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Abstract

Theproblemaddressedis thedistributedreconfiguration of a meta-
morphicrobotsystemcomposedof anynumberof two dimensional
robots (modules)from specificinitial to specificgoal configura-
tions. Theinitial configuration we consideris a straight chain of
modules,while thegoalconfiguration satisfiesa simpleadmissibil-
ity condition.Reconfiguration of themodulesdependson findinga
contiguouspathof cells,calleda substratepath,thatspansthegoal
configuration. Modulesfill in this substrate path and then move
alongthepath to fill in theremainderof thegoal withoutcollision
or deadlock.

In this paper, we examinethe problemof finding the substrate
path mostlikely to result in fast parallel reconfiguration, drawing
on resultsfromour previouspapers [12, 13, 14]. Admissiblegoal
configurationsare representedasdirectedacyclicgraphs(DAGs).
Wepresenta combinationgraphtraversal-weightingalgorithmthat
traversesall pathsin therootedDAG andusethis algorithmto de-
terminethebestsubstratepath. We extendour definitionof admis-
sible substrate pathsto consideradmissibleobstaclesurfacesfor
reconfiguration whenobstaclesare presentin theenvironment.

1 Intr oduction

A self-reconfigurableroboticsystemis a collectionof inde-
pendentlycontrolled,mobile robots,eachof which hasthe
ability to connect,disconnect,and move aroundadjacent
robots. Metamorphicrobotic systems[3], a subsetof self-
reconfigurablesystems,arefurtherlimited by requiringeach
moduleto be identical in structure,motion constraints,and
computingcapabilities.Typically, themoduleshave a regu-
lar symmetrysothatthey canbepackeddensely, i.e.,packed
sothatgapsbetweenadjacentmodulesareassmallaspossi-
ble. In thesesystems,robotsachieve locomotionby moving
overa substratecomposedof oneor moreotherrobots.The
mechanicsof locomotiondependon the hardwareandcan
includemoduledeformationto crawl overneighboringmod-
ules[4, 10] or to expandandcontractto slideoverneighbors
[11]. Alternatively, moving robotsmay be constrainedto
rigidly maintaintheir original shape,requiringthemto roll
overneighboringrobots[7, 16, 17].

Shapechangingin thesecompositesystemsis envisioned
asameansto accomplishvarioustasks,suchasbridgebuild-
ing, structuralsupport,satelliterecovery, or tumor excision
[10]. The completeinterchangeabilityof the robots pro-
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Figure1: Metamorphicrobotsusedto buttressa building.

vides a high degreeof systemfault tolerance. Also, self-
reconfiguringroboticsystemsarepotentiallyusefulin envi-
ronmentsthatarenot amenableto directhumanobservation
andcontrol(e.g.,interplanetaryspace,underseadepths).

Themotionplanningproblemfor a metamorphicrobotic
systemis to determinea sequenceof robotmotionsrequired
to go from a giveninitial configuration( 
 ) to a desiredgoal
configuration( � ).

Most of the existing motion planningstrategies rely on
centralizedalgorithmsto plan andsupervisethe motion of
the systemcomponents[4, 6, 10, 11, 15]. Othersusedis-
tributedapproacheswhich rely on heuristicapproximations
or requirecommunicationbetweenrobotsin eachstepof the
reconfigurationprocess[1, 7, 8, 16, 17].

We focus on a systemcomposedof planar, hexagonal
robotic modulesas describedby Chirikjian [4]. We con-
sider a distributed motion planningstrategy, given the as-
sumptionof initial global knowledgeof � . Our distributed
approachoffersthebenefitsof localizeddecisionmakingand
thepotentialfor greatersystemfault tolerance.Additionally,
our strategy requireslesscommunicationbetweenmodules
thanotherapproaches.We have previously appliedthis ap-
proachto the problemof reconfiguringa straightchain to
an intersectingstraightchain [13] anda straightchain to a
goalconfigurationthatsatifiesageneral“admissibility” con-
dition [12, 14]. In thesepapers,a centralizedalgorithmwas
describedfor determiningwhetheranarbitrarygoalconfigu-
rationis admissible.

