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Abstract. We preenta geneal distributed control algorithm for achieving
locomaion of a self-reconfigurablerobot In this algolithm eachmodulecon-
tinuously perfaomsacyclic sequaceof actiors with aperiodT’. Whenaspec-
ified fraction of this period d haselapseda signd is sentto all child modules.
Uponreceving this signd the child moduleresetsdts action sequencemaking
it delayed d compaedto its parert. The algarithm is minimal androbust to
lossof synchrorization signds andchargein thenumbe of modules. We shav
in threedifferent experimentsthat the algarithm canbe usedto implemert a
catepillar, a sidewinderanda rolling wheelgaitin a real self+econfiguable
robat consiging of eight modules.

1 Intr oduction

Reconfigurableobotsarerobotsmadefrom a possiblylargenumberof independentodules
connectedo form arobot. If the modulesfrom which the reconfigurableobotis built are
ableto connectanddisconnectvithout humanintervention therobotis a self-reconfigurable
robot. Examplesf physicall realizedself-reconfigurableobotscanbefoundin [8, 6, 9, 15,
13,11,7].

Several potentialadvantagesof self-reconfigurableobots over traditional robots have
beenpointedoutin literature:

— Versatility. Themodulescanbe combinedn differentwaysmakingthe samerobotic
systemableto performawide rangeof tasks.

— Adaptability . While the self-reconfigurableobot performsits taskit canchangeits
physcal shapeto adaptto changesn theernvironment.

— Robustness Self-reconfigurlle robotsconsistof mary identicalmoduksandthere-
foreif amoduk breaksdown it canbereplacedy another

— Cheap production. Whenthe final designfor the basicmodule hasbeenobtainedit
canbe massproducedandtherebykeepthe costof theindividual modulelow.

Self-reconfigurableobotscan solve the sametasksastraditionalrobots,but asYim et
al [15] point out; in applicatiors where the task and ervironmentare given a priori it is



often cheapetto build a specialpurposerobot. Therefore applicationsbestsuitedfor self-
reconfigurableobotsare applicationswheresomeleveragecanbe gainedfrom the special
abilitiesof self-reconfigurable@obots. The versatilty of theserobotsmake themsuitabg in
scenariogvheretherobotshave to handlea rangeof tasks.Therobotscanalsohandletasks
in unknavn or dynamc ervironments,becausehey areableto adaptto theseervironments.
In taskswhererobustnesss of importanceit might be desirableto useself-reconfigurable
robots. Even thoughreal applicationsfor self-reconfigurableobotsstill areto be seen,a
numberof applicationshave beenervisioned[11, 15]: fire fighting, searchandrescueafter
anearthquak, battlefieldreconnaissancgjanetaryexploration,underseanining, andspace
structurebuilding. Otherpossibé applicationsnclude entertainmentservicerobotics,and
payloadmanagement.

The potental of self-reconfigurableobotscanberealizedif severalchallengesn terms
of hardware and software can be met. In this work we focus on one of the challengesn
software: how do we make a large numberof connectednodulesperforma coordinated
globalbehaior? Specificallywe addres$iow to designalgoritrmsthatwill make it possible
for self-reconfigurableobotsto locomot efficiently. In orderfor a locomoton algorithm
to be usefulit hasto presere the specialpropertiesof theserobots. From the advantages
andapplicationsmentonedabove we can extract a numberof guidelinesfor the designof
sucha controlalgorithm. The algorithmshouldbe distributed to avoid having a singlepoint
of failure. Also the performanceof the algorithm shouldscalewith an increasechumber
of modules.It hasto be robustto reconfigurationpecauseeconfiguratioris a fundamental
capabilityof self-reconfigurableobots.Finally, it is desirableo have homogeneousoftware
runningonall themodulespecausé makesit possiblefor any modue to take overif another
onefails.

It is an openquestionif a top-donvn or a bottan-up approachgivesthe bestresult. We
find thatit is difficult to designthe systemat a global level andthenlater try to distribute
it, becauseften propertiesof the hardwareareignoredanda slow robotic systemmight be
the result. Therefore,we usea bottan-up approachwherethe single moduk is the basic
unit of design.Thatis, we move from a globaldesignperspectie to a bottan-up onewhere
theimportantdesignelements theindividualmoduleandits interactionswith its neighbors.
Theglobalbehaior of thesystenthenemepgesfrom thelocalinteractionbetweenndividual
moduks. A similar approachs alsousedby Bojinov etal [1].

2 RelatedWork

In the relatedwork presentecherewe focuson control algorithns for locomoton of self-
reconfigurableobots.

