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Abstract—We describe a systemin which autonomousrobots
assemble two-dimensional structures out of square building
blocks. A xed set of local control rules is sufcient for a
group of robots to collectively build arbitrary solid structures.
We presentand compare four versionsin which blocks are (1)
inert and indistinguishable, (2) uniquely labeled, (3) able to be
relabeledby robots, (4) capable of some computation and local
communication. Added block capabilities increasethe availability
of nonlocal structural knowledge,thereby increasingrobustness
and signi cantly speedingconstruction. In this way we extendthe
principle of stigmergy (storing information in the ervironment)
used by social insects, by increasing the capabilities of the
blocks that representthat environmental information. Finally,
we describe hardware experiments using a prototype capable of
building arbitrary solid 2-D structures.

I. INTRODUCTION

In this paperwe presenta systemfor automatedconstruc-
tion, in which autonomousmobile robots transportmodular
building blocksto build a userspeci ed structure We present
simple, x ed, local control rules by which robotscan collec-
tively constructarbitrary two-dimensionalstructureswithout
internalholes.This is achiezed with no directcommunication
betweerrobots,but ratherby usingthe partially built structure
for implicit coordination.We describesigni cant advantages
to be gainedfrom enhancingthe blocks' ability to storeand
processinformation. If blocks are given some ability for
computationand communicationwith their neighborsin the
structure, then robot capabilitiescan be less, robustnessis
improved, andthe speedof building canbe muchgreater For
applicationsot permittingblocksof this compleity, allowing
blocksto storestate(e.g.,usingpassve, low-costRFID tags)
canstill substantiallyimprove speedand robustness.

Automating construction could facilitate ende&ors such
as the production of low-cost housing, and alleviate prob-
lems such as high accidentrates reported with traditional
construction[1]. Automationwould be particularly useful in
settingswhere humanpresenceas dangerousor problematic.
For instanceyobotscould be sentto build habitatsin extrater
restrialervironmentsto await laterhumantravelers.Similarly,
robot constructionsystemsamight be especiallywell-suitedto
undervatersettingswherehumanbuilding actiity is dif cult,
but the environmenthasadwantagesuchas effective weight-
lessnessand mobility in three dimensions;concevably their
usecould one day even openup the oceandor colonization.
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Swarm approachesjnvolving larger numbersof simpler
robotsratherthanoneor a few with more sophisticatectapa-
bilities, can have advantagesn suchendea&ors, in particular
with respectto parallelism,decentralizationand robustness.
Such systemsare suited to work on mary subtasksof a
project simultaneouslyThey further cantypically absorbthe
loss of mary componentswithout a signi cant impact on
taskcompletion;similarly, they toleratecomponentsctingin
no exact order which is useful becauseof the dif culty of
preplanningobotbehaior in detailin uncertairervironments.

Swarmsof building robotscandraw inspirationfrom social
insectssuchas antsand bees.Theseinsectsusestigmepy to
guidetheir building actwities: e.g.,termitesdepositmaterials
in ways in uenced by their immediatesurroundingsand in
turn in uence thosesurroundingsby depositingmaterial. In
this way the insectscommunicatamplicitly throughmanipu-
lation of the ervironment.

Stigmenqy is a powerful and simple tool, with limitations:
while it canbe usedto producestructureswith given qualita-
tive characteristic$2], it doesnot easily allow the consistent
productionof speci ¢ structuresandno generalprinciple has
beendescribedfor taking a particular desiredstructureand
extractinga setof low-level behaiors thatbuilding agentscan
follow to produceit. Here we addressboth theselimitations,
describing x ed sets of low-level control rules that can be
appliedto reliably generateparticular structuresaccordingto
a high-level userspeci ed design.Further we discussene ts
to be gainedfrom extendedstigmengy, increasinghe ability of
the building materialsto embodyand processervironmental
information. In a hardware prototype where a mobile robot
builds arbitrarysolid structuresout of self-aligningblocks,we
implementthis extendedstigmegy usingwritable RFID tags.

Il. RELATED WORK

Our work is complementaryto previous researchon dis-
tributed approaches$o automatingconstruction.ln somesys-
tems,wherebuilding elementsare moved by robots[3]-[5] or
ambientuid forces[6] to form agivenstructurethe sequence
of elementplacementss plannedby handin advance.Some
researcher$iave studiedotherissuesrelatedto construction,
suchas interrobot communication3], [7] or debriscleanup
[8]. Thesestudieshave not focusedon the problemof building
a particulardesiredstructuregiven a high-level description.
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Fig. 1. Overview sketch of the system.As the structureis assembledit

forms a grid with animplicit coordinatesystem,of which the marker canbe
taken to be the origin.

