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Abstract

A key challengein deploying teamsof robotsin real-world
applicationsis to automatethecontrolof teamwork, suchthat
the designercanfocuson the taskwork. Existing teamwork
architecturesseekingto addressthischallengearemonolithic,
in that they commit to interactionprotocolsat the architec-
tural level, anddo not allow the designerto mix andmatch
protocolsfor a given task. We presentBITE, a behavior-
basedteamwork architecturethatautomatescollaborationin
physicalrobots,in a distributedfashion.BITE separatestask
behaviors thatcontrola robot's interactionwith its task,from
interactionbehaviors that control a robot's interactionwith
its teammates.This distinction provides for �e xibility and
modularityin termsof theinteractionsusedby teammatesto
collaborateeffectively. It alsoallows BITE to synthesizeand
signi�cantly extendexisting teamwork architectures.BITE
alsoincorporateskey lessonslearnedin applyingmulti-agent
teamwork architecturesin physicalrobot teams.We present
empiricalresultsfrom experimentswith teamsof Sony AIBO
robotsexecutingBITE, anddiscussthelessonslearned.

Intr oduction
Teamwork in autonomousrobotsis fastgaininginterestin
academicandindustrialresearchgroups,motivatedby real-
worldapplicationsfor multi-robotteams.To facilitaterobust
andspeedydeploymentof suchteams,teamwork architec-
turesareincreasinglyusedto automatethe interactionsbe-
tweenteam-members,suchassynchronizedtaskexecution
(Pynadath& Tambe2003),andtaskallocation(Parker1998;
Dias & Stentz2000; Gerkey & Matarić 2004; Vu et al.
2003). This allows thedesignerto focuson developingthe
taskwork, ratherthantheteamwork.

However, existing architecturesleave important chal-
lengesopenwhenappliedto multi-robotteams.First,exist-
ing robot teamwork architecturesdo not provide both syn-
chronizedtaskexecutionanddynamictaskallocationin the
samearchitecture.Thusthe team's developermustmake a
choiceasto whethersynchronizationor allocationis more
important.Second,existing architecturesaremonolithic,in
the sensethat they commit to a single interactionprotocol
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for implementingeachservice,e.g.,con�rm-requestfor syn-
chronization(Pynadath& Tambe2003).Yet,aswe show in
ourexperimentsbelow, theability to �e xibly mix andmatch
protocolscancritically impacttaskperformance.

This paperarguesthat �e xible teamwork mustrely on a
micro-kernelapproach,in whichdifferentcoordinationpro-
tocols(suchassynchronizationandallocation)canbeinter-
changed,even within the sametask. For example,�e xible
teamwork mustallow for robotsto sometimesallocatetasks
usingmarket approaches(Dias & Stentz2000),andsome-
timesbasedon robustnessconcerns(Parker1998).

To make this argument concrete, this paper presents
BITE (Bar Ilan TeamworkEngine), a novel behavior-based
teamwork architecturetargetingphysicalrobotapplications.
Similarly to previous architectures(Pynadath& Tambe
2003;Vu et al. 2003),BITE maintainsan organizationhi-
erarchyandatask/sub-taskbehavior graphto manageteam-
work. However, in addition,BITE maintainsa novel third
structure,a library of hierarchicallylinked social interac-
tion behaviors implementinginteractionprotocolsfor syn-
chronizationand taskallocation. Theseare(re)usedinter-
changeably, to automaticallycoordinateteam-members'se-
lectionof taskbehaviors.

We describeour experiencein usingBITE with teamsof
Sony AIBO robots.BITE'sstructuregivesriseto novel sep-
arationof socialinteractionfrom task-orientedcontrol,and
providesuniform accessto interchangeableinteractionpro-
tocols. We show in multiple experiments,that this separa-
tion andis a signi�cant contribution, in thesensethat it ac-
countsfor non-trivial effectson teamperformance,andfa-
cilitatesrobustness.

Moti vation and Background
Our primary motivation is to explore architecturalmech-
anisms for �e xible teamwork. Teamwork literature re-
vealscommonteamwork primitives: sub-tasksynchroniza-
tion(gettingagentsto temporallycoordinatetaskexecution),
andtaskallocation(gettingagentsto divideup thesubtasks
betweenthem).While previouswork hasaddressedbothof
theseimportantaspectsof teamwork, it mostly focuseson
oneaspectat a time.

