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We presenta userguidefor BIOLOGO , a domain-speci�clanguagefor morphogenesis.BIOLOGO is
basedon a mathematicalmodelof morphogenesisknown asthe Cellular PottsModel (CPM) [8], which
modelstissueand organ level cell patternformation that occursduring morphogenesis.Working at the
cellularlevel, thismodelis ableto simulatecell adhesion,growth, divisionanddeath,aswell aschemotactic
and haptotacticresponsesto chemicalgradientsand cell differentiationinto varioustypeswith speci�c
propertiesthatdeterminebehavior. Externalchemicalgradientscangenerallybeestablishedby solversfor
partial differentialequation(PDE)sets,suchasSchnakenberg [12], Fitzhugh-Nagumo[14] or Hentschel-
Glimm [9], to modelreaction-diffusion. Or, chemicalscanbesecretedby cellsat speci�c ratesin response
to someevent.

BIOLOGO is intendedto provide a higherlevel of abstractionfor computationalmodelingof morpho-
genesisusingtheCPMcoupledwith chemicalgradients.Thelanguageis XML-based,with its compileran
extensionof anXML parserprovidedby theXerces[2] libraries.ThroughBIOLOGO theusercanspecify
CPM energy functions,chemical�elds, anda modelfor cell differentiation.TheBIOLOGO program,after
compilation,passesthroughacodegeneratorwhichgeneratesdynamicallyloadedpluginextensionsfor the
framework COMPUCELL3D, which is a three-dimensionalframework for morphogenesissimulation. We
have witnessedsuccessusingBIOLOGO andCOMPUCELL3D in modelingcell sorting[3, 7], avian limb
bud formation[13, 4], andin vitro capillarydevelopment[11].
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Chapter 1

Intr oduction

Modelingmorphogenesisinvolvesseveralchallenges.Findinga biologically signi�cant modelis �rst. The
CPM providesa mathematicalmodelthatcanaccuractelymodelthepatterninginstabilitiesthatoccurdur-
ing morphogenesisby operatingat a cell-centeredlevel of modeling. The CPM is grid-based,modeling
cell shapechangesandclusteringin three-dimensionalspace.COMPUCELL3D [10, 4] employs theCPM
alongwith PDEequationsolversthatestablishexteriorchemicalgradients,andmodelsmorphogenesisona
three-dimensionallattice. COMPUCELL3D addressesseveralchallengesof morphogenesismodelingfrom
a softwareperspective, implementingtechniquesfor reducingspeedandmemoryconsumption,improving
softwaremaintenanceandimproving scalabilityfor largergrid sizes.

Theextensibility of COMPUCELL3D is strongfor a programmerthroughits useof dynamicallyloaded
plugin objects,which useanextensionof theProxydesignpattern[6] andencapsulatefunctionalitythat is
not a partof thecoreCPM modelandshouldbeincludedor excludeddependingon theuser. Throughthe
useof keywordsandreferencesin acon�guration�le, theusercanaddor remove pluginsfrom a particular
simulationby addingor removing their referencein aCOMPUCELL3D con�guration�le. A pluginobjectis
thenonly allocatedif referenced,usingtheFactorydesignpattern[1]. All plugincodeis containedwithin a
speci�c location,in adirectorycorrespondingto thenameof theplugin. Pluginadditionscancorrespondto
energy Hamiltonians,Cell TypeMaps(which modelcell differentiation),andexterior chemical�elds, and
typically donotrequiremorethanabout� veintermediate-level C++classes.Theadditionof new featuresto
COMPUCELL3D for aprogrammeris thereforenotdif�cult. But for anon-programmer, COMPUCELL3D is
renderednon-extensibleby lack of knowledgeof designpatternsandC++ implementationof thenecessary
biologicalprocesses.BIOLOGO addressesthisspeci�c issue.By operatingatahigherlevel of modelingand
employing asyntaxunderstandableto morphogenesisresearchersandautomaticallygeneratingappropriate
plugins and compilationscriptsfor COMPUCELL3D, BIOLOGO provides a more convenientmethodof
extendingCOMPUCELL3D for anon-programmer.

