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Abstract

We describea system in which simple, identi-
cal, autonomousrobotsassembletwo-dimensional
structuresusing prefabricatedmodulesas build-
ing blocks. Modulesare capableof someinfor-
mation processing,enablingthem to sharelong-
rangestructuralinformationandcommunicateit to
robots. This communicationallows arbitrarysolid
structuresto berapidlybuilt usingafew �x ed,local
robotbehaviors. Modulesareidenticalin shapebut
maybe functionallydistinct,with constraintsgov-
erningthelocationof differentclasses.We present
algorithmsfor assemblyof solid structuresof any
shape,both when the layout of moduleclassesis
fully speci�ed in advance, and when functional
constraintsaresatis�edduringthebuildingprocess,
allowing for adaptive structures. This approach
demonstratesa decentralized,autonomous,�e xi-
ble,simple,andadaptiveapproachto construction.

1 Intr oduction
In thispaperwediscussthedesignof asystemfor automated
construction,in which elementsare separatedinto mobile
and structuralcomponents(robotsand modularblocks, re-
spectively). Our approachis to userobotsthat are simple
in capabilitiesandbehavior, andthatcommunicateindirectly
throughinformationstoredin theenvironment;that informa-
tion is embodiedby theblocks,which themselvescancom-
municatewith one anotherwhen attached. Here we focus
on constructionwhen the blocks are identical in shapebut
heterogenousin function,anda givensetof functionalcon-
straintsgovernshow they canbeput together. We �rst show
how speci�c structurescanbebuilt, andthendiscusstheas-
semblyof structureswhichhavenoprespeci�edplanbut sat-
isfy a givensetof constraints.

Our approachrelieson very simpleproceduresandthere-
fore shouldbe practicalfor the complexities anddif�culties
of realrobotsin physicalenvironments.Thelimited require-
mentsfor implementationare that robotsbe able to follow
a perimeter, communicatewith immediatelyadjacentblocks,
andpushtogetherblockswith self-aligningconnectors.Prob-
lems, from unexpectedenvironmentalin�uences to break-

down of somerobots,neednotpreventcompletionof astruc-
ture;temporaryfailuresat any stepcanbecorrected.

Theability to automateconstructionwould be usefulpar-
ticularly in settingswherehumanpresenceis dangerousor
problematic;for instance,robotscouldbeinitially sentto un-
derwater or extraterrestrialenvironments,to createhabitats
to await later humantravelers. Swarm approaches,involv-
ing largernumbersof simplerrobotsratherthanoneor a few
with greatersophistication,have advantagesfor sucha goal,
in particularwith respectto decentralizationandrobustness.
Suchsystemscantypically absorbthe lossof many compo-
nentswithout a signi�cant impacton taskcompletion;simi-
larly, they toleratecomponentsactingin nospeci�edorder, a
usefulquality sinceit is dif�cult to preplanrobotbehavior in
detail in uncertainenvironments.

If blockscanbearbitrarily custom-designedfor particular
structures,then any structurecan be built using only local
rulesfor assembly;a trivial, inef�cient way to do it is to des-
ignatespeci�c blocksfor speci�c locationsin ablueprint,and
engineertheblockssothateachonecanbeattachedsolelyto
theneighboringblocksin thatlayout.1 However, we take the
oppositeapproach,assumingthattheblock typesarede�ned
by theapplication,andourtaskis to work within thoselimits.

An exampleof suchanapplicationis thebuilding of under-
waterstructures(for marineresearch,oil drilling, etc.),where
thebuildingblocksarehigh-levelprefabricatedpodsthateach
�ll oneof severaldistinctandprede�nedroles—living quar-
ters,powergeneration,emergency escapecenters,laboratory
space,etc.Theremaybedesiredconstraintsonwhichclasses
areattachedrelativeto whichotherclasses—forinstance,us-
ing thepreviousexample,wemightwantall living podsto be
locatedin a contiguousblock, or no two airlock podsto be
adjacentto oneanother.

In x2 we review relatedwork, andin x3 describetheprob-
lem we addressandour assumptionsaboutthe system. x4
givesalgorithmsthe systemcanuseto assemblestructures.
x5 coversgeometricconstraintson block placement.x6 and
x7 describestructureswhich are fully prespeci�edor adap-
tive,respectively, andelaborateon thesatisfactionandspeci-
�cation of functionalconstraints.x8 discussesissuesassoci-
atedwith theuseof multiple robots.

1Geometricconstraintswill still restricttheorderin whichblocks
maybeattached,asdiscussedin x5.