TheTEAMCOREarchitecture(Pynadath& Tambe2003)
usesdecision-theoreticcommunicationsin synchronizing
theselectionandterminationof hierarchicalbehaviors,and
usestask re-allocationbehaviors that could be triggered



basedon catastrophicfailures. The ALLIANCE behavior-
basedarchitecture(Parker 1998)focusedon robustness,by
allowing robots to dynamically re-allocatethemselves to
tasks,basedon failuresin themselves in their teammates.
Both of thesearchitectureshavebeendemonstratedto work
in multiple domains. TEAMCORE providessynchroniza-
tion andsomeallocationservices.ALLIANCE is offersdy-
namic task allocation,but doesnot explicitly synchronize
robotsasthey jointly take on tasks. Both rely on �x ed in-
teractionprotocols,and in that they are monolithic: They
donotallow �e xibility in choosingtheinteractionprotocols
underlyingsynchronizationandallocation.

Within roboticswork, a numberof monolithic market-
basedapproacheshave beenproposedfor task allocation.
Dias andStentz(2000)discusstheuseof marketsto allow
robotsto bid for tasksin spatialsensingdomain.Gerkey and
Mataríc (2004)exploredmulti-robottaskallocation.

We believe that a teamwork architecture(1) shouldpro-
vide integrated synchronizationand allocation; and (2)
shouldbenon-monolithic,in thatdifferentsynchronization
andallocationprotocolscouldbemixedandmatched,even
within thesametask.SCORE(Vu etal. 2003)demonstrated
theusefulnessof usingmultiple protocolsdependingon ex-
ecutioncontext. However, SCOREonly allowed�e xible al-
location;its synchronizationmechanismis communication-
intensiveandproneto failures.

BITE seeksto ful�ll this vision of �e xible teamwork in
robot teams.It canprovide many, thoughnot all, of theca-
pabilitiesof previous investigations,but teasesapartcoor-
dination,control,andcommunications.Noneof theprevi-
ousinvestigationsallowssuchseparation,whichweachieve
throughthe maintenanceof separatesocial interactionbe-
haviors. Thusfor instance,it is possiblein BITE to switch
betweenmultiple synchronizationmethods,to dynamically
re-allocaterobotsto tasksin morethanoneway, andto man-
ageproactive communications.However, BITE still lacks
STEAM andALLIANCE' s failure-recoveryfacilities.

BITE: Structuresand Control
BITE useshierarchicalbehaviorsasthebasisfor its control.
To these,it addstwo additionalstructures:A setof social
interactionbehaviors, andan associatedteam-hierarchy. A
single control algorithm usesthesestructuresto automate
controlandcommunicationsof a teamof robots

Control Structures
The �rst of the threestructuresspeci�esthesequentialand
hierarchicalrelationshipsbetweentask-orientedbehaviors.
The taskbehaviorgraph is an augmentedconnectedgraph
tuple �����	�
���
������� , where � is a setof task-achieving be-
haviors (as vertices), �
��� setsof directededgesbetween
behaviors ( ��������� ), and �

���
� a behavior in whichex-

ecutionbegins.Eachbehavior in � mayhavepreconditions
which enableits selection(therobotcanselectbetweenen-
abledbehaviors),andterminationconditionsthatdetermine
whenits executionmustbe stopped. � is a setof sequen-
tial edges,whichspecifytemporalorderof executionof be-
haviors. A sequentialedgefrom ��� to ��� speci�es that ���

mustbeexecutedbeforeexecuting�
� . A pathalongsequen-

tial edges,i.e., a valid sequenceof behaviors, is calledan

executionchain. � is a setof vertical task-decomposition
edges,whichallow a singlehigher-level behavior to bebro-
ken down into executionchainscontainingmultiple lower-
level behaviors. At any given moment,the robot executes
acompletepath—root-to-leaf—throughthebehavior graph.
Sequentialedgesmay form circles,but vertical edgescan-
not. Thusbehaviors canbe repeatedby choice,but cannot
betheir own ancestors.

