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Abstract

Wedescribeamulti-cellularshapeeplicationmechanisnim-
plementedn a sensingand communicationnetwork, moti-
vatedby robust self-monitoringand self-repairingaerospace
vehicles. In particular we proposea self-referentialrepre-
sentation(a “genome”), enabling self-inspectionand self-
repair; an algorithmsolving the problemfor connectedand
disconnecteghapesandarobustalgorithmrecoveringfrom
possibleerrorsin the “genome”. The presentednechanism
canreplicatecombination®f prede nedshapesndarbitrary
shapeghatself-oganisein responsdo occurringdamage.

Intr oduction

NASA'sgoalof robustaerospaceehiclesrequiresstructures
thatarecapableof self-assessmeandself-repair Previous
work in thejoint CSIRO-NASA AgelessAerospacé/ehicle
(AAV) project developedand examinedconceptsfor inte-
gratedsensingand communicatiometworks which are ex-
pectedto detectand reactto impactlocation and damage
over a wide rangeof impactenepies, rangingfrom micro-
particlesto meteoroid¢Priceetal.,2003;Prokopenlo etal.,
2004;Lovattetal., 2003).Oneof themostimportantdesign
principlesdistinguishingan intelligent vehicle healthman-
agemensystemfrom othersensingsystemsijs the require-
mentfor continuedfunctionalityin the presencef damage,
and,ultimately, theability to carryoutrepairs.

In this paperwe investicate a possible rst steptowards
theself-repairingability, focussingjn particular ontheneed
for a robust self-replicationof multi-cellular shapes.This
shapereplicationability shouldcover both “standard”and
“non-standard’shapes.In otherwords, we expectthat not
only a standardshapeprede nedby an available structural
“blueprint” can be producedwhen required, but also that
ary non-standaréndunpredictableshapecovering a dam-
agedregion canbe dynamicallyreplicatedon demand.Im-
portantly we investicgatethe self-replicatiormechanisnthat
would allow usto combine“standard”and “non-standard”
shapesf necessaryRepairactions,suchasshapereplica-
tion, mightbe progressingn the ervironmentwherefurther
impactsarelik ely to occutr andthereforethereis a needfor
robustshapereplicationalgorithms.

The next sectionwill brie y describehenotionof emer
gentimpact boundariesusedto uniquely encodea shape

that might be replicated. We follow by settingthe relevant
backgroundbn self-replicationarchitectures An algorithm
for shapereplicationis thenpresentedandillustrated. The

algorithmincorporates self-referentiakepresentatiorand
solvesthe problemeveniif the shapeis “disconnected’in

certain sense. Finally, we considerthe casewhen shape
replication progressesn adwerse circumstancesand new

impactsdamagesomepartsof the shapebeingreplicated.

Stable Impact Boundaries

Thedevelopedhybrid ConceptDemonstratomodelsa two-
dimensionalarray of cells: some cells existing in dedi-
catedhardware (two micro-processorper cell) and some
residingwithin interconnectegersonabomputerganum-
ber of cells per PC) (Price et al., 2003). We also used
a stand-aloneAAV Simulator capableof simulatingsome
simple environmental effects such as particle impacts of
various enegies. In the AAV Simulator cells are rep-
resentedas objects(squares)on a two-dimensionalplane
(e.g., Figure 1), wherethey asynchronouslyinteractonly
with their immediateneighboursin von Neumannneigh-
bourhood,through connected(geometricallyoverlapping)
communicationports. This approachusesthe idea of lo-
calisedalgorithms,in which simplelocal behaioursleadto
self-olganisationof spatiotemporamulti-cellular patterns,
achiving adesiredglobal objective.

Typically, the damageon the AAV skin causedy anim-
pactis most severe at the point of impact (an epicentre).
However, not only the cells at the epicentreare destryed,
but the communicatiorcapability of the neighbouringcells
is reduced Multiple impactsresultin overlappingdamaged
impact-suroundingregionswith quite complex shapes.