1.1 UsefulFeatures

1.1.1 Cell Type Maps

Cell typesprovide a way of groupingcells with broadlysimilar behaviors (broadin a sensethateachcell
as a whole is different but may behave similarly) into the samecategory. During morphogenesis,cells
differentiate into one of theseknown cell typeswhich in turn describesits behavior. A Cell Type Map
providesa methodof modelingdifferentiationby associatinga speci�c cell type asan attribute of every
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cell. In addition,even two cells of the sametype may exist in differentstates,which is determinedby a
setof parametervalueswhichalsoimpactsbehavior. Identicalbehavior in thesameexternalenvironmentis
exhibitedby two cellsof thesametypethatarein thesamestate.Statecontrolsbehavior ata�ner granularity
thantype.

A Cell TypeMaprequiresthefollowing:

1. A setof parameternamesanddatatypeswhichmakeup thecell's state.

2. A methodfor initializing thecell statefor eachcell type.

3. A methodfor updatingthecell statefor eachcell type.

4. A methodfor changingthecell type. In computerscienceterms,this is essentiallyacell typeautoma-
ton. Thereis a list of cell types,an initial cell type,anda list of rulesfor transitioningbetweencell
types.

BIOLOGO providestheability to specifyoneCell TypeMapfor eachuniquesimulation.By representing
theCell TypeMap asa structuredmodelwith speci�c modulesfor thefour above requirements,theuseris
savedthedif�culty of encodingtheserequirementsin C++ andinterfacingthemto COMPUCELL3D.

1.1.2 ChemicalFields

An arbitrary numberof chemical�elds can be superimposedon the CPM grid. Thesechemical�elds
may exist naturally in the external environment,or can be secretedby cells. In the former case,these
chemicalsareoftenmodeledby partialdifferentiatialequationthatsimulateReaction-Diffusion, following
theideaof Turing[15] whointroducedtheideathatreactinganddiffusingchemicalscouldform instabilities
that could be modeledby a PDE RD approach,providing the basisfor biological patterning. BIOLOGO

providesstatementsfor declaringall superimposedchemical�elds, andinitializing themwith binary �le
input if they shouldbe populatedby PDEsolvers,or just requirea user-de�ned initial gradient.Declared
�elds cansubsequentlybereferencedasthree-dimensionalarrayswithin BIOLOGO arithmeticandboolean
expressions,usingthebracket [] operators.

BIOLOGO canalsobe usedto generatePDE solvers for populationof chemical�eld concentrations.
XML codecangenerateasolver which implementsthe�nite differencemethod,or for morepowerembed-
dedPythonis supported.FiPy (http:// www.ctcms.nist. gov) offers a solid setof PDE solving
librariesin Python.

1.1.3 Hamiltonians

The CPM follows the principleof energy minimization,which dictatesthat thesystemasa whole should
tendtowardsa stateof lower energy. A requirementof theCPM is to computea changein energy � E that
is incurredasa resultof somechangein thesystem,andacceptthis changewith a speci�c probabilitythat
is inverselyproportionalto thisenergy change.

Eachindividual CPM Hamiltonianis a contributor to this calculationof � E . ThroughBIOLOGO the
usercanspecifyamethodthatreturnsadouble-precisionvalue,which implementsthechangein energy for
thisparticularHamiltonian.Within themethodfor calculatingenergy change,theusercanstraightforwardly
referencecell attributesfrom theCell TypeMap suchascell typeandalsostatevariables,alongwith some
prede�nedattributesthateachcell is assumedto possess(examplesarevolumeandsurfacearea).
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The usercanchooseto have their Hamiltoniansbe customizable.Eachindividual Hamiltonianwill
generateits own respective plugin for COMPUCELL3D. Whenpluginsarereferencedin a COMPUCELL3D
con�guration �le, valuesfor a prede�nedsetof inputscanbe provided which impactthe behavior of the
plugin. ThroughBIOLOGO the usercanspecifywhat the namesof theseinput variablesshouldbe, and
thencorrespondinglyreferencethemin themethodfor calculatingenergy change.In this mannertheuser
controlswhat aspectsof the Hamiltonianshouldbe customizedand the role that eachplay in the CPM
energy calculations.
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Chapter 2

Syntax

2.1 Getting Started

SinceBIOLOGO is anextensionof theExtensibleMarkupLanguage(XML), a BIOLOGO �le is actuallyan
XML �le, but with anextendedsyntaxwhichwenow describe.A BIOLOGO �le alwaysopenswith thetag
< CompuCell3D > andendswith thetag< / CompuCell3D > .

