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Abstract. Self-recon guringmodularrobotshave the ability to reform themselesinto a
widevarietyof differentshapeso accomplisttheirtasksIn addition,agroupof self-recon guring
modulescandivide upinto severalsmallergroupsto performoperationgsuchasexploration)

in parallel.In eitherinstancedueto the largenumberof independenmodulesin the system,
distributedalgorithmsarehighly desirableln this paper we describea setof homogeneous
distributedalgorithmsfor self-recon guringmodularrobotsthatallow division andlocomo-
tion in two andthreedimensionakystemsaswell asrecombinatiorin two dimensionsThe
algorithmsarewritten in a rule-basedstyle inspiredby cellular automataandallow for the
developmentof correctnesanalyseswhich arealsopresentedhere.

1 Intr oduction

Self-recon gurablerobotsare modularrobotsthatcanmorphinto differentshapes
without outsideassistancel heability to changeshapeallows theserobotsto adap-
tively executea variety of differenttasks,suchaslocomotionthroughsmall pas-
sagesclimbing tall obstaclesand moving while supportinglarge payloads Self-
recon guring robotscanalsofunction asparalleldistributedmachinesThatis, in
almostall existing systemsgachmodulehasa processopbn-boardandto take best
adwantageof the modularity the algorithmicprocessingaswell asmodulecontrol
shouldtake placein a distributedfashion.This alsoallows the systemto be more
robustto failuresof individual modulesandcommunicationsandsupportghe par
tition of therobot. Severalself-recon gurablesystemsave beendesignedandbuilt
[4,8,9,15,16]andcentralizedalgorithmshave beenproposedor most[3,6,14], but
purelydistributedalgorithmshave beenlessexplored[5,12,13,17].

In thispapemwe exploreanovel featureof self-recon guringrobots:self-replication
We considerself-replicationability in which a large robot candivide itself in sev-
eralindependensmallerrobotswith the samebasicfunctionality (but notidentical
size).For example,a systemconsistingof 100 modulescouldfunctionasonelarge
robotor 10 smallerrobotseachconsistingof 10 modules,or any numberof other
con gurations. Self-replicatingrobotsare usefulin taskswherethe overall effec-
tivenessand task completiontime is improved by parallelism,suchasdistributed
suneillanceor exploration. Although self-replicationhasbeenstudiedextensvely
in software systemq11], it hasbeenlessexaminedin hardware systemssuchas
robots[10].

In this paperwe addresshe vision of self-replicatingrobotsby developingdis-
tributedalgorithmsfor dividing a self-recon guringrobotinto smallerindependent



robots,andrecombiningseveral smallerrobotsinto a larger robot. The algorithms
we proposeare homogeneouand purely distributed,in thateachmodulerunsthe
samealgorithm(with no centralcontroller)andusesonly localinformationto deter

mineits actions.Thisis importanthere,asgroupsof differentsizeswill becreated,
andthealgorithmsmustwork correctlyregardlesf theoverall groupsize.

We also describesimulationsof thesealgorithmswithin a locomotion task,
which canleadto applicationin moregeneradomains Considethetasksdisplayed
in Fig. 1. Theleftimageshawvs a simulationsnapshobf a systemexploringamaze-
like ervironment,with groupssplitting upto moreef ciently coverthemaze Here,
the numberof groupscould be increasedasthe compleity of the mazeincreases.
Therightimageshonsa simulationsnapshofrom a systemn which severalgroups
arecoveringanopenpieceof terrain.In this casea largernumberof groupsis de-
sirableto speedup exploration, but small groupscannotnavigate large obstacles.
Therefore,the systemcan usethe ability to dynamically changegroup size and
numberto moreef ciently conductexploration.

