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Abstract

We describea systemin which simple, identi-
cal, autonomousobotsassembléwo-dimensional
structuresusing prefabricatedmodulesas build-
ing blocks. Modulesare capableof someinfor-
mation processing.enablingthem to sharelong-
rangestructuralinformationandcommunicateét to
robots. This communicatiorallows arbitrarysolid
structurego berapidly built usingafew x ed,local
robotbehaiors. Modulesareidenticalin shapebut
may be functionally distinct, with constraintgyov-
erningthelocationof differentclassesWe present
algorithmsfor assemblyof solid structuresof ary
shape,both whenthe layout of moduleclassess
fully specied in adwance, and when functional
constraint@resatis edduringthebuilding process,
allowing for adaptve structures. This approach
demonstrates decentralizedautonomous, e Xi-
ble, simple,andadaptie approactto construction.

1 Intr oduction

In this papermwe discusghe designof a systenfor automated
construction,in which elementsare separatednto mobile
and structuralcomponentqrobots and modularblocks, re-
spectvely). Our approachis to userobotsthat are simple
in capabilitiesandbehaior, andthatcommunicatendirectly
throughinformationstoredin the ervironment;thatinforma-
tion is embodiedby the blocks,which themselescancom-
municatewith one anotherwhen attached. Here we focus
on constructionwhen the blocks are identical in shapebut
heterogenoug function, anda given setof functionalcon-
straintsgovernshow they canbe put together We rst show
how speci ¢ structurescanbe built, andthendiscusghe as-
semblyof structuresvhich have no prespeci edplanbut sat-
isfy a givensetof constraints.

Our approactrelieson very simpleproceduregndthere-
fore shouldbe practicalfor the compleities and dif culties
of realrobotsin physicalervironments.Thelimited require-
mentsfor implementationare that robotsbe able to follow
aperimeteycommunicatevith immediatelyadjacenblocks,
andpushtogethetblockswith self-aligningconnectorsProb-
lems, from unexpectedervironmentalin uences to break-
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down of somerobots,neednot preventcompletionof a struc-
ture;temporaryfailuresat ary stepcanbe corrected.

The ability to automateconstructiorwould be useful par
ticularly in settingswherehumanpresenceas dangerousor
problematicfor instancerobotscouldbeinitially sentto un-
derwater or extraterrestrialervironments,to createhabitats
to await later humantravelers. Swarm approachesinvolv-
ing largernumbersof simplerrobotsratherthanoneor a few
with greatersophisticationhave advantagegor sucha goal,
in particularwith respecto decentralizatiorandrobustness.
Suchsystemscantypically absorbthe lossof mary compo-
nentswithout a signi cant impacton taskcompletion;simi-
larly, they toleratecomponentsctingin no speci edorder, a
usefulquality sinceit is dif cult to preplanrobotbehaior in
detailin uncertairervironments.

If blockscanbe arbitrarily custom-designetbr particular
structuresthen ary structurecan be built usingonly local
rulesfor assemblyatrivial, inef cient wayto doit is to des-
ignatespeci ¢ blocksfor speci c locationsin ablueprint,and
engineetheblockssothateachonecanbeattachedolelyto
the neighboringblocksin thatlayout! However, we take the
oppositeapproachassuminghatthe block typesarede ned
by theapplication andourtaskis to work within thoselimits.

An exampleof suchanapplicationis thebuilding of under
waterstructuregfor marineresearchoil drilling, etc.),where
thebuilding blocksarehigh-level prefabricate¢podsthateach
Il oneof severaldistinctandprede nedroles—living quar
ters,power generationemegeng escapeentersjaboratory
spaceetc. Theremaybedesirecdconstraint®nwhich classes
areattachedelative to which otherclasses—fomstanceps-
ing the previousexample we mightwantall living podsto be
locatedin a contiguousblock, or no two airlock podsto be
adjacento oneanother

In X2 we review relatedwork, andin x3 describethe prob-
lem we addressand our assumptionsboutthe system. x4
givesalgorithmsthe systemcan useto assemblestructures.
x5 coversgeometricconstraintson block placement.x6 and
X7 describestructureswvhich are fully prespeci edor adap-
tive, respectiely, andelaborateon the satishctionandspeci-
cation of functionalconstraints x8 discusse$ssuesassoci-
atedwith the useof multiple robots.

