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Abstract
Wedescribeamulti-cellularshapereplicationmechanismim-
plementedin a sensingand communicationnetwork, moti-
vatedby robustself-monitoringandself-repairingaerospace
vehicles. In particular, we proposea self-referentialrepre-
sentation(a “genome”), enablingself-inspectionand self-
repair; an algorithmsolving the problemfor connectedand
disconnectedshapes;anda robustalgorithmrecoveringfrom
possibleerrorsin the “genome”. The presentedmechanism
canreplicatecombinationsof prede�nedshapesandarbitrary
shapesthatself-organisein responseto occurringdamage.

Intr oduction
NASA'sgoalof robustaerospacevehiclesrequiresstructures
thatarecapableof self-assessmentandself-repair. Previous
work in thejoint CSIRO-NASA AgelessAerospaceVehicle
(AAV) project developedand examinedconceptsfor inte-
gratedsensingandcommunicationnetworks which areex-
pectedto detectand react to impact location and damage
over a wide rangeof impactenergies,rangingfrom micro-
particlesto meteoroids(Priceetal.,2003;Prokopenko etal.,
2004;Lovattetal.,2003).Oneof themostimportantdesign
principlesdistinguishingan intelligent vehiclehealthman-
agementsystemfrom othersensingsystems,is therequire-
mentfor continuedfunctionalityin thepresenceof damage,
and,ultimately, theability to carryout repairs.

In this paperwe investigatea possible�rst steptowards
theself-repairingability, focussing,in 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 availablestructural
“blueprint” can be producedwhen required,but also that
any non-standardandunpredictableshapecovering a dam-
agedregion canbedynamicallyreplicatedon demand.Im-
portantly, we investigatetheself-replicationmechanismthat
would allow us to combine“standard”and“non-standard”
shapesif necessary. Repairactions,suchasshapereplica-
tion, mightbeprogressingin theenvironmentwherefurther
impactsarelikely to occur, andtherefore,thereis aneedfor
robustshapereplicationalgorithms.

Thenext sectionwill brie�y describethenotionof emer-
gent impact boundaries,usedto uniquely encodea shape

that might be replicated.We follow by settingthe relevant
backgroundon self-replicationarchitectures.An algorithm
for shapereplicationis thenpresentedandillustrated. The
algorithmincorporatesa self-referentialrepresentation,and
solves the problemeven if the shapeis “disconnected”in
certain sense. Finally, we considerthe casewhen shape
replication progressesin adversecircumstances,and new
impactsdamagesomepartsof theshapebeingreplicated.

StableImpact Boundaries
Thedevelopedhybrid ConceptDemonstratormodelsa two-
dimensionalarray of cells: some cells existing in dedi-
catedhardware (two micro-processorsper cell) and some
residingwithin inter-connectedpersonalcomputers(a num-
ber of cells per PC) (Price et al., 2003). We also used
a stand-aloneAAV Simulatorcapableof simulatingsome
simple environmentaleffects such as particle impactsof
various energies. In the AAV Simulator, cells are rep-
resentedas objects(squares)on a two-dimensionalplane
(e.g., Figure 1), where they asynchronouslyinteract only
with their immediateneighboursin von Neumannneigh-
bourhood,through connected(geometricallyoverlapping)
communicationports. This approachusesthe idea of lo-
calisedalgorithms,in whichsimplelocalbehavioursleadto
self-organisationof spatiotemporalmulti-cellular patterns,
achieving adesiredglobalobjective.

Typically, thedamageon theAAV skin causedby anim-
pact is most severe at the point of impact (an epicentre).
However, not only the cells at the epicentrearedestroyed,
but thecommunicationcapabilityof theneighbouringcells
is reduced.Multiple impactsresultin overlappingdamaged
impact-surroundingregionswith quitecomplex shapes.

