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Abstract— Mor phogenesigyoverns the formation of pat-
ternsin embryonic cell development,which eventually dif-
ferentiateinto boneand organs.Patterning instabilities that
occur during morphogenesiscan be described by compu-
tational models, such as the Cellular Potts Model (CPM).
Multiscale, experimentally-motivated simulations have suc-
cessfully usedthe CPM to reproduce morphological phe-
nomenain the cellular slimemold Dictyosteliumdiscoideum
[6], [7], vertebrate neurulation [8] and convergent ex-
tension [9]. This model has been incorporated into the
thr ee-dimensional framework CompuCell3D which runs
simulations of morphogenesison rectangular grids. While
these grids validate accuracy of the model, they are not
biologically realistic. Models dealing with organogenesis,
e.g, the 2D continuum model of chicken limb development
in Hentschelet al. [5], treat both cellsand morphogensas
continuous elds. Toimpr ovethis, we extend CompuCell3D
to accommodateirr egularly shapedgrids and modify the
CPM implementation to discard pixels outsidethis grid. We
usesoftware designmethodologiesto keepthe extensibility
of the framework. Weimplement domain growth onirr egu-
lar grids by both extendinga density-dependentgrowth al-
gorithm implementedin CompuCell3D, and by devising an
algorithm basedon a dynamic sequenceof irr egular grids.
Finally, we validate our algorithms and designthrough a
thr ee-dimensionakvian (chicken) limb bud simulation.

Index Terms— Mor phogenesis, Cellular Potts Model
(CPM), boundary condition, irr egular shape

. INTRODUCTION

Morphogenesigs a set of processeshich de-
scribepatternformationin embryonicboneand or-
gan development.Some of theseprocessegiener
ateinstabilitiesthatcanbe modeledmathematically
Onesuchknown mathematicaimodelis the Cellular
Potts Model [1]. This model representscells on a
mathematicalattice,with eachlatticesitecontaining
anintegerindex, andeachuniquesimulatedcell con-
tainsits own index. The centralalgorithm consists
of a methodthat randomly selectsa pixel in the
lattice and a neighborand proposesan index ' ip’,

changingheindex atthe selectedixel to thatof the
neighborlf it is determinedhatthetotal systemen-
ergy decreasewith this ip it is executedptherwise
it is executedwith Monte Carlo probability.

CompucCell3Drunssimulationsof morphogenesis
in three dimensionson rectangulargrids, using a
combinationof the CPM coupledwith PDE solvers
for establishingchemicalgradientsThe currentver
sion of CompuCell3Dworks only on rectangular
grids,which arebiologically unrealistic.We present
an approachto runningthe CPM on CompuCell3D
on an irregular shapedgrid. First, we presentan
algorithmfor detectinggivenalatticepoint,whether
or notit is containedvithin somepatrticularirregular
shape,and presenta carefully generatedexample
shapeof theavianlimb.

We alsoimplementdomaingrowth for the irreg-
ular shape usingtwo separatanodels.The current
designof CompuCell3Dusesa density-dependent
algorithm for domain growth. System density is
calculatedas a measureof the numberof pixels
containinga cell over the total numberof pixels
multiplied by 100 for a percentageEachtime the
systemdensity exceedsa userspeci ed direction,
the CPM lattice grows by a userspeci ed number
of rows in the positive z direction. We extend this
model to the irregular shapeby restricting density
calculationto theareawithin theirregularshapeOur
secondmodel usesa dynamicdatastructurealong
with a simulationof the migrationof cells towards
theevolving structure.

As CompuCell3Dwas built for extensibility, we
mustaddour new featurego theframeworkin sucha
waythatthisis notbroken.Wethusdescribeour soft-
ware designmethodologiegor incorporationof the
irregularshapealgorithm(s).Finally, we validateour
algorithmsand methodologiegshroughan example
simulationof the avian (chicken) limb, which was
the rst example simulation of CompuCell3D.We



ensurethat cells are restrictedboth in initialization
andin the CPM algorithmto theirregular shapethat
we describedWe run CompuCell3Dand visualize
theresultsusingOgle[10].