!Geometricconstraintsill still restricttheorderin whichblocks
maybe attachedasdiscussedn x5.



2 Relatedwork

Several previous papersaddresgopics relatedto construc-
tion, though not with the goal of producinguserspeci ed
building designs. For example, [Wawerla et al., 2002;
Jonesand Matari¢, 2004 study aspectsof the useof com-
municationamongrobots,to increasetheir effectivenesson
tasksinvolving rearrangemendf functionally heterogenous
blocks. [Bowyer, 2004 discussesssuesof mechanicade-
signfor robotsmeanto build archestowers,andwalls, using
extrudedfoam. [Melhuishetal., 1999 dealswith minimiza-
tion of capabilitiesfor behaior-basedobotsarrangingoucks
into walls, usingervironmentalcues.

[Werfel, 2004 describes framework for arrangingolocks
into arbitrarylinesandcurves,speci ed geometrically;[Ma-
son,2007 describewnein which structuresanbe speci ed
throughthe useof static, global ‘pheromone’signals. Both
malke assumptionsboutthe precisionwith which their mo-
bile agentsoperate(the former having to do with odometry
the latter with ability to evaluatethe strengthof distantsig-
nals)that may causethe shapegshey generatdo suffer from
lack of robustnesgo noise.

Our approachis particularlymotivatedby researchn two
areasinsectandinsect-inspiredconstructior{ Théraulazand
Bonabeau]1995, and self-recon gurablemodularrobotics
[RusandChirikjian, 2001]. Socialinsectswhich build do so
with the principle of stigmegy, communicatingndirectly by
storinginformationin the ervironment. While this approach
canbeusedto producestructuresvith givenqualitative char
acteristicsjt doesnot easilyallow the consistenproduction
of speci c¢ structures(potentially arbitrary and complicated
ones); nor hasa generalprinciple beendescribedfor tak-
ing a particulardesiredstructureandextractinga setof low-
level behaviors thatbuilding agentscanfollow to produceit.
Work in modular robotics has producedhardware systems
with mary capabilitieswe will take advantageof here,in-
cludingconnectionsghatself-adjustsothatinexactalignment
is correctedandcommunicatiorinks betweerphysicallyat-
tachedmodules.Suchcommunicatioris reliable,unambigu-
ous,rapid, andscalable comparedo the communicatiorby
externalsignalingthatrobotstypically use.Modularrobotal-
gorithmstypically requirethatall modulesremainconnected
at all times, andthat individual modulesbe capableof mo-
bility, neitherof which are appropriatefor automatedcon-
struction applications. Very recently modularroboticsre-
searcherdave begun to describehardware systemsfor au-
tomatedassemblyof structures| Teradaand Murata, 2004;
Everistetal., 2004. Thesesystemsarebasedn inert,iden-
tical modules,and have not yet explored issuesof speci-
fying distributed robot behaior and creatingcomplex user
speci edstructures.

Elsevherewe describea similar systemto that presented
here[Werfel et al., 2009, concerningidentical blocksonly.
There we show that giving blocks limited communication
abilitiesis an effective way to enablethe systemto construct
arbitrary solid structures,while allowing robotsto remain
simpleandwith x ed, local behaiiors. The block commu-
nication provides the nonlocal knowledge aboutthe struc-
ture necessaryto assemblearbitrarily complicatedshapes.
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Figurel: A sketchof thekind of systemdescribechere. As
the structureis assembledit formsa lattice with animplicit
coordinatesystempf whichthebeacorcanbetakento bethe
origin.

This approachprovides other bene ts, including increased
efciency of construction, alleviation of interferencebe-

tweenrobots, and better exploitation of the parallelism of

the swarm,without requiringadditionalcapabilitiesfrom the

robots. As computatiorbecomedessexpensve, it hasbeen
proposedo makeit morepenasive[Hill etal., 200d. Partic-

ularly if the building blocksin questionare high-level units,

asin theundervaterapplicationsuggestedbove, it shouldbe

feasibleto incorporatehesecomputatiorcapabilitiesnto the

blockswithout makingthe systemprohibitively moreexpen-

sive.

3 General problemand assumptions

We considerthe problemwheremobile robotsandcachesof
building blocksaredeployedat randominto an obstacle-free
workspacealongwith abeacorindicatingthelocationfor the
startof construction.The goalis for robotsto collectblocks
from the cachesand arrangetheminto a structure,satisfy-
ing somesetof criteria, startingat the beacon(Fig. 1). The
beacorandcachesendoutdistinctlong-rangesignalswhich
robotscan useto navigateto them. Eachcachecontainsa
singleblock type.

