnuous spacea of senscry evena by sampUng. 111ae 
are many variations; we simply sample lbe space ac a llxecl, fairly coarse, 
resoludon. Other posslbWtlea are discussed 1a1er In dlo paper. 
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Flawe 4: 111e scasar modal. 

3 Graphs and searching 

A plllllniDJ problem Lt clellnccl by 1be cast S111e SJDCC, die seasory and 
acdoa Cunalolls, a sec of possible illlllal sillieS. and a set of goals. wilb 
cacll goal apressed as a set or swa. We adopt die following aowloll: 

X 

D 

u 
rex 
a, ex 

tile cast stare space. i.e. tile set or possible 
stares or tile physical world. 

lbe seasor space. I.e. lbe sec or possible sensor 
dala. 

tho acdcupaco. Le. lbe set ar pcssiblo acd0111. 

111e set or possible illltlal stares. 

lho lib gcal. 

II : U IC X - 'P(X) lho cast Slllle-lnllllilicn f\mclfcn, apreaillg lllo 
e«ect of acli0111. 

s : X- 'P(D) tho seasor runcdon, apJaSing tbo meaning or 
sonscry dala. 

where 'P(·) Is tho pcwer set, 10 apreu lllo multi-valued c:baracll:r cr 
acd0111 and IIIOIIIUI'elnel. 

Each planning problem Is ll'anJfcnmcd Into a gmpb search problem. A 
node In tho gmpb II a set or pcssiblo cast staloS, Le. a subset of X. A 
node encodea lho IObol'llalowlcdge of lllo cast Slllle during aecudon of 
tho plan. Hera tho !nidal nodo Is lho set or possible illltlal StaloS /, and 
IUCCOU II achieved by reaching any subset or aoy goal a,. Aclfcns and 
sonscry ovenaa cause lnllllillona among lbo noda or tbo papb: 

v .. 'POO 111e nodea or lbe last graph 

• - a relalicn on lbe nodea V, dcllnlng lbe ac1ioo 
arcsfcraalcmM. Xa..!..X2 iffa:(,.Xa)=X2. 

a rdalioo oo lbe nodes V, defiJiing lbe sonsillg 
arcs Car seasor dalwn d. x • ..!.x2 iJf r 1(d)n 
Xa=X2. 

Hen. and lllloqllout tho paper, we aze aeadtlg acdoD and sensing a 
IIIUIIIIIIIy aclus.lvo concepa. Somo problems, lbcugb. Ileal ac1ioo IUid 
ICft1iDg as lndiYilible. For aample. die gUIIIded moves clescribcd by 
Lozaao.Nrez. Mascia, and 1\lylcr (1984) involve c:bolcel by die rabat 
llld by lWUI'e. BIUley's Ccnnulalkm of tbo ANDfCR gmpb uses scasar 
dlla iateqiJaed duriDg die mollaa r.o de4ne altanaaive rau1t nodes rcr tbo 
modaa. Allolba' example c:ambiiiiDa cbolca by die rabat widl dloices by 
11111n is when tbo robot bas two diJferem sonscrs 10 choose between. Our 
fCIIIDaJaliOD of die graph is easily gmaa1izcd 10 deal wid! sucb silllllloM, 
bullbls paper Coc:uses oo lbe cmemc cases: pure seasiDB and pure ac1ioa. 

A so1at1oa r.o a platmiDg pmblom ca11 be daCribed by a subgrallb or lbe 
lilt papb. .111o subgJapb should lead 10 a goal In finite lime, so cycles 
IUid illllllite IUbgmplls aze nca llllowcd. Eacll nodo (except tear nodes) 
slloukl IDclude aacd)' one oupg lldlon an:. or Ill/ oflbe Cllllglling 
SCIIIilla aza. re8ecdng llle Al'fD/OA strucu11e of lbe problem. We will 
seek sclutlona dial mlnlmlze the wont-case number of arcs, i.e. we soet 
die soJu1ion lllb-gmpb dial llllJdmlzes die lnlllimum palb-lengdl. Wo 
praeady employ a breadlb·IIDl searcll. lwblng lbo nodes Cor eflicienc)'. 
SilllpJe sean:11es coayap In a row seconds on a S)'lllbcUcs 3600. 

Flgme 5: A l)'pical set or till ac&lou (Erdmaml and Mascn 1986). 

4 Automatic planning of sensor-based tray·tiltin 
programs 

Our lint appllcallon Is llle problem or crlenling an object with an lluw­
mented tilling uay. A polygonal object slides freely In a reclllllgular tray, 
wblch is ins1rlllllenlcd with simple oplical·lnr.em~pl senscn. The robot 
caolilllhe tray at any angle desired and query lllo senscn. The object 
s1ldel and rolls a1cng lllo sides and Into and out of llle comers. Slllrt· 
lng from an Initially Wlknown cxienlalion, llle problem Is co obtain any 
complelely clef.emllncd orientation IUid posllfcn. In the mocleUng or lhe 
mecbanlcs or 118)'-lllling we follow Erdmann and Mason (1986), which 
sbould be consullcd ror mere dellllls. Brtefty: 

• A rigid polygcnal objec:l, wilh lalown Jhape and cenr.er or mus, 
slldea abcul In a lflCIIII!guiar planar uay. 

• The rorcea acdng an tho object are gmvlty, rorcea cr consllaint. and 
Criclicn. Coulomb Criclion occurs between tho object and lbo tray 
walls. Frieden wilb llle uay boUom Is negUglble • 

• The sysr.em Is quasi-sialic: Inertial and impact forces aze negUgible. 