[I. ALGORITHM TO STORE LIMB SURFACE

CompucCell3Dhandlesregular domainsarectan-
gle for 2D anda box for 3D. In reality, the chicken
limb doesnot look like a a rectangle(2D) or a
box (3D) and hasan irregular shape seeFigure 2.
The irregular shapeis obtainedfrom experimental
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Fig. 1. Imagesof realchickenlimb takenfrom experiment.

imagesor constructedby our own data. Sincethe
actuallimb shapefrom experimentis not available
yet, for this project,we constructa similar irregular
shapefor chicken limb simulation by putting dif-
ferentgeometricsggmentstogether Figure 2 is the
shapeconstructedandit contains ve pieces.
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X, y andzareunknownn, andall othersareparameters.
Theparametermustbede ned properlysothateach
partis in the properposition.

After theirregular shapeis obtained,we needto

nd a properway to storethe limb surface,a way
thatcanbe implementeceasilyandis alsomemory-
ef cient. ForthePottsModel,we chooseapixel rst,
then decidewhat to do next. If the pixel is inside
thelimb, theregularcellularautomatons carriedon;
otherwisewe justsimply discardthepixel we chose.
Therefore the way we storelimb surfaceshouldbe
ef cient for bothcase®f whetherarandomlychosen
pixelis insidethelimb or outsideof it.

We usea 2D array of vectorsto storethe limb
surface.Whenwe puttheirregularlimb shapento a
regulargrid whichis big enoughto accommodatéhe
wholelimb, theirregularshapewill intersecwith the
grid. We usethe closestgrid pointsto approximate
the intersections.We project all the intersections
vertically to the xy-plane.For a vertical line (in the
grid), it mayintersecwith theirregularshapeseveral
times, or may not intersectat all. We store the z-
coordinatesof all the intersectionsor one vertical
line in sortedorderin onevectoratthearrayposition
givenby the x andy coordinatef the verticalline.
If thereis no intersectionthenthe vectoris empty

JordanCurveTheoem?2.1: A simple closed
curwe in aplaneseparatethe planeinto two regions
of whichit is thecommonboundary
One region is said to be inside the simple closed
curve, and the other region outside.To go from a



Fig.2. Theirregularshapegeneratedyy hand.

point on one side of the curve to a point on the
otherside,onemustnecessarilgrossthecurve. This
seeminghytrivial andself-evidenttheoremis actually
dif cult to prove mathematically

This theoremcanbe extendedto the 3D case,.e.
a simpleclosedsurfaceseparateshe 3D spaceinto
two regionsof whichit is the commonboundary

Lemma2.2: Supposea line intersectwith a sim-

ple closedsurfacein 3D spacethenthe numberof
intersectionss even,if the tangentpoints (degener
atecaseof intersectionarenot counted.
Proof: Without loss of generality assumethe line
is the x-axis. Call theintersectiongy; p2;  ;pn in
increasingorder (noneof them are tangentpoints),
seeFigure3.

If we walk alongthe x-axisfrom pg to pn+1 , every
timewe hit aintersectiorpoint, we eitherwalk inside
the surfaceor outsidethe surface.Sincepy andp;+1
are both outsidethe surface,if we walk inside the
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Fig. 3. x-axisintersectswith aclosesurface.

po pn+]_

surface,we have to walk outsidelater. “Inside” and
“outside” are pairwisein this way, and so are the
intersectionsTherefore the numberof intersections
niseven.Q.E.D.

Every time a pixel is picked, we go to the corre-
spondingvectoraccordingo thex andy-coordinates
of the picked pixel. If the vectoris empty thenthe
picked pixel is outsideof the limb; otherwise,we

nd the hypotheticallocationof the z-coordinateof
the picked pixel in the correspondingrector which
is sorted.Therearethreepossiblecases:

1) Theinsertedz-coordinatds equalto an entry
in the vector thenthe picked pixel is on the
boundaryof thelimb.

2) The insertedz-coordinatedivides the vector
into two partsof even sizes,then the picked
pixel is outsidethelimb.

