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Abstract. Self-recon�guringmodularrobotshave the ability to reform themselves into a
widevarietyof differentshapestoaccomplishtheirtasks.In addition,agroupof self-recon�guring
modulescandivideupinto severalsmallergroupsto performoperations(suchasexploration)
in parallel.In eitherinstance,dueto thelargenumberof independentmodulesin thesystem,
distributedalgorithmsarehighly desirable.In this paper, we describea setof homogeneous
distributedalgorithmsfor self-recon�guringmodularrobotsthatallow division andlocomo-
tion in two andthreedimensionalsystemsaswell asrecombinationin two dimensions.The
algorithmsarewritten in a rule-basedstyle inspiredby cellularautomata,andallow for the
developmentof correctnessanalyses,whicharealsopresentedhere.

1 Intr oduction

Self-recon�gurablerobotsaremodularrobotsthatcanmorphinto differentshapes
withoutoutsideassistance.Theability to changeshapeallows theserobotsto adap-
tively executea variety of different tasks,suchas locomotionthroughsmall pas-
sages,climbing tall obstacles,andmoving while supportinglarge payloads.Self-
recon�guring robotscanalsofunction asparalleldistributedmachines.That is, in
almostall existingsystems,eachmodulehasaprocessoron-board,andto takebest
advantageof themodularity, thealgorithmicprocessingaswell asmodulecontrol
shouldtake placein a distributedfashion.This alsoallows the systemto be more
robustto failuresof individualmodulesandcommunications,andsupportsthepar-
tition of therobot.Severalself-recon�gurablesystemshavebeendesignedandbuilt
[4,8,9,15,16]andcentralizedalgorithmshave beenproposedfor most[3,6,14],but
purelydistributedalgorithmshavebeenlessexplored[5,12,13,17].

In thispaperweexploreanovel featureof self-recon�guringrobots:self-replication.
We considerself-replicationability in which a largerobotcandivide itself in sev-
eral independentsmallerrobotswith thesamebasicfunctionality(but not identical
size).For example,a systemconsistingof 100modulescouldfunctionasonelarge
robot or 10 smallerrobotseachconsistingof 10 modules,or any numberof other
con�gurations.Self-replicatingrobotsareuseful in taskswherethe overall effec-
tivenessandtaskcompletiontime is improved by parallelism,suchasdistributed
surveillanceor exploration.Althoughself-replicationhasbeenstudiedextensively
in softwaresystems[11], it hasbeenlessexaminedin hardwaresystemssuchas
robots[10].

In this paperwe addressthevision of self-replicatingrobotsby developingdis-
tributedalgorithmsfor dividing a self-recon�guringrobotinto smallerindependent



robots,andrecombiningseveralsmallerrobotsinto a larger robot.Thealgorithms
we proposearehomogeneousandpurely distributed,in thateachmodulerunsthe
samealgorithm(with nocentralcontroller)andusesonly local informationto deter-
mineits actions.This is importanthere,asgroupsof differentsizeswill becreated,
andthealgorithmsmustwork correctlyregardlessof theoverallgroupsize.

We also describesimulationsof thesealgorithmswithin a locomotion task,
whichcanleadto applicationin moregeneraldomains.Considerthetasksdisplayed
in Fig.1. Theleft imageshowsasimulationsnapshotof asystemexploringamaze-
likeenvironment,with groupssplittingup to moreef�ciently cover themaze.Here,
thenumberof groupscouldbe increasedasthecomplexity of themazeincreases.
Theright imageshowsasimulationsnapshotfrom asystemin whichseveralgroups
arecoveringanopenpieceof terrain.In this case,a largernumberof groupsis de-
sirableto speedup exploration,but small groupscannotnavigatelarge obstacles.
Therefore,the systemcan usethe ability to dynamicallychangegroup size and
numberto moreef�ciently conductexploration.

Fig.1. (Left) Fourgroupsof modulestraversingamaze.(Right)Groupsof modulesexploring
roughterrain.

