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O
ABSTRACTO

[ [describelaniarchitecturelforlinkingperceptionlandlactionlihlarobot. [Mt[Gonsi sts]
of fhreeltowers’ [df Tayeredidomponents. T he[Tperceptioniower” [Gontainsrules]
that[dreatelincreasinglyldbstractldescriptionsioftheldurrenténvironmental (1
situation(startingwiththelprimitivelpredicatesproducedby(thelriobot’ siSensoryl]
apparatus. [T heseldescriptions@reldepositedih@fmodel fbwer” Whichlis]
continuouslyKept [faithful foltheldurrenténvironmental [SituationBy @ truth-
maintenance’ [System. [IT helpredicateslinlthelmodel [fower, [ih(furn, [évokel]
appropriateldction-producinglprogramslinthefactionfower.” It [isproposedithat [1
thelactionsibelwritten[@sliteleo-reactive’ [programs---oneslthat [rleactdynamical l y[]
toléhanging(dituationslihiwayslthat [leadlihexorably fowardltheir[goals. [ProgramsL]
in[thelactionfower[@reldrganizedimore-or-lessihierarchical ly---bottomingldutih[]
programslihat[Gauselthelrobot fbibkelprimitivelactionslinlitsienvironment. T hel]
effectslofthelactionslarelSensedby(thelrobot’ s[Sensorylmechanism,[dompleting(al]
sense-model -act[dyclelfhat[i5[quiescent[Only(at [fhoseliimesiwhenlthelriobot’ sigoal [1
isiperceived(iblbelsatisfied. [l lustratelfheloperationlof [thel@rchitecturellsing@r]
simpleblock-stacking(iask. [

O

O

|.IAgent[Architectures']

O

Can@nythinglinlgeneral belSaiddboutlihtel ligent [@gent[architectures?lust [@sltherel@relmillions[]
of[Speciesiof(ani mals,[0ccupyingmillionsiof [differentniches, lexpect that therelwil | Belhany ]
speciesiof(artificial [Agents---eachlalSpecialist[for[dnelof [Aldountlessinumber [0f [fasks. [T heléxact ]
formsiof(their(architecturesiwillldependlon(their fasks@nd(their [@énvironments.[Foréxampl e,[Some[]
willworkih(fime-stressedisituationsliniwhi chireactions{iblunpredictabl elandldhanging ]
environmental [Statesimust [Belfast [@ndunequivocal . [Dthersiwil l Thavelthelfimel@ndihelknowledgel]
tolpredicttheleffectsiof futureldoursesiof [Action(Solthat[mhorelational [dhoicesidanbelmade. TEven(]
thoughltherelwill[probablyneverbeldsingle, [@ll-purposeldgent [@rchitecture, ltherelisionethat (1]
think[hight[play@prominent[rolelihlmany [futurelSystems. [t[GanbelViewed(asian(él aborationof 1

Ny
! Parts(of [thi siSecti onlareladapted fromCThapter (25[6f hyBook, Artificial Thtelli gence: ANew$ynthesi s, [$an]
Franci sco: M organK aufmann,1998. (1