This paperpresentsan algorithmto rank candidatesub-
stratepathsin an admissiblegoal configuration,allowing
flexibility in choosingthe locationof 
 basedon that sub-
stratepath.Thisflexibility in choosingtheintersectionpoint
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of 
 and � allowsourreconfigurationalgorithmsto beappli-
cablein many morescenariosthanin ourpreviouswork. An-
othercontribution of this paperis the adaptationof the dis-
tributedreconfigurationalgorithmpresentedin [14] to pro-
videbetterparallelismbasedon thechoiceof substratepath.
Lastly, we introduceour new work on reconfigurationwhen
obstaclesarepresentin the environment. Our admissibility
criteriafor asubstratepathcanbereadilyextendedto recon-
figurationin thepresenceof obstacles.

2 Relatedwork

Chirikjian [4] and Pamecha[10] discusscentralizedalgo-
rithms for planarhexagonalmodulesthat usethe distance
betweenall modulesin 
 and the coordinatesof 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 theprocesstowardscompletion.

Centralizedmotionplanningstrategiesfor systemsof two
dimensionalrobotic modulesarealsoexaminedby Nguyen
et al. [9] andanalysisis presentedfor thenumberof moves
necessaryfor specificreconfigurations.

A centralizedmotion planningstrategy for threedimen-
sional cubic robotsis presentedby RusandVona [11]. A
setof distributedmotionplanningalgorithmsfor asystemof
cubic robotsis presentedby Butler et al. in [1]. In another
paper[2], Butler et al. presenta rule setthat canbe run by
vertical “layers” of cubic modulesanda distributedcontrol
algorithmfor locomotionis describedthatwill work in any
systemcomposedof cubicmodules.Thispaperalsopresents
a rule setfor distributedcontrolof cubicmoduleswhenob-
staclesarepresentin theenvironment.

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

Our approach
This paperexaminesdistributedmotion planningstrategies
for a planarmetamorphicrobotic systemundergoing a re-
configurationfrom a straightchain to a goal configuration
satisfyingcertainproperties. In our algorithms,robotsare
identical, but act as independentagents,making decisions
basedontheircurrentpositionandthesensorydataobtained
from physicalcontactswith adjacentrobots.Our purposeis
to seekanunderstandingof thenecessarybuilding blocksfor
reconfiguration,startingwith algorithmsin which no mes-
sagesneedto bepassedbetweenparticipatingrobotsduring
reconfiguration. Reconfigurationin certainscenarios,like
theonespresentedin thisandourearlierpapers[12, 13, 14],

can be accomplishedusing algorithmsthat do not require
any messagepassing. Therefore,our algorithmsare more
communicationefficient than the distributedapproachesof
[1, 7, 16] and[17].

In this paper, we considertwo dimensional,hexagonal
robotslike thosedescribedby Chirikjian [3]. Our proposed
schemeusesa classificationof robot typesbasedon con-
nectededgessimilar to the classificationusedby Murataet
al. [7] for connectedvertices.In thealgorithmspresentedin
thispaper, eachrobotindependentlydetermineswhetherit is
in a movablestatebasedon thecell it occupiesin theplane,
thelocationsof cellsin thegoalconfiguration,andonwhich
sidesit contactsneighbors. Robotsmove from cell to cell
andmodify their statesas they changeposition. Sincethe
robotsknow thecoordinatesof thegoal cells,we show that
eachof themcan independentlychoosea motion plan that
avoidsmodulecollision.

In Section3 we describethesystemassumptionsandthe
problemdefinition.Section4 describesouralgorithmfor de-
terminingadmissibilityof a goalconfigurationandpresents
a new graphtraversalandweightingalgorithmfor planning
the reconfiguration. Section5 presentsa distributed algo-
rithm for reconfiguringastraightchainto anadmissiblegoal
configuration.Section6 introducesadmissibilityconditions
for obstaclesand suggestsa methodfor reconfigurationin
thepresenceof obstacles.Section7 providesadiscussionof
our resultsandfuturework.

3 Systemmodel

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

Our modelprovidesan abstractionof the hardwarefea-
turesandthe interfacebetweenthe hardwareandthe appli-
cationlayer.

- Eachmoduleis identicalin computingcapabilityandruns
thesameprogram.

- Eachmoduleis a hexagonof thesamesizeasthecellsof
theplaneandalwaysoccupiesexactlyoneof thecells.

- Eachmoduleknowsat all times:
� its location(the coordinatesof the cell that it currently

occupies),� its orientation(which edgeis facingin which direction),
and� which of its neighboringcells is occupiedby another
module.

Modulesmoveaccordingto thefollowing rules.