3) The insertedz-coordinatedivides the vector
into two partsof odd sizes,then the picked
pixel is insidethe limb.

Figure4 is an2D example.Weuseal1l0 10grid
to accommodatanirregular surface.We canusean
arrayof vectorsto storethe surface.The arrayis of
size10. The actualarray of vectorsis shovn below
theline.

1. GROWTH PROBLEM HANDLING

During the growth of a chickenlimb, it is possible
that the limb shapeat stagel S, is not contained
completelyby the next limb shapeat stage? S,, see
Figure 5. We cannotdiscardthosecells outsideS,
andinsideS;. We needto nd awayto “push”those
cellsinto S,.

Dillon and Othmer[4] suggestedhat the limb
boundarygivesa force on the uid insidethe limb.
We can usethis force to make the cells outsideS,
tend towards S,. The algorithm we proposeis as
follows. After a certain numberof Potts stepsare
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Fig.4. An exampleto explain how to useanarrayof vectorsto store
thelimb surface.

executedon the rst shapeS;, the new shapesS,

is introduced.If S; is not containedcompletelyby

S,, we run the simulationinsideS; [ S, (the union
of the two domains).The differenceis that whena
boundarypoint p of S; is chosenand p is outside
S,, we simply remove p from the domain(boundary
pushesp inward), insteadof doing a Monte Carlo
stepwith p as selectedpixel. If p is a cell pixel,

the cell volume changesafter p is removed. The
removing of p will take effect when other pixels of

the cell areselectedater by making contribution to

the volume enegy. When p is removed, there are
certainthingswe needto take careof:

1) Updatethe datastructurefor S;, the 2D array
of vectors.

2) Updatethevolumefor the correspondingell,
if pisacell pixel.

V.
A. TheProblem

To extendCompuCell3Dfor compatibilitywith ir-
regularshapesthechallenge$rom adesignperspec-
tive with respectto extensibility are manifold. For
example,assuminga one-to-onemappingbetween

IMPLEMENTATION

Fig.5. Si1 andS; aretwo limb bud shapesandsS; is right afterS; .
S, doesnotontainS; completely Theforcefrom the boundaryof S;
pusheghecellstowardsS;.

irregularshapedatastructureandalgorithm,we need
to avoid requiring modi cation of the core func-
tionality of CompuCell3Dfor addition(or removal)
of a datastructure/algorithnpair. CompuCell3Dal-
readyhasa methodfor extensibility throughplugins
and the con guration le. We cannotuse plugins
becausehey mustinherit from one of several pre-
de ned interfaces,noneof which are applicableto
the task at hand.But we can usethe con guration
le, and in our implementationwe build on our
pre-implementedoundaryconditionsandstrateies.
The new irregular shapefeature ts well into this
design, since the job of boundarystratgies is to
checkgiven a point, whetheror not it is in the grid
whichis thesamgob thatouralgorithmmusttackle.
We thenabstractlgorithmssothatextensiondo the
framework aresimplet

B. DesignPatternsUsed

We usethe following designpatternsto achieve
codereusability e xibility andmodularity all from
[11].

Bridge Pattern: The Bridge patterndecouples
an abstractionfrom its implementationso that
thetwo canvaryindependentlyThebridgeuses
encapsulationaggreation and inheritanceto
separateresponsibilitiesinto different classes.
The bridge patternis usefulwhennot only the
classitself variesoften but alsowhat the class



does.Theclassitself is theabstractiorandwhat
theclassdoesis theimplementation.

Factory Pattern: The Factory patternhelpsto

modelaninterfacefor creatingan objectwhich

at creationtime can let its subclasseslecide
which classto instantitatelt is responsibldor

manufcturing objects. It helpsto instantitate
the appropriatesubclassby creatingthe right

object from a group of related classes.The

patternpromotedoosecouplingby eliminating
theneedo bindapplication-speci cclassesnto

thecode.

Singleton Pattern: The Singleton pattern is

designedto restrict instantiationof a classto

one(or a few) objects.This is usefulwhenex-

actly oneobjectis neededo coordinateactions
acrossthe system.The patternis implemented
by creatinga classwith a methodthatcreatesa

new instanceof the objectif onedoesnot exist.

