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Abstract

A key challengein deplgying teamsof robotsin real-world
applicationgs to automatehe controlof teamwvork, suchthat
the designercanfocuson the taskwork. Existingteamvork
architectureseekingo addresshis challengearemonolithic,
in thatthey committo interactionprotocolsat the architec-
tural level, anddo not allow the designerto mix and match
protocolsfor a given task. We presentBITE, a behaior-
basedeamvork architecturghat automatesollaborationin
physicalrobots,in a distributedfashion.BITE separatetask
behaiorsthatcontrolarobot'sinteractionwith its task,from
interactionbehaiors that control a robot's interactionwith
its teammates.This distinction provides for e xibility and
modularityin termsof theinteractionsusedby teammateso
collaborateeffectively. It alsoallows BITE to synthesizeand
signi cantly extend existing teamvork architectures.BITE
alsoincorporatekey lessondearnedn applyingmulti-agent
teamwvork architecturesn physicalrobotteams.\We present
empiricalresultsfrom experimentswvith teamsof Sory AIBO
robotsexecutingBITE, anddiscusghelessondearned.

Intr oduction

Teamwvork in autonomousgobotsis fastgaininginterestin

academi@andindustrialresearclgroups,motivatedby real-
world applicationgor multi-robotteams.To facilitaterobust
and speedydeploymentof suchteams,teamwork architec-
turesareincreasinglyusedto automatehe interactionshe-
tweenteam-memberssuchas synchronizedask execution
(Pynadatt& Tambe2003),andtaskallocation(Parker 1998;
Dias & Stentz2000; Gerkey & Mataric 2004; Vu et al.

2003). This allows the designetto focuson developingthe
taskwork, ratherthantheteamvork.

However, existing architecturesleave important chal-
lengesopenwhenappliedto multi-robotteams.First, exist-
ing robot teamwork architectureglo not provide both syn-
chronizedtaskexecutionanddynamictaskallocationin the
samearchitecture. Thusthe teams developermustmake a
choiceasto whethersynchronizatioror allocationis more
important. Secondgxisting architecturegremonolithic, in
the sensethatthey committo a singleinteractionprotocol
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for implementingeachservice g.g.,con rm-requesfor syn-
chronization(Pynadathi& Tambe2003). Yet,aswe show in
ourexperimentdelaw, theability to e xibly mix andmatch
protocolscancritically impacttaskperformance.

This paperarguesthat e xible teamwork mustrely on a
micro-kernelapproachin which differentcoordinationpro-
tocols(suchassynchronizatiorandallocation)canbeinter-
changedgven within the sametask. For example, e xible
teamwork mustallow for robotsto sometimesllocatetasks
usingmarket approachegDias & Stentz2000),and some-
timesbasedn robustnesgoncerngParker 1998).

To make this argument concrete, this paper presents
BITE (Bar llan TeamworkEnging, a novel behaior-based
teamwvork architecturgargetingphysicalrobotapplications.
Similarly to previous architectures(Pynadath& Tambe
2003;Vu et al. 2003),BITE maintainsan organizationhi-
erarchyandatask/sub-taskehaior graphto managg¢eam-
work. However, in addition, BITE maintainsa novel third
structure,a library of hierarchicallylinked social interac-
tion behavios implementinginteractionprotocolsfor syn-
chronizationandtaskallocation. Theseare (re)usedinter-
changeablyto automaticallycoordinateeam-membersse-
lectionof taskbehaiors.

We describeour experiencan usingBITE with teamsof
Sory AIBO robots.BITE's structuregivesriseto novel sep-
arationof socialinteractionfrom task-orientectontrol, and
providesuniform accesgo interchangeablateractionpro-
tocols. We shav in multiple experiments that this separa-
tion andis a signi cant contrikbution, in the sensehatit ac-
countsfor non-trivial effectson teamperformanceandfa-
cilitatesrobustness.