2.2 Cell TypeMap

The templatefor a BIOLOGO Cell Type Map is shown in Program1. A Cell Type Map is declaredasa
cellmodel andgivena modelname. This modelnamecorrespondsto thenameof theresultinggenerated
plugin for COMPUCELL3D.

TheCell TypeMapopenswith asectionfor declarationof statevariables,whichwill in turnbeattributes
associatedwith eachcell in thesimulation.ThesearedeclaredusingBIOLOGO declare statement,de-
scribedin section2.5.

Statevariabledeclarationsarefollowed by multiple declarationsof cell types. Eachcell type is given
a type name. Within eachcell type module, threemodulesare speci�ed: (1) creation, which contains
BIOLOGO statementsthat shouldbe executedupon creationof a cell of this type, (2) updatevaribles,
which containsBIOLOGO statementsto executeto updatestatevariableswhenever this cell is selectedfor
�ipping, and(3) updatecelltypes, which containsthe conditionsthat mustpassfor a cell to becomethis
type. updatecelltypesthusimplementstherulesof thecell typeautomaton.The�rst speci�edcell typeis
assumedto bethe initial cell type,unlessa COMPUCELL3D PIF is usedto initialize cell distributions(see
COMPUCELL3D documentation;this input �le allows for user-speci�edinitial locationsandcell types)The
following eventsoccurin sequencewhenacell of aspeci�c typeis selected:

1. Attempta typechange.Sequentiallyexecutetheupdatecelltypesmodulesof eachcell type. When
onepasses,make theswitch. If nonepass,keepthesametype.

2. If a typechangewasmade,changethecell to bethenew type.

3. Executetheupdatevariablesmoduleof thecurrentcell type.

BIOLOGO statementsareall describedin section2.5.
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<cellmodel name=”modelname”>

..... declarationsof statevariables.....

<celltype name=”type1”>
<creation>

... statementsto executeuponcreationof a cell of this type...
</creation>
<updatevariables>

... statementsto executeto updatestatevariables...
</updatevariables>
<updatecelltypes>

... condition(s)to passfor a cell to becometype1...
</updatecelltypes>

</celltype>

<celltype name=”type2”>
<creation>

... statementsto executeuponcreationof a cell of this type...
</creation>
<updatevariables>

... statementsto executeto updatestatevariables...
</updatevariables>
<updatecelltypes>

... condition(s)to passfor a cell to becometype2...
</updatecelltypes>

</celltype>

... repeatfor anyothercell types...

</cellmodel>
Program 1: Templatefor a BIOLOGO Cell TypeMap.
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2.3 ChemicalFields

Superimposedchemical�elds in BIOLOGO areassociatedwith speci�c Hamiltonians(describedin Section
2.4).Oneof severalmethodscanbeusedto superimposea�eld. A �eld canbepopulatedfrom binaryinput
�le(s), statically(oneinput �le) or dynamically(multipleinput �les, readatspeci�c frequencies).Or, a�eld
canevolve itself underspeci�c instructionsgiven within the Hamiltonian. Finally, a �eld canfollow the
approachof Turing [15], governedby asetof reaction-diffusionpartialdifferentialequations(PDEs).

2.3.1 Field Type1: Static, From File

File-populated�elds arespeci�edusinga BIOLOGO < Input > tag.To declareastatic�eld thatshouldbe
initialized througha �le, thefollowing templateis used:

<Input name=”inputname” type= ”�le” />
<Field name=”�eldname” fieldtype= ”datatype” filename= ”inputname” />

Whena Hamiltonianis declared,a plugin is generatedfor COMPUCELL3D andis thenreferencedac-
cordingly in the COMPUCELL3D con�guration �le. This Input tag allows the userto specifythe name
of the �le usedto populatethis chemical�eld. The userinput for the �le nameis given by inputnamein
the COMPUCELL3D con�guration �le, and the dimensionsby a default input FieldDim. The �eldname
attribute givesthenameof thechemical�eld which canin turn bereferencedin all Hamiltoniansandthe
Cell TypeMapusingstandard3D arraybracket ([] ) accessoroperators.�eldtype speci�esthetypeof data
containedby this �eld, which sincethis �eld is �le-populatedcanbeany BIOLOGO datatype(seeSection
2.5) with theexceptionof pixel or cell. The �lenameattribute hooksthe two, attachingthe�le inputname
with the �eld �eldname. For someHamiltonianH, theabove couldbe referencedin the COMPUCELL3D
con�guration�le asfollows:

<Plugin name=”H”
<inputname>chemical.dat</inputname>
<FieldDim x=”71” y=”36” z=”211” ></FieldDim>
</Plugin

Subsequently, chemical.datwill populate�eldnameasa 71x36x211 �eld of �oating point values.The
�le is assumedto containvalueson individual lines,with zastheinnermostloop,x asoutermost.