2 Relatedwork

Several previous papersaddresstopics relatedto construc-
tion, thoughnot with the goal of producinguser-speci�ed
building designs. For example, [Wawerla et al., 2002;
JonesandMataríc, 2004] study aspectsof the useof com-
municationamongrobots,to increasetheir effectivenesson
tasksinvolving rearrangementof functionally heterogenous
blocks. [Bowyer, 2000] discussesissuesof mechanicalde-
signfor robotsmeantto build arches,towers,andwalls,using
extrudedfoam. [Melhuishet al., 1999] dealswith minimiza-
tion of capabilitiesfor behavior-basedrobotsarrangingpucks
into walls,usingenvironmentalcues.

[Werfel,2004] describesaframework for arrangingblocks
into arbitrarylinesandcurves,speci�edgeometrically;[Ma-
son,2002] describesonein whichstructurescanbespeci�ed
throughthe useof static,global `pheromone'signals. Both
make assumptionsaboutthe precisionwith which their mo-
bile agentsoperate(the former having to do with odometry,
the latter with ability to evaluatethe strengthof distantsig-
nals)thatmaycausetheshapesthey generateto suffer from
lackof robustnessto noise.

Our approachis particularlymotivatedby researchin two
areas:insectandinsect-inspiredconstruction[Théraulazand
Bonabeau,1995], and self-recon�gurablemodularrobotics
[RusandChirikjian, 2001]. Socialinsectswhich build do so
with theprincipleof stigmergy, communicatingindirectlyby
storinginformationin theenvironment.While this approach
canbeusedto producestructureswith givenqualitativechar-
acteristics,it doesnot easilyallow theconsistentproduction
of speci�c structures(potentially arbitrary and complicated
ones); nor has a generalprinciple beendescribedfor tak-
ing a particulardesiredstructureandextractinga setof low-
level behaviors thatbuilding agentscanfollow to produceit.
Work in modular roboticshas producedhardware systems
with many capabilitieswe will take advantageof here, in-
cludingconnectionsthatself-adjustsothatinexactalignment
is corrected,andcommunicationlinks betweenphysicallyat-
tachedmodules.Suchcommunicationis reliable,unambigu-
ous,rapid,andscalable,comparedto thecommunicationby
externalsignalingthatrobotstypically use.Modularrobotal-
gorithmstypically requirethatall modulesremainconnected
at all times,andthat individual modulesbe capableof mo-
bility, neitherof which are appropriatefor automatedcon-
structionapplications. Very recently, modular robotics re-
searchershave begun to describehardwaresystemsfor au-
tomatedassemblyof structures[Teradaand Murata, 2004;
Everistet al., 2004]. Thesesystemsarebasedon inert, iden-
tical modules,and have not yet explored issuesof speci-
fying distributedrobot behavior andcreatingcomplex user-
speci�edstructures.

Elsewherewe describea similar systemto that presented
here[Werfel et al., 2005], concerningidenticalblocksonly.
There we show that giving blocks limited communication
abilitiesis aneffectiveway to enablethesystemto construct
arbitrary solid structures,while allowing robots to remain
simpleandwith �x ed, local behaviors. The block commu-
nication provides the nonlocal knowledgeabout the struc-
ture necessaryto assemblearbitrarily complicatedshapes.
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Figure1: A sketchof thekind of systemdescribedhere.As
thestructureis assembled,it formsa latticewith an implicit
coordinatesystem,of whichthebeaconcanbetakento bethe
origin.

This approachprovides other bene�ts, including increased
ef�ciency of construction, alleviation of interferencebe-
tween robots, and betterexploitation of the parallelismof
theswarm,without requiringadditionalcapabilitiesfrom the
robots. As computationbecomeslessexpensive, it hasbeen
proposedto makeit morepervasive[Hill etal., 2000]. Partic-
ularly if thebuilding blocksin questionarehigh-level units,
asin theunderwaterapplicationsuggestedabove,it shouldbe
feasibleto incorporatethesecomputationcapabilitiesinto the
blockswithout makingthesystemprohibitively moreexpen-
sive.

3 Generalproblem and assumptions
We considertheproblemwheremobilerobotsandcachesof
building blocksaredeployedat randominto anobstacle-free
workspace,alongwith abeaconindicatingthelocationfor the
startof construction.Thegoal is for robotsto collectblocks
from the cachesand arrangethem into a structure,satisfy-
ing somesetof criteria,startingat thebeacon(Fig. 1). The
beaconandcachessendoutdistinctlong-rangesignalswhich
robotscan useto navigate to them. Eachcachecontainsa
singleblock type.