If one doesexist, it returnsa referenceto the

objectthatalreadyexists. To make surethatthe

objectcannotbe instantiatedary otherway the

constructolis madeeitherprivateor protected.

Strategy Pattern: The Stratgy patternallows

algorithmsto be selectedon-the- y at runtime
dependingn conditions It is usedin situations
wherealgorithmscanbe dynamicallyswapped
in an application.Stratey is intendedto pro-

vide a meansto de ne a family of algorithms,
encapsulateeachone as an object, and make

them interchangeableStratgy lets the algo-

rithmsvary independentlhfrom clientsthatuse
them.An abstractStrategy  classis de ned

thatthe customstratgy classesanimplement.
Eachstrategy objectimplementsthe algorithm
thatmakesit unique.Theclientinstantiateghe

Strategy  classandpassest asanargument
whenit callstheconstructoof thecontext class.
The client is then able to call methodson the

context objectand ary stratgy-speci ¢ meth-
odsasnecessaryBecausehecontet createsan

instanceof theabstracStrategy ,theclientis

effectively usingpolymorphismto call stratgy-

speci ¢ methodson the context object.

terfacedeclares virtual operatiorto determine
if aselectegoint'sneighbordieswithin thegrid
dimensions.This approachallows eachalgo-
rithm to de ne its own datastructurefor point
validationandthedetailsareabstractedromthe
restof the CompuCell3Dframework.
RegularShapeAlgorithm: Implements the
Algorithm interface for regular shapes.
Essentiallythe pointis checledto seeif it lies
within the speci ed dimensiondor thex, y and
z axesof thegrid.

Irr egularShapeAlgorithm: Algorithm  im-
plementationfor irregular shapes.The data
structure(a 2-dimensionalarray of vectorsis
usedfor simplicity andef ciency) is populated
with points from an input le specied as a
con guration parameter

AlgorithmF actory: Responsiblefor creating
appropriatealgorithminstancesThetype of al-
gorithmto beusedis speci edasaparametem
the con guration le. Thusthe CompuCell3D
framewnork canuseanalgorithmwithout having
to actuallyspecifythetype.

Boundary: Declaresa commoninterface for
applying boundaryconditionsto a given sim-
ulation. The interface has a virtual operation
to apply a boundaryconditionto a point. The
operatiorreturnstrueif the conditionis applied
successfully Boundaryconditionsare applied
independentlyon eachof the threeaxes for a
givensimulation.

NoFluxBoundary: Implements the NoFlux
boundarycondition.The conditionenforceghe
grid dimensionsto be absoluteand nite. In
essenceijt rejectsall the points that lie out-
side the boundary This translatesnto return-
ing false every time the condition is applied
to a point that lies outside the dimensions.
NoFluxBoundary is the default boundary
conditionin CompuCell3Dunlessspeci edoth-
erwisein the con guration le. NoFlux bound-
aryis theonly conditionsupportedor irregular
shapestthistime.

BoundaryFactory: Responsibldor creationof
boundarycondition instances.The con gura-

Figure 6 depictsthe architectureusedto extend
CompuCell3Dto supportirregularshapes.

We usethefollowing classes:

tion le speci estheconditionsto beappliedto
eachaxis. This abstractiorallows for different
boundaryconditionsto be pluggedin or out
without affectingthe underlyingCompuCell3D
framework.

Algorithm: De nes a common interface for
regular andirregular shapealgorithms.The in-



BoundaryStrategy: BoundaryStrategy IS
implementedasa singletonobjectandtherefore
only oneglobalinstancas availableatarny point
during the simulation. It encapsulateshe se-
lection of algorithmsandappropriateboundary
conditionsfor useby the CompucCell3Dframe-
work. By virtue of beinga singleton,it ensures
thatthereis only oneinstanceof the algorithm
andboundaryconditionavailablefor execution.
The parametergrom the con guration le are
passedto the factoriesto create appropriate
algorithmandboundaryconditioninstances.
BoundaryStrategy is invoked every time
a neighborneedsto be retrieved for a given
point. BoundaryStrategy goesaboutthe
selectionprocessasfollows:

Retrieve a neighborfor the point.

