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Summary. Onenotablecapabilityof socialinsectcoloniesthathastraditionallyinspireddis-

tributedrobotsystemss their constructioractiity. In thispaper| describeasystenof simple,
identical,autonomousobotsableto build two-dimensionaktructureof arbitrarydesignby

rearrangindlocksof building materialinto desiredshapesStructuredesignis speci edcom-
pactly as a high-level geometricprogram;robotstranslatethis programinto physicalform

via their x edbehaioral programmingRobotsareinterchangeablbothwithin andbetween
constructiorprojectsandneednotbeindividually reprogrammetetweerdissimilarprojects.
Sucha constructionteamcould be usedasthe rst stagein a systemfor remotebuilding of

structureslaying outthe oor planthata moresophisticatedystemcould extendupwards.

1 Intr oduction

A primary inspirationfor distributed multi-robot systemss the setof ordersof so-
cial insects notablyants,termites,andbeeswhoseswarmsor coloniesaccomplish
mary complec high-level tasksthroughthe collective actionsof lower-level agents.
Oneof themostcharacteristiof thesetasksis therobustconstructiorof large-scale,
complicatedstructuresgespiteheinsects'own smallsizeandlimited complexity. A
correspondingesearctpursuitis the engineeringof multi-robot systemsthat build
speci c desiredstructureswhile retainingadwantageou$eaturesof the insectsys-
temsthatinspirethem( e xibility, robustnessetc.). The possibleusesfor structure-
building teamsof robotsaremary andfarranging,from automatinghe production
of low-costhousingto allowing constructiorandrelatedactiities in settingswhere
humanpresencds dangerousr problematic.This latter classin turn rangesfrom
usesin disasterareasjo the constructionof rst-stage basesf operationgo await
thearrival of pioneerdn, for example,undervateror extraterrestriakrvironments.
In thiswork, | describethe designandsimulationof a systemof simple,identi-
cal,autonomousobotsableto build structuresn theshapeof arbitrarynon-crossing
curvesin thehorizontalplane by rearrangindlocksof building materialinto desired
shapeson a grid. The shapeis speci ed compactlyby a high-level geometricpro-
gramstoredin a separatdeaconwhich senesasthereferencepoint aroundwhich



2 JustinWerfel

all robotactivity occurs.Robotsreceve the programfor the structureshapdrom the
beaconat shortrangeduring the courseof the constructionproject,andtranslateit
into the appropriatearrangemendf blocksvia their behaioral programmingThus
thesamerobotscanbeusedin any constructiorprojectwithout needingo berepro-
grammedTheintendedmethodof operations to scattera handfulof genericrobots
in the vicinity of sufcient building material,placea beaconpreprogrammedvith
the desiredstructuredesign,andlet constructionproceedwithout further interven-
tion. This systemis an exampleof thosefor which the goalis to robustly generate
prespeci edglobal behaior from local interactionsamongmyriad unreliablecom-
ponentq1].

1.1 Previouswork

Most previouswork on autonomousgonstructiorteamshasfocusedon otheraspects
of the problem.In [20], robotsbuild a linear wall out of blocks held togetherby
Velcro of alternatingpolarity. Their multi-robot simulationsfocuson the bene t of
explicit communicationshowving thatwhenrobotsbroadcasbnebit indicatingthe
polarity of thelastblock placed the numberof attemptso placeblocksof inappro-
priatepolarity is reducedHowever, they do notaddressheissueof specifyingmore
comple structureshor considermore extensve communicationin their building
stratgyies.[10] describesa systemof physicalrobotswith force sensorsonly, that
work without explicit cooperatioror communicatiorto clearanareaof material by
pushingit to the edgesof a graduallyexpandingclearing.[8, 9] describeminimalist
approache$o sortingandconstructionwhich have the advantageof simplicity but
aretypically slow, probabilistic(relying on the correctionof frequenterrors),and
relatively in e xible in the rangeof structureshey cangeneralizeto building. [5]
outlinesa projectwhosegoal is robotsthat build 3-D archesandwalls at human
scale;its robotsareintendedto work independentlyatherthancollaboratvely, and
its primaryconcerris with mechanicaéngineeringonsiderationsyith noreference
to the questiorof controllinghigh-level building design Its approachs thatof [3,4],
whosesimulationsconsiderthe inverseproblemof studyingthe kinds of structures
thatresultfrom differentsimplerulesfor agentbehaior, but donotaddressheissue
of generatingorespeci edhigh-level structures.