thelfirstfwollevel siof thelpopular three-level [@rchitectureslihat (havelbeenprominent ihfobotics[]
research.[]
O
AT hree-Level[Architecturesl]
O
Onelofthelfirstlintegratedlintel ligent [Bgent[Systemsiwaslaldol | ectionldf ([Gomputer [programsiand(]
hardwarelRnownlasfIShakeylfhelRobot” [(Nilsson,[1984).[Shakey'sidesigniwasian(ear | yléxampl el
of What (hasidomelib(bBeldalled(@three-level [ar chitecture. T hellevel sidorrespondibldifferent (paths]
fromiSensory(signal sitblmhotor[dommands. 1T
O
Atlihellowestlevel [6f[Suchlarchitecturesarelactionsithatuselashort[@nd(fast[pathifromiSensory]
signalslibleffectors.limportant[reflexes’ [@relhandl edby(thisipathway---suchl@sfistop” Wwhenl]
touchlSensorsldetect(aldl oselobject[dhead. [Bervoldontrol [0f (hotor sifor [achieving(Set-point [farget sl
for[shaft[@nglesl@and(Solon(arel@ solhandledBythesellow-level [hechani sms. [T
O
Thelintermediatellevel [dombineslthellow Ievel [Actionslihtolmoreldomplexbehaviors---ones]
whoselreali zationldependslon(thelsituationl{as[Sensedandlfodel ed) @t thelfimelof [@xecution. [T
Thisllevel[usesimoreldbstract [(or horelficoarse” ) [per ceptual [predi catesiandmoreldomplex@ctions.]
thanldolthellower[dnes. Whereaslreflex[@ctionslarelflypicallylévokedByprimitivelSensoryl]
signals,[theldoordinationloflihtermediate-level [Actionslrequiresimorelel aboratelperceptual (1
processing.[]
O
ThelthirdIevel [dsuallylinvolvesSystemslthat [Ganlgeneratelplansidonsi stinglof[@alSequencelof ]
intermediatellevel [programs. [
O
Thelthree-level[@rchitecturelhasbeenlusedlin(alvarietylofrobot[Systems.[A slAflypical [éxample, [
seel(IConnell,[1992).0]
O
B.[MhelTriple-Tower[Architecturel]
O
Aldeneralizationlofthelfhree-level[@rchitecturelhasbeenlproposedBy[Al bus@ndldolleagues’]
(Albus,[1991;[Albus, M cCain,[& L umia,[1989).[IT heyenvisionhierarchieslor [[towers’ [Of []
perceptual,[hodeling,[@ndactionlprocessing.Welproposelhereldparticul arlinstantiationlof their]
triple-towerf@rchitecture.lll helnovel featuresiof(dur [proposal [are: [
O

1.00T heluselof (Tl eo-reactivelprogramsiihiheldactionfower ]

2.0Theluselof[perceptual [uleslinthelper ceptionfbwer. [T heselrul esldreatelincreasinglyL

abstract[predicatesifromisimplerones’]
3.0Theluselof [@Afruth-maintenancelSystem((ITM S) [ib[Keeplthelpredicatesihfhelodel [fower [
continuously(faithful foléhangeslihlthelSensedlénvironment[]

O
MyHQrersion(ofthisiriple-tower@rchitecturelisillustratedinlFigurell. [T heloperationof[Suchlal]
systemiwouldiproceed(@sliollows: [TA spectsiof thelénvironment [that [&r elriel evant [fb[fheldgent’ s[1
rolesiarelSensed@nddonverteditblprimitivelpredicatesiandival ues. [T hesel@relstoredat [thellowest[]
level [0f [thelmodel [fower. [T heir [presenceliherelmayliimmediatel y[évokelprimitivelactionslat fhel ]
bottom(of[thelactionower. [T heselactions, [ihfurn, [Effect thelénvironment, [@ndSomelof thesel]
effectslmay(belSensed---creatinglallboplihiwhichlthelénvironmentl(itsel fhight[playl@nlimportant[]
computational [fole. 1T
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Thelperceptionfower[donsistsioffuleslthat[Gonvert[predicatesistoredihfhelodel [fower ihtol[]
morelabstract[predicatesiwhichlarelthenldepositediathigher level slinlthelmodel fower. [T hesel ]
processesidan(dontinueldntil[@venlthelhighestlevel siofthelthodel fower [@relpopul ated. 1T

O
O
O
O
O
O Perceptionl _,  Modell N Action]
0 Tower(d Tower(l [ Towerl]
0 (Rules)d (Predicates| V (Actiond
O +0 Routines)[]
0 >\|] TMS)O
O
O
O \I]
Environment[J
O
Fig.[1.MATriple-Tower[Architecturel]
O
O