Moti vation and Background

Our primary motivation is to explore architecturalmech-
anismsfor exible teamvork. Teamwork literature re-

vealscommonteamwork primitives: sub-tasksyndironiza-

tion (gettingagentgo temporallycoordinatdaskexecution),
andtaskallocation(gettingagentdo divide up the subtasks
betweerthem). While previouswork hasaddressetoth of

theseimportantaspectof teamwvork, it mostly focuseson

oneaspecttatime.

The TEAMCOREarchitecturdPynadatt& Tambe2003)
usesdecision-theoreticommunicationsin synchronizing
the selectionandterminationof hierarchicabehaiors, and
usestask re-allocationbehaiors that could be triggered



basedon catastrophidailures. The ALLIANCE behaior-
basedarchitecturgParker 1998)focusedon robustnessby
allowing robots to dynamically re-allocatethemseles to
tasks,basedon failuresin themselesin their teammates.
Both of thesearchitectureqave beendemonstratetb work
in multiple domains. TEAMCORE provides synchroniza-
tion andsomeallocationservices ALLIANCE is offersdy-
namic task allocation, but doesnot explicitly synchronize
robotsasthey jointly take on tasks. Bothrely on x edin-
teractionprotocols,andin that they are monolithic They
donotallow e xibility in choosingheinteractionprotocols
underlyingsynchronizatiorandallocation.

Within robotics work, a numberof monolithic market-
basedapproachesiase beenproposedfor task allocation.
Dias and Stentz(2000) discussthe useof marketsto allow
robotsto bid for tasksin spatialsensinglomain.Gerkey and
Mataric (2004)exploredmulti-robottaskallocation.

We believe that a teamwvork architectureg(1) shouldpro-
vide integrated synchronizationand allocation; and (2)
shouldbe non-monolithic,in that differentsynchronization
andallocationprotocolscould be mixed andmatchedgven
within thesametask. SCORE(Vu etal. 2003)demonstrated
theusefulnes®f usingmultiple protocolsdependingpn ex-
ecutioncontext. However, SCOREonly allowed e xible al-
location;its synchronizatiormechanisms communication-
intensive andproneto failures.

BITE seeksto ful Il this vision of e xible teamwvork in
robotteams.It canprovide mary, thoughnotall, of theca-
pabilities of previous investigationsput teasesapartcoor
dination, control, and communications.None of the previ-
ousinvestigationsllows suchseparationwhich we achieve
throughthe maintenancef separatesocial interactionbe-
haviors. Thusfor instanceijt is possiblein BITE to switch
betweenmultiple synchronizatiormethodsto dynamically
re-allocateaobotsto tasksn morethanoneway, andto man-
ageproactve communications.However, BITE still lacks
STEAM andALLIANCE' sfailure-recaeryfacilities.

BITE: Structuresand Control
BITE useshierarchicabehaiors asthe basisfor its control.
To these,it addstwo additionalstructures:A setof social
interactionbehaiors, andan associatedeam-hierarchy A
single control algorithm usesthesestructuresto automate
controlandcommunication®f ateamof robots

Control Structures

The rst of thethreestructuresspeci esthe sequentiabnd
hierarchicalrelationshipshetweentask-orientecoehaiors.
The taskbehaviorgraphis an augmented¢onnectedyraph

tuple , Where is a setof task-achiging be-
haviors (as vertices), setsof directededgesbetween
behaviors ( ), and abehavior in which ex-

ecutionbegins. Eachbehaior in  mayhave preconditions
which enableits selection(the robotcanselectbetweeren-
abledbehaiors), andterminationconditionsthatdetermine
whenits executionmustbe stopped. is a setof sequen-
tial edgeswhich specifytemporalorderof executionof be-
haviors. A sequentiakedgefrom to  speciesthat

mustbe executedbeforeexecuting . A pathalongsequen-
tial edges,i.e., a valid sequencef behaiors, is calledan

executionchain.  is a setof vertical task-decomposition
edgeswhich allow a singlehigherlevel behavior to be bro-
ken down into executionchainscontainingmultiple lower
level behaiors. At ary given moment,the robot executes
acompletepath—root-to-leaf—througthe behavior graph.
Sequentiakdgesmay form circles, but vertical edgescan-
not. Thusbehaiors canbe repeateddy choice,but cannot
betheir own ancestors.

