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ABSTRACT

Motiv ation: Understanding morphogenesis, i.e. the (genetically guided) transformation of a single, fertilized egg cell into the

adult organism's three-dimensional shape, is one of the most fascinating and challenging problems in biology. COMPUCELL3D is

a C++ software framework for simulating three-dimensional (3D) morphogenesis and although designed for extensibility from a

software perspective, is dif�cult to extend without programming experience. We aim to make simulation tools accessible to expe-

rimental biologists, who typically do not have the necessary programming skills to add and test new models with COMPUCELL3D.

BIOLOGO is a domain-speci�c language for modeling morphogenesis. It enables biologists to setup their model in terms of biolo-

gical entities and processes, including cell differentiation, adhesion, division, and interactions with intra-cellular and extra-cellular

chemical �elds . BIOLOGO derives from XML and its code converts transparently to COMPUCELL3D C++ extensions, simplifying

introduction of new model components. The current version of BIOLOGO and COMPUCELL3D includes cell differentiation, partial

differential equation solvers to model reaction-diffusion of secreted intercellular signals, and the Cellular Potts Model for cell

sorting and chemotaxis.

Results: We verify BIOLOGO functionality by implementing two previously studied simulations representative of morphogenesis

modeling: (1) 3D avian limb bud growth, and (2) in vitro capillary development. We extend COMPUCELL3D accordingly for each

simulation using BIOLOGO, then run COMPUCELL3D to test and visualize results. Finally, we validate accuracy by comparing to

previous simulations.

Availability: BIOLOGO is available online along with a version of COMPUCELL3D at

http://www.nd.edu/˜lcls/compucell/bio logo.h tm.

Contact: compucell@cse.nd.edu

Supplementar y Information: Supplementary material along with a full description of the BIOLOGO syntax is also located at

http://www.nd.edu/˜lcls/compucell/bio logo.h tm.

1 INTRODUCTION

Morphogenesis,thetransformationof asingle,fertilizedeggcell into thethree-dimensionalshapeof theadultorganism,invol-

vesthegeneticallyprogrammeddivision,differentiationandmigrationof thousandsof interactingcells(Gilbert,2003).Despite

theirgeneticregulatorycomplexity, cellsseemto exhibit arelatively limited numberof behaviorsduringmorphogenesis.These

behaviors includecell differentiationinto types(e.g. neurons,�broblasts,musclecells,skincells)whicharedistinguishableby

morphology, functionandbehavior, andalsogrowth,divisionandmigration.Cellscanalsosecreteor resorbextracellularmate-

rials, includingdiffusiblegrowth factorsto whichcellscanchemotax(migrationtowardsor away from achemicalsignal),and

structuralproteinswhich might immobilizecellsor to which cellscanhaptotact(motionalonganimmobileproteingradient)

(Merks& Glazier, 2005).
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Experimentationandretrieval of behaviorsallow usto establishcomputationalmorphogenesismodels,whichcanbeimple-

mentedandoften combinedin a softwarepackage.For example,somestudies(Marée& Hogeweg, 2001;Cickovski et al.,

2005)have combinedthe Cellular PottsModel (CPM (Graner& Glazier, 1992), a cellular automaton(Alber et al., 2003)

mimicking cell behaviors) coupledwith a PDE solver for establishingexternal chemicalgradients.Simulationtools offer

severalmethodsof userinteraction.For example,softwareuserscancontrolsimulationbehavior througha con�guration �le

(ase.g. in BioNetS1) or interactively througha graphicaluserinterface(GUI) (ase.g. in E-Cell32). Thesemethodsarecon-

venientwhenthesetof modelsusedfor simulationis known in advance,but encapsulatingnew modelswithin a framework

is challengingwithout programmingexperiencebecausethemodelimplementationis usuallydeeplyinterwovenwith therest

of theprogram.Experimentalscientists,includingbiologistsandchemists,typically would not have theprogrammingskills

to modify a softwareframework to includenew modelsor modify existingones.In particular, integratingmultiple, interacting

morphogenesismodels(for example,onemodelfor cell clustering,anothermodelfor reaction-diffusion)canmake software

implementationcomplex. Instead,a morphogenesisframework shouldenableexperimentalscientiststo easily formulatea

modelingproblemin termsof a languagethey understandbest,i.e. in termsof cells,chemicalsandgenesratherthaniterators,

containersandconstructors.For example,they would like to have cells secreteproteinsandotherchemicalsinto the envi-

ronmentto simulatehaptotaxisor chemotaxis,addnew experimentallydeterminedbehaviors, categorizecellsby cell typeor

implementcell-type-dependentbehaviors.

Domain-speci�clanguages(DSLs) (van Deursenet al., 2000),(Bruce,1997)operateat high abstractionlevels, represen-

ting modelentitiesandphenomenain a simpli�ed way in termsof a syntaxunderstandableto expertsof a particulardomain.