• The object Is lnilially in one or a finite number or stable orienlalions, 
in lbe middle or one or 111o tray wa111. 

• 11le IUlltude of the ll'll)' is direclly c:oatrollable. 

1b complete llle problem de4nllion, we must dellne 111o allowed sensory 
modalities: 

• A Ugbl beam passes parallel co each wall. 11le sensor repcru 
wbedler die beam II lln*lm cr IIGL 

• The disiiUice from tho beam ro lbe wall Ilea In same mown Interval. 

For any givea oriaualion at tbo object apinsl some wall, lhae aze three 
possibi.lilia. i1lusUaral 1n Flawe 4. If die object's pro6Je 1s de&nilely tess 
111m lbo SOIISCII''s di.slancc from lbe wall, a 1 is obllliDcd. lllhe object's 
prUUe is cldinilely pear.er 111m lbe sensor's di.slancc from lbe wall, a 0 Is 
obaliDcd. lllhe object's proile IDlls inside lbe bUcrYa1 of possible ICIIICI' 
disiiUices, we CIUIDOl predict wbicb sonscr diUum will occur. 

111e lint pnlbtcm is co cbaracr.ertz.e tho possible SllleS or 111o cast. For dlo 
aay-lilliag cast domain, we ca11 get by wilb a llnir.e number cr possible 
coaligmadons. By dellnldcn, dlo !nidal set of conllguratlons is dnir.e. If 



Figure 6: A typical set of seuor even11. 

we avoid modons lllat move die object 1n10 the center of the Ira)', and 
If we walt Ions enouah Cor lhe objecliO ccmple&e 111 molion, lhen die 
number of possible conllpradons remains 1lnl10. 

A typical llldng acalon Is shown In Figure 5. lnldally lhere are two pol• 
sible C01111pralions of the bloclt In lhe lrlly. Two clitfaalt cboices or 
lllt aagJe are shown, wilh lhe conapondlns leSul1 nodes. Sean:blDs die 
pap11 requin!s lhallhe eft'ec& of a tilt acticm be predicfcd aurcmallcally, 
uslns lhe medlods (In fact. uslns !be acllllll code) described In Erdm.aNl 
and Mason (1986) and Erdm.aNl (1984). An lntezestlng type of indeter· 
m1nacy enters wileD Coulomb Cric:llon and rigid bodles are anowed In 
Newumiall mec:balllcs. Muldple solutions are possible, and lhete may 
even be situadonllhal admit no soludons.1 Erdmann's system finds mul­
dple soludou. Since the nodes or lhe task papll are repesentad by a set 
of world sraces, mulllple sciudons are easily accommodaled In lhe talk 
grap11. We have not observed any c:asea wilbout sollllions, and dO not 
1mow whetller IIIey can occur. T1le result node would be lhe empcy sa. 
I.e. 111cre are no worid sraces consiSIOIIl wilh such an ~~etion. T1le mOIIIIIDg 
of such a silllllian Is lhat our assumptions or the mechanics or die world 
1110 inconslslent, and hence our planaet Is Invalid. 11lls Is one case or 
wba& we have come 10 call "confusing nodes": a node whicll Is In some 
way beyond the scope or lhe planner, and must pelfon:e be avoided. 

Figure 6 shows a typical sensory openWon. If !be beam Is broll:en, we 
coiiSIIUCt !be result node by eJIDUnaling every condgur.uign In lhe Initial 
node dial Is 100 sbon 10 break lhe beam. If lhe beam Is not broll:en, lhe 
result node Is obtalned by elimiaallns every ccndgurallcn tba& Is 100 lallro 
1101 bn:ak lhe beam. Some ccndgmadolls, on !be fuzzy edge between sboft 
and 1111, will appear In bolh resultalu noclcs. The most saaightforwald 
Implementation of SCI1SOI' lnlelplelllllca Is 10 begla by compudng ofl'·llne. 
Cor every possible senscr dluum, die set of world ltliiCS conslsleiU wilh lila 
clalum. Now, clurU!Bihe searcb, we can lnterplet any bypodlelical sensor 
c1a1um by lnteneeting lhe set or possible swes wilh lhose calsiscent wilb 
lhe JaiSOr dawm, • previously compuled. 11lls Is only feasible willa 
very simple senson, sucb • our opdcallnlarupt sensor. At !be opposliO 
exueme, ccmputer visloll, for IDslaiiCe, it Is not pmclical 10 eniiiiiCriiB 
liZid bu.aprel every po~~ible lmase. even If we do it oft'-llnel 

It should be apparent tba& the clemonstraskm systan Is not limited 10 
lhe optical Interrupt sensors, whicb Wete iJdroduccd for conae=ess. Ill 
rae., !be available seascn are ICIUally described 10 lhe system by tlleir 
illlapnwlons. i.e. by a mapplns from some sensor dala space 10 sets of 
consisleat warld swes. 

'1be uisiCIICe or poblems admltlins no soludcm conslsleiU wilh New­
lOll's laws, rlsld bodles.lllld Coulomb fric1ion. ba beeD widely accepled 
ror some time. Ullst.edl (1981) for example. describes such a problem, 
but see Mascn and Wang (1987) for a soluticm 10 I.Cistedl's problem. 
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Figure 7: Typlcl1 soludOIII. wilb senstns (below) and wllbout (above). 