Let us brie�y describemulti-cellular impactboundaries,
self-organisingin presenceof cell failuresandconnectivity
disruptions.On theonehand,it is desirablethatan impact
boundary, enclosingdamagedareas,forms a continuously
connectedclosedcircuit. Thiscircuit mayserveasareliable
communicationpathway aroundtheimpact-surroundingre-
gionwithin whichcommunicationsarecompromised.Every
cell ona continuouslyconnectedclosedcircuit mustalways
havetwo andonly two neighbourcells,designatedasthecir-
cuit members(circuit-neighboursof this cell). On theother



Figure1: White cells aredestroyed, dark-grey cells form “scaf-
folding”, blackcells form the“frame”. Boundarylinks areshown
aswhitedouble-lines.

hand,acontinuouslyconnectedclosedimpactboundarypro-
videsatemplatefor repairof theimpact-surroundingregion,
uniquelydescribingits shape(Figure1). Both thesefunc-
tionalitiesof impactboundariescanbecontrastedwith non-
continuous“guardwalls” investigatedby DurbeckandMa-
cias(DurbeckandMacias,2002)that simply isolatefaulty
regionsof theCell Matrix, withoutconnectingelementsof a
“guardwall” in acircuit.

In order to serve eitherasa communicationpathway or
a repair template,an impactboundaryshouldbe robust to
communicationfailurescausedby proximity to theepicen-
tre. The algorithmproducingsuchcircuits andthe metrics
quantitatively measuringtheir spatiotemporalstability are
describedelsewhere(Foremanet al., 2003). In this paper,
weassumethatourimpactboundaryis astablecontinuously
connectedclosedcircuit. It is suf�cient to mentionherethe
following spatialself-organisinglayers:

� scaffolding region, containingthe cells that sufferedsig-
ni�cant communicationdamage;

� frameboundary— aninnerlayerof normalcellsthatare
ableto communicatereliablyamongthemselves;

� closedimpactboundary, connectingthecellsontheframe
boundaryinto a continuousclosedcircuit by identifying
their circuit-neighbours.

The“frame” separatesthescaffolding region from thecells
thatareableto communicateto their normalfunctionalca-
pacity. Theseinternallayers(scaffolding, frameandclosed
boundary)completelyde�ne an impact-surroundingregion
as a layered spatial hierarchy. In general, the impact-
surroundingregion can be seenas an exampleof annular
spatialsorting: “forming a clusterof one classof objects
andsurroundingit with annularbandsof the otherclasses,
eachbandcontainingobjectsof only onetype” (Hollandand
Melhuish,1999). It could be arguedthat, as an emergent
structure,theimpact-surroundingregion hasuniquehigher-
orderproperties,suchashaving an insideandanoutside.

Self-replication: background and motivation

In this sectionwe attemptto positionour shapereplication
schemewith respectto somewell-known approaches.The-
oretical foundationsfor arti�cial self-replicatingsystems
werelaid down by VonNeumann,whoproposedtwo central
elements:a UniversalComputeranda UniversalConstruc-
tor. A programP encodedin theUniversalComputerdirects
thebehavior of theUniversalConstructor. Thelatteris used
to manufacturebothanotherUniversalComputerandaUni-
versalConstructor. The programP is thencopiedinto the
newly manufacturedUniversalComputer. It is possibleto
developself-replicatingautomatawhich do not requireuni-
versality. For example,a well-known self-replicatingstruc-
tureis aLangton'sloopconstructedin two-dimensional,cel-
lular space.Theloop is a closeddatapath,capableof trans-
mitting datain the form of signals. Thesesignalsnot only
encodethe loop's “genome”,but serve alsoasthe instruc-
tions for replication. In executingthe instructionsthe loop
extendsitself andfolds into adaughterloop,alsocontaining
thegenomeandcapableof self-replication(Langton,1984).

As pointed out by (Sipper, 1998), Langton's loop and
its variousextensionsas well as other self-replicatingau-
tomatabasedon Von Neumannarchitecture,canbethought
of as unicellular organisms: thereis a single genomede-
scribingandcontainedwithin theentireautomaton.Another
classof self-replicatingautomataincludesarti�cial multi-
cellular organisms, whereeachof theseveralcellscompris-
ing the organismcontainsa copy of the completegenome.
Onewell-advancedapproachexploitingsucharti�cial multi-
cellular organismsis the embryonicelectronics(embryon-
ics), aimedat very large scaleintegratedcircuits with self-
repairandself-replicationcapabilities(Sipperet al., 1997;
Mangeet al., 2000).Essentially, embryonicsemploys three
biologically inspiredprinciples:multi-cellularorganisation,
cellular differentiation,andcellular division. Cellular dif-
ferentiationtakesplaceby having eacharti�cial cell com-
pute its coordinates(i.e., position) within a one- or two-
dimensionalspace,after which it can extract the speci�c
genewithin the arti�cial genomeresponsiblefor the cell's
functionality. Cellulardivision occurswhena “mothercell”
arbitrarily placedwithin the grid, multiplies to form a new
multi-cellularorganism.In additionto self-replicationof the
original circuit in caseof a majorfault, this arti�cial organ-
ismalsoexhibitsself-repaircapabilities,allowing partialre-
constructionin caseof a minor fault. In summary, theem-
bryonicsapproachmodelsmulticellular organismsthat on-
togeneticallydevelopin orderto performusefultasks.