We will work with squareblocks,to be assembledin the
horizontalplane.An importantconstraintis thata block can
beaddedto thegrowing structureif andonly if thepotential
attachmentsite hasat leasttwo adjacentsidesopen;other-
wise thereis insuf�cient room to maneuver to add the new
block (Fig. 2). Thougha systemhasbeendemonstratedin
whichcubicalblockscanbeslid into spaceslikethatat(D) in
that�gure [TeradaandMurata,2004], thetaskof mechanical
designwill besimpli�ed andtheprecisionwith which robots
mustoperatereducedif wemaintainthisconstraint.In partic-
ular, if we preventgapslike thatat (D), thensituationswhere
a robot needsto maneuver a block down a longer `tunnel',
like thataround(C), will alsobeprevented.A blockattached
to thestructurecanimmediatelyobtainfrom its neighborsits
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Figure 2: Examplesof valid and invalid prospective dock-
ing sitesfor asamplestructure(shadedsquaresrepresentgrid
sitesalreadyoccupiedby blocks). A new block canbe at-
tachedat A or B; C and D are too spatially constrainedto
allow a block to bemaneuveredinto position.

position in a commoncoordinatesystem,along with infor-
mationaboutthepresentanddesired�nal structure.Blocks
alongtheperimeterof thestructureandrobotstraversingthe
perimetercanalsocommunicate,with lower bandwidth;this
communicationis very short-range,avoiding problemsasso-
ciatedwith signalingoverdistances,interferencewhenmany
robotsareactive, andambiguityin which agentsaresignal-
ing.

Robotscanmovein any directionin at leastthetwo dimen-
sionsof theplane,aloneor while holdinga block. They can
detectthe presenceof other robots,for collision avoidance,
eitherby active short-rangesignalingor by passive percep-
tion. Oncein theimmediatevicinity of thegrowing structure,
they canfollow its perimeter, andcommunicatewith adjacent
blocks.

4 Algorithms for blocks and robots
Blocksattachedto eachotherto form thestructurehave ac-
cessto informationabouttheentirestructure,viacommunica-
tion with otherblocks.Our approachwill befor blocksto be
theagentsresponsiblefor ensuringthatthestructureremains
consistentwith all the constraints.Robotscan thensimply
circle theperimeterof thestructure,andrely on it to tell them
whenasiteis acceptablefor attachmentof their payload.

We candivide theconstraintsonblock placementinto two
classes:thoseindependentof block type, and thosebased
solelyon block type. Geometricconstraints,the former, en-
surethat the structureis free of unwantedinternalgapsand
hasa perimeterof thedesiredshape.Functionalconstraints,
the latter, encompasswhatever restrictionsbasedon block
typesmay be dictatedby the particularapplication. Both
classesarediscussedfurtherbelow (x5–7).

Algorithm 1 summarizeshigh-level proceduresfor robots
andblocksto follow to build structuresusingthis approach.

4.1 Robustness
Physicalrobotsin real-world environmentsaresubjectto a
wide variety of internalandenvironmentalperturbations.A
hardware implementationwould needto be robust to such
factors. Our approachis intendedto minimize the effect
or likelihoodof problemsthat robotsand blocksmight en-
counter. It relies on simple basic capabilitiesthat can be
maderobust andself-correcting:directedmovement,block

Algorithm 1 High-level pseudocodeprocedurefor assembly
of a close-packedstructureby asinglerobot.
A: Robots

while structurenot completedo
choosea block typet
gett from cache
go to structureperimeter
while still holdingblockdo

askadjacentstructureblocksif t canbeattachedhere
if all structureblocksansweryesthen

attachblockhere
elseif takingtoo long to �nd a placefor block then

returnblock to cache
else

moveonesitecounterclockwisealongperimeter
B: Blocks

loop
if neighboringrobot asksto attacha block of type t at
sites then

if (block at s consistentwith geometricconstraints)
and (t at s consistentwith functional constraints)
then

answeryes
updatemapwith t blockat s
passmessageabout(t; s) to neighboringblocks

else
answerno

if neighboringblocksendsmessageaboutt at s then
if messagerepresentsnew informationthen

updatemapwith t blockat s
passmessageabout(t; s) to neighboringblocks

pickup, perimeterfollowing, block joining, limited commu-
nicationwith immediateneighbors.

Noiseaffectingrobotmovement,e.g.,dueto motorunreli-
ability or currentsin an underwatersetting,canbe compen-
satedfor. For instance,if robotslosetrack of the perimeter
during their tour, they needonly revert to a previousstepof
their algorithm, �nd the perimeteragainand proceedfrom
there.Thelackof robotinternalstatemeansno importantin-
formationis lost in suchan event. Self-aligningconnectors
drawn from modularroboticseffect the �ne detailsof block
attachment.Communicationbetweenrobotsandblockscan
be physically limited, e.g., through appropriategeometric
design of an optical interface, to ensurethat robots only
communicatewith immediatelyneighboringblocksandthat
crosstalkwith more distantblocks is prevented. Interblock
communicationis via aphysicalinterface.