We will work with squareblocks,to be assembledn the
horizontalplane. An importantconstraintis thata block can
be addedto the growing structureif andonly if the potential
attachmensite hasat leasttwo adjacentsidesopen; other
wise thereis insufcient roomto maneuer to addthe new
block (Fig. 2). Thougha systemhasbeendemonstratedh
which cubicalblockscanbeslid into spacedikethatat(D) in
that gure [TeradaandMurata,2004, thetaskof mechanical
designwill besimpli ed andthe precisionwith which robots
mustoperataeducedf we maintainthis constraint.In partic-
ular, if we preventgapslikethatat (D), thensituationswhere
a robot needsto maneuer a block down a longer ‘tunnel’,
like thataround(C), will alsobeprevented.A blockattached
to the structurecanimmediatelyobtainfrom its neighborsts



Figure 2: Examplesof valid andinvalid prospectie dock-
ing sitesfor asamplestructurg(shadedquaresepresengrid
sitesalreadyoccupiedby blocks). A new block canbe at-
tachedat A or B; C and D aretoo spatially constrainedo
allow ablockto bemaneueredinto position.

positionin a commoncoordinatesystem,along with infor-

mationaboutthe presentanddesired nal structure.Blocks
alongthe perimeterof the structureandrobotstraversingthe
perimetercanalsocommunicatewith lower bandwidth;this

communicationis very short-rangeavoiding problemsasso-
ciatedwith signalingover distancesinterferencavhenmary

robotsareactive, andambiguityin which agentsare signal-
ing.

Robotscanmovein ary directionin atleastthetwo dimen-
sionsof the plane,aloneor while holding a block. They can
detectthe presencef otherrobots,for collision avoidance,
eitherby active short-rangesignalingor by passve percep-
tion. Oncein theimmediatevicinity of thegrowing structure,
they canfollow its perimeterandcommunicatevith adjacent
blocks.

4 Algorithms for blocks and robots

Blocks attachedo eachotherto form the structurehave ac-
cesdo informationabouttheentirestructureyiacommunica-
tion with otherblocks. Our approachwill befor blocksto be
theagentgesponsibldor ensuringthatthe structureremains
consistentwith all the constraints. Robotscanthen simply
circle the perimeterof thestructureandrely onit to tell them
whenasiteis acceptabldor attachmenof their payload.

We candivide the constrainton block placementnto two
classes:thoseindependentf block type, and thosebased
solely on block type. Geometricconstraintsthe former, en-
surethatthe structureis free of unwantedinternalgapsand
hasa perimeterof the desiredshape.Functionalconstraints,
the latter, encompassvhatever restrictionsbasedon block
types may be dictatedby the particular application. Both
classearediscussedurtherbelow (x5-7).

Algorithm 1 summarizesigh-level proceduredor robots
andblocksto follow to build structuresusingthis approach.

4.1 Robustness

Physicalrobotsin real-world environmentsare subjectto a
wide variety of internalandervironmentalperturbations.A
hardware implementationwould needto be robust to such
factors. Our approachis intendedto minimize the effect
or likelihood of problemsthat robotsand blocks might en-
counter It relies on simple basic capabilitiesthat can be
maderobust and self-correcting: directedmovement,block

Algorithm 1 High-level pseudocoderocedurdor assembly
of aclose-packdstructureby asinglerobot.

A: Robots

while structurenot completedo
choosea blocktypet
gett from cache
goto structureperimeter
while still holdingblock do
askadjacenstructureblocksif t canbeattachedcere
if all structureblocksansweryesthen
attachblock here
elseif takingtoolongto nd aplacefor blockthen
returnblockto cache
else
move onesite counterclockwis@longperimeter
B: Blodks

loop
if neighboringrobot asksto attacha block of typet at
sites then
if (block at s consistentwith geometricconstraints)
and (t at s consistentwith functional constraints)
then
answeryes
updatemapwith t block ats
passmessag@bout(t; s) to neighboringblocks
else
answemo
if neighboringolock sendsmessagaboutt ats then
if messageepresentsewn informationthen
updatemapwith t blockats
passmessag@bout(t; s) to neighboringblocks