They differ from general-purposelanguagelibrariesby providing context-sensitive syntaxparsing,often mappingthe same

statementto variousfunctionalitiesdependinguponsurroundingstatements.For morphogenesismodeling,the DSL should

provide methodsto representsimulated,biological entities(e.g. cells or diffusing chemicals)andspecify their interactions,

thusallowing for easiersimulationset-upcomparedto a general-purposelanguagelike C++ or FORTRAN. SomeDSLs are

currentlyavailablefor morphogenesismodeling.For example,theCell ProgrammingLanguage(CPL) (Agarwal,1995)allows

for easyspeci�cationof cell behavior, encodingcellsaspoints.At eachsimulationstep,eachcell executesaspeci�c instruction

sequencedependingon its type.TheCPL thenmapstheseinstructionsto C++ functions.Subsequentcompilationandlinkage

producecodethat is fastandoptimized.A sacri�ce madein theprocesshowever is �e xibility , sincethereis a limited setof

possiblefunctionsto which CPL instructionscanbe translated.Flexibility would increasewith dynamicobjectgeneration,

i.e. theability to generatefor exampleC++ classobjectson the�y with thehelpof context-sensitive parsingandgeneration,

increasingthescopeof compatibleroutinesandobjectsin thetargetlanguage.Also, theCPL providescell operationssuchas

1 https://community.biospice.org
2 http://www.e- cell.org
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move, divide , andgrow , but for non-unitareacellsthey affectmultiplecellulargeometriesrequiringchecksonpotentially

largenumbersof neighboringcellsto ensureconnectivity andaccuratecell areas,resultingin a performancepenalty. NetLogo

(Bliksteinet al., 2005)offersaninteractive languagethatcontainssimplesyntaxthatis highly usefulfor extendinga complex

systemmodelingenvironment,but is morecateredto agent-basedmodelingthancellularautomata.CellML (Lloydetal., 2004)

describesmathematicalmodelsof cellular andsubcellularprocessesin biological systems,including cell cycle, electrophy-

siology, andskeletal/smoothmusclemodels.AlthoughCellML is thusnot a morphogenesislanguagesinceit is morecatered

to intracellulardynamicsandcell physiology, it doesprovidea goodexampleof a highly extensiblelanguage,foundingupon

XML (Bray et al., 1998)andsupportingembeddedsyntaxfrom programminglanguagessuchasMathML3 for mathematical

expressions.

We introduceBIOLOGO, a DSL for cellular and tissuelevel morphogenesismodeling.Like CellML, BIOLOGO extends

XML. LiketheCPL,cellsdoexecutesomeinstructionsequencesfor differentiationrules,but BIOLOGO usestheCellularPotts

Model(CPM)(Graner& Glazier,1992)asanunderlyingmodelfor cell dynamics,avoidingtheconnectivity checkoverheadby

allowing for momentaryconnectivity breakswhichbecomecorrectedby thedynamics.TheCPMis awell-de�ned,stochastic,

computationalmorphogenesismodelwhichrepresentscellsin athree-dimensionallattice.In contrastto NetLogo,BIOLOGO is

noninteractiveandusesacellularautomaton(theCPM)asopposedto agent-basedmodeling.Thisavoidstheneedto explicitly

encodebehaviors suchascell-cell adhesioninto cell rules,asthis behavior emergesfrom the CPM. With cell-cell adhesion

emergingfrom themodel,cell sorting(Beysensetal., 2000)for examplecomesouteasily. Cell-cell adhesionin theCPMalso

usesforce distanceswhich aremorecloselyapproximated(Merks & Glazier,2005)thanby potentialchargesaroundcells,

usedin somemodels.As a cell-centeredmodel(Merks & Glazier,2005), the CPM achievesa balancebetweentractability

andlevel of detail, althoughthe latter is signi�cant to accuratelymodelmany of theaforementionedmorphogeneticcellular

behaviors. In addition,theCPM takesinto accountcell shapechangesandcanevenmimick �lopodial behavior (Buchstaller

& Jay,2000),allowing studyof theeffectsof cell shapeon thesystem,andalsotheeffectsof neighboringcellsoncell shape.

Finally, it is possibleto usetheCPM to obtainsystemmeasurementssuchaspositions,velocities,shapechanges,etc.which

canbecomparedto experimentalvalues,helpingvalidationof results.We useBIOLOGO to generateC++ extensionsfor the

morphogenesissimulationengineCOMPUCELL3D (Cickovski etal., 2005;Izaguirreet al., 2004),andtestBIOLOGO through

two previouslystudied,biologically relevantveri�cation simulations,validatingour resultsthroughcomparisons:

1. A 3D simulationof avian limb bud growth (Newman& Frisch,1979),(Cickovski et al., 2005).Cellssecretea chemical

�bronectin uponexposureto ahighactivatorchemicalconcentration,andsubsequentlymoveto �bronectin peaksthrough

haptotaxis.