2.3.2 Field Type2: Dynamic, From File

A dynamic�le-populated �eld usesa similar BIOLOGO tag, but insteadof specifyinginputnameastype
�le , inputnameshouldbetype�lepre�x:

<Input name=”inputname” type= ”�lepr e�x” />
<Field fieldname= ”�eldname” type= ”datatype” filename= ”inputname”/>

By specifyingthe input asa �lepre�x, uponplugin referencein the COMPUCELL3D con�guration �le
inputnamefreqwill bea default parameterfor thereadfrequency. Subsequently, at eachappropriatestep,if
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it is time to repopulatethechemical�eld basedon theuser-speci�ed frequency, the�le inputname+ step#
+ .dat is read.In theCOMPUCELL3D con�guration�le, for thesameHamiltonianH:
<Plugin name=”H” >
<inputname>chemical</inputname>
<inputnamefreq>20</inputnamefreq>
<FieldDim x=”71” y=”36” z=”211” ></FieldDim>
</Plugin>

Now every 20 steps,�eldnamewill be repopulatedby the �les chemical0.dat,chemical20.dat,chemi-
cal40.dat,etc.The�eld dimensionsarestill 71x36x211.

2.3.3 Field Type3: Secretion/Resorption

Othertypesof �elds maybegovernedby simplesecretion/resorptionrulesthatshouldbeexecutedat every
CPM MonteCarlostep.Theformatof theBIOLOGO secretetagis asfollows:

< secrete field=" �eldname" location=" l" amount=" a" condition=" c" />

We areassuming�eldnameto have beendeclaredwithin someHamiltonianH ascontainingnumerical
values(not pixels or cells). The above statementsaysthat at every Monte Carlo step, if c (a boolean
expression)is true,increasethevalueat locationl (typepixel) by amounta (numericalvalue).Theresorb
tagoperatesin thesamefashion,exceptlocationl of �eldnamewill decreaseby a.

2.3.4 Field Type4: Partial Differential Equations

Turing [15] modeledreactionanddiffusionof chemical�elds throughasetof PDEs.Onecansuperimpose
multiple interdependent�elds andevolve themthroughthesamesetof PDEs,for examplein theHentschel-
Glimm [9] modelthereis anactivatorandinhibitor chemical.

BIOLOGO makesthis possiblewith Evolvers. Currently, evolversonly work in two dimensions(zero
y-dimension) but we areworkingonextendingthemto three.Thesyntaxis asfollows:

<Evolver name=" evolvername" />
... inputs ...
... fields ...
<DiffEq fieldname=" �eld1" />
<Term exp=" exp1" condition=" c1" />
<Term exp=" exp2" condition=" c2" />
... more terms ...
</DiffEq >
<DiffEq fieldname=" �eld2" />
... terms ...
</DiffEq >
... more differential equations ...
</Evolver>
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Thereis oneDiffEq matchedup with each�eld declared.Thebestway to illustratethis is by example.
Wecantake thesimpleSchnakenberg equations[12]:

@u
@t = 
 (a � u + u2v) + � u;
@v
@t = 
 (b� u2v) + d� v:

(2.1)

Wecouldaddtheseequationsto asimulationin BIOLOGO asfollows:

< Evolver name=`` Schnakenberg'' >
< Input name=`` gamma'' type=``float'' / >
< Input name=`` a'' type=`` �oat '' / >
< Input name=`` b'' type=`` �oat '' / >
< Input name=`` d'' type=`` �oat '' / >

< Field name=`` u'' type=`` �oat '' / >
< Field name=`` v'' type=`` �oat '' / >

< DiffEq fieldname=`` u'' >
< Term exp=`` gamma*(a-u+u*u*v)'' condition=`` true'' / >
< Term exp=`` delta(u)*u'' condition=`` true'' / >
< / DiffEq >

< DiffEq fieldname=`` v'' >
< Term exp=`` gamma*(b-u*u*v)'' condition=`` true'' / >
< Term exp=`` d*delta(v)'' condition=`` true'' / >
< / DiffEq >

< / Evolver>

Program 2: ExampleSchnakenberg equationsolver representedin BIOLOGO.