Yim et al [14, 15 demongiate caterpillarlike locomoton and a rolling track. Their
systemis controlledbasedon a gait controltable. Eachcolumnin this tablerepresentshe
actionsperformedby onemodule. Motion is thenobtainby having a mastersynchronizing
thetransitionfrom onerow to thenext. The problemwith this approachs thattheamountof
communcationneededetweerthemasterandthemodukswill limit its scalabiliy. Another
problemis the needfor a centralcontrollet sinceit gives the systema singlepointof failure.
If thereis no masterit is suggestedhatthe modulescanbe assumedo be synchronizedn
time andeachmoduk canexecuteits columnof actionsopen-loop.However, sinceall the
moduksareautonomoust is a questiombleassumpbn to assumehatall the modulesare
andcanstaysynchronizedIn orderto usethe gait controltableeachmoduleneedso know
what columnit hasto execute. This meanghatthe modulesneedIDs. Furthermorejf the
configurationchange®r the numberof moduleschangeshetablehasto be rewritten.



Shen,Salemi,andothersproposeto useartificial hormoresto synchronizeéhe modules
to achieve consistengloballocomdion. In earlierversionsof the systema hormoneis prop-
agatedhroughthe self-reconfigurablsystemto achieve synchronizatia [11]. In laterwork
the hormoneis alsopropagatedackwardsmakingall modulessynchronizedeforea new
actionis initiated[12, 10]. This synchronizatiortakestime O(n) wheren is the numberof
moduks. This slows down the systemconsiderablybecauseat hasto be donebeforeeach
action. Also, the entire systemstopsworking if one hormoneis lost. This a significant
problem,becausea hormonecaneasilybe lost dueto unreliablecommurcation,a module
disconnectig itself beforea responseanbe given, or a modulefailure. In fact, the system
hasn-poinst of failure which is not desirable.The earlierversionis betterin this senseput
still performanceemaindow becaus& synchronizatiornormones sentbeforeeachaction.

In our systemall moduksrepeatedlygo througha cyclic sequencef joint anglesde-
scribingamotion. This sequenceouldcomefrom a columnin agaitcontroltable,butin our
implementatiorthe joint anglesare calculatedusinga cyclic functionwith period7". Every
time a modulehascompleteda given fractiond of the perioda messagés sentthroughthe
child connectorslf thesignalis recevedthe child moduk resetdts actionsequencenaking
it delayedd comparedo the parent. This way the actionsof the individual moduleare de-
coupledfrom the synchronizattn mechanismresultingin a fasterandmorereliablesystem.
Furthermorethereis no needto make changedo the algorithmif the numberof modules
changes.

3 General Control Algorithm

We assumehatthe modulesareconnectedo form atreestructure thata parentconnectoiis
specified andthatthis connectois theonly onethatcanconnecto child connector®f other
moduks. Furthermorewe assumehatthe modulescancommuncatewith the moduksto
whichthey areconnected.

The algorithmis thenusedby specifyingthreecomponerd. The first componenis a
cyclic actionsequencel(t). Thissequenceescribesheactionsthateachmoduleis to repeat
cycle aftercycle. Thesecondis theperiodT of thiscycle. Thethird, is adelayd. Thisdelay
specifythefractionof a periodthe childrens actionsequencearedelayedcomparedo their
parents.The skeletonalgorithmlookslik e this:

t =0

while(l) {
if (t=d) then <send signal to child connectors>
if <signal received fromparent> then t=0
<performaction A(t)>
t = (t+1) nodulus T

}

Ignoring the first two lines of the loop, the modulerepeatedlygoesthrougha sequence
of actionsparameterizetby the cyclic countert. This partof the algorithmalonecanmake
asinglemodulerepeatedlyperformthe specifiedsequencef actions.In orderto coordinate
theactionsof theindividualmodulego producethedesiredylobalbehaior themoduksneed
to be synchronized.Therefore,at stept = d a signalis sendthroughall child connectors.
Notethatit doesnot matterif a child moduleis actuallyconnectedr not. If achild receves
asignalit knows thatthe parentis att = d andthereforesetsits own stepcounterto ¢ = 0.
This enforceghatthechild is delayedd comparedo its parent.



Fromthetime the modulesareconnectedt takestime proportianal to d timesthe height
of thetreefor all themoduksto synchronizeTo avoid problemswith uncoordinatednodules
initially we make surethe modulesdo not startmoving until they receve the first synchro-
nizationsignal. After the start-upphasethe modues staysynchronizedisingonly constant
time.

4 Experimental Setup

To evaluateour algorithm we conductedseveral experimentsusing the CONRO modules
shown in Figure1l. The CONRO moduleshave beendevelopedat USC/ISI [3, 5]. The
moduks are roughly shapedas rectangularboxes measuringlOcm x 4.5cmx 4.5cmand
weigh100gramsThemoduleshave afemaleconnectoatoneendandthreemaleconnectors
locatedat the other Eachconnectorthasa infra-redtransmiter andrecever usedfor local
communcation andsensing.The modukshave two controllabledegreesof freedom: pitch
(upanddown) andyaw (sideto side).Processings takencareof by anonboardBasicStamp
2 processarThe moduleshave onboardbatteriesput thesedo not supplyenoughpower for
the experimentgseportedhereandthereforethe modukesarepoweredthroughcables.Refer
to http:/Avww.isi.educonrofor moredetailsandvideosof the experimentgeportedater.

