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Abstract—To enable the successfuldeployment of task-
achieving multi-r obot systems(MRS), coordination mecha-
nisms must be utilized in order to effectively mediate the
interactions between the robots and the task ervironment.
Over the past decade,there have beena number of elegant
experimentally demonstratedMRS coordination mechanisms.
Most of thesemechanismshave beentask-speci c in nature,
typically providing only empirical insights into coordination
designand little in the way of systematictechniquesto assist
in the design of coordinated MRS for new task domains.
To fully realize the potentials of MRS, formally-grounded
systematic techniques amenable to analysis are needed in
order to facilitate the designof coordinated MRS. We address
this problemby presentinga formal framework for describing
and reasoning about coordination in a MRS. Using this
principled foundation, we are developing a suite of general
methodsfor automaticallysynthesizinghe controllers of robots
constituting a MRS such that the given task is performed
in a coordinated fashion. This paper presentsa method for
the automatic synthesisof a specic type of controller, one
that is statelessbut capableof inter-robot communication. We
also presenta graph coloring-basedapproach for minimizing
the number of necessaryunique communication messages.
The synthesisof such communicative controllers provides a
meansfor assessinghe usesand limitations of communication
in MRS coordination. We presentexperimental validation of
our formal approach of controller synthesisin a multi-r obot
construction domain thr ough physically-realistic simulations
and in real-robot demonstrations.

|. INTRODUCTION

The study of multi-robot systems(MRS) has receved
increasedattentionin recentyears.This is not surprising
ascontinuallyimproving technologyhasmadeit realisticto
considerthe deploymentof MRS consistingof increasingly
larger numbersof robots. With the growing interestin
MRS comesthe expectationthat, at leastin someimpor-
tant respectsmultiple robotswill be superiorto a single
robot in achiering a given task. Potential advantagesof
MRS over a single robot are frequentlyexpoundedin the
literature. For example,total systemcost, it is frequently
claimed, may be reducedby utilizing multiple simple and
cheaprobotsasopposedo a singlecomple< andexpensve
robot. Furthermorethe inherentcompleity of sometask
ervironmentsmayrequire theuseof a heterogeneougroup
of robots as the necessarcapabilitiesare too substantial
to be met by a single robot. Finally, multiple robots
may provide increasedobustnesshy taking advantageof
inherentparallelismand redundang.

However, the utilization of MRS posespotentialdisad-
vantagesand additionalchallengeghat mustbe addressed

if MRS are to presenta viable and effective alternatve
to single robot systems.Of paramountimportanceis the
compl«ity introduced by the managemenbf multiple,
interactingrobots. In order for a task-achiging MRS to
be effective, the robots' actionsmust be carriedout in a
coordinatedfashionand directedtowardsthe achiezement
of the giventask.A MRS lacking effective coordinationis
lesslikely to presenta solution that is more desirableor
effective than a single robot solution. Correctly executing
a task in a multi-robot system presentsfundamentally
different issuesfrom doing so in a single robot system.
In a MRS, it cannotbe assumedhat a particular robot
is always aware of the task progressresulting from the
actionsof otherrobots. Formally, from the perspectie of
an individual robot in a MRS, the task ernvironment is
highly non-stationary

From a few robots performing a manipulationtask, to
tens of robots exploring a large space,to thousandsof
ecosystenmonitoringnano-robotsasthe numberof robots
in the systemincreasesso doesthe necessityand impor-
tanceof coordination.Coordinationis de ned as “the act
of regulatingand combiningso asto produceharmonious
results” [1]. In the context of MRS, coordinationis the
processof appropriatelyregulatingthe robots' actionssuch
that a given task or goal is successfullyachieved. Our
work is focusedon distributed MRS, in which eachrobot
operatesindependentlyunder local sensingand control,
with coordinatedyroupbehaior arisingout of local inter-
actionsbetweenthe robotsand the task environment. The
designof such coordinateddistributed MRS can be quite
challengingbecauseunexpectedcollective behaiors may
emege due to unanticipatedrami cations of the robots'
local interactions.Nonethelessmary eleganthand-crafted
coordination mechanismshave been demonstratedboth
in simulation and on physical robots. The nature of the
employed mechanisméave taken mary forms, seemingly
limited only by the ingenuity of the designer