Previousteamvork architecturesely on similar behavior
graphs(with somevariations)to represenandmanageask
controlknowledge(Parker 1998;Pynadath& Tambe2003).
A commonthemeis for eachrobot to have its own copy
of the behaior graph. Behaviors whoseexecutionis to be
coordinatedn somefashion(henceforth,teambehavios)
aretaggedn advanceby the designer Theteamwvork archi-
tecturein questionautomaticallytake actionsto selectand
de-selecthesen differentrobots,whenappropriate.

Figurel-b shovs anexampleof a simplebehaior graph,
constructedfor multi-robot formation maintenanceasks.
Here, thereare two formation behaiors—triangle forma-
tion andline formation Executionbeginswith trianglefor-
mation, and can (underspeci ¢ conditions)switch to the
line formation. Both formationsuseone behaior—seach—
in which robots visually searchfor their peersand their
own relative locations. Then, the robots choosebetween
the walk behaior (which implementswalking in triangle)
or the linewalk behaior in which robotsfollow eachother
in aline. Theabore behaiorsaretaggedasteambehaiors,
andrequiretwo importantteamwork capabilities: syndiro-
nization (to make sureall robotsselectthe samebehaior,
andstart/endwalk or linewalk together),andallocation (to
make sureonly a singleleaderfor the formationis chosen,
thefollowersareassignedlifferentrelative positions etc.).

To allow BITE to automatesynchronizationwe impose
a constrainton the semanticsof multiple outgoing edges.
Two outgoingsequentiabdges signify achoice
point betweenalternative execution chains: either or
must be selectedby the robot onceits executionof is

nished. When theseexecution chainsare composedof
teambehaviors, the selectionbetweenalternatves mustbe
coordinated—al(relevant)robotsmustselectthe sameexe-
cutionchain(we discusdelon complex casesn whichonly
certainsubteammembersmust coordinate). Thus BITE's
synchronizatior(seebelow) is triggeredwhenmultiple ex-
ecutionchainsare enabled andthe robotsmustcoordinate
theirjoint selection.

To automateallocation, we impose a related semantic
constrainondecompositiordges.Two outgoingdecompo-
sition edges signify complementargxecution
chains: Both the executionchainbeginningwith andthe
executionchain beginning with  mustterminatefor to
be consideredomplete(by corvention,verticaledgegoint
only to the rst behaiors of executionchains). Thussuch
multiple outgoingedgesndicatethatthe children(subtasks)
canbeallocatedto differentsubteamsTherefore similarly
to thesynchronizatiompoints,BITE'sallocationservicesare
triggeredwhenmultiple decompositioredgesareenabled.

There is one nal point in which synchronizationis
needed. Teamvork theory statesthat when an agentpri-
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Figurel: BITE structuresand links in a small exampleapplication

vatelybelievesthatajoint goalhasbeenachiered,or should
be abandonedthe agentmustmake this belief mutualwith
its teammatesln practice this correspondso therobotster
minatingtheir executionof teambehaiorsin a coordinated
fashion. Thuswhena teambehaior's terminationcondi-
tionsaresatis edfor arobot,BITE is triggeredo coordinate
theterminationof this behavior with the otherrobots.

To summarize BITE caneasily determinesynchroniza-
tion and allocation points given the constraintsabove. A
split in sequencedgedeadingto teambehaiors signi es
a synchronizationpoint. A split in decompositionedges
leadsto allocation. And synchronizederminationis trig-
geredwhenateambehaior is de-selectedln all of these,
BITE mustcoordinatewith the otherrobots(throughtheir
own BITE processes).