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

Noiseaffectingrobotmovemente.g.,dueto motorunreli-
ability or currentsin an undervatersetting,canbe compen-
satedfor. For instance|f robotslosetrack of the perimeter
during their tour, they needonly revertto a previous stepof
their algorithm, nd the perimeteragainand proceedfrom
there.Thelack of robotinternalstatemeanso importantin-
formationis lost in suchan event. Self-aligningconnectors
drawvn from modularroboticseffect the ne detailsof block
attachment.Communicatiorbetweernrobotsandblockscan
be physically limited, e.g., through appropriategeometric
designof an optical interface, to ensurethat robots only
communicatevith immediatelyneighboringblocksandthat
crosstalkwith more distantblocksis prevented. Interblock
communications via a physicalinterface.

More seriousrobotfailurescanalsobe absorbedIn keep-
ing with the swarmapproachthe algorithmdoesnot depend
on particularrobotscompletingparticularassignedasks nor
on blocksbeingattachedn a particularordet Thusbreak-
downsof individualrobotsalmostanywherein theworkspace
neednot impedethe systems ability to completethe struc-
ture. The exceptionis at the edgeof the growing structure,
wherea brokenrobotcouldsene asanobstacleo othersfol-
lowing the perimetey and preventgrowth of the structurein



thatarea. Suchperimeterbreakdevns would needto be de-
tectedandtowedaway by otherrobots.

Blocks, lesscomplicatedmechanically may be lesssub-
jectto failure. Malfunctionsthatdo occurcould be detected
by neighboringblocks, which could alert robotsto the need
for replacement.Similarly, in the eventthata block is mis-
takenly attachedo the structuresoasto violate a constraint,
the active natureof the blocks malesit easierto detectand
reportthaterror. x9.2 outlinesa schemdor disassemblyand
reconstructiorof the necessarpartof thestructure.

5 Geometric constraints

Positionscanbe speci ed by referenceo the commoncoor
dinatesystemwhich blockssharevia their communication.

5.1 Rectangularstructures

Thesimplestpossibleperimetelis arectanglethe geometric
constraintenforcingthatshapes simply a restrictionagainst
robotsattachingblocks at siteswith coordinatesoutsidethe
desiredrectangle.

Theothergeometricconstrainto befollowedis the gener
ally applicableonethatthe structureshouldbe solid, without
internal holes. To avoid unwantedgaps,it is necessaryo
avoid situationswheretwo blocks end up in the samerow,
unlessthey are adjacent. A block can check, basedon its
communicationwith the other blocksin its row [Werfel et
al., 2009, whethera potentialattachmensite satis es this
criterion, andforbid robotsfrom attachingfurther blocks at
thatsiteif it doesnot. Thisruleis sufcient to generatesolid
structures.

5.2 Complexshapes

With only a small modi cation, the systemextendsto solid
structureswith perimeteravhich are not necessarilyrectan-
gular, nor even corvex, but canbe of ary arbitrary shape?
As usual,the desiredshapeis speci ed with respectto the
shareccoordinatesystemanddownloadedby eachnew block
attachedo thestructure.To achieve theextensionto arbitrary
shapesvithout letting unwantedgapscreepin, it is sufcient
to relaxthegeometriaule againsattachingwo non-adjacent
blocksin the samerow, to allow two suchblockssolong as
they are separatedy spaceintendednever to be occupied
by blocks. The desiredshapecanbe representedompactly
e.g.,asa collectionof rectanglesvhosesuperpositiorgives
thedesiredstructuregl StayandNagpal,2004. Fig. 3 givesan
exampleof anH-shapedstructurebeingbuilt, with geometric
constraintonly.

6 Functional constraints: Patterned
structures

An importantaspectof sucha constructionsystem hitherto
unaddresseds the ability to createprede ned patternsof
block types.This canbe achiezedwith functionalconstraints
that act as a blueprint, specifying exactly what block type

2We will requirethatary spacesetweerblocksin the desired
nal structurebewide enoughfor two block-carryingrobotsto pass
eachother sothatperimeteffollowing cancontinueunimpeded.

~ v H

Figure3: Snapshot®f ve robots(brown) building a struc-
ture of asingleblock type (white), usingonly geometriccon-
straints.Sitesthatthe structureplan speci esshouldeventu-
ally be occupiedby blocksare shovn in dark gray. Robots
notappearingn a particularframeareoff fetchingblocks.