Another relevant concept is self-inspection. In some
cases,thegenomeis predeterminedandsimply needsto be
replicated.This would be thecasewhena “blueprint” of a
standardshapeis available. Sometimes,however, thereis a
needto dynamicallyconstructthegenomedescribinganon-
standardshapefor its subsequentreplication. Moreover,
sometimesself-inspectionshouldproceedconcurrentlywith
theinterpretationof thegenome(Laing,1977).



Theshapereplicationalgorithmsdevelopedin thecontext
of AAV andpresentedin the following sectionsarebased
on theprinciplesof multi-cellularorganisation,cellulardif-
ferentiation,andcellulardivision aswell — similarly to the
embryonicsapproach.A desiredshapeis encodedwhenan
emergentimpactboundaryself-inspectsitself andstoresthe
“genome” in a “mother” cell. The genomecontainsboth
datadescribingtheboundaryandaprogramof how to inter-
pretthesedata.Themothercell is thenseededin anew place
outsidetheaffectedAAV array. Executingits programiniti-
atescell-replicationin thedirectionsencodedin thegenome.
Eachcell-replicationstepinvolvescopying of the genome
(both dataandthe program)followed by differentiationof
thedata:anappropriateshift of certaincoordinates.Newly
producedcells arecapableof cellular division, continuing
theprocessuntil theencodedshapeis constructed.

In order to provide a unifying view on the inter-related
conceptsbrie�y describedabove,weinformally characterise
the shapereplicationprocessin self-referentialterms,em-
ploying two logical levels: anobjectlevel anda meta-level.
It is well- known that self-replicationof a systemcan be
characterisedby emergent behaviour and tangled hierar-
chiesexhibiting StrangeLoops:“an interactionbetweenlev-
els in which the top level reachesback down towardsthe
bottomlevel andin�uencesit, while at thesametime being
itself determinedby thebottomlevel” (Hofstadter, 1989).In
termsof shapereplication,onemay arguethat the genome
encodestheshapein eachcell togetherwith themeta-level
instructionsof how to replicateit. In otherwords,eachcell
containsa modelof thewholemulti-cellularshape,unfold-
ing it at every cell-replicationand differentiationstep. In
addition,we shall illustratethatself-inspectionof anemer-
gentimpactboundarycanbemirroredby self-inspectionof
the genomeinsideeachcell, at every cell-replicationstep.
Similarly, we shalldemonstratethatself-repairof theover-
all damagedimpact-surroundingregion canbe re�ected in
self-repairof thecodeembeddedin eachcell.

Self-referential ShapeReplication
ShapeStructur e
In this sectionwe provide formal de�nitions of an impact
boundaryandinternalscaffolding, anddraw a cleardistinc-
tion between“connected”and“disconnected”cases.A two-
dimensionalAAV arraycanberepresentedby aplanargrid
graphG(V;E): theproductof pathgraphson m andn ver-
tices,wherethe verticesV(G) areany setof pointson the
planarinteger lattice. The edgesE(G) connectverticesat
unit distances.Given an impact, all cells that are located
within theimpact-surroundingregion canberepresentedby
animpactsubgraphA of G (Figure2).

First of all, we identify all theverticesS� A which have
precisely4 edgeseach.Thenwe de�ne thescaffolding sub-
graph¡ A of A asa subgraphinducedon theimpactgraphA
by the setS: i.e., asthe setof the verticesS togetherwith
any edgesE(A) of the impactgraphA whoseendpointsare
bothin thesubsetS.