1. Modulesmove in locksteprounds.

2. In a round, a module 
 is capableof moving to an
adjacentcell, ��� , if f (seeFig. 2 for anexample)

(a) cell ��� is currentlyempty,
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(b) module 
 hasa neighbor � thatdoesnot move in
theround(calledthesubstrate) and � is alsoadjacent
to cell � � , and

(c) the neighboringcell to 
 on the othersideof � �
from � , ��� , is empty.

3. Only onemoduletries to move into a particularcell in
eachround.

(a) (b)

C2C2

M

S

M

S

C1

f
e

g

e
C3

f

g

Figure2: Before(a) andafter (b) modulemovement: 
 is
moving, � is substrate,and � � , ��� , and ��� areemptycells.

If thealgorithmdoesnotensurethateachmoving module
hasanimmobilesubstrate,asspecifiedin rule 2(b), thenthe
resultsof the roundareunpredictable.Likewise,the results
of the round are unpredictableif the algorithm doesnot
ensurerule 3.

Problemdefinition
Our objective is to designa distributedalgorithm that will
causethemodulestomovefromaninitial configuration,
 , in
theplaneto a known goalconfiguration,� . This algorithm
shouldensurethat modulesdo not collide with eachother,
andthereconfigurationshouldbeaccomplishedin aminimal
numberof rounds.

4 Admissible configurations

In this section we define admissiblegoal configurations
and describea centralizedalgorithm that testswhethera
given configurationis admissible,i.e., whetherit contains
an admissiblesubstrate path. Informally, an admissible
substratepathis a chainof goal cells whosesurfaceallows
the movementof moduleswithout collision or deadlock,
provided the choicesof modulerotation anddelay areap-
propriate. That is, provided the motion planningalgorithm
allows for adequatespacebetweenmoving modules,there
arenopocketsor cornerson thesurfaceof thesubstratepath
in which moduleswill becometrappedor collide.

Admissibility definitions
Without lossof generality, assume
 is a straightchainthat
intersects� in exactly onecell on the perimeterof � . The
numberof modulesin 
 andthe numberof cells in � is � .
Figure3 givesexamplesof orientationsof 
 and � thatsat-
isfy theseassumptionsin which ����� . In thisfigure,cellsin
 arenumberedwith solidbordersandgoalcellsareshaded.

Let � ��� ��� � �!� �!� ��" be the columnsof � , suchthat � �
is the column in which 
 intersects� and � " is the col-
umn furthestfrom column � � . Without lossof generality,

0
1

2
3

4
5

5

4

3

2

1

0

5
4

3
2

1
0

Figure3: Exampleorientationsof 
 and � .

supposethat � is orientedsuchthatcolumn � � is thewest-
ernmostcolumn, � " is the easternmostcolumn,andeach
columnof � is a contiguousstraightchainorientednorth-
south.Figure5 showshow thecolumnsof � arelabeled.

The assumptionsconcerningthe relative positionsof 

and � canbe madewithout lossof generalitybecauseif 

is a straightchain that is not intersecting� , thenthe algo-
rithms presentedin [13] for straightchain to straightchain
reconfigurationcanbeusedto reorient 
 in relationto � .

Let a path # be a contiguoussequenceof distinct cells,$ � � $ � �!� �!�%� $ & . Then

Definition 1 A segmentof # is a contiguoussubsequenceof# of length ')( . In a southsegment, each cell is southof the
previousandanalogouslyfor a north segment.

i-1

i

i

i

i

i-1

i

i

i

i

(b)(a)

  c

  c

* +
,

  c

  c *
+ ,

Figure4: Labelsfor northsegmentendingin $%- (a)andsouth
segmentendingin $ - (b) (cellsthatmustnotbegoalcellsare
shaded).

Definition 2 # is anadmissiblepath if

1. each cell in # is adjacentto the previous,but not to the
west (i.e., consecutivehigher numbered cells maynot be
on thenorthwestor southwestsideof a givencell),

2. for each north segmentof # endingwith $ - ,
(a) thecells labelled . - , / - , and 0 - in Figure 4(a) are not

goal cellsand
(b) $ -21 � , $ -31 � , and $ -31 � do not formanysouthsegments,

and

3. for each southsegmentof # endingwith $ - ,
(a) thecells labelled . - , / - , and 0 - in Figure 4(b) are not

goal cellsand
(b) $ -21 � , $%-31 � , and $%-31 � do not formanynorthsegments.

