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Abstract

Theproblemaddresseds thedistributedreconfiguation of a meta-
morphicrobotsystentomposeaf any numberof two dimensional
robots (modules)from specificinitial to specificgoal configua-
tions. Theinitial configuation we consideris a straight chain of
moduleswhile the goal configuation satisfiesa simpleadmissibil-
ity condition. Reconfiguation of the modulesdependn findinga
contiguougathof cells,calleda substate path,thatspanghegoal
configuation. Modulesfill in this substate path and then move
alongthe pathto fill in theremainderof the goal withoutcollision
or deadlo&k.

In this paper we examinethe problemof finding the substate
path mostlikely to resultin fast parallel reconfiguation, drawing
on resultsfrom our previouspapes [12, 13, 14]. Admissiblegoal
configuations are representedas directedacyclic graphs(DAGS).
e presenta combinatiorgraphtravesal-weightingalgorithmthat
traversesall pathsin therootedDAG andusethis algorithmto de-
terminethe bestsubstate path. We extendour definitionof admis-
sible substate pathsto consideradmissibleobstaclesurfacesfor
reconfiguation whenobstaclesare presentin theenvironment.

1 Intr oduction

A self-reconfiguablerobotic systemis a collectionof inde-
pendentlycontrolled,mobile robots,eachof which hasthe
ability to connect,disconnect,and move aroundadjacent
robots. Metamorphicrobotic systemd3], a subsetof self-
reconfigurablesystemsarefurtherlimited by requiringeach
moduleto beidenticalin structure,motion constraintsand
computingcapabilities. Typically, the moduleshave a regu-
lar symmetrysothatthey canbe packeddenselyi.e., packed
sothatgapsbetweeradjacenmodulesareassmallaspossi-
ble. In thesesystemsrobotsachieve locomotionby moving
over a substrateeomposef oneor moreotherrobots. The
mechanicof locomotiondependon the hardware and can
includemoduledeformationto crawl overneighboringmod-
ules[4, 10Q] or to expandandcontractto slide over neighbors
[11]. Alternatively, moving robots may be constrainedo
rigidly maintaintheir original shape requiringthemto roll
over neighboringrobots[7, 16, 17].

Shapechangingn thesecompositesystemss envisioned
asameando accomplishvarioustasks suchasbridgebuild-
ing, structuralsupport,satelliterecovery, or tumor excision
[10]. The completeinterchangeabilityof the robots pro-

Figurel: Metamorphicobotsusedto buttressa building.

vides a high degreeof systemfault tolerance. Also, self-
reconfiguringrobotic systemsare potentiallyusefulin ervi-
ronmentghatarenot amenabléo directhumanobsenation
andcontrol(e.qg.,interplanetaryspaceunderseaepths).

The motion planningproblemfor a metamorphiaobotic
systemis to determinea sequencef robotmotionsrequired
to go from a giveninitial configuration(Z) to a desiredgoal
configuration(G).

Most of the existing motion planning stratejiesrely on
centralizedalgorithmsto plan and supervisethe motion of
the systemcomponentg4, 6, 10, 11, 15. Othersusedis-
tributedapproachesvhich rely on heuristicapproximations
or requirecommunicatiorbetweerrobotsin eachstepof the
reconfiguratiorprocesgl, 7, 8, 16, 17].

We focus on a systemcomposedof planar hexagonal
robotic modulesas describedby Chirikjian [4]. We con-
sider a distributed motion planning strateyy, given the as-
sumptionof initial global knowledgeof G. Our distributed
approacloffersthebenefitof localizeddecisiormakingand
thepotentialfor greatersystenfaulttolerance Additionally,
our stratgy requireslesscommunicatiorbetweenmodules
thanotherapproachesWe have previously appliedthis ap-
proachto the problemof reconfiguringa straightchainto
an intersectingstraightchain[13] anda straightchainto a
goalconfigurationthatsatifiesageneral‘admissibility” con-
dition [12, 14]. In thesepapersa centralizedalgorithmwas
describedor determiningwhetheranarbitrarygoal configu-
rationis admissible.