Thelactionfower[donsistslof [Allboselhierarchylaf(actionlfoutineslthat(areliriggeredbytheldontentsl]
ofthelthodel [fbwer. [T hellowest[level [actionlroutines@relsimpl elfiefl exes---evokedby(predicates]
correspondingiblprimitivelpercepts. WM oreldomplex@ctionsiarelévokedbylmorel@bstract[1
predicates@ppropriateforthoselactions.[High-level[actionsfcall” [Other [@ctionsuntil [fhelprocess]
bottomsiout (@t [thelprimitivelactionsithat[@ctuall ylaffect thelénvironment. I

O

Welal solallowfior thelpossibility that fheldctionsithemsel vesimight[affect thelihodel [fower ]
directly{infadditionlibthellbopthroughlthelénvironment) Byriting@dditional @nd/or[@tered]
content.[With(ihelabilitybothlfblreadfromlandiwritelihlthemory, thelfriple-tower [Structurelisar]
perfectlyldeneral [domputational @rchitecture.[]

O

U 3



I n[order(fbbelresponsiveliblongoingeénvironmental [hanges, Welihcl udelaliruth-maintenancel]
system[(IT M S)[as[part[of [thelmodel fower. [Buch@Systemishouldidontinuousl y[del etelpredicates]
andlval uesifromlthelmodel [fbwer that(arelnolbnger [derivabl el(throughlthelperceptual rul es) from(]
thelthen-present[domponentslofthelodel [fower.[UVeldescribelalSpecificléxampl elof [Such@]
triple-tower[Systemlin(Section(l|.[]

O

1.0  Teleo-ReactivelPrograms.]

O

| [Proposelthat [thelactionsiBelimplementediasliel eo-reactivel(T -R) [programs. [For[dompl eteness, []
welgivelabrief[overview[dfthisfiormalismihiere.[]

O

AliE eo-reactivel(T-R)[programiis@niagentdontrol [programiihat [fobustly[directsiiheldagent foward]
algoal[ih[dfhannerfhat[dontinuously[fekeslinto@ccount[@hanginglperceptionsiof thelénvironment. [
T-RIprogramsiwerelintroducedlihiivolpapersibyMNilsson(Nilsson1992,[Milsson1994). [(Seeld so[]
the[T-RWeblpagelat: Mww.robotics.stanford.edu/users/nilsson/trweb/tr.html.) TnftslSimplest [
form, [@T-RIprogramidonsistsiof(aniorderedist[of [productioniiules. I

O

K1 @&

LI

Kil® &0

LI

K@ @m0

O

ThelK;[areldonditions,Whichlareléval uatediwithireferencelfolaworldimodel.[Theld;[@relactionslon(]
thelworld({or[that[dhangelthelmhodel). Iniypical [usage, [theldonditionK, dsialdoal [dondition, hichl]
Isiwhat [thelprogramlisidesi gnediblachieve, [@ndthelaction@; [isithelnul l[Action. 1]

O

A[T-RIprogramiislinterpretedih@manner roughlysimilar fothelwayihihichldrdered]
productionlSystems(arelinter preted:thelli stlof[ful eslisiScannedfromithelfoplior helfirst lul e[
whoseldondition[part(issatisfied, @ndtheldorrespondinglactionlisithenléxecuted. TA [T-Rprogram]
islsually[designediSolthatfor@achlrulelK;[® [&;, [K; i5fhelegression, fhroughlaction(d;, [0f [Somel]
particulardonditionfhigher[ihihelist.[That[is, [K;isfhelWeakest [donditionSuchlihat [theléxecution[]
of[action(a;lunder [Ordinaryldircumstanceswill [@chieveldomelparticular(dondition, [Say(K;, (Higher ]
inthelist[(thatis, With(I<0DL[T-Rprogramsidesignediinithisiway@relsaidfbhavelthelflegressionl]
property.[]

O

Welassumelthat [thelSet [0f [GonditionsK; [{foril%[1,Ll..,i+1) [Goversimost[of thelSituationsihat []
might@riselihtheldourseldflachievingltheldoal (K; . Ih@ny[dase, Weldan(Set (K[ F[T((or[1)@s@rl
defaultldatch-all. If[anlaction(fail slib@chievelitsiexpectedidondition,[duelfb@niéxecutionlérror,[]
noise, [dr[thelinterferenceldf[Someldutsideldagent, thelprogramiwil | heverthel essitlypicallyldontinuell
workingibwardtheldoal. [T hisliobustnessiof @xecutionlislonelof thelddvantageslof [T-RIprograms.[]
O