To carryoutsuchcoordinationBITE rst need€o main-
tain knowledgeaboutthe robotsthatareresponsibldor co-
ordinatedexecutionof teambehaiors. To do this, BITE
maintainsa secondstructure, the organizationhierarchy
(called the team hierarchyin (Pynadath& Tambe 2003;
Vu etal. 2003)). Thisis a DAG (DirectedAcyclic Graph)
whose vertices are associatedwvith sub-teamsof agents,
and whose edgessignify sub-team-membershipelation-
ships. Serveral verticesappearin ary organizationhierar
chy: Given the completesetof robot team-members , a
vertex correspondingo  (andrepresentingheentireorga-
nization)is a part of the hierarchy asare all the singleton
sets ,where . Otherverticescorrespondo multi-
robotsub-team®f robotsin  andareconnecteduchthat
if thereexistsanedge , then .

To allow behaiorsto reasoraboutthe organizationalinit
responsiblefor their execution(and vice-versa),we create
bi-directionallinks betweerthebehaior graphandtheteam
hierarchy suchthatthereis alink from abehaior toa
sub-team (andback)if istobejointly executedoy
Using theselinks betweerthe behaior graphandthe team
hierarchy a robot executinga behaior may easily nd out
whomit shouldcontactin orderto coordinateexecutionof
this behaior. However, its actionsto achieve this coordina-
tion remainunspeci ed.

For instance supposehreerobotsare executingthe for-
mation task triangle formation (Figure 1-b) have together
nished executionof the behavior seach, andhave started
onwalk Therobotsmustjointly decidehow to allocatethe
differentrolesof the formation. Onemustleadthe triangle
(the lead behavior), while the othersfollow—from the left
(follow left) andright (follow right). To negotiatethisalloca-
tion, therobotsmaycommunicatefor instancey executing

a bidding protocolwheredifferentrobotsbid on the beha-
iors they wish to execute.Oncethis decisionis made links
arecreatedrom eachbehaior to theappropriateverticesin
theteam-hierarchyto denotewho is executingwhat.

Previous architectureshave madehard commitmentsto
the protocolsusedfor coordination. For instance architec-
turesthat supportedallocationutilized a market-basedap-
proach(Dias & Stentz2000), or an agenda-basethecha-
nism (Parker 1998).

A key novelty in BITE is thatit allows the useof differ-
entinteractionprotocolsatdifferenttimes,dependingnthe
teambehaiorsin question(andothercontext information).
To achieve this, BITE maintainsa third structure holdinga
setof socialinteractionbehavios which controlinter-agent
interactionsinteractionbehaiorstypically controlcommu-
nicationsand execute protocols(e.g., voting) that govern
coordinatedactivity. Eachinteractionbehaior is encoded
in a separateébehaior graph. For instance,a simple syn-
chronizationbehavior (by voting) may be decomposethto
three atomic interactionbehaiors, executedin sequence:
Announcevote,tally votes,andannouncevinning selection.

In orderto facilitate the executionof interactionbeha-
iors, we link the taskbehaiors to interactionbehaiors in
threeseparatavays: (a) synchronizedelectiorof behaviors
prior to their execution;(b) team-wideallocationof robots
andsub-teamgo behaiors; and(c) synchronizedermina-
tion of behavior execution.

Synchronized selectionis triggeredwhennew teambe-
haviors are selectedor execution,in particularwhena de-
cisionis to be madebetweenseveral sequentiatransitions.
For instancejn Figure1-b, two sequentiatransitionsleave
thebehaior Seach—onegoinginto the behaior Walk, and
onegoinginto thebehaior LineWalk. A synchronizedieci-
sionis to be madebetweerthese(suchthatall robotsselect
the samebehaior), and executionmust begin simultane-
ously An appropriatesocialbehaior is usedto coordinate
this synchronizedelection.For instance Figure 1-c shons
asimplevoting behavior (marked ).

Allocation of sub-teamsto behaviors is triggeredwhen
a behaior is to be decomposednto children behaiors.
If only onedecompositiortransitionexists, thenthe entire
teamselectst. Otherwisejf multiple decompositioriransi-
tions exist, thenthe teamis to be split into sub-teamsThe
appropriatesocialbehavior is calledto carryoutthis alloca-
tion, for instanceby usinga market-basedpproachDias &
Stentz2000),or anagenda-basedechanisn{Parker 1998).
In Figure 1-c, behaior marksthe sequentiapbhasef
a market-basedorotocol for usein allocatingthe children



behaiorsto differentsub-teams.