Self-recon gurablemodularrobots[9], [10] facetherelated
task of needingto rearranganodulesfrom one con guration
to another subjectto some characteristicset of movement
constraintsjncluding the requirementhatall modulesremain
connectedln our systemwe separatehe elementsnto mobile
robots and nonmobile blocks, since when building a static
structure,blocks neednot move againonce attached.n this
way robotscanbe reusedfor otherstructuresandblockscan
be optimized for better structuralpropertiesand lower cost.
However, somemodularroboticsresearcherfiave addressed
the similar goal of achieving userspeci ed arrangement®f
blocksin adecentralizednannerf11], [12]; andsomefeatures
commonin modular robot researchare useful in a system
like that describedhere, e.g., self-aligning connectorsand
communicationlinks betweenphysically attachedmodules.

When blocks are capableof communicationand computa-
tion, the constructiorproblemis relatedto that of programmed
self-assembly[13], [14]. Such work considerstiles which
canchangestateand binding propertiesandinvestigateshow
to programthem so that they aggregyateinto desiredshapes
when mixed. These studies offer alternate approachesfor
generatingrules to produce desired structuresfrom certain
classesHowever, they do not explicitly considerthe geometry
of tiles, and constraintst imposeson attachmenbrder

I1l. THE COLLECTIVE CONSTRUCTION PROBLEM

In the scenariowe considey mobile robots and cachesof
building blocks are deployed at randominto an obstacle-free
workspace.A marker indicatesthe location for the start of
construction.The goalis for the robotsto collect blocksfrom
the cachesandarrangetheminto a desiredsolid structure(i.e.,
no internal holes),startingat the marker (Fig. 1). The marker
and cachesbroadcastlistinctlong-rangesignalswhich robots
canuseto navigateto them.The marker is an objectwith the
samegeometryand attachmentmechanismsas a block, and
senesasa ‘seed'to which blocks caninitially be attached.

We assumethat robots have the following capabilities:(a)
Robotscanmove in ary directionin the plane,aloneor while
holding a block, and avoid collisions. (b) They can follow
beaconsto get to block cachesand to the building site. (c)
They canfollow the perimeterof the partially built structure
andrecognizevhenthey turn corners(d) They cantake blocks
from cachesand attach them to the structure.We do not
assumethat robotscancommunicatenith one another While
robots can be designedto communicatewirelessly two-way
communicationin a network with dynamictopology can be
unreliable,may scale poorly, and requiresad-hoc multi-hop
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Fig. 2. (A) Examplesof valid andinvalid prospectie attachmensitesfor
a samplestructure.Shadedsquaresepresengrid sites alreadyoccupiedby
blocks.A new block canbe attachedat sites1 or 2; 3 and4 aretoo spatially
constrainedo allow a block to be maneueredinto position.

(B) Two separatedblocks (sites1, 5) may not be attachedn the samerow if
all sitesbetweenthemare meantto be occupied.Otherwise attachingblocks
at the intermediatesites(2, 4) will eventually resultin anun llable gap (3).
(C) Building up a structureby layers,always startingnew rows from the end
and extendingthem clockwise,as shawvn by the arrows. Lighter blocks have
beenattachedmore recently

routingwhichis non-trivial for mobileentities.We will explore
the useof explicit interrobot communicationin future work.
The rst threeof the robot capabilitiesabove have repeat-
edly beendemonstratedn a variety of autonomousobotic
systems[15]. Manipulation of the ervironment, however, is
typically much more dif cult. We thusimposetwo measures
for the sale of capability (d). First, we make the conserative
assumptionthat if there are blocks on opposite sides of
a potential attachmentsite, then the site is physically too
constrainedfor a robot to maneuer a new block into (Fig.
2A). This constraintwill simplify the task of mechanical
design. Moreover, by preventing gaps like that at site 4,
situationswhere a robot needsto maneuer a block down a
longer tunnel’ (like thataroundsite 3) will alsobe prevented.
Secondly we specify that while robotsmustbe ableto bring
a block to a desiredlocation, they are not solely responsible
for precisionalignment.Insteadthe blocks have self-aligning
connectorgactive or passie), so that it is sufcient for the
robot to get the block close to the attachmentsite. In xVI
we presenta hardware prototypethatimplementsmary of the
robot tasksmentionedabove, including self-aligningblocks.
We requirethatany concaitiesin thedesiredshapebewide
enoughfor two perimetesfollowing robotsto passeachother
unimpededThe extentto which this constraintimits possible
structureswill dependon the hardwareimplementation.

IV. DISTRIBUTED CONSTRUCTION ALGORITHMS

We representhe shapdo beconstructedisingalattice,with
a coordinatesystemwhoseorigin is the marker. Eachsite in
this lattice speci eswhetheror not a block shouldbe attached
at the correspondingsite in the structure.We will call this
lattice the shapemap Building a prespeci edstructurethen
meansattachingblocks exactly at the sites speci ed by the
shapemap.