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

More speci cally, we develop distributed genericalgorithmsfor dynamically
changinghesizeof therobot,andthe numberof robots.By “generic” we meanal-
gorithmsthatareindependenof thespeci c architectureof thebasicrobotmodule.
Our algorithmscan be instantiatedto ary self-recon guringrobot systemwhere
an individual module hasthe ability to move linearly and make corvex and con-
cave transitionson a substrateof identicalmodules. We usethe abstracgeometric
model rst describedn [1], whereeachmoduleis representedsa cube.A setof
geometricrulesthatis evaluatedoy eachmoduledetermineghe movementbeha-
ior of eachcube,andthusthe overall behaior of therobot. This cellularautomata
inspiredapproacheadsto completelydistributedandhomogeneoualgorithmsthat
canbe provencorrectandbeinstantiatecbn a variety of hardwaresystemdor spe-
ci ¢ tasks.In our previous work [2] we presentrule sets,correctnessesults,and
instantiationgor thelocomotiontask.In this papemnve developalgorithmsandcor-
rectnessesultsfor the self-replicationtask.

! Most existing self-recon guringsystemse.g.[5,7,9,15],have theseabilities.



Algorithm 1 Instantiationof
1: while (1) do
ag=0inall modules
while (Any ag ==0)do
Chooseaun aggedmoduleatrandom
Set ag = 1 for currentmodule
while (Not all rulestried) do
Evaluaterandomrule for currentmodule
If rule applies,useit andbreak

2 2D algorithm

In this sectionwe describea distributedalgorithmfor division of two-dimensional
systemsusingthe geometricmodeldescribedn Sec.1. We developrule setsthat
implementsereraltasks:division of agroupinto two halves,locomotionin either+x
or -X, andrecombinatiorof two groupsthatmeet. Theserule setsarethencomposed
to accomplishcorrectcombinationf redivision andrecombination.

2.1 Locomotion

In [2] we presentedule setsfor the locomotiontaskin which a modularrobot
canmove over obstaclesTherobotcanbe viewedasa collectionof cellsin a par
ticular type of cellular automataThe evaluationof this distributed systemis not
performedn thetraditionalway, but insteadmodelsthe naturaldelaysin actuating
physicalsystemsThe evaluationis donewith the  activationmodelde ned in
[2]. In this model,the cells are evaluatedwith somerandomasynchrog subjectto
the constraintthat a cell candelayactivation at mostone cycle relative to another
cell. Thisis instantiatedn simulationasshavn in Algorithm 1. In [2] we alsode-
scribedlocomotionrulesthatcanbe evaluatedasynchronouslandwe areworking
atintegratingthoseandothermoregeneralocomotionruleswith divisionrules.
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Fig. 2. Legendusedfor all rule gures, shaving the meaningof the centralsymbols(left two
columns)andotherpredicatesandpostconditiongright columns).
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Thebasicideaof thelocomotionrulesis for themodulego startin arectangular
groupandmovelik e atanktread-thosein thebackcolumnmoveoverthetop of the
groupandform the next columnin front. Thelocal rulesthatgeneratehis motion
arepresentedh Fig. 3. Theserulesarepresente@sconditionson theneighborhood
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Fig. 3. Rulesusedfor locomotion(groupmotionwill beto theright). Eachrule corresponds
to aparticularlocalgeometryandresultsin modulemotion.Thearrawv in eachrule represents
thedirectionof motion of the moduleuponapplication.

of the active module,which is denotedby the starredbox in eachrule. The action
of therule is eitherto move the module(in this gure) or seta variablewithin the
module(duringdivision). In all casesthe diagramdollow thelegendpresentedn

Fig. 2. Eachlocomotionrule correspondso a possibldocal geometryfor amodule
andde nes the next move for the module.For example,rule L1 makesa module
in the backcolumnof the groupmove upwardif thereis not anothercell aboveiit.

RulesL2-L6 will move thatmodulealongthetop of the groupanddown the front
side.

2.2 Division/ self-replication

We would like to empaver modularrobotswith the ability to split up whenthey
needto explore differentdirections,or whenthe surillancetaskis enhancedy
parallelism.The division operationsplits up a robotinto two smallergroups.This
kind of robotic self-replicationcanbe controlledin a distributedfashion,usingthe
sameapproactasfor locomotion.Thekey isto de ne asetof rulesthatselectwhich
robotmodulesbelongto which smallergroupby the local neighborhoodnly. The
endresultwill belocalcontrolthatis guaranteetb splitanundifferentiatednodular
robotinto differentiatecgroups.