At this wrllin& llle plaaner seems 10 be running reliably, but we blave 
IIOl tesiOd It systemadcally, nor have we lOlled llle plans gcneraled by lhe 
planner. A typlcaJ case Is shown in Figure 7, wblch shows two plans, 
one wilh sensing and one wilboul. The goal nodes are circled. All an:s 
Oilier than lhose In lhe sciudon have been suppressed for readability. 
For each DOCie, one outgOing arc lndlCIIOS an action; two OUISOinB area 
lndlCIIOS a sensory operation. 11le planner seems 10 work very well on 
ramlomly·gmaared poiYJODS, allhough lhere are some polygons that are 
not oricntable. 

5 Automatic planning of sensor-based squeeze· 
grasping programs 

Our secoad aample appUca&loD Is lhe problem of planning a sequence 
or squeezes 10 completely orient and pasp all object, wilb sensot)' data 
arising Cram IIIOISIRIIICIIl of lhe finger repanulon at die ccmpledon of 
a squeeze. Tbe mecbatlics closely ro11ows die wmt of Brost (1986), 
wbicb addresses die problem of planllillg a slnsle squeeze without sensory 
Ceeclba&:t. Our ISSIUD(ldoas are: 

• Tbe objec& Is a risld planar polyp In planar motion. 

-· 

• 111e two dnpa 1110 iDdDildy broad. rlsld. parallel half·planea, apo ,-.... 
proocJdns Cram attitmrlly rar away. r 1 

• 111e liDaer IIIOllcu ase I)'DIIIIOtric: 111e ~angendal componen11 or 
velocity are equal, and lhe 1101111111 c:ompoaems are opposite, but 
equal ill mapilllde. Tbe motions coalilluo undl funber motion 
would imply dlsiDttloD of llle objea. 



f 

u 

u 

~-

6 

flaurD 8: A fqUC~eZC~osrasp dlagnm (Brosa 1986). 

• 1be ron:a ICdng oa die objecla pky, narmaiiO tile I\JPPCll\ 
pilule, C01W1Ct wilb tile sappan plane, Dlld c:cm&1:ICII wtlb die IIDgas. 
AU ccatac& r.a abserve Coulamb'1 law. We assume tile stadc 
and dynamic c:oeOideals of liicdoa a equal. 

• 1be lyi(CIIl II qaasi-swic: illcnialaud Impact fcm:es are negligible. 

BRllt assumes lbal the inltlal object orieniiUion raua wilbln some known 
inla'val of aq1es. lhaltlle c:oeflcieiU of liicdon is known to fall in some 
known inla'val. and lhallbe 8ft8le of &slpr m01ion Ia conii'Oiled to wtllllu 
known IO!enulca. Tlle.se asiumpdcns resulllD 11 two-parameter famBy of 
acdonl-only tile llnger orieDIIUion, relallve to die object. lllld tile clbee· 
don ol &naer modalis. measured as 1111111181e relallve 10 one of die IIDser'• 
faca. 111e aec:cuaty to pJedict tile object's modon. Brost's llllalysis leads 
10 dmple dlqraml. panilloaiaJ die ~ family of possible lie­
doni Into equivlllcace c:1aaa dial wiD I'OCIIIe die object 10 a complecdy 
deamlned oriellllllloll (see Filllftl 8). 

We wW extald BIOil's taUlls in two ways. Plm. we have to extald lbe 
plannln& fJCm 11 single action 10 sequences of acllons. Second. we have 
10 model !be sensory operalions ud incorporate diem in the planning. To 
slmpllfy die consuuctions we will assume lhal lbe coefftclent or mellon 
is blown eucdy, lllld lbaltlle linger motions Call be coiiii'Oiled perfectly. 
To iDcolporalo Brost's melhods dealing wilb lhese enors would clisuaa 
us from our mala goal. wblcb is to iacorpomle sensor·based suar.egtes. 

To plan sequence~ of squeezes. we biiYe 10 represent sea of orieniiUioJII 
11101'8 geaetaJifiiiiiBrosa's iiUavllls. For cumple,let tile lnlllal orierdal.ioa 
of a recmagla be compJerely IIIICOIISirllillllld consider tile orieaaUioas 
possible lifter one squeeze. repaemed as a set or poiDII on lbe unit elide. 
Typically, lbenl wW be four lsolall:d polDU, corresponding 10 lbe four 
allpd orieiiiDIIOIII of lbe reclllllgle. lllld four inla'vals, c:onapoadlng 10 
four poalblo cocbd conlipaUons. We will model die sot of pouiblo 
orien1allonl by 11 ftnliO set of inla'vals on die Will circle, lncludln& slDgullr 
lntcnals. 

In considering sequences, ralber lban lsolllled squeezes, wo lniiOCiuce 
11110111er ccmpllcalioa. Brost's dlqrams, sucb as tile cllagnim of Figure 8. 
idallilied rqions dial would rowe tile object ID a sinsle deiOmliacd 
orienlalioiL lfciWOftr, we !lave 10 llllalyze and ldenlif'Y rqlons of weaka' 
operalioDS wbida do DOl orialltlle object by dlemselve.s. but wblcb migltt 
be usefUl ht a sequeaat. Figme 9 sbows II ciJagmm lbal is similar ID 
BIOil'l diqlllm lllld Is ror tile IIIOSl pan derived from Brost's analysil. 
but wblcb ldaldAea all dll1iDcl opcralicml, net just diOio lbal orient die 
objocl compleiOly lllld lmmecllau:ly. 