If a robot with the shapemap can determineits position
in the structures coordinate system, then it can trivially
determinevhetheror not a site shouldbe occupied Becausef
limitations of position estimationand odometry establishing
positionis avery dif cult taskin generalHowever, robotscan
usethe structureas a referenceto determinetheir location.
Additionally, block edgesand other featurescan be usedto
correctthe effects of odometryerrors.



Algorithm 1 Pseudocoderoceduregor assemblyof a struc-
ture of inert blocks. An “end-of-rav' site is one where the
robot is either aboutto turn a cornerto the left, or the site
directly aheadis not supposedo have a block accordingto
the structuredesign.Below, variant methodsfor establishing
position, for identical, distinct, or writable blocks.
while structurenot completedo
get block from cache
go to structure
Establish-®sition f seebelong
5. seen-ow-start false
while still holding block do
if (site shouldhave a block) and
((site just aheadhasa block) or
(seen-ow-startand (at end-of-raw)) then
attachblock here
else
if at end-of-rav then
seen-ow-start  true
follow perimetercounterclockwise

1A-Establish-Bsition f Identical blockgy
while not adjacentto labeledside of marker do
follow perimetercounterclockwise

1B-Establish-®sitiort f Distinct blockgy
while not adjacentto previously known label do
recordlabel in temporarymap
follow perimetercounterclockwise
[l in label mapfrom temporarymap

1C-Establish-@sitiont f Writable blocksy
readposition from neighboringlabel

10:

The order of attachmentmust be partially constrainedto
avoid unwanted gaps causedby intermediatecon gurations
which prevent robotsfrom reachingdesiredsites. Two sepa-
ratedblocks mustnot be attachedn the samerow if all sites
betweenthem are meantto be occupied.If this conditionis
violated, then further addition of blocks will eventually lead
to anun llable gap (Fig. 2B). Onestratayy is to build up the
structureby layers,addingnew blocksin rows alongthe edge
of the existing structure(Fig. 2C).

Building the structurein this way—efectively growing
layers outwards from the seed,to Il all sitesthe design
speci es should be occupied,while not allowing unwanted
gapsto form—will ultimately produceary desiredshape.

We now describefour algorithmsthat follow this approach,
using differentlevels of capabilitiesin the robotsand blocks.
In eachcasewe describethe algorithmfor a singlerobot,and
thendiscussconsiderationfor mary operatingsimultaneously

A. Identical, inert blocks

In the rst algorithm we assumethat blocks are indistin-
guishablewith no capacityfor communicationlin this casethe
robotsareresponsibldéor knowing the shapemapandavoiding
unwantedgaps.Alg. 1A sketchesthe following approach.

EstablishingLocation. For ary x ed perceptualdistance,
a robot will be able to distinguishonly a limited numberof
distinctlocal con gurations.Solelylocal obsenationsarethen
insufcient if the systemis to be capableof building arbitrary
structures;a robot needsadditional stateto infer its location.
One simple methodto do this is to make one edge of the
marker distinct, and to position that marker edge along an
edgeof the shapemap.The marker thensenesasa landmark,
which will be found by arny robot following the perimeterof
the structureat ary stageof constructiont Upon reachingthe
structurethen,arobotfollowsthe perimeteuntil reachinghat
landmark.lt thenknows its position and orientation,which it
updatesthereafterby keepingtrack of the numberof blocks
it passesandturnsit makes. In this way the partial structure
providesa sourceof odometryfor the robot.

Avoiding Gaps.Alg. 1 ensureghatno separatedblockswill
beattachedn thesamerow if all sitesbetweerthemshouldbe
occupied,asfollows. (a) Line 8 allows a block to be attached
at a site that hastwo occupiedneighbors,as with site 2 in
Fig. 2A. Suchattachmentgorrespondo addingnewn blocks
to existing rows, and cannotresult in violation of the rule
againstseparatedlocks. (b) Line 9 speci es that a new row
can be startedonly if the robot hasveri ed on its tour that
no block has beenplacedearlier in that row, and there are
no sitesfurtheralongin the row wherea block might already
have beenplaced.

Un llable gaps are thus avoided with this algorithm. It
will also result in blocks lling the whole area speci ed
by the structure design, as is straightforvard to prove by
contradiction.Thusary solid structurewill reliably be built.

Multiple Robots. Each robot following Alg. 1A actsin
such a way that further consistentactionswill lead to the
successfutompletionof the structure.lt makesno difference
whetherthosefurther actionsare taken by the samerobot, or
by otherrobots.Fig. 3 shavs a group of ten robots,operating
independentlyn this way with no explicit cooperatiorthrough
coordination, neverthelessbuilding an arbitrary prespeci ed
shape.The partially built structureprovides cuesfor implicit
coordination;robots sensehow much has alreadybeenbuilt
and act appropriately Extensionsmay be necessaryto pre-
vent robotsinterfering with one anothers movement;but the
algorithmworks equallyfor a group asfor anindividual.