A relatedtopic is the regulation of formationsof agents.Suchapproachesan
be applieddirectly to constructionif building blocksthemselesaremobile robots.
Someapproache® formationcontrolrequirecontinuougylobalknowledgeaboutall
agentsand/oruserintervention[2, 6,15]; otherscangeneraterystallineformations,
but do not lend themselesto the designof high-level forms [14]; recon guration
algorithmsfor modularrobotscreatetwo- or three-dimensiondbrms out of agents
which arenot arbitrarily mobile, but remainalwaysin contactwith oneanothef18,
19].

In contrasto the precedingthis work focuseson a systemof mobilerobotswith
local knowledgeandlocal interagenttommunicationThesearrangepassve build-
ing materialsn thehorizontalplaneinto arbitrarynon-crossingurves,which canbe
easily prespeci edby the user Mobility andstructuralrequirementsre separated,
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allowing the designof eachclassof elementdo be specializedthe more sophisti-
catedelementqrobots)to be reusedior multiple projects,andthe passie elements
(building materialswhich afterinstallationneednever move again)to be of minimal

manufcturingdif culty andcost.

2 Componentcapabilities

Objectsin the world of this systemare mobile robots,a x ed beaconandpassie,
movableblocks,all of which areinitially scattereditrandomovertheworkspace.

Robotsareassumedo possesshefollowing abilities:movein arny directionun-
lessobstructed and detectif intendedmovementin a directionis impededdueto
someobstaclepick up, carry, and put down blocks(carryinga block may increase
the “footprint' a robot occupieswhich in turn may affect how it mustplan trajec-
toriesin somecases)recognizeblocksandotherrobotswhencloseto them(in the
simulationsdescribechere, close'wasfour body-lengths)communicatevith other
robotswithin that distance gxchanginginformationandcommandsanddetectand
evaluatethe directionand strengthof a signalemittedby the beaconWith the ex-
ceptionof that latter long-distancesignal,robotsarerestrictedto local information
abouttheirimmediatesurrounding®nly.

Thebeacorbroadcastalong-rangelow-bandwidthsignalwhich canbedetected
by robotsfrom anywherein the workspacelt cannotobtainlong-distancenforma-
tion aboutthe statusof robotsor theprogres®f thetask;thusthe primaryutility (and
motivation) of the broadcasis asareferencdo orientto. The beacorcancommuni-
catewith robotsthatarenearenoughjustasthey communicatevith eachother

Blocksin thiswork aretakento beidentical,sothatrobotsneedhotbeconfronted
with the additionalproblemof determininghow to manipulateheterogenoublocks
in varying circumstances.

3 Methods

The simulationwas written in Swarm, a free objective-C-basedsystemavailable
at http://www.swarm.org . Many detailsof the modelwere simpli ed away
for this preliminary study Most immediately the simulationtook placeon a two-
dimensionalcellular grid; thus robotsand blocks eachoccupiedexactly one cell,
robotswererestrictedto move in the four cardinaldirections,andissuesof ne po-
sition adjustmentveresidestepped.

Beforedeploymentof the systemthebeacoris programmedvith thedesignfor
the desired nal structure.This programtakesthe form of a list of corners;each
speci esits distancefrom the beaconthe angle (positive or negative) to the next
corner andwhetherawall betweerthetwo is to bestraight,curved(perpendiculato
thesignalgradienieverywhere)pr absentltogethefFig. 1A). Suchalist completely
speci esthe structures geometrythoughnotits orientation;if robotsor thebeacon
areequippedvith acompassadditionallyestablishinga desiredbuilding orientation
is trivial.
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(G

number-of-corners = 10;
for all-corners:
wall-type = straight;
angle-to-next-corner =
2*pi/number-of-corners;
for odd-numbered-corners:
distance-from-beacon = 26;
for even-numbered-corners:
distance-from-beacon = 18;

Fig. 1. Exampleof a structureprogramandsnapshot®f several stepsin the constructionof
theassociatedtructure A: pseudocoderogramfor a starshapeduilding. B-F: stagesn the
constructiorof thatbuilding. B: initial state with blocks(white) androbots(green)scattered
randomly and beacon(not shawvn) at center C: First the robotsclear a spaceto work. D:
Somerobotstake on therole of embodyingcornerg(brown) andbegin to localizethemseles
accordingo thebuilding program.E: Whencornersareplaced theremainingrobotsbegin to
build walls betweerthem.F: Final structure(only blocksandcornersshawn).
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Fig. 2. FSMfor behaioral mode.Robotsstartin the clearingstate.