In thisexample,therearetwo �elds declared,u andv andfour input constantsgamma, a, b andd. Note
thatall condition valuesaretrue in this case(thedefault aswell), becauseall termsareincludedin the
Schnakenberg equationsno matterwhat. This will not alwaysbethecasehowever, andsowe provide the
condition attributewhichcanconditionallyaddor remove termsfrom equations.

EmbeddedPython

A PDEsolver canalsoincludeembeddedPythonmodulesbetween< Python> tags. This optionoffers a
tradeoff for morepoweratthecostof someperformance.Weillustratetheuseof FiPylibrariesto implement
thespinoff of theGamba-SeriniRD equations[5], usedin [11] to modelin vitro capillaryformation:

@c
@t

= �� � x ;0 � (1 � � � x ;0)�c + Dr 2c; (2.2)

We can model this usingstandardBIOLOGO XML as in Program3 or equivalently with embedded
PythonusingProgram4.

2.4 Hamiltonians

A Hamiltonianis declaredusingBIOLOGO Hamiltonian tags.EachHamiltonianis givenaname,input
variables,associatedchemical�elds, and�nally a stepfunction which calculatesan energy change.This
energy changecalculationis performedateveryCPM�ip attemptto determineif theselectedcell'sproposed
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< PDESolver name=”GambaSerini” normalize=”false”>
< Input name=”alpha” type=”�oat” / >
< Input name=”epsilon” type=”�oat” / >
< Input name=”DiffConst” type=”�oat” / >
< Field name=”c” type=”�oat” / >
< DiffEq �eldname=”c” >

< Term exp=”(1-Kr onecker)*alpha- epsilon*c*Kronecker + DiffConst*Laplacian(c)” condition=”true” / >
< / DiffEq >

< / PDESolver>

Program 3: Gamba-Serinispinoff in standardXML.

< PDESolver name=”GambaSeriniSCRIPT”normalize=”false”>
< Input name=”alpha” type=”�oat” / >
< Input name=”epsilon” type=”�oat” / >
< Input name=”DiffConst” type=”�oat” / >
< Field name=”c” type=”�oat” / >
< Python>

diffterm = ImplicitDiffusionTerm(coeff = DiffConst)
secretion = alpha*kronecker
resorption = ImplicitSourceTerm(coeff = epsilon*(1-kronecker))
eq = TransientTerm() == secretion - resorption + diffterm
eq.solve(c, dt=dt)

< / Python>
< / PDESolver>

Program 4: Exampleof embeddedPython.

�ip shouldoccur. Prede�nedBIOLOGO variablesoccurringin Hamiltoniansincluded: pt (type pixel ,
representingtheCPM randomlyselectedpixel, oldcell (typecell , representingtheCPM selectedcell at
point pt), newcell (typecell , representingtheCPM candidatecell), potts.cell�eld (�eld of type pixel ,
representingthecentralCPM lattice.

TheHamiltoniantemplateis shown in Program5.
Uponthis referencein theBIOLOGO �le, apluginfor COMPUCELL3D will begeneratedwith thename

Hamiltonianname. input1 and input2 arevariableswhosevaluesshouldbe speci�ed by the userin the
plugin referencein the COMPUCELL3D con�guration �le. OncedeclaredusingInput tags,input1 and
input2canbereferencedin expressionswithin theenergy changecalculation(andalsoin Cell TypeMapsif
thisplugin is speci�edasincluded).It is theseinputsthatenablecustomizabilityof eachHamiltonian.