Unfortunately MRS coordinationdesign still remains
more of an art than a science.The coordinationmecha-
nismsemployed are usually task-speci c. Designerstypi-
cally provide little formal analysisasto expectedsystem
performanceand rarely provide informal explanationsas
to why the employed mechanisis more appropriatethan
possiblealternatves. The designof coordinationmecha-
nisms needsto be systematicand formally groundedin
orderto move it into therealmof scienceandfully realize



the advantage®f MRS over singlerobot systemsThus,a
cential challenge facingthe MRScommunityis the design
of principled methodsfor the synthesisand analysis of
coomination medanisms

To addressthis issue,we have developeda formalism
which providesa principledframework for preciselyde n-
ing and reasoningaboutthe intertwined entities involved
in ary task-achiging MRS — the world, task de nition,
and the capabilitiesof the robots themseles, including
actionselectionsensingmaintenancef internalstate,and
inter-robot communication.Using this principled founda-
tion, we are developing a suite of generalmethodsby
which to automaticallysynthesizehe controllersof robots
constitutinga MRS such that a given task is performed
in a coordinatedfashion. Each of these methodsis di-
rectedtoward the synthesisof a speci ¢ type of controller
We taxonomizecontrollers basedon the following three
characteristicsdeterministicor probabilistic action selec-
tion (DA/PA), using internal state or stateless(IS/NIS),
and capableor incapableof interrobot communication
(Comm/NComm).Our synthesismethodsfor controllers
acrossthis taxonomy provide more than just pragmatic
tools for building coordinatedMRS. Given their formal
grounding, they also provide a meansto systematically
determinethe fundamentallimitations of each type of
controller, to understandhe inherentrelationshipsetween
different controller types, to contritute methodsto sys-
tematically reduceone controller type to anothey and to
provide insight into the general requirementsnecessary
for achieving different forms of coordination.We aim to
facilitateformal answergo fundamentatjuestionssuchas:
“In whatconditionsis it necessaryor therobotsto be able
to communicate? “In what conditionsis communication
aloneinsufcient?', and Whenare the useof internal state
and communicatiorinterchangeable?.

In our previous work, we presenteda methodfor the
synthesisof DAct-1S-NoComm controllers and de ned
situationsin which internal stateis useful to achieve the
necessargoordination10] anda macroscopidMRS mod-
eling approachdirectedto the analysisof homogeneous
MRS composedof robots executing DAct-IS-NoComm
controllers[11]. In this paper we presenta nev method
for the synthesisof a differenttype of controller, a DAct-
NolS-Comm.In addition, we shov whenand why DAct-
NolS-Commcontrollersareusefulin achieszing the desired
coordination.Furthermore,we provide a graph coloring-
based approachfor minimizing the number of unique
communicationmessagesised. We presentexperimental
validation of our formal approachto DAct-NolS-Comm
controller synthesisin physically-realisticsimulationsand
in real-robotdemonstrationsn a multi-robot construction
task domain.

Il. RELATED WORK

Relatedwork on the synthesisand analysisof MRS
coordinationmechanismdncludes, but is not limited to,
the work of Donald [5] that presentsthe derivation of
informationinvariantsaimedat de ning the informational

requirementsof a given task and ways in which those
requirementscan be satis ed in a robot controller Parker
[19] extendsthe idea of information invariantsby de n-
ing equivalenceclassesamongtask de nitions and robot
capabilitiesto assistin the choice of an appropriatecon-
troller class.Dudek et al. [6] presenta taxonomywhich
classi esmulti-robotsystemsasedon communicatiorand
computationalcapabilities.Martinoli et al. [14] presents
a generalmethodologyby which the collective behaior
of a group of mobile robots can be accuratelystudied
using a simple probabilistic model. Balch [4] presents
hierarchicsocialentropy, aninformationtheoreticmeasure
of robot teamdiversity in an effort to understandhe role
of heterogeneityn MRS coordination Gerkey andMataric
[8] present principledframenork andananalysismethod-
ology for the formal study of multi-robot task allocation.
Lermanand Galstyan[13] presenta mathematicamodel
of the dynamicsof collective behaior in a multi-robot
adaptve task allocation domain. Alternative approaches
to the synthesisof MRS controllers can be found in
evolutionary methods[7] and learningmethods[15, 18§].
There also exist a numberof MRS designernvironments,
control architecturesand programminglanguageswhich
assistin the design of task-achiging coordinatedMRS
[16, 3, 2].