More speci�cally, we develop distributed genericalgorithmsfor dynamically
changingthesizeof therobot,andthenumberof robots.By “generic”we meanal-
gorithmsthatareindependentof thespeci�c architectureof thebasicrobotmodule.
Our algorithmscan be instantiatedto any self-recon�guringrobot systemwhere
an individual modulehasthe ability to move linearly andmake convex andcon-
cave transitionsona substrateof identicalmodules1. We usetheabstractgeometric
model�rst describedin [1], whereeachmoduleis representedasa cube.A setof
geometricrulesthat is evaluatedby eachmoduledeterminesthemovementbehav-
ior of eachcube,andthustheoverall behavior of therobot.This cellular-automata
inspiredapproachleadsto completelydistributedandhomogeneousalgorithmsthat
canbeprovencorrectandbeinstantiatedon a varietyof hardwaresystemsfor spe-
ci�c tasks.In our previous work [2] we presentrule sets,correctnessresults,and
instantiationsfor thelocomotiontask.In this paperwe developalgorithmsandcor-
rectnessresultsfor theself-replicationtask.

1 Mostexistingself-recon�guringsystems,e.g.[5,7,9,15],have theseabilities.



Algorithm 1 Instantiationof
�

�

1: while (1) do
2: �a g = 0 in all modules
3: while (Any �ag == 0) do
4: Chooseun�aggedmoduleat random
5: Set�ag = 1 for currentmodule
6: while (Not all rulestried) do
7: Evaluaterandomrule for currentmodule
8: If ruleapplies,useit andbreak

2 2D algorithm

In this sectionwe describea distributedalgorithmfor division of two-dimensional
systems,usingthegeometricmodeldescribedin Sec.1. We developrule setsthat
implementseveraltasks:divisionof agroupinto two halves,locomotionin either+x
or -x, andrecombinationof two groupsthatmeet.Theserulesetsarethencomposed
to accomplishcorrectcombinationsof redivisionandrecombination.

2.1 Locomotion

In [2] we presentedrule setsfor the locomotiontaskin which a modularrobot
canmove over obstacles.Therobotcanbeviewedasa collectionof cells in a par-
ticular type of cellular automata.The evaluationof this distributedsystemis not
performedin thetraditionalway, but insteadmodelsthenaturaldelaysin actuating
physicalsystems.The evaluationis donewith the

�

� activation modelde�ned in
[2]. In this model,thecellsareevaluatedwith somerandomasynchrony subjectto
theconstraintthat a cell candelayactivationat mostonecycle relative to another
cell. This is instantiatedin simulationasshown in Algorithm 1. In [2] we alsode-
scribedlocomotionrulesthatcanbeevaluatedasynchronously, andweareworking
at integratingthoseandothermoregenerallocomotionruleswith division rules.

Fig.2. Legendusedfor all rule �gures, showing themeaningof thecentralsymbols(left two
columns)andotherpredicatesandpostconditions(right columns).

Thebasicideaof thelocomotionrulesis for themodulesto startin arectangular
groupandmovelikeatanktread– thosein thebackcolumnmoveoverthetopof the
groupandform thenext columnin front. The local rulesthatgeneratethis motion
arepresentedin Fig.3. Theserulesarepresentedasconditionsontheneighborhood



Fig.3. Rulesusedfor locomotion(groupmotionwill beto theright). Eachrule corresponds
to aparticularlocalgeometryandresultsin modulemotion.Thearrow in eachrulerepresents
thedirectionof motionof themoduleuponapplication.

of theactive module,which is denotedby thestarredbox in eachrule. Theaction
of the rule is eitherto move themodule(in this �gure) or seta variablewithin the
module(duringdivision). In all cases,thediagramsfollow the legendpresentedin
Fig. 2. Eachlocomotionrulecorrespondsto apossiblelocalgeometryfor amodule
andde�nes the next move for the module.For example,rule L1 makesa module
in thebackcolumnof thegroupmove upwardif thereis not anothercell above it.
RulesL2-L6 will move thatmodulealongthetop of thegroupanddown thefront
side2.

2.2 Division / self-replication

We would like to empower modularrobotswith the ability to split up whenthey
needto explore differentdirections,or whenthe surveillancetaskis enhancedby
parallelism.The divisionoperationsplits up a robot into two smallergroups.This
kind of roboticself-replicationcanbecontrolledin a distributedfashion,usingthe
sameapproachasfor locomotion.Thekey is to de�ne asetof rulesthatselectwhich
robotmodulesbelongto which smallergroupby thelocal neighborhoodonly. The
endresultwill belocalcontrolthatis guaranteedto split anundifferentiatedmodular
robotinto differentiatedgroups.