In the remainderof this paper, northandsouthsegments
of # may be referredto asvertical segmentswhenspecific
directionof thesegmentis not important.Segmentsdirected
to the eastmay be referredto ashorizontalsegmentswhen
specificdirectionis not important.
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Definition 3 # is a substratepath if

� # beginswith thecell in which 
 and � overlap,� subsequentcellsareall in � , and� # spans� , fromcolumn� � to column ��" .

Definition 4 G is anadmissiblegoal configuration if there
existsanadmissiblesubstratepathin G.

The admissibilityconditionsfor a substratepatharedi-
rectly relatedto thedegreeof parallelismpossible,i.e., how
closelymoving modulescanbespaced.If moving modules
areseparatedby only a singleemptycell, they will become
deadlocked in acuteanglecornerswhen running our algo-
rithms [13]. However, acuteangle intersectionsare very
commonplacein configurationsof hexagonalrobots. Thus,
we choseto make our algorithmsapplicableto a wide range
of goal configurationsby separatingmoving modulesby
two emptycells. Our definitionof admissibilityis therefore
basedonconfigurationsurfacesoverwhichmoving modules
with two emptycells betweenthemcanmove without be-
comingdeadlocked.

G
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G
76

G
2

G
1

G
3 4

G

(b)

2
G

1
G

3 4 5 6
G G G G G

(a)

Figure 5: Exampleadmissible(a) and inadmissible(b) �
(cellsin 
 havesolid bordersandcellsin � areshaded).

Figure5 depictsan exampleof an admissible(a) andan
inadmissible(b) configurationof � .

Finding substratepaths
Our procedurefor finding anadmissiblesubstratepathin �
proceedsin threesteps:

1. Constructa directedgraph4 from � .
2. Weight theverticesin 4 andcalculatethecostof all pos-

sible directedpathsfrom eachcell in �5� to every cell in
column ��" . Do this for all orientationsof � for which
columns�5� . . . � " arecontiguous.

3. Determinewhich pathsin 4 have lowest cost and most
evenly bisect � . Selecta substratepathand intersection
for 
 basedon thesecriteria.

Step1 is doneasdescribedin [14] andis only reviewed
briefly in this paper. Steps2 and3 have not beendescribed
previously.

Constructing 4
Thegraph4 is initializedasfollows:

� Label the columnsof � as describedin the beginning
of this section,with the cells in each � - labeled � -76 � ,� -86 � , �!� � , from northto south.� Representeachgoalcell asanodein thegraph4 . Initially
thereis anundirectededgebetweeneachpair of adjacent
goalcells.

mG

G1

Figure6: Directedgraph 4 formedby algorithm.

The columnsof � are processedfrom eastto west. First,
every nodein column � " is marked. As shown in Fig. 6,
eachcolumnwestof column ��" consistsof threesegments:
(A) thenorthsegmentof nodeswith no goalcellsto theeast
(shadedlight gray), (B) the centralsegmentof nodesthat
havegoalcellsto theeast(unshaded),and(C) thesouthseg-
mentof nodesthathavenogoalcellsto theeast(shadeddark
gray).Segment(A) of eachcolumnis initially skipped.Each
nodein segment(B) is givenanoutgoingedgeto eachof its
marked eastneighbors,with the exceptionof the situation
wherea NE edgewould bedirectedtowarda neighborwith
an outgoingS edgeor wherea SE edgewould be directed
toward a neighborwith an outgoingN edge.Nodesin seg-
ment(C) areprocessednorthto south.Eachnodeis marked
andgiven a directededgeto its north neighborif the north
neighboris marked andif the goal cells in the local neigh-
borhoodsatisfytheadmissibilityconditionsfor thatedgeto
beincludedin asubstratepath.Finally, nodesin segment(A)
areprocessedsouthto north.Eachnodeis markedandgiven
a directededgeto its southneighborin a manneranalogous
to thenodesin segment(C).

The arrows in Fig. 6 show the edgesthat are directed
and the direction given to the edges. The cross-hatched
cellsarethosethatremainunmarkedafterthealgorithmhas
beenrun. The full pseudocodefor this algorithm can be
foundin [14]. We provedin thatpaperthattheactionof this
algorithmensuresthat no inadmissiblesubstratepathswill
beproducedfrom directingedgesin 4 .