More seriousrobotfailurescanalsobeabsorbed.In keep-
ing with theswarmapproach,thealgorithmdoesnot depend
onparticularrobotscompletingparticularassignedtasks,nor
on blocksbeingattachedin a particularorder. Thusbreak-
downsof individualrobotsalmostanywherein theworkspace
neednot impedethe system's ability to completethe struc-
ture. The exceptionis at the edgeof the growing structure,
whereabrokenrobotcouldserveasanobstacleto othersfol-
lowing theperimeter, andpreventgrowth of thestructurein



thatarea.Suchperimeterbreakdownswould needto be de-
tectedandtowedawayby otherrobots.

Blocks, lesscomplicatedmechanically, may be lesssub-
ject to failure. Malfunctionsthatdo occurcouldbedetected
by neighboringblocks,which could alert robotsto theneed
for replacement.Similarly, in the event that a block is mis-
takenly attachedto thestructuresoasto violatea constraint,
the active natureof the blocksmakesit easierto detectand
reportthaterror. x9.2outlinesa schemefor disassemblyand
reconstructionof thenecessarypartof thestructure.

5 Geometricconstraints
Positionscanbespeci�ed by referenceto thecommoncoor-
dinatesystemwhichblockssharevia their communication.

5.1 Rectangularstructures
Thesimplestpossibleperimeteris a rectangle;thegeometric
constraintenforcingthatshapeis simply a restrictionagainst
robotsattachingblocksat siteswith coordinatesoutsidethe
desiredrectangle.

Theothergeometricconstraintto befollowedis thegener-
ally applicableonethatthestructureshouldbesolid,without
internal holes. To avoid unwantedgaps,it is necessaryto
avoid situationswheretwo blocksendup in the samerow,
unlessthey are adjacent. A block can check,basedon its
communicationwith the other blocks in its row [Werfel et
al., 2005], whethera potentialattachmentsite satis�es this
criterion, andforbid robotsfrom attachingfurther blocksat
thatsiteif it doesnot. This rule is suf�cient to generatesolid
structures.

5.2 Complexshapes
With only a small modi�cation, the systemextendsto solid
structureswith perimeterswhich arenot necessarilyrectan-
gular, nor even convex, but canbe of any arbitraryshape.2

As usual,the desiredshapeis speci�ed with respectto the
sharedcoordinatesystemanddownloadedby eachnew block
attachedto thestructure.To achievetheextensionto arbitrary
shapeswithout letting unwantedgapscreepin, it is suf�cient
to relaxthegeometricruleagainstattachingtwo non-adjacent
blocksin thesamerow, to allow two suchblocksso long as
they are separatedby spaceintendednever to be occupied
by blocks. Thedesiredshapecanberepresentedcompactly,
e.g.,asa collectionof rectangleswhosesuperpositiongives
thedesiredstructure[StøyandNagpal,2004]. Fig.3 givesan
exampleof anH-shapedstructurebeingbuilt, with geometric
constraintsonly.

6 Functional constraints: Patterned
structures

An importantaspectof sucha constructionsystem,hitherto
unaddressed,is the ability to createprede�ned patternsof
block types.Thiscanbeachievedwith functionalconstraints
that act as a blueprint, specifyingexactly what block type

2We will requirethat any spacesbetweenblocksin the desired
�nal structurebewideenoughfor two block-carryingrobotsto pass
eachother, sothatperimeter-following cancontinueunimpeded.

Figure3: Snapshotsof � ve robots(brown) building a struc-
tureof asingleblock type(white),usingonly geometriccon-
straints.Sitesthat thestructureplanspeci�esshouldeventu-
ally be occupiedby blocksareshown in dark gray. Robots
notappearingin a particularframeareoff fetchingblocks.

Figure4: Snapshotsof tenrobots(white)building astructure
of four block types(yellow, red,blue,green).

shouldbeattachedat every locationin thedesiredstructure.
This speci�cationcanbemorecompactthana full enumera-
tion, justasanimagespeci�cationcanbemorecompactthan
a bitmap. Structureblocksforbid robotsto attachtheblocks
they carryunlessthe latterarethesingletypeallowedat the
site in question. Figs. 4 and5 shows rectangularandnon-
rectangularstructuresbuilt usingsuchfunctionalconstraints.