Fig.4. Simulationof initial differentiation,showing theprogressof groupselectionandthe
startof locomotion.Light graymodules(in thisandfollowing �gures) have�ow-dir = 1,dark
graymodules�ow-dir = -1 andblackmodules�ow-dir = � .

2 The locomotionrule set in Figure 3 includesrule L3 which is not part of the rule set
describedin [2]. The additionof L3 doesnot changethe correctnessof the locomotion
rulesbut it facilitatesthetransitionbetweenthecontrolfor dividing arobotinto two smaller
robotsthatcanmove in oppositedirections.



Thebasicdivisioncontrolalgorithmsplitsarobotwith noholesinto two smaller
robots of equal size. It requiresa statevariable (�ow-dir ) correspondingto the
moving direction.Fig. 4 shows snapshotsfrom a simulationthat implementsself-
replication.All robotmodulesbegin in anundifferentiatedstate(�ow-dir �

�

) and
divide into two groups:left-facing(�ow-dir =-1) andright-facing(�ow-dir =1).The
moduledifferentiationis doneby propagatingof anintegervariablecalleda signal
throughthesystem.As themodules�nish dividing (which they candetectby com-
paringsignalsin a local neighborhood),they begin to locomoteusingthe rulesof
Fig. 3.

Fig.5. Rulesusedfor initial differentiation.RulesD1 andD2 setthedirectionof cellsat the
sidesof the group,rulesD3-D5 setdirectionfor cells on the top row, andD6-D8 copy the
directionto cellsin theinteriorof thegroup.

At the outset,all modulesareundifferentiated,andusethe rules of Fig. 5 to
divide. Themoduleson theedgeschooseto move towardemptyspace(usingrule
D1 or D2 andsetting�ow-dir left or right asappropriate)andsettheirsignalto zero.
Themodulesonthetoprow copy theirneighbor'sdirection(asin themiddlepicture
of Fig. 4) andsignallevel, andincrementthesignal(rulesD3 andD4). In addition,
aftersetting�ow-dir , amodulewill wait onecyclebeforemoving, to ensurethatits
�ow-dir is seenby themodulebelow. Finally, whenthetwo groupsmeetalongthe
toprow, themodulesmayneedto change�ow-dir until thetwo groupsareaboutthe
samesize(i.e. themodulesat theboundaryhave aboutthesamesignalvalue).All
modulesnot in the top row will copy their directionfrom themoduleabove using
D6-D8,resultingin acon�gurationlike thatin theright-handpictureof Fig. 4.

Fig.6. Rulesusedfor resetting(R1-R4,in which a moduleunsetsits directionin responseto
an undirectedneighbor)anddividing non-rectangularshapes(R5-R12,in which a modules
copiesits directionfrom a neighbor).



To split a groupin motion, it is suf�cient for onemoduleat the front edgeof
thegroupto resetits �ow-dir to

�

(basedon a sensorsignal,higher-level directive
or someothertrigger).This is a local operationandrequiresno collective decision
from the modules.The initiating modulesimply resetsandwaits for a numberof
cyclesbeforeevaluatingits rules3, to ensurethatall modulesreset.After a module
becomesundifferentiated,rulesR1-R4of Fig. 6 ensurethatall themodulesbehind
it will beundifferentiated.Additionally, themoduleswait for all to resetby copying
the waiting time from the neighborahead.At this point, the modulesmay choose
a new moving direction.Sincethegroupmaybe in a non-rectangularshape,addi-
tional rulesareneededto performdifferentiation.TheserulesaregivenasR5-R12
in Fig. 6.

2.3 Recombination

Fig.7. Simulationof recombinationandredivision.