This paperpresentsan algorithmto rank candidatesub-
strate pathsin an admissiblegoal configuration,allowing
flexibility in choosingthe locationof I basedon that sub-
stratepath. Thisflexibility in choosingheintersectiorpoint



of I andG allows ourreconfiguratioralgorithmsto beappli-
cablein mary morescenarioshanin ourpreviouswork. An-
othercontribution of this paperis the adaptatiorof the dis-
tributedreconfiguratioralgorithm presentedn [14] to pro-
vide betterparallelismbasecdn the choiceof substratgath.
Lastly, we introduceour new work on reconfiguratiorwhen
obstaclesare presentin the ervironment. Our admissibility
criteriafor a substratg@athcanbereadilyextendedo recon-
figurationin the presencef obstacles.

2 Relatedwork

Chirikjian [4] and Pamecha[10] discusscentralizedalgo-
rithms for planarhexagonalmodulesthat usethe distance
betweenall modulesin I andthe coordinatef eachgoal
position to accomplishthe reconfigurationof the system.
Pamechaet al. [10] define the distancebetweenconfigu-
rations as a metric and apply this metric to systemself-
reconfigurationusing a simulatedannealingtechniqueto
drive the procesgowardscompletion.

Centralizednotionplanningstratgiesfor systemsf two
dimensionakobotic modulesarealsoexaminedby Nguyen
etal. [9] andanalysisis presentedor the numberof moves
necessarfor specificreconfigurations.

A centralizedmotion planningstrateyy for threedimen-
sional cubic robotsis presentedby RusandVona[11]. A
setof distributedmotionplanningalgorithmsfor a systenof
cubicrobotsis presentedy Butler etal. in [1]. In another
paper[2], Butler et al. presenta rule setthatcanbe run by
vertical “layers” of cubic modulesanda distributed control
algorithmfor locomotionis describedhatwill work in any
systemcomposeaf cubicmodules.This paperalsopresents
arule setfor distributedcontrol of cubic moduleswhenob-
staclesarepresenin theernvironment.

Distributed approachesare taken by Murata, et al.
to reconfigurea system of two dimensional hexagonal
modules [7], and a system of three dimensional cubic
modules[8]. Yim etal. [16] andZhanget al. [17] present
distributed algorithms to reconfigure three dimensional
rhombic docecahedramodules. Eachof thesealgorithms
are probabilistic and require substantialmessagepassing
betweemeighboringnodules.

Our approach

This paperexaminesdistributed motion planningstrateies
for a planarmetamorphicobotic systemundegoing a re-

configurationfrom a straightchainto a goal configuration
satisfyingcertainproperties. In our algorithms,robotsare
identical, but act as independentigents,making decisions
basedntheir currentpositionandthe sensorydataobtained
from physicalcontactswith adjacentobots. Our purposeis

to seekanunderstandingf thenecessarbuilding blocksfor

reconfiguration startingwith algorithmsin which no mes-
sageqeedto be passedetweenparticipatingrobotsduring
reconfiguration. Reconfigurationin certainscenariosjike

theonespresentedh thisandour earlierpaperq12, 13, 14],

can be accomplishedusing algorithmsthat do not require
ary messageassing. Therefore,our algorithmsare more
communicatiorefficient than the distributed approache®sf
[1,7,16] and[17].

In this paper we considertwo dimensional,hexagonal
robotslik e thosedescribedoy Chirikjian [3]. Our proposed
schemeusesa classificationof robot typesbasedon con-
nectededgessimilar to the classificationusedby Murataet
al. [7] for connectedrertices.In the algorithmspresentedn
this paper eachrobotindependentlgeterminesvhetherit is
in amovablestatebasedon thecell it occupiesn theplane,
thelocationsof cellsin the goalconfigurationandon which
sidesit contactsneighbors. Robotsmaove from cell to cell
and modify their statesasthey changeposition. Sincethe
robotsknow the coordinatef the goal cells, we show that
eachof them canindependentlychoosea motion plan that
avoidsmodulecollision.

In Section3 we describethe systemassumptiongndthe
problemdefinition. Sectior4 describe®uralgorithmfor de-
terminingadmissibility of a goal configurationand presents
a new graphtraversalandweightingalgorithmfor planning
the reconfiguration. Section5 presentsa distributed algo-
rithm for reconfiguringa straightchainto anadmissiblegoal
configuration.Section6 introducesadmissibilityconditions
for obstaclesand suggestsa methodfor reconfigurationin
thepresencef obstaclesSection7 providesa discussiorof
our resultsandfuture work.

3 Systemmodel

Assumptionsabout modules
Theplaneis partitionedinto equal-sizedexagonalcellsand
labeledusing the samecoordinatesystemas describedby
Chirikjian [3].