Fig. 4. Simulationof initial differentiation,shaving the progressf groupselectionandthe
startof locomotion Light graymoduleg(in thisandfollowing gures) have ow-dir =1, dark
graymodulesow-dir = -1 andblackmodulesow-dir = .

+
= -
-

2 The locomotionrule setin Figure 3 includesrule L3 which is not part of the rule set
describedn [2]. The addition of L3 doesnot changethe correctnes®f the locomotion
rulesbutit facilitateshetransitionbetweerthecontrolfor dividing arobotinto two smaller
robotsthatcanmove in oppositedirections.



Thebasicdivision controlalgorithmsplitsarobotwith noholesinto two smaller
robots of equalsize. It requiresa statevariable ( ow-dir) correspondingo the
moving direction.Fig. 4 shavs snapshotérom a simulationthatimplementsself-
replication.All robotmodulesbegin in anundifferentiatedstate( ow-dir ) and
divide into two groupsieft-facing( ow-dir =-1) andright-facing( ow-dir =1). The
moduledifferentiationis doneby propagatingdf anintegervariablecalleda signal
throughthe system As the modulesnish dividing (which they candetectby com-
paringsignalsin a local neighborhood)they begin to locomoteusingthe rules of
Fig. 3.
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Fig. 5. Rulesusedfor initial differentiation.RulesD1 andD2 setthedirectionof cellsatthe

sidesof the group,rules D3-D5 setdirectionfor cells on the top row, and D6-D8 copy the
directionto cellsin theinterior of thegroup.

At the outset,all modulesare undifferentiated and usethe rules of Fig. 5 to
divide. The moduleson the edgeschooseto move toward empty space(usingrule
D1 or D2 andsetting ow-dir left or right asappropriateandsettheir signalto zero.
Themodulesonthetoprow copy their neighborsdirection(asin themiddlepicture
of Fig. 4) andsignallevel, andincrementhe signal(rulesD3 andD4). In addition,
aftersetting ow-dir , amodulewill wait onecycle beforemoving, to ensurehatits

ow-dir is seenby the modulebelow. Finally, whenthe two groupsmeetalongthe
toprow, themodulesmayneedto changeow-dir until thetwo groupsareaboutthe
samesize(i.e. the modulesat the boundaryhave aboutthe samesignalvalue).All
modulesnot in thetop row will copy their directionfrom the moduleabove using
D6-D8, resultingin acon gurationlik e thatin theright-handpictureof Fig. 4.
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Fig. 6. Rulesusedfor resetting(R1-R4,in which amoduleunsetsts directionin responseo
an undirectedneighbor)anddividing non-rectangulashapegR5-R12,in which a modules
copiesits directionfrom a neighbor).



To split a groupin motion,it is sufcient for one moduleat the front edgeof
the groupto resetits ow-dir to (basedon a sensorsignal,higherlevel directive
or someothertrigger). This is alocal operationandrequiresno collective decision
from the modules.The initiating modulesimply resetsandwaits for a numberof
cyclesbeforeevaluatingits rules’, to ensurethatall modulesreset After amodule
becomesundifferentiatedrulesR1-R4of Fig. 6 ensurethatall the modulesbehind
it will beundifferentiatedAdditionally, themoduleswait for all to resethy copying
the waiting time from the neighborahead At this point, the modulesmay choose
anew moving direction.Sincethe groupmay be in a non-rectangulashape addi-
tional rulesareneededo performdifferentiation.TheserulesaregivenasR5-R12
in Fig. 6.

2.3 Recombination

Fig. 7. Simulationof recombinatiorandrediision.