7 Functional constraints: Adaptive structures
In many casesthedesignof structuresdoesnot requirespe-
ci�c patterns,but ratherrequiresfunctionalrelationshipsbe-
tweenthe locationsof blocksof varioustypes.For instance,
with the underwaterhabitatexamplewe gave above, it may
be that the exact locationsof escapepodsareunimportant,
but safetyconsiderationsrequirethatno podbe further than
threestepsaway from one. Any structurethat satis�es that
constraintwill be consideredacceptable.The morerelevant
wayto specifytheconstraintin thiscaseis by referencenotto
absolutecoordinates,but to relationshipsbetweenthe block
types. Our approachextendsnaturallyto building structures
in this �e xible way. Figs.6 and7 show structuresbuilt using
relativeconstraintsof this sort.

It is alwaysa valid approachto comeup with a blueprint
aheadof timethatsatis�esall suchconstraints,givethatto the
system,andhave it producethatparticularstructure.But sat-
isfying constraintson the �y during thebuilding processin-
steadcanlet thestructurebeadaptive,andrespondto chang-
ing circumstancesor conditionsunknown in advance.

Satisfyingconstraintson the �y canhave additionalben-
e�ts, suchasincreasedspeedof construction.As an exam-
ple, considerthe classof 21 � 21-block structuresof Fig.
6. If we assumethat robots take no time to bring blocks
from cachesto thestructureperimeter, andmovingoneblock-
lengthandattachingablockeachtakeonetimestep,thenthe
time requiredto build a structurewill re�ect primarily the



Figure5: Exampleof a patternedstructurewith a complex
shape.

Figure6: Examplesof squarestructuresbuilt with two block
typesandthe constraintthat no two yellow blocksbe adja-
cent.

timerobotsspendfollowing theperimeterlookingfor aplace
to put their block. Averagingover100independentrunswith
10robots,on-the-�y constructioncompletesin 650� 140time
steps,while building exactly thesame100structuresaspre-
speci�ed patternstakes1100� 300steps,or 70%slower on
average.Robotscometo thestructurealreadycarryingsome
typeof block; thespeedupfor on-the-�y constructionoccurs
becausesitescanacceptany typeof blockconsistentwith the
constraints,ratherthanhaving to wait for a particularblock
type to appear, androbotscanaccordingly�nd placesto at-
tachtheir blocksmorereadily.

7.1 Satis�ability
A task involving �tting a given set of blocks into a given
shapesubjectto givenconstraintsmayhave no solution;and
if oneexists,it maybehardto �nd. In general,theproblemof
�nding asolutionto suchascenario,or showing thatnoneex-
ists,is NP-complete[vanEmdeBoas,1997]. However, many
casesof interestwill have thepropertythata solutioncanbe
found quickly by a straightforward trial, andno exhaustive
searchis necessary. The systemhereprovidesa naturaland
effectivewayof assemblingstructuresfor constraintsetsthat
areeasyto satisfy in this sense.Constraintsetsdif�cult to
satisfywould bestbe handledby �nding a solutionprior to
construction,andbuilding thatsolutionasa blueprint.

7.2 Typesof functional constraints
In general,thereareseveralclassesof functionalconstraints
we canconsider:

� Absolute, without referenceto neighboringblocks:e.g.,
typeA maybeattached;B is forbidden.

� Proximity, wherethetypesof neighboringblocksareim-
portantbut their locationsare not: e.g., every A must
have at leastoneB somewherewithin a neighborhood
of radius3; noC canbeadjacentto aD.

Figure7: Exampleof a structureassembledaccordingto the
following list of constraints:
Region1, borderof upper-left area:only blueblocksallowed.
Region 2, interior of upper-left area: blue and white
blocks both allowed; no white block may be in the eight-
neighborhoodof anotherwhiteblock.
Region 3, elsewhere: blocksmustbe eitherredor white de-
pendingon their y-coordinate.

� Relational, involving bothtypesandlocationsof neigh-
boring blocks: e.g., every A must have a B bordering
its westedgeanda C borderingits northedge.Rotation
andre�ection mayeachbeallowedor forbiddenin such
a constraint.

Proximity and relationalconstraintsimply an associated
distanced within which blocksarerelevantto satisfactionof
the constraint.Oneapproachis for blocksto maintaina lo-
cal mapof their areaof the structure,whosesize is at least
of radiusd. Blocks refer to this mapto determinewhether
robotsshouldbe allowed to attachblocks at a neighboring
site;whena new block is attached,amessageto thateffect is
sentto blockswithin d, for themto updatetheirmapsaccord-
ingly. Thelargerthevalueof d, themorememoryis required
of blocks,but thefarther-reachingconstraintsmaybe.

Anothertypeof functionalconstraintcanresultfrom �nite
numbersof eachblock type. For instance,theremight be
only two blocksof typeA, which mustbeattachedadjacent
to one another. The �rst A attachedto the structurecould
be addedanywhere,but the secondwould have to be next
to the �rst. In order to give an A-carrying robot the proper
instruction,blockswould needto establishwhetheranother
A hadalreadybeenattachedanywhere,a globalpropertyof
the structure. Having blocks maintaina global map of the
structurewould be the most straightforward way to ensure
beingableto handleall possibleconstraints,thoughnot the
mostmemory-ef�cient.