Let usbrie y describemulti-cellularimpactboundaries
self-oiganisingin presencef cell failuresand connectvity
disruptions.On the onehand,it is desirablethatanimpact
boundary enclosingdamagedareas,forms a continuously
connecteclosedcircuit. This circuit maysene asareliable
communicatiorpathway aroundtheimpact-surroundinge-
gionwithin whichcommunicationarecompromisedEvery
cell ona continuouslyconnectedlosedcircuit mustalways
have two andonly two neighbourcells,designatedsthecir-
cuit membergcircuit-neighbourf this cell). Onthe other
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Figure 1: White cells aredestryed, dark-grey cells form “scaf-
folding”, blackcellsform the “frame”. Boundarylinks areshavn
aswhite double-lines.

hand,acontinuouslyconnectealosedmpactboundarypro-
videsatemplatefor repairof theimpact-surroundingegion,
uniquely describingits shape(Figure 1). Both thesefunc-
tionalitiesof impactboundariezanbe contrastedvith non-
continuous'guardwalls” investigatedby DurbeckandMa-
cias(DurbeckandMacias,2002)that simply isolatefaulty
regionsof theCell Matrix, withoutconnectingelementof a
“guardwall” in acircuit.

In orderto sene eitherasa communicatiorpathway or
a repairtemplate,an impactboundaryshouldbe robust to
communicatiorfailurescausedy proximity to the epicen-
tre. The algorithm producingsuchcircuits andthe metrics
guantitatvely measuringtheir spatiotemporaktability are
describedelsavhere (Foremanet al., 2003). In this paper
we assumeéhatourimpactboundaryis astablecontinuously
connectedtlosedcircuit. It is sufcient to mentionherethe
following spatialself-oiganisinglayers:

scafolding region, containingthe cells that suffered sig-
ni cant communicatiordamage;

frameboundary— aninnerlayerof normalcellsthatare
ableto communicateeliably amongthemseles;

closedmpactboundary connectinghecellsontheframe
boundaryinto a continuousclosedcircuit by identifying
their circuit-neighbours.

The“frame” separatethe scafolding region from the cells
thatareableto communicatdo their normalfunctionalca-
pacity Theseinternallayers(scafolding, frameandclosed
boundary)completelyde ne animpact-surroundingegion
as a layered spatial hierarcly. In general, the impact-
surroundingregion can be seenas an example of annular
spatialsorting: “forming a clusterof one classof objects

andsurroundingt with annularbandsof the otherclasses,

eachbandcontainingobjectsof only onetype” (Hollandand
Melhuish, 1999). It could be aguedthat, as an emegent
structure theimpact-surroundingegion hasuniquehigher
orderpropertiessuchashaving aninsideandan outside

Self-replication: background and motivation

In this sectionwe attemptto positionour shapereplication
schemawith respecto somewell-known approachesThe-
oretical foundationsfor arti cial self-replicating systems
werelaid down by Von Neumannwho proposedwo central
elements:a UniversalComputeranda UniversalConstruc-
tor. A programP encodedn theUniversalComputedirects
thebehaior of the UniversalConstructar Thelatteris used
to manufcturebothanothetUniversalComputeranda Uni-
versalConstructar The programP is thencopiedinto the
newly manufcturedUniversalComputer It is possibleto
develop self-replicatingautomatavhich do not requireuni-
versality For example,awell-known self-replicatingstruc-
tureis aLangtonsloop constructedn two-dimensionalcel-
lular space Theloopis a closeddatapath,capableof trans-
mitting datain the form of signals. Thesesignalsnot only
encodethe loop's “genome”, but sene alsoasthe instruc-
tions for replication. In executingthe instructionsthe loop
extendsitself andfolds into adaughtetoop, alsocontaining
thegenomeandcapableof self-replication(Langton,1984).