Two robotgroupscanalsobe memgedto generatea biggerrobot. The recombi-
nationoperationmemgestwo groupsthat meeteachotherface-to-fceinto a single
undifferentiatedgroup. This groupmay alsodivide again,asshowvn in Fig. 7. Re-
combinationcan be formulatedwith local rulesmuchlik e the division operation.
Eachmodulerequiresa counterwe call stuk. A moduleincrementsts stud if it
hasanopposite-directedhodulein its andno motionrule canbe applied.The stud
counterallows groupsto wait until they have collectedwith no holesin themiddle®.
Oncestuk reaches smallthresholdin a moduleat thetop of the group,the mod-
ule setsits ow-dir to , asshown in Fig. 7(top, middle). Thisis sufcient to reset
both groupsas shavn in Fig. 7(top, right) sincethe resettingmoduleis “in front
of” bothgroups.The groupcanthenrediide andresumdocomotion,asshavn in
Fig. 7(bottom).

2.4 Simulation

A graphicakimulationof thisalgorithmhasbeendevelopedjmagesromwhichare
shavnin Fig. 8. In thissimulation theevaluationloop of Algorithm 1 is instantiated,

% Thewaitingtime is determinedy thesizeof thegroup,whichthemoduleestimatedased
onthelengthof its lasttraverse.
4 Recallthatthedivision rulesassume groupwithout holes.



andalarge groupof modulescanbe seento divide, rst into two groups,theninto
four, eachof which move throughthe ervironment,demonstratingelf-replication.

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

2.5 Analysis

Oneof the advantageof working with the simpli ed geometryandrule typesof
the currentsystemis thatcorrectnessinalysiscanbe producedn a straightforvard
fashion.In this instance basedon the rulesin Figs. 3, 5 and 6, we canshawv the
following Propositions:

1. Locomotionproceed®verobstacle®f (groupheight-2).

2. Initial split producegwo locomotinggroups.

3. Recursve split creategswo locomotinggroupswith probability 1.
4. Recombinatiomwill causeresetandrediision of all modules.

In thisdiscussionye describesystengeometryusingcompasslirections(in which
Northis up andEastto theright, relative to therule gures). We alsode ne regular
locomotionasthe casein which a contiguousgroup of modulesall have the same
(non-null) ow-dir .

Proposition1 is basedntheproofof theoriginallocomotionrulesaspresented
in [2]. Thatproofshawvsthattherules,whenappliedto aninitially rectangulagroup,
produceforward motionwithout disconnectinghe groupor creatingdeadlockThe
locomotionrulespresentedn Fig. 3 arethe samewith oneextrarule (L3) andad-
ditional conditionsto two otherrules(L4 andL5). The extra rule appliesonly in
the casewheretwo groupsaretouching,andsowill not re during regularloco-
motion.As for the extra conditionsin rulesL4 andL5, aslong asthetop two rows
have no obstaclestheseareredundanin regularlocomotion(they arethereto assist
rediision).

Proposition 2 canbeshavn asfollows: In the rst evaluationcycle,all modules
on the two sideswill setthe correctdirection. Then,over severalmorecycles,the



top row will divide itself in closeto half usingrulesD1 throughD5. The modules
ateachsidecannotmove, sincethey areall atthe“front” of their respectie groups.
Thereforetheonly motionthatcantake placeis aNE motionby amodulein thetop
row, andsincethe overall groupis arectanglepnly rule L3 can re, andwill only
do sooncethetop row hasdividedapproximatelyin half. Since ow-dir propagates
downward from the top row, the two groupswill alwaysform rectanglesThe one
cycle pauseallowsthelowermodulego getthecorrectdirectionbeforetheirupward
neighbomoves.Themodulesadjacento thedividing line will moveN andthenNE
without changingdirection,astheir oppositenumberwill betreatedasanobstacle
(for north movement),or as having the samesignal strength(for rule L3). Once
the rst columnhasmaovedin eachgroup,the groupsareisolatedand eachbegins
regularlocomotion.

We mustalsoshaw thatnoneof the otherrulescanaffectthis processin partic-
ular, theresetruleshave the potentialto unset ow-dir in moduleswith undifferen-
tiatedneighborsHowever, a modulewill only resetif the moduleaboveit is reset,
or if it is on top andthe modulein front of it resets.Sincethe propagatiorof the
division happensn thesesamedirections,oncea moduleis set,it cannotbe reset
duringinitial division.