Previousteamwork architecturesrely on similar behavior
graphs(with somevariations)to representandmanagetask
controlknowledge(Parker1998;Pynadath& Tambe2003).
A commonthemeis for eachrobot to have its own copy
of the behavior graph. Behaviors whoseexecutionis to be
coordinatedin somefashion(henceforth,teambehaviors)
aretaggedin advanceby thedesigner. Theteamwork archi-
tecturein questionautomaticallytake actionsto selectand
de-selectthesein differentrobots,whenappropriate.

Figure1-b showsanexampleof asimplebehavior graph,
constructedfor multi-robot formation maintenancetasks.
Here, thereare two formation behaviors—triangle forma-
tion andline formation. Executionbeginswith trianglefor-
mation, and can (underspeci�c conditions)switch to the
line formation. Both formationsuseonebehavior–search–
in which robots visually searchfor their peersand their
own relative locations. Then, the robotschoosebetween
the walk behavior (which implementswalking in triangle)
or the linewalk behavior in which robotsfollow eachother
in a line. Theabovebehaviorsaretaggedasteambehaviors,
andrequiretwo importantteamwork capabilities:synchro-
nization(to make sureall robotsselectthe samebehavior,
andstart/endwalk or linewalk together),andallocation (to
make sureonly a singleleaderfor the formationis chosen,
thefollowersareassigneddifferentrelativepositions,etc.).

To allow BITE to automatesynchronization,we impose
a constrainton the semanticsof multiple outgoingedges.
Two outgoingsequentialedges��� �	�!�����"� �$#!� signify achoice
point betweenalternativeexecutionchains: either � or #

must be selectedby the robot once its executionof � is
�nished. When theseexecution chainsare composedof
teambehaviors, the selectionbetweenalternativesmustbe
coordinated—all(relevant)robotsmustselectthesameexe-
cutionchain(wediscussbelow complex casesin whichonly
certainsubteammembersmust coordinate). Thus BITE's
synchronization(seebelow) is triggeredwhenmultiple ex-
ecutionchainsareenabled,andthe robotsmustcoordinate
their joint selection.

To automateallocation, we imposea relatedsemantic
constraintondecompositionedges.Two outgoingdecompo-
sition edges ��� �	�!�����"� �$#!� signify complementaryexecution
chains:Both the executionchainbeginning with � andthe
executionchain beginning with # must terminatefor � to
beconsideredcomplete(by convention,verticaledgespoint
only to the �rst behaviors of executionchains). Thussuch
multipleoutgoingedgesindicatethatthechildren(subtasks)
canbeallocatedto differentsubteams.Therefore,similarly
to thesynchronizationpoints,BITE'sallocationservicesare
triggeredwhenmultipledecompositionedgesareenabled.

There is one �nal point in which synchronizationis
needed. Teamwork theory statesthat when an agentpri-
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Figure1: BITE structur esand links in a small exampleapplication
vatelybelievesthata joint goalhasbeenachieved,or should
beabandoned,theagentmustmake this belief mutualwith
its teammates.In practice,thiscorrespondsto therobotster-
minatingtheir executionof teambehaviors in a coordinated
fashion. Thus whena teambehavior's terminationcondi-
tionsaresatis�edfor arobot,BITE is triggeredto coordinate
theterminationof thisbehavior with theotherrobots.

To summarize,BITE caneasilydeterminesynchroniza-
tion and allocationpoints given the constraintsabove. A
split in sequenceedgesleadingto teambehaviors signi�es
a synchronizationpoint. A split in decompositionedges
leadsto allocation. And synchronizedterminationis trig-
geredwhena teambehavior is de-selected.In all of these,
BITE mustcoordinatewith the otherrobots(throughtheir
own BITE processes).

To carryout suchcoordination,BITE �rst needsto main-
tain knowledgeabouttherobotsthatareresponsiblefor co-
ordinatedexecutionof teambehaviors. To do this, BITE
maintainsa secondstructure, the organizationhierarchy
(called the team hierarchy in (Pynadath& Tambe2003;
Vu et al. 2003)). This is a DAG (DirectedAcyclic Graph)
whose vertices are associatedwith sub-teamsof agents,
and whose edgessignify sub-team-membershiprelation-
ships. Several verticesappearin any organizationhierar-
chy: Given the completesetof robot team-members% , a
vertex correspondingto % (andrepresentingtheentireorga-
nization) is a part of the hierarchy, asareall the singleton
sets&�'�(*) , where'�(

�
% . Otherverticescorrespondto multi-

robotsub-teamsof robotsin % andareconnectedsuchthat
if thereexistsanedge��%+�,�	%-��� , then %.�0/1%�� .