Figure2: Top-left: a planargrid graphG, whereverticesshown
in black representcells affectedby an impact. Top-right: the im-
pactsubgraphA of G. Bottom-left: the scaffolding subgraph¡ A

with verticesshown in grey, andtheframe-boundarysubgraphF A

with verticesshown in black. Bottom-right: the closed-boundary
subgraphWA with verticesaddedto theframeshown in white.

Secondly, we identify the frame-boundarysubgraph F A
of A asa subgraphinducedon the impactgraphA by the
set-complementAn¡ A: i.e.,asthesetof theverticesAn¡ A
togetherwith any edgesE(A) of the impactgraphA whose
endpointsareboth in the subsetAn¡ A. Figure2 (bottom-
left) illustratesthecasewhenboththescaffolding subgraph
¡ A andframe-boundarysubgraphF A aredisconnected.

Finally, the closed-boundarysubgraph WA of G is de-
�ned as follows. We intend to add to the frame-boundary
subgraphpreciselythoseelementsfrom G which provide
a shortestpath(outsidethe scaffolding subgraph)between
componentsof the possiblydisconnectedframe-boundary
subgraph. Formally, we employ the graph-theoreticde�-
nition of convex sets,accordingto which a setof vertices
X in a connectedgraphis called convex if for every two
verticesu;v 2 X, the vertex set of every shortestpath be-
tweenu andv lies completelyin X. We now identify the
graph-theoreticconvex hull HA of thesetof frame-boundary
verticesV(F A) in G but not in scaffolding subgraph¡ A, as
thesmallestgraph-theoreticconvex setin V(G) nV(¡ A) con-
tainingV(F A). A subgraphinducedon thegraphG by the
setHA is thedesiredclosed-boundarysubgraphWA (Figure
2: bottom-right). It canbeshown that theclosed-boundary
subgraphWA is alwayscyclic.

Thesede�nitions arenot constructively usedby the de-
centralisedboundaryformationalgorithms,localisedwithin
eachcell (Foremanetal.,2003).Thegraph-theoreticnotions
requireglobalinformation,used,for example,in specifying
all the verticesof the impactgraphin advance,or �nding
shortestpathsandconvex hulls. In reality, autonomouscells
asynchronouslydeal with unreliablecommunicationmes-
sages,while trying todeterminewhetherthey belongtoscaf-
folding, frameor closedboundary. We introducedherethe
formal de�nitions in orderto give a graph-theoreticseman-
tics to theseemergentstructures,andin particular, to distin-
guishbetweenconnectedanddisconnectedscaffolding sub-



Figure3: Boundarylinks.

x 0 0 0 1 2 3 3 4 4 4 3 2 2 1
y 0 1 2 2 2 2 1 1 0 -1 -1 -1 0 0
l 32 20 30 31 31 10 32 10 20 21 31 32 10 31

Table1: 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-
tween the “right” and “top” ports (Figure 3). Then, the
whole impact boundarycan be encodedin an orderedlist
of theselabels. For instance,the boundarydepictedin the
Figure2 canbesimply representedby the list f 32; 20; 30;
31; 31;10;32;10;20;21;31;32;10;31g. However, in order
to replicatetheboundedshape,�lling it cell by cell,weneed
to introducea systemof coordinatesrelative to a cell con-
tainingtheshapelist. Moreprecisely, theboundarygenome
is a list of triples (a;b; l ), where(a;b) are relative coor-
dinatesof a cell with the boundarylink l . The boundary
genomefor our exampleis shown in the Table1. The in-
structionsof how to interpretthesedatacanbeeasilyrepre-
sentedin anassembler-like language,with each“program”
triple encodingtwo operandsandaninstructiontype.

An Algorithm for DisconnectedScaffolding

The �rst phaseis self-inspectionof the impact boundary,
producingthegenome,e.g.,thegenomein theTable1. The
processstartswith a selectionof a mothercell (any cell s0
on theboundary),andinvolvesthefollowing steps:

� the mother cell inserts the triple (0;0; l 0) into the empty
genome,wherel 0 is the boundarylink maintainedby the cell
s0, andsendstheincompletegenometo theneighbourin a spe-
ci�c direction(e.g.,counter-clockwise);

� eachboundarycell receiving thegenomedeterminestherelative
(a;b) coordinatesof the messagesendergiven the port of the
incoming message:e.g., if the messagecomeson the bottom
port (labelledas 0), then the sender's relative coordinatesare
(0; � 1) (thepossibilitiesareencodedin a look-upTable2);