Figure4: Snapshotsf tenrobots(white) building a structure
of four block types(yellow, red,blue,green).

shouldbe attachedat every locationin the desiredstructure.
This speci cationcanbe morecompacthana full enumera-
tion, justasanimagespeci cationcanbemorecompacthan
a bitmap. Structureblocksforbid robotsto attachthe blocks
they carry unlessthe latter arethe singletype allowed at the
site in question. Figs. 4 and 5 shows rectangularand non-
rectangulastructuresuilt usingsuchfunctionalconstraints.

7 Functional constraints: Adaptive structures

In mary caseghe designof structuresdoesnot requirespe-
ci ¢ patternsput ratherrequiresfunctionalrelationshipse-
tweenthe locationsof blocksof varioustypes. For instance,
with the undervaterhabitatexamplewe gave above, it may
be that the exact locationsof escapegrodsare unimportant,
but safetyconsiderationsequirethat no pod be furtherthan
threestepsaway from one. Any structurethat satis esthat
constraintwill be consideredicceptable The morerelevant
way to specifytheconstrainin this casds by referencenotto
absolutecoordinateshut to relationshipshetweenthe block
types. Our approactextendsnaturallyto building structures
in this e xible way. Figs.6 and7 show structuresuilt using
relative constraintf this sort.

It is alwaysa valid approachto comeup with a blueprint
aheadf timethatsatis esall suchconstraintsgivethatto the
systemandhave it producethatparticularstructure But sat-
isfying constraintonthe y duringthe building processn-
steadcanlet the structurebe adaptve, andrespondo chang-
ing circumstancesr conditionsunknavn in advance.

Satisfyingconstraintson the y canhave additionalben-
ets, suchasincreasedspeedof construction.As an exam-
ple, considerthe classof 21  21-block structuresof Fig.
6. If we assumethat robotstake no time to bring blocks
from cachego thestructureperimeterandmoving oneblock-
lengthandattachinga block eachtake onetime step thenthe
time requiredto build a structurewill re ect primarily the



Figure5: Exampleof a patternedstructurewith a complex
shape.

Figure6: Examplesof squarestructuresouilt with two block
typesandthe constraintthat no two yellow blocks be adja-
cent.

time robotsspendollowing the perimeteldooking for aplace
to puttheir block. Averagingover 100independentunswith

10robots,on-the- y constructiorcompletesn 650 140time
stepswhile building exactly the samel00 structuresaspre-
speci ed patterngakes1100 300steps,or 70% slowver on

average.Robotscometo the structurealreadycarryingsome
type of block; the speedugor on-the- y constructionoccurs
becaussaitescanacceptary typeof block consistentvith the
constraintsratherthanhaving to wait for a particularblock
typeto appeayrandrobotscanaccordingly nd placesto at-

tachtheir blocksmorereadily.

7.1 Satis ability

A taskinvolving tting a given setof blocksinto a given
shapesubjectto given constraintsnay have no solution;and
if oneexists,it maybehardto nd. In generaltheproblemof
nding asolutionto suchascenariopr shaving thatnoneex-
ists,is NP-completdvanEmdeBoas,1997. However, mary
casedf interestwill have the propertythata solutioncanbe
found quickly by a straightforward trial, and no exhaustve
searchis necessaryThe systemhereprovidesa naturaland
effective way of assemblingtructuredor constraintsetsthat
are easyto satisfyin this sense. Constraintsetsdif cult to
satisfywould bestbe handledby nding a solution prior to
constructionandbuilding thatsolutionasa blueprint.

7.2 Typesof functional constraints

In generalthereareseveral classef functionalconstraints
we canconsider:

Absolute without referenceo neighboringblocks: e.g.,
type A maybeattachedB is forbidden.

Proximity, wherethetypesof neighboringdlocksareim-
portantbut their locationsare not: e.g., every A must
have at leastone B somavherewithin a neighborhood
of radius3; no C canbeadjacento aD.

Figure7: Exampleof a structureassemblecccordingto the
following list of constraints:

Region 1, borderof uppetleft area:only blueblocksallowed.
Region 2, interior of upperleft area: blue and white
blocks both allowed; no white block may be in the eight-
neighborhooaf anothemhite block.

Region 3, elsavhere: blocksmustbe eitherred or white de-
pendingontheir y-coordinate.