5 Experiments

In generaljt is aproblemhow to reportperformancef aspecificpartof aself-reconfigurable
systembecauséhereis sucha tight coupling betweerhardware andsoftware. In this work
we chooseo reportthelengthof our programsasa measuref the compleity of the control
algorithm This metric is usedto supportour claim that this control systemis minimal.
We alsoreportthe speedof the locomdion patterns put this shoutl only be consideredan
example thereasorbeingthatin our systenthelimiting factorsarehow robustthe modules
physcally are, how powerful the motorsare, and how much power we can pull from the
power source.To reportatop speeds not meaningfulbeforewe runtherobotautonomousy
on batteries.

5.1 Caterpillar Locomotion

We connecteight of our modulesin a chain and designatethe male opposie the female
connectoto bethe parentconnectorWe thenimplementhealgorithmdescribedabore with
thefollowing parameters.

T = 180
pitch(t) = 50°sin(%5t) (1)
yaw(t) = 0
d =1

5

The motor control of our modulesmakesthe motor go to the desiredposition asfastas
possilte. This meanghatway-pointshave to be specifiedto avoid jerky motion. The period
T canbe usedto controlthe numberof way-pointsandthereforethe smootmessandspeed
of themotion. The actionsequencés anoscillationaround0° with anamplitude of 50° and
theyaw joint is keptstraight. Eachmoduleis delayedonefifth of a periodcomparedo its
parent.

The moduksareconnectec@ndafterthey synchronizea sinewave is traveling alongthe
lengthof therobot. Referto Figure 1. This producesaterpillarlike locomoton at a speed



Figurel: A CONRO module(left). A sngshotof caterpllar like locomotion (right).

of 0.13kmh. Note,thatit is easyto adjustthe parameter®f this motion. For instancethe
length of the wave can be controlledusingthe delay The programis simple. The main
loop containsl6 lines of codeexcludingcommentsandlabels. Theinitialization including
variableandconstantleclaratiormamountgo 18 linesof code.

5.2 SidevinderLocomotion

We now turn our attentionto a locomotbn patternsimilar to thatof a sidewinding snale. A
detailedmathematicahnalysisof this motion patternhasbeenreportedin [2]. Herewe just
usethe intuition thatby having modulesmoving to onesidelifted andthosemoving to the
othertouchingthe grounda sidevinder like motion is achieved. The resultcanbe seenin
Figure2. The sidevinder movesat 0.24knih. The mainloop andthe initializationcontain
respectrely 19 and17 linesof code.Theparametersisedare:

T = 180
. - ° 27
pitch(t) = 200093( 7 t) B
yaw(t) = 50°sin(%t)
d = 2

5

5.3 Rolling Track Locomotion

If we maintainthateachmodulecanonly have one parent,but remove the assumptn that
the structureforms a tree we include loops as structureshat can be handled. The rolling
trackis anexampleof sucha configuration.However, this posesa problemto our algorithm.
In the previous experimentswe have exploited the assumptin thatthe modues form atree
to implicitly find a conductor The conductorbeingthe root of the configurationtree. This
is a simde mechanisnthat guaranteeshatthereis oneandonly one conductor In aloop
configuratiorthisis notthecase.

One soluion to this problemis to introducelDs. In our implementationve just make
the modues pick arandomnumberandusethatasiD. It is nhot guaranteedo find a unique
conductor but it is a simple solutionthat works in mostcases. The shortcomingsof this
approacttaneasilybe avoidedif eachmoduk hasa uniqueserialnumber

The synchronizatiorpart of the algorithmnow works asbefore,but it is combired with
a simple well-known distributed leaderelectionalgorithm[4]. The signalsfrom parentto
child now containsa numberwhich is the ID of the moduleoriginally sendingthe signal.
Uponreceving a signala modulecompareghe signals numberto its ID. If it is higherthe



Figure2: A snapsotof sidevinderlike locomoton (left) andtherolling track (right).

modukis synchronize@ndthesignalandits ID is propagate@longwith thesynchronization
signal. Otherwise,the modue consideritself the conductorand ignoresthe signal. After
the systemhassettledthe modulewith the highestlD dictatesthe rhythmof the locomoton
pattern.Theleaderelectionalgorithmrunscontinuouty which meanghatthesystenmquickly
synchronizesf moduksarereplaced. The advantageof combinng the algorithns is that
thereis no needto detectf theconductoffails.