I1l. DEFINITIONS AND NOTATION

We now provide necessaryde nitions for the formal-
ism. The world is the ervironmentin which the MRS
is expectedto perform a de ned task. We assumethe
world is Markovian, the stateis an elementof the nite
setS of all possiblestates,and is populatedby a nite
setof homogeneousobotsR. An action performedin the
world by a singlerobotis drawvn from the nite setA of
all possibleactions.An observationx madeby a robot,
drawn from the nite setof all obsenationsX , consistsof
accessiblanformation external to the robot and formally
represents subsebf the world state.The world is de ned
by a probabilisticstatetransitionfunctionP (s; x; a; s9 that
statesthe probability the world stateat time t + 1 is s°
given the world stateat time t is s and a robot making
obsenation x executesaction a. We note that the world
state transition function involves an obsenation because
the taskswe considerare spatialin natureandthe physical
locationwherean actionis performedis just asimportant
as the actionitself. In this representationan obsenation
X is equatedwith the spatiallocation wherethe action a
is performed.Therefore,an action a, executedupon the
obsenationof x;, will transitionthe world differently than
the sameactiona, performeduponthe obsenation of x; .
The probabilistic observationfunction O(s; x) gives the
probability the obsenation x will be made by a robot
in world states. We assumethat an obsenation x may
only be madeat one physicallocationin the world in a
states. We de ne a task assumedo be Markovian, as a
setof n orderedworld statesTs = fSp; S1;::1; Shg Which
must be progressedhroughin sequenceWe assumethe
initial state of the world is sg and the task terminates



when the world states, is achievzed. We de ne correct
task executionto be the casewhere, for all task states
s; 2 Ts, i < n the only actionsexecutedby ary robot
arethosethat transitionthe world stateto s;.; . Therefore,
we de ne an obsenation and action pair, x and a, to be
correctfor taskstates; if P(s;; x; a;Si+1 ) > 0. We assume
that an obsenation x and action a cannotbe correct for
more than one task state. The robotswe considerdo not
maintainary internalstateor representatiorhowever, they
are capableof interrobot communication.The set of all
possiblecommunicationmessages robot may sendand
recevve is denotedby the setC. The actualcommunication
contentor mechanisnof eachmessagés notimportant,we
only requirethat eachmessagés uniquelydistinguishable
andinstantaneouslyeceved by otherrobots.For example,
in ourimplementatioreachmessagés justa uniqueinteger
broadcasbver the wirelessnetwork connectingthe robots.
The communicationmessagea robot is currently sending
is denotedas cs. We assumea robot may receve ary
numberof messagesimultaneouslyThe setof messagea
robotis currentlyreceving is denotedasc, . Two functions
de ne arobot's behaior in the world, known collectively
asthe robot's controller. The actionfunctionAct(x; ¢, ; a)
speci esthe probability arobotwill executeactiona given
it is currently observingx and receving communication
messageg; . The communicationfunction Comm(Xx; c)
speci es the probability a robot will sendcommunication
message giventhatit is currentlyobservingx. Although
the controller is modeledwith probabilistic functions to
maintain consisteng with our other work, in this paper
thesefunctions are treatedas deterministic,i.e., Act and
Comm will alwaysreturneitherQ or 1.

IV. DAcCT-NoOIS-CoMM CONTROLLERS

In this sectionwe presenta systematicprocedurefor
synthesizinga DAct-NolS-Comm controller a stateless
controller with deterministic action selection and inter
robot communicationcapabilities. This entails de ning
the robots action and communicationfunctions. We also
discussthe usesand limitations of suchcontrollersin the
facilitation of coordinationin MRS.

A. Synthesis

Therearefour high-level stepsin the synthesigrocess:
1) synthesizea baselineDAct-NolS-NoCommcontroller,
2) identify situationsin which communicationcan be
usedto better facilitate coherentcoordination,3) assign
speci ¢ communicationmessagego each of thesesitu-
ations, and 4) incorporatethese communicationassign-
mentsinto a DAct-NolS-Commcontroller The full syn-
thesisprocesds given by the procedureBuild_DAct-NolS-
CommContmwller, shavn at the bottom of Figure 1.