Our model providesan abstractionof the hardware fea-
turesandthe interfacebetweenthe hardwareandthe appli-
cationlayer.

Eachmoduleis identicalin computingcapabilityandruns
thesameprogram.

Eachmoduleis a hexagonof the samesizeasthe cells of
the planeandalwaysoccupiesexactly oneof thecells.

Eachmoduleknows at all times:

e its location (the coordinatesf the cell thatit currently
occupies),

e its orientation(which edgeis facingin which direction),
and

e which of its neighboringcells is occupiedby another
module.

Modulesmove accordingo thefollowing rules.

1. Modulesmovein locksteprounds.

2. In a round, a module M is capableof moving to an
adjacentell, 1, iff (seeFig. 2 for anexample)

(a) cell Cy is currentlyempty



(b) moduleM hasa neighborS thatdoesnot move in
theround(calledthesubstate) andS is alsoadjacent
tocell Cy, and

(c) the neighboringcell to M on the otherside of C;
from S, Cs, is empty

3. Only onemoduletriesto move into a particularcell in
eachround.

Figure2: Before(a) andafter (b) modulemovement: M is
moving, S is substrateandC1, Cs2, andC3; areemptycells.

If thealgorithmdoesnotensureghateachmoving module
hasanimmobile substrateasspecifiedin rule 2(b), thenthe
resultsof theroundareunpredictable Lik ewise, the results
of the round are unpredictableif the algorithm does not
ensurerule 3.

Problem definition

Our objective is to designa distributed algorithm that will

causehemodulego movefrom aninitial configuration/, in
the planeto a known goal configuration,GG. This algorithm
shouldensurethat modulesdo not collide with eachother,
andthereconfiguratiorshouldbeaccomplisheéh aminimal
numberof rounds.

4 Admissible configurations

In this sectionwe define admissiblegoal configurations
and describea centralizedalgorithm that testswhethera

given configurationis admissible,i.e., whetherit contains
an admissiblesubstate path Informally, an admissible
substratgpathis a chainof goal cells whosesurfaceallows

the movementof moduleswithout collision or deadlock,
provided the choicesof modulerotation and delay are ap-

propriate. Thatis, provided the motion planningalgorithm

allows for adequatespacebetweenmoving modules,there
areno pocketsor cornerson the surfaceof the substratgath

in which moduleswill becomerappedor collide.

Admissibility definitions
Without lossof generality assumd! is a straightchainthat
intersects in exactly onecell on the perimeterof G. The
numberof modulesin I andthe numberof cellsin G is n.
Figure3 givesexamplesof orientationsof I andG thatsat-
isfy theseassumptiong whichn = 6. In thisfigure,cellsin
I arenumberedvith solid bordersandgoalcellsareshaded.
LetG1,Gs,...,G, bethe columnsof G, suchthat Gy
is the columnin which I intersectsG and G, is the col-
umn furthestfrom column G;. Without loss of generality
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Figure3: Exampleorientationsof I andG.

supposéhatG is orientedsuchthatcolumnGj is thewest-
ernmostcolumn, GG,,, is the easternmostolumn, and each
columnof G is a contiguousstraightchain orientednorth-
south.Figure5 shovs how thecolumnsof G arelabeled.

The assumptiongoncerningthe relative positionsof I
and G canbe madewithout loss of generalitybecausef I
is a straightchainthatis not intersectingG, thenthe algo-
rithms presentedn [13] for straightchainto straightchain
reconfiguratiorcanbe usedto reorient! in relationto G.

Let a path p be a contiguoussequencef distinct cells,
C1,C2y...,Ck. Then

Definition 1 A segmentof p is a contiguoussubsequencef
poflength> 2. In asouthsegmentead cellis southof the
previousandanalagouslyfor a north segment

Figure4: Labelsfor northsggmentendingin ¢; (a) andsouth
segmentendingin ¢; (b) (cellsthatmustnotbegoalcellsare
shaded).

Definition 2 p is anadmissiblepath if

1. ead cell in p is adjacentto the previous, but not to the
west (i.e., consecutivénigher numbeed cells may not be
onthenorthwestor southwessideof a givencell),

2. for each north sggmentof p endingwith ¢;,

(a) thecellslabelled X;, Y;, and Z; in Figure 4(a) are not
goalcellsand

(b) ¢iy1, Cit2, andc;43 donotformanysouthsegments,
and

3. for each southsegmentof p endingwith ¢;,
(a) thecellslabelled X;, Y;, and Z; in Figure 4(b) are not
goalcellsand
(b) ¢iy1, cire, ande; 3 donotformanynorth sgments.