T-RIprogramsldiffer[Substantivel ylfromldonventional [production(Systems,[however, lihlthat[]
actionslin(T-RIprogramsidanibeldurativelriather than(discrete.[A [dur ati velactionlislonethat[dan[]
continuelihdefinitely.[For [@éxampl e, [Amobil eliobotmight Beldapabl elof [éxecutingtheldurativell
actionmove, Whichlpropel sithelrobot[dhead({lsayat[donstant[Speed) . [Suchlan(actionldontrasts[]
withlaldiscretelone,[Suchlasiovelforwardionelmeter.[Tn[AT-Rprogram, @durativelaction[]
continueslonlyfsollonglasiitsidorrespondingldonditionlfemai nsithelhi ghest [frueldonditionlihlthel]
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list.WWhenlthelhighest frueldonditioniéhanges, [theldurrent [@xecutinglactionlimmediatel y[dhanges]
correspondingly.[Thus, WnlikeldrdinarylproductioniSystems, [theldonditionsimust [Beldontinuously [
evaluated; [thelactionlassociatedwithitheldur rentlylhighestfrueldonditionlisial waysthelonebeing[]
executed.[An(action(ferminatesiwhenlitsiassociated(donditionldeasesibbelthelhighestfiuel]
condition. [T

O

Thelregressionldondition(for [T-Rprogramsimust [thereforelbeliephrasedfor [durativelactions. [For[]
eachiulelK;[® [&;, [K;i5thelWeakest [Gondition[Such(that [ontinuousiexecution(of thel@ction@d; (]
(under(drdinary(gircumstances)@ventually(achieves/Somelparticul ar[dondition, [Say K, With{I<0LT]
(Thelfiact [that [K;[i8thelWweakest [Suchldonditionlimpliesihat, [inder [Grdinaryldircumstances, fit[1
remai nslirueluntil (K is@achieved.) [

O

I n[@ldeneral (T-Rprogram, theldonditionsK; mayhavelfreevariableslthat [@relBoundwhenthe[T-R[]
programlisidal led(fblachieveldlparticul ar[groundlihstancelof [K,. [T heselbindingsiarethen@pplied]
toldll Thelfreelvariablesliniheldther [Gonditions@nd(actionslinthelprogram. TActionsihn@T-R]
programiaybelprimitive, [theymay [belSetsiof[actionsiéxecuted[simultaneously, [0r theymhay[]
themsel vesbelT-RIprograms.[T hus, (fecursivelT -RIprogramslarelpossi bl e. [[SeelNil sson[1992(for ]
examples.) I

O

When[@nlactionlihaT-RIprogramlisitsel f[AT-R[program,[it[isiimportant folémphasi zelthat [the[]
usual[domputer[Scienceldontrol [Structureldoesinot [@pply. [T heldonditionsiof(al | [of [thelnested[T-R[]
programslinlthelhierarchylarelal waysidontinuouslybeingléval uated! (T helactionl@ssociatedwith(]
thelhighest[frueldonditionlinithelhighest [programiinlthelstack(of [Micalled” [programslisithelonelihat[]
islévoked. [T hus, [@nyprogramidan(@wayslregainléontrol [fromlany(affthoselthat it [Gausesliobel ]
called---essentiall ylinterrupting@ny(durativeldactionlihlprogress. [T hislfesponsivenessiibihel ]
current[perceivedistateldf thelénvironment[isldnother [Onelof [thel@dvantageslof [T-RIprograms.[]

O

Sometimeslit[isUseful [fblfepresent[AT-Rprogramiasialiree, [dalled[d T - Riree, [asishownlinFigurel]
2.0

I o

Fig.2.[AT-RTree]