To allow behaviorsto reasonabouttheorganizationalunit
responsiblefor their execution(andvice-versa),we create
bi-directionallinks betweenthebehavior graphandtheteam
hierarchy, suchthat thereis a link from a behavior �-2 to a
sub-team%.( (andback)if �

2 is to bejointly executedby %0( .
Using theselinks betweenthebehavior graphandthe team
hierarchy, a robot executinga behavior mayeasily�nd out
whomit shouldcontactin orderto coordinateexecutionof
this behavior. However, its actionsto achieve this coordina-
tion remainunspeci�ed.

For instance,supposethreerobotsareexecutingthe for-
mation task triangle formation (Figure 1-b) have together
�nished executionof the behavior search, andhave started
on walk. 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, therobotsmaycommunicate,for instanceby executing

a biddingprotocolwheredifferentrobotsbid on thebehav-
iors they wish to execute.Oncethis decisionis made,links
arecreatedfrom eachbehavior to theappropriateverticesin
theteam-hierarchy, to denotewho is executingwhat.

Previous architectureshave madehard commitmentsto
theprotocolsusedfor coordination.For instance,architec-
turesthat supportedallocationutilized a market-basedap-
proach(Dias & Stentz2000), or an agenda-basedmecha-
nism(Parker1998).

A key novelty in BITE is that it allows theuseof differ-
entinteractionprotocolsatdifferenttimes,dependingonthe
teambehaviors in question(andothercontext information).
To achieve this, BITE maintainsa third structure,holdinga
setof socialinteractionbehaviorswhichcontrolinter-agent
interactions.Interactionbehaviorstypically controlcommu-
nicationsand executeprotocols(e.g., voting) that govern
coordinatedactivity. Eachinteractionbehavior is encoded
in a separatebehavior graph. For instance,a simple syn-
chronizationbehavior (by voting) maybedecomposedinto
three atomic interactionbehaviors, executedin sequence:
Announcevote,tally votes,andannouncewinningselection.

In order to facilitate the executionof interactionbehav-
iors, we link the taskbehaviors to interactionbehaviors in
threeseparateways:(a)synchronizedselectionof behaviors
prior to their execution;(b) team-wideallocationof robots
andsub-teamsto behaviors; and(c) synchronizedtermina-
tion of behavior execution.

Synchronizedselectionis triggeredwhennew teambe-
haviors areselectedfor execution,in particularwhena de-
cision is to bemadebetweenseveralsequentialtransitions.
For instance,in Figure1-b, two sequentialtransitionsleave
thebehavior Search—onegoinginto thebehavior Walk, and
onegoinginto thebehavior LineWalk. A synchronizeddeci-
sionis to bemadebetweenthese(suchthatall robotsselect
the samebehavior), and executionmust begin simultane-
ously. An appropriatesocialbehavior is usedto coordinate
this synchronizedselection.For instance,Figure1-c shows
asimplevoting behavior (marked �43 ).

Allocation of sub-teamsto behaviors is triggeredwhen
a behavior is to be decomposedinto children behaviors.
If only onedecompositiontransitionexists, thenthe entire
teamselectsit. Otherwise,if multipledecompositiontransi-
tionsexist, thenthe teamis to besplit into sub-teams.The
appropriatesocialbehavior is calledto carryout this alloca-
tion, for instanceby usingamarket-basedapproach(Dias&
Stentz2000),or anagenda-basedmechanism(Parker1998).
In Figure1-c, behavior �
5 marksthe sequentialphasesof
a market-basedprotocol for usein allocatingthe children



behaviors to differentsub-teams.
Finally, synchronized termination of behavior execu-

