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Summary. Onenotablecapabilityof socialinsectcoloniesthathastraditionallyinspireddis-
tributedrobotsystemsis theirconstructionactivity. In thispaper, I describeasystemof simple,
identical,autonomousrobotsableto build two-dimensionalstructuresof arbitrarydesignby
rearrangingblocksof building materialinto desiredshapes.Structuredesignis speci�edcom-
pactly asa high-level geometricprogram;robotstranslatethis programinto physicalform
via their �x edbehavioral programming.Robotsareinterchangeablebothwithin andbetween
constructionprojects,andneednotbeindividually reprogrammedbetweendissimilarprojects.
Sucha constructionteamcouldbeusedasthe �rst stagein a systemfor remotebuilding of
structures,layingout the�oor planthata moresophisticatedsystemcouldextendupwards.

1 Intr oduction

A primary inspirationfor distributedmulti-robotsystemsis thesetof ordersof so-
cial insects,notablyants,termites,andbees,whoseswarmsor coloniesaccomplish
many complex high-level tasksthroughthecollective actionsof lower-level agents.
Oneof themostcharacteristicof thesetasksis therobustconstructionof large-scale,
complicatedstructures,despitetheinsects'own smallsizeandlimited complexity. A
correspondingresearchpursuit is theengineeringof multi-robot systemsthatbuild
speci�c desiredstructures,while retainingadvantageousfeaturesof the insectsys-
temsthat inspirethem(�e xibility , robustness,etc.).Thepossibleusesfor structure-
building teamsof robotsaremany andfar-ranging,from automatingtheproduction
of low-costhousingto allowing constructionandrelatedactivities in settingswhere
humanpresenceis dangerousor problematic.This latter classin turn rangesfrom
usesin disasterareas,to theconstructionof �rst-stagebasesof operationsto await
thearrival of pioneersin, for example,underwateror extraterrestrialenvironments.

In this work, I describethedesignandsimulationof a systemof simple,identi-
cal,autonomousrobotsableto build structuresin theshapeof arbitrarynon-crossing
curvesin thehorizontalplane,by rearrangingblocksof building materialinto desired
shapeson a grid. The shapeis speci�ed compactlyby a high-level geometricpro-
gramstoredin a separatebeacon,which servesasthereferencepoint aroundwhich



2 JustinWerfel

all robotactivity occurs.Robotsreceivetheprogramfor thestructureshapefrom the
beaconat shortrangeduring thecourseof theconstructionproject,andtranslateit
into theappropriatearrangementof blocksvia their behavioral programming.Thus
thesamerobotscanbeusedin any constructionprojectwithoutneedingto berepro-
grammed.Theintendedmethodof operationis to scatterahandfulof genericrobots
in the vicinity of suf�cient building material,placea beaconpreprogrammedwith
the desiredstructuredesign,andlet constructionproceedwithout further interven-
tion. This systemis an exampleof thosefor which the goal is to robustly generate
prespeci�edglobalbehavior from local interactionsamongmyriadunreliablecom-
ponents[1].

1.1 Previouswork

Mostpreviouswork onautonomousconstructionteamshasfocusedonotheraspects
of the problem.In [20], robotsbuild a linear wall out of blocksheld togetherby
Velcroof alternatingpolarity. Their multi-robotsimulationsfocuson thebene�t of
explicit communication,showing thatwhenrobotsbroadcastonebit indicatingthe
polarity of thelastblock placed,thenumberof attemptsto placeblocksof inappro-
priatepolarity is reduced.However, they donotaddresstheissueof specifyingmore
complex structures,nor considermore extensive communicationin their building
strategies.[10] describesa systemof physicalrobotswith force sensorsonly, that
work without explicit cooperationor communicationto clearanareaof material,by
pushingit to theedgesof a graduallyexpandingclearing.[8,9] describeminimalist
approachesto sortingandconstruction,which have theadvantageof simplicity but
are typically slow, probabilistic(relying on the correctionof frequenterrors),and
relatively in�e xible in the rangeof structuresthey can generalizeto building. [5]
outlinesa project whosegoal is robotsthat build 3-D archesandwalls at human
scale;its robotsareintendedto work independentlyratherthancollaboratively, and
its primaryconcernis with mechanicalengineeringconsiderations,with noreference
to thequestionof controllinghigh-levelbuilding design.Its approachis thatof [3,4],
whosesimulationsconsiderthe inverseproblemof studyingthekindsof structures
thatresultfrom differentsimplerulesfor agentbehavior, but donotaddresstheissue
of generatingprespeci�edhigh-level structures.