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

Proximity and relational constraintsimply an associated
distanced within which blocksarerelevantto satishctionof
the constraint. One approachis for blocksto maintaina lo-
cal mapof their areaof the structure,whosesizeis at least
of radiusd. Blocks referto this mapto determinewhether
robotsshouldbe allowed to attachblocks at a neighboring
site;whenanew blockis attacheda messagéo thateffectis
sentto blockswithin d, for themto updatetheir mapsaccord-
ingly. Thelargerthevalueof d, themorememoryis required
of blocks,but thefartherreachingconstraintgnay be.

Anothertype of functionalconstraintcanresultfrom nite
numbersof eachblock type. For instance,there might be
only two blocksof type A, which mustbe attachedadjacent
to oneanother The rst A attachedto the structurecould
be addedanywhere, but the secondwould have to be next
to the rst. In orderto give an A-carrying robot the proper
instruction,blockswould needto establishwhetheranother
A hadalreadybeenattachedarywhere,a global propertyof
the structure. Having blocks maintaina global map of the
structurewould be the most straightforvard way to ensure
beingableto handleall possibleconstraintsthoughnot the
mostmemory-efcient.

7.3 Multiple levels

Constraintamay alsobe speci ed on multiple levels of orga-
nization. We cande ne differentregionsof the structure,in
eachof which somedifferentsetof constraintaslistedabove
is to beimposed.Figs.4 and7 give exampleswvheresuchre-
gionsare designatediccordingto speci ¢ coordinates.The
formerdesignatesegionscompactlyby referenceo geomet-
ric shapesandlines (e.g., a region of red blocksis de ned
asthosecellswithin a givendistancefrom anarcwith given
center radius,andendpointsetc.). Thelatter combinegat-
ternedandadaptve constraintsnto a singlestructure.
Regionscanbe designatedn this rigid way, or more u-
idly: it may be permissiblefor a region to occurarywhere



Figure 8: Threeexamplesof structureghat canall equally
well bebuilt basedn the constraintgyivenin thetext.

in the structure,with variablesize, aspectratio, orientation,
multiplicity, etc. Justasblockscanhave proximity andrela-
tional constraintgrestrictingtheir placementso canregions
occurin the structurein locationsrestrictedbasedon the lo-
cationsof otherregions.Dimensionsetc.of regionsmayalso
be speci ed with referenceo eachother(e.g.,region 1 must
belargerthanregion 2).

Moreover, regions canbe nestedin this framewvork. An
applicationmight, for instance call for a comple, which is
composedf wings. Onewing might be residential,made
up of apartmentsanothermight be madeup of lab spaces.
An apartmentanbe brokendown into bedroom bathroom,
kitchen, etc.; and so on until the lowestlevel, which is de-
composednto blocks as before. Eachregion may have its
own constraintgoverningthe placementf its sub-rejions.

Figure8 givesanexplicit, abstracexample.An 8 8struc-
tureis constrainedo havefour4 4 regions,oneof typeA,
oneB, two C. In aregion of type A, only red blocksareal-
lowed;in B, only blueblocksareallowed. In C, theremustbe
four2 2subregjions,oneof typeD, oneE,two F. In aregion
of type D, only yellow blocksareallowed;in E, only green
blocksareallowed. Finally, a region of type F mustcontain
anarrangemenof f purple,cyan, magentayhiteg blocks,in
that order clockwise;rotationis permitted,re ection is not.
A greatvariety of structurescanbe built consistentvith this
setof constraintsall equallyvalid; the gure shavsthree.

7.4 Short- and long-term constraint satisfaction

Therearetwo waysto satisfythe conditionthatno functional
constrainte violatedby attachinga block of typet at a site
s. Oneis to consideronly blocksthatarepartof the structure
atthattime. Theconditionis simply: if attaching ats would
resultin a structurethat violatesarny constraint,thenforbid
the attachment.The examplesof Figs.4—7 wereassembled
in thisway.