tion determinesthesocialbehavior of robotsasthey reach
theendof anexecutionchain.Normally, uponsuchtermina-
tion, control is passedbackto theparentbehavior, which is
thenalsoterminated.However, if a parentbehavior is asso-
ciatedwith a sub-teamcomposedof severalmembers,then
terminationof theexecutionchainmustbe coordinated,so
thatteammatesknow thatit is donewith its allocatedexecu-
tion chain. For instance,if the parentbehavior hasseveral
robotsdoing a distributedsearchfor a target, thenthe �rst
robot to �nd the target will necessarilywant to terminate
thesearchandinform its teammates.To control this social
behavior, a synchronizedterminationbehavior is called. In
Figure1-c, behavior �76 marksa very simplesynchronized
terminationbehavior which is appropriatefor theformation
task.In thebehavior Wait, arobotthathasterminatedexecu-
tion of a joint behavior waitsfor all otherrobotsto reachthe
endof their executionchainsaswell, beforethey all begin
their joint executionof a new behavior.

Socialinteractionbehaviorsmaythemselvesrequiresyn-
chronization,and allocation. As interactionbehaviors are
representedusingbehavior graphs(asthe task-orientedbe-
haviors), they canthemselveslink synchronization,alloca-
tion, andterminationpointsin theirbehavior graphsto other
interactionbehaviors,thuscreatinghierarchicalsocialinter-
actions. For instance,we have describeda simple voting
interactionbehavior. To executethese,BITE may needto
allocatethe taskof announcingthevote to onerobot, have
all robotssynchronizethebeginningandendof sendingtheir
votes,allocatesomeoneto tally thevotes,etc. Thusrobots
may end up using anothersynchronizationbehavior (e.g.,
one wherethe choicesare pre-setby the designer),in or-
der to executeanother. However, asbehavior graphsdo not
allow cyclic decomposition(and interactionbehaviors use
behavior graphs),an in�nite cycle whererobotsvote asto
how to vote,etc. is notpossiblein principle.

Principal Control Algorithm
Eachof therobotsexecutesAlgorithm 1, usingits own copy
of the threestructures.The control loop executesa behav-
ior stack—root behavior to leaf—wheretop behaviors on
the stackare executedsimultaneouslywith their currently
selectedchildren.

Executionbegins by pushingthe initial behavior of the
graphontheexecutionstack(lines1–2).Thenthealgorithm
loopsover four phasesin order. (i) It recursively expands
the children of the behavior, allocatingthemto sub-teams
if necessary(lines3a–3c).(ii) It thenexecutesthebehavior
stackin parallel,waiting for the �rst behavior to announce
termination(lines4a–4c).All descendantsof a terminating
behavior arepoppedoff thestack(i.e.,theirexecutionis also
terminated—line4b),andthen(iii) a synchronizedtermina-
tion takesplace(line 6). Thiscanresultin anewly-allocated
behavior within thecurrentparentcontext, in which case,it
will be put on the stackfor expansion(line 7). Otherwise,
(iv) this indicatesthat the robot shouldselectbetweenany
enabledsequentialtransitionsfrom theterminatedbehavior
(lines8a–8e).This processnormally resultsin new behav-
iors put on thestack.Thusa �nal goto(line 9) backto line

Algorithm 1 CONTROL

Input: behavior graph 8:9+;=<>;@?A;*B�C�D , teamhierarchyE , interaction
behaviorsset F

1. G�C
HIB�C // initial behavior for execution

2. push G C ontoa new behavior stack J .

3. while G C is non-atomic// haschildren
(a) KLHNMOB	PRQ , s.t., 8�G�C�;=B	P�D is a decompositionedge
(b) if K hasonly onebehavior B , SUTVG�W X�J-;=B�Y .

(c) elseBZH Allocate( J-;@G C ;=K[;\E
;*F ), SUTVG�W X�J-;=B�Y .
(d) G C HIB .

4. executein parallelfor all behaviors B P on J : // Execution
(a) executeB�P until it terminates
(b) while B�PZ]

^L_\`

SaX�J4Y , S

`

SaX�J4Y

(c) breakparallelexecution,goto5.
5. B
HbS

`

SaX�J4Y // Terminatejoint execution

6. c
H Terminate( J-;=B!;\E
;@F )

7. if c.]