Invoke the algorithm to determineif the
pointliesinsidethegrid dimensions.

If thepointliesinside,it is returned.

If the pointlies outside the boundarycon-
ditionsareapplied.

If the boundaryconditionis applied suc-
cessfully the resultingpoint is returnedas
aneighbor

If the boundaryconditionscannotbe ap-
plied successfully the point is discarded
andanew neighboris selectedTheprocess
is repeateduntil a valid neighboris found
andreturned.

A snippetfrom the CompuCell3Dcon guration
le illustrating an irregular shape simulation is
shavn in Programl.

Thecon guration le is readasfollows:

Dimensions:Superimposedectangulagrid di-
mensions(61*41*121)
Steps:Iterationcountfor the simulation.(10)
Temperature: A simulationconstant(2)
Flip2DimRatio: Numberof ip attemptsper
simualtionstep.(61*41*121*2 = 605242)
Shape: Type of simulationshape(lrregular). If
not speci ed, “Regular” is usedas the default
value.

Algorithm: Type of algorithmto use(Cheng-
bang).The CompuCell3Dframavork currently
supportsonly two algorithms.If not speci ed,
“Default” is usedasa basevalue. The Default
valueis applicableto regularshapesandCheng-
bangis applicableto irregularshapes.

<Potts>
<Dimensions x=""61"
<Steps> 10 </Steps>
<Temperature> 2 </Temperature>
<Flip2DimRatio> 2 </Flip2DimRatio>
<Shape Algorithm=""Chengbang"
File=""IrregularShape.dat">
Irregular
</Shape>
<Boundary_x>
<Boundary_y>
<Boundary_z>
</Potts>

y="41" z="121"/>

NoFlux </Boundary_x>
NoFlux </Boundary_y>
NoFlux </Boundary_z>

Programl. Pottsparametersor theirregularshapeWe have entitled
our algorithm Chengbang , readingthe irregular shapefrom the ®le
IrregularShape.dat . NoFlux boundaryconditions must be
usedon eachaxisbecausevraparounds notwell-de®nedor irregulan
shapesandis neededfor Periodic  conditions.The superimposed
rectangulagrid dimensionsare61x41x121 andthe simulationis run
for 10stepsatatemperaturef 2. 61x41x121x2= 605242 ip attempts
aremadeat every simulationstep.

File: Data points for the shape
(IrregularShape.dat ). Regular shapes
donotrequirea le tobespeci ed.Forirregular
shapeshowever, an input le containingthe
datapointsusedby the algorithmis required.
Boundary_x: Boundary condition to be used
for the x-axis (NoFlux). Also the default value.
Boundary_y: Boundary condition to be used
for they-axis (NoFlux). Also thedefault value.
Boundary_z: Boundaryconditionto beusedfor
the z-axis(NoFlux). Also thedefault value.

At the beginning of the simulation, the con g-
uration le is read and the shape,algorithm, le
and boundarycondition parametersare passedon
to the BoundaryStrategy to be used during
its instantiation As the BoundaryStrategy gets
instantiated,it in turn invokes the Algorithm-
Factory andBoundaryFactory andpasse®n
thealgorithmandboundaryconditionparameterse-
spectvely to createappropriatenstancesTheshape
parameteis usedoy BoundaryStrategy  to seta
ag internally. Thisis laterusedto chooseheappro-
priatecodepathto executein thegetNeighbor()
function.

Program 1 shownvs pseudocodeof the central
Metropolis algorithm within CompuCell3Dthat is
executedat eachsimulationstep,with a slight mod-
i cation of discardingpixels outside the irregular
shape.Randompoints are chosenwithin the user
speci edx, y, andz dimensions.