A relatedtopic is the regulationof formationsof agents.Suchapproachescan
beapplieddirectly to constructionif building blocksthemselvesaremobile robots.
Someapproachesto formationcontrolrequirecontinuousglobalknowledgeaboutall
agents,and/oruserintervention[2,6,15]; otherscangeneratecrystallineformations,
but do not lend themselvesto the designof high-level forms [14]; recon�guration
algorithmsfor modularrobotscreatetwo- or three-dimensionalformsout of agents
whicharenot arbitrarilymobile,but remainalwaysin contactwith oneanother[18,
19].

In contrastto thepreceding,thiswork focusesonasystemof mobilerobotswith
local knowledgeandlocal interagentcommunication.Thesearrangepassive build-
ing materialsin thehorizontalplaneinto arbitrarynon-crossingcurves,whichcanbe
easilyprespeci�edby theuser. Mobility andstructuralrequirementsareseparated,
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allowing the designof eachclassof elementsto be specialized,the moresophisti-
catedelements(robots)to bereusedfor multiple projects,andthepassive elements
(building materials,whichafterinstallationneednevermoveagain)to beof minimal
manufacturingdif�culty andcost.

2 Componentcapabilities

Objectsin theworld of this systemaremobile robots,a �x edbeacon,andpassive,
movableblocks,all of whichareinitially scatteredat randomover theworkspace.

Robotsareassumedto possessthefollowing abilities:move in any directionun-
lessobstructed,anddetectif intendedmovementin a direction is impededdueto
someobstacle;pick up, carry, andput down blocks(carryinga block may increase
the `footprint' a robot occupies,which in turn may affect how it mustplan trajec-
toriesin somecases);recognizeblocksandotherrobotswhencloseto them(in the
simulationsdescribedhere,̀ close'wasfour body-lengths);communicatewith other
robotswithin thatdistance,exchanginginformationandcommands;anddetectand
evaluatethe directionandstrengthof a signalemittedby the beacon.With the ex-
ceptionof that latter long-distancesignal,robotsarerestrictedto local information
abouttheir immediatesurroundingsonly.

Thebeaconbroadcastsalong-range,low-bandwidthsignalwhichcanbedetected
by robotsfrom anywherein theworkspace.It cannotobtainlong-distanceinforma-
tion aboutthestatusof robotsor theprogressof thetask;thustheprimaryutility (and
motivation)of thebroadcastis asa referenceto orientto. Thebeaconcancommuni-
catewith robotsthatarenearenough,just asthey communicatewith eachother.

Blocksin thisworkaretakento beidentical,sothatrobotsneednotbeconfronted
with theadditionalproblemof determininghow to manipulateheterogenousblocks
in varyingcircumstances.

3 Methods

The simulationwas written in Swarm, a free objective-C-basedsystemavailable
at http://www.swarm.org . Many detailsof the modelweresimpli�ed away
for this preliminarystudy. Most immediately, the simulationtook placeon a two-
dimensionalcellular grid; thus robotsand blocks eachoccupiedexactly one cell,
robotswererestrictedto move in thefour cardinaldirections,andissuesof �ne po-
sitionadjustmentweresidestepped.