In the remainderof this paper northand southsegments
of p may be referredto asvertical sgmentswhen specific
directionof the segmentis notimportant.Segmentdirected
to the eastmay be referredto ashorizontal sgmentswhen
specificdirectionis notimportant.



Definition 3 p is a substratepath if

e p baginswith thecell in which I andG overlap,
e subsequentellsareall in G, and
e pspands, fromcolumnG; to columnG,,.

Definition 4 G is anadmissiblegoal configuration if there
existsan admissiblesubstate pathin G.

The admissibility conditionsfor a substratepath are di-
rectly relatedto the degreeof parallelismpossiblej.e., how
closelymoving modulescanbe spaced.If moving modules
areseparatedby only a singleemptycell, they will become
deadlocled in acuteangle cornerswhen running our algo-
rithms [13]. However, acuteangle intersectionsare very
commonplacén configurationsof hexagonalrobots. Thus,
we choseto make our algorithmsapplicableto awide range
of goal configurationsby separatingmoving modulesby
two emptycells. Our definition of admissibilityis therefore
basedn configurationsurfacesoverwhich moving modules
with two empty cells betweenthem can move without be-
comingdeadlocled.

G G G
1 2 3 4 5 6 1 % O3

G
G G5 Gg ©7

(a) (b)

Figure 5: Exampleadmissible(a) and inadmissible(b) G
(cellsin I have solid bordersandcellsin G areshaded).

Figure5 depictsan exampleof an admissible(a) andan
inadmissiblg(b) configurationof G.

Finding substrate paths
Our procedurdor finding anadmissiblesubstratepathin G
proceedsn threesteps:

1. ConstructadirectedgraphH from G.

2. Weighttheverticesin H andcalculatethe costof all pos-
sible directedpathsfrom eachcell in G; to every cell in
column@G,,. Do this for all orientationsof G for which
columns@G; ...G,, arecontiguous.

3. Determinewhich pathsin H have lowest cost and most
evenly bisectG. Selecta substratepath and intersection
for I basednthesecriteria.

Step1l is doneasdescribedn [14] andis only reviewed
briefly in this paper Steps2 and3 have not beendescribed
previously.

Constructing H
ThegraphH is initialized asfollows:

e Label the columnsof G as describedin the beginning

of this section, with the cells in eachG; labeledG; 1,
G2, .., from northto south.

¢ Representachgoalcell asanodein thegraphH. Initially

thereis an undirectededgebetweeneachpair of adjacent
goalcells.

G

1

Figure6: DirectedgraphH formedby algorithm.

The columnsof G are processedrom eastto west. First,
every nodein columnG,, is marked. As shown in Fig. 6,
eachcolumnwestof columnG,,, consistsof threesegments:
(A) thenorthsegmentof nodeswith no goalcellsto theeast
(shadedight gray), (B) the central sggmentof nodesthat
have goalcellsto theeast(unshaded)and(C) the southseg-
mentof nodeghathave nogoalcellsto theeast(shadedlark
gray). Segment(A) of eachcolumnisinitially skipped.Each
nodein segment(B) is givenanoutgoingedgeto eachof its
marked eastneighbors,with the exceptionof the situation
wherea NE edgewould be directedtoward a neighborwith
an outgoingS edgeor wherea SE edgewould be directed
toward a neighborwith an outgoingN edge. Nodesin segy-
ment(C) areprocessedorthto south.Eachnodeis marked
andgiven a directededgeto its north neighborif the north
neighboris marked andif the goal cellsin the local neigh-
borhoodsatisfythe admissibilityconditionsfor thatedgeto
beincludedin asubstratgath.Finally, nodesn segment(A)
areprocessedouthto north. Eachnodeis markedandgiven
a directededgeto its southneighborin a manneranalogous
to thenodesin segment(C).

The arrows in Fig. 6 shov the edgesthat are directed
and the direction given to the edges. The cross-hatched
cellsarethosethatremainunmarledafterthe algorithmhas
beenrun. The full pseudocoddor this algorithm can be
foundin [14]. We provedin thatpaperthatthe actionof this
algorithm ensureghat no inadmissiblesubstratepathswiill
be producedrom directingedgesn H.