We usedthis algorithmto implemenéd the rolling track which canbe seenin Figure2.
Therolling trackis thefastesgaitandachieresa speedof 0.50km/h The programis now a
littl e morecomplex andthe mainloop andinitializationcontainrespectrely 35 and28lines
of code.Theparameter$or the eightmodulerolling trackis:

T = 180
. _ 0°(1 sin(%t) i t= %
pitch(t) = 0° it L 3)
yaw(t) = 0
d = I

Unlike the sidavinder andthe caterpillarthis controlalgorithmonly works with 8 mod-
ules,becausef thephyscal constraintIt might be possibleto make amoregenerakoluion
by makingpitch(t) andd afunction of the numberof modules.The numter of moduksin
theloop couldbe obtainedby the conductotby including a hopcountin the signal.

6 Handling a General Configuration

We saw in the previous sectionthat we hadto introducelDs to find a uniqueconductorin
a configurationthat containsloops. Introducingthe ID mechanisnmunfortunatelyruins the
opportuniy to usethe synchronizatioralgorithmto automaticallyfind a conductorin atree
structure.In fact,theloopalgorithmwill fail in thissituationunlesgshemodulewith thehigh-
estID alsohappengo betheroot. In orderto make a generallgorithmthe synchronization
signalhasto be propagatedothupwardsanddownwardsin thetree.

7 Discussion

We have presente@ generakontrolalgorithmandpresente@xamplesof how it canbeused
to achieve threedifferentlocomdion patternsWe will now discussomeof the propertiesof
this controlalgorithm

An impoartantissuein the designof controlalgorithis for self-reconfigurableobotsis if
the algorithmscaleswith the numberof moddes. The presentedlgorithmis only initially



dependenbn the numkbker of modulesbecausét decideshow long time it takesfor the syn-
chronizationsignalto be propagatedhroughthe system After this start-upphasethetimeit
takesto keepthe modukssynchronizeds independenof the numberof moduksimplying
thatthealgorithmscales Furthermoreall modulesunidenticalprogramganakingit easieito
managehe developmentprocessvhenprogrammingsystemsonsistng of mary modules.

The modulesof the robot are only loosely coupledthroughthe synchronizatiorsignal
and thereforethe systemis highly robust to changesn the numberof moduks. In fact,
the caterpillarcanbe dividedin two andboth partsstill work. If they arereconnectedn a
differentorderthey will quickly synchronizéo behae asonelongcaterpillaragain.Thisalso
impliesthatthesystems robustto modulefailure. If amoduleis defectandit canbedetected
thismoduk canbeejectedrom thesystemandtheremainingmodulesvhenreconnectedan
continueto perform.Finally, if asynchronizatiorsignalis lostit is notcrucialfor thesurvival
of thesystem If asignalis lostit just meanghatthe receving moduleandits childrenwill
be synchronized periodlater.

In the algorithmthe synchronizatiorsignalis only sentonce per period. This means
thatin orderfor the modulesto stay synchronizedhe time to completea period hasto be
the samefor all moduks.Inthe experimentgresentedherethe cyclestake the sameamount
of time, but in more complex control systens whereother partsof the control systemuse
randomamouns of computatbn time this cannot be assumedo betrue. This problemcan
easilybe handleby usingtimers. Eventhoughtimersarenot preciseenougho keepmodules
synchronizedver along periodof time they canbeusedfor this purpose.

8 Future Work

Our future work will go alongtwo lines. Canthe algorithmhandlemore complec loco-
motion patterns?We suspecit canbe achieved by usingdifferentdelaysthroughdifferent
connectors.For instancejn a multi-leggedrobot wherethe headis the conductoy the syn-
chronizationsignal could travel alongthe spinemodules. Whena spinemodulerecevesa
signalit canfirst propagatet to theleft leg andthenthe right beforepropagatig the signal
to thenext spinemodule.

Anotherissueis thatif the self-reconfigurableobotis to locomot automaticaly in a
real complex ernvironmentthe control algorithm hasto be able to take feedbackfrom the
ernvironmentinto accountA first stepin this directioncouldbeto mountsensor®ntheside
of the caterpillarrobotandusetheseto controltheyaw joint of themodules.

9 Conclusion

We have presentec generalkcontrolalgorithmfor self-reconfigurableobots. Thealgorithm
hasthe following properties: distibuted, scalable,homogeneoysand minimal. We have
shovn how the algorithm easily can be usedto implementa caterpillarand a sidevinder
like locomoton pattern. Furthermorewe have seenthat with the introductian of IDs in the
moduksit is possibé to handleloop configurations.We have demongratedthis usingthe
rolling trackasanexample.Finally, we have pointed outinterestimg linesfor futureresearch.
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