Ood



Supposelfivolrulesih(aT-RprogramlarelK;® [& EndK;® &With{jIZ [landWith(K;fhellegression[]
of [ [fhroughtaction(a;. [T heniwelhavefiodesihtheT -RIireeldorrespondingfoK; @ndK;@and@aniarcl]
|abel edbya; [directedfrom(K;b(K;. [T hat(i5, hen(K;i5thelshal lowest fruelfodelihthelfree, [
executionldf(itsldorrespondinglaction, &, shouldachievelk;. [T heldoot ModelisIabel edWiththel
goal [donditionf@nd(isldal ledtheldgoal [dode.[When(@voldr morelnodeshavelthelSamelparent, [therel]
areldorrespondinglyfwoldr morelactionsliior [@chievingihelparent'sidondition. [T

O

Continuousiexecution(of(aT - Rlfreelwoul dbelachievedbylaldontinuousidomputation(of thel]
shallowest[fruelfiodelandiexecutionlaflitsidorrespondinglaction. [[Tieslamongléqual ly[shallow(fruel]
nodesldanibelbrokenbylSomelarbitrarybut fixed(fie-breakinglrule.) I

O

Thelllbackward-from-the-goal” [@pproachlfbiwriting[T-Rprogramsimakesithemirelativel yléasy(fbl]
writel@andunderstand, [@sléxperiencelhasshown. [

O

.00  Alriple-TowerT-RIAgent[Builds@Tower[]

O

As@nlllustrativeléxampl e, lldescribel@iriple-tower [Systemifor [Buil dinglafower 6f blocksion(al]
table. MIVel@ssumeltheldgent Workslih@nlenvironment[of [Block sland(afablelasishownlihFigurel3.[]

O
O
- I
- cl Dl
O
U Al BI
O
0 1 drar
O
O
Fig.[3.[BlocksonlaTablel]
O
O

I nithisiexampl e, [therel@refour blocks(A, B, [C,[@ndD),@fablel(T a), @ndahand(that [Ganlthovel]
blockslfromiplaceltblplace. Inthelsketch, thelhandlikholdingblockD. 1

O

Atlthellowestkevel [0fthelactionfower(arelfhelactionlSchemasiputdown(x,y) [@ndpickup(x). [T hel]
schemalputdown(x,y)[Ganbel@pplied(if fthelhandlisholdingblock X[@nd[if [ylisleither [fheliablelor(a[]
blockwithlmoldther Block[on(it. [T helfesult[{if[Successful) [isthat Block XEOny{that[i5, [either ]
directlylon(thelfablelordnfibplofblocky). IT helSchemalpickup(x) [anbeldpplied(if [holDlock ikon[]
block X [@ndthelhandlisnot @ readyholding@nything.T helfesultislthat fhelhandwil | eholding]
blockX.MWVelassumelthat [fheselactionsiarelTbal listic.” [T heyldontinueléxecutinguntil fhey(]
terminatel(leither[Successful lyldr ihn[Someltlypeldffiailure).]

O

ThelSensorylSystemidreates(all [0f [fhelihstances of [thelpredicatesiOn(Xx, y) [@ndHolding(x) [that [@rel]
satisfiedBytheleénvironment.Theselarelimmediatel y[placed(@t thelBottom(of [thelmhodel fbwer. [
(Theselpredicatesihaveltheir(dbviouslintendedlinterpretations.) [ [@ppliedibihelénvironment [0f (1
block sland(tablelshownl@bove, thelSensorsiwoul didreate@ndiplacelinthelmodel fower thel]
followinglassertions.N(C,A),[On(A,[Ta),[On(B,Ta),[andHolding{(D). T hesel@ssertions’]
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remainlin[thelhodel [fbwer[only[Sollonglasidirect[Sensoryperceptionlofthelénvironment(Sustains]
them. [I{For(eéxampl e, [if [block [Clisimoved, thel@ssertion[On(C,A) WwouldBelimmediatel yldel eted.) [
O