^edgfih

;USjTVG�W X�J-;=c�Y

8. else:// Selectnext behavior in executionchain
(a) Let k1HlM�G P Q , s.t. 8mB C ;@G P D is a sequentialedge
(b) if k is empty, goto5 // terminateparent
(c) if k hasoneelementG , SUTVG�W X�J-;@GOY

(d) elseGnH Decide( J-;=B C ;*k0;RE
;@F )
(e) G C HlG

9. If J notempty, goto3.

3 beginsagainwith their recursiveexpansionandallocation
to sub-teams.

The recursive allocation of children behaviors to sub-
teamsin lines3a–3crelieson thecall to the o[p"p�q,#O�jr*sUt"u pro-
cedure. It takesthe currentexecutioncontext (i.e., current
stack,availablechildren),andthencalls theappropriateso-
cial interactionbehavior in v (linked from thecurrentpar-
ent) to make theallocationdecision.Thecurrentexecution
stackis usedto helpguideallocations—forinstanceby con-
veying informationaboutwherein the behavior graphthe
allocationis takingplace.In addition,theinteractionbehav-
ior is givenaccessto any links from theparentbehavior to
the teamhierarchy, e.g.,to determinewhetherany children
task-behaviors arealreadypre-allocated.Oncea �nal allo-
cationis determined,o-p�p"q,#O�jr*sjtRu is responsiblefor updating
thelinks from thebehavior graphto theteamhierarchy(and
vice versa)to re�ect theallocation.It thenreturns,for each
robot, thechild behavior for which it is responsibleaspart
of thesplit sub-team(or individually, if thesub-teamis com-
posedonly of theindividual robot).

Synchronized termination (line 5–7) and selection
(lines 8a–8e) similarly rely on calls to the procedures

w

s�'�x�y\zA�jr*sjtRu and {|s�#�y=}~sUtRu , respectively.
w

s�'�x�y\zA�jr*sjtRu

is responsiblefor evoking the executionterminationinter-
actionbehavior, which canreturna new child behavior for
executionunderthe currentparent. If it doesn't, then the
next behavior in the executionchain must be selectedby

{|s�#�y=}~sUt"u , which callsa synchronizationinteractionbehav-
ior. Sincesynchronizedselectioninvolvesall membersof
thecurrentsub-teamsselectingtogether, thisbehavior would



normally communicatewith the membersof the sub-team
assignedto theterminatedbehavior. Notethatin step8bwe
alsohandlethecasewhereno morebehaviors areavailable
in the executionchain. This casesignalsa terminationof
anexecutionchain,which in turn signalsterminationof the
parent,thusthebranchingbackto line 5.

Additionalalgorithmscanbederivedbasedonanalysisof
thethreestructuresandtheir interactinglinks. For instance,
straightforwardanalysisof thebehavior graphcanyield an-
ticipatory informationaboutwhich behaviors areexpected
to beselected,thusallowing robotsto anticipatetheneedsof
their teammates(Veloso,Stone,& Bowling 1999). Indeed,
we have found it usefulto run a proactive communications
algorithmthatinformsteammatesof sensedknowledgethat
mayberelevantto them(Algorithm2—describedin thenext
section).Theteamhierarchyandbehavior graphprovidethe
informationasto whomshouldbeinformedof what.

BITE: Evaluation and LessonsLearned
The previous sectionhas presentedthe key novel aspect
in BITE—its introduction of social interactionsas �rst-
classobjects,implementedasbehaviorswhicharemanaged
throughthesamemechanismsusedto managetask-oriented
behaviors. This featureof BITE allows for a signi�cant de-
greeof �e xibility in teamwork over existing architectures.
For instance,it allowscreationof systemsthatmarrytheca-
pabilitiesof differentarchitectures.It alsoallows different
interactionsto beuseddependingoncontext.