Theonly partof Hamiltoniansthathasnot beencoveredis theEquation module. This speci�eshow
energy is calculatedwith thisHamiltonian.An equationcaneitherbeaneighborsum, cellsumor pixelsum.
Thereformatsareasfollows:

1. <neighborsum exp=" arithmeticexpression" limit=" integerexpression" condition=" boolean
expression" />

2. <cellsum exp=" arithmeticexpression" condition=" booleanexpression" />

3. <pixelsum exp=" arithmeticexpression" condition=" booleanexpression" />
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<Hamiltonian name=”Hamiltonianname”>
< Input name=" input1" type=" datatype1" / >
< Input name=" input2" type=" datatype2" / >
... other input variables ...
< Input name=" �le1 " type=" �le " fieldname=" �eld 1 name" fieldtype=" datatypeof �eld 1" / >
... other input declarations ...
< Field name=" �eld 2 name" type=" datatypeof �eld 2" / >
... other field declarations ...
< Step>

... Chemical field secretion and resorption commands ...
< /Step>
< Equation>

... Energy Hamiltonian equation ...
< /Equation>

< /Hamiltonian>
Program 5: Templatefor a BIOLOGO Hamiltonian.

A neighborsum describesinteractionsbetweenall neighboringcells sigmaandsigmaPin the CPM
lattice. For all sigmaandsigmaPwithin a Euclideandistanceof limit , exp will beaddedto theenergy
sumif condition is true. This tag alsode�nes a variabledistancewhich canbe usedin expressions,
which is thedistancebetweensigmaandsigmaP. A cellsumis slightly simpler, just loopingover all cells
sigma. exp is addedto theenergy sumif condition is true.A pixelsumloopsoverall pixelspt.

As anexampletheCPMvolumeenergy from Eq. ??canberepresentedin BIOLOGO asacellsum:

<Hamiltonian name=" Volume">
<Input name=" TargetVolume" type=" int" />
<Input name=" LambdaVolume" type=" double" />
<Equation>
<cellsum exp=" LambdaVolume*(sigma.volume- TargetVolume)*(sigma.volume- TargetVolume)"

condition=" true" />
</Equation>
</Hamiltonian>

2.5 BI OL OGO Statements

BIOLOGO possesstheability to declarevariables,copy values,andcanimplementconditionalblocksand
bothconditionalandcountingloops. BIOLOGO alsoallows thepassingof arithmeticandbooleanexpres-
sionsin in�x notationusingXML tagattributesandthescriptingof someC++ functionswithin expression
attributes.ThroughthesecapabilitiesBIOLOGO canimplementfunctionalitycommonto many otherhigh
level languages,andthroughotheruniquecapabilities,canabstractmorecomplex functionalitysuchascell
typechanges,pixel neighborloops,andcontributionsto theCPM � E.
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2.5.1 BasicFunctionality

Arithmetic and BooleanExpressions

BIOLOGO expressionsusein�x notation. They canusethe following symbols:+, - , * , / , %, and() for
arithmeticoperators;greater , less , greaterequal , lessequal ,and , or , equal , andnotequal
for booleanoperators. Single quotes(') encompasscharactersand strings. In all other ways, standard
C++ notationcanbe usedfor expressions,allowing referenceof C++ prede�nedfunctions(for example,
drand48() ). Examplesof valid BIOLOGO arithmeticexpressions:

� 5 + 4 * 3

� (7 % 5) / 2

� drand48() - 1

Examplesof valid BIOLOGO booleanexpressions.Thesewill alwaysevaluateto oneof two quantities,
true or false . For example,in thesecases,the�rst two evaluateto true while thelastis false :

� ((5 equal 5) and (7 greater 2))

� 10 notequal 8

� ((10 less 8) or (7 lessequal 2))

Variable Declarations

BIOLOGO variablescanbedeclaredto beoneof severalBIOLOGO typesandcansubsequentlybeusedto
storeavalueof thistype.Variablescanthenbereferencedin BIOLOGO arithmeticandbooleanexpressions,
andtheir currentvaluewill besubstituteduponexpressionevaluation.A variableis declaredusingtheBI-
OLOGO declare tag,of thefollowing formatfor aninteger:

< declare >< int name=" variablename" value=" in�x integer expression"/ >< /declare>

The valueattribute is completelyoptionalbut cancontainany valid BIOLOGO expressionof type in-
teger. Expressionscancontaincombinationsof variablesandconstants.BIOLOGO datatypesincludethe
following:

1. int : An integer.

2. �oat : A �oating-point value.

3. double: A double-precisionvalue.

4. char: A character.

5. string: A stringof characters.