B. Distinct, inert blocks

Alg. 1A requiresrobotsto nd the marker beforethey can
attacha block, andto keeptrack of their movementalongthe
structure with unfavorableimplicationsfor constructiorspeed

1t is possibleto establishlocationeven if the marler is indistinguishable
from all otherblocks.Usingthe grid formedby the blocksasa guide,a robot
cancircle the structure keepingtrack of its movement,andrecognizewhenit
hasreturnedto a previously visited site. It thenknows the shapeof the partial
structureit hascircled. If all robotsusethe sameconvention to register this
partial structurewith the shapemap,they canreliably determinetheir position
in a commoncoordinatesystem(even if the partial shapethey obsere is out
of datebecaus®therrobotshave meanwhilebeenattachingblocks).However,
this approachis slower than that wherethe marler is distinct, and requires
more dynamicmemoryfrom the robots. Thuswe explore it no further here.



Fig. 3. Simulatedconstructionof a samplerectangularstructureof inert
blocks, shawing successie snapshotgluring the processof constructionby
ten robots. White: blocks; brown: robots carrying blocks; gray: empty cells
whereblocksshouldbe attachedblack: emptycellsthat shouldbeleft empty
The marler is in the upperleft corner

and behavioral robustnesqgxV). An alternatve is to make all
blocks distinct, so that eachbecomesa potential landmark.
Reliably distinguishingan arbitrary numberof blocks could
be very dif cult for robotsif it is to be accomplishedge.g.,
visually. However, it could be donesimply andreliably, e.g.,
by labeling eachblock with an RFID tag?

The simplestlabelsare static,aswith read-onlyRFID tags:
every block is distinct, but thereis no adwvanceinformation
regardingwhereblocksmight endup attachedo the structure.
A robot mustthenmaintaina dynamiclabel map storingthe
labelsand locationsof all blocksin the structure.The initial
label map hasthe marker at the origin.

Whentherobotreacheghe structureperimeterit canestab-
lish its positionby referenceto a block label. Disambiguating
orientationmay be donein a numberof ways: the robot may
have its own compassjt cango on to nd a secondknown
block (or, initially, a distinct edgeof the marker as before);
or the four sidesof eachblock can be distinct, with robots
storing in their label mapsthe orientation of eachblock as
well. Finding a legal attachmensite, so asto avoid unwanted
gaps,canthenbe doneasbefore.

Constructionwill proceedfasterwith this algorithm than
with identicalblocks. A robot can establishits location more
readily, not needingto follow the perimeterall the way to the
marker to do so. The marker can be locatedin the middle
of the desiredstructure,ratherthan along an edge,allowing
constructionto proceedon all sides.

Multiple Robots.With mary robots adding blocks in par
allel, eachcanencountetblocks at the structurewhoselabels
it hasnot previously seen.Thus uponreachingthe structure,
a robot follows the perimeter keepingtrack of block labels
alongthe way:. It canaddthoselabelsto its label maponceit
encounters block whosepositionit knows. As it goeson to
searchfor a legal attachmensite, it cancontinueto updateits

2passie RFID (Radio-Frequenc IDenti cation) tagsare circuits that can
store information without a power source. When an external transceier
focusesa RF beamat a tag, the currentinducedin the tag's antennaenables
it to transmita response—e.ga uniquelD code.

label map with arny other unknavn labelsencounteredilong
the way. Alg. 1B summarizeghis approach.

With the marker located in the middle of the structure
rather than along an edge, it is possible for a robot to
return to the structureto nd no blocks it recognizesalong
the entire perimeter In such a case,this robot may not be
ableto contribtute ary further to construction.However, it is
impossiblefor all robotsto be lost in this way, since some
robot(s)musthave placedthe blocksthat form the perimeter;
thus completionof the structureis not at risk. This form of
robotlosscanbe avoidedby requiringthe marker to be along
an edgeof the desiredstructure,or by having robotsdirectly
communicatanapinformationto oneanothemwhenthey meet.

C. Writablg inert blocks

Robotsmay be ableto changethe stateof block labels.For
instance someRFID tagsarewritable, with on the orderof 1
kb memorythatary transcever canwrite to andary othercan
readfrom. In this caseevery block can storeits coordinates
explicitly, andthusact asan unambiguoudandmark.A robot
canquickly establishits positionuponreachingthe structure,
disambiguateorientation as with static labels, and proceed
directly to nd a legal attachmentsite, writing coordinates
to the new block whenit attachest (Alg. 1C).

Robots need not maintain the (potentially extensie) dy-
namic memory for a label map; the blocks collectively do
that,embodyingthatinformationwhereit is neededThe cost
of dynamicratherthan static labeling is that it representsa
more complicatedcapability for robotsand blocks. However,
dependingon the implementation(again,aswith RFID tags),
that costmay be small or nggligible.