3.1 Robot behavior

Thealgorithmtherobotsfollow canbedescribedsfollows (alsoseeFig. 1). A nite

statemachine(FSM) speci eseachrobot's high-level behaioral mode(Fig. 2). All

robotsstartin clearingmode:they follow the signalto the beacon(noting its posi-
tion), thenspiral outwards.If arobotencounters block atany pointalongtheway,
it picksit up andcarriesit directly outward until the signalstrengthfrom the bea-
confalls belov someprede nedthresholdthe robotthenreturnsto the beacorand
repeatshe processlf, while spiralingout, it reacheghat signalthresholdwithout
encounteringry blocks,or if it encountergarobotin ary modeotherthanclearing,
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therobotentersdoneclearing mode:it spiralsbackinwards,in the oppositedirec-
tion to increasehe numberof clearingrobotsencounteredp bring the entirerobot
populationonwardto the samemodeandavoid the problemof having somerobots
working on building the structurewhile otherswork just ashardto clearit avay.
Uponreachingthebeaconthe doneclearingrobotreceivesanew assignment.

The beaconcontainsthe programfor a C-cornerstructure asdescribedabove.
The rst C robotsthatcometo it in doneclearingmodeareassignedo actassucces-
sive numberedcornersandenterbe cornermode.The rst of thesemovesoutward
fromthebeacorto theappropriateadius,usingodometryandbeacorsignalstrength
to estimatedistance andimmobilizesitself there.Eachsucceedingorneris speci-

ed in relationto thepreviousone;thecorrespondingobotcirclesattheradiusof its
predecessountil it nds thatpreviousrobot x edin its nal location,or encounters
anotherobotthatknows thatlocation;it thencalculatests own destinatiorlocation
onthatbasi¢, andgoesandimmobilizesitself there.

A robot after the rst C that reacheghe beaconrecevesthe building design,
randomlychoosesa pair of successie cornershetweenwhich awall is to be built,
and enterscollect mode: First it mustknow the locationsof its selectedcorners,
which it nds eitherby seekingthemout itself or by beingtold their locationsby
robotsit encountersvhich alreadyknow. During this stageit circlesin the opposite
directionto otherrobots,againto increasdherateof uniqueencounterdNext, it goes
out beyondthe outskirtsof the clearedareato nd ablock, takesit to the rst of its
two cornersandfollowstheline betweerthetwo (straightor curvedasappropriate)
until it nds avalid unoccupiegositionto placeits block. It doesthis by calculating
thelocationof the nearespoint to itself on the desiredwall, i.e., the perpendicular
to theline or arc connectinghetwo cornerspasedon the known positionsof those
cornersandthetype of wall desiredIt thenmoveswithin sensorangeandlooksto
sedf thatcellis occupied? If not, it goesontotry to placetheblockthere;otherwise,
it movesalongthe directionof the desiredwall, andwill checkthe corresponding
new perpendiculafocationon the next time step.

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 elaboratduture versionsof the systemmight have robots,for instance,

INote that eachrobot mustby necessitymaintainits own private coordinatesystem.In
general,eachrobot's coordinatesystemmay permissiblydiffer from thoseof the othersby
rotation,translation andscaling;commonreferencepointscanbe used when&er two robots
exchangenformation,to calculatethe appropriatdinear transformationgo corvert between
thetwo systemdor thatinterchangeSeealsothe discussioron localizationin x4.

2In the presentinstantiation,robots do not distinguishbetweenoccupationby carried
blocks, placedblocks, or other robots;this may lead to temporarybypassingof locations
thatwould have openedup a few time stepslater whenthe blocking robot moved on, but it
alsohelpsavoid trafc jams(the robotin the way may in turn be waiting for the rst robot
to getout of its own way soit canleave the area),andthe gapcanbe lled in duringa later
passby ary robot;also,distinguishingbetweercarriedandplacedblockswould requiremore
sophisticateddenti cation capabilitiesin a hardwareimplementatiorof this system.
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spray somesealantover the blocks for airtightnessduring this stage.If the robot
nds agap,it lls it with ablock andreturnsto collect mode;if it reacheghe rst
cornerstill in sealmode,it recordsthatwall ascompletedreenterscollect mode,
and choosesanotherpair of cornersto work on the wall between,until in the end
it haspersonallyveri ed thatall walls speci ed by the building programhave been
completed At thatpoint, the robot entersoff mode:it headsaway from the beacon
to the outskirtsof the workspaceto avoid interferingwith any other construction
that may still be ongoing,andceasego be active. In more complicatedsituations,
whereotherconstructiortaskson otherpartsof amorecomplex building still remain,
or the structureis subjectto damageand requiresconstantmaintenanceetc., the
appropriatedoehaior would beto continueto collectratherthanturning off.