7.3 Multiple levels
Constraintsmayalsobespeci�edon multiple levelsof orga-
nization. We cande�ne differentregionsof thestructure,in
eachof whichsomedifferentsetof constraintsaslistedabove
is to beimposed.Figs.4 and7 giveexampleswheresuchre-
gionsaredesignatedaccordingto speci�c coordinates.The
formerdesignatesregionscompactlyby referenceto geomet-
ric shapesand lines (e.g., a region of red blocks is de�ned
asthosecellswithin a givendistancefrom anarcwith given
center, radius,andendpoints,etc.). The lattercombinespat-
ternedandadaptiveconstraintsinto a singlestructure.

Regionscanbe designatedin this rigid way, or more�u-
idly: it may be permissiblefor a region to occuranywhere



Figure8: Threeexamplesof structuresthat canall equally
well bebuilt basedon theconstraintsgivenin thetext.

in the structure,with variablesize,aspectratio, orientation,
multiplicity, etc. Justasblockscanhave proximity andrela-
tional constraintsrestrictingtheir placement,so canregions
occurin thestructurein locationsrestrictedbasedon the lo-
cationsof otherregions.Dimensions,etc.of regionsmayalso
bespeci�edwith referenceto eachother(e.g.,region 1 must
belargerthanregion2).

Moreover, regions can be nestedin this framework. An
applicationmight, for instance,call for a complex, which is
composedof wings. One wing might be residential,made
up of apartments;anothermight be madeup of lab spaces.
An apartmentcanbebrokendown into bedroom,bathroom,
kitchen,etc.; andso on until the lowest level, which is de-
composedinto blocksasbefore. Eachregion may have its
own constraintsgoverningtheplacementof its sub-regions.

Figure8 givesanexplicit, abstractexample.An 8� 8struc-
tureis constrainedto have four 4 � 4 regions,oneof typeA,
oneB, two C. In a region of typeA, only red blocksareal-
lowed;in B, only blueblocksareallowed.In C, theremustbe
four 2� 2 subregions,oneof typeD, oneE, two F. In aregion
of type D, only yellow blocksareallowed; in E, only green
blocksareallowed. Finally, a region of typeF mustcontain
anarrangementof f purple,cyan,magenta,whiteg blocks,in
that orderclockwise;rotationis permitted,re�ection is not.
A greatvarietyof structurescanbebuilt consistentwith this
setof constraints,all equallyvalid; the�gure showsthree.

7.4 Short- and long-term constraint satisfaction
Therearetwo waysto satisfytheconditionthatnofunctional
constraintbeviolatedby attachinga block of typet at a site
s. Oneis to consideronly blocksthatarepartof thestructure
at thattime. Theconditionis simply: if attachingt ats would
result in a structurethat violatesany constraint,thenforbid
the attachment.The examplesof Figs.4–7 wereassembled
in this way.

In many cases,however, it will bedesirableto look further
aheadin time while ensuringconstraintsaremet. For some
constraintsets,situationsmayoccurwhereattachinga block
gives an acceptablestructure,but one to which no further
blockscan legally be attached.Looking aheadcanprevent
becomingtrappedin suchdeadends. A structurelike that
of Fig. 7 givesoneexample:guaranteeingexactly 50 `stars'
wouldrequirelookingaheadduringassemblyof Region2, to
ensuresuf�cient remainingroomfor thewhiteblocksnot yet
attached.It mayalsobe desirableto allow constraintsto be
violatedtemporarily, so long assomefuture way of satisfy-
ing themremainspossible.Consider, e.g.,a structureof two

block types,eachof which is constrainedalwaysto have at
leastoneneighborof its own type. Without the possibility
of violating the constrainttemporarily, the structurewould
necessarilyturn out to consistentirelyof oneblock type: no
block of theothertypecouldeverbeattached,sinceit would
have no neighborof its own type until a secondsuchblock
wereattachedto it.

This looking aheadmay be limited to a �x ed numberof
stepsf into thefuture.Like functionalconstraintsassociated
with larger d, larger f will be morepowerful but moredif-
�cult for the blocks. Putting no limit on f , so that blocks
alwayslook aheadto thecompletionof some�nished struc-
ture,will beslow but will preventthestructurefrom getting
trappedin deadendsof partialcompletion.

8 Multiple robots
Algorithm 1 givesa procedurewhich will work for a single
robot. However, when more than one robot is working on
constructionatonce,additionalprecautionsneedto betaken.
Finite speedof messagepropagationbetweenblocksmeans
that two robotscan requestto attachat mutually exclusive
sitesataboutthesametime,andbothcanbegivenpermission
by blocksworking with outdatedinformation.

