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Abstract. We present a general distributed control algorithm for achieving
locomotion of a self-reconfigurablerobot. In this algorithm eachmodulecon-
tinuouslyperformsacyclic sequenceof actionswith aperiod � . Whenaspec-
ified fraction of this period � haselapseda signal is sentto all child modules.
Uponreceiving this signal thechild moduleresetsits action sequencemaking
it delayed � compared to its parent. The algorithm is minimal androbust to
lossof synchronization signals andchangein thenumber of modules. Weshow
in threedifferent experimentsthat the algorithm canbe usedto implement a
caterpillar, a sidewinder, anda rolli ng wheelgait in a realself-reconfigurable
robot consisting of eight modules.

1 Intr oduction

Reconfigurablerobotsarerobotsmadefrom apossiblylargenumberof independentmodules
connectedto form a robot. If the modulesfrom which the reconfigurablerobot is built are
ableto connectanddisconnectwithout humanintervention therobotis a self-reconfigurable
robot.Examplesof physically realizedself-reconfigurablerobotscanbefoundin [8, 6, 9,15,
13, 11,7].

Several potentialadvantagesof self-reconfigurablerobotsover traditional robotshave
beenpointedout in literature:

– Versatility . Themodulescanbecombinedin differentwaysmakingthesamerobotic
systemableto performa widerangeof tasks.

– Adaptability . While the self-reconfigurablerobot performsits taskit canchangeits
physical shapeto adaptto changesin theenvironment.

– Robustness. Self-reconfigurable robotsconsistof many identicalmodulesandthere-
fore if amodule breaksdown it canbereplacedby another.

– Cheap production. Whenthe final designfor the basicmodule hasbeenobtainedit
canbemassproducedandtherebykeepthecostof theindividualmodulelow.

Self-reconfigurablerobotscansolve the sametasksastraditionalrobots,but asYim et
al [15] point out; in applications where the task and environmentare given a priori it is



often cheaperto build a specialpurposerobot. Therefore,applicationsbestsuitedfor self-
reconfigurablerobotsareapplicationswheresomeleveragecanbe gainedfrom the special
abilitiesof self-reconfigurablerobots.Theversatility of theserobotsmake themsuitable in
scenarioswheretherobotshave to handlea rangeof tasks.Therobotscanalsohandletasks
in unknown or dynamic environments,becausethey areableto adaptto theseenvironments.
In taskswhererobustnessis of importanceit might be desirableto useself-reconfigurable
robots. Even thoughreal applicationsfor self-reconfigurablerobotsstill are to be seen,a
numberof applicationshave beenenvisioned[11, 15]: fire fighting, searchandrescueafter
anearthquake,battlefieldreconnaissance,planetaryexploration,underseamining,andspace
structurebuilding. Otherpossible applicationsincludeentertainment, servicerobotics,and
payloadmanagement.

Thepotential of self-reconfigurablerobotscanberealizedif severalchallengesin terms
of hardwareandsoftwarecanbe met. In this work we focuson oneof the challengesin
software: how do we make a large numberof connectedmodulesperform a coordinated
globalbehavior? Specificallyweaddresshow to designalgorithmsthatwill make it possible
for self-reconfigurablerobotsto locomote efficiently. In order for a locomotion algorithm
to be useful it hasto preserve the specialpropertiesof theserobots. From the advantages
andapplicationsmentionedabove we canextract a numberof guidelinesfor the designof
sucha controlalgorithm.Thealgorithmshouldbedistributedto avoid having a singlepoint
of failure. Also the performanceof the algorithmshouldscalewith an increasednumber
of modules.It hasto berobust to reconfiguration,becausereconfigurationis a fundamental
capabilityof self-reconfigurablerobots.Finally, it is desirableto havehomogeneoussoftware
runningonall themodules,becauseit makesit possiblefor any module to takeoverif another
onefails.

It is an openquestionif a top-down or a bottom-up approachgivesthe bestresult. We
find that it is difficult to designthe systemat a global level andthenlater try to distribute
it, becauseoftenpropertiesof thehardwareareignoredanda slow roboticsystemmight be
the result. Therefore,we usea bottom-up approachwherethe singlemodule is the basic
unit of design.Thatis, we move from a globaldesignperspective to a bottom-uponewhere
theimportantdesignelementis theindividualmoduleandits interactionswith its neighbors.
Theglobalbehavior of thesystemthenemergesfrom thelocal interactionbetweenindividual
modules.A similar approachis alsousedby Bojinov et al [1].

2 RelatedWork

In the relatedwork presentedherewe focuson control algorithms for locomotion of self-
reconfigurablerobots.