Additions to this basicalgorithm handlespecialsituations.If a robotwantsto
placeablock someavherebut is preventedfrom doingsofor toolong, it will give up
andmove on. An robotunableto move at all for too long will sendout a signalto
all robotswithin range on receiptof which robotswill shufe aroundatrandomfor
severaltime steps,in the hopesof breakingup atrafc jamif thatwascausingthe
problem(ascanoccurwhenmorethanafew robotsareat work in the samearea).

While robotsare capableof locatinggapsin andaddingblocksto a wall from
eitherside, their behaioral algorithmfavors constructionfrom the side away from
thebeaconandthe supplyof free blocksis locatedon the outskirtsof the building
area.Consequentlyin complicatedstructureswith cornersat differentradii, early
completionof the more outlying walls caninterferewith subsequentvork on the
innerones.This problemis materiallyavoidedby having robotschooserst to work
on walls adjoining the structure$ smallest-radiusornersbeforethey move on to
thoseof largerradius.Otherexceptionsto the basicalgorithmabove respondo an
ervironmentthat may changein signi cant ways betweenthe time whena robot
beginsanactionandthelatertime whenit completest; for example,arobotheading
to claim a block which anotherpicks up beforethe rst reachest will returnto its
previousgoalandcontinueto search.

4 Resultsand discussion

By changinghegeometrigorogramstoredin thebeaconthe systemcanquickly and
easilybe madeto producea wide variety of 2-D structureswith non-crossingvalls.
Fig. 3 shavs severalexamplesgiving a sampleof the systems$ e xibility andrange.
Thetime courseof constructionwith the samebuilding programbut differentinitial

conditionswassimilar acrosgunswith independentandomseedgFig. 4A).

A distributed systemmay derive its effectivenesssimply from its intrinsic par
allelism; or it may take advantageof explicit cooperatiorbetweemmultiple agents.
The systemdescribecheretakesthe formerapproachfor the mostpart, with robots
largely ignoring one anotherwhile going abouttheir behaiors. We might then
navely expectthe building taskto be completedfor anN -robot system,in 1/N th
the time it would take a single robot. However, this incrementaladvantageis di-
minishedasthe numberof robotsincreasessinceary taskhasalimit to how mary
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Fig. 3. Different structureprogramscan direct the systemto build a variety of shapeqin
this setof examplesthe marshmallav shape®f GeneraMills' s Lucky Charmscereal).Only
blocks (coloredaccordingto marshmallev shape)androbotsacting ascorners(browvn) are
shavn. All simulationswvereconductecbna100 100 latticewith ateamof 30 robots.

agentscanusefully contributeto its completionat onetime, androbotsbegin to get
in oneanothers way (Fig. 4B, C). Communicatiorbetweenagentsjn generalcan
help reducesuchinterferencg20]. Here,communicatiorwasusefulfor alleviating

trafc jams,in thatrobotsunableto move for too long signaledany nearbyto shuf-
e their positions,oftenbreakingimpassesfor coordinatingthe operatingmode,to

keeprobotsfrom working in directopposition(e.g.,onebringingblocksin, another
clearingthemaway); andfor nding thelocationsof cornerswhich robotsobtained
morequickly throughtheteams distributedsearcrhthanthey would have alone?

A further advantageof communicationcould be usedto addressan important
limitation of thismodel,thedif culty in realsystem®f localization.Odometryalone
is unreliable,as sensorsare noisy, actuatorsare imperfect,and an isolatedrobot's
estimateof positionbecomesncreasinglyunreliableaserrorsaccumulateMethods
have beendevelopedfor individual robotsfor slowing [13] andbounding[17] this
drift. Whatis more themulti-robotnatureof the systencanitself betakenadvantage
of; robotsexchangepositionandorientationestimatesvheneverthey encounteone
anotheyandusingthe informationprovided by the other eachcanimprove its own
estimateto obtaina signi cant decreasén uncertainty[12]. The ubiquitoussignal

3Functionswhich, like the latter two examples,are fundamentallyglobal could poten-
tially befurtherfacilitatedvia appropriatenodulationof thebeacorbroadcaston thebasisof
informationrobotscarryto the beacorduringthe courseof construction.
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Fig. 4. Aggregatedresultsfrom mary independentunsbuilding thediamondshavn in Fig. 3.
A: For 30 robots,numberof blocks placedby robotsas part of the structure(not simply
droppedat the peripheryafter being clearedaway) as a function of time, for 10 runswith
differentrandomseedsThe variationin nal numbersis dueto occasionafemaininggaps
andblocksextraneouslyplacedasarevisiblein Fig. 3.