Step 1. We synthesizea DAct-NolS-NoComm con-
troller, which is simply a stateless,non-communicatie
controller that we will augmentwith communicationto
synthesizethe DAct-NolS-Commecontroller The process
of synthesizinga DAct-NolS-NoCommcontrolleris given
by the procedureBuild_DAct-NolS-NoComntontmoller,

(1) procedureBuild_DAct-NolS-NoCommController()

(2) foralla2 A;x2 X do

3) Act(x;fg;a)= 0

(4)  endfor

(5) forallsi 2 Ts do

(6) foralla2 A; x 2 X s.t. (O(si;x) > o0
P(si;x; a;si+1) > 0) do

) Act(x;fg;a) =1
(8) endfor
(9) endfor

(10) end procedureBuild_DAct-NolS-NoCommController

(11) procedureBuild_DAct-NolS-CommController()
(12) Build_DAct-NolS-NoCommController()

(13) forallsi 2 Ts do

(14) Xe(si) = fXo; X155 Xn @ S.1.8X 2 Xc(Si) @«
(O(si;x) > 0 k6 i™O(sk;x) > 0)

(15) Xa(si) = fXo;X1;:5 Xmg S.t.8x 2 Xa(si)9a
(O(si;x) > 0~ Act(x; fg;a) > o0
P(si;x;a;si+1) > 0)

(16) endfor

17) Graph.CoIor(S 85i2TSch(si) Xa(si)g)

(18) forallsi 2 Ts do

(19) forall x 2 fX¢(si) Xa(si)gdo

(20) Comm(x; Assigned_Comm(x)) = 1

(21) endfor

(22) c=fg

(23) for all x2 fXc(si) Xa(si)gdo

(24) c= ¢ Assigned_.Comm(x)

(25) endfor

(26) forall x 2 Xa(si);a2 A s.t.(Act(x; fg;a) = 1) do

27) Act(x;fg;a) =0

(28) Act(x;c;a) = 1

(29) endfor

(30) endfor

(31) end procedureBuild_DAct-NolS-CommController

Fig. 1. Procedurdor synthesizinga DAct-NolS-Commcontroller

shavn at the top of Figure 1. For eachs; 2 T, the
synthesisprocedureaddsa rule to the action function of
the form Act(x; fg;a) = 1, suchthatx anda are correct
for task states;.

However, sucha DAct-NolS-NoCommcontrollerleaves
room for error if X anda are correctfor sometask state
si but thereexists anothertask states; wherex anda are
not correctand O(s; ; x) > 0. In suchsituations,an MRS
composedf robotswith DAct-NolS-NoCommcontrollers
cannotenforcethe action sequencenecessaryfor correct
task execution. This is a common problem with purely
reactve controllers in sequentialtask domains. In the
DAct-NolS-Commsynthesisstepsthatfollow, we incorpo-
rate the useof communicationto improve coordinationin
thesesituations.Due to sensingandactionuncertaintythe
addition of communicationcannotguaranteecorrect task
execution,but it canbe usedto increasethe probability of
correcttask execution.

Step 2: We de ne a setof obsenationsthat will sene
as the basis of the DAct-NolS-Comm controller's com-
munication function. For each task states; 2 Ts, we



de ne a set of obsenations X .(s;) (Figure 1, lines 13-
16), the union of which can only occur in states;. We
also de ne X,(s;), a set of obsenations such that, for
eachx 2 X,(si), thereexists an actiona, wherex anda
are correctfor s;. We notethatif 9s;;s; 2 Ts suchthat
8 x(0(si;x) > 0)g 8 x(O(s;;x) > 0)g, thenthe state
s; is fundamentallyunobserable.In sucha situation,one
cannotguarante¢hata MRS composedf robotsexecuting
a DAct-NolS-Commcontroller will correctly executethe
task,evenin the absencef sensingandactionuncertainty