Note thatthis Metropolisalgorithmalsoneedsto

nd neighborsto the selectedpoint. However, this



1) fori:=1to ipattemptsgdo
a) pick arandompoint P(x,y, z);
a) while Pis notvalid do
i) pick arandompointP(x, Yy, z);
A) pick arandomneighborto P and
attempt ip of P;

Algorithm 1. Pseudocodéor the new centralCPM Metropolisalgo-
rithm in CompuCell3D.Thereis now an extra loop which repeatedly
choosesandompixelsuntil oneis foundthatis valid, in thecaseof an
irregularshapeijf thepixel is in theshape.

did not needchangingbecausdherewas alreadya
checkin the algorithm for neighborcalculationfor
validity with respectto boundaryconditions.Since
our designjust createda newn algorithm for valid-
ity, arny calculatedneighborswould now invoke our
algorithminsteadof the previous default algorithm.
There previously was no checkfor validity of the
CPM selectegixel becausavith thedefault validity
algorithm the selectedpixel would always be ne
sinceit is randomly chosenwithin the rectangular
latticedimensionsBut with irregularshapesve now
needthis check.

C. Bene tsof Our Approac

Our approachbene ts the framevork and most
importantlytheenduserby focusingon extensibility.
To changetheirregular shapeandalgorithmapplied
to a particular simulation, or even to revert back
to rectangulargrids, the user needonly modify a
con guration le tag and doesnot needto adjust
ary CompucCell3Dsource Factorieg[11] handlein-
stantiating the appropriateboundary strategyy and
algorithmbasedn theuserspeci edvalues.

Sinceourdesignabstractslgorithm/datastructure
pairs,the additionof a new pair is alsonot dif cult.
Eachalgorithm/datastructurepair would entail the
additionof onenew C++ classandappropriatem-
plementationof a methodto checkif a particular
point is in the grid, and a one-line additionto the
algorithm factory implementation,associatingthe
appropriatecon guration le tagwith its algorithm
object.Thisyieldsthedecouplingof algorithms/data
structuredrom the coreimplementatiorof Compu-
Cell3D thatwe desired.

V. RESULTS

Figure 7 shaws the resultsof our validation sim-
ulationrun on a 2.4 GHz Intel Xeon processowwith

1 GB of RAM. The simulationtook no more than
a couple of minutes. There are roughly 590 cells
in this simulation. The total grid dimensionswere
61x41x121.

Mesenchymalkells in the avian limb shapeun-
dego the CPM Metropolis algorithm. Lattice ini-
tializationwasspeci ed asuniform. Initialized cells
were correspondinglyestrictedto a uniform distri-
butionwithin theavianlimb shapeCPM contactand
volumeenepgiesareused withoutary superimposed
chemical elds. Mitosisis turnedon. The CPMalgo-
rithm wasableto successfullydiscardselectedCPM
and neighboringpixels that did not belongto the
shape.In additionwe seethat cells do not migrate
outsideof theirregularshapedemonstratinghatthe
neighborvalidity checkworks sincethis implies no

ip attemptsaremadeto neighboringpixels outside
theirregularshape.

We implementan extensionof a constrainedio-
main grovth model that has beenusedin the val-
idation of CompuCell3D[3]. This model superim-
posesa growth factor FGF linearly distributed in
the positive z direction, which governsthe division
of the lattice into zones.At the very headthere
is an Apical Zone whereno patternformation can
occur followed by an active zone wherecells are
currentlycondensingnto patternsandafrozenzone
wherepatternshave completelyformed. Growth in
this model is driven by density Once the density
crossesithresholdcellularmitosisis turnedoff for a
numberof stepsandthegrid grows. Mitosisis turned
back on after a certainamountof time. We apply
this modelto ourirregularshapediomain.Although
thereis no condensationye still shov the domain
growing in the positive z direction in the results
shavn in Figure 8. The apicalzoneis shavn by red
cells,andall othercellsareblue.

Finally, Figure 9 shaws the results of running
CompuCell3Don a changingirregular shape.For
this casewe implementtwo irregular shapesWe
imposeshapel, a shortandwider shapefrom steps
0 through 50. At step 50 we impose the second
irregular shapeand force cells towards this nev
shapethrough the afore mentionedalgorithm, by
modifyingtheboundaryof shapel andcontributions
to the volume enegy. We visualizeat steps50, 74
and150.Therewere281 cellsin this simulationand
this remainedconsistenthroughout.