Two robotgroupscanalsobemergedto generatea biggerrobot.Therecombi-
nationoperationmergestwo groupsthatmeeteachotherface-to-faceinto a single
undifferentiatedgroup.This groupmay alsodivide again,asshown in Fig. 7. Re-
combinationcanbe formulatedwith local rulesmuch like the division operation.
Eachmodulerequiresa counterwe call stuck. A moduleincrementsits stuck if it
hasanopposite-directedmodulein its andnomotionrulecanbeapplied.Thestuck
counterallowsgroupsto wait until they havecollectedwith noholesin themiddle4.
Oncestuck reachesa small thresholdin a moduleat thetop of thegroup,themod-
ule setsits �ow-dir to

�

, asshown in Fig. 7(top,middle).This is suf�cient to reset
both groupsasshown in Fig. 7(top, right) sincethe resettingmoduleis “in front
of” bothgroups.Thegroupcanthenredivide andresumelocomotion,asshown in
Fig. 7(bottom).

2.4 Simulation

A graphicalsimulationof thisalgorithmhasbeendeveloped,imagesfrom whichare
shown in Fig.8. In thissimulation,theevaluationloopof Algorithm1 is instantiated,

3 Thewaitingtimeis determinedby thesizeof thegroup,which themoduleestimatesbased
on thelengthof its lasttraverse.

4 Recallthatthedivision rulesassumea groupwithoutholes.



anda largegroupof modulescanbeseento divide, �rst into two groups,theninto
four, eachof whichmovethroughtheenvironment,demonstratingself-replication.

Fig.8. Simulationof locomotionandrecursive split. Two groupslocomoteaway from each
other(top), reset(middle)andeachdivide into two (bottomleft), afterwhich all four groups
resumelocomotion.

2.5 Analysis

Oneof the advantagesof working with the simpli�ed geometryandrule typesof
thecurrentsystemis thatcorrectnessanalysiscanbeproducedin a straightforward
fashion.In this instance,basedon the rules in Figs. 3, 5 and6, we canshow the
following Propositions:

1. Locomotionproceedsoverobstaclesof (groupheight-2).
2. Initial split producestwo locomotinggroups.
3. Recursivesplit createstwo locomotinggroupswith probability � 1.
4. Recombinationwill causeresetandredivisionof all modules.

In thisdiscussion,wedescribesystemgeometryusingcompassdirections(in which
North is upandEastto theright, relativeto therule �gures). Wealsode�ne regular
locomotionasthecasein which a contiguousgroupof modulesall have thesame
(non-null)�ow-dir .

Proposition1 is basedontheproofof theoriginallocomotionrulesaspresented
in [2]. Thatproofshowsthattherules,whenappliedto aninitially rectangulargroup,
produceforwardmotionwithoutdisconnectingthegroupor creatingdeadlock.The
locomotionrulespresentedin Fig. 3 arethesamewith oneextra rule (L3) andad-
ditional conditionsto two other rules(L4 andL5). The extra rule appliesonly in
the casewheretwo groupsare touching,andso will not �re during regular loco-
motion.As for theextra conditionsin rulesL4 andL5, aslong asthetop two rows
havenoobstacles,theseareredundantin regularlocomotion(they arethereto assist
redivision).

Proposition2 canbeshown asfollows:In the�rst evaluationcycle,all modules
on the two sideswill setthecorrectdirection.Then,over severalmorecycles,the



top row will divide itself in closeto half usingrulesD1 throughD5. Themodules
ateachsidecannotmove,sincethey areall at the“front” of their respectivegroups.
Therefore,theonly motionthatcantakeplaceis aNE motionby amodulein thetop
row, andsincetheoverall groupis a rectangle,only rule L3 can�re, andwill only
dosooncethetoprow hasdividedapproximatelyin half. Since�ow-dir propagates
downward from the top row, the two groupswill alwaysform rectangles.Theone
cyclepauseallowsthelowermodulesto getthecorrectdirectionbeforetheirupward
neighbormoves.Themodulesadjacentto thedividing line will moveN andthenNE
without changingdirection,astheir oppositenumberwill be treatedasanobstacle
(for north movement),or ashaving the samesignal strength(for rule L3). Once
the �rst columnhasmovedin eachgroup,thegroupsareisolatedandeachbegins
regularlocomotion.