3 http://www.w3.org/Math
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2. A two-dimensionalsimulationof in vitro blood vesselgrowth (Merks et al., 2004), an in silico model of the widely

usedHUVEC (humanumbilical vascularendothelialcells) in vitro assayfor angiogenesis(bloodvesselgrowth). These

endothelialcells(thecells lining theinnerwalls of bloodvessels)chemotacticallyaggregateandorganizeinto a vascular

network.

2 SYSTEM AND METHODS

2.1 CPM: Cell Clustering

TheCPM mapsbiologicalcellsontoa two- or three-dimensionallatticeof integernumbers,which uniquelyidentify cells.A

patchof sitesof thesameintegernumberrepresentsonecell, andthemodelusesa generalizedcell with index 0 to describe

thesurroundingextracellularmatrix (ECM). TheCPMoperatesundertheprincipleof energy minimization,with theideathat

the simulationwill graduallytendtowardsa stateof lower generalizedeffective energy. Effective energy is a physicalterm

andis not relatedto “real” energy, but ratherexpressesthestateof thesystemasa deviation from a relaxedstate.Validity of

this approachresultsfrom the highly viscousECM which produceshigh damping,resultingin an environmentwhereforce

(proportionalto effective energy gradients)becomesproportionalto velocity ratherthanaccelerationin accordancewith the

overdampedforce-velocity response(Merks & Glazier,2005). This allows us to introducebehaviors which correspondto

relationsbetweencellularvelocitiesandscalarsaseffective energy termswhich involve thesescalars.CPM effective energy

includestermswhich representbothactualenergieslikecell-cell adhesion,andalsotermswhichmimic energiessuchasacell

reactingto a chemicalgradientvia chemotaxis.CPM effective energy canberepresentedasa multi-termHamiltonianshown

in Equation(1), with eachtermcorrespondingto a cellularbehavior includedin thesimulation:

E = EC ontact + EV olume + EC hemical : (1)

Detailsof theCPMcanbefoundin Graner& Glazier(1992).

2.2 Reaction-DiffusionPartial Differential Equations

Theeffectiveenergy termshown in Equation(3) modelscell chemotaxisto externalchemicalgradients.In modelingchemota-

xis, wemakethesimpleassumptionthatthevelocityof acell � is proportionalto theconcentrationC(x; y; z) of amorphogen,

andthatthechemotacticstrengthis controlledby a factor� .

EChemical =
X

~x

� � (~x ) C(~x; t): (2)

In theCPMwecansubsequentlydescribeananalogousenergy change:
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� EChemical = � � 0C(~x; t) � � � C(~x; t) (3)

Theabovemethodrepresentsachangein chemicalenergy resultingfrom point~x �ipping from � to � 0, andwill energetically

favor �ips which directcells towardshigh concentrationsof C by setting� � to benegative for � 6= 0. Alternatively, onecan

alsousethechemotaxisschemeintroducedby Savill & Hogeweg(1997).In thiscaseacell will alsobemorelikely to moveto a

space~x with higherconcentrationC(~x) comparedto aspacewith lowerconcentration,but thedependenceis onconcentration

gradients,or relativeconcentrations,ratherthanabsoluteconcentrations.Ratherthanusea full Hamiltonianrepresentation,

they allow for anextraenergy dropata �ip attempt:

� EChemical = � � [C(~xselected ; t) � C(~xcandidate ; t)]; (4)

where~xselected is theselectedPottslatticepixel and~xcandidate is thecandidatepixel for �ipping.

The concentrationgradientC(~x; t) can be populatedusing reaction-diffusion (RD) partial differential equations(PDEs)

(Turing,1952).Multiple chemical�elds canbesuperimposedin asimulation,anddifferentchemicalsystemsusedifferentRD

PDEs.

2.3 Differentiation

Differentiationinvolvescell transitionsbetweendifferenttypesdependingon internalor externalconditions.A Cell TypeMap

(CTM) modelsdifferentiation.CTMs are �nite-state automatacontainingtypesandrules for type transitions.A CTM is a

modelwhichassociatesinternalstatevariableswith eachcell. An instructionsetinitializesandupdatestheCTM basedon the

cell's internalstateandsignalsfrom neighboringcells.Thesetof statevariablesandrulesfor initializing andupdatingshould

bebasedonexperimentallyobservedcell behavior andknowledgeof geneticregulation.