Yim et al [14, 15] demonstrate caterpillar like locomotion and a rolling track. Their
systemis controlledbasedon a gait control table. Eachcolumnin this tablerepresentsthe
actionsperformedby onemodule.Motion is thenobtainby having a mastersynchronizing
thetransitionfrom onerow to thenext. Theproblemwith thisapproachis thattheamountof
communicationneededbetweenthemasterandthemoduleswill limit its scalability. Another
problemis theneedfor acentralcontroller, sinceit gives thesystemasinglepointof failure.
If thereis no masterit is suggestedthat themodulescanbeassumedto besynchronizedin
time andeachmodule canexecuteits columnof actionsopen-loop.However, sinceall the
modulesareautonomousit is a questionableassumption to assumethatall themodulesare
andcanstaysynchronized.In orderto usethegait controltableeachmoduleneedsto know
whatcolumnit hasto execute.This meansthat themodulesneedIDs. Furthermore,if the
configurationchangesor thenumberof moduleschangesthetablehasto berewritten.



Shen,Salemi,andothersproposeto useartificial hormonesto synchronizethemodules
to achieveconsistentgloballocomotion. In earlierversionsof thesystemahormoneis prop-
agatedthroughtheself-reconfigurablesystemto achieve synchronization [11]. In laterwork
the hormoneis alsopropagatedbackwardsmakingall modulessynchronizedbeforea new
actionis initiated[12, 10]. This synchronizationtakestime ���
	�� where 	 is thenumberof
modules. This slows down the systemconsiderably, becauseit hasto be donebeforeeach
action. Also, the entire systemstopsworking if one hormoneis lost. This a significant
problem,becausea hormonecaneasilybe lost dueto unreliablecommunication,a module
disconnecting itself beforea responsecanbegiven, or a modulefailure. In fact, thesystem
hasn-points of failurewhich is not desirable.Theearlierversionis betterin this sense,but
still performanceremainslow becauseasynchronizationhormoneis sentbeforeeachaction.

In our systemall modules repeatedlygo througha cyclic sequenceof joint anglesde-
scribingamotion. Thissequencecouldcomefrom acolumnin agaitcontroltable,but in our
implementationthe joint anglesarecalculatedusinga cyclic functionwith period 
 . Every
time a modulehascompleteda given fraction � of theperioda messageis sentthroughthe
child connectors.If thesignalis receivedthechild module resetsits actionsequencemaking
it delayed� comparedto theparent.This way theactionsof the individualmodulearede-
coupledfrom thesynchronization mechanismresultingin a fasterandmorereliablesystem.
Furthermore,thereis no needto make changesto the algorithmif the numberof modules
changes.

3 GeneralControl Algorithm

Weassumethatthemodulesareconnectedto form a treestructure,thataparentconnectoris
specified,andthatthisconnectoris theonly onethatcanconnectto child connectorsof other
modules. Furthermore,we assumethat the modulescancommunicatewith the modulesto
which they areconnected.

The algorithmis thenusedby specifyingthreecomponents. The first componentis a
cyclic actionsequence������� . Thissequencedescribestheactionsthateachmoduleis to repeat
cycleaftercycle. Thesecond,is theperiod 
 of thiscycle. Thethird, is adelay � . Thisdelay
specifythefractionof aperiodthechildren’sactionsequencesaredelayedcomparedto their
parents.Theskeletonalgorithmlookslike this:

t = 0
while(1) {
if (t=d) then <send signal to child connectors>
if <signal received from parent> then t=0
<perform action A(t)>
t = (t+1) modulus T

}

Ignoring the first two linesof the loop, the modulerepeatedlygoesthrougha sequence
of actionsparameterizedby thecyclic counter� . This partof thealgorithmalonecanmake
a singlemodulerepeatedlyperformthespecifiedsequenceof actions.In orderto coordinate
theactionsof theindividualmodulesto producethedesiredglobalbehavior themodulesneed
to be synchronized.Therefore,at step ����� a signalis sendthroughall child connectors.
Notethatit doesnotmatterif a child moduleis actuallyconnectedor not. If a child receives
a signalit knows that theparentis at ����� andthereforesetsits own stepcounterto ����� .
Thisenforcesthatthechild is delayed� comparedto its parent.



Fromthetime themodulesareconnectedit takestime proportional to � timestheheight
of thetreefor all themodulesto synchronize.To avoid problemswith uncoordinatedmodules
initially we make surethemodulesdo not startmoving until they receive thefirst synchro-
nizationsignal. After thestart-upphasethemodulesstaysynchronizedusingonly constant
time.