The violation of geometricconstraints(two non-adjacent
blocks being attachedin the samerow) can be prevented,
e.g.,by sendingmessagesto lock outapreviouslyemptyrow
whena robot requeststo attacha block in it, andnot giving
therobotpermissionuntil all blocksin theadjacentrow have
indicatedthey havenotandwill not let otherrobotsattach.

For functionalconstraintswith �nite d, thecorresponding
approachis to lock out all blockswithin radiusd beforegiv-
ing a robot permissionto attach. When d is large (and, in
particular, sincefor someconstraintsd may extendover the
entirestructure),so doing canbecomeunwieldy: consider-
ablemessage-passingover theentirestructurewill takeplace
for everyblockattached,androbotsmaybeturnedawayfrom
attachingmoreoftenthannecessary.

However, message-passingwithin the structurewill be
much fasterthan physicalmovementof robots. Geometric
constraintsonly requireconsultingwith other blocks when
the�rst block in a row is beingattached(andtypically, only
a few blockswill needto beconsulted);thereafter, allowing
or forbiddingotherblocksto beattachedin thesamerow can
bereliably donewithout communicationwithin thestructure
[Werfeletal., 2005]. And d is smallfor many functionalcon-
straintsof interest.

All this meansthat, even without this strategy of locking
outbeforeattaching,errorsshouldbeinfrequent.An alterna-
tiveapproach,then,is to correcterrorswhenthey ariserather
thanbeingscrupulousaboutpreventingthemin the�rst place.
Blocks canallow or forbid robotsto attachbasedsolely on
their own knowledge;if that causesa con�ict which is only
detectedlater, theblockscandirectrobotsto correcttheerror
by removing theoffendingblocks,asdescribedin x9.2below.

9 Additional construction procedures
Webrie�y considerhow two relatedprocedures,disassembly
anderrorcorrection,couldbeachievedwith sucha system.



1 2

3

4

5

X

Figure9: A structurein the processof disassembly. Num-
beredblockscan be removed. The block marked X meets
criterion1 in thetext but not 2; if removed,it would split the
structureinto two parts.Thebeaconmaybeat thelocationof
any of theunmarkedblocks.

9.1 Disassembly
Many applicationswill involvestructuresintendedto betem-
porary;themodularnatureof this systemis especiallysuited
to suchcases,allowing astructureto bedismantledfollowing
useand its partsreusedfor anotherstructure. Disassembly
can be accomplishedby having robotsfollow the structure
perimeter, removing any blocksthey �nd thatsatisfythefol-
lowing criteria:

1. It hasat mosttwo neighbors,borderingadjacentsides;
i.e., if thatsitewereunoccupied,it couldphysicallyac-
comodateablock,asin Fig. 2.

2. If it doeshave two neighborsalongadjacentsides,then
theothersitewhich thosetwo neighborsborderis occu-
piedby ablock (seeFig. 9).

3. It is not attachedat thebeaconlocation,unlessno other
blocksremain;theblock at thebeaconmustbe the last
oneremoved.

Again,blockscandeterminewhetherthey satisfythesecri-
teria,andindicatethatto robots.Thesecondandthird criteria
ensurethatthroughoutdisassembly, thestructureremainsone
contiguouspiece,whicharobothomingin onthebeaconsig-
nal will be able to �nd. Violating eitherof thoserulescan
resultin partor all of the remainingstructurebecomingiso-
lated,andtherebylost to robotsno longerableto reachit by
the simple procedureof following the beaconsignal to the
structureandfollowing theperimeterthereafter. If thestruc-
ture is physicallytetheredto someanchorpoint via the �rst
block attached(as would likely be the case,e.g., in space-
basedapplications),thenviolating thosecriteriawould mean
thatblockscoulddrift off andbelost in a moreliteral sense.
Caremustalsobetakenwith multiple robotsthat two blocks
not be chosenfor removal at the sametime, suchthat each
block consideredalonesatis�esthe threecriteria,but would
violatecriterion2 if theotherblock wereremoved.Blocks1
and3 in Fig. 9 illustratesucha pair.

9.2 Err or correction
Supposethat a block mistakenly endsup attachedat a loca-
tion whereit shouldnot be, or needsto be replaceddueto
malfunctionor someotherreason.It may be sometime be-
fore this errorarisesor is detected;we will thusconsiderthe
problemof replacingany arbitraryblock in thestructure.We
outlinethehigh-level approachandomit elaborationof anal-
gorithmto becarriedoutby individualblocks.
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Figure 10: Error correctionin a compoundstructure. The
beaconis markedwith the letterB; theblock to be replaced
is marked*. Seetext for discussion.