3 ALGORITHM

TheC++frameworkCOMPUCELL3D (Cickovskietal., 2005)(availableonlineathttp://compucell.sourceforge.net )

integratesmultiplemodelsto simulate3D morphogenesis:it includestheCPM,PDEsolversto modelreaction-diffusionof che-

mical signals,andCTMsto modeldifferentiation.COMPUCELL3D hasbeencarefullydesignedto addressspeedandmemory

consumptionconcernswhenrunningsimulationson large3D lattices,while maintainingextensibility for featureadditionand

removal. To accomplishthis, thedesignappliesseveraldesignpatterns(Gammaet al., 1995).A designpatternis a software

designtechniquewhich is reusableacrossmultiple softwareapplications,often independentof the applicationdomain.For

example,onecommonlyusedpatternis the plugin pattern(Fowler, 2002). The ideabehindplugins is to encapsulateeach

optionalfunctionalityfor aprograminto a uniqueclasswhich is compiledinto independentlibrariesloadedat runtime,andan
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applicationcanhave multiple plugins.In this way pluginsenableruntimecon�guration of a softwareapplication,allowing a

userto pick-and-choosewhichsetof functionalityto include,perhapsthroughacon�guration�le. Thisstrategy provedhighly

usefulfor COMPUCELL3D, asdifferentsimulationsrequireddifferenteffectiveenergy equations,CTMs,etc.All of thesewere

madeinto individualplugins.Sometimesobject-orienteddesignpatternscanintroducemultiple levelsof indirectionresulting

in a performancepenalty, but plugin functionality is still invokablethroughonly onelevel of indirection,yielding a perfor-

mancecostis similar to invokingvirtual functionsof C++ objects(Stroustrup,1997).Pluginsalsomadeit easierto extend

the framework, becausenew featurescouldbe developedinto a new plugin, requiringno modi�cation of any coreCOMPU-

CELL3D classes.However, extendingtheframework for anonprogrammeris dauntingbecauseC++will notbefamiliar, much

lessdesignpatternslike plugins.For example,addinga new CPM effective energy term still requiresadding� ve C++ �les.

Worse,addinga CTM requiresadding� veC++ �les plusone�le for eachdestinationtype,sothedesigngrowsin complexity

with cell typecount.Superimposedchemical�elds requireproperreferencingandinitialization. New C++ �les mustalsobe

compiledandlinkedwith theCOMPUCELL3D framework.Thusfor auserwithoutC++experiencethesechallengesessentially

renderCOMPUCELL3D non-extensible,eventhoughfrom a softwaredesignperspectivemany measuresweretakento ensure

extensibility.

BIOLOGO extendsCOMPUCELL3D by providingabiologicaldomain-speci�clanguage.BIOLOGO translatestheDSLscript

into C++ classeswhich implementfunctionality for new effective energy terms,CTMs, andsuperimposedchemical�elds.

Generatedcodetakestheform of COMPUCELL3D pluginsanddoesnotchangecorefunctionalityof COMPUCELL3D suchas

theCPMalgorithmimplementation,thecell lattice,�ip acceptancefunctions,etc.Thus,auserneedsrun BIOLOGO only once

per extensionset,becausethesefeaturesremainwithin local COMPUCELL3D plugin librariesoncegenerated.BIOLOGO is

thusanupper-level moduleof theCOMPUCELL3D ProblemSolvingEnvironment(PSE). PSEsaresoftwareenvironmentsthat

attempttoshortentheoverheadrequiredfor codeandalgorithmicdevelopmentthroughalayereddesignwheremuchof thelow-

level implementationdetailis hidden,anduserscanformulatetheirproblemsatahigh level of abstraction(Merksetal., 2006).

Similarly, the separationof high-level modeling in BIOLOGO from the core COMPUCELL3D framework implementation

provides�e xibility for thesoftware,asthecentralCPMimplementationdoesnotneedto changeasfeaturesareaddedthrough

BIOLOGO. ProgrammerscanextendCOMPUCELL3D andtake advantageof the full computationalpower offeredby C++,

while nonprogrammerscanbuild new modelsinto COMPUCELL3D at thedomainlevel throughBIOLOGO. In addition,this

alsoallows BIOLOGO-generatedsourcecodeto bene�t from thehighly ef�cient COMPUCELL3D design.
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4 VERIFICATION SIMULATIONS

We now presentBIOLOGO implementationsof theveri�cation simulationsdescribedin theintroduction,andshow theresults

of runningBIOLOGO-extendedCOMPUCELL3D for thesesimulations.We usethe fastthree-dimensionalrendererOgle4 to

visualizeresults.

4.1 Avian Limb with Domain Growth

Thisexamplereproducesresultsof theCOMPUCELL3D veri�cation simulationin Cickovski et al. (2005),modeling3D avian

limb budgrowth.

BIOLOGO usersmay specifya cell model, which implementsa CTM; any chemical�elds used;how �elds areupdated

(solvers)andthein�uence of �elds on thecellulardynamics(Hamiltonians).This is shown schematicallyin Figure1.

For this simulation,we usedBIOLOGO to adda haptotaxiseffectiveenergy term,anda Cell TypeMap.