Wemustalsoshow thatnoneof theotherrulescanaffect thisprocess.In partic-
ular, theresetruleshave thepotentialto unset�ow-dir in moduleswith undifferen-
tiatedneighbors.However, a modulewill only resetif themoduleabove it is reset,
or if it is on top andthe modulein front of it resets.Sincethe propagationof the
division happensin thesesamedirections,oncea moduleis set,it cannotbe reset
duringinitial division.

Proposition 3 is shown in two parts.First we show that the resetof onemod-
ule doesin fact resetall modules.We thenshow that division of non-rectangular
groupsproceedscorrectlyif all modulesstartat thesametime. Finally, we discuss
underwhat conditionsthe division fails if the modulesdo not begin the process
simultaneously.

Theresetitself will alwayscomplete,asfollows: Sincetheresetactivatesafter
a SE move, therecannotbe any modulesto theeastof the resetter, andtherewill
alwaysbe a moduledirectly to its west.The moduleto the westwill reseton its
next activation,andthe resetwill propagatebackanddown. Modulesin thesame
columnastheoriginal resettermaynot beadjacentto it, in whichcasethetopmost
onewill userule R4 to propagatethereset.Then,becauseeachmodulewaitsafter
resetting,therewill alwaysbe an undifferentiatedmodulein eachrow to continue
thepropagation.

Division of a non-rectanglebeginsasfor a rectanglewith themoduleson each
edgechoosing�ow-dir . Notethatthismaynow includemovingmodulesstickingoff
thetwo sidesof thegroup.Themoduleson thetop row will all identify themselves
assuchby notinganemptyspaceeitherabovethemor aboveandto theside(since
two moving modulescannotbe adjacentabove them).Thesemodulesthendeter-
minethedivision line for thegroup.Note in additionthatsincethesignalstrength
is propagateddown with thedirection,themodulesadjacentto thedivision line will
havethesamestrengthaseachother, eventhoughthevariousrowsmayhavediffer-
entwidthsandcenterlocations.Therefore,themodulesalongthedivision line will
moveN andNE withoutchangingdirectionor interferingwith eachother.

Becauseof theway moduleswait afterthereset,it is possiblethatnearbymod-
uleswill restartruleevaluationatdifferenttimes.Correctnessof regularlocomotion
relieson the

�

� activation model to prevent disconnectionat the NE corner, but



the
�

� model is violatedwhenonemodulerestartsseveral cyclesbeforeanother.
However, this failurerequireseithera particularorderof activationor a two-cycle
differencein the waiting timesof neighbors.Theseareboth very unlikely occur-
rences,andin factwehaveyet to seesuchadisconnectionin severalhundredtrials.

Proposition4 is shown asfollows:Firstof all, for amoduleto haveits opposite
numberdirectlyaheadof itself, theremustbetwo groupsmeetingface-to-face.Note
that this modulethencannotmove anywhereexceptS. It will move S, however, if
thereis spaceto do so.If thereis any spacein its column,notethat this spacewill
be �lled in at most (height-1)cycles.Therefore,sincethis modulewaits (height)
cyclesbeforeresetting,it will not resetwith a holeunderneathit. Then,notethat it
will necessarilyhaveonemoduleof each�ow-dir on eithersideof it. Eachwill see
that moduleasbeingin front andundifferentiated,so they will eachreset,andso
on.Oncetheresetreachestheedgeof thetop row, thecornermoduleswill wait (so
thatall moduleson theedgesreset),thenchoosethenew �ow-dir whichpropagates
inwardanddownward.

3 3D algorithm

Basedontheinsightsof theplanardivisionandlocomotionalgorithms,wehavealso
extendedouralgorithmsto three-dimensionalsystems.In thiswork, wemodeleach
moduleof a three-dimensionalsystemas a cube,and develop similar geometry-
basedrulesasin two dimensions.Wehaveimplementeddivisionof onelargegroup
into four smallergroups(usingtwo signalsratherthanone)andlocomotionin the
plane(via straightline motionin cardinaldirectionsand90

�

turns)in a singlerule
set.Thisrulesetconsistsof 36rules(20for division,10for straight-linemotion,and
6 for turning)andhasalsobeenimplementedin simulation,picturesfrom whichare
shown in Fig. 9.