Becauseof our assumptionthat a block can only be re-
movedfrom thestructureif it is alreadyfreeon two sides,it
is necessaryto removeall blocksin anentire`quadrant'of the
structurein orderto freeup thetargetblock. Fig. 10 demon-
stratesthedemarcationof quadrants.(A) showsa completed
compoundstructure;thebeaconis markedwith the letterB,
andtheblock to bereplacedis marked*. Extendinghorizon-
tal andverticalarmsfrom thetargetblock, asin (B), de�nes
thefour (overlapping)quadrants,crosshatchedin (C)–(F).A
quadrantis constructedessentiallyby �ood-�lling the area
includingandto onesideof a pair of arms.

Note that in a compoundstructure,a quadrantmay con-
tain blockswhoseabsolutecoordinatesgo beyond thoseof
the associatedarms(as in (D), wherea quadrantnominally
above the right-handarm includesblocksthat extendbelow
it). Also, any blocks that would otherwisebe left isolated
from therestof thestructureif aquadrantwereremovedmust
be includedin thatquadrant.This issuearisesif anarm lies
along an edgeof the structurefor all or part of its length.
In this example,the right-handarm lies alongsuchanedge,
at the top sideof the secondandthird blocks from the tar-
getblock; any blocksabove andfurtheralongthatarmmust
thereforebe includedin thequadrantnominallybelow it, as
shown in (E).

For ef�ciency, the quadrantcontainingthe fewestblocks
shouldbechosenfor removal. As with disassembly, theblock
attachedat thebeaconmustremainintact,andsoany quad-
rantscontainingthat beaconareomittedfrom consideration
in this choice. Herethe quadrantin (F) containsthe fewest
blocks,but cannotbe removed becauseit includesthe bea-
con (asdoesthe quadrantin (C)). The quadrantchosenfor
removal will bethatin (E).

Blocks in the quadrantchosenforbid robotsfrom attach-
ing any furtherblocksto them,andaskto beremoved.Upon
receiving sucha request,somerobotsmay switch their role
temporarilyfrom `assembly'to `disassembly'.Oncethetar-
getblock hasbeenremoved,thatsectionof thestructurecan
be restoredby constructionasusual. Constructionmayalso
progressasusualin otherpartsof thestructurethroughoutthe
correctionprocess.



10 Conclusions
We have demonstratedthat this approach,of building struc-
tureswith communicatingblocksandmultiplesimplerobots,
canachieve a variety of constructionobjectives. Structures
canbebuilt with perimetersof any shape,andwith prespec-
i�ed patternsof block typesor adaptive satisfactionof con-
straints. Other approachesusing swarmsof simple robots
have demonstratedtheability to createstructureswhich sat-
isfy locally speci�ed constraints[Théraulazand Bonabeau,
1995;Melhuishetal., 1999]. However, thissystemwith com-
municatingblocksis uniquein its ability to handlefully spec-
i�ed andlocally adaptiveconstraintsalike.

We are currently working on implementinga versionof
thissystemusingtheAMOUR robotof theRusRoboticsLab
at MIT [Vasilescuetal., 2005].
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Bonabeau.Coordinationin distributedbuilding. Science,
269:686–688,1995.

[vanEmdeBoas,1997] Petervan EmdeBoas. The conve-
nienceof tilings. In Andrea Sorbi, editor, Complexity,
Logic andRecursionTheory, volume187of LectureNotes
in PureandAppliedMathematics, pages331–363.Marcel
Dekker Inc.,1997.

[Vasilescuet al., 2005] Iuliu Vasilescu, Paulina Var-
shavskaya,Keith Kotay, andDanielaRus. Autonomous
modularopticalunderwaterrobot(AMOUR): design,pro-
totypeandfeasibility study. In Proceedingsof 2005IEEE
International Conference on Roboticsand Automation,
Barcelona,Spain,2005.

[Wawerlaet al., 2002] JensWawerla,Gaurav Sukhatme,and
Maja Mataríc. Collective constructionwith multiple
robots. In Proceedingsof 2002 IEEE/RSJInternational
Conferenceon IntelligentRobotsandSystems, Lausanne,
Switzerland,2002.

[Werfel et al., 2005] Justin Werfel, Yaneer Bar-Yam, and
RadhikaNagpal.Constructionby robotswarmsusingex-
tendedstigmergy. AI MemoAIM-2005-011,MIT CSAIL,
Cambridge,MA, 2005.

[Werfel,2004] Justin Werfel. Building blocks for multi-
agentconstruction. In Proceedingsof Distributed Au-
tonomousRoboticSystems2004, Toulouse,France,2004.