Proposition 3 is shavn in two parts.First we show thatthe resetof one mod-
ule doesin factresetall modules.We then shav that division of non-rectangular
groupsproceedgorrectlyif all modulesstartatthe sametime. Finally, we discuss
underwhat conditionsthe division fails if the modulesdo not begin the process
simultaneously

Theresetitself will alwayscomplete asfollows: Sincethe resetactvatesafter
a SE move, therecannotbe any modulesto the eastof the resetterandtherewill
always be a moduledirectly to its west. The moduleto the westwill reseton its
next activation,andthe resetwill propagatéackanddown. Modulesin the same
columnastheoriginal resettemay not be adjacento it, in which casethetopmost
onewill userule R4to propagatehereset.Then,becauseachmodulewaits after
resettingtherewill alwaysbe an undifferentiatedmodulein eachrow to continue
thepropagation.

Division of anon-rectangldeginsasfor arectanglewith the moduleson each
edgechoosingow-dir . Notethatthismaynow includemoving modulesstickingoff
thetwo sidesof the group.Themoduleson thetop row will all identify themseles
assuchby notinganemptyspaceeitherabose themor abose andto the side(since
two moving modulescannotbe adjacentabove them). Thesemodulesthen deter
minethe division line for the group.Notein additionthatsincethe signalstrength
is propagatediown with thedirection,the modulesadjacento thedivisionline will
have the samestrengthaseachother, eventhoughthevariousrows mayhave differ-
entwidthsandcenterlocations.Therefore the modulesalongthedivision line will
move N andNE without changingdirectionor interferingwith eachother

Becausef theway moduleswait afterthereset,it is possiblethatnearbymod-
uleswill restartrule evaluationat differenttimes.Correctnessf regularlocomotion
relieson the activation modelto prevent disconnectiorat the NE corner but



the  modelis violatedwhenone modulerestartsseveral cyclesbeforeanother
However, this failure requireseithera particularorder of activationor a two-cycle
differencein the waiting times of neighbors.Theseare both very unlikely occur
rencesandin factwe have yetto seesucha disconnectiorin severalhundredrials.

Proposition4 is shovn asfollows: Firstof all, for amoduleto have its opposite
numberdirectly aheacbf itself, theremustbetwo groupsmeetingface-to-ace Note
thatthis modulethencannotmove anywhereexceptS. It will move S, however, if
thereis spaceto do so.If thereis ary spacein its column,notethatthis spacewill
be lled in at most(height-1)cycles. Therefore,sincethis modulewaits (height)
cyclesbeforeresettingjt will notresetwith aholeunderneatlit. Then,notethatit
will necessariljhave onemoduleof each ow-dir on eithersideof it. Eachwill see
thatmoduleasbeingin front and undifferentiated so they will eachreset,andso
on. Oncetheresetreacheshe edgeof thetop row, the cornermoduleswill wait (so
thatall moduleson theedgegeset) thenchoosahenew ow-dir which propagates
inwardanddownward.

3 3D algorithm

Basedntheinsightsof theplanardivisionandlocomotionalgorithmswe have also
extendedour algorithmsto three-dimensionadystemsin this work, we modeleach
module of a three-dimensionatystemas a cube,and develop similar geometry-
basedulesasin two dimensionsWe have implementedlivision of onelargegroup
into four smallergroups(usingtwo signalsratherthanone)andlocomotionin the
plane(via straightline motionin cardinaldirectionsand90 turns)in a singlerule
set.Thisrule setconsistf 36 rules(20for division, 10for straight-linemotion,and
6 for turning)andhasalsobeenimplementedn simulation picturesfrom whichare
shavnin Fig. 9.