Step 3: We assignspeci ¢ communicatiormessageo
all obsenationsin f X.(sj) Xa(si)g for eachs; 2 Ts, as
de ned in Step 2. The simplestsolution to this problem
is to assigna specic, unique communicationmessage
to eachobsenation in this set. However, in mary MRS
communicatiorbandwidthcan be quite limited (e.g.,in a
MRS composedf autonomousindervater vehicles),and
soit is advantageous$o minimize the numberof bits trans-
fered in eachcommunicationmessagethe more unique
communicatiormessagessed,more bits in eachcommu-
nication messagevill be requiredto uniquelyidentify the
messager-urthermorein someMRS communications not
achievedthroughdigitized radio transmission$ut through
other meanssuch as the releaseof chemicals,sound,or
light. In suchcasesthe numberof uniquecommunication
messages robot is capableof sendingandreceving can
be very constrained.Therefore,to minimize the actual
number of unique communicationmessagesieeded,we
use a graph coloring approach. This stepis not usedto
minimizethe numberof instancesn which communication
is usedwhichis decidedby theprocessn Step2. Although
graph coloring is NP-complete,there are a number of
well studied heuristics that provide understoodbounds
on resulting solution quality [17]. Furthermorethe graph
coloring approachs desirablein mary domainsto reduce
the number of unique messagesequired, but it is not
absolutely required as the direct assignmentof unique
message$o eachnecessarybsenation is suitable.

The problemof assigningunique cogmunicationmes-
sagedo agivensetof obsenationsO = 5. , 1 fXc(si)
Xa(si)g can be reducedto a graph coloring problem as
follows. First, a graphG, consistingof a setof verticesV
anda setof edgesE, bothinitially empty is createdNext,
a vertex is addedto V for eachobsenationin O. Then,
we add edgesto E betweeneach pair of verticesin V
for which the associatedbbsenationsinterfere with each
other The testfor interferencebetweentwo obsenations
Xi and x; is given by the function | (x;;X;) shavn in
Equationl. Now a standardgraphcoloring algorithmmay
be appliedto G in which the color assignedio a vertex
in V correspondgo a specic communicationmessage
assignedo the obsenationrepresentedby that vertex. The
function Assigned_Comm(x) asusedin Figurel returns
the communicatiormessageassignedo the obsenation x
asa resultof the graphcoloringin that step.

if 9s2 Ts(O(s;xi) > 0" O(s;xj) > 0);
if 9su;Sy 2 S9X 2 Xa(sv)(O(sy;x) > O°
Xj 2 fXc(sv)  Xa(sv)g” O(su;Xi) > 0);
1; if 9sy;sy 2 S9X 2 Xa(sy)(O(sy;x) > O°
Xi 2 ch(Sv) Xa(Sv)gA O(Su,XJ) > 0),
0; otherwise.

)

Step 4: We synthesizethe DAct-NolS-Comm controller
by augmentingthe DAct-NolS-NoCommecontroller syn-
thesizedin Step 1. This is accomplishedby adding the
communicationfunction and appropriatelymodifying the
action function suchthat an actionis not executedunless
all necessarycommunicationsare being simultaneously
receved. Throughthe graph coloring approachpresented
in Step3, a speci c communicatiormessagavasassigned
to each obsenation in the set f X (sj)) Xa(si)g for
eachs; 2 Ts. The controller communicationfunction
is constructed(Figure 1, lines 19-21) by adding a com-
municationrule for all x 2 fX¢(s;) Xa(si)g for all
s; 2 T of theform Comm(x; Assighed_Comm(x)) = 1,
where Assigned_Comm(x) is the speci c communica-
tion messageassignedto the obsenation x in Step 3.
Such a communicationrule will causethe robot to send
the communicationAssigned_ Comm(x) every time the
obsenation x is made. The action function is modi ed
(Figure 1, lines 22-30) so that for eachrule of the action
function, Act(x; fg;a) = 1, wherex anda are correctfor
a states; is modi ed to becomeAct(x; ¢;;a) = 1, where
¢ is the setof speci c communicationrmessagesnapped
in Step3 to the obserationsin fX.(s;) Xa(si)g. All
probabilitiesnot explicitly declaredfor the controller are
0.