Traversingand weighting 4
Wecombineaweightingschemewith agraphtraversalalgo-
rithm for thepurposesof assigningaweightto eachpaththat
spansall columnsof 4 . We describethetraversalalgorithm
first, thenthe weightingscheme.As previously mentioned,
our techniquetraversesall potentialsubstratepaths,andthus
provides a generaltechniquefor traversingall root to leaf
pathsin a rootedDAG.
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TheTraverseGraphalgorithmproceedsasfollows:

� Initially, all verticesin 4 arewhite (unvisited).� Let 9 beamarkedcell in column � � . Then 9 is theroot
of a DAG in 4 . Colour 9 black(visited).� While 9 haswhite (unvisited)children,choosea child,$ , andmark 9 astheparentof $ .� Colour $ blackandcontinuetraversingfrom $ .� If 9 is a leafand 9 ’sparenthasawhite(unvisited)child,

– thenbackup to 9 ’s parentandcontinuetraversing
from there.

– else,if 9 is a leaf and 9 ’s parenthasno white (un-
visited) children, colour 9 and 9 ’s sibling white
(i.e.,unvisit them)andbackupto 9 ’sparent.Con-
tinue backtrackingfrom thereuntil reachingthe
root.

The pseudocodefor TraverseGraph andits internalpro-
cedureBacktrack is presentedin Figure7.

Procedure TraverseGraph(vertex : )

Initially, all :�;�< are white (unvisited) and parent =?>A@ .
Let : = root of a DAG in < starting in column BDC
1. colour : black (visited)
2. if : has a white (unvisited) child
3. pick a child, E
4. parentF := :
5. TraverseGraph(E )
6. else if parent=HG> null // : is not the root
7. Backtrack(: )
8. end if

(a)
Procedure Backtrack(vertex : )

1. if parent= has an unvisited (white) child
2. TraverseGraph(parent= )
3. else if parent= has no unvisited (white) children
4. backtrackParent := parent=
5. colour : and sibling= white //unvisit them
6. set parent= and parentI7J3K8L JNMPO = to null
7. Backtrack(backtrackParent)
8. end if

(b)

Figure7: Pseudocodefor Procedures(a)TraverseGraphand
(b) Backtrack.

Figure8 shows an exampleof a graphtraversal. In Fig-
ure8(a),theroot of thegraph,Q is colouredblack(visited),
while all otherverticesremainwhite (unvisited). In Figure
8(b), a pathfrom Q to the leaf � hasbeentraversedandall
verticesalong the patharecolouredblack. In Figure8(c),
thealgorithmbacktracksto vertex R . VerticesS and � are
colouredwhite (they are“unvisited”) sincetheir respective
parentshave no unvisited children. � remainsblack, how-
ever, sincevertex T hasnot beenvisited. In Figure8(d), a
pathpicking up at vertex R andcontinuingto leaf � is tra-
versed.All verticesonthepatharecolouredblack.In Figure
8(e), the algorithm backtracksto vertex T . � is coloured
white while S remainsblack since U hasnot beenvisited.
In Figure8(f), traversingcontinuesfrom vertex T to theleaf� , completingthelastuntraversedpathin thegraph.
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Figure 8: Examplegraphtraversal. Darker lines indicate
pathscurrently being traversedandsmall pointer indicates
nodecurrentlybeingvisited.

To find all possiblesubstratepathsin 4 , thegraphtraver-
salalgorithmis runoncefor eachcell in column1 of 4 that
hasanoutgoingedge(i.e.,oncewith eachcell in column � �
astheroot). Duringeachwalk from root to leaf,a vertex re-
ceivesaweightspecifiedby theweightingscheme,described
below.

We know from our previous work in [13] that straight
chainsof modulesin 
 can fill in collinear straightchains
or chainswith singleobtuseanglebendsfasterthanthey can
fill in chainswith acuteanglebends.For thesecollinearor
singlebendgoal configurations,we showed that the recon-
figurationcanbedonein optimaltimebecausemodulesin 

caninitially alternaterotationdirectionsandmove from the
non-intersectingendof 
 without delay. Thus,to maximize
parallelism,we designedour weightingschemeto give the
lowestweight to straightor singlebendsubstratepathsthat
proceedhorizontallyacrossthecolumnsof � .

We assigna separateweightvalueto eachmarkedvertex
in 4 basedon thedirectionof its incomingedgeandthatof
its parent’s incomingedgeasfollows:

� If a vertex hasa verticalincomingedge,it hasweight10.� Elseif a vertex’s incomingedgeis directedin a different
directionthanits parent’s incomingedge,it hasweight1.� Else if a vertex’s incoming edgeis directedin the same
directionasits parent’s incomingedge,it hasweight0.