6. pixel: A dataobjectrepresentingapoint. This typeof objectcontainsdatamembersx, y andz which
containintegercoordinatevalues.Thesedatamemberscanbereferencedin expressionsusingthe.
operator, with theform variablename.x for example,similar to C++ or Java.
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7. cell: A dataobjectrepresentedasimulatedcell. This typeof objectby default containsdatamembers
type , volume , surfacearea , targetvolume andtargetsurface . Thisobjectwouldalso
containany cell statevariablesspeci�edby theuserin theCell TypeMap.

Copying Values

Thevalueof a valid BIOLOGO expressioncanbecopiedinto a de�ned variableof a compatibletypeusing
a BIOLOGO copy tag:

< copy name=" variablename" value=" expression" / >

Thetypesdonotnecessarilyhave to correspondexactly, for example,int , float anddouble values
canbecopiedamongsteachother, with appropriatetruncationoccurringby thesamerulesasC++ or Java.
Hereareexamplesof valid BIOLOGO copy statements,assumingx andy aredeclaredintegervariables:

� < copy name=" x" value=" 3" / >

� < copy name=" x" value=" (3 % y)+5" / >

� < copy name=" x" value=" x*y" / >

Conditional Blocks

BIOLOGO statementsthat arecontainedwithin conditionalblocksshouldbe executedonly if somespe-
ci�c conditionpasses.This is implementedby a if -elseif -else setof modules,which areanalagous
to conditionalblocksin higherlevel languages.Thetemplatefor aBIOLOGO conditionalblockis asfollows:

< if condition=" booleanexpression1" >
.... BI OLOGO statements ....

< / if>

< elseif condition=" booleanexpression2" >
.... BI OLOGO statements ....

< / elseif>

< elseif condition=" booleanexpression3" >
.... BI OLOGO statements ....

< / elseif>

.... any other elseif modules ....

< else>
.... BI OLOGO statements ....

< / else>

Booleanexpressionconditionswithin conditionalblocksarecheckedsequentiallyuntil onepasses.The
BIOLOGO statementswithin themoduleof the �rst passedconditionareexecuted.If no conditionspass,
theelsemoduleis executed.All elseifandelsemodulesareoptional.
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Loops

Loopsprovide theability to executethesamesetsof BIOLOGO statementsmultiple timeswithout rewriting
them. Therearetwo differenttypesof BIOLOGO loops: conditionalandcounting.Conditionalloopsexe-
cutecontainedBIOLOGO statementswhile somebooleanconditionis true,andstopthemomentit becomes
false.Countingloopsexecutea speci�c numberof times,de�ning a loop countervariable(LCV) which is
initialized to a speci�c value,andis incrementedor decrementby a speci�c amountat eachloop iteration
until it hitsanotherspeci�c valueandtheloopstops.

Conditionalloopscanbe eitherdo or while . A do loop executesuntil thepassedconditionis true,
andthewhile loop executesuntil thepassedconditionis false.Eachhasthesametemplate:

< do condition=" booleanexpression" >
.... BI OLOGO statements ....

< /do>

< while condition=" booleanexpression" >
.... BI OLOGO statements ....

< /while>

A countingloop template,usingtheBIOLOGO < for> tag,is shown below:

< for variable=" de�nedvariable" from=" arithmeticexpression" to=" arithmeticexpression"
step=" arithmeticepxression" >

.... BI OLOGO statements ....
< / for>

Uponexecutingof this loop, thepassedvariablewill be initialized to theevaluationof theexpression
in the from attribute. Eachiterationof the loop will incrementthe variable by the expressionin the step
attribute. Executionof the loop will stopwhenvariableexceedsthevaluein the to expression.Note that
thisloopassumesthatvariablewill increaseateachiteration.It is alsopossibleto allow variableto decrease
by theexpressionin thestepattribute,andthatis performedby usinganattributedowntoin placeof to.