Multiple Robots.As with Alg. 1A, actionstaken by one
robot will not conict with thosetaken by others.Because
every block label storespositioninformation, robotsneednot
travel ary distancealongthe perimetetto nd the marker (Alg.
1A) or a known block (Alg. 1B) by which to establishtheir
position, so that constructionwill be still faster Similarly,
there is no risk of robot loss through not recognizingary
labelsaroundthe perimeterFurther if blocksarerearrangear
replacedduringthe courseof constructionlasmay occur, e.g.,
if error correctionbecomesmecessary16]), robotsoperating
with statically-labeledblocks could encountercon icts be-
tweentheirlabelmapsandobsenations,whereaslynamically-
labeledblockswill simply be rewritten.

D. Communicatinglocks

We can extend the capabilities of blocks to store, pro-
cess,and communicatenformation by embeddingprocessors
in them. Blocks have a direct physical connectionto each
other once they are connectedto the structure; that link
can be the basisfor reliable, unambiguousrapid commu-
nication. The structurethen becomesa distributed network
with nearest-neighboconnectity. Sensor nodes, such as
the Berkeley motes,have demonstratedow-power, low-cost
computing devices [17], while modular robot researchhas



Algorithm 2 Pseudocod@rocedurefor assemblyof a solid
structureof communicatingblocks.

A: Blocks

loop
for all sidesS do
if a robotasksto attacha block to S then
if (designspeci esa block there)and(no blocksare
yet attachedn that row) then
getcon rmation from otherblocksin this row that
they will not allow attachmentn that one
allow attachment
elseif (designspeci esa block there)and (a block
is attachedn that row adjacentto that site) then
allow attachment
else
forbid attachment
B: Robots
while structurenot completedo
get block from cache
go to structure
while still holding block do
ask ary adjacentstructure blocks if block can be
attachedhere
if all structureblocksansweryesthen
attachblock here
else
follow perimetercounterclockwise

4
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Fig. 4. Examplesof block facesin eachof the four possiblestates,with
the nite statemachinefor a single face. Dotted lines shav the potential
attachmensite associatedvith a face.

demonstrateddesigns for reliable communicationbetween
physically-connectedevices[9], [10].

The responsibilityfor determiningwhetheror not a site is
available for block attachmentcan then be shifted from the
robotsto the structureitself. Robotsbecomeresponsibleonly
for transportingblocksto available sites.

Alg. 2 outlinescontrolrulesfor robotsandblocksfor build-
ing a solid structure Blocks alongthe structureperimetemmust
be ableto communicatewith robotstraversingthe perimeter
albeit at shortrangeandwith low bandwidth.Robotssimply
circle until they nd a site that gives them permissionto
attach.Blocks in the structurehave the shapemap, and give
permissiorfor attachmenata siteonly if the sametwo criteria
are satis ed: (1) the shapemap speci es a block there; (2)
thereareno separatedblocksin the samerow, unlesshe shape
map speci es a deliberategap betweenthem.

Block Algorithm. A sufcient decentralizedalgorithm for
blocksis asfollows. Eachblock storesthe shapemap,its own
locationin the sharedcoordinatesystem,and a statefor each

AE Bﬂ C
1234 123[E | 123

Fig.5. Exampleof block algorithm.The shapemapspeci esthatblocksare
to be attachedeverywhereexceptat the two shadedsites.Seetext for details.

of its faces.This latter stateis associatedvith where blocks
have alreadybeenattachedn the row the faceborders.There
are four possiblestates(Fig. 4): open if no blocks have yet
beenattachedin the adjoining row, so that attachingat that
facewould starta new row; closed if attachingat that face
would put two separatedlocks into the samerow; corner,
if an adjacentblock meansthat the site in questionhastwo
neighbors;done if a block has beenattachedto that face.
Facesborderingsitesthat the shapemap speci es shouldbe
left empty are always closed

New blockscanbeattachedo openor cornerfacesWhena
robotis givenpermissiorto attacha new blockto anopenface,
the structureblock sendsa messagealong that row in both
directions;eachrecipientsetsits correspondindace,formerly
open to closed and passeghe messagen, thus locking out
the restof the row from attachmentOncea block attachment
is completedthe original structureblock setsits faceto done
and passesa messageao neighborson both sidesto settheir
faceto corner.

Fig. 5 illustratesan example, focusing on the southfaces
of the blocksin the lower row. Initially (A) the leftmostis
closed becauseno block is meantto be attachedat site 1;
the otherthreeare open sinceno block hasyet beenattached
in the row of sites2—4. Whena robot is given permissionto
attachat site 4 (B), the adjacentblock sendsa messagealong
its row, andthe blocks borderingsites2 and 3 settheir south
facesto closed After attachmen{(C), the block to which the
new onewasattachedsetsits southfaceto done andsendsa
messageo its neighborto setits southfaceto corner.