B, C: Interferencdetweemnrobotsaffectsnumberof extraneoublocksplacedandproportional
time takento completethetask.With N robotsandC = 4 corners(N  C) is thenumber
of robotsavailableto manipulateblocksafter the clearingstagesEachdatapoint represents
10runs.B: Total numberof blocksplacedaspartof the structure C: Time betweerwhenthe
rst block of the structurewasplacedandthatwhen95%of all suchblockshadbeenplaced,
multipliedby (N C). For fewerthanabout40 robots,interferencevassmallor negligible.

from the beaconwill provide anothercuethatcanbe usedto improve the position
estimateandthebeacoritself,and(oncein position)therobotsthatembodycorners,
representx ed landmarksthat a robot can useto correctits estimatewheneer it

comesnearthem,whichit will dofrequentlyin the courseof construction.

A clear motivation for the useof distributed systemsn generalis to improve
robustnessWhile this issuehasnot yet beenstudiedin thesesimulations,we can
discusshow this systemwould withstandcomponenfailure,andhow its response
could be improvedin thosecasesvherethe instantiationdescribecherewould do
poorly.

Lossof individual unspecializedobots(i.e., thosenot actingascorners)would
have no signi cant effect; becausehey areinterchangeablandworking inde-
pendentlylossof oneor severalwould slow constructiorcomparatiely little.
Thelossof cornerrobotswould be moreproblematic.andwithout someadded
systenresponse;onstructiorcouldhalt. To dealwith therisk of lossof acorner
robotbeforeit hadfoundits nal destinationa sufcient approachwould beto
specifythatif arobotcirclestoomary timeswithout nding thecornerit seeksit
takeson thetaskof embodyinghatcornerfor itself ( rst returningto the center
to notify the beacon,so thatif it had previously beentasled with embodying
anotheicorner thattaskcanbereassigned)f, onthewayto embodyingacorner
arobotencounter@anotheronethat hasalreadyplanteditself at the appropriate
locationasthatcorner(or if it learnsof sucharobotfrom athird party),it reverts
to actingasanunspecializedobot.As for cornerrobotsthatfail afterpositioning
themseles,theseshouldnot poseasigni cant threatto thetask,sinceall corner



Building Blocksfor Multi-Robot Construction 9

robotsmustdois actasalandmark;jf anotherobotcomedookingfor thatcorner
and nds arobotwhichis in theright placebut notcommunicatingthenencomer
needonly rely on its own sensorgatherthanthe cornerrobot's accountof its
location,andthe only costis a possibleincreasean positionaluncertaintyin the
vicinity of thatcorner

Lossof thebeacomat rst seemanorefatalsstill; without its signalasa constant
referencerobotswill have to rely on their positionestimatesalonein planning
trajectoriesandthe nal constructiorwill bemoreirregularatbestjncompleteat
worst.Moreover, if the beacoris lost earlyenoughcornersmay go unassigned,
thebuilding programmay never be communicatedo therobots,androbotsmay
have no commonbasiseven for a position estimate.A more robust approach,
then,would be to build the potentialto actasa beaconinto eachrobot. Rather
thanhaving therobotsrecevethebuilding programin the courseof construction,
they could receve it beforebeingdeployed, whenall are closetogethey via a
generabroadcastThen,atthestartof theconstructiomprocesdeforeary beacon
hasyet existed,eachrobotcanchooseto becomea beacorat randomwith low
probabilityperunittime; assoonasonedoes the othersorientto it andbegin the
constructiorprocessasbefore.If thebeaconaterfails, thelossof thelong-range
signalleadsthe otherrobotsto put their currenttasksasideand headfor where
it hadbeen;whichever rst getscloseenoughlocatesthe previousbeacontakes
its place,andadoptsthe beacons role from that point on while the otherrobots
returnto work.

In thisreport,| have describech modelsystemwhichin simulationallows highly

e xible constructionof 2-D structuresspeci ed in a simple high-level geometric
language through the distributed actionsof mary identical, autonomousobots.
A straightforvard extensionof this approachcould achieve structuresof multiple

closedroomsor wherecornerscanbe endpointof morethantwo walls; fully three-
dimensionaktructuresa greaterchallengeareits ultimateaim. The high-level fea-
turesof the systemdescribecheremay be usefulto considerin designof hardware
implementationsf robotsintendedor autonomousonstructiorprojecty5], aswell

as studiesof tasksrequiring explicit cooperatiorbetweenmultiple robots[7], het-
erogenouseamsof robots[7,11], andotherrelatedwork andits futuredevelopment.
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