� the cell incrementsall (x;y) coordinatesin the genomeasfol-
lows: x = x+ a, y = y+ b;

� the cell appendsthe triple (0;0; l i) to the genome,wherel i is
thetheboundarylink maintainedby thiscell;

� if this cell is not the mothercell, it sendsthe genometo the
counter-clockwiseneighbour, otherwise,theprocessterminates.

port 0 1 2 3
a 0 -1 0 1
b -1 0 1 0

Table2: Thelook-uptableof directionsandcoordinates.

Thenext phaseis shapereplicationper se. It startswhen
themothercell is seededin someavailablespace.Thepro-
cessinvolvescell-replicationscarriedout by not only new
boundarycells,but alsoby new scaffolding cells. Thecell-
replicationprogramencodedin eachcell hasthe following
steps(startingwith theseedat thebeginning):
� the cell iteratesthrough the genomeand determineswhether

thereis a triple (0;0; l ), for somel ;
� if sucha triple is found,a Boolean�ag w is setto true(“bound-

arycell”); otherwisew = false;
� thecell iteratesthroughall possibledirectionsp, where0 � p �

3, doingfor eachp thefollowing:

1) retrieve from the look-upTable2 thecoordinates(a;b) for
constructionin thedirectionp;

2) checkif thereis a cell at therelative location(a;b): if there
is, thenthedirectionp shouldnotbeused,andthecell moves
to thestep(6),otherwiseit continueswith thefollowingsteps;

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

4) if thecondition(3) is satis�ed (meaninga boundarycell is
consideringto produceascaffolding cell), then
a) �x thevertical “strip” x = a and,by varyingthey coordi-
nateacrossthegenome,computethenumberof timesn+ and
n� the boundaryfully crossesthis “strip”, above andbelow
y = b respectively (this computationis describedbelow);
b) checkif eithern+ or n� is oddandneitheris 0;

5) if eitherthecondition(3) is not satis�ed, or theconditions
(3) and(4.b) areboth satis�ed (a boundarycell producesa
scaffolding cell), then
a)constructacell in thedirectionp;
b) copy thegenometo theconstructedcell;
c) decrementall coordinatesin the constructedcell's
genomeasfollows: x = x� a, y = y� b;

6) incrementthedirectionp;
� theprocessstopswhenall directionshavebeenchecked.

In orderto computethe numbersn+ andn� relative to the
location(a;b), thecell iteratesthroughthegenomefor x= a,
varying y > b and y < b respectively. The numbern+ is
initiatedto 0, andis incrementedeachtimeeithera)anentry
l = 31is encountered,or b) l = 32is encountered,followed
(not necessarilyimmediately)by l = 10, or c) l = 21 is
encountered,followed(notnecessarilyimmediately)by l =
30. The numbern� is computedsimilarly with the l pairs
in (b) and(c) reversed.Thenumbersn+ andn� determine
whetherthelocation(a;b) is insideor outsidetheshape.

Let usexemplify thecell-replicationphase,andin partic-
ular cell-differentiationoccurringat step(5). We continue
with the examplegenome(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 tablesuggeststhe coordinatesa = 0;b = � 1,
theshift down. The location(0; � 1) is free. Thecondition
(3) is satis�edasthenumberl = 32 doesnot have p = 0 in
it. However, thevertical“strip” onwhichapossiblenew cell



x 0 0 0 1 2 3 3 4 4 4 3 2 2 1
y -1 0 1 1 1 1 0 0 -1 -2 -2 -2 -1 -1
l 32 20 30 31 31 10 32 10 20 21 31 32 10 31

Table3: Thegenomeupdatedaftercell-differentiation.