I (Xi;%j) =

VAW AR 00
Lyl o

B. Discussion

Due to imperfectrobot action and sensingcapabilities,
there is no guaranteethat the synthesizedDAct-NolS-
Comm controller will correctly execute the given task.
However, the use of a communicatie controller leadsto
signi cantly improved performanceover a similar non-
communicatie controller, aswe demonstratén SectionV.
Importantly the synthesizedAct-NolS-Commcontroller
is, however, guaranteedo correctly executethe taskin the
absenceof sensingand actionuncertainties.

A DAct-NolS-Commcontroller synthesizedy the pro-
cedurein Figure 1 is only one,and certainly not the only,
way in which communicationcan be usedto facilitate
coordination.In fact, from a pragmaticstandpointa MRS
composedof robots executing such DAct-NolS-Comm
controllers has mary disadwantagesthat other forms of
communicatte MRS may not exhibit. For example, the
efciency of the MRS in termsof time to taskcompletion
will usuallybe quite poor, asmary eventshave to happen
simultaneoushbeforeactionscanbe performed.A part of
this problem stemsfrom the fact that DAct-NolS-Comm
controllersarestatelessAllowing therobotsto retainsome
form of non-transieninternalstateor representatiomould
likely improve the systemperformancein a number of
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Fig. 3. (left) Snapshobf an 8-robot experimentin simulation. (right)
Snapshobdf a 3 robot real-world experiment.

respectsHowever, from the perspectie of identifying and
understandinghe fundamentalrequirementsof coordina-
tion, MRS composedof statelesscommunicatie robots
are quite interesting.By isolating the use of communica-
tion, analysisof suchMRS providesa meansto betterun-
derstandvhenandwhy communicatioris ableto facilitate
coordinationandwhenit is insufcient. Knowledgeof the
limitations of communicatiorhelpsidentify whenandwhy
theintegrationof othercontrollerfeaturessuchasinternal
state,becomesmecessary

V. CASE STuDY: COORDINATION IN MULTI-ROBOT
CONSTRUCTION

The formalism and synthesismethoddescribedn Sec-
tions Il and IV-A, respectiely, are task in-speci c. In
this sectionwe apply the formalism and synthesismethod
to a speci ¢ multi-robot constructiontask domain. Using
bothphysically-realisticsimulationandphysicalrobots,we
experimentallydemonstrateand validate our approachto
the synthesiof coordinatedMRS throughthe useof DAct-
NolS-Commcontrollers.This task requiresthe sequential
placemenbf a seriesof cubic coloredbricksinto a planar
structure.For all examplesusedin this section,a brick's
color is denotedby the lettersR, G B, andY which stand
for Red, Green, Blue , and Yellow , respectiely. The
constructiontask startswith a seedstructure,which is a
smallnumberof initially placedbricksforming the coreof
the structure.

Our simulation experiments were performed using
Player and the Gazebo simulation ervironment. Player
[9] is a sener that connectsrobots, sensorsand control
programsover a network. Gazebo[12] simulatesa set
of Playerdevicesin a 3-D physically-realisticworld with
full dynamics.Together the two representa high- delity
simulation tool for individual robots and teamsthat has
beenvalidatedon a collection of real-robotrobot exper
iments using Player control programstransferreddirectly
to physical Pioneer2DX mobile robots.In all simulation
experiments 8 robots were used, and in all real-robot
experiments3 robots were used. The robots were either
realisticmodelsof or actualActivMedia Pioneer2DX mo-
bile robots.Eachrobot, approximately30 cm in diametey
is equippedwith a differentialdrive, a forward-facing180
degree scanninglaserrange ndet and a forward-looking
color camerawith a 100-dgyree eld-of-view anda color

Fig. 4. Exampleobserationsand actionsin the constructiondomain.

(top left) Robot in position to make obseration <FLUSH R B>. (top

right) Immediately after robot performsaction <G RIGHT FLUSH R

B>. (bottom left) Robotin position to make obseration <CORNERR

B>. (bottomright) Immediatelyafter robot performsaction<G CORNER
R B>.

blob detectionsystem The bricksaretaller thantherobot's
sensorssotherobotscanonly sensdhelocal bricksonthe
peripheryof the structure(i.e., robotsdo not have a birds-
eye view of the entirestructure) Figure 3 shavs snapshots
of our simulationandreal-world experimentalsetup.