A newly attachedlock obtainsfrom its neighborghe shape
map and its coordinates,and setsthe state of its facesas
follows. De ne a functionf : f (dong = corner, f (oper =
openf (fcorner closed)) = closed Any facesx directly
attachedo the structureare setto done Any facesy adjacent
to thosefacesx aresetto f (y9, wherey? is the face of the
block attachedto x that is the samefaceasy (i.e., f north,
east,south,wesp). The remainingfaceof the newly attached
block, if ary, is setto open This strateyy allows new blocks
to settheir statesbasedon message®snly from immediately
attachedblocks.

In Fig. 5C,the new block setsits northfaceto done because
of the attachmenthere;its westfaceto corner (= f (dong),
becausehereis a block to the northwhosewestfaceis done
its eastfaceto open(= f (open), becausedhereis a block to
the north whoseeastfaceis open andits southfaceto open
becauseno blocks are attachedo its eastor westfaces.

Communicationover distancedurther than a single block
is only necessarywhenthe rst block is being attachedn a
new (oper) row. Thereafterpermissionfor further attachment
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Fig.6. Simulatedconstructiorof a samplerectangulastructureof communi-
catingblocks,shaving successie snapshotsluringthe procesf construction
by tenrobots.White: blocks;brown: robotscarryingblocks;gray: emptycells

whereblocksshouldbe attachedblack: emptycellsthat shouldbeleft empty

Block sidestatesareshavn in the samecolorsasin Figs.4 and5. The marker

is in the center

in that row can be given or deniedwithout communication,
basedon local stateonly; and communicationwhen further
blocksare attachecheednot involve messagepassedeyond
immediateneighbors As Fig. 6 suggestslong openrows are
rare and communicationbeyond immediateneighborsis sel-
dom neededn practice.The numberof inter-block messages
experimentallyscaleslinearly with the numberof blocks.

Block power could be suppliedcentrally from the marlker,
or self-contained Power on the order of 20 mW per block
would be sufcient, using, e.g., Chipcon CC1000 chips for
communicationwith perimeteffollowing robots and serial
connectiondor inter-block communication.

Multiple Robots.Finite messagepropagationspeedmeans
thatbeforea robotis given permissionto attacha block in an
openrow, the structuremustensurethatno otherrobotis being
given permissionat the sametime elsavhere along the row.
Thus when a robot requestspermissionto attachat an open
site, communicationalong the structurerow is necessaryto
notify the restof the row of theintentto attach,andto obtain
con rmation that permissionwill not be grantedelsavhere.
Collisions betweenmessagesorrespondingo simultaneous
attachmentrequestsmust be resohed. Only then does the
structureblock give the robot permissionto proceedandsend
the messagelown the row to setfacesto closed

V. DIscussiON AND COMPARISON

The four approacheswe describefor constructionhave
mary similarities. The robots use identical, simple control
rules that are the sameirrespectve of the shapebeing built.
There are no special leader robots that needto be elected
or maintained.The taskis executedby mary robotsrunning
the samecontrol rules asynchronouslyand in parallel. The
robots act independentlyof one another;a robot does not
maintainary stateregardingotherrobotsin the system Robots
do not needto maintainary explicit multi-hop communica-
tion structure;instead,the partially built structureprovidesa
coordinationmechanismAs a result of theseproperties,the

algorithms automaticallyadaptto unexpecteddelaysand to

varying numbersof robots,which can be removed or added
duringthe courseof constructionHowever, they alsodiffer in

robustnessperformanceand cost.

RolustnessWith inert, identical blocks, robots must keep
track of their movementafter passingthe single landmarkthe
marker representspver potentially long distancesfor large
structures.The grid of blocks they move alongis a crucial
referencein this task. However, if a robot doesmiscountits
movementssomehay, it will be misalignedwith the structure
coordinatesystemand may attacha block at a site meantto
be left empty If a robotdrifts away from the perimeter then
afterregainingit, it will needto travel all theway backaround
to the marker to ensureknowing its locationcorrectly

By contrastwith labeledor communicatinglocks,location
referencesare available throughoutthe structure,and can be
usedto correct such errors. Moreover, with communicating
blocks, robotsneednot be ableto countblocks asthey pass
them nor recognizegeometricfeaturesof the structure;this
greatersimplicity meansfewer failure points in the robots.
Corversely there are additional failure points in the more
complex blocks, though failure may be less likely than in
robotsbecauseo additionalmobility or actuationis involved.