Finally, synchronized termination of behavior execu-
tion determineghe socialbehavior of robotsasthey reach
theendof anexecutionchain.Normally, uponsuchtermina-
tion, controlis passedackto the parentbehaior, which is
thenalsoterminated.However, if a parentbehaior is asso-
ciatedwith a sub-teancomposedf severalmembersthen
terminationof the executionchainmustbe coordinatedso
thatteammate&now thatit is donewith its allocatedexecu-
tion chain. For instance|f the parentbehaior hasseveral
robotsdoing a distributed searchfor a target, thenthe rst
robotto nd the target will necessarilywant to terminate
the searchandinform its teammatesTo control this social
behaior, a synchronizederminationbehaior is called. In
Figure 1-c, behaior marksa very simple synchronized
terminationbehavior whichis appropriatdor the formation
task.In thebehaior Wait, arobotthathasterminatedsxecu-
tion of ajoint behavior waitsfor all otherrobotsto reachthe
endof their executionchainsaswell, beforethey all begin
theirjoint executionof a new behaior.

Socialinteractionbehaiors maythemselesrequiresyn-
chronization,and allocation. As interactionbehaiors are
representedisingbehaior graphs(asthe task-orientede-
haviors), they canthemseleslink synchronizationalloca-
tion, andterminationpointsin theirbehaior graphgo other
interactionbehaviors, thuscreatinghierarchicakocialinter
actions. For instance,we have describeda simple voting
interactionbehaior. To executethese,BITE may needto
allocatethe task of announcinghe vote to onerobot, have
all robotssynchronizeéhebeginningandendof sendingheir
votes,allocatesomeondo tally the votes,etc. Thusrobots
may end up using anothersynchronizatiorbehaior (e.g.,
one wherethe choicesare pre-sethy the designer),in or-
derto executeanother However, asbehaior graphsdo not
allow cyclic decomposition(and interactionbehaiors use
behaior graphs),anin nite cycle whererobotsvote asto
how to vote,etc. is notpossiblein principle.

Principal Control Algorithm
Eachof therobotsexecutesAlgorithm 1, usingits own copy

of the threestructures.The controlloop executesa behav-
ior stad—root behaior to leaf—wheretop behaiors on
the stackare executedsimultaneouslywith their currently
selectecthildren.

Executionbegins by pushingthe initial behaior of the
graphontheexecutionstack(lines1-2). Thenthealgorithm
loops over four phasedn order (i) It recursvely expands
the children of the behaior, allocatingthemto sub-teams
if necessarylines3a—3c).(ii) It thenexecuteghe behaior
stackin parallel,waiting for the rst behaior to announce
termination(lines 4a—4c).All descendantsf a terminating
behaior arepoppedff thestack(i.e., theirexecutionis also
terminated—Iinetb), andthen(iii) asynchronizedermina-
tion takesplace(line 6). This canresultin anewly-allocated
behavior within the currentparentcontext, in which casejt
will be put on the stackfor expansion(line 7). Otherwise,
(iv) this indicatesthat the robot shouldselectbetweenary
enabledsequentiatransitionsfrom the terminatedoehavior
(lines 8a—8e). This processormally resultsin new behar-
iors put onthe stack. Thusa nal goto(line 9) backto line

Algorithm 1 ConTRoOL

Input: behaior graph , teamhierarchy , interaction
behaiors set
1. /l'initial behaior for execution

2. push ontoanew behaior stack .

3. while is non-atomid/ haschildren
@ ,S.t., Is adecompositioredge
(b) if hasonly onebehaior
(c) else  Allocatg ),
(d)

4. executein parallelforall behaiors on :// Execution

(a) execute until it terminates
(b) while ,

(c) breakparallelexecution,goto5.
5. /I Terminatgoint execution

6. Terminaté )
7. if
8. else:// Selectnext behaior in executionchain
(a) Let ,S.t. is asequentiakdge

(b) if isempty goto5 // terminateparent
(c) if hasoneelement ,
(d) else Decidd )

(e)
9. If notempty goto3.