All nodesin column �5� thathave an outgoingedgeareas-
signedweight0.

The weight at eachvertex on a directedpathis summed
with the weights of its ancestors,creatinga “cumulative
weight” for the vertex that representsthe cost of the path
to thatpoint. Theweightof any leaf in 4 representstheto-
tal cost of the path from the root to that leaf. The cost of
eachpath is storedwhenever a leaf is visited. Verticesare
unweightedduring the backtrackingphaseof the algorithm
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to ensurethatavertex’sweightis basedonthecorrectparent
for eachnew path.

Vertices in columns numberedhigher than 1 with in-
coming edgesdirectedto the N or S are the most heav-
ily weightedin our algorithmbecauseverticaledgesalways
form substratepathswith at leasttwo bendsin thesecases.
Whenneighboringmodulesin 
 alternaterotationdirections
to fill a “multiple bend” substratepath,a precisesequence
of initial moduledelaysmustbeusedto ensurethatmodules
do not collide on thesubstratepath.Therefore,if asubstrate
path hasmultiple bends,we requirethat the modulesin 

thatwill fill the substratepathall rotatethe samedirection,
therebysacificingparallelismin orderto avoid collision.

It is clear that only paths formed by a straight, non-
vertical chainof moduleswill have a total costof 0. Like-
wise,only pathswith asingleNE or SEbendandnovertical
segmentswill have a costof 1. Figure8(b) shows anexam-
ple of a cost1 path. Sincepathswith oneor fewer obtuse
anglebendscanbefilled mostefficiently in termsof number
of roundsused,thepathsof cost0 and1 arepreferablefor se-
lectionasa substratepath.Fromour work in [14], we know
that substratepathsthat bisectthe goal allow us to achieve
thehighestdegreeof parallelism,asthey permitmodulesto
fill in thegoalbidirectionally. Pathsof cost0 andcost1 are
thereforeprocessedbeforeall otherpathsto determinewhich
pathbisectsthegoalconfigurationmostevenly.

In theeventthata cost0 or 1 pathdoesnot comewithin
onemoduleof bisecting� , highercostpathsareconsidered.
As before,higher cost pathsthat split the goal equally or
almostequallyareconsideredfor selectionfirst.

In the full paper, we prove that the TraverseGraph algo-
rithm traverseseverypathfrom � � to ��" in thegraph4 .

5 Distrib uted reconfiguration

In this section,we describethe distributed algorithm that
performsthe reconfigurationof 
 to � after an admissible
substratepathis foundusingthe algorithmsin the previous
section.

Algorithm assumptions

1. Eachmoduleknows the total numberof modulesin the
system,� , andthegoalconfiguration,� .

2. Initially, onemoduleis in eachcell of 
 .

3. � is anadmissibleconfiguration.

4. 
 and � overlap in one goal cell in column �5� , as de-
scribedin Sect.4.

Overview of algorithm
Thealgorithmworksin synchronousrounds.In eachround,
eachmoduledetermineswhetherit is free (cf. Fig. 9). In
this figure, themoduleslabeledtrappedareunableto move
dueto hardwareconstraintsandthoselabeledfreerepresent
modulesthatareallowedto move in our algorithm,possibly
after someinitial delay. The modulesin the other category

                Indicates non−contact edge

                Indicates contact edge

TRAPPED

OTHER

FREE

Figure9: Contactpatternspossiblein algorithm.

arerestrictedfrommovingbyouralgorithm,notbyhardware
constraints.

Only module0 (themoduleat thefreeendof 
 ) canini-
tially determinethe exact time when it will begin moving.
Othermodulesin 
 rely on local contactinformationto cal-
culatetheir position in 
 andany possibledelayafter they
becomefree to avoid collision anddeadlock.Oncea mod-
ule begins moving, it hasonly the local informationabout
contactswith adjacentmodulesand its currentcoordinates
to guideits partof theentiresystemreconfiguration.

All modulesexceptmodule0 dynamicallycalculatetheir
position in 
 , directionof rotation,possibledelayandfinal
coordinatesin � by countingthemodulesin initial positions
furtherfrom theintersectionof 
 and � asthey pass,noting
the direction(CW or CCW) in which the passingmodules
rotate.Themoduleintersecting� doesnot move.