Thelgoal [of[0ur[block-stackinglagentisibmakeldfbwer [0f blockswith(@l | [of fhelBlock slihlthel
tower(drderedfromltbplibBottomiasiSpecifiedBDy(altiser. [T heltiser [Specifiesithelorder, fromltbpl]
tolbottom, By @Alist,[Such@s[(A, B, [CT). T heldompletelsystemfior [thisiéxampl elis[ShownlinhFigurel]
4.0

O

Thelperceptionbwerlisicomposediof(alnumber [6f (Muleslthat [@relihvokedlinthelforwarddirection[]
toldreatelnew predicates---moreldbstractthanthelprimitivelones,Whichlareldreatedldirectly byl
thelSensors. [T heselrul esiarelihvokedby(predicatesthat [@reldlreadylihthelmodel . [T helfesultsiarel]
insertedihlfhelhodel. [Forléxample,thelfulel]

O

= (IX)ONn(x,y)[4 [ Holding(y) DI[Clear(y)

O

canlbelusedibl@ssert[Clear(C)ihthelfhodel [fower Becausel(by feferencelibthelmodel) [therelisnol]
assertion(of [thelformOn(x,C) @nd(therelisino@ssertionHolding(C) . [{Weldssumelfnegationas.]
failure.”)®imilarly,Weldan(assert[Clear(B).[]

O

Thelrule

O

On(x,Ta)[DOrdered(list(x))]

O

canlbelusedibl@ssert[Ordered((A))@ndOrdered((B))inthelmodel hecauseboth(On(A, Ta) [@nd[]
On(B, T a) @relihlthelmodel [@lready. [I{TT helllispldonstruct [list(x)” [dreatesiali stiwhoselsSingle[]
elementisithe@rgumentX. Noteldur [Uselof[dther [ILispliotationhroughouttheléxample.) [Using[]
thelvariousiruleslinithelperceptionfbwer,[morel@bstract(predicatesicomeliblpopul atelthelmodel []
tower. [T helmodel [fower(isUsedfbléval uatelpredicatesiasineeded by [thelT - Rlprogramsihihel]
action(fower.[TK eeplihimindhiowever, that @l [0f fheselfhodel [Assertionsiarelsubj ectfolafiuth-
maintenancelSystemithat [dontinuously [Updatesithemi@slthel(isensed) [énvironment[dhanges.[]

O

Aluser[dan(SpecifylafoweribDebuiltByldal lingthelfop-level [T-RIprogram, maketower(x), With[]
xlihstantiatedfolWwhatever fower[d/heldesires.[[Foréxample, [d/ helight[dall[thaketower ((A,B,C)). I
Calling(thisiprogramiihvokesiather [T-R[programslintheldactionfower. [T heirlinvocation]
ultimatelyresultslinltheléxecutionlof [primitive@ctionsiwhoselprimitiveléffectsiarelSensed@nd ]
recordedlihthelmodel fower---leadingiblthelihsertionlandlretractionlof [Other [predicatesi@ndihel]
evocation(of(dther(actions.[IT helfeader [islinvited(ibiracelthroughl@Successful [éxecution.[[Notel]
thatthelévocation[of[T-RIprogramslisinot(strictlyhierarchical. Il ower[level [programsidanidal | []
thoselat [dhigherlevel.Moteld solthatthelfbp-level [program, maketower, lislrecursive.[Remember [
that[dalledprogramslarelallowed(fbldontinuelonl ylSollonglaslthelrel evant [Gonditionlihihel]
programithat(dalledfthem(riemai nslihthelthodel [fower---throughout theléntirelstack (0f [T- R[]
programslihvoked(at[anyfime.)[]