In ontcr 10 reduc:o tile number of cbolces of actions £ran 11 comlnuum to 
a ftniiO number, we need 10 ldenlity entlnl clllsses that Call be repmeniOd 
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Flsuze 9: n.e panltloned space of squeeze~. 

Figure 10: 1be padll Older boldlns among tile squeezes of Figure 9. 

as a s!Jisle diOice. Bodl Bmst (1986) and l!nSmaDn and Mason (1986) 
panllicned dleir action spaces into a 811110 number or equivalence ciJisses. 
In Figure 9 n:glolls A, C, G and E are equivalence classes, I.e. every 
action stves die same result and can be repta01110d by a single noc!e 
apiece. Regions B, D, F ud H illualrale a n:ftnement on lhe usc of 
equivalence classes. Under cenain conditions discussed later, we can 
prune nodes lbala proper superset~ of adler nodes. For example, die 
continuum of nodes arising from actions in n:glon B are all supen.eiS of 
tile nodes arising from regions A and £, and can be pruned. 

1be n:giolll or Figure 9 118 labeled 10 iJidicsiO whedlcr IIIey In equiva­
lalce claSseS. or wbelber a subset relalloft holds. Each reston labclcd K.~ 
is 1111 equiYAicllco clasl, lllld eacb reston labeled KS;" or~;" is IDIIIIy 
ordered. Bolb or dlao type.s of n:giOa can be rquaerued by a slagle nocfe 
lD lbo pupiL Aldlough we bave not a!COIIIIlCied one )'Cl. lhn can also 
be uncniCrcd cluse.s of lldions, which In pinclplo should not be pruned. 
111cre are several approacheS 10 UIIOIIIaed eontlnwa of actions: Ill presenl 
wo are simply pruning diem. Dcpcndlng on our n:sults, we may sample 
lbclll. 1be ordering among lhe actions of FIIUftl 9 is shown In Figure 10. 
It is a pardal onlcr, wilb two minimal clemeniS. If we cncoun10rcd Ibis 
slcuadon lD a seaJI:b, we woul4 ccnsidcr die twO mlnlmallle1ions only. 

1bls leaves us wilb lbc prdllem of modelling sensory operallons. We 
assume !hal die finger scpar.Won scasor measures tile disiiiiiCe bclween lbc 
8npn wllb a colaaDce of :t 1 mm. 1 To IJUaprel sucb dala. consider tile 
typical COIIIIIVCiion of Figure II, sllowiDg finger scparlllion as II func:Uon 
or object or1cnta11on. For a measusect 6qer scp:llllll.oD of d. die 1n1e 
finger sepa11U1on lies iJI 1111 illleM1 [d - I, d + I) mm, and the feasible 

l1be sensor is lmplomcllt.ed by a Sony Magnasalle position llliiiSducer 
lllalls pan or tile Lold hlllld. 111e real sensor has micron resolution. 3lld 
wiD no doulll have occwacy much beu.er lllan :t I mm. 
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objccl orteniiUicms are Obrained by iDvertias die runctlon shown in die 
dlagnun. 

Durtnsdle planning mge, lhls sensory model leads 10 an lnllnite brancll­
ltls Cactar, ancs needs 10 be ameuded. Wo wiD dlvldo die senscr range 
illfo 111 oqumllntervals, and wlliiSJIOie any lnl'onnallon beyond tills coane 
sampUaa of die seasary clala. Od!er pouiblo appnJaCha are discussed 
lalcr ill die paper. 

Allbo limo oflhls wriliD& we havo implemented die c:ompuWicm 11111 
praljca dlo 01111:0111e of a tii!IDg openulaD, butaot lbo sensory modellllg 
COIDpoDiiiiiL 

6 Continua of actions and sensor operations 

A key property of Iaiit graphs is 10 bavo a linlrelmlncllills t'aciOt, and, ID 
pra:a~co; Ibis l:lnuldllns faclcr sbauld be u small u poaiblo. Obviaully, 
a &Dill lmiDc:bJIIg racr.ar occun wileD die seasor dala space D and lbo 
IICIIaD spa U are l1ake. A linlte brlulchiJis ractcr II alfO oblalned wileD 
die rut 111111 qa:e X II 8Dllc. slDco dlae n only a linlle ll1llllber of 
poaibJe sean:h nodel. Evea wileD die seasar ~pace. actfcm ~pace. aDd 
Slllll spzo are all c:onri"UUUU, It may be poalble 10 obcaln small lillil.o 
bnnclllns Cacton. 1bo key medlod II 10 dolino a dolllillllla relallaa 
amoag aiiA:nalllvo lll:llou. 1bo domlnanre ndLUion Is dolined at follows: 
ror 1 pven seazdl node x, we say dial an IICdon " clomlnalcs m actiaa 
,., " ~~ v, ur 11(11. x,) ~ cz(v, x,). If ~~~ere 1s a finite sot or IIC1ions 11111 
domlnllte die eDIIre class or actions u, lhcD we have a finite blliiiChlllg 
racror u node x,. 
Figuze 12 lllusllate.s different types of clominaDce reladons at'IIODI a ccn­
limwm or act!olls, Cor a siVeo sean:h node x,. For each acti01l ., we 
boo ploUocllbo c:cmespoadiDg 1'011111 x.. llllhls cuo, lbo action space u 
raua 1n10 11no CXIIIIlDua. oue comprised of equlvalellt actiona, ono widl 
die IClionl ordered, and ooo wi1b die acdons 1IIIOidend. Wo em c:boose 
any ICdoa fraaa die class or equl¥81eal action~, llld we cu c11ooso die 
milllmallll:daa fraaa lbo ordaed acdons, but eacb IICdon illlbo IIIIOI'Cicnld 
coadiiiWDI Ia cWferad, lllld poteadally IISCftd. 