3 beginsagainwith their recursve expansiorandallocation
to sub-teams.

The recursve allocation of children behaiors to sub-
teamsn lines3a—3creliesonthecall to the pro-
cedure. It takesthe currentexecutioncontext (i.e., current
stack,availablechildren),andthencallsthe appropriateso-
cial interactionbehaior in  (linked from the currentpar
ent)to make the allocationdecision. The currentexecution
stackis usedto helpguideallocations—folinstanceby con-
veying information aboutwherein the behaior graphthe
allocationis takingplace.In addition,theinteractionbeha-
ior is givenaccesgo ary links from the parentbehaior to
theteamhierarchy e.g.,to determinewhetherany children
task-behwiors arealreadypre-allocated.Oncea nal allo-
cationis determined, is responsibldor updating
thelinks from thebehaior graphto theteamhierarchy(and
vice versa)to re ect theallocation.lIt thenreturns for each
robot, the child behavior for which it is responsibleaspart
of thesplit sub-teanfor individually, if thesub-teanis com-
posedonly of theindividual robot).

Synchronized termination (line 5-7) and selection
(lines 8a—8e) similarly rely on calls to the procedures
and , respectiely.
is responsiblefor evoking the executionterminationinter
actionbehaior, which canreturna new child behaior for
executionunderthe currentparent. If it doesnt, thenthe
next behaior in the executionchain must be selectedby
, Which calls a synchronizatiorinteractionbehar-
ior. Sincesynchronizedselectioninvolvesall membersof
thecurrentsub-teamselectingogetherthisbehaior would



normally communicatewith the membersof the sub-team
assignedo theterminatecbehaior. Notethatin step8bwe

alsohandlethe casewhereno morebehaiiors areavailable
in the executionchain. This casesignalsa terminationof

anexecutionchain,whichin turn signalsterminationof the

parentthusthebranchingoackto line 5.

Additional algorithmscanbe derivedbasedn analysisof
thethreestructuresandtheir interactinglinks. For instance,
straightforvardanalysisof the behaior graphcanyield an-
ticipatory information aboutwhich behaiors are expected
to beselectedthusallowing robotsto anticipateheneedsf
their teammateg¢Veloso,Stone,& Bowling 1999). Indeed,
we have foundit usefulto run a proactive communications
algorithmthatinformsteammatesf sensed&nowledgethat
mayberelevantto them(Algorithm 2—describedh thenext
section).Theteamhierarchyandbehaior graphprovidethe
informationasto whomshouldbeinformedof what.

BITE: Evaluation and Lessons_earned

The previous section has presentedhe key novel aspect
in BITE—its introduction of social interactionsas rst-
classobjectsmplementedasbehaiors whicharemanaged
throughthe samemechanismsisedto managedask-oriented
behaiors. This featureof BITE allows for a signi cant de-
greeof exibility in teamwork over existing architectures.
For instanceit allows creationof systemghatmarrytheca-
pabilities of differentarchitectures.t alsoallows different
interactiongo be useddependingn context.

This sectionreportson thelessondearnedrom fully im-
plementingBITE andrunningit in a variety of tasks,on
Sory AIBO robots.We rst reportonthebene tsof BITE's

e xibility—the key motivationfor its developmentWe then
report on additional featureswhich were introducedinto
BITE asaresponseo theapplicationof multi-agentsystems
technologyin physicalrobots. While we arenot the rst to
male thetransition(see for instance(Dias& Stentz2000)
asexamplesof market-basedhllocationin robotics),we be-
lieve thatthe lessondearnedfrom this applicationhave not
beenpreviously reported.

Lesson: Flexibility Makesa Difference Therobots,run-
ning BITE, have beenin usedin seseraltasks.Onespeci ¢
task had the robotsgo from an initial positionwherethey
areall lined side by sideto a goal location6 metersaway.
Therobotswereto maintainatriangleor line formation(as
describechbore—sealsoFigure?2). If moving in atriangle
formation,the robotscould chooseto changeto line based
onsomeconditions.Thebehaior graphfor thistaskis com-
posedf adozentaskbehaviors,andeightinteractiorbehar-
iors. Thetaskbehaior graphhastwo allocationpointsand
threesynchronizatiorpoints. While relatively simple, this
behaior graphis sufcient to shav that the ability to use
avariety of interactionbehaiors makesa signi cant differ-
encein taskperformance.

