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We presenta userguidefor BIOLOGO , a domain-speci clanguagefor morphogenesisBIOoL OGO is
basedon a mathematicamodel of morphogenesiknown asthe Cellular PottsModel (CPM) [8], which
modelstissueand organ level cell patternformation that occursduring morphogenesis Working at the
cellularlevel, thismodelis ableto simulatecell adhesiongrowth, division anddeath aswell aschemotactic
and haptotacticresponse$o chemicalgradientsand cell differentiationinto varioustypeswith specic
propertieghatdeterminebehaior. Externalchemicalgradientscangenerallybe establishedby solversfor
partial differentialequation(PDE) sets,suchas Schnaknbeg [12], Fitzhugh-Nagum@14] or Hentschel-
Glimm [9], to modelreaction-difusion. Or, chemicalscanbe secretedy cellsat speci ¢ ratesin response
to someevent.

BioLoGo is intendedto provide a higherlevel of abstractiorfor computationamodelingof morpho-
genesisisingthe CPM coupledwith chemicalgradients Thelanguagds XML-based,with its compileran
extensionof an XML parsemrovided by the Xerces[2] libraries. ThroughB1oL 0G0 the usercanspecify
CPM enegy functions,chemical elds, anda modelfor cell differentiation.The BioL0GO program after
compilation,passeshrougha codegeneratowhich generateglynamicallyloadedplugin extensiondor the
framavork CompPUCELL3D, which is a three-dimensiondramevork for morphogenesisimulation. We
have witnessedsuccessising BioLoco and ComPUCELL3D in modelingcell sorting[3, 7], avian limb
bud formation[13, 4], andin vitro capillarydevelopmen{11].



Chapter 1

Intr oduction

Modeling morphogenesigvolvesseveral challengesFinding a biologically signi cant modelis rst. The
CPM providesa mathematicamodelthatcanaccuractelynodelthe patterningnstabilitiesthat occurdur
ing morphogenesiby operatingat a cell-centeredevel of modeling. The CPM is grid-basedmodeling
cell shapechangesandclusteringin three-dimensionapace.CoMmPUCELL3D [10, 4] emplo/s the CPM
alongwith PDE equationsolversthatestablishexterior chemicalgradientsandmodelsmorphogenesisna
three-dimensiondhttice. ComPUCELL3D addresseseveral challengef morphogenesimodelingfrom
a software perspectie, implementingtechniquedor reducingspeedandmemoryconsumptionjmproving
softwaremaintenancandimproving scalabilityfor largergrid sizes.

Theextensibility of ComPUCELL3D is strongfor a programmethroughits useof dynamicallyloaded
plugin objects which usean extensionof the Proxy designpattern[6] andencapsulatéunctionalitythatis
not a partof the core CPM modelandshouldbe includedor excludeddependingon the user Throughthe
useof keywordsandreference$n a con guration le, theusercanaddor remorve pluginsfrom a particular
simulationby addingor remaoving theirreferencen a CompPUCELL3D con guration le. A pluginobjectis
thenonly allocatedf referencedusingthe