Figure 4: Shapereplication. Boundarycells encodedin the
genomebut not yet producedareshown with dashedlines. Left:
a blackcell (seed)producestwo white cells, indicatedby arrows.
Right: Two morecellsarebeingproduced:oneof themis a scaf-
folding cell, pointedto by thehorizontalarrow. The insidedirec-
tion is recognisedby the vertical strip being“crossed”above and
below theconsideredlocation.

would belocatedis not “crossed”by theboundaryat all, so
n+ = n� = 0, andthereis no needto producea scaffolding
cell (whichwouldbeoutsideof thedesiredshape).Thenext
directionp = 1 is similar. Thedirectionp = 2,however, “be-
longs”to thenumberl = 32,triggeringtheproductionof an-
otherboundarycell with thecoordinatesa = 0;b = 1. A cell
is constructedin thedirection2 (top)relativeto theseed;the
genomeis copiedto thenewly constructedcell which is dif-
ferentiatedby updatingall coordinatesasfollows: x = x� 0,
y = y� 1. In otherwords,all y coordinatesaredecremented,
resultingin genomeshown in Table3.

The (seed)cell that producedthe copy is encodedin the
copy's genomeby triple (0; � 1;32), i.e., the seedand the
copy have differentrepresentationsof thesameshape.The
lastdirectionp = 3 is similar, andanotherboundarycell is
producedto theright. Theshapereplicationprocessis now
drivenby thesetwo newly producedcells. For example,the
cell producedto thetopof theseedconsiders4 directionsp.
It excludesp = 0, becausethereis acell alreadyin theplace
indicatedby p = 0. Thedirectionp = 1 is excludedbecause
it' soutsideof theshape,asrecognisedbyn+ = 0andn� = 0.
Thedirectionp = 2 is selectedbecause2 is within l = 20,
triggering the cell-replicationand cell-differentiationpro-
cesssimilar to the onedescribedpreviously. The direction
p = 3 is interestingnow becausethecorrespondinglocation
a = 1;b = 0 is inside the shapeas recognisedby n+ = 1
andn� = 1. In otherwords,therearetwo placeswherethe
boundary“crosses”thestrip x = a = 1: oneabove thelevel
y = b = 0, andonebelow (Figure4:right).

Theprocessterminatespreciselybecauseboundarycells
distinguishbetweeninsideandoutside,anddo not replicate
outsidethe desiredshape. The scaffolding cells can only
reachthe boundaryfrom inside: if a scaffolding cell pro-
ducesanew cell whosegenomehasa triple (0;0; l ) afteran
update,thenthis replicarecognisesitself asaboundarycell,
anddoesnot replicateoutside. If the scaffolding subgraph
wasalwaysconnected,a simpleralgorithmwould bepossi-
ble. It would involve a) boundarycells building only other

Figure5: Completedshapereplication.

boundarycells; andb) seedinga singlescaffolding cell. It
would, furthermore,avoid any needto verify whetherrepli-
catedcellsareinsideor outsidetheshape(i.e., thenumbers
n+ andn� would not beneeded).In eithercase(connected
or disconnectedscaffolding) theshapereplicationis driven
by multiplecells,progressingin parallel(Figure5).

Robust ShapeReplication
Theshapereplicationprocessdescribedabove assumesthat
at any cell-replicationstepthereare no errors. However,
theremaybecaseswhensomefragmentsof thegenomeare
damageddueto copying processor processors/memoryfail-
ures. If the genomeis not repairedthenthe shapereplica-
tion processwould not terminateat theboundary, andsome
cellswouldbereplicatedbeyondthedesiredshapeby going
throughmissingboundarycells.

In this sectionwe consideranadvancedrobustalgorithm
designedto recover from sucherrors. More precisely, we
considerthecasewhensometriples (x;y; l ) in thegenome
arecorrupted.Themainchallengeis not only to recognise
corrupteddata,but to avoid a replicationthat may produce
an incorrectshape.Theproposedsolutioninvolves1) self-
inspectionof thegenomewithin acell, determiningtheend-
pointsof disconnectedboundaryfragments,2) self-repairof
thegenomewithin acell, addingthetriplesbetweenthedis-
connectedfragments.Thus,self-inspectionof the genome
on thecell level mirrors theboundaryself-inspection,while
self-repairof the genomeon the cell level mirrors the re-
pairof theoverallshape.Webelievethattheseareexamples
of StrangeLoops becauseon the one hand,eventson the
multi-cellular shape's level trigger cellular transformations
(e.g., a global repair activating the ontogeneticaldevelop-
ment),while on the otherhand,the actionscarriedout by
eachcell (e.g.,self-repairof theencodedgenome)affect the
higherlevel wheretheshapeis replicated.