4.1.1 Differentiation The avian limb bud CTM containstwo cell types, NonCondensingand Condensing, the latter of

which aremoreadhesive. A cell differentiatesto Condensinguponexposureto anactivatorconcentrationabove a threshold,

andto NonCondensingwhenexposedto a concentrationbelow this threshold.TheCTM is representedby thetypeautomaton

shown in Figure2, whereNC = NonCondensing , C = Condensing , M = Medium, AT is theactivator thresholdfrom

the LimbChemicalHamiltonian(which we de�ne later), andC(x; y; z) is the activator concentrationat a location(x; y; z)

within the cell. Program1(a) createsthis CTM in BIOLOGO. The useplugin tag includesthe LimbChemicalHamiltonian,

enablingaccessto its inputsand�elds usingthe“ . ” operator. In this case,we referencetheLimbChemical.activator�eld and

theLimbChemical.Threshold. Eachcell type is speci�ed andincludesa updatecelltypesmodulefor specifyingcondition(s)

for cell differentiationto this type. For NonCondensing, the condition is that the currenttype is Condensingandactivator

concentrationis below LimbChemical.Threshold, andvice-versafor Condensing. Program1(b) instantiatesthis CTM in the

COMPUCELL3D con�guration�le.

4.1.2 Haptotaxis The haptotaxismodelincludestwo superimposedchemical�elds. The �rst representsan activator che-

mical andis populatedby RD equationsolversof the activator-inhibitor modelof Hentschelet al. (2004)usedin the initial

veri�cation simulationof COMPUCELL3D. They useanRD PDEsystemto modelthetransforminggrowth factor-beta(TGF-

� ) which hasbeenshown (Miura & Shiota,2000)to actasanactivatormoleculein patternformationmechanisms.TheRD

equationsgeneratestripe-like patternslike thoseobservedduringavian limb chondrogenesis.In this modelTGF-� stimulates

cellsto secrete�bronectin, a glycoproteinwhich cellssecretein responseto a high activatorconcentrationthatprovideslocal

4 http://www.cora.nwra.com/Ogle
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< cellmodel name=" Chick" >

< !-- We include this plugin to access its inputs and fields. -- >
< useplugin name=" LimbChemical" / >

< !-- NonCondensing cell type (nonadhesive). -- >
< celltype name=" NonCondensing" >

< updatecelltypes>
< changeif currenttype=" Condensing"

condition=" LimbChemical.activator[pt.x][pt.y][pt.z]lessLimbChemical.Threshold" / >
< /updatecelltypes>

< /celltype>

< !-- Condensing cell type (adhesive). -- >
< celltype name=" Condensing" >

< updatecelltypes>
< changeif currenttype=" NonCondensing"

condition=" LimbChemical.activator[pt.x][pt.y][pt.z]greaterLimbChemical.Threshold" / >
< /updatecelltypes>

< /celltype>

< /cellmodel>

(a)

< !-- Plugin instantiation. -- >

< Plugin Name="Chick" = >

(b)

Program 1: (a). CTM for the avian limb bud. There are two cell types Condensing and NonCondensing , and
Condensing cellsaremoreadhesive.(b). Instantiationof theavian limb CTM in theCOMPUCELL3D con�guration�le.

stickiness(Frenzet al., 1989)which allows for cell clusteringinto patterns,or mesenchymalcondensation. Fibronectinis

containedin thesecond�eld. The effective energy term for haptotaxisreproducesEquation(3) using�bronectin concentra-

tion asC. Haptotaxisrequiresthatonly activecells,or thoseat a high activatorconcentration,reactto thechemical.We add

this functionality throughthe BIOLOGO Hamiltonian in Program2(a). The userspeci�es inputsfor an activator Threshold

which if exceededstimulates�bronectin secretion,thescalingfactorMu from Equation(3), anda rateFibroRateof secretion.

TheConcentrationFile is a binary �le of �oating point valueswith x asthe innermostloop, populatingtheactivatorchemi-

cal �eld. Program2(b) addsthehaptotaxisextensionto a simulationin theCOMPUCELL3D con�guration �le, specifyingall

inputvalues.TheHamiltonianstepmodulespeci�eschemicalsecretionandresorption,modifyinganassociatedField. In this

case,wesecretethequantityFibroRateinto �br onectinif thecorrespondingactivatorconcentrationis aboveor equalto Thres-

hold. Theeffectiveenergy Equation takesa sumoverall grid locationspt (prede�ned),andonly Condensingcellscontribute.

Condensingis a cell typeincludedin thelimb CTM.

Using theseextensionswe successfullyduplicatedthe resultsof the avian limb bud growth simulationfrom Figure10(a)of

Cickovski et al. (2005),shown againin Figure3(a).

4.2 In Vitro Capillary Development

During the �rst stepsof embryonicvasculardevelopment,endothelialcells (EC; the cells lining the inner walls of blood

vessels),organizeinto polygonalpatternsof cellularcordswhichlaterform alumen.Thisinitial vascularnetwork thendevelops

into thevascularsystemasnew bloodvesselsform throughsproutingandsplittingof existingvessels.