2.5.2 Unique Capabilities

BIOLOGO alsoprovidessomeabstractionsfor somecommontasksin theCPM model. Thesestatements
arelessgeneralthanthebasicstatements,andtypically havespeci�c placeswithin theBIOLOGO �le where
they arevalid. The threeexamplesare: changingcell type,pixel neighborloopsandCPM energy change
contributions.Obviously changingcell typeis only applicablewithin theupdatecelltype s moduleof
Cell TypeMaps. Similarly, theenergy changecontribution canonly beappliedwithin HamiltoninaStep
modules. Pixel neighborloopscanbe usedin Cell Type Mapsor Hamiltonians,but generallyaremore
usefulwithin Hamiltonians.
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ChangingCell Type

In a Cell TypeMap, all cellsaregovernedby setsof rulesfor changingcell type. A changeof cell typeis
performedusingtheBIOLOGO < changeif> tag. Its templateis asfollows:

< changeif currenttype=" de�nedcell type" condition=" booleanexpression" / >

Theseupdatecelltypesmodulewhichcontainsthisstatementwill itself becontainedwithin aBIOLOGO

celltype declaration. If the passedcondition is true, and the cell's currenttype is the value passedinto
currenttype, thecell becomestheenclosedcelltype.Whenacell is selectedby theCPM,all updatecelltypes
moduelsareexecutedsequentially. Whenthe �rst changeifstatementresultsin a changeof cell types,no
morechangesareattempted.If no successfulchangeif statementsareencountered,the updatevariables
moduleof thecurrentcelltype is executed.

Pixel Neighbor Loops

For conveniencewe have abstractedtheability to, givena pixel in thelattice,to loop over all its neighbors
within a speci�c Euclideandistanceandperformsomeoperationon eachneighbor. This would beuseful,
for example,in thede�nition of anadhesion-relatedHamiltonianwhich mustdeterminethe level of adhe-
sivity betweena latticelocationandall neighboringpoints.A neighborloop is formedusingtheBIOLOGO

< forneighbors> tag. This tagacceptsasattributesa loop countervariable which this time is of type
pixel andholdsthecurrentneighbor. Attribute point containsthepixel of reference,grid is a �eld of
pixels (typically in a simulationtherewill only be one, the centralCPM lattice), depth is a Euclidean
distancelimit for neighbors,and the usercanprovide a variablein the distance attribute to hold the
currentdistancebetweenpoint variable andpoint point . Eachof thesevariablescansubsequentlybe
referencedwithin thebodyof theneighborsloop.

< forneighbors variable=" declaredvariableof typepixel" point=" declaredvariableof typepixel"
grid=" declared�eld of typepixel" distance=" declaredvariableof typedouble" depth=" arithmetic
expressionof typedouble" / >

As a simpleexample,supposewe have a two-dimensional3x3grid (wecanextendtheneighborloop
to threedimensionsusingthesameprinciples).Furthersupposeourpoint of referenceis (1,1),andweset
depth to 1.5.This loopwouldexecute8 times,with thefollowing valuesat eachiteration:

� Iteration 1: variable = (0,1),distance = 1

� Iteration 2: variable = (1,0),distance = 1

� Iteration 3: variable = (1,2),distance = 1

� Iteration 4: variable = (2,1),distance = 1

� Iteration 5: variable = (0,0),distance = 1.414

� Iteration 6: variable = (0,2),distance = 1.414

� Iteration 7: variable = (2,0),distance = 1.414

15



� Iteration 8: variable = (2,2),distance = 1.414

Whenanotherneighboris considered,its distance will be beyond thedepth of 1.5, andthe loop
executionwill stop.
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Chapter 3

Installation and Usage

BIOLOGO is a part of the COMPUCELL3D tarballs. To downloadBIOLOGO , downloadthe appropriate
COMPUCELL3D tarballfor your machine.Linux andMacOSversionsareavailable.To view theresultsof
extendedCOMPUCELL3D simulations,Qt is required.Linux tarballsincludeversionswhich supportQt 3
(installedon mostRedHatmachines)andQt 4 (themostrecentversion).

An initial unzippinganduntarringof the.tar.gz �le will producea folder. Changeto thatfolderand
you should�nd a BioLogo/ directory. Now changeto thedirectoryBioLogo/BioLogo andyou will
�nd ascriptinstall.sh . RunthisscriptandtheBioLogo framework will compile.

Thesamefolderwill containsomeexampleBIOLOGO XML �les andanexecutionscriptBIOLOGO.sh.
To run BIOLOGO :

./BIOLOGO.sh < BI OLOGO File >
This will producethe C++ extensionsfor COMPUCELL3D, which cansubsequentlybe compiledand

runwith therestof theframework.
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Chapter 4

Concluding Remarks

We thankyou for usingour productandwish you thebestin your endeavors. Pleasesubmitall questions,
bug �x es,etc. to tcickovs@nd.edu.
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