Beforedeploymentof thesystem,thebeaconis programmedwith thedesignfor
the desired�nal structure.This programtakes the form of a list of corners;each
speci�es its distancefrom the beacon,the angle(positive or negative) to the next
corner, andwhetherawall betweenthetwo is to bestraight,curved(perpendicularto
thesignalgradienteverywhere),orabsentaltogether(Fig.1A). Suchalist completely
speci�esthestructure'sgeometry, thoughnot its orientation;if robotsor thebeacon
areequippedwith acompass,additionallyestablishingadesiredbuilding orientation
is trivial.
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for all-corners:
  wall-type = straight;
  angle-to-next-corner =

for odd-numbered-corners:
  distance-from-beacon = 26;
for even-numbered-corners:
  distance-from-beacon = 18;

number-of-corners = 10;

    2*pi/number-of-corners;

(A)

Fig. 1. Exampleof a structureprogramandsnapshotsof several stepsin theconstructionof
theassociatedstructure.A: pseudocodeprogramfor astar-shapedbuilding. B-F: stagesin the
constructionof thatbuilding. B: initial state,with blocks(white) androbots(green)scattered
randomly, andbeacon(not shown) at center. C: First the robotsclear a spaceto work. D:
Somerobotstake on therole of embodyingcorners(brown) andbegin to localizethemselves
accordingto thebuilding program.E: Whencornersareplaced,theremainingrobotsbegin to
build walls betweenthem.F: Final structure(only blocksandcornersshown).

done_clearing
collect seal off

clearing
be_corner

Fig. 2. FSMfor behavioral mode.Robotsstartin theclearingstate.

3.1 Robot behavior

Thealgorithmtherobotsfollow canbedescribedasfollows(alsoseeFig.1).A �nite
statemachine(FSM) speci�eseachrobot'shigh-level behavioral mode(Fig. 2). All
robotsstartin clearingmode:they follow thesignalto thebeacon(noting its posi-
tion), thenspiraloutwards.If a robotencountersa block at any point alongtheway,
it picks it up andcarriesit directly outward until the signalstrengthfrom the bea-
confalls below someprede�nedthreshold;therobot thenreturnsto thebeaconand
repeatsthe process.If, while spiralingout, it reachesthat signal thresholdwithout
encounteringany blocks,or if it encountersa robotin any modeotherthanclearing,
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the robotentersdoneclearingmode:it spiralsbackinwards,in theoppositedirec-
tion to increasethenumberof clearingrobotsencountered,to bring theentirerobot
populationonwardto thesamemodeandavoid theproblemof having somerobots
working on building the structurewhile otherswork just ashard to clear it away.
Uponreachingthebeacon,thedoneclearingrobotreceivesa new assignment.

The beaconcontainsthe programfor a C-cornerstructure,asdescribedabove.
The�rst C robotsthatcometo it in doneclearingmodeareassignedto actassucces-
sive numberedcorners,andenterbe cornermode.The�rst of thesemovesoutward
from thebeaconto theappropriateradius,usingodometryandbeaconsignalstrength
to estimatedistance,andimmobilizesitself there.Eachsucceedingcorneris speci-
�ed in relationto thepreviousone;thecorrespondingrobotcirclesat theradiusof its
predecessor, until it �nds thatpreviousrobot�x edin its �nal location,or encounters
anotherrobotthatknowsthatlocation;it thencalculatesits own destinationlocation
on thatbasis1, andgoesandimmobilizesitself there.

A robot after the �rst C that reachesthe beaconreceives the building design,
randomlychoosesa pair of successive cornersbetweenwhich a wall is to bebuilt,
and enterscollect mode:First it must know the locationsof its selectedcorners,
which it �nds eitherby seekingthemout itself or by beingtold their locationsby
robotsit encounterswhich alreadyknow. During this stageit circlesin theopposite
directionto otherrobots,againto increasetherateof uniqueencounters.Next, it goes
out beyondtheoutskirtsof theclearedareato �nd a block, takesit to the�rst of its
two corners,andfollowstheline betweenthetwo (straightor curvedasappropriate)
until it �nds avalid unoccupiedpositionto placeits block.It doesthisby calculating
the locationof thenearestpoint to itself on thedesiredwall, i.e., theperpendicular
to theline or arcconnectingthetwo corners,basedon theknown positionsof those
cornersandthetypeof wall desired.It thenmoveswithin sensorrangeandlooksto
seeif thatcell is occupied.2 If not,it goesonto try to placetheblockthere;otherwise,
it movesalongthe directionof the desiredwall, andwill checkthe corresponding
new perpendicularlocationon thenext timestep.