Traversing and weighting H

We combineaweightingschemewith agraphtraversalalgo-
rithm for the purpose®f assigningaweightto eachpaththat
spanall columnsof H. We describehetraversalalgorithm
first, thenthe weightingscheme.As previously mentioned,
ourtechniqudraversesll potentialsubstratgaths,andthus
provides a generaltechniquefor traversingall root to leaf
pathsin arootedDAG.



TheTraverseGaphalgorithmproceedsasfollows:

e Initially, all verticesin H arewhite (unvisited).

e Letv beamarkedcellin columnG;. Thenv is theroot
of aDAG in H. Colourwv black(visited).

¢ While v haswhite (urvisited) children,choosea child,
¢, andmarkwv asthe parentof c.

e Colourc blackandcontinuetraversingfrom c.
¢ If visaleafandv’s parenthasawhite (unvisited)child,

— thenbackupto v’s parentandcontinuetraversing
fromthere.

— else,if v is aleafandv’s parenthasno white (un-
visited) children, colour v andv’s sibling white
(i.e.,urvisit them)andbackupto v's parent.Con-
tinue backtrackingfrom thereuntil reachingthe
root.

The pseudocodéor TraverseGaph andits internal pro-
cedureBadtradk is presentedn Figure?.

Procedur e TraveiseGaph(vertev)

Initially, all v€ H are white (unvisited) and parent, = 0.
Let v = root of a DAGin H starting in colum Gi

1. colour v black (visited)
2 if v has a white (unvisited) child

3 pick a child, ¢

4. parent. : = v

5. TraverseGaph(c)

6 else if parent, # null //v is not the root
7 Badktradk(v)

8 end if

@)
Procedur e Badtrack(vertexv)

1. if parent, has an unvisited (white) child
. TraveiseGiaph(paent, )

3 else if parent, has no unvisited (white) children

4. badktrackParent : = parent,

5. col our v and sibling, white //unvisit them

6 set parent, and parent;piing, t0 null

7 Badktradk(badtrackParent)

8 end if

(b)

Figure7: Pseudocodéor Procedureg¢a) TraverseGaphand
(b) Backtradk.

Figure8 shavs an exampleof a graphtraversal. In Fig-
ure8(a),theroot of the graph, A is colouredblack (visited),
while all otherverticesremainwhite (urvisited). In Figure
8(b), a pathfrom A to theleaf G hasbeentraversedandall
verticesalong the path are colouredblack. In Figure 8(c),
the algorithmbacktrackdo vertex B. VerticesE andG are
colouredwhite (they are“unvisited”) sincetheir respectie
parentshave no urvisited children. C' remainsblack, how-
ever, sincevertex D hasnot beenvisited. In Figure8(d), a
pathpicking up at vertex B andcontinuingto leaf G is tra-
versed All verticesonthepatharecolouredblack. In Figure
8(e), the algorithm backtracksto vertex D. G is coloured
white while E remainsblack since F' hasnot beenvisited.
In Figure8(f), traversingcontinuedrom vertex D to theleaf
G, completingthe lastuntraversedpathin the graph.

Figure 8: Examplegraphtraversal. Darker lines indicate
pathscurrently being traversedand small pointer indicates
nodecurrentlybeingvisited.

Tofind all possiblesubstrateathsin H, thegraphtraver
salalgorithmis run oncefor eachcell in column1 of H that
hasanoutgoingedge(i.e., oncewith eachcell in columnG,
astheroot). During eachwalk from root to leaf, avertex re-
ceivesaweightspecifiedby theweightingschemedescribed
below.

We know from our previous work in [13] that straight
chainsof modulesin I canfill in collinear straightchains
or chainswith singleobtuseanglebendsfasterthanthey can
fill in chainswith acuteanglebends. For thesecollinearor
single bendgoal configurationswe shoved that the recon-
figurationcanbedonein optimaltime becausenodulesin T
caninitially alternaterotationdirectionsandmove from the
non-intersectinggndof I withoutdelay Thus,to maximize
parallelism,we designedour weighting schemeto give the
lowestweightto straightor singlebendsubstrategpathsthat
proceedhorizontallyacrosghe columnsof G.

We assigna separateveight valueto eachmarked vertex
in H basedon thedirectionof its incomingedgeandthat of
its parentsincomingedgeasfollows:

e If avertex hasaverticalincomingedge,it hasweight10.
e Elseif avertesincomingedgeis directedin a different

directionthanits parentsincomingedge,it hasweight1.

e Elseif averteds incomingedgeis directedin the same

directionasits parentsincomingedge,it hasweightO.