4 Experimental Setup

To evaluateour algorithm we conductedseveral experimentsusing the CONRO modules
shown in Figure 1. The CONRO moduleshave beendevelopedat USC/ISI [3, 5]. The
modules are roughly shapedas rectangularboxes measuring10cm x 4.5cmx 4.5cmand
weigh100grams.Themoduleshaveafemaleconnectoratoneendandthreemaleconnectors
locatedat the other. Eachconnectorhasa infra-redtransmitter andreceiver usedfor local
communicationandsensing.Themoduleshave two controllabledegreesof freedom:pitch
(upanddown) andyaw (sideto side).Processingis takencareof by anonboardBasicStamp
2 processor. Themoduleshave onboardbatteries,but thesedo not supplyenoughpower for
theexperimentsreportedhereandthereforethemodulesarepoweredthroughcables.Refer
to http://www.isi.edu/conrofor moredetailsandvideosof theexperimentsreportedlater.

5 Experiments

In general,it is aproblemhow to reportperformanceof aspecificpartof aself-reconfigurable
systembecausethereis sucha tight coupling betweenhardwareandsoftware. In this work
wechooseto reportthelengthof ourprogramsasameasureof thecomplexity of thecontrol
algorithm. This metric is usedto supportour claim that this control systemis minimal.
We alsoreport the speedof the locomotion patterns,but this should only be consideredan
example,thereasonbeingthatin oursystemthelimit ing factorsarehow robustthemodules
physically are, how powerful the motorsare, andhow muchpower we canpull from the
powersource.To reporta topspeedis notmeaningfulbeforewerun therobotautonomously
onbatteries.

5.1 Caterpillar Locomotion

We connecteight of our modulesin a chain and designatethe male opposite the female
connectorto betheparentconnector. Wethenimplementthealgorithmdescribedabovewith
thefollowing parameters.
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Themotorcontrolof our modulesmakesthemotorgo to thedesiredposition asfastas
possible. This meansthatway-pointshave to bespecifiedto avoid jerky motion. Theperiod
 canbeusedto control thenumberof way-pointsandthereforethesmoothnessandspeed
of themotion. Theactionsequenceis anoscillationaround0 + with anamplitudeof 50+ and
theyaw joint is keptstraight. Eachmoduleis delayedonefifth of a periodcomparedto its
parent.

Themodulesareconnectedandafter they synchronizea sinewave is travelingalongthe
lengthof the robot. Referto Figure1. This producescaterpillarlike locomotion at a speed



Figure1: A CONRO module(left). A snapshotof caterpillar like locomotion(right).

of 0.13km/h. Note, that it is easyto adjusttheparametersof this motion. For instance,the
lengthof the wave can be controlledusing the delay. The programis simple. The main
loop contains16 linesof codeexcludingcommentsandlabels. The initialization including
variableandconstantdeclarationamountsto 18 linesof code.

5.2 SidewinderLocomotion

We now turn our attentionto a locomotion patternsimilar to thatof a sidewinding snake. A
detailedmathematicalanalysisof this motion patternhasbeenreportedin [2]. Herewe just
usethe intuition thatby having modulesmoving to onesidelifted andthosemoving to the
othertouchingthe grounda sidewinder like motion is achieved. The resultcanbe seenin
Figure2. The sidewinder movesat 0.24km/h. The main loop andthe initializationcontain
respectively 19and17 linesof code.Theparametersusedare:
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5.3 Rolling Track Locomotion

If we maintainthateachmodulecanonly have oneparent,but remove theassumption that
the structureforms a treewe include loopsasstructuresthat canbe handled. The rolling
trackis anexampleof sucha configuration.However, thisposesaproblemto ouralgorithm.
In thepreviousexperimentswe have exploited theassumption that themodules form a tree
to implicitly find a conductor. The conductorbeingthe root of the configurationtree. This
is a simple mechanismthat guaranteesthat thereis oneandonly oneconductor. In a loop
configurationthis is not thecase.

Onesolution to this problemis to introduceIDs. In our implementationwe just make
themodulespick a randomnumberandusethatasID. It is not guaranteedto find a unique
conductor, but it is a simple solutionthat works in mostcases.The shortcomingsof this
approachcaneasilybeavoidedif eachmodule hasauniqueserialnumber.

Thesynchronizationpartof thealgorithmnow worksasbefore,but it is combinedwith
a simplewell-known distributedleaderelectionalgorithm[4]. The signalsfrom parentto
child now containsa numberwhich is the ID of the moduleoriginally sendingthe signal.
Uponreceiving a signala modulecomparesthesignal’s numberto its ID. If it is higherthe



Figure2: A snapshot of sidewinderlike locomotion (left) andtherolling track(right).

moduleis synchronizedandthesignalandits ID ispropagatedalongwith thesynchronization
signal. Otherwise,the module consideritself the conductorand ignoresthe signal. After
thesystemhassettledthemodulewith thehighestID dictatestherhythmof thelocomotion
pattern.Theleaderelectionalgorithmrunscontinuously whichmeansthatthesystemquickly
synchronizesif modulesare replaced. The advantageof combining the algorithms is that
thereis noneedto detectif theconductorfails.