A. Formal De nitions for ConstructionTask

In order to cast the constructiontask in the formal
framavork presentedin Sectionlll, we now de ne the
world, task de nitions, obsenations, and actionsfor the
constructiontask domain. The world stateis de ned asa
speci ¢ spatialcon guration of bricks, including the color
of eachbrick. A constructiontaskis de ned asa sequence
of brick con gurations (i.e., world states),providing a
speci ¢ constructionsequenceObsenationsin the con-
structiondomainare madeup of the spatialcon guration
andcolor of bricksin the eld-of-view of therobot's laser
range nder and color cameraand within an appropriate
rangeand bearing.Two catgoriesof obsenationscanbe
made.The rst is two adjacentalignedbricks. A situation
in which suchanobsenationis madeis shavn in Figure4
and is denotedas <FLUSH R B>. The secondis two
adjacentricksforming a corner A situationin which such
anobsenationis madeis shovn in Figure4 andis denoted
as <CORNERR B>. The obsenrations <FLUSH R B>
and <FLUSH B R> constitutetwo different obsenations
in which the spatial relationship betweenthe Red and
Blue bricks are switched.A similar point holds for the
obsenations<CORNERR B> and<CORNERB R>. Due
to uncertaintyin sensing,the probability a given FLUSH
obsenation will be mistalen asa CORNERbsenation is
1.1%andthe probability a given CORNERbsenationwill
be mistalen asa FLUSHobsenationis 11.5%.

Actions are the placementof individual bricks to the
growing structure.We do not considerconstructiontasks
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Fig. 2. Thesequencef world statesde ning a constructiontask as seenfrom overhead(a view not available to the robotsin the MRS), from sg to

Sg, left to right. The last stateprovides the color of eachbrick.

Action Function |
Act(<FLUSH R B>, fg, <G RIGHT FLUSHR B>) =1
Act(<FLUSH B R>, fcog, <Y RIGHT FLUSHB R>) =1
Act(<FLUSH R G>, fci1g, <B LEFT FLUSHR G>) = 1
ACi(<CORNER G B>, fc,9, <Y CORNERG B>) = 1
ACt(<CORNER Y R>, fcsg, <G CORNERY R>) = 1
Act(<FLUSH Y B>, fcog, <R RIGHT FLUSHY B>) =1

[ CommunicationFunction |

Comm(<FLUSHR G>, cy)
Comm(<FLUSHB Y>, c1)
Comm(<FLUSHB G>, c»)
Comm(<FLUSHG Y>, c3)

mpmpmnpn
| R R P

TABLE |
SYNTHESIZED ACTION AND COMMUNICATION FUNCTIONS FOR THE
CONSTRUCTION TASK SHOWN IN FIGURE 2. Cp; C1;C2;C3 2 C.

in which robotsmay remove bricks from the structurenor
thosein which sub-structuresonsistingof multiple bricks
may be connectedtogether Other actions performedby
the robots, such as moving through the environment, do
not affect the world stateand are thereforenot explicitly
considered.Three cateyories of actionscan be executed.
The rst is the placementof a brick on the right side
(from the perspectie of the acting robot) of a pair of
adjacent,aligned bricks. The immediate result of such
an action is demonstratedn Figure 4 and is denotedas
<G RIGHT FLUSH R B>. Theseconds identicalto the
rst exceptthat the brick is placedon the left side of a
pair of adjacentalignedbricks. This actionis denotedas
<G LEFT FLUSH R B>. The third is the placementof
a brick in the corner formed by two other bricks. The
immediate result of such an action is demonstratedn
Figure 4 and is denotedas <G CORNERB R>. Due to
uncertaintyin action,the probabilityanattempted”ORNER
actionwill succeeds 78%andtheprobabilityanattempted
FLUSHactionwill succeeds 98.5%.