All nodesin columnG; thathave anoutgoingedgeareas-
signedweightO.

The weight at eachvertex on a directedpathis summed
with the weights of its ancestorscreatinga “cumulative
weight” for the vertex that representghe cost of the path
to thatpoint. Theweightof ary leafin H representsheto-
tal costof the pathfrom the root to that leaf. The cost of
eachpathis storedwheneer a leaf is visited. Verticesare
unweightedduring the backtrackingphaseof the algorithm



to ensurehatavertex' sweightis baseconthecorrectparent
for eachnew path.

Verticesin columns numberedhigher than 1 with in-
coming edgesdirectedto the N or S are the most hear-
ily weightedin our algorithmbecauseertical edgesalways
form substratgpathswith at leasttwo bendsin thesecases.
Whenneighboringmodulesin I alternaterotationdirections
to fill a “multiple bend” substratepath, a precisesequence
of initial moduledelaysmustbe usedto ensureghatmodules
do notcollide onthe substratgath. Thereforejf asubstrate
path hasmultiple bends,we requirethat the modulesin I
thatwill fill the substratgpathall rotatethe samedirection,
therebysacificingparallelismin orderto avoid collision.

It is clear that only pathsformed by a straight, non-
vertical chainof moduleswill have atotal costof 0. Like-
wise,only pathswith asingleNE or SEbendandno vertical
segmentswill have a costof 1. Figure8(b) shovs anexam-
ple of a costl path. Sincepathswith one or fewer obtuse
anglebendscanbefilled mostefficiently in termsof number
of roundsusedthepathsof costO and1 arepreferabldor se-
lectionasa substratgath. Fromourwork in [14], we know
that substratepathsthat bisectthe goal allow usto achieve
the highestdegreeof parallelism,asthey permitmodulesto
fill in the goalbidirectionally Pathsof costO andcost1 are
thereforeprocesseteforeall otherpathsto determinenhich
pathbisectshe goalconfigurationmostevenly.

In the eventthata costO or 1 pathdoesnot comewithin
onemoduleof bisectingG, highercostpathsareconsidered.
As before, higher cost pathsthat split the goal equally or
almostequallyareconsideredor selectiorfirst.

In the full paper we prove thatthe TraverseGiph algo-
rithm traversesvery pathfrom G to G, in thegraphH.

5 Distrib uted reconfiguration

In this section,we describethe distributed algorithm that
performsthe reconfigurationof I to G after an admissible
substratgathis found usingthe algorithmsin the previous
section.

Algorithm assumptions

1. Eachmodule knows the total numberof modulesin the
systemp, andthegoal configurationG.

. Initially, onemoduleis in eachcell of I.
. G is anadmissibleconfiguration.

. I and G overlapin onegoal cell in column Gy, asde-
scribedin Sect.4.

w

Overview of algorithm
Thealgorithmworksin synchronousounds.In eachround,

eachmoduledeterminesvhetherit is free (cf. Fig. 9). In 3

this figure, the moduleslabeledtrappedare unableto move
dueto hardwareconstraintandthoselabeledfreerepresent
modulesthatareallowedto move in our algorithm,possibly
after someinitial delay The modulesin the other category

TRAPPED

LHDDORE
OO

D)

Indicates non-contact edge
ﬁk Indicates contact edge

FREE

OTHER

Figure9: Contactpatterngossiblein algorithm.

arerestrictedrom moving by ouralgorithm,notby hardware
constraints.

Only moduleO (the moduleat the free endof I) canini-
tially determinethe exacttime whenit will begin moving.
Othermodulesin I rely onlocal contactinformationto cal-
culatetheir positionin I andary possibledelay after they
becomefreeto avoid collision anddeadlock. Oncea mod-
ule begins moving, it hasonly the local information about
contactswith adjacentmodulesandits currentcoordinates
to guideits partof the entiresystenreconfiguration.

All modulesexceptmodule0 dynamicallycalculatetheir
positionin I, direction of rotation, possibledelay andfinal
coordinatesn G by countingthe modulesn initial positions
furtherfrom theintersectiorof I andG asthey passnoting
the direction (CW or CCW) in which the passingmodules
rotate. Themoduleintersectingz doesnot move.