V1. CONCLUSIONS AND FUTURE WORK

Our work has extended CompuCell3D so that
its central CPM algorithm can be appliedto both
rectangulamandirregular lattices. The new CPM al-
gorithm successfullydiscardspixelsthatareoutside
ary speci edirregularshapesWe wereableto keep
the extensibility of the CompuCell3Dframework,
and also usedan algorithm that saved storing the
entireirregularshape We implementedanextension
of thedomaingrowth algorithmin CompuCell3Dfor
irregularshapes,

We seetwo immediateexplorationsthat can be
undertalen.The rst istoimplement&aPDEreaction-
diffusionmodelwhichis usedin threeof thefour ex-
amplesimulationsprovided with the CompuCell3D
framewnork. Thetwo avian limb examplesimulations
each use a slight modi cation of the Hentschel-
Glimm [2], [3] equations,and thesewould likely
be applicablehere. With the avian limb bud in a
rectanguladomain,the chemicalgradientprovided
by RD equationsspeci ed patternsto which mes-
enchymalcells would chemotax(or haptotax)and
respondaccordingly With our nev model,cartilage
and bone patterningis determinedby a manually
encodedrregular shape requiringa reevaluationof
thebiologicalrole of superimposedhemical elds.

We also will attemptto improve our designin
terms of performanceFor example, currently if a
pixel is chosenin the CPM that is outside of the
irregular shapeit is immediatelydiscardedand re-
peatedattemptsare madeuntil oneis chosenwithin
the shape resultingin a performancepenalty The
same situation occurs when neighborsare calcu-
lated. In this particularsituation,sincethe irregular
avian limb shapeoccupiesa large percentageof
the superimposed1x41x121rectangulargrid, the
performancehit was low, but if this percentagds
small there will be a large number of discarded
pixels and neighborsmakingthis penaltyhigh. We
planto look into potentialwaysto modify the pixel
selectionalgorithmto be smarterin termsof what
it choosesinsteadof choosingcompletelyrandomly
basedon the full dimensions.The lazy evaluation
of the CompuCell3DNeighborFinder [3], al-
though resulting in enormousspeedand memory
consumptionmprovementsactuallyprovidesa hin-
dranceto this goalin termsof neighborspecauset
calculatesneighborswith respectto the origin and
then transposeshaving no knowledge of the CPM

selectedpixel, muchlessof theirregularshapeOne
way of providing this is througha memoizationor
cacheof information on selectedCPM or neighbor
pixels and whetheror not they have beeninside or
outsidethe grid on pastapplicationsof our algo-
rithm, savzing reapplicationof the samealgorithm
and reducingthe performancepenalty This cache
would needto be ushed uponevery changein the
datastructurerepresentingur irregularshapelf we
implementhiswe will wantto changehecoreCPM
functionalityasminimally aspossible.

REFERENCES
(1]