AldJau&b we bave bad no occasloa 10 use II. a slmilllr c:cnsuuclfon alSII 
ror abemallve sauory evems. wilb lbo sense or lbo reladon revened. 
Fnxn a node x, we wm say dial scnsory c1a1wn d dominates sensory 
c1a1um e Iff .r1(d)nx, ~ .r1(e)nx,, wrtaen d ~1 e. 111e reascn rorcbe 
revased sense Is lbal we are dealing wldl lbo opponem's move. In lbe 
case of aclioll, we can cboose lbe bes1, I.e. most specillc ourcome. Ill 
lbe case of sensin& we mast anticipate lbo wont, I.e. most ambiguous 
OUIIlOIIIe. For aoa, we seek a finite set of mlnlmaliiOdos. For sensing. 
we seek a finite set of llllllimalaodes. 

Ilia evident 11111 puDiPs away dom!m...., DOdca does not affect lbe ail· 
tenco of a IOiulloa ~ Suppose wen conr.empla&lDg two d1fl'erall 
ICtioal " and v fJom a pea node, wldl raulll x. aDd X., aDd 111pp010 
1111& " ~· ,., I.e. x. s;; x •. 1bo ftllalloa between lbo two nodes Is IIIII& x. 
Is 1r11m1 tpecljlc diaD x •. i.e. lbo robo& hu *"' lt(onrlllltoll a& node x •. 
If dlae Ia a plan sranlns f'Jom x., dlen lbenl Is also a plan, Indeed, dlo 
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Flpre 12: Equlvalelll, onleted, 8lld WIOidaed c:ontlnua or actions. 

same plall, 111ftinJ flom die more spec:ilic node x.. Hence, pmnins x. 
will not affect dlo aisteace of a plall. 

A more d18icult qvesdoa is whclher pnmiiiJ a domlnaled node affects die 
ICirdl ror, llllber 1111111 die ea~s&ence or. a solulfon sub-pupiL We require 
our ICaldl procec~ure 10 ~~am lbe rollowing property: 

If a sean:h from IIOde x. sua:eecls, and lr x. c x .. dlen a 
SCilldl from node x. wiD alfO succeed. 

I.e., we require dial our planner cannot be roUed by pvillg it more specific 
Jft'COIIdlliolll. We refer 10 this property at "pteoccnddlfon monoconicity"­
die scope or lbe plallner is III0110CCIIic non-decreaSing at die preocondilions 
bec:ome more specllic. 

~ IDOIIOIOIIiclty may seem 10 be a propeny dial any respeclllble 
plumer would have, but il Is IIOl II lrivial a propedy at It may seem. 
Blllauldve bladlb·llrllseardl. prunlns ctom!Mred noclea, would seem 10 
boo Ibis property, butaot lr m uncntaed coolilluum of nodes occun. 
Suppose 111111 A leads 10 a c:ont1nuum or result Sllllel, 8lld suppose swe 
B leads 10 die unJcn lllken over Ibis ccndlluwn, no mauer which aclion is 
appUed. Suppose dial a solution Is eully rOWid from die union. Slaning 
from node {A,B}, 111e search would obllln a sill&le node, lbo union or 
dlo continuum. and would proceed easUy 10 a solulloo. Slaning from 
node {A), however, t11o sean:h would oblaln lbo contilluwn. and never 
converse 01l die solution. 

111o searcbes lmplemaued for die cmyolillills and squeezlns domains do­
pat fJom t11o Ideal allauslive search, by ncgleclina c:enaJn nodes, wblch 
we bave beea refarillg 10 11 .. COIIfilsias nodca". 'l1lae aze four difl'aatt 
silalldoaa dial pve rise 10 coafusillg aoda: 

• Duo 10 lbo poalhlllty of lncoaaUteacJcs In NeWIDlllaD mecl1anlcs 
wldl Coulomb litcdoa and risid bodlel, we may SCIIIIeday generate 1 
nuU node. By doflnllioa, dlo empl'f set Is a subset or all sell, hence 
die nullaequence sa&lslies any 8oal. and JR<emdllfon monoiDilicily 
holds. There II a paradox, lbough, because Ibis reasonlng suggesll 
lbal a planner sbould steer die lUk swe rowanS lnamsiltencles in 
Newron+Coulomb+rlgid body mecbanlcs. Tile phllosophlcal dlfB· 
culllea apply not only 10 IIOdos dial have links 10 die nuU node, but 
10 supenca of DOdca (Olber lb&a lbo nuU node) dial have linb 10 
die null node. Praumably 0111' dteory doesn't leD us all possible 
ou~a~a~es, ID c:enaJn clega~C~~UD lilualiou. (Eidler dial. or lbenl aze 
Sllltol or lbo pbyslcal wmfd 11111lnlly have no poalbJo CIUICCmel, 

wlllcll abould surely be IIVOidod at aD COlli.) We oupt 10 avoid 
IIIIIIWaal whOle oar lbeclry lfiiB/tt bo de8clcal, aot just lllllatioas 
wbae our lbeclry Ia certlliiiiO be dc4cimL 

• Our rqnscnllllion or lbe ny-tndng talk swe requires dial an pos­
llble coaBsuz;llanl a& I node 111\vo conlact wldl a common wall. If 
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an aalon would lead 10 a mulll·wall 110M dial viohucs Ibis resuic· 
lion, 1be aocft is labeled "confusing," and pruned. A muki·wall 
DOdo II men ambiguous dian 111 single-wall subset nodes. If 111 

illldal DOdo leads 10 a muld·wall aaull, a more ambiguous Initial 
node leads 10 a more ambiguous mllld·wall resllll, so lftoCOndldoa 
mcnoumlclty ~eems 10 hold. 