Let p bethearrayof coordinate®f goalcellsonthe sub-
stratepath (storedlocally at eachmodule),startingwith the
cell thathasanedgeincomingfrom the cell in which I and
G intersectin column@,. Coordinatesf goal cellsto the
northandsouthof the substratgatharealsostoredin arrays
at eachmodule. A module calculatesthe goal cell it will
occupy usingits positionin I, thelengthof thearraysof co-
ordinateson, north, andsouthof the substratgath,andthe
currentcountof modulesthathave passedn bothsides.

Modulesfill in the substratepathfirst. Differentpatterns
of delayandrotationareselecteddependingon whetherthe
cumulative costof thesubstratgathis 0, 1, or greatetthanl.
After every goalcellin p is filled, modulesalternaterotation
directions filling the columnsprojectingnorth andsouthof
p from east,G,,, towest,G;.

Modules use specific patternsof rotation and delay as
listedbelow.

1. (0,0)-bidirectionat modulesalternatedirection with no
delayafterfree.

(1,0)-bidirectionat modulesalternatedirectionwith delay
of 1 time unit afterfreefor modulesn positions> 1 rotat-
ing CW andno delayafterfreefor modulesrotatingCCW.
unidirectionat modulesrotatesamedirectionwith delay
of 2 afterfreefor modulesn positions> 1.

2.

Thereconfiguratiorschemausesthe costof the substrate
pathfoundin the previoussectionandproceedssfollows:



e For moduledd through|p| (i.e.,thosemodulesfilling in
the substrateath):

— If cost= 0, modulesO through|p| — 1 use (0,0)-
bidirectional pattern,with moduleO startingin CW
direction. Module |p| begins the (0,1)-bidirectional
pattern,moving in the oppositedirectionfrom mod-
ule |p| — 1 with delayof 2 (unlessthereareno cells
to befilled in the oppositedirection,in which caseit
beginsthe unidirectionalpattern).

If cost=1, modulesuse(0,0)-bidirectionalpattern.If

thedistancérom moduleO to the“bend” is odd,mod-
ule 0 begins moving CCW, otherwiseit begins mov-

ing CW. Modulesenterthe part of the substratepath
beforethe bendin the sameorderthey begin moving.

Becauseof the bendin the substratepath, modules
arrive on the “tail” of the substratepathin a differ-

entorderthanthe orderin which they begin moving.

Let ¢ bethefirst moduleto choosea goal positionin

the part of the substrategpath after the bend,i.e., the
“tail” of the substratepath. If n is even,modulesar

rive at their positionsin thetail of the substratepath
inthisorder:i,i+2,i+1,i+4,i+3,i+6,i+5....

Otherwise,if n is odd, modulesarrive at their po-
sitionsin the tail of the substratepathin this order:
i+ 1,4,44+ 3,4+ 2,i+ 5,4+ 4,.... Themodulein

position|p| goesonthesubstratgpathandthemodule
in position|p| — 1 doesnotwhenn andthe “tail” of

the substrateathhave differentparity.

If cost> 1, moduled) .. . |p|—1 usetheunidirectional
patternin CW direction. Module |p| begins (0,1)-
bidirectionalpattern,moving CCW (unlessthereare
no cellsto befilled in the CCW direction,in which
caseit continuegheunidirectionalpattern).
Eachmodule stopsin the goal cell on the substrate
paththatit hascalculatedt shouldoccupy.

e For modulesin positions> |p| (i.e., thesemodules
climb overthe substratgathto fill therestof G):

— Modulesuse(1,0)-bidirectionalpatternuntil all cells
eithernorth or southof p arefilled. After this, mod-
ules use unidirectional pattern, with either CW or
CCW direction.

Each module stopsin the goal cell to the north or
south of the substratepath that it has calculatedit
shouldoccupy.

e Onceamodulestopsfor aroundin agoalcell, it never
movesout of thatgoalcell.

The pseudocodesedby all freemodulesduringeachround
of thereconfigurations shovn in Figure10. Local variables
ateachmoduleinclude:

e contacts Booleanarrayindicatingon which edgesa mod-
ule hasneighboringmodules. Assumedto be automati-
cally updatedateachroundby somelower layer.

position Orderof modulesin I, startingat the endof I
thatis furthestfrom G. If themoduleis initially atdistance
n—2from G, position= 0, otherwisepositionis calculated
by countingpassingnodules.

d: Directionof movementCW or CCW.

flips: Counterusedto determinewhetherthe moduleis
free.

delay. Numberof time units modulewaits afterit is free
andbeforeit makesits first move. Initially O.