This sectionreportson thelessonslearnedfrom fully im-
plementingBITE and running it in a variety of tasks,on
Sony AIBO robots.We�rst reporton thebene�tsof BITE's
�e xibility—the key motivationfor its development.Wethen
report on additional featureswhich were introducedinto
BITE asaresponseto theapplicationof multi-agentsystems
technologyin physicalrobots.While we arenot the �rst to
make thetransition(see,for instance,(Dias& Stentz2000)
asexamplesof market-basedallocationin robotics),we be-
lieve that the lessonslearnedfrom this applicationhave not
beenpreviously reported.
Lesson: Flexibility Makesa Differ ence. Therobots,run-
ning BITE, have beenin usedin severaltasks.Onespeci�c
taskhad the robotsgo from an initial positionwherethey
areall lined sideby sideto a goal location6 metersaway.
Therobotswereto maintaina triangleor line formation(as
describedabove—seealsoFigure2). If moving in atriangle
formation,the robotscould chooseto changeto line based
onsomeconditions.Thebehavior graphfor thistaskis com-
posedof adozentaskbehaviors,andeightinteractionbehav-
iors. Thetaskbehavior graphhastwo allocationpointsand
threesynchronizationpoints. While relatively simple, this
behavior graphis suf�cient to show that the ability to use
a varietyof interactionbehaviorsmakesa signi�cant differ-
encein taskperformance.

In aninitial simpleexperiment,weranthreeseparatever-
sionsof thetasks,wherethesamebehavior graph(with both
triangleandline formations)wasusedwith differentcombi-
nationsof interactionbehaviors. Eachvariantwasrun four
times. We measuredsynchronizationandallocationtimes,
as well as overall task time. Table 1 shows the average
results. The tablesummarizesthe 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

Table1: Interaction and task times (ms).

of interaction,aswell asthe total interactionbehavior time
andthe taskcompletiontime. In the �rst variant (SYNC),
communication-intenseinteractionswere selectedfor syn-
chronization,but communication-poorinteractionswerese-
lectedfor allocation. In the second(NO SYNC), both syn-
chronizationandallocationusedaslittle communicationas
possible. In the third, both synchronizationandallocation
usedcommunication-richinteractions.

Table 1 shows that �e xibility matters—in non-trivial
ways.ComparingtheSYNC andNO SYNC variants,we see
thatareductionin communications(by approximately2 sec-
onds)entaileda corresponding2-secondreductionin task
time. Thiswasto betrivially expectedundertheassumption
that savings in interactiontime translateinto reducedtask
completiontime. However, thethird variantprovidesa sur-
prise.Despitespendingmoretimein interaction,it manages
to reducetaskcompletiontimesigni�cantly (by about 3�•j€ ).
Note that total interactiontime is almostthesameasin the
�rst variant—but now a much larger portion of it is spent
in allocationinteractions.This shows thattheability to mix
andmatchinteractionbehaviors canbe a signi�cant factor
in task performance,lending supportto this novel feature
beinganimportantcontribution.
Lesson: Automated Teamwork Saves. Theformationbe-
haviorsoperateby forcingrobotsto maintainrelativeangles
andpositionsto a lead robot. Color segmentationis used
to identify the angleto the leadrobot, while eachAIBO's
soledistancesensor(infra-red)is usedto maintaindistance
within someconstraints.This algorithmis inherentlysus-
ceptibleto sensingfailures(seealsoanotherlessonbelow),
asthesecausethe failing robot to lose its placein the for-
mation(e.g.,Figure2-b). This canbe �x ed in principleby
having thedesignerof thebehaviors alsocover this special
casein thebehavior itself. This, of course,requiresthede-
signerto anticipatethis possibleproblem.

However, by implementingthe behaviors in BITE, the
burdenof worrying aboutcoordinationis put on therobots.
Whenonelosestrackof the leadrobot,theappropriateter-
minationconditionis satis�ed,andthebehavior terminates.
Thisin turntriggerstheappropriatesocialinteractionbehav-
ior in BITE, which causestheotherrobotsto alsostopex-
ecutingtheir movementbehavior, andjointly switch to 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: Resultsfr om 9 Behavior Graphs
.Search behavior. Thustheformationis maintained.

To show the savings generatedby BITE, we created9
different behavior graphs,by mixing a dozen individual
andteamformation-maintenancebehaviors,andconnecting
themin varioussequentialorders,with andwithoutoptional
cycles,etc. We assignedeachof the9 behavior graphsa set
of socialbehaviors. Table2 shows the results.Thesecond
columnshows thenumberof successfultrials; thenext col-
umnshowsthenumberof failedtrials; thenext two columns
measuretheaverageinteractionandtaskcompletiontimes.