• 1be tnl)'·liiifnJ plaMer avoids slldlna an object 1n10 lhc center or 
&be ny, 1os1nJ aD c:cmlaCtl. It ascqua~Ce or acliofts leads from an 
lnldal node 10 a JIOoCCIIIliiCt aode, 111c same wm aa:ur slllltlna froiD 
a more amblguau IDidal node. ~ IIIOIIOIOIIicity seems 
fO bold. 

• In the squeezlna domain, we prune aD 111e nodes In an UIIOidered 
COIItinuum of aclions. 'l1lc same cumple we ccnsuuc:led above, 
fO llluslriUe lllc llmllalions or elhllustive breadlh·lim search, can 
also bo applied 10 sbow lllat a sean:b dial prunes the nodes of an 
IIDOI'Ciaed CCIIdinliUIII docs DOl Slllisfy pre-coadWoa IIIOftOI.OIIici. 

Tbls lema 111 In an iDtaa11nJ posldan. We ate jualacd In prunlna 
dominated IIOdea. as loDJ as &be pnmlna In every lnllance produces a 
llnlte bruclllna Cacror. If an UD•pnaaeablo comlnuum artsos IU any point 
dultnsaiCilll:b. our earlier pnmlnp mlBIIl have prcventec1 us from llndlng 
a solulfon. At lhls polnl, vllriant scarcb stnueglcs mlpt bo considered. 
bu& we llllve 1101 punued lllem yet. 

Acdaa aDd seatln8 comlDua ate lnlpormnt Ia many problcnu, As an u­
nmc eumplo, comida' tbc slrDDibtr gti/Juy problem: a poilu bear, eltbcr 
alive or dead, II a& some locatioa on llle real line. A seasor tclllthe eliCI 
locadoa or the bear. and ill acdon (llloodng), pvaa dlo CUCl location of 
tho bear, cllaqes the SIDle froiD alive 10 dead. The possible Initial swes 
are any Uvo scare. and tbe .aoaJ stare is any dead stare. The solution is 
obvious: took and s11001, al.minJ lho sun ac tbe locatlon returned by the 
ICIISOI'. UnlCIIIUIIab!ly, followlns lhc laldal sensory opcmdon we obelia 
a complerely IIIIDidered caruln1111111 of nodes. Funher, we lalow dlallhis 
condni!JI!II is DOl ftlll of supatiiiOIIJ aodel-pnmlng of any aodes In tho 
CCIIUbluum would lead 10 an iDconec:l plans. A number or approacbel 
lllgallhcmaclves. 

One approacllll 10 allow noda In lhc sean:b dial do 1101 correspond 10 a 
dctlalre set of swes, bu1 ralhor correspond ro some unc~Grennlned set of 
a.ata, !RJIIIIIIlbly using symbolic descriptions deperu1lng on ano or men 
parame~a~, We would have a two-sr.cp plan: locale the bcllr,lhcn shoot 
11 tho bear's locadoa. The DOdo between tho two sr.cps would represeat 
tbc SlltoO or lllo uec:udo~Hime model, bu1 with a p;u'IIIIIO(a', ~ 
tbc bar's loallioD, dill would bo resolved Ill OliOCUiicm time, radlet IliaD 
ll plannlnJiime. SlmiJady, tbc sbooliag aaicn would be aprased In 
101'1111 or 111o pammer.cr. 

Tbo lnii'Oduclfon or sucb symbollc descrlplions lnro plan papbs cone­
spoadl ro tbe lnaoclucUon or variablcllniO robot programs, and IIIII been 
slll.tled by Taylor (1976) and Btoob (1982). In our aample, lllo saas­
lq opaadoa would set a naulme variable modellinB tho belr's posldQG, 
wblcb would lhaa bo p3Sied as a pa.rtiiiiC(et ro tho gunlaylnJ fllncdoa. 
More geDalllly, we 111111t llllgiiiCIIl our plluullq slaiCS 10 encode bolh tbc 
1«1u of tho bear, (I.e.. die set ol placa 11 may be 11 plan e~eculfon time) 
IIIII die tatll'rlfllrllliDII of tile belr (Lo., how accurarely tho IUIIIlme vari­
ables will model liS true locadcn). Wllllln lhls paradiJm, sensing llCdoas 
modify tho dcr.crmlnadoa aaribu:cl or planning swes and manipuladan 
acdoas modify bolh locus and dcccnnlnlliOil auributel. This IJUareJa. 
doaalllp becomes c:leaR!r If we CORiida' the awu1et1 JlriJotJIIg ldlkry 
pro~Mm In wfllcll "'oating" raams a sbon 1aretva1 or pasitiau In wllil:h 
tbc bear miBfll be, lllld lbe bear will bo killed If and only If die gun's aim­
IDa poia& II lJCCII!IIe widlin some (odler) spociliecllntaYIII. 'lbe inldal 
local of tbc bear II some (long) iDleml1 on tile realliDc. In die abSCIICC of 
odlcr IIIJ'onnidion, the delcmllnatlon lillie same lnr.crval. Looldng leaves 
tho bear locus UDCbllnged bu& ~educes tho determinlllon iniCI'ValiO lhiU of 
tho MDSOr. If lhls IDICI'Val Is short enough, lbcn a sinJie polnt·and·sboot 
sanrqy will sutlke. If we can verily dllll an pointS In lhc bear locus are 
wllldD 1'111180 of die gun. Olberwise, It will be necessary ro lire sevenl 
sboiS 10 cover die clefamliWion iDleml1 or CD use 101110 olhcr acdoas 
("beeliilg 111o bush") CD drive die bear iiiiD range. Funbcr compluldes 

arise If tho bear is not secleluary, so that sbooling and missing may cause 
blm 10 nm away from tho lllol, dws resuicting tile locus but possibly 
lengdlenlng tbc dclenninallon intuvaL 