In mary caseshowever, it will be desirableo look further
aheadn time while ensuringconstraintsare met. For some
constraintsets situationsmay occurwhereattachinga block
gives an acceptablestructure,but one to which no further
blocks canlegally be attached.Looking aheadcan prevent
becomingtrappedin suchdeadends. A structurelike that
of Fig. 7 givesoneexample: guaranteeingxactly 50 “stars'
wouldrequirelookingaheadduringassemblyf Region 2, to
ensuresufcient remainingroomfor thewhite blocksnotyet
attached.Ilt may alsobe desirableto allow constraintdo be
violatedtemporarily solong assomefuture way of satisfy-
ing themremainspossible.Considere.g.,a structureof two

block types,eachof which is constrainecalwaysto have at
leastone neighborof its own type. Without the possibility
of violating the constrainttemporarily the structurewould
necessariljurn out to consistentirely of oneblock type: no
block of the othertype couldever be attachedsinceit would
have no neighborof its own type until a secondsuchblock
wereattachedo it.

This looking aheadmay be limited to a x ed numberof
steps into thefuture. Lik e functionalconstraintsassociated
with largerd, largerf will be more powerful but more dif-
cult for the blocks. Puttingno limit on f , so that blocks
alwayslook aheado the completionof some nished struc-
ture, will beslow but will preventthe structurefrom getting
trappedn deadendsof partialcompletion.

8 Multiple robots

Algorithm 1 givesa procedurewhich will work for a single
robot. However, when more than one robot is working on
constructiomat once,additionalprecautionsieedto betaken.
Finite speedof messageropagatiorbetweenblocks means
that two robotscanrequestto attachat mutually exclusive
sitesataboutthesameime, andbothcanbegivenpermission
by blocksworking with outdatednformation.

The violation of geometricconstraints(two non-adjacent
blocks being attachedin the samerow) can be prevented,
e.g.,by sendingmessaget lock outa previously emptyrow
whena robotrequestgo attacha block in it, andnot giving
therobotpermissioruntil all blocksin the adjacentow have
indicatedthey have notandwill notlet otherrobotsattach.

For functionalconstraintswith nite d, the corresponding
approachs to lock out all blockswithin radiusd beforegiv-
ing a robot permissionto attach. Whend is large (and, in
particular sincefor someconstraintsd may extendover the
entire structure),so doing can becomeunwieldy: consider
ablemessage-passirayertheentirestructurewill take place
for everyblockattachedandrobotsmaybeturnedaway from
attachingmoreoftenthannecessary

However, message-passingithin the structurewill be
much fasterthan physicalmovementof robots. Geometric
constraintsonly require consultingwith other blocks when
the rst blockin arow is beingattachedandtypically, only
afew blockswill needto be consulted)thereafterallowing
or forbiddingotherblocksto be attachedn thesamerow can
bereliably donewithout communicatiorwithin the structure
[Werfeletal., 2005. And d is smallfor mary functionalcon-
straintsof interest.

All this meansthat, even without this stratey of locking
outbeforeattachinggerrorsshouldbeinfrequent.An alterna-
tive approachthen,is to correcterrorswhenthey ariserather
thanbeingscrupulousboutpreventingthemin the rst place.
Blocks canallow or forbid robotsto attachbasedsolely on
their own knowledge;if thatcausesa con ict which is only
detectedater, theblockscandirectrobotsto correcttheerror
by remaoving theoffendingblocks,asdescribedn x9.2below.

9 Additional construction procedures

We brie y consideow two relatedproceduresdisassembly
anderrorcorrection couldbe achiezedwith sucha system.
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Figure 9: A structurein the processof disassembly Num-

beredblocks can be removed. The block marked X meets
criterion 1 in thetext but not 2; if removed,it would split the
structureinto two parts.Thebeacormaybeatthelocationof

ary of theunmarledblocks.

9.1 Disassembly

Many applicationswill involve structuresntendedo betem-
porary;the modularnatureof this systemis especiallysuited
to suchcasesallowing a structureto bedismantledollowing
useandits partsreusedfor anotherstructure. Disassembly
can be accomplishedy having robotsfollow the structure
perimeterremoving ary blocksthey nd thatsatisfythe fol-
lowing criteria:

1. It hasat mosttwo neighborsborderingadjacentsides;
i.e.,if thatsitewereunoccupiedit could physicallyac-
comodateablock, asin Fig. 2.

2. If it doeshave two neighborsalongadjacensides,then
the othersite which thosetwo neighbordorderis occu-
piedby ablock (seeFig. 9).