Let # bethearrayof coordinatesof goalcellson thesub-
stratepath(storedlocally at eachmodule),startingwith the
cell thathasanedgeincomingfrom thecell in which 
 and� intersectin column � � . Coordinatesof goal cells to the
northandsouthof thesubstratepatharealsostoredin arrays
at eachmodule. A modulecalculatesthe goal cell it will
occupy usingits positionin 
 , thelengthof thearraysof co-
ordinateson, north,andsouthof thesubstratepath,andthe
currentcountof modulesthathavepassedonbothsides.

Modulesfill in thesubstratepathfirst. Dif ferentpatterns
of delayandrotationareselected,dependingon whetherthe
cumulativecostof thesubstratepathis 0, 1,or greaterthan1.
After everygoalcell in # is filled, modulesalternaterotation
directions,filling thecolumnsprojectingnorthandsouthof# from east,��" , to west, � � .

Modulesusespecificpatternsof rotation and delay, as
listedbelow.

1. (0,0)-bidirectional: modulesalternatedirection with no
delayafterfree.

2. (1,0)-bidirectional: modulesalternatedirectionwith delay
of 1 timeunit afterfreefor modulesin positionsVXW rotat-
ing CW andnodelayafterfreefor modulesrotatingCCW.

3. unidirectional: modulesrotatesamedirectionwith delay
of 2 afterfreefor modulesin positions V 1.

Thereconfigurationschemausesthecostof thesubstrate
pathfoundin theprevioussectionandproceedsasfollows:
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� For modules0 through Y #?Y (i.e., thosemodulesfilling in
thesubstratepath):

– If cost = 0, modules0 through Y #DY[Z\W use (0,0)-
bidirectionalpattern,with module0 startingin CW
direction. Module Y #?Y begins the (0,1)-bidirectional
pattern,moving in the oppositedirectionfrom mod-
ule Y #DY]Z^W with delayof 2 (unlessthereareno cells
to befilled in theoppositedirection,in which caseit
beginstheunidirectionalpattern).

– If cost= 1, modulesuse(0,0)-bidirectionalpattern.If
thedistancefrom module0 to the“bend” is odd,mod-
ule 0 beginsmoving CCW, otherwiseit beginsmov-
ing CW. Modulesenterthepartof thesubstratepath
beforethebendin thesameorderthey begin moving.
Becauseof the bendin the substratepath, modules
arrive on the “tail” of the substratepath in a differ-
entorderthantheorderin which they begin moving.
Let _ bethefirst moduleto choosea goalpositionin
the part of the substratepathafter the bend,i.e., the
“tail” of thesubstratepath. If � is even,modulesar-
rive at their positionsin the tail of thesubstratepath
in thisorder: _ � _]`a( � _]`bW � _]`�c � _d`�e � _d`�� � _d`af �!� � .
Otherwise,if � is odd, modulesarrive at their po-
sitions in the tail of the substratepath in this order:_g`hW � _ � _g`)e � _[`i( � _[`if � _g`jc � �!� � . Themodulein
position Y #?Y goesonthesubstratepathandthemodule
in position Y #?YdZ^W doesnot when � andthe“tail” of
thesubstratepathhavedifferentparity.

– If cost V 1,modulesk � � � Y #?Y3Z5W usetheunidirectional
patternin CW direction. Module Y #?Y begins (0,1)-
bidirectionalpattern,moving CCW (unlessthereare
no cells to be filled in the CCW direction, in which
caseit continuestheunidirectionalpattern).

– Eachmodulestopsin the goal cell on the substrate
paththatit hascalculatedit shouldoccupy.

� For modulesin positions VlY #DY (i.e., thesemodules
climb over thesubstratepathto fill therestof � ):

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

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

� Oncea modulestopsfor a roundin a goalcell, it never
movesout of thatgoalcell.

Thepseudocodeusedby all freemodulesduringeachround
of thereconfigurationis shown in Figure10. Localvariables
at eachmoduleinclude:
� contacts: Booleanarrayindicatingon which edgesa mod-

ule hasneighboringmodules. Assumedto be automati-
cally updatedateachroundby somelower layer.

� position: Orderof modulesin 
 , startingat the endof 

thatis furthestfrom � . If themoduleis initially atdistance�mZn( from � , position�ok , otherwisepositionis calculated
by countingpassingmodules.�qp : Directionof movement,CW or CCW.� flips: Counterusedto determinewhetherthe module is
free.� delay: Numberof time units modulewaits after it is free
andbeforeit makesits first move. Initially 0.