A more rcallstlc example II tho squeeze·irasplng problem. Measure· 
ments or anger separation lead ro unordered continua, wblcb might be 
more apptOprialely addtcsscd wllh program variables. 'lbe slraiJhlfot· 
Wild approach II 10 IIIOilJIIIIS tho linger separation and use an lnvene 
lri&Clftomclrlc l'llnclton ro dctmnlne lhc possible oricnlllllons. If an un· 
ambiguous answer is oblaiDed, tho band caD simply be rolaled ro tho 
c:onect ortaalllllon. An ambiguous answer mlglu still requlle scudl ro 
f\inher reduce the possible ortenladons. 

A second approach ro tho sbooling-gallery poblcm Is to redefine our 
aclfofts. We could wrap up tho look and shoot sequence by defining a 
slqle action, called "point lhc gun 11 tho bear. • In fad, we have done 
precisely tho same lhlq In our cfelinl11oas or die lnly·diifng and squeeze. 
pasplDJ domains. In reality, our aaioDs are implemenled using sensory 
dala liom joint encoden. The servos hide lbelr sensory clara from our 
pllnncE. In effect, this Is equlvaleat ro tho Idea or using a symbollc 
dacriptloa or tho endre carulnuum of nodes. but with tho hard part dDoc 
Ofr•llnc In tho dcllnJtlcn oC die problem, 

A third llppi'OIICh is 10 punuc a more lnteracdve, less conr.cmptadve ap­
poacb 10 IIIIIJiipulllio If tho robot were ro just taJr.e a look, and lhcn 
lllllaa a plan. tho problem II atvial. Saaslng Is good during OUCU!ion, 
and cor tho same reasons is good duriua plamlillg: 11 eUmlnales loa ot 
swes. Wbat lln't clear II why tho robot decides ro like a toolt--unleu 
tbcre II a plan ll a men abslraet leveL 

'l1lc fourth and simplest approach ro continua, besides tho option of just 
pnllliq them, is CD sample. Tbls describes a wide variety or search 
SU&ICSiel, comspondlng 10 tho large variety of different ways of mapping 
an tnanlre set InfO a finire set. Some elUIIIIples are: 

• lgncre tbc IDf'OI'IIIIIdon, and COIISUUCt a node dial is tho union over 
au nodes In lbo continuum. For a c:cndnuum or IICliODJ, Ibis means 
applylnJ any llCifon, lllld CorpUing which one was applledl For a 
conlinuwn of sensing, tho original node is obllllned, and Is equiva­
lent 10 doing nolhlng, 

• Fb:ccl reso!Uiion sampling. The sensor mnsc or acticn space is 
divided iiiiD a Onire number or regionS. For a sensing continuum, 
tho result nodes mus& bo COillliUI:ted by raldns tbc unioll over eacb 
regloa. For an action COillilluum, any aclioa l'nlm lbo region could 
bo setccted. 

• Variable resolution sampling. 1be sensor range or action spar::e Is 
11m divided into a llnlre number or regions, but at a tar.cr point or 
tho search may be divided lnro smaller regions. 

A useful view or lho •ariablc resoludoa approach Is 111at we begin by 
using lbo ant bll of tho sensor danlm (or acdoa), and, If noc sw:casftll, 
we cry apiA with tho second bit, and so forth. This still aDows many 
dlft'cren& samplllla appoacbca, corresponding ro tho lnOnlty of possible 
binary encodinp or tho saasor range or I1Ciion space. 

7 Stochastic models 

'l1lele Is 0110 exlieiiSioa ol our wort wblcb migiU be 'tel)' lns1ruclive. So 
rar, we represent wanainty In tast st110 by a set or possible lalb. If 
we lnlroduco probability dlsatbutlons, we may bo able 10 plan saaregies 
men effectively. Monllmponanlly, we may be able ro quanalty and com· 
pntho etrectlvaaess or different manlpulalion and semlng lCCIInlques In 
solviq a tas1t. We will brielly lbll:h tho eltenSlon. 

'Jl) beJ1n, we require an a priori probabWiy diaribudon. miller than just 
an IDitlal se& or possible swa. 1be origin of tho a priori dlslribulloa 



Is ccorexl dependent, but in many cases we would probably assume a 
uniCcmn dlslribulion over our present iniiJal so&. 