Thedivisionof a3-D groupis performednuchthesameasin 2-D. Themodules
on eachXY cornerchoosetheir direction rst, asseenin thetop left of Fig. 9 and
setbothsignals(acrossandbadk) to zero.Theirdirectionsarecopied(a) backalong
the edgeoppositethe direction of motion (incrementingthe bad signal) and (b)
acrosghefront edge(perpendiculato directionof motion,incrementinghe across
signal).The sighalsareagainusedto ensurethatthe groupseachendup aboutthe
samesizeandapproximatelysquarg(in XY cross-sectiongscanbeseenn thetop
right of Fig. 9. Interiormodulesonthetop (Z) layerobtaintheir directionwhentwo
neighborshavethesamedirection.Moduleswith a+Z neighborcopy directionfrom
thatneighbor

Thelocomotionusesall of thesameulesasin 2-D, with achangdo thenen NE
motionrule (rule L3). Thisis dueto the useof two signalsratherthanone— since
adjacengroupshave perpendiculadirectionsof travel, onegroup'sbad shouldbe
the sameasthe other's acrossto ensurethat they arethe samesize.In addition,a
third NE rule is introducedthat appliesto modulesthat are next to two different
groups(i.e. in thecornerof their group).Althoughthelocomotionrulesfor the 3-D
systemarestill planarin nature(eachgrouplocomotesasa setof planarlayers),



Fig. 9. 3-D simulation:In thetop row, differentiationbeginsfrom the cornersand lters into
the center at which point four groupslocomoteaway from the center In the bottomrow, a
groupmoving up andto theright stops,changeglirection,andmovesaway headingup and
to theleft.

additionalconditionscanbe addedto the NE motionrulesto ensurethatthelayers
stayconnected.

Finally, a new setof ruleshasbeendevelopedthat allows a group of modules
to reforma prismaticshapeandturn 90 , providedthey areon at ground.A new
binarystate halt, is usedto signalthe groupthatit is time to stoplocomotion.This
signalis generatedby a module moving to the front of the group, like the reset
signalin 2-D, andis propagatedhroughthe system.The halt preventsthe startof
theback-to-fronfocomotionprocesgalthoughmodulesn motioncancontinue so
thata prismis onceagainformed).Oncea moduleis halted,it candiscernfrom its
neighborhoodvhetherlocomotionhascompletedandif so,selectsanen ow-dir
andturnsoff halt. Sincethe groupis prismatic,only the modulesat the backcan
restariocomotion,anddo soin the new common ow-dir .

3.1 Analysis

In 3-D, we canshaow that a prismaticblock of modules(with one even-lengthX
or Y side)will splitinto four prismaticgroups,eachsuccessfulljocomotingin a
differentdirection. This proof is carriedout muchthe sameasin 2-D, in thatwe
shawv thatthe groupscreatedoy division are prismatic(cf. rectangulain 2-D) and
locomotionbegins only at the group boundariesand only oncethoseboundaries
have reachedequilibrium. This proof alsorelies on the rules' checkingof signal
levelsin neighboringmodules,althoughheretwo neighborsandtwo signallevels
mustbe checledbeforeinitiating locomotion.

We have alsodevelopeda proof of correctnesgor the turning rule set,which
demonstratethatagroupof moduleson at groundwill necessarilyeformaprism
upona properhalt signal,andwill turn to a new direction and begin locomotion
withoutleaving ary modulesbehind.



4 Conclusion

In this paper we have presentealgorithmsfor a generictype of self-recon guring
robotthatallow division,locomotionandrecombinationn a singledistributedpro-
gram.Thesealgorithmscanform the basisfor moregeneralexplorationalgorithms
by suchsystems,n which the systemof modulescould organizeinto different
groupingsto bestsuit the ernvironment.In addition, asthe locomotionalgorithms
for genericgeometryhave beeninstantiatecon to differenthardware platforms, it

is our intentthat thesealgorithmscan be likewise instantiatedln the nearfuture,
we areworking towardgeneraB-D locomotionalongarbitrarytrajectoriesandover
arbitraryterrains,aswell as3-D recombinatioralgorithms to allow for morefunc-
tional exploration.
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