As pointed out by (Sipper 1998), Langtons loop and
its various extensionsas well as other self-replicatingau-
tomatabasedon Von Neumanrarchitecturecanbethought
of asunicellular organisms: thereis a single genomede-
scribingandcontainedvithin theentireautomatonAnother
classof self-replicatingautomataincludesarti cial multi-
cellular organismswhereeachof the severalcellscompris-
ing the organismcontainsa copy of the completegenome.
Onewell-advancedapproactexploiting sucharti cial multi-
cellular organismsis the embryonicelectronics(embryon-
ics), aimedat very large scaleintegratedcircuits with self-
repairand self-replicationcapabilities(Sipperet al., 1997;
Mangeetal., 2000). Essentiallyembryonicseemploys three
biologically inspiredprinciples: multi-cellularorganisation,
cellular differentiation,and cellular division. Cellular dif-
ferentiationtakes placeby having eacharti cial cell com-
pute its coordinateg(i.e., position) within a one- or two-
dimensionalspace,after which it can extract the speci c
genewithin the arti cial genomeresponsibldor the cell's
functionality Cellulardivision occurswhena“mothercell”
arbitrarily placedwithin the grid, multiplies to form a new
multi-cellularorganism.In additionto self-replicatiorof the
original circuit in caseof a majorfault, this arti cial organ-
ism alsoexhibits self-repaircapabilities allowing partialre-
constructionin caseof a minor fault. In summarythe em-
bryonicsapproachmodelsmulticellular organismsthat on-
togeneticallydevelopin orderto performusefultasks.

Another relevant conceptis self-inspection In some
casesthe genomeis predetermineéndsimply needso be
replicated. This would be the casewhena “blueprint” of a
standardshapds available. Sometimeshowever, thereis a
needto dynamicallyconstructhe genomeadescribinganon-
standardshapefor its subsequenteplication. Moreover,
sometimeself-inspectiorshouldproceedconcurrentlywith
theinterpretatiorof thegenomeLaing, 1977).



Theshapeeplicationalgorithmsdevelopedin the context
of AAV and presentedn the following sectionsare based
on the principlesof multi-cellular organisation cellular dif-
ferentiation,andcellulardivision aswell — similarly to the
embryonicsapproach A desiredshapes encodedvhenan
emepgentimpactboundaryself-inspectstself andstoreshe
“genome”in a “mother” cell. The genomecontainsboth
datadescribinghe boundaryanda programof how to inter-
pretthesedata. Themothercell is thenseededh anew place
outsidetheaffectedAAV array Executingits programiniti-
atescell-replicationin thedirectionsencodedn thegenome.
Eachcell-replicationstepinvolves copying of the genome
(both dataandthe program)followed by differentiationof
the data: anappropriateshift of certaincoordinatesNewly
producedcells are capableof cellular division, continuing
the processauntil theencodedshapds constructed.

In orderto provide a unifying view on the interrelated
conceptdrie y describedibore, weinformally characterise
the shapereplicationprocessn self-referentiaterms,em-
ploying two logical levels: an objectlevel anda meta-level.
It is well- known that self-replicationof a systemcan be
characterisedby emegent behaiour and tangled hierar-
chiesexhibiting Stranged_oops:“an interactionbetweerev-
elsin which the top level reachesdack down towardsthe
bottomlevel andin uencesit, while at the sametime being
itself determinedy thebottomlevel” (Hofstadter1989).In
termsof shapereplication,one may amguethatthe genome
encodeghe shapein eachcell togetherwith the meta-level
instructionsof how to replicateit. In otherwords,eachcell
containsa modelof the whole multi-cellular shapeunfold-
ing it at every cell-replicationand differentiationstep. In
addition,we shallillustratethat self-inspectiorof anemer
gentimpactboundarycanbe mirroredby self-inspectiorof
the genomeinside eachcell, at every cell-replicationstep.
Similarly, we shall demonstrat¢hat self-repairof the over-
all damagedmpact-surroundingegion canbe re ected in
self-repairof the codeembeddedn eachcell.

Self-referential ShapeReplication
ShapeStructure
In this sectionwe provide formal de nitions of animpact
boundaryandinternalscafolding, anddraw a cleardistinc-
tion betweericonnected’and“disconnectedtasesA two-
dimensionaAAV arraycanberepresentetly aplanar grid
graph G(V;E): the productof pathgraphson m andn ver
tices,wherethe verticesV(G) areary setof pointson the
planarinteger lattice. The edgesE(G) connectverticesat
unit distances. Given an impact, all cells that are located
within theimpact-surroundingegion canberepresentetly
animpactsubgraphA of G (Figure2).