Performance Constructionwith Alg. 1B will always build
a given structureas fast or fasterthan with Alg. 1A; Alg.
1C will alwaysbe asfastor fasterthan Alg. 1B, and Alg. 2
fasterthanAlg. 1C. Robotsareeligible to attachblockssooner
uponreachingthe structure,and neednot travel asfar along
the perimeter—with identicalblocks,they must rst reachthe
marker; with static labels, they must reacha known block;
with writable labels,any block will do; with communicating
blocks,robotsareeligible to attachimmediatelyuponreaching
the structure,without needingto suney a full row rst to
ensurethatno distantblockshave beenattachedWith any but
identical,inert blocks,the marker canbelocatedin the middle
of thedesiredstructure sothatconstructioncanproceedon all
sides.With communicatingblocks, new rows may be started
arywhere,not just at one end, and can be extendedin both
directions.Thesefactorswill alsotendto resultin more sites
whereblock attachmenis permittedat one time, so that the
parallelismof the group of robotscan be betterexploited.

The extent of theseadvantagescan be explored with sim-
ulations. Experimentsfor each approachcompared(1) the
total numberof stepstaken by a group of ten robots along
the structure perimeter and (2) the maximum number of
sites where block attachmentwould be permitted, during
constructionof squarestructuresof varying side length.

Fig. 7 shows the results,averagedover ten runs for each
structuresize. Robots using identical, inert blocks travel an
orderof magnituddurtheralongthe structurethanthoseusing
communicatingolocks, with the labeledapproachesalling in
between.With identical, inert blocks, robots must start from
the markerto nd an attachmensite, forcing constructionto
proceedin a highly stereotypedway; only a few sites are
ever eligible for attachmentat once. Labeled blocks allow
mary more simultaneousattachmensites,with no signi cant
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Fig. 7. Left: Numberof stepstaken alongstructureperimeter asa function
of structuresidelength.Right: Maximum numberof sitesduring construction
whereblock attachmentvould be allowed at ary onetime.

differencebetweerthe staticandwritable variants.With com-
municatingblocks, not only is the maximumnumberof sites
simultaneoushavailable for attachmenmuch greaterstill, so
that robots can nd one more readily and more robots can
attachat once;but this numberalsogrows with the sizeof the
structure contributing to the shortertravel distancebsened.

Cost. Among inert blocks, labeled ones will be more
expensve in terms of materialsand fabrication,and robots
will require the additional capabilitiesnecessanyto interact
with the labels.Dependingon the implementationg.g.,using
RFIDs, these costs need not be great: at present,the cost
of RFID tags is on the order of $0.50, and of readers,
$100.Blocks capableof communicatiorwill in turn be more
expensve thaninert ones.To what extent will dependin part
on the application;if our approachis appliedto structures
assembleaut of high-level prefabricatedunits, the additional
cost of communicationcapabilitieswill be more mamginal
than for structuresassembledout of bricks. Overall, work
on penasve computation17], modularrobots[9], and RFID
technologyfor ubiquitouslabeling[18] is reducingthe costsof
componentshatcouldbe usedfor systemdik e thosedescribed
here. Already signi cant progresshas beenmade,and costs
will decreasefurther as use of thesetechnologiesbecomes
more widespread.

VI.

While theapproachewre describearehigh-level algorithmic
ones,we have taken care to ground them on simple basic
capabilitieshatcanbemaderobustandself-correctinggcrucial
to a hardware realization.We have implementeda prototype
systemthat demonstratethesekey capabilitiesand can build
arbitrary solid structuresusing ary of the three algorithms
for inert blocks (communicatingblocks have not yet been
implementedphysically).

Fig. 8 shavsthehardware:alaptopcontrollerdrivesanER1
(Evolution Robotics)wheeledbaseand gripper, and obtains
visual feedbackirom a CMUcam2mountedto onesideandin
front, pointingdownward. The cameras con guredto register
white areas.In our ervironment, it is sufcient to outline
blockswith white bordersjn amorecomplicatecervironment,
amorecomplex approactor the useof differentsensorsould
improve robustnessA RightTag RFID read/writeboard and

IMPLEMENTATION

RightTag RFID
reader/writer

Fig. 8. Hardware (robot andblock).

antennds mountedto the left of the robot, sothatit will pass
over block centersas the robot follows the perimeter Blocks
are 85 8:50 1:5% madefrom sheetmetal, with foam
handlesaf x edto the top surfacefor the gripperto grasp,and
RFID tagsmountedatop the handles.For self-alignmentwe
useneodymiummagnetsmountedin alternating-polaritypairs
on eachside so that two blocks broughtinto proximity will
be drawn togetherfor ary pair of faces.

Thegripperhasno verticaldegreeof freedom.It is mounted
suchthata grippedblock is held above the groundwith about
2%00f clearance When the robot nds a site where a block
should be attached,it maneuers so that the held block is
approximatelyabove that site, anddropsit; the magnetsoring
it into alignment.The cacheis implementedasa 2°°pedestal,
on which blocks are placedby handto await pickup (Fig. 9).
A line on the oor nearbyactsasa visual referenceto guide
the robot into positionto pick up the block.