We usedthis algorithmto implemented therolling trackwhich canbeseenin Figure2.
Therolling trackis thefastestgait andachievesa speedof 0.50km/h. Theprogramis now a
littl e morecomplex andthemainloopandinitializationcontainrespectively 35 and28 lines
of code.Theparametersfor theeightmodulerolling trackis:
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Unlike thesidewinderandthecaterpillarthis controlalgorithmonly workswith 8 mod-
ules,becauseof thephysical constraint.It might bepossibleto makeamoregeneralsolution
by making  "! �$#&%'�
��� and � a functionof thenumberof modules.Thenumber of modulesin
theloopcouldbeobtainedby theconductorby includingahopcountin thesignal.

6 Handling a GeneralConfiguration

We saw in the previous sectionthat we hadto introduceIDs to find a uniqueconductorin
a configurationthat containsloops. Introducingthe ID mechanismunfortunatelyruins the
opportunity to usethesynchronizationalgorithmto automaticallyfind a conductorin a tree
structure.In fact,theloopalgorithmwill fail in thissituationunlessthemodulewith thehigh-
estID alsohappensto betheroot. In orderto make a generalalgorithmthesynchronization
signalhasto bepropagatedbothupwardsanddownwardsin thetree.

7 Discussion

Wehavepresentedageneralcontrolalgorithmandpresentedexamplesof how it canbeused
to achieve threedifferentlocomotion patterns.We will now discussomeof thepropertiesof
thiscontrolalgorithm.

An important issuein thedesignof controlalgorithms for self-reconfigurablerobotsis if
thealgorithmscaleswith thenumberof modules. The presentedalgorithmis only initially



dependenton thenumber of modules,becauseit decideshow long time it takesfor thesyn-
chronizationsignalto bepropagatedthroughthesystem.After this start-upphasethetime it
takesto keepthemodulessynchronizedis independentof thenumberof modulesimplying
thatthealgorithmscales.Furthermore,all modulesrunidenticalprogramsmakingit easierto
managethedevelopmentprocesswhenprogrammingsystemsconsistingof many modules.

The modulesof the robot areonly looselycoupledthroughthe synchronizationsignal
and thereforethe systemis highly robust to changesin the numberof modules. In fact,
the caterpillarcanbe dividedin two andboth partsstill work. If they arereconnectedin a
differentorderthey will quicklysynchronizetobehaveasonelongcaterpillaragain.Thisalso
impliesthatthesystemis robustto modulefailure. If amoduleis defectandit canbedetected
thismodulecanbeejectedfrom thesystemandtheremainingmoduleswhenreconnectedcan
continueto perform.Finally, if asynchronizationsignalis lost it is notcrucialfor thesurvival
of thesystem. If a signalis lost it just meansthat thereceiving moduleandits childrenwill
besynchronizedaperiodlater.

In the algorithm the synchronizationsignal is only sentonceper period. This means
that in order for the modulesto staysynchronizedthe time to completea periodhasto be
thesamefor all modules.Intheexperimentspresentedherethecyclestake thesameamount
of time, but in morecomplex control systems whereotherpartsof the control systemuse
randomamounts of computation time this cannot beassumedto betrue. This problemcan
easilybehandleby usingtimers.Eventhoughtimersarenotpreciseenoughto keepmodules
synchronizedovera longperiodof time they canbeusedfor thispurpose.

8 Futur e Work

Our future work will go along two lines. Can the algorithmhandlemore complex loco-
motion patterns?We suspectit canbe achievedby usingdifferentdelaysthroughdifferent
connectors.For instance,in a multi-leggedrobotwheretheheadis theconductor, thesyn-
chronizationsignalcould travel alongthe spinemodules.Whena spinemodulereceivesa
signalit canfirst propagateit to the left leg andthentheright beforepropagating thesignal
to thenext spinemodule.

Another issueis that if the self-reconfigurablerobot is to locomote automatically in a
real complex environmentthe control algorithmhasto be able to take feedbackfrom the
environmentinto account.A first stepin thisdirectioncouldbeto mountsensorson theside
of thecaterpillarrobotandusetheseto controltheyaw joint of themodules.

9 Conclusion

We have presenteda generalcontrolalgorithmfor self-reconfigurablerobots.Thealgorithm
hasthe following properties:distributed, scalable,homogeneous, and minimal. We have
shown how the algorithmeasily can be usedto implementa caterpillarand a sidewinder
like locomotion pattern.Furthermore,we have seenthatwith the introduction of IDs in the
modules it is possible to handleloop configurations.We have demonstratedthis usingthe
rolling trackasanexample.Finally, wehavepointedout interesting linesfor futureresearch.
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