Inround r:=1,2,...:
if ((position =0) or (IsFreq)))

if (delay = 0)

nove d

end if
el se

delay := delay—1

Count nodul es passing in CWand CCWdirections
end if

Procedure IsFreq):
flips := 0
for (i:=0 to 5) do
if (contact§i] # contact§ (i + 1)
flips++
end if
end for
return ((position- 1 is unoccupied) and
(flips 2) and (nunber of contact edges < 5))

=
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Figure 10: Pseudocodéor all modulesfrom straightchain
to admissibleG.

Eachmodulecalculatests rotationdirection,delaybefore
moving, andfinal goalcoordinatesfterit determinests po-
sition in I. Modulesin their initial positionskeepseparate
tallies of othermodulespassingonthe CW andCCW side.

For configurationswith substratepath cost 0 or cost
greaterthan 1, the calculation of final goal position is
straightforvard,sincemodulesarrivein their calculatedoal
cells sequentiallyin the orderthey begin moving. Because
of this sequentialarrival pattern,modulesin higher initial
positionshave an accurateview of the destinationfor each
modulethatpassed.

For configurationswith substratepath cost 1, modules
needto adjustthe countof modulespassingin the CW and
CCW directionswhenthe parity of n andthe “tail” of the
substrateathis different. This is becausenodulesarrive in
the “tail” out of order, i.e., the modulein position |p| that
moduleswith higherinitial positionscountas headingfor
a goal position north or southof the substratepathactually
endsup in a positionon the path. The patternis predictable
andthereforeeasilycomputedocally ateachmodule.

6 Obstacles

In this sectionwe considerthe presencef obstaclesn the
coordinatesystemand presentour preliminaryideason re-
configurationin the presencef obstacles.

An obstacleis a sequenceof one or more “forbidden
cells” that modulescannotenter Modules may, however,
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Figure 11: Admissibleobstaclegshowvn in black) in three
goalscenariosGoalcellsareshadedlarkgrayandthoseon
thesubstratgpatharestarred.

touch obstaclesand may usethemasa substratéfor move-

ment. We informally definean obstacleashaving anadmis-
siblesurfaceif the perimeterof the obstaclas anadmissible
path. We thenrequirethat either 1) all “obstaclesurfaces”
adjacento goal cells areadmissiblesurfaces(whenconsid-
eringinteractionwith G andobstacles)or 2) thatanadmis-
siblesurface(s)canbeformedby “concatenatingthe obsta-
cleswith modules.Obstaclesnayoccuratary locationin or

aroundthegoal. They maynot, however, separatd from G

by completelyervelopingG.

Examplesof admissibleobstaclesareshavnin Figurell,
wherethe forbiddencells areblack, the goal cells are gray;
andthe goal cells on the substratepathare marked with an
asterisk.In eachscenariof thisfigure,thesubstratgathhas
incorporatedthe admissiblesurfaceto form an admissible
substratgath.

Usingthis definition of admissiblesurfaceswe intendto
copewith the presencef obstacledothinside,adjacento,
andaroundG by first analysingheadmissibilityof thecom-
binationof obstacles(, andI. We will choosea substrate
pathandlocationfor I thatmayincludeobstaclesandthen
selectthe substratgpathsuchthatit includesthe admissible
surfacesof obstaclesf necessaryModuleswill thenmove
normally acrosgthe surfaceof obstaclegluring reconfigura-
tion. For example,in Figure 12, the groundis treatedasan
admissibleobstaclewhena buttressis neededo hold up a
skyscraper

Figure12: Obstaclesurface(ground)usedasfoundationfor
reconfiguration.

7 Conclusionsand futur e work

We have presentedan algorithm for determiningthe sub-
stratepaththat permitsflexibility in choosinga point of in-
tersectiorbetweertheinitial configurationandthe goaland

allows for maximumefficiengy in reconfiguration.We also
consideredeconfiguratiorin the presencef obstaclespat-
urally extendingour definition of admissiblesubstratgpaths
to includeobstaclesurfaces.

We believe that this flexible approachwill be helpful in
designingreconfiguratioralgorithmsfor moreirregularcon-
figurations,moreasynchronousystemsandthosewith un-
known obstacles.Part of sucha flexible approachwill in-
cludetheability for modulesto detectandresole collisions
anddeadlocksituationsvhenthey occur, ratherthanprecom-
putingtrajectorieghatavoid thesesituations.We have some
initial ideasfor waysto dealwith modulecollision anddead-
lock onthefly, whichwe leave for futurework.
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