In aninitial simpleexperimentwe ranthreeseparateer-
sionsof thetasks wherethesamebehaior graph(with both
triangleandline formations)wasusedwith differentcombi-
nationsof interactionbehaiors. Eachvariantwasrun four
times. We measuredynchronizatiorand allocationtimes,
aswell as overall tasktime. Table 1 shows the average
results. The table summarizeghe time spentin eachtype

(a)Success (b) Failure

Figure2: RobotsexecutingBITE.

| Policy | SyncTime | Alloc Time | InteractionTime || TaskTime
SYNC. 2883.00 424.50 3307.50 56590.5

No SyNc. 0 548.75 548.75 54683.0
SYNC/ALLOC. 2572.75 949.00 3521.75 45887.0

Tablel: Interaction and task times (ms).

of interaction,aswell asthetotal interactionbehaior time
andthe taskcompletiontime. In the rst variant(SyNC),
communication-intensiteractionswere selectedfor syn-
chronizationput communication-poointeractionsverese-
lectedfor allocation. In the second(No SyNc), both syn-
chronizationandallocationusedaslittle communicatioras
possible. In the third, both synchronizatiorand allocation
usedcommunication-richinteractions.

Table 1 shavs that exibility matters—in non-trivial
ways.Comparingthe SyNc andNoO SyNcC variants,we see
thatareductionin communicationgby approximatel\2 sec-
onds)entaileda correspondin@-secondreductionin task
time. Thiswasto betrivially expectedundertheassumption
that savings in interactiontime translateinto reducedtask
completiontime. However, the third variantprovidesa sur
prise.Despitespendingmoretimein interactionjt manages
to reduceaskcompletiontime signi cantly (by about ).
Notethattotal interactiontime is almostthe sameasin the

rst variant—hut now a much larger portion of it is spent
in allocationinteractions.This showvs thatthe ability to mix
and matchinteractionbehaiors canbe a signi cant factor
in task performancejending supportto this novel feature
beinganimportantcontritution.

Lesson: Automated Teamwork Saves. The formationbe-
haviors operateby forcing robotsto maintainrelative angles
and positionsto a leadrobot. Color sgmentationis used
to identify the angleto the lead robot, while eachAIBO's
soledistancesensofinfra-red)is usedto maintaindistance
within someconstraints. This algorithmis inherentlysus-
ceptibleto sensingfailures(seealsoanotherdessonbelow),
asthesecausethe failing robotto loseits placein the for-
mation(e.g.,Figure2-b). This canbe x edin principle by
having the designerf the behaiors alsocover this special
casein the behaior itself. This, of courserequiresthe de-
signerto anticipatethis possibleproblem.

However, by implementingthe behaiors in BITE, the
burdenof worrying aboutcoordinationis put on the robots.
Whenonelosestrack of the leadrobot,the appropriateer-
minationconditionis satis ed, andthe behaior terminates.
Thisin turntriggerstheappropriatesocialinteractionbeha-
ior in BITE, which causeghe otherrobotsto alsostop ex-
ecutingtheir movementbehaior, andjointly switchto the



Graph# | Trials | Failures | InteractionTime | TaskTime

1. 7 0 1831 52730

2 5 1 1709 122801
3 5 1 1284 54005

4 5 0 2257 179464
5 5 1 688 174563
6 6 1 0 70251

7 7 0 836 109240
8 5 1 2900 120392
9 7 1 572 105516

Table2: Resultsfrom 9 Behavior Graphs

Seach behaior. Thustheformationis maintained.