F. GranerandJ. A. Glazier Simulationof biological cell sorting
usinga two-dimensionakxtendedpottsmodel, Phys.Rev. Lett,
69:2013-20161992.
H. G. E. HentschelT. Glimm, J. A. GlazierandS. A. Newman,
Dynamicalmechanismgor skeletal patternformationin the ver
tebratdimb, ProcR SocLond B Biol Sci,271:1713-17222004.
T. Cickovski, C. Huang,R. Chatunedi, T. Glimm, H. Hentschel,
M. Alber, J. A. Glazier S. A. Newman,andJ. A. Izaguirre, A
frameawork for three-dimensionasimulation of morphogenesis,
IEEE/ACM Trans.Comp Biol. andBioinformatics 2004.Submit-
ted, preprintat http://www.nd.edu/"tcickovs/bare_
jrnl.pdf .
R. Dillon andH. Othmer A MathematicaModel for Outgravth
andSpatialPatterningof the Vertebrated.imb Bud, J. theor Biol.,
197:295-3301999.
H. G. E. Hentschel,T. Glimm, J. A. GlazierandS. A. Newman,
Dynamicalmechanismgor skeletal patternformationin the ver
tebratelimb, Proc.R. Soc.Lond: Bio. Sciences271:1713-1722,
2004.
A. F. M. Mare, P. Hogaveg, How amoeboidsself-olganize
into a fruiting body: multicellular coordinationin Dictyostelium
discoideumjn Proc.Natl. Acad.Sci.U.S.A, 98:3879-38832001.
A. F. M. Mare,P. Hogeveg, Modelling Dictyosteliumdiscoideum
morphogenesighe culmination, Bull. Math. Biol., 64:327-353,
2002.
M. Kerszbeg, J.-P Changeux, A simple model of neurulation,
Bioessay20:758-770,1998.
M. Zajac,G. L. JonesandJ. A. Glazier Simulatingcorvergent
extensionby way of anisotropidifferentialadhesionJ. Theoet.
Bio., 222/2:247-592003.
[10] OGLE, Ogle large-scalescienti®cdatavisualizer http://
www.cora.nwra.com/Ogle .
[11] E.GammaR. Helm, R. JohnsonandJ. Vlissides, DesignPat-
terns.Elementof ReusabléObject-OrientedSoftwae, Addison-
Weslg/, ReadingMassachusett4,995.

(2]

(3]

[4]

5]

[6]

[7]

(8]
9]



Springs Michigan.

Kedar Aras is a graduatestudentin the de-
partmentof computerscienceand engineering
at the University of Notre Dame,Notre Dame,
Indiana, directed by Dr.Izaguirre.He is also
a ResearchAnalyst at Whirlpool Corporation,
BentonHarbor Michigan.His currentresearch
is in theareaof softwareengineeringagndcom-
putational biology. Aras hasa B.S. in com-
putersciencdérom Andrews University, Berrien

Trevor Cickovski is in his third yearof grad-
uatestudyin the departmenbf computersci-
enceandengineeringatthe University of Notre
Dame, Notre Dame, Indiana, directed by Dr.
Izaguirre. His current researchinterestsin-
clude domain-speci®danguagedevelopment,
stochasticsimulations of biocompleity and
software engineering Cickovski hasa B.S. in
computersciencefrom the University of Notre

Dave Cieslak is a graduatestudentin the de-
partmentof computerscienceandengineering
at the University of Notre Dame,Notre Dame,
Indiana.Dave hasa B.S. in computerscience
from Notre Dame.

ChengbangHuang is a Ph.D. studentin the
departmenbf computerscienceand engineer
ing at the University of Notre Dame, Notre
Dame, Indiana,directedby Dr. Izaguirre.His
currentresearclinterestis to useamulti-model
framewvork to simulate avian limb growth.
Huanghasan M.S. in computersciencefrom
the University of Notre Dame.



Fig.6. UML diagramfor our classarchitecture.
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Fig.7. A CompuCell3Drunof theavianlimb bud simulationwith theirregularshape Screenshotaeretakenat steps0, 6 and10, ataz-angle
of 200degreesCellsareinitially uniformly distributedwithin the shape.

Fig. 8. Simulationof the avianlimb bud with the constrainedyronth implementatiorin the CompuCell3Dframevork with anirregularshape.
The domaingrows upward in the samefashiononcethe density now calculatedby only countingpixels within theirregular shape crossesa
threshold Thecondensingatternsn the CompuCell3Dvalidationsimulation[3] followedanApical Zonewhereno condensatiorould occur
This region for the new domainhasbeencoloredin red. All othercellsareblue. Rotationis onceagainat a z angleof 200 degrees A total of

1750stepswererun.
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Fig.9. A CompuCell3Drun of theavianlimb bud simulationwith the changingdatastructure Thereis onechangen thestructure We impose
the®rstirregular shapein steps0-50. We imposea secondjongerandnarraver shapefrom steps50-150.Resultswerevisualizedat steps50,
74 and150.Notethechangen thecell formationby step74.No cellswerelost duringthis transitionto the new shape.