9
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< Hamiltonian name=" LimbChemical" >

< !-- Inputs to be specified by the user -- >
< Input name=" Threshold" type=" double" / >
< Input name=" Mu" type=" int" / >
< Input name=" FibroRate" type=" double" / >
< Input name=" ConcentrationFile" type=" �le " / >

< !-- Superimposed chemical fields -- >
< Field name=" �br onectin" type=" �oat " / >
< Field name=" activator" type=" �oat " filename=" ConcentrationFile" / >

< !-- Cells secrete fibronectin at the user-specified rate. -- >
< !-- They are stimulated by a high activator concentration. -- >
< Step>

< secrete field=" �br onectin" location=" pt" amount=" FibroRate"
condition=" activator[pt.x][pt.y][pt.z] greaterequalThreshold" / >

< /Step>

< !-- CPM energy contribution. -- >
< !-- Dependent upon fibronectin concentration. -- >
< Equation>

< pixelsum exp=" Mu*�br onectin[pt.x][pt.y][pt.z]"
condition=" sigma.typeequal'Condensing'" / >

< /Equation>

< /Hamiltonian>

(a)

< !-- Plugin instantiation. -- >
< !-- Input values specified here. -- >
< Plugin Name="LimbChemical" >

< Thr eshold> 0.7 < /Thr eshold>
< Mu> -10 < /Mu>
< Fibr oRate> 0.01< /Fibr oRate>
< ConcentrationFile>

bnewSys123 71x31x281.dat
< /ConcentrationFile>

< /Plugin>

(b)

Program 2: (a). LimbChemicalHamiltonian for the avian limb bud growth simulation. This contains two chemical
�elds: activator (populatedthrougha ConcentrationFile) and �br onectin(secretion)superimposedon the CPM grid. (b).
Exampleinstantiationof the BIOLOGO-generatedLimbChemicalplugin in a COMPUCELL3D con�guration �le. The �le
bnewSys12371x31x281.datpopulatesactivator.

A previous cellular Pottsmodel (Merks et al., 2004)–deriving from a partial differential equationmodel (Gambaet al.,

2003)–reproducedtheECs' organizationinto a polygonalvascularpattern,althoughit failedto capturethesepatterns'typical

temporalevolution asobservedin cell cultures.Newer CPM modelssuggestthat thepatterns'temporalevolution dependson

theendothelialcells' shape(Merkset al., in press).

In their modelMerks et al. assumedthatECsi) secretea morphogen(Helmlingeret al., 2000)which extracellularmatrix

(ECM) inactivates,ii) preferentiallyextend�lopodia up morphogengradients(Gerhardtet al., 2003)andiii) stronglyadhere

to eachotherwith cellular adhesionmoleculesincluding VE-cadherin(Gory-Fauŕe et al., 1999). Herewe useBioLogo to

reproducethemodelresultspresentedin Merksetal. (2004).

4.2.1 Chemotaxis In themodelof Merkset al, endothelialcellssecreteachemoattractantc:

@c
@t

= �� � x ;0 � (1 � � � x ;0)�c + Dr 2c; (5)

where� is a cell secretionrate,and� is anECM resorptionrate.� � x ;0 is 1 for cellsand0 for themedium.Hencec diffuses

anddecaysin the extracellularmatrix. D is a diffusion constant.BIOLOGO acceptsa differentialequation(or setof diffe-

rentialequations)andgeneratesa correspondingtwo-dimensional�nite differencePDEsolver asa COMPUCELL3D plugin,

inheriting from an abstractevolver interfacebuilt into thesoftware.A full �nite differencesolver hasnot beenincorporated
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into the COMPUCELL3D framework becauseit is not known in advancewhich typesof reaction-diffusion systemswill be

used.Insteadthe userspeci�es the setof PDEsin BIOLOGO, which thentransparentlyconvertsto a C++ plugin.. Program

3(a)showsthevasculogenesismodelin BIOLOGO. DiffEq tagsrepresenteachPDE,andeachevolvesone�eld with time.An

equationspeci�eseachuniquetermseparately. For conveniencewe usea coupleof prede�nedterms.Kronecker is equivalent

to � (� (x; y; z); 0) which is 1 if point (x,y,z) correspondsto a mediumpoint and0 if a biological cell, andLaplacianwhich

correspondsto takingthegradientof thepassed�eld twice. BIOLOGO alsoglobally de�nes thecell latticepotts.cell�eld, and

eachevolverprede�nesuserinputsfor thetimestepof andnumberof stepsfor �nite difference.These,alongwith � , � andD

areinstantiatedin theCOMPUCELL3D con�guration�le asshown in Program3(b).