To show the savings generatedby BITE, we created9
different behaior graphs,by mixing a dozenindividual
andteamformation-maintenanceehaiors, andconnecting
themin varioussequentiabrders with andwithout optional
cycles,etc. We assignecakachof the 9 behavior graphsa set
of socialbehaiors. Table2 shaws the results. The second
columnshows the numberof successfutrials; the next col-
umnshavsthenumberof failedtrials; the next two columns
measurehe averageinteractionandtaskcompletiontimes.

Failures consistedof the robots getting confusedabout
theirroles,e.g.,becausehey foundthemselesonthesame
or wrong side of the leaderin a triangle formation. It
turnsout thatall failurescould be tracedto a speci ¢ non-
communicatingallocation behaior, which was faster(no
waiting for messageshut lessrobust. Wherever acommu-
nicatingallocationbehaior wasused all suchfailureswere
prevented.

Otherthanthesefailures—whichultimately aredueto a
bad choiceby the designer—BITE handledall nine behar-
ior graphswith equalease. Therewasno needto re-write
communicatiorrules,or to worry abouthow certainbeha-
iorsinteractwith eachother All transitionsbetweercoordi-
natedmodestook placeautomaticallyasdid all allocations,
including all dynamicallocationsof formationroles,based
on positionsof the robotsafter they have alreadyexecuted
someotherformations.

Lesson: Fuse SensorInformation. Two mechanismsre
usedin BITE for sensofusion. First,ascommonin robotics
work, sensoidatais pre-processebleforebeingused.BITE
alsouseanulti-robotsensofusion,e.g. (StroupeMartin, &
Balch2001). However, it treatssuchproceduressinterac-
tion behaiors, which canbe mixedandmatcheddepending
ontheexecutioncontext.

Algorithm 2 shows a simple example fusion behaior.
In the rst phaseof the algorithm, eachrobot determines
whethernew information affects its behaior stack (e.g.,
newly-satis ed conditions). These potentially affect the
robot's teammatesand mustthereforebe communicatedo
themby nding outwhich sub-teanis responsibldor each
behaior onthe stack(donethroughthe Inform() procedure,
which refersto an appropriatesocialinteractionbehaior).
The secondphase(lines 2a—2b)allows the robot to deter
minewhethemewly sensednformationmay berelevantto
sub-teamghatit is not a memberof, proactvely providing
themwith informationeventhoughit is not strictly its own
responsibilityto do so.

Algorithm 2 FUSEINFORMATION

Input: behaior graph
actionbehaiors set

, teamhierarchy , inter-

1. for all behaiors onbehaior stack :
éag ] o /I sub-teanresponsibldor
b) if aterminationconditionof is satis ed,
Inform( )
(c) if apreconditionof a behaior (
satis ed, Inform( )
2. for all teams in theteamhierarchy:
éag currentlylinking to }
b) for all andnotonthebehaior stack:
1. If aterminationconditionof is satis ed, Inform( ).
ii. 1f apreconditionof abehaior asequencedge)is

satis ed, Inform( )

a sequencedge)is

Summary and Futur e Work
A key challengein budilding robot teamsis to automate

teamwork, suchthat the designercanfocus on the robots'
taskwork. Existingteamwvork architectureautomatekey as-
pectsof teamwvork, but do not allow e xibility in how this
automatioris achieved,in termsof theinteractionprotocols
used.Nor do existing architecturesllow for mixing differ-
entprotocolswithin the sameoverall robotteammission.
We argue that teamwvork shouldadapta mini-kernelap-
proach,allowing teamwork servicedo beinterchangedand
mixed as needed. Concretely we presenteBITE, a dis-
tributedbehaior-basedeamvork architecturghat enables
such e xibility by separatingoehaiors that control social
interactionsfrom thosethat managesubtasksand further
distinguishingknowledge of the organizationalstructure.
We presentlgorithmsfor controllingsocialinteractionsand
communicationswithin this architecture,and the lessons
generatedn applyingit in Sory AIBO robots. Empirical
resultsfrom multiple experimentsshav that e xibility is
indeedimportant,andcansigni cantly affect taskachieve-
ment. Our future efforts focuson human-teaninteractions,
andon extendingBITE's capabilities.
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