Thedivisionof a3-D groupis performedmuchthesameasin 2-D.Themodules
on eachXY cornerchoosetheir direction�rst, asseenin thetop left of Fig. 9 and
setbothsignals(acrossandback) to zero.Theirdirectionsarecopied(a)backalong
the edgeoppositethe directionof motion (incrementingthe back signal)and (b)
acrossthefront edge(perpendicularto directionof motion,incrementingtheacross
signal).Thesignalsareagainusedto ensurethatthegroupseachendup aboutthe
samesizeandapproximatelysquare(in XY cross-section),ascanbeseenin thetop
right of Fig. 9. Interiormoduleson thetop(Z) layerobtaintheirdirectionwhentwo
neighborshavethesamedirection.Moduleswith a+Z neighborcopy directionfrom
thatneighbor.

Thelocomotionusesall of thesamerulesasin 2-D,with achangeto thenew NE
motionrule (rule L3). This is dueto theuseof two signalsratherthanone— since
adjacentgroupshaveperpendiculardirectionsof travel, onegroup'sback shouldbe
thesameastheother's acrossto ensurethat they arethesamesize.In addition,a
third NE rule is introducedthat appliesto modulesthat arenext to two different
groups(i.e. in thecornerof theirgroup).Althoughthelocomotionrulesfor the3-D
systemarestill planarin nature(eachgrouplocomotesasa setof planarlayers),



Fig.9. 3-D simulation:In thetop row, differentiationbeginsfrom thecornersand�lters into
thecenter, at which point four groupslocomoteaway from thecenter. In thebottomrow, a
groupmoving up andto theright stops,changesdirection,andmovesaway headingup and
to theleft.

additionalconditionscanbeaddedto theNE motionrulesto ensurethatthelayers
stayconnected.

Finally, a new setof ruleshasbeendevelopedthat allows a groupof modules
to reforma prismaticshapeandturn 90

�

, providedthey areon �at ground.A new
binarystate,halt, is usedto signalthegroupthatit is time to stoplocomotion.This
signal is generatedby a modulemoving to the front of the group, like the reset
signalin 2-D, andis propagatedthroughthesystem.Thehalt preventsthestartof
theback-to-frontlocomotionprocess(althoughmodulesin motioncancontinue,so
thata prismis onceagainformed).Oncea moduleis halted,it candiscernfrom its
neighborhoodwhetherlocomotionhascompleted,andif so,selectsa new �ow-dir
andturnsoff halt. Sincethe groupis prismatic,only the modulesat the backcan
restartlocomotion,anddosoin thenew common�ow-dir .

3.1 Analysis

In 3-D, we canshow that a prismaticblock of modules(with oneeven-lengthX
or Y side)will split into four prismaticgroups,eachsuccessfullylocomotingin a
differentdirection.This proof is carriedout muchthe sameasin 2-D, in that we
show that thegroupscreatedby division areprismatic(cf. rectangularin 2-D) and
locomotionbegins only at the groupboundaries,andonly oncethoseboundaries
have reachedequilibrium. This proof also relieson the rules' checkingof signal
levels in neighboringmodules,althoughheretwo neighborsandtwo signallevels
mustbecheckedbeforeinitiating locomotion.

We have alsodevelopeda proof of correctnessfor the turning rule set,which
demonstratesthatagroupof moduleson�at groundwill necessarilyreformaprism
upona properhalt signal,andwill turn to a new directionandbegin locomotion
without leaving any modulesbehind.



4 Conclusion

In this paper, we have presentedalgorithmsfor a generictypeof self-recon�guring
robotthatallow division, locomotionandrecombinationin a singledistributedpro-
gram.Thesealgorithmscanform thebasisfor moregeneralexplorationalgorithms
by suchsystems,in which the systemof modulescould organizeinto different
groupingsto bestsuit the environment.In addition,asthe locomotionalgorithms
for genericgeometryhave beeninstantiatedon to differenthardwareplatforms,it
is our intent that thesealgorithmscanbe likewise instantiated.In the nearfuture,
weareworkingtowardgeneral3-D locomotionalongarbitrarytrajectoriesandover
arbitraryterrains,aswell as3-D recombinationalgorithms,to allow for morefunc-
tionalexploration.
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