Robotsrepeatthis processuntil they reachthe secondcornerwithout �nding
a placethat needsa block, at which point they enterseal mode;they returnback
alongthewall to the�rst corner, makingsurethereareno gapsthey missedthe�rst
time. More elaboratefutureversionsof thesystemmight have robots,for instance,

1Note that eachrobot mustby necessitymaintainits own privatecoordinatesystem.In
general,eachrobot's coordinatesystemmay permissiblydiffer from thoseof the othersby
rotation,translation,andscaling;commonreferencepointscanbeused,whenever two robots
exchangeinformation,to calculatetheappropriatelinear transformationsto convert between
thetwo systemsfor thatinterchange.Seealsothediscussionon localizationin x4.

2In the presentinstantiation,robotsdo not distinguishbetweenoccupationby carried
blocks, placedblocks, or other robots; this may lead to temporarybypassingof locations
that would have openedup a few time stepslater whenthe blocking robot moved on, but it
alsohelpsavoid traf�c jams(the robot in the way may in turn be waiting for the �rst robot
to getout of its own way so it canleave thearea),andthegapcanbe�lled in duringa later
passby any robot;also,distinguishingbetweencarriedandplacedblockswould requiremore
sophisticatedidenti�cation capabilitiesin a hardwareimplementationof this system.
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spraysomesealantover the blocks for airtightnessduring this stage.If the robot
�nds a gap,it �lls it with a block andreturnsto collectmode;if it reachesthe �rst
cornerstill in sealmode,it recordsthat wall ascompleted,reenterscollect mode,
andchoosesanotherpair of cornersto work on the wall between,until in the end
it haspersonallyveri�ed thatall walls speci�edby thebuilding programhave been
completed.At thatpoint, therobotentersoff mode:it headsaway from thebeacon
to the outskirtsof the workspace,to avoid interferingwith any otherconstruction
that may still be ongoing,andceasesto be active. In morecomplicatedsituations,
whereotherconstructiontasksonotherpartsof amorecomplex buildingstill remain,
or the structureis subjectto damageand requiresconstantmaintenance,etc., the
appropriatebehavior would beto continueto collectratherthanturningoff.

Additions to this basicalgorithmhandlespecialsituations.If a robot wantsto
placea blocksomewherebut is preventedfrom doingsofor too long, it will giveup
andmove on. An robot unableto move at all for too long will sendout a signalto
all robotswithin range,on receiptof which robotswill shuf�e aroundat randomfor
several time steps,in thehopesof breakingup a traf�c jam if thatwascausingthe
problem(ascanoccurwhenmorethana few robotsareat work in thesamearea).

While robotsarecapableof locatinggapsin andaddingblocksto a wall from
eitherside,their behavioral algorithmfavors constructionfrom thesideaway from
thebeacon,andthesupplyof freeblocksis locatedon theoutskirtsof thebuilding
area.Consequently, in complicatedstructureswith cornersat different radii, early
completionof the more outlying walls can interferewith subsequentwork on the
innerones.Thisproblemis materiallyavoidedby having robotschoose�rst to work
on walls adjoining the structure's smallest-radiuscornersbeforethey move on to
thoseof larger radius.Otherexceptionsto thebasicalgorithmabove respondto an
environmentthat may changein signi�cant ways betweenthe time whena robot
beginsanactionandthelatertimewhenit completesit; for example,arobotheading
to claim a block which anotherpicksup beforethe �rst reachesit will returnto its
previousgoalandcontinueto search.