First of all, we identify all the verticesS A which have
precisely4 edgesach.Thenwe de ne the scafolding sub-
graphj a of A asasubgraptinducedontheimpactgraphA
by the setS. i.e., asthe setof the verticesS togetherwith
ary edgesE(A) of theimpactgraphA whoseendpointsare
bothin thesubsetS.
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Figure2: Top-left: a planargrid graphG, whereverticesshavn
in black representells affectedby animpact. Top-right: theim-
pactsubgraphA of G. Bottom-left: the scafolding subgraph; a
with verticesshown in grey, andthe frame-boundargubgraph-
with verticesshavn in black. Bottom-right: the closed-boundary
subgraphj with verticesaddedo theframeshaowvn in white.

Secondly we identify the frame-boundansubgaph F 5
of A asa subgraphinducedon the impactgraphA by the
set-complemenAnj a: i.e.,asthesetof theverticesAnj a
togethemwith ary edgesE(A) of theimpactgraphA whose
endpointsare both in the subsetAnj . Figure2 (bottom-
left) illustratesthe casewhenboththe scafolding subgraph
i A andframe-boundargubgraph-  aredisconnected.

Finally, the closed-boundarysubgaph Wa of G is de-
ned asfollows. We intendto addto the frame-boundary
subgraphpreciselythose elementsfrom G which provide
a shortestpath (outsidethe scafolding subgraph)between
componentf the possibly disconnectedrame-boundary
subgraph. Formally, we employ the graph-theoretiae -
nition of corvex sets,accordingto which a setof vertices
X in a connectedgraphis called corvex if for every two
verticesu;v 2 X, the vertex setof every shortestpath be-
tweenu andv lies completelyin X. We now identify the
graph-theoetic corvex hull Hp of thesetof frame-boundary
verticesV(F ) in G but notin scafolding subgraph a, as
thesmallesgraph-theoreticonvex setin V(G) nV(j a) con-
tainingV(F ). A subgraptinducedon the graphG by the
setHa is the desiredclosed-boundargubgraphi, (Figure
2: bottom-right). It canbe shawvn thatthe closed-boundary
subgraphij, is alwayscyclic.

Thesede nitions are not constructvely usedby the de-
centralisecbhoundaryformationalgorithms localisedwithin
eachcell (Foremaretal.,2003). Thegraph-theoretiootions
requireglobalinformation,used for example,in specifying
all the verticesof the impactgraphin adwance,or nding
shortespathsandconvex hulls. In reality, autonomousells
asynchronoushdeal with unreliablecommunicationmes-
sageswhile trying to determinevhetherthey belongto scaf-
folding, frameor closedboundary We introducedherethe
formal de nitions in orderto give a graph-theoreticeman-
ticsto theseemepgentstructuresandin particular to distin-
guishbetweerconnectednddisconnectedcafolding sub-
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Figure3: Boundarylinks.
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Tablel: An exampleboundarygenome.

graphs. It is preciselythe secondcasethat presentssome
dif culties for shapereplication.

Given the planargrid topology eachcell on the closed
impact boundarymay have 6 boundarylinks, connecting
ports “left-right”, “left-top”, etc. Enumeratingfour com-
municationports from 0 to 3 (“bottom” to “right” clock-
wise) allows us to uniquely label eachboundarylink with
a two-digit numberl , e.g.,“32” would encodea link be-
tweenthe “right” and “top” ports (Figure 3). Then, the
whole impact boundarycan be encodedn an orderedlist
of theselabels. For instance the boundarydepictedin the
Figure 2 canbe simply representedby thelist f 32; 20; 30;
31 31,10;32,10;20;21; 31;32,10;31g. However, in order
toreplicatetheboundedshape,lling it cell by cell, we need
to introducea systemof coordinategelative to a cell con-
tainingthe shapdist. More preciselythe boundarygenome
is a list of triples (a;b;1), where(a;b) arerelatve coor
dinatesof a cell with the boundarylink | . The boundary
genomefor our exampleis shavn in the Table1. Thein-
structionsof how to interpretthesedatacanbeeasilyrepre-
sentedn anassembletik e languagewith each“program”
triple encodingwo operandsandaninstructiontype.