B. Synthesize€ontrollers

We applied our systematic method for synthesizing
DAct-NolS-Comm controllers to the construction task
shavn in Figure 2. The synthesizedaction and commu-
nication functions are given in Table l. As can be seen,
the graph coloring approachfor minimizing communica-
tion messagesvas able to reducethe numberof unique
messageseededrom 5 to 4. The reductionin this case
wasminimal asmary obsenationscanbe madein alarge
proportionof the task states.However, this techniquecan
quite signi cantly reducethe numberof unique messages
neededin mary task domains.Figure 5 shaovs how the

(1) procedureExecuteDAct-NolS-CommController()

(2) repeatforever

3) X  currentobsenation

4) Cr communicationseingreceved

(5) if 9c(Comm(x; c) > 0) then

(6) sendcommunicationc with proh Comm(x; ¢)
©) executea randomwalk

(8) elseif obstaclenearbythen

9) executeobstacleavoidance

(10) elseif 9a(Act(x; ¢ ;a) > 0) then

(12) executeactiona with proh Act(x; ¢ ; a)
(12) executea randomwalk

(13) else

(14) executea randomwalk

(15) endif

(16) endrepeat

(17) end procedureExecuteDAct-NolS-CommcController

Fig. 5. High-level controller integrating the synthesizedaction and
communicatiorfunctionsfor the constructiontask domain.

actionandcommunicatiorfunctionsareintegratedinto the
controller Sincethe Avoid andRandom Walk behaiors
do not changethe world state,they do not impact the
controller synthesisprocedure.The controllers for the
constructiortaskshovn in Figure2 wereimplementedn a
groupof 8 simulatedrobots.A total of 300 simulationruns
wereconductedAs expecteddueto signi cant uncertainty
in sensingand actions,eachtrial did not resultin correct
taskexecution.Over the 300 experimentscorrecttaskexe-
cutionwasachievedin 29.4%of the trials. This represents
a signi cant improvement over the non-communicatie
DAct-NolS-NoComm controller which resultedin only
0.9% of trials being correctly executed. We note that
if there was no uncertaintyin sensingand action, the
synthesizedDAct-NolS-Comm controller would be gau-
ranteedto correctly execute the task, whereasno such
gauranteeould be madefor the non-communicatie DAct-
NolS-NoCommcontroller For real-robotveri cation of the
feasibility of the synthesizedAct-NolS-Commcontroller,
we alsoimplementedt on a group of threeactualPioneer
2DX mobile robots.A limited numberof real-world trials
were correctly executedwhich veri ed the feasibility of
the DAct-NolS-Comm controller in the real-world. We
emphasizehatthe real-robotexperimentswere performed
in orderto shav that our formalismand synthesismethod
are not merely abstractconceptsbut successfullycapture
the dif cult issuesinvolvedin real-world embodiedMRS,
thus providing a groundedand pragmatic tool for the
description,synthesisand analysisof coordinatedViRS.
We note that our robots do not have the ability to



manipulatebricks in simulation or with physical robots.
To addressthis issuein simulation,when a robot wants
to execute a brick placementaction, it commandsthe
simulator to place a brick of a given color at a given
location relative to the robot's currentpose.In real-robot
experimentswe manually placedthe appropriatebrick in

responséo the robot's commandle.g.,"Placeyellow brick
in the cornerformedby the red andblue bricks directly in

front of my position”).

VI. CONCLUSIONS

The successfutleploymentof atask-achiging MRS de-
pendson effective mechanismséor coordinatingthe robots'
actionsand interactions.To date,demonstratecoordina-
tion mechanismshave largely been designedin a task-
speci ¢ mannerwith little formal analysisof the funda-
mentalissuesnvolvedin MRS coordination.n this paper
we presenteda formally-groundedmethodfor designing
coordinatedMRS. Speci cally, we introduceda systematic
methodfor synthesizinga speci ¢ type of robot controller
we call a DAct-NolS-Commcontroller onethatis stateless
but capableof inter-robot communicationThis controller,
executedby all robotsin a MRS, achieves coordinated
execution of a given task. From the broaderperspectie
of our overarching researchgoal aimed at a formal in-
vestigationof coordinationin MRS, the synthesisof a
coordinatedVIRS with eachrobot executinga DAct-NolS-
Commcontrollerprovidesinsightinto how andwhy inter-
robotcommunicatiorcanbe usedto facilitatecoordination.
Throughexperimentalresultsin a multi-robot construction
domain, we have shavn how the use of communication
cansigni cantly improve MRS coordination.
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