4 Resultsand discussion

By changingthegeometricprogramstoredin thebeacon,thesystemcanquickly and
easilybemadeto producea wide varietyof 2-D structureswith non-crossingwalls.
Fig. 3 showsseveralexamples,giving asampleof thesystem's �e xibility andrange.
Thetime courseof constructionwith thesamebuilding programbut differentinitial
conditionswassimilaracrossrunswith independentrandomseeds(Fig. 4A).

A distributedsystemmay derive its effectivenesssimply from its intrinsic par-
allelism;or it may take advantageof explicit cooperationbetweenmultiple agents.
Thesystemdescribedheretakestheformerapproach,for themostpart,with robots
largely ignoring one anotherwhile going about their behaviors. We might then
nä�vely expectthe building taskto be completed,for an N -robot system,in 1/N th
the time it would take a single robot. However, this incrementaladvantageis di-
minishedasthenumberof robotsincreases,sinceany taskhasa limit to how many
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Fig. 3. Different structureprogramscan direct the systemto build a variety of shapes(in
this setof examples,themarshmallow shapesof GeneralMills' sLucky Charmscereal).Only
blocks(coloredaccordingto marshmallow shape)androbotsactingascorners(brown) are
shown. All simulationswereconductedona 100� 100 latticewith a teamof 30 robots.

agentscanusefullycontributeto its completionat onetime,androbotsbegin to get
in oneanother's way (Fig. 4B, C). Communicationbetweenagents,in general,can
helpreducesuchinterference[20]. Here,communicationwasusefulfor alleviating
traf�c jams,in that robotsunableto move for too long signaledany nearbyto shuf-
�e their positions,oftenbreakingimpasses;for coordinatingtheoperatingmode,to
keeprobotsfrom working in directopposition(e.g.,onebringingblocksin, another
clearingthemaway);andfor �nding thelocationsof corners,which robotsobtained
morequickly throughtheteam'sdistributedsearchthanthey would havealone.3

A further advantageof communicationcould be usedto addressan important
limitation of thismodel,thedif�culty in realsystemsof localization.Odometryalone
is unreliable,assensorsarenoisy, actuatorsare imperfect,andan isolatedrobot's
estimateof positionbecomesincreasinglyunreliableaserrorsaccumulate.Methods
have beendevelopedfor individual robotsfor slowing [13] andbounding[17] this
drift. Whatis more,themulti-robotnatureof thesystemcanitself betakenadvantage
of; robotsexchangepositionandorientationestimateswhenever they encounterone
another, andusingthe informationprovidedby theother, eachcanimprove its own
estimateto obtaina signi�cant decreasein uncertainty[12]. The ubiquitoussignal

3Functionswhich, like the latter two examples,are fundamentallyglobal could poten-
tially befurtherfacilitatedvia appropriatemodulationof thebeaconbroadcast,on thebasisof
informationrobotscarryto thebeaconduringthecourseof construction.
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Fig. 4. Aggregatedresultsfrom many independentrunsbuilding thediamondshown in Fig. 3.
A: For 30 robots,numberof blocks placedby robotsas part of the structure(not simply
droppedat the peripheryafter beingclearedaway) asa function of time, for 10 runs with
different randomseeds.The variation in �nal numbersis dueto occasionalremaininggaps
andblocksextraneouslyplaced,asarevisible in Fig. 3.
B, C: Interferencebetweenrobotsaffectsnumberof extraneousblocksplacedandproportional
time takento completethetask.With N robotsandC = 4 corners,(N � C) is thenumber
of robotsavailableto manipulateblocksafter theclearingstages.Eachdatapoint represents
10 runs.B: Total numberof blocksplacedaspartof thestructure.C: Time betweenwhenthe
�rst block of thestructurewasplacedandthatwhen95%of all suchblockshadbeenplaced,
multipliedby (N � C). For fewer thanabout40 robots,interferencewassmallor negligible.

from thebeaconwill provide anothercuethat canbe usedto improve the position
estimate;andthebeaconitself,and(oncein position)therobotsthatembodycorners,
represent�x ed landmarksthat a robot canuseto correctits estimatewhenever it
comesnearthem,which it will do frequentlyin thecourseof construction.