Merksetal. simulatedchemotaxisusingthemethodby Savill & Hogeweg (1997)from Equation(4) andthechemoattractant

c astheconcentrationgradient.Thisequationrequiresanenergydropat thetimeof copying. Thereforewecouldnot implement

it usingthecurrentversionof BIOLOGO. Insteadweimplementedatrivial extensionto theCOMPUCELL3D framework,which

involvesaslightmodi�cation to theexistingchemotaxisplugin.Thevalueof c from thisnew GambaSeriniPDEsolverplugin

extensionwassubsequentlyincorporatedinto this modi�ed plugin as the valueof C in Equation(4). In future versionsof

BIOLOGO we will introduce“hooks” that will allow usersto insert extra codethat can be executedat speci�c times, for

exampleat every copying attempt,at every successfulcopying, etc. This featurewould in particularprovide the necessary

compatibilityto implementthis chemotaxismodelin BIOLOGO.

< !-- This will generate a PDE solver using finite difference. -- >
< PDESolver name=" GambaSerini" >

< !-- User-defined inputs. -- >
< Input name=" alpha" type=" �oat " / >
< Input name=" epsilon" type=" �oat " / >
< Input name=" DiffConst" type=" �oat " / >

< !-- Field to evolve. -- >
< Field name=" C" type=" �oat " / >

< !-- PDE description. -- >
< DiffEq fieldname=" C" >

< Term exp=" (1-Kronecker)*alpha- epsilon*C*Kronecker + DiffConst*Laplacian(C)"
condition=" true" / >

< /DiffEq >

< /PDESolver>

(a)

< !-- Plugin instantiation. -- >
< Plugin name=" GambaSerini" >

< Step> 20 < /Step>
< DT> .2 < /DT>
< DX> 1 < /DX>
< alpha> 0.01 < /alpha>
< epsilon> 0.05 < /epsilon>
< DiffConst> 1 < /DiffConst>

< /Plugin>

(b)

Program 3: (a).Partialdifferentialequationreactiondiffusionmodelof Merksetal. (2004),derivedfrom Gamba-SeriniPDEs
(Gambaet al., 2003),implementedin BIOLOGO asan evolver of chemical�elds. This modelsdiffusionandbreak-down of
thechemoattractantandthusdoesnotautonomouslydrivecell patterning,but patternsform dueto closeinterplaybetweencell
migrationandchemoattractantsecretionanddecay. (b). Instantiationof this evolver in theCOMPUCELL3D con�guration�le,
with valuesfor all inputsplusnumberof steps,timestepandspacestepfor the�nite differencemethod.

11
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We wereableto achieve outputsimilar to Merkset al. (2004)asshown in Figure3(b). For this simulationwe usedhighly

adhesivecells,settingJC ell;M edium to 30andJC ell;C ell to 21,which yieldsa 
 = JC ell;M edium � JC ell;C ell =2 valueof 19.5

producinghighly adhesivenetworks.Thesecellsorganizeinto a fully connectedvascularnetwork.

5 DISCUSSION

WehavepresentedBIOLOGO andits usefor extendingthe3D morphogenesissimulationengineCOMPUCELL3D.Theapplica-

bility of BIOLOGO to modelingmorphogenesishasbeenestablishedthroughtwo biologicallyrelevantveri�cation simulations.

BIOLOGO allows a userto de�ne a cell model(including cell typesandtransitions)for modelingdifferentiation,chemical

�elds andPDEsolversthatevolve these�elds throughouta simulation,theability for cells to secreteandabsorbchemicals,

andarbitraryHamiltoniantermsthat establishthe in�uence of superimposed�elds on the cellular dynamics.ThroughBIO-

LOGO we addeda CPM effective energy term to COMPUCELL3D alongwith an appropriateCell Type Map for the avian

limb. In addition,theability to simulateavian limb budgrowth usingactivatorand�bronectin externalchemicalsdemonstrates

BIOLOGO's ability to createandreferencemultiple superimposedchemical�elds which the migratingCPM cells dynami-

cally change.Finally, we addedanRD PDEsolver usingBIOLOGO, demonstratingits ability to evolve chemical�elds. The

COMPUCELL3D extensionsgeneratedby BIOLOGO shouldallow usto studyabnormalitiesor geneticdefectssuchaspolydac-

tyly in theavian limb budwhichresultsin four �ngers forming insteadof threeasshown in our results,modeledin Chaturvedi

et al. (2005).Thereis anenormouscodesizeburdensavingsfor theuser, asninelinesof theBIOLOGO GambaSerinievolver

generated232 lines for the C++ plugin, part of the high level of abstractionthat DSLs tend to provide. This coupledwith

simplersyntaxbetterenablesusersto generatenew modelsalongwith testcasesfor them.