Eachphaseof self-inspectionof the genomewithin the
cell determinesa pair of triples (x1;y1; l 1) and(x2;y2; l 2)
suchthatthetriple (x1;y1; l 1) is thelastbeforethebreakin
the counter-clockwisedirection,and(x2;y2; l 2) is the �rst
afterthebreakcounter-clockwise.If eitherof thesetriplesis
not found, thenthegenomedamageis not repairable.Oth-
erwise,a self-repair phasefollows with thefollowing steps:



Figure6: Thecell shown insideacircleattemptsself-repair. Left:
the corruptedtriples areshown with the “star”-like signs. Right:
therepairedtriplesaremarkedwith crosses.

� for thestarttriple (x1;y1; l 1): a) selecta counter-clockwisedi-
rectionp1 in l 1; b) retrieve from thelook-upTable2 thecoor-
dinates(a1;b1) for repairin thedirectionp1; c) setx1 = x1 + a1
andy1 = y1 + b1;

� for the end triple (x2;y2; l 2): a) selecta clockwisedirection
p2 in l 2; b) retrieve from the look-up Table2 the coordinates
(a2;b2) for repair in the directionp2; c) setx2 = x2 + a2 and
y2 = y2 + b2;

� approximatetheline betweenthepoints(x1;y1) and(x2;y2) and
its slopeµ;

� set x = x1, y = y1, and continuean iterative processuntil the
points(x;y) and(x2;y2) arethesame:
1) determinecoordinates(a;b) suchthattheline between(x+

a;y+ b) and(x2;y2) hasa slopeclosestto µ; if the genome
containsa triple (x+ a;y+ b; l � ) for someboundarylink l � ,
thenthe algorithmterminatesandthe repair fails becausea
projectedfragmentintersectsanexistingboundary;

2) retrievefrom thelook-upTable2 thedirectionp correspond-
ing to thecoordinates(a;b);

3) setthe directionp�
1 oppositeto p1 by usingmodulo4, i.e.

p�
1 = (p1 + 2) mod4;

4) form l by concatenatingp andp�
1 in decreasingorder;

5) insert(x;y; l ) andsetx = x+ a, y = y+ b, andp1 = p;

� whenthepoints(x;y) and(x2;y2) arethesame,“seal” thebreak:
1) setthedirectionp�

2 oppositeto p2 asp�
2 = (p2 + 2) mod4,

andthedirectionp�
1 oppositeto p1 asp�

1 = (p1 + 2) mod4;
2) form l by concatenatingp�

1 andp�
2 in decreasingorder;

3) insert(x;y; l );

The genomeis partially repaired(Figure 6) within each
cell which detecteda discontinuity. Although the repaired
genomedoesnot cover all themissingcells, it doesnot in-
troduceany cells which werenot in the original shape,ex-
hibiting soundnessbut not completenessproperty. In other
words,therepairedboundaryis alwayscontainedwithin the
original shape. Importantly, there is a redundancy in the
shapereplicationprocess:othercells which did not suffer
any damagewould successfullyreplicatethe partsnot en-
codedin thepartially repairedgenomes.

The described algorithms handle both standard
(“blueprint”) and non-standardshapes, self-organising
in responseto damage.Moreover, it is possibleto combine
thesetypes. For example,structuraldatacan be encoded
in the form of triples,anda givengenomecanbeextended
in run-time with the data produced by self-inspecting
emergentboundaries.Similarly, theself-repairphasewithin
a cell which detectedananomalyin thegenomemaydraw
some data from the structural “blueprints” rather than
approximatesegmentsbetweendisconnectedfragments.

Conclusionsand Futur eWork
We investigateda multi-cellular shapereplicationmecha-
nism, implementedin a sensingand communicationAAV
network. The main algorithmsolves the problemfor con-
nectedanddisconnectedscaffolding. The underlyingself-
referentialrepresentationenablesself-inspectionand self-
repair— contributing to a robustalgorithmthatcanrecover
from possibleerrorsin the“genome”.Thepresentedmech-
anism can replicateprede�ned standardshapes,arbitrary
emergentshapesandtheir combinations.Onefuturedirec-
tion would involve treatingtheprogramin thesameway as
thedata,sothatreprogrammablecellsmayredirectandim-
prove anongoingshapereplicationprocess.
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