A clearmotivation for the useof distributedsystemsin generalis to improve
robustness.While this issuehasnot yet beenstudiedin thesesimulations,we can
discusshow this systemwould withstandcomponentfailure,andhow its response
could be improved in thosecaseswherethe instantiationdescribedherewould do
poorly.

� Lossof individual unspecializedrobots(i.e., thosenot actingascorners)would
have no signi�cant effect; becausethey areinterchangeableandworking inde-
pendently, lossof oneor severalwould slow constructioncomparatively little.

� The lossof corner-robotswould bemoreproblematic,andwithout someadded
systemresponse,constructioncouldhalt.To dealwith therisk of lossof acorner-
robotbeforeit hadfoundits �nal destination,a suf�cient approachwould beto
specifythatif arobotcirclestoomany timeswithout�nding thecornerit seeks,it
takeson thetaskof embodyingthatcornerfor itself (�rst returningto thecenter
to notify the beacon,so that if it hadpreviously beentasked with embodying
anothercorner, thattaskcanbereassigned).If, onthewayto embodyingacorner,
a robotencountersanotheronethathasalreadyplanteditself at theappropriate
locationasthatcorner(or if it learnsof sucharobotfrom athird party),it reverts
to actingasanunspecializedrobot.As for corner-robotsthatfail afterpositioning
themselves,theseshouldnotposeasigni�cant threatto thetask,sinceall corner-



Building Blocksfor Multi-RobotConstruction 9

robotsmustdois actasalandmark;if anotherrobotcomeslookingfor thatcorner
and�nds arobotwhichis in therightplacebutnotcommunicating,thenewcomer
needonly rely on its own sensorsratherthanthe corner-robot's accountof its
location,andtheonly costis a possibleincreasein positionaluncertaintyin the
vicinity of thatcorner.

� Lossof thebeaconat �rst seemsmorefatalstill; without its signalasa constant
reference,robotswill have to rely on their positionestimatesalonein planning
trajectories,andthe�nal constructionwill bemoreirregularatbest,incompleteat
worst.Moreover, if thebeaconis lost earlyenough,cornersmaygo unassigned,
thebuilding programmayneverbecommunicatedto therobots,androbotsmay
have no commonbasiseven for a positionestimate.A more robust approach,
then,would be to build thepotentialto act asa beaconinto eachrobot.Rather
thanhaving therobotsreceivethebuilding programin thecourseof construction,
they could receive it beforebeingdeployed,whenall areclosetogether, via a
generalbroadcast.Then,atthestartof theconstructionprocessbeforeany beacon
hasyet existed,eachrobotcanchooseto becomea beaconat randomwith low
probabilityperunit time;assoonasonedoes,theothersorientto it andbegin the
constructionprocessasbefore.If thebeaconlaterfails,thelossof thelong-range
signalleadstheotherrobotsto put their currenttasksasideandheadfor where
it hadbeen;whichever �rst getscloseenoughlocatesthepreviousbeacon,takes
its place,andadoptsthebeacon's role from thatpoint on while theotherrobots
returnto work.

In thisreport,I havedescribedamodelsystemwhichin simulationallowshighly
�e xible constructionof 2-D structures,speci�ed in a simple high-level geometric
language,through the distributed actionsof many identical, autonomousrobots.
A straightforward extensionof this approachcould achieve structuresof multiple
closedroomsor wherecornerscanbeendpointsof morethantwo walls; fully three-
dimensionalstructures,a greaterchallenge,areits ultimateaim.Thehigh-level fea-
turesof thesystemdescribedheremaybeusefulto considerin designof hardware
implementationsof robotsintendedfor autonomousconstructionprojects[5], aswell
asstudiesof tasksrequiringexplicit cooperationbetweenmultiple robots[7], het-
erogenousteamsof robots[7,11],andotherrelatedwork andits futuredevelopment.
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