O OOooOood



Calllfromioutside,[&.g.,[haketower((A,B,C))J

OpOood

Tower((C,A))C grakfower(s); [Sis@n(orderedlistof]
Ordere&—é) [A[Clear(car(s)) DT ower(s) = Tower((B))O D]I?((:)ngf (9Bl
[Crestes¥owerd i\ S MOrdered(s) 3 Tnpile(car(s))
U O M ull(cdr(s)) = ove-to-table(car(s)) 0
> Ordered((C,A))D [T ower (cdr(s)) 2> [ove(car(s), [Gadr(s)) U
Ordered(s) [A[On(x,car(s)) DOrdered(cons(x,s)) N " 0 [T (> [haketower(cdr(s))
[Createshew(0rdered(li stsifrom(smal ler[ones] ] \ 0 a
0 > Ordered((B))0 n(x,T&)= [ni
O [MHolding(y) EB [putdown(y,Ta)Cl
onix Foordeed(isp)n —— | 0 N TS et P
[Crem@ri mitiveldrderediists| [ g I: > -
0 O % move(x,y); R@ndly(areblocks]
Clear(B)O [MOn(x,y)=> mil ]
- [(@x) Bnth,y) 45 Holding(y) DITlear(y) 3 — | Clear(C)U % g: g: Qgg)) g)[% lﬁéﬁ ne(zmsTu:;Swn(x,y) O
[Creat&fm gher(level [predicate; [Usesifegation] g I eer ()[4 [Tl ear(y)-> i c'kup(x) .
aslfailurglLJ W . T ear(y) 3> Mnpile(x)
O \\ on(C,A)0 gIrEB mnpile(y)O
On(A,Ta)O
DPerceptionl:fower[ ~~ Onl((?,Ta)[I lDJ]rIEile()(();) mé)m%[% ock]
Holding(D)C! ear(x :
[ olding(®) [IOn(y,x)[® [hove-to-table(y)
ad
putdown(@ndIpi ckupl]
(primitivel@ctions)J
Model[Tower[] C
k\ ActionTower[]
Sensors[\

N A I |

PrimitivelRecognizersfor[On(x,y) ]
andHolding(x)J
- A 4

N v

A B

Environment

Fig.[4.[Triple-Tower[ArchitectureforBuildingdTower[]
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Thelarchitectureljust(describedlisidapabl elof Buildinglany[singlelfowerWithout thelneedfor [
search. [T heldomplexitylisipolynomial [ih{thelsi zelof [thelfower. IIComparelwithl@asimilarly ]
efficient[Schemelfor fbwer [buildingproposedby[((Chapman,1989).[Thelflblocksiworld” [isM P-
hardonly(for buildingultiplefowersi(Guptal& Nau,[1992).] [T

O

ALJavalapplet’[implementingfhisiriple-tower, [T-RSystemlis@vail abl eldnfheweblat: I
www.robotics.stanford.edu/users/nilsson/trweb/ TRTower/TRTower_links.html. 11D

O

IV.O ThelVision]

O

Ourlexamplelshowsthatlitliklrelativel ylstraightforwardibldesignialriple-tower [T-RISystem(for[]
simple,[demonstration-typelilasks. [T heldhal | engelikiiblSeelwhether [0r [hot [SuchlSystemsldanbel ]
designedIfor [thelhanyreal -wor | dfiasksithat veWant [fobotslandagent siiblperform. [A siwelhavel
seen, [therel@relthreelngjor [GomponentsitbbelSynthesized, hamel y, [@bstractionsiof[Sensedldata, []
rulesfor(dreatingtheseldbstractions,[@ndhierarchiesof [T-RIprograms.[IT heldbstractions, fules, []
and[programs(areldll [ihterdependent, hichldanlakelSynthesi siof[domplexprogramsidifficult.[]
O