Failuresconsistedof the robotsgetting confusedabout
their roles,e.g.,becausethey foundthemselveson thesame
or wrong side of the leader in a triangle formation. It
turnsout that all failurescould be tracedto a speci�c non-
communicatingallocationbehavior, which was faster(no
waiting for messages),but lessrobust. Wherever a commu-
nicatingallocationbehavior wasused,all suchfailureswere
prevented.

Otherthanthesefailures—whichultimately aredueto a
badchoiceby thedesigner—BITE handledall ninebehav-
ior graphswith equalease.Therewasno needto re-write
communicationrules,or to worry abouthow certainbehav-
iors interactwith eachother. All transitionsbetweencoordi-
natedmodestookplaceautomatically, asdid all allocations,
includingall dynamicallocationsof formationroles,based
on positionsof the robotsafter they have alreadyexecuted
someotherformations.
Lesson: FuseSensorInf ormation. Two mechanismsare
usedin BITE for sensorfusion.First,ascommonin robotics
work, sensordatais pre-processedbeforebeingused.BITE
alsousesmulti-robotsensorfusion,e.g.(Stroupe,Martin, &
Balch2001). However, it treatssuchproceduresasinterac-
tion behaviors,whichcanbemixedandmatcheddepending
on theexecutioncontext.

Algorithm 2 shows a simple example fusion behavior.
In the �rst phaseof the algorithm, eachrobot determines
whethernew information affects its behavior stack (e.g.,
newly-satis�ed conditions). Thesepotentially affect the
robot's teammates,andmustthereforebecommunicatedto
themby �nding out which sub-teamis responsiblefor each
behavior on thestack(donethroughtheInform() procedure,
which refersto an appropriatesocial interactionbehavior).
The secondphase(lines 2a–2b)allows the robot to deter-
minewhethernewly sensedinformationmayberelevantto
sub-teamsthat it is not a memberof, proactively providing
themwith informationeventhoughit is not strictly its own
responsibilityto doso.

Algorithm 2 FUSEINFORMATION

Input: behavior graph �����	�
���
������� , teamhierarchy
w

, inter-
actionbehaviorsset v

1. for all behaviors B onbehavior stack J :
(a) _

HlG�TUB

_\•�‚„ƒ

XmB�Y // sub-teamresponsiblefor B

(b) if a terminationconditionof B is satis�ed,
Inform( B�;

_

;*F )
(c) if a preconditionof a behavior … ( 8mB�;@…†D a sequenceedge)is

satis�ed,Inform( B�;

_

;*F )
2. for all teams_ in theteamhierarchy:

(a) ‡ˆHlMOB�‰ B‹ŠŒ9+;

_ currentlylinking to B }
(b) for all BnŠ|‡ andnoton thebehavior stack:

i. if a terminationconditionof B is satis�ed,Inform( B�;

_

;*F )
ii. if a preconditionof abehavior … ( 8mB�;@…†D asequenceedge)is

satis�ed,Inform( B!;

_

;*F )

Summary and Future Work
A key challengein building robot teamsis to automate
teamwork, suchthat the designercanfocuson the robots'
taskwork. Existingteamworkarchitecturesautomatekey as-
pectsof teamwork, but do not allow �e xibility in how this
automationis achieved,in termsof theinteractionprotocols
used.Nor do existing architecturesallow for mixing differ-
entprotocolswithin thesameoverall robotteammission.

We arguethat teamwork shouldadapta mini-kernelap-
proach,allowing teamwork servicesto beinterchangedand
mixed as needed. Concretely, we presentedBITE, a dis-
tributedbehavior-basedteamwork architecturethat enables
such�e xibility by separatingbehaviors that control social
interactionsfrom thosethat managesubtasks,and further
distinguishingknowledge of the organizationalstructure.
Wepresentalgorithmsfor controllingsocialinteractionsand
communicationswithin this architecture,and the lessons
generatedin applying it in Sony AIBO robots. Empirical
resultsfrom multiple experimentsshow that �e xibility is
indeedimportant,andcansigni�cantly affect taskachieve-
ment. Our futureefforts focuson human-teaminteractions,
andonextendingBITE'scapabilities.
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