1be diflicul& pan II exteadins die mecballlcs so dial probabiUty dlslribu­
donl ~n obiiiiDed. llllber diaD die sca or possible &au~& saara. When 111e 
mecban&:s ~ delcnDIDisl!e, dill II anlgldforward in principle. Wba1 
tho mecbaftlcln aaa~ e.g. wileD a si•en tilt anaJe IUid a 
complctely clellnnllled orielllal1on can lead 10 two dlli'CR~~t orten!Ddont, 
It wiD be 11C1:C1W7 10 aulp probabWllea 10 die altemadvo ovonll. 'Dill 
miJbt be demo emplril:al1y, It mlsht be founded on lllllllysll or a more 
deWied mcc1o1 (IUCII u an eliudc moc1e1 or die ob,lecllll die ~ray), or ll 
mipl be bypoches!?ed wllh 110 radoaalo. 

Tbe pi criteria oauld be UIICbanpd, ~g lbat a goal be aieved 
widl complece aacenaiaty. Or, if deslJed, pi satisfaaioll mJabt be mod­
IJied to allow speclfled confidalc:e Ieveli, e.g. a suarcgy ICplaiiiiiS a so­
luaion if It wiD orient the object wilh probability 0.99. Dlll'enmt objective 
criteria are possible for cbooling among allallalive solutloll sii'DI.egles. 
IDstead or our present milllmwn wont-case IIU1Dber of opemtlolls, we 
mJsbl CXIIIIider mlalmlzlag tho expecled number or qJerlldons. 

Tbe dlief IUnlcdoa of Ibis appniiiCb II lbat It allows us 10 cpllllltify die 
IUICCftllinty at a nodo. and 10 quantifY the effect or 1111 action or sensory 
ClpCI'II&ioiL Pot each DOdo we would comput.o 1111 cnaopy 10 measure tbo 
unccnainty, and for each lint wo would compute the dlange In cnaopy, 
meuurins Ill bill tbo reducdon (if any) of uncenalnty. (Soo Sandenoa 
(1984) for tbo uso or cnaopy in robodc assembly.) We would Ibm be 111 
• pllitlon tD IIIIIWa' sucb qucsdcma •• "bow mudl illfomladoD does • 
dll opc:rlllioa pe me?" 111111 "bow many bill am I tally piling from my 
IIIIIICir'l'" 

8 Exteusions to identification and shape uncer· 
tainty 

Our appoacll of plann.lng II ladlly ext.ondccl to problemiiD objecl fden. 
ll1lc:atlollllld llulpo IIDCCftDinty. We simply exlald the tak sw.e space X 
10 lncolpomlio tbo addldcnal Yarillblel. A successfiiiiCIII'Cb of tbo srapb 
would raul& Ill a sequenco of aclionl l1lld sensor operatlona ICnlllnaling 
at somo somo slaplon node, Implying a c:omplelely clet.onnlned object 
In • complelely decamined locadoft. For insiDDce, Erdmann and Mason 
(1986} c:oasldaed tbo problem of Ill AUal wreacb in die dlllDg lmy, wllh 
ill ldedlon IIDkaowa. Tbe two reftecdoas c:onespcmd 10 two clllfemu 
sblpa In tbo plane: a J wraiCh and aa £ wraldl. If we augment lbe liSt 
srare variable a blnuy srare variable, laldng on eidler of die values J ar 
£ 10 indicat.o die wreuc:b's rdectlon sllllD, our planner can Immediately 
be applied tD clelerrnhle wbldl typO of wraiCh is pzaeut, .. well .. ill 
lol:a1ioa Ill tbo uay. Tbe COIIIIIUCtiOII Is equivalent 10 Donald's (1986) 
defillllial of "gmaulbed c:oaagazaa~oa-spa• tD lllclvdo varlllb!a clo­
sczibing poaJbJo .. varialiou. 

We caa IIIIo clea1 willl problems in "conllgura!Jle" scnson, which a in 
IJrinclple no dlfl'craa& from lbo pralllema wo have already considered. Por 
example, 1UJ1P010 dill our tildq-cray's Ugh& beam c:111 be moved closer 
10 ar filnher from die wall Cll command Tho task 11111o0 ~pace X would 
be 8IJ8I"""'ed wllh a variable clacriblng tho Ugtu beam posJdon. wblch 
c:auld Ibm be IClectaiiO provldo tbo IDOil informadoa. 

1'bae a some ~g varia&lanl on IIIII. If we bypodloslze lbat 
seasar re-conigumliona a applicablo only as the first modon. we bave 
a sensor deligD problem. Par any given object, the paph sean:b wW 
clloose a seasor locallon 8lld tbo orieiUalion pqpam. Slmllarly, we C&D 

J1010 seasar.CIIllbratlaa IIOblana. asking lbe I'Obo& 10 resolve UIICCitlllaty 
Ill tbo seasar IIIOdd. Suppose lite Ugtu beam's polidoll II &xed, bul 
IIDliDowD. We aqmau lbe tak IWe widl a Yariahlo dial rellects the 
seasar•a posltloa. and proceed • before. DuriJig die coane or execution 
of die plan, die robot would llmullllleOUily deduce die seasar localllla 
and die object orlenlallon. 

9 Conclusion 

Tile paradlsm of ll'elltlng robot planning as a game with nanue genetal· 
lza readily 11114 pnMdes a vay powertW fiamewolt far reasoning about 
robot liSt planDIDa. Our apeRela with tho example poblems shows 
lballllil approacll caa be applled fnlllfully 10 leal task domains, noc just 
roy pnlblems. Por mora compla domains tho lniiOducllon or symboUc 
rclGilonshlpland e~pllcll repJeSCnW!on of unccnalnty may be nec:eswy. 
We are IIIIo lntaelled in aploring alellllons 10 atocllastlc modds, Idea· 
tillclllca, l1lld callbmdon pralllems. 
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