I n[additionbihelhanual [hethodslof [Synthesisl(isuchl@asiwasiémployedibldevel oplthelblock-
stacking(System), Weldan(al solémploy@utomaticlplanningl@andlearningiechniques. Byl
themselves, [planninglandlearninglfhethodslarelprobabl y ot [Sufficient for thelSynthesi slof [Targel]
andleffectivelriobot[dontrol [programsexmni hilo.[Mbelievelfhat[éffortsibyhumaniprogrammersiat ]
variouslstagesiofthelprocessiwill [GontinuelibDelimportant---initiallyfo[produceldpreliminaryl]
program(and(leter folimproveldr(dorrect[programsialreadymodifiedbyldutomaticlplanning@nd(]
|earning(fiechniques.[énvisionlthat [four hethods, namel y[programming, [feaching, [fleinforcement [1
learning, [@ndplanningmight[Delinterspersedlinlarbitraryldrders. [Tt Wil | belimportant thereforel]
for[thellanguage(s) [ihiwhichlprogramsareldonstructed@andimodifiedfbbellanguagesihiwhichl]
programslareléasy(forAumansioiwritel@ndiunder stand@ndlonesithat [@reldompatiblelwith[]
machinellkear ningl@nd(planningliethods.[IT heselflequirementsimost kel yrulelout, foréxample,]
Cldodel(ittwouldbehardliblearn) [@ndheural (hetworksi(theywoul dbelhardfor lhumansio]
understand@ndimodify), however seful [theseformalismsimight Belihlother [@pplications.[T-R]
programs, [on(theldther (hand, [@reléasy(for(umansioiwritel@ndimodify,[dandtherelhas@l readyl]
been[Somelprogression(their[Synthesi slby@utomaticlplanninglandliear ningmethods. [T

O

Benson’ SITRAIL[SystemiproducesT-RIprogramsivialaplanningSystemiihat[émploysiSTRIPS-
typelrulesllearnedBylihductivellbgiclprogramming({l PL ) hethods(Benson[1996). TAslriegards’]
otherarietiesiofIkear ning, elmight[distingui shifiwoliypes, namel y[feachi ng@ndreinforcement L]
|earning. [Teachi nglihvol vesiSomeonelshowingthelrobot What[isfequiredIbyfdriving” [it []
throughlvariousliasks. [T hisiéxperiencelproducesialiiaining(sSet[0f [Gonditionsiand(dorresponding ]
actions, WhichldanihenbelusedbySupervisedilearningthethodslibldlonelthelBehavior [6f thel]
teacher [inlthelformiof[T-RIprograms. [Rei nfor cement(lkear ninglinvolvesion-the-joblirialsiguided]
byrewardslgivenbylahumanluser[0rfeacher,[@nd/orDytheleénvironment(itsel f.[MPreliminary]
workonltheltiselof [feachi ngl@ndreinforcement lear ningfbproducelT-Rprogramslisidescribedin]
(Nilsson2000).0

Ny
?[Running(fhe@ppl et MequiresthelJava2[RuntimeEnvironment [(URE), ersi on[1.3[0r [@bove. [Visitingthe@ppl et’ sT
websi te[shoul dirlesul tlihyour Be ngl@sked(if youlwantthi SLIRE[downl oadedfblyour [domputer. [Y ouldanlcheck the

version{fumber [6f your LIREDyypi nglunder thelshel | [prompt: java-version.[IREN1. 3(danBeldownl oadedfrom[]
Sun; (itfik[avail abl elfor thelpl atforms: M i crosoft Windows, (Linux [(x86), [@nd[Sol ari S{ISPARC/x86).[]
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O
Therelik[al soldther [fesearchithat might (Belrel evant fothelhierarchical [Aspectsiof Tearning(iriple-
tower[Systems.[[Pfleger(Maslinvestigated(on-linelflechniquesiior [detectingfrequentlydccurring, [
hierarchicallylrel ated[Sub-stringsiwithinldatalstreamsi(Pfleger,(2001).[Drescher Thasproposedl]
methodslfor [BuildingldonceptsiBased(On(Piagetianidognitiveldevelopment(Drescher,1991). ]
Stonelhasldeveloped(allayeredlearninglarchitecturelforroboticlSoccer [playersi(Stone, [2000).[And]
Dietterichlproposesimethodslfor (hierarchical [reinforcementlearning(Dietterich[1998). 111
O
| [think [theltriple-tower[@rchitecturelprovidesaniinteresting(Settingforanlattack [Onlthelprobleml(of[]
synthesizinglmid-level [dontrol[Systems(for [robots@and(other [dgents.
O
O
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