An Algorithm for DisconnectedScafflding

The rst phaseis self-inspectionof the impact boundary
producingthegenomeeg.g.,thegenomen the Tablel1. The
processstartswith a selectionof a mothercell (ary cell sp
ontheboundary) andinvolvesthefollowing steps:

the mother cell inserts the triple (0;0;l o) into the empty
genomewherel g is the boundarylink maintainedby the cell
S0, andsendshe incompletegenometo the neighbourin a spe-
ci ¢ direction(e.g.,counterclockwise);

eachboundarycell receving thegenomeleterminesherelative
(a;b) coordinatesof the messageendergiven the port of the
incoming messagee.g.,if the messageomeson the bottom
port (labelledas 0), thenthe senders relative coordinatesare
(0; 1) (thepossibilitiesareencodedn alook-upTable2);

the cell incrementsall (x;y) coordinatesn the genomeasfol-
lows: x= x+ a,y=y+Db;

the cell appendghe triple (0;0;1 ;) to thegenomewherel ; is
thetheboundarylink maintainedoy this cell;

if this cell is not the mothercell, it sendsthe genometo the
counterclockwiseneighbourotherwisetheprocesgerminates.

port 0 1 213
a 0 ;1101
b -1 0 1

0

Table2: Thelook-uptableof directionsandcoordinates.

Thenext phasds shapereplicationper se It startswhen
the mothercell is seededn someavailablespace.The pro-
cessinvolves cell-replicationscarriedout by not only new
boundarycells, but alsoby new scafolding cells. Thecell-
replicationprogramencodedn eachcell hasthe following
stepg(startingwith the seedat the beginning):

the cell iteratesthroughthe genomeand determineswhether

thereis atriple (0;0;1 ), for somel ;

if suchatriple is found,aBoolean ag w is setto true (“bound-

ary cell”); otherwisew = false;

thecell iterateghroughall possibledirectionsp, whereO0  p

3, doingfor eachp thefollowing:

1) retrieve from the look-up Table 2 the coordinatega; b) for
constructiorin thedirectionp;

2) checkif thereis acell attherelative location(a;b): if there
is, thenthedirectionp shouldnotbeused andthecell moves
tothestep(6), otherwisdt continuewith thefollowing steps;

3) checkif bothw = trueandthetwo-digit number doesnot
includethedigit p;

4) if the condition(3) is satis ed (meaninga boundarycell is
consideringo producea scafolding cell), then
a) x thevertical“strip” x = a and,by varyingthey coordi-
nateacrosgshegenomecomputethe numberof timesn, and
n theboundaryfully crosseshis “strip”, abose andbelon
y = brespectiely (this computatioris describedelow);
b) checkif eithern, orn is oddandneitheris O;

5) if eitherthe condition(3) is not satis ed, or the conditions
(3) and (4.b) are both satis ed (a boundarycell producesa
scafolding cell), then

a) constructacell in thedirectionp;

b) copy thegenometo the constructedtell;

c) decrementall coordinatesin the constructedcell's
genomeasfollows: x= x a,y=y b;

6) incrementhedirectionp;
the processstopswhenall directionshave beenchecled.

In orderto computethe numbersn, andn relative to the
location(a; b), thecell iterateghroughthegenomedor x= a,
varyingy > b andy < b respectiely. The numbern. is
initiatedto 0, andis incrementeeachtime eithera) anentry
| = 3lisencounteredyrb)| = 32isencounteredpllowed
(not necessarilyimmediately)by | = 10,orc) | = 21 s
encounteredpllowed(notnecessarilymmediately)oy | =
30. Thenumbern is computedsimilarly with thel pairs
in (b) and(c) reversed.The numbersn; andn determine
whetherthelocation(a; b) is insideor outsidethe shape.
Let usexemplify the cell-replicationphaseandin partic-
ular cell-differentiationoccurringat step(5). We continue
with the example genome(Table 1), and assumethat the
seed(0;0;32) startsthe processfrom the bottom-left cor
ner of the boundary Let us startwith the directionp = 0.
The look-up table suggestshe coordinatesa= 0;b= 1,
the shift down. Thelocation(0; 1) is free. The condition
(3) is satis edasthenumberd = 32doesnothavep = 0in
it. However, thevertical“strip” onwhichapossiblenew cell
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Figure 4: Shapereplication. Boundary cells encodedin the
genomebut not yet producedare shavn with dashedines. Left:
a black cell (seed)producegswo white cells, indicatedby arraws.
Right: Two morecellsarebeingproduced:oneof themis a scaf-
folding cell, pointedto by the horizontalarron. Theinsidedirec-
tion is recognisedy the vertical strip being“crossed’above and
below the consideredocation.