3. It is notattachedat the beacorlocation,unlessno other
blocksremain;the block at the beacormustbe the last
oneremoved.

Again, blockscandeterminavhetherthey satisfythesecri-
teria,andindicatethatto robots. Thesecondandthird criteria
ensurahatthroughoutisassemblythestructureremainsone
contiguougiece whicharobothomingin onthebeacorsig-
nal will be ableto nd. Violating eitherof thoserulescan
resultin partor all of the remainingstructurebecomingiso-
lated,andtherebylost to robotsno longerableto reachit by
the simple procedureof following the beaconsignalto the
structureandfollowing the perimeterthereafter If the struc-
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 andbelostin a moreliteral sense.
Caremustalsobetakenwith multiple robotsthattwo blocks
not be chosenfor removal at the sametime, suchthat each
block consideredalonesatis esthe threecriteria, but would
violate criterion 2 if the otherblock wereremoved. Blocks1
and3 in Fig. 9 illustratesucha pair.

9.2 Error correction

Supposehat a block mistalenly endsup attachedat a loca-
tion whereit shouldnot be, or needsto be replaceddueto
malfunctionor someotherreason.It may be sometime be-
fore this errorarisesor is detectedwe will thusconsiderthe
problemof replacingary arbitraryblockin the structure We
outlinethe high-level approactandomit elaboratiorof anal-
gorithmto becarriedout by individual blocks.

®
©
®

®
®
®

Figure 10: Error correctionin a compoundstructure. The
beaconis marked with the letter B; the block to be replaced
is marked*. Seetext for discussion.

Becauseof our assumptiorthat a block can only be re-
movedfrom the structureif it is alreadyfree on two sides,it
is necessaryo removeall blocksin anentire’ quadrant'of the
structurein orderto free up thetargetblock. Fig. 10 demon-
strateghe demarcatiorof quadrants(A) shovsacompleted
compoundstructure;the beacons marked with the letter B,
andtheblockto bereplaceds marked*. Extendinghorizon-
tal andverticalarmsfrom the targetblock, asin (B), de nes
thefour (overlapping)quadrantsgrosshatcheth (C)—(F).A
quadrantis constructedessentiallyby ood- lling the area
includingandto onesideof a pair of arms.

Note that in a compoundstructure,a quadrantmay con-
tain blocks whoseabsolutecoordinatesgo beyond thoseof
the associategarms(asin (D), wherea quadrantnominally
above the right-handarm includesblocksthat extend belon
it). Also, ary blocksthat would otherwisebe left isolated
from therestof thestructuraf aquadrantvereremosedmust
beincludedin thatquadrant.This issuearisesif anarmlies
along an edgeof the structurefor all or part of its length.
In this example,the right-handarmlies alongsuchan edge,
at the top side of the secondand third blocks from the tar
getblock; any blocksabove andfurtheralongthatarmmust
thereforebe includedin the quadranthominally below it, as
shavnin (E).

For ef ciency, the quadrantcontainingthe fewestblocks
shouldbechoserfor removal. As with disassemblytheblock
attachedat the beacormustremainintact, andso ary quad-
rantscontainingthat beaconare omitted from consideration
in this choice. Herethe quadrantn (F) containsthe fewest
blocks, but cannotbe removed becauseét includesthe bea-
con (asdoesthe quadrantin (C)). The quadrantchosenfor
removal will bethatin (E).

Blocks in the quadrantchosenforbid robotsfrom attach-
ing ary furtherblocksto them,andaskto beremoved. Upon
receving sucha requestsomerobotsmay switch their role
temporarilyfrom “assembly'to “disassembly'.Oncethetar-
getblock hasbeenremoved,that sectionof the structurecan
be restoredby constructionasusual. Constructiormay also
progressasusualin otherpartsof the structurehroughouthe
correctionprocess.



10 Conclusions

We have demonstratedhat this approachpf building struc-
tureswith communicatindlocksandmultiple simplerobots,
canachiere a variety of constructionobjectives. Structures
canbe built with perimetersof any shapeandwith prespec-
i ed patternsof block typesor adaptve satishctionof con-
straints. Other approachesising swarms of simple robots
have demonstratedhe ability to createstructureswhich sat-
isfy locally speci ed constraintg Théraulazand Bonabeau,
1995;Melhuishetal., 1999. However, this systenmwith com-
municatingblocksis uniquein its ability to handlefully spec-
i ed andlocally adaptve constraintsalike.

We are currently working on implementinga version of
this systenmusingthe AMOUR robotof theRusRoboticsLab
atMIT [Vasilescletal., 2005.
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