In round r?s > � 6 � 6utvtvt :
1. if ((position >xw ) or (IsFree()))
2. if (delay > 0)
3. move y
4. end if
5. else
6. delay s > delayz �
7. Count modules passing in CW and CCW directions
8. end if

Procedure IsFree():
1. flips s >{w
2. for (

- s >xw to | ) do
3. if (contacts[

-
] G> contacts[(

-�1
1) % 6])

4. flips++
5. end if
6. end for
7. return ((position - 1 is unoccupied) and

(flips > � ) and (number of contact edges }5| ))
Figure10: Pseudocodefor all modulesfrom straightchain
to admissible� .

Eachmodulecalculatesits rotationdirection,delaybefore
moving, andfinal goalcoordinatesafterit determinesits po-
sition in 
 . Modulesin their initial positionskeepseparate
talliesof othermodulespassingon theCW andCCW side.

For configurationswith substratepath cost 0 or cost
greater than 1, the calculation of final goal position is
straightforward,sincemodulesarrivein theircalculatedgoal
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 directionswhen the parity of � and the “tail” of the
substratepathis different.This is becausemodulesarrive in
the “tail” out of order, i.e., the modulein position Y #?Y that
moduleswith higher initial positionscount as headingfor
a goal positionnorth or southof the substratepathactually
endsup in a positionon thepath. Thepatternis predictable
andthereforeeasilycomputedlocally at eachmodule.

6 Obstacles

In this sectionwe considerthe presenceof obstaclesin the
coordinatesystemandpresentour preliminary ideason re-
configurationin thepresenceof obstacles.

An obstacleis a sequenceof one or more “forbidden
cells” that modulescannotenter. Modulesmay, however,
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Figure 11: Admissibleobstacles(shown in black) in three
goalscenarios.Goalcellsareshadeddarkgrayandthoseon
thesubstratepatharestarred.

touchobstaclesandmay usethemasa substratefor move-
ment.We informally defineanobstacleashaving anadmis-
siblesurfaceif theperimeterof theobstacleis anadmissible
path. We thenrequirethat either1) all “obstaclesurfaces”
adjacentto goalcellsareadmissiblesurfaces(whenconsid-
eringinteractionwith � andobstacles),or 2) thatanadmis-
siblesurface(s)canbeformedby “concatenating”theobsta-
cleswith modules.Obstaclesmayoccuratany locationin or
aroundthegoal. They maynot, however, separate
 from �
by completelyenveloping � .

Examplesof admissibleobstaclesareshown in Figure11,
wherethe forbiddencells areblack, the goal cells aregray,
andthe goal cells on the substratepatharemarkedwith an
asterisk.In eachscenarioof thisfigure,thesubstratepathhas
incorporatedthe admissiblesurfaceto form an admissible
substratepath.

Usingthis definitionof admissiblesurfaces,we intendto
copewith thepresenceof obstaclesboth inside,adjacentto,
andaround� by first analysingtheadmissibilityof thecom-
binationof obstacles,� , and 
 . We will choosea substrate
pathandlocationfor 
 thatmayincludeobstacles,andthen
selectthesubstratepathsuchthat it includestheadmissible
surfacesof obstaclesif necessary. Moduleswill thenmove
normallyacrossthesurfaceof obstaclesduringreconfigura-
tion. For example,in Figure12, the groundis treatedasan
admissibleobstaclewhena buttressis neededto hold up a
skyscraper.
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Figure12: Obstaclesurface(ground)usedasfoundationfor
reconfiguration.

7 Conclusionsand futur ework

We have presentedan algorithm for determiningthe sub-
stratepaththatpermitsflexibility in choosinga point of in-
tersectionbetweentheinitial configurationandthegoaland

allows for maximumefficiency in reconfiguration.We also
consideredreconfigurationin thepresenceof obstacles,nat-
urally extendingour definitionof admissiblesubstratepaths
to includeobstaclesurfaces.

We believe that this flexible approachwill be helpful in
designingreconfigurationalgorithmsfor moreirregularcon-
figurations,moreasynchronoussystems,andthosewith un-
known obstacles.Part of sucha flexible approachwill in-
cludetheability for modulesto detectandresolvecollisions
anddeadlocksituationswhenthey occur, ratherthanprecom-
putingtrajectoriesthatavoid thesesituations.We havesome
initial ideasfor waysto dealwith modulecollisionanddead-
lock on thefly, which we leave for futurework.
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