would belocatedis not “crossed”by the boundaryatall, so
n. = n = 0, andthereis no needto producea scafolding
cell (whichwould beoutsideof thedesiredshape) Thenext
directionp = lissimilar. Thedirectionp = 2, however, “be-
longs”"tothenumbed = 32,triggeringtheproductionof an-
otherboundarycell with thecoordinatesa= 0;b= 1. A cell
is constructedn thedirection2 (top) relative to theseedthe
genomads copiedto thenewly constructeatell whichis dif-
ferentiatedby updatingall coordinatessfollows: x= x 0,

y=y 1.Inotherwords,all y coordinatesmredecremented,

resultingin genomeshowvn in Table3.

The (seed)cell that producedthe copy is encodedn the
copy's genomeby triple (0; 1;32), i.e., the seedandthe
copy have differentrepresentationsf the sameshape.The
lastdirectionp = 3 is similar, andanotherboundarycell is
producedo theright. The shapereplicationprocesss now
drivenby thesetwo newly producectcells. For example,the
cell producedo thetop of theseedconsiders! directionsp.
It excludesp = 0, becausehereis acell alreadyin theplace
indicatedby p = 0. Thedirectionp = 1is excludedbecause
it' soutsideof theshapeasrecognisedbyn. = 0Oandn = 0.
Thedirectionp = 2 is selectedbecause is within | = 20,
triggering the cell-replicationand cell-differentiation pro-
cesssimilar to the one describedoreviously. The direction
p = 3isinterestingnow becausé¢he correspondindocation
a= 1;b= 0is inside the shapeasrecognisecy n,. = 1
andn = 1. In otherwords,therearetwo placeswherethe
boundary‘crosses’thestripx= a= 1: oneabove thelevel
y= b= 0,andonebelawv (Figure4:right).

The procesgerminategreciselybecauséoundarycells
distinguishbetweerninsideandoutside anddo notreplicate
outsidethe desiredshape. The scafolding cells can only
reachthe boundaryfrom inside: if a scafolding cell pro-
ducesanew cellwhosegenomehasatriple (0;0;1 ) afteran
updatethenthisreplicarecognise#tself asaboundarycell,
anddoesnot replicateoutside. If the scafolding subgraph
wasalwaysconnecteda simpleralgorithmwould be possi-
ble. It would involve a) boundarycells building only other
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Figure5: Completedshapereplication.

boundarycells; andb) seedinga single scafolding cell. It
would, furthermore avoid ary needto verify whetherrepli-
catedcellsareinsideor outsidethe shapg(i.e., the numbers
n, andn would notbeneeded).In eithercase(connected
or disconnectedcafolding) the shapereplicationis driven
by multiple cells, progressingn parallel(Figure5).

Robust ShapeReplication

The shapeeplicationprocesslescribedabore assumeshat
at ary cell-replicationstepthereare no errors. However,

theremaybe casesvhensomefragmentof thegenomeare
damagediueto copying proces®r processors/memoffil-

ures. If the genomeis not repairedthenthe shapereplica-
tion processvould notterminateat the boundaryandsome
cellswould bereplicatedbeyondthe desiredshapeby going
throughmissingboundarycells.

In this sectionwe consideran advancedrobustalgorithm
designedo recover from sucherrors. More precisely we
considerthe casewhensometriples (x;y;1 ) in the genome
arecorrupted. The main challenges not only to recognise
corrupteddata,but to avoid a replicationthat may produce
anincorrectshape.The proposedsolutioninvolves 1) self-
inspectionof thegenomewithin a cell, determiningheend-
pointsof disconnectethoundaryfragments?) self-repairof
thegenomaewithin acell, addingthetriplesbetweerthedis-
connectedragments. Thus, self-inspectiorof the genome
onthecell level mirrors the boundaryself-inspectionywhile
self-repairof the genomeon the cell level mirrors the re-
pairof the overall shape We believe thattheseareexamples
of StrangeLoops becausen the one hand, eventson the
multi-cellular shapes level trigger cellular transformations
(e.g., a global repair activating the ontogeneticadevelop-
ment), while on the otherhand,the actionscarriedout by
eachcell (e.g.,self-repairof theencodedyenomepffectthe
higherlevel wherethe shapds replicated.