As afutureextensionto BIOLOGO wewould liketo prede�nemorefunctionalityfor RD PDEs.LaplacianandKronecker are

indeedastartingpoint,but otherfunctionalitywouldbeusefulfor encapsulatingnew models.For example,Maréeetal. (1999)

provideda highly usefulandintriguing modelof motionandthermotaxisin theslimemouldDictyosteliumDiscoideumusing

Fitzhugh-Nagumoequationswith piecewisePuschinokinetics(Pan�lov & Pertsov, 1984)establishingchemotacticchemical

gradients,However, thesePDEsrequireadditional,piecewisefunctionsdescribingchemoattractantdynamics,andalsothere

is a higherlevel of couplingto theCPMbecausethePDEsthemselvesareonly solvedwithin Dictyosteliumcells,while in the

mediumthereis only diffusion.Weplanto allow usersto de�ne piecewiselinearfunctionsasXML blockswithin anevolverto

beinvokedanywherein theTerm expression.Thisis analogousto theapproachtakenby Vercruysse& Kuiper(2004)whoused

alanguageto modelgeneticinteractionsasswitchesthroughsetsof conditionalblocks,althoughourfunctionswill operateata

lowermodelinglevel andwill returnvalues.Wecanaddressthesecondissueby allowing for conditionalblockswhichenclose

different< Equation> blocks,suchthatoneof multiplepossibleequationscanbesolveddependingonconditionalstatements.

The conditionalclausescanbe assimpleasallowing differentsetsof equationsfor insidevs. outsidecell boundaries,or as

complex asarbitrarynumbersof equationsdependingon multiple simulationparameters.Finally, we hopeto introduceother
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possibilitiesfor modelingreaction-diffusion,includingODEsor Booleannetworkswhich couldfor examplebeapplicableto

modelingintracellulardynamicsusinggeneralizedmassactionmodelsor rateequations(Wolkenhaueret al., 2004).We also

planto generatethree-dimensionalPDEsolvers,andto providechoicesbetweendifferentmethodsfor solvingRD differential

equationsbesides�nite difference.

BIOLOGO �ts nicely into thelayeredarchitectureof theCOMPUCELL3D ProblemSolvingEnvironment(PSE).Thelayered

architectureallows for more�e xibility amongusers,asexperienceduserscaneasilyextendthesoftwarewith C++, andnon-

experienceduserscanrepresentnew phenomenaat themodelinglevel throughBIOLOGO. This wasillustratedin particularin

thesecondveri�cation simulation,wherewe implementeda PDEsolver at themodelinglevel but theSavill-Hogeweg (Savill

& Hogeweg, 1997)chemotaxisschemeasa COMPUCELL3D C++ plugin extension.Otherimportantgoalsof morphogenesis

PSEs,asidefrom providing theinfrastructureto implementbehaviorsandentity interactions,are(1) theability for auserto run

interactivesimulations,e.g. changingparametersandviewing results,and(2) theability to transparentlysetupsimulationson

parallelarchitectures(Merksetal., 2006).Weplanto considermethodsto makebothof thesegoalspossiblefor BIOLOGO and

COMPUCELL3D. Finally, we would like to make BIOLOGO completelytypeless, suchthata userneedsnot de�ne datatypes

for inputs,�elds, etc.but they canbeinferredby thetranslator. This will requiremoresophisticatedlexical analysisincluding

parserlookaheadto determinedatatypesbasedonsyntaxcontext.
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Fig. 1. Skeletonfor a BIOLOGO program.A usercanhave at mostone(1) cell modelwhich speci�es the setof possiblecell typesfor
differentiationmodelingandrulesfor transitioningbetweentypes.A usercanthende�ne many (*) HamiltonianswhichspecifyCPMenergy
equationsandalsoany superimposedchemical�elds on which theseequationsdepend,andsecretion/resorptionequationsfor these�elds.
Finally, ausercande�ne PDESolverswhichevolveachemical�eld usingpartialdifferentialequations,analogousto Turing'sPDEapproach
to modelingreaction-diffusion(Turing,1952).Eachof thesemodulesgeneratesa C++ plugin extensionfor COMPUCELL3D.

TC(x, y, z) >  A

TC(x, y, z) >  A

CNC

TC(x, y, z) < A

TC(x, y, z) < A

M

Fig. 2. CTM for the avian limb simulation.NC = NonCondensingcell type,C = Condensing,andM = Medium.TheMediumcell never
changestype,a NonCondensingcell becomesCondensingwhenexposedto anactivator concentrationC(x, y, z) above a threshold,anda
Condensingcell becomesNonCondensingwhenexposedto anactivatorconcentrationbelow athreshold.
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Fig. 3. Outputof bothveri�cation simulations,visualizedwith Ogle.(a) Seriesof imagesthroughouttheavian limb budgrowth simulation,
taken at the samestepsasCickovski et al. (2005). (b) Output of in vitro capillary developmentafter 5000 steps,showing the capillary
networksfoundin Merkset al. (2004).
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