Therobotdemonstratethe key elementsf our approaches
with inert blocks (Fig. 9): the ability to maneuer to a cache,
pick up a block, and bring it to the structure; perimeter
following; recognitionof grid points and sites where block
attachmentis valid; reading and writing block labels; and
attachmentof blocks to form a desired nal structure.The
additionalkey elementsnecessaryor communicatingblocks
have beendemonstratedh work on modularrobots[9], [10].

To evaluatethe reliability of the basicbehaiors, we hadthe
robot travel aroundthe perimeterof a 2x2 squarestructure,
measuringits progressby visual referenceto the marked
block edges,and checkingthis discreteposition estimatefor
accurag againstthe coordinatesstoredin read/write RFID
tags. In addition, eachtime it passeda block, it wrote two
randombytesto the tag andreadthemback.In approximately
30 minutes,it recognized122 block boundariesto measure
its progressby, turned41 corners located82 block tags,read
328 bytesfrom andwrote 164 bytesto thosetags,without any
errorsin ary of theseactionsor in its position estimate.

The robot successfullyfound andretrieved blocks from the
cachein 10 of 10 trials. Therearethreekinds of siteswherea
block might needto be attachedin the middle of a wall (Fig.
2A, site 1), just beforeturning a cornerto the left (the site to
the left of site 1), or at a site with two neighbors(site 2). In



Fig. 9. Procesof addingoneblock to the structure.The cacheis at top, structurein progressat bottom,with the marler at its upperright. Inset: the robot's
knowledge aboutthe structures progressand its own position: desiredstructurein gray, existing blocksin white, robot location (if knovn) shavn asarraw.
A: Therobot, traveling toward the cachefrom the vicinity of the structure,initially knows only that the marker mustbe present.

B: Usingtheline on the oor asareferencejt maneuersto and picks up a block from the cache.

C: Onceat the structure,it canuseits RFID readerto determineits position,andits camerato follow the perimeter Existing blocksare addedto the robot's

mapasit obseresthem.

D: Eventually the robot reachesan empty site wherea block is desired,and where one may be attachedaccordingto Alg. 1.

E: It maneuersto attachits block at that site, droppingit into place...
F: ...andwrites the block's new coordinatedo its tag.

10 trials for eachof thesethreeclassesthe robot successfully
attachedlocks,andwrotetheir new coordinatedo their RFID
tags,respectrely 9, 10, and 9 times.

As expected,the hardestrobot taskswere thoseinvolving
physicalmanipulation.This dif culty wascompoundedy the
fact that with the currenthardware con guration, the camera
is the only sourceof feedbackfor position evaluation, and
is more than 75 cm away from the gripper When attaching
a block, the robot adjustsits position using the cameraat
the attachmensite, and then maneuers blindly to move the
gripperinto place,relying on the notinfallible precisionof the
ER1 wheelbaseWe believe that addingsensorsat the gripper
in the next hardware revision, to allow adjustmentafter the
gripperis approximatelyin position,will greatlyimprove the
reliability of block attachment.

VIlI. CONCLUSIONS

In this paperwe have outlined a systemfor automated
constructionby a group of robots.We have describedsimple
algorithms by which robots could assemblearbitrary solid
structuresout of blocks, compared variants using blocks
with increasingdegreesof sophistication,and presenteda
hardware prototype that demonstratesour approach.Since
particular robots are never assignedparticular critical tasks,
nor do the algorithms dependon actions being executed
in ary particular order, the systemis highly robust to the
temporaryor permanentossof robots,solong assomerobots
remain. Individual blocks, similarly, are not crucial for task
completion.With communicatingolocks, it is undesirableor
themto fail aftertheir attachmento the structure;but an error
correctionprocedurecan recover from that eventuality [16].

While building structures from inert, indistinguishable
blocksis possible,incorporatingcommunicationabilities into
the blocks brings considerablebene ts in speedand robust-
ness.lt may be, dependingon the applicationandimplemen-
tation, that the cost or compleity associatedvith commu-
nicating blocks makes such an approachprohibitive. In such
a case,the use of passve labels on the blocks can achieve
the robustnessadvantageanda signi cant degreeof the speed
improvement,more easily and inexpensvely.

Various systemsfor automatedconstructionare presently
in early stagesof design, specifyinginert (but specialized)

building materials[4], [5]. Our resultssuggesthatincorporat-
ing a capabilityfor communicatiorinto thosematerials,or at

leastsomeheterogeneityisinglabels,couldbe of considerable
utility. Additionally, for automatedtonstructiorsystemsased
on eitherinert or active [6] materials,our approachgives a

principledway to partially orderassemblyto generatedesired
structures.
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