Eachphaseof self-inspectionof the genomewithin the
cell determinesa pair of triples (x1;y1;1 1) and (X2;yz2;1 2)
suchthatthetriple (x1;y1;1 1) is thelastbeforethe breakin
the counterclockwisedirection, and (x2;yz2;1 2) is the rst
afterthebreakcounterclockwise.If eitherof thesdriplesis
not found, thenthe genomedamages not repairable.Oth-
erwise,a self-repair phasefollows with the following steps:
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Figure6: Thecell shavn insideacircle attemptsself-repair Left:
the corruptedtriples are shovn with the “star’-like signs. Right:
therepairedriplesaremarkedwith crosses.

for the starttriple (xq;y1;1 1): a) selecta counterclockwisedi-

rectionpy in | 1; b) retrieve from thelook-up Table?2 the coor

dinateg(as; by) for repairin thedirectionpy; c)setx; = X1+ a1

andy: = y1+ by;

for the end triple (x2;y2;1 2): a) selecta clockwise direction
p2 in | 2; b) retrieve from the look-up Table 2 the coordinates
(ag; by) for repairin the directionpy; c¢) setx, = xo+ ap and
Y2 = Y2+ by;

approximateheline betweerthepoints(xi;y1) and(xz;y2) and
its slopey;

setx = xp, Yy = Y1, and continuean iterative processuntil the

points(x;y) and(xy;y») arethesame:

1) determinecoordinatega; b) suchthattheline between(x+
a;y+ b) and(xp;y2) hasa slopeclosestto |; if the genome
containsatriple (x+ a;y+ b;l ) for someboundarylink | ,
thenthe algorithmterminatesandthe repairfails becausea
projectedfragmentintersectanexisting boundary;

2) retrievefrom thelook-upTable2 thedirectionp correspond-
ing to thecoordinatega; b);
3) setthe directionp, oppositeto p; by usingmodulo4, i.e.
py = (p1+ 2) mod4;
4)form| by concatenating andp, in decreasingrder;
5)insert(x;y;| ) andsetx= x+ a,y= y+ b, andp1 = p;
whenthepoints(x;y) and(xz; y2) arethesame;'seal” thebreak:
1) setthedirectionp, oppositeto p; asp, = (p2+ 2) mod4,
andthedirectionp, oppositeto p1 asp, = (p1+ 2) mod4,
2)form| by concatenating, andp, in decreasingrder;
3)insert(x;y;1);
The genomeis partially repaired(Figure 6) within each
cell which detecteda discontinuity Although the repaired
genomedoesnot cover all the missingcells, it doesnot in-
troduceary cellswhich werenotin the original shape ex-
hibiting soundnes$gut not completenesproperty In other
words,therepairedboundaryis alwayscontainedvithin the
original shape. Importantly thereis a redundang in the
shapereplicationprocess:other cells which did not suffer
ary damagewould successfullyreplicatethe partsnot en-
codedin the partially repairedgenomes.

The described algorithms handle both standard
(“blueprint”) and non-standardshapes, self-oiganising
in responseéo damage Moreover, it is possibleto combine
thesetypes. For example, structuraldatacan be encoded
in the form of triples, anda given genomecanbe extended
in run-time with the data produced by self-inspecting
emepgentboundariesSimilarly, the self-repaiphasewithin
a cell which detectedan anomalyin the genomemay draw
some data from the structural “blueprints” rather than
approximatesggmentshetweerndisconnectedragments.

Conclusionsand Futur e Work

We investigated a multi-cellular shapereplication mecha-
nism, implementedn a sensingand communicationAAV

network. The main algorithm solvesthe problemfor con-
nectedanddisconnectedcafolding. The underlyingself-

referentialrepresentatiorenablesself-inspectionand self-

repair— contributing to arobustalgorithmthatcanrecover
from possibleerrorsin the “genome”. The presenteanech-
anism can replicate prede ned standardshapes,arbitrary
emepgentshapesandtheir combinations.Onefuture direc-
tion would involve treatingthe programin the sameway as
thedata,sothatreprogrammablecells mayredirectandim-

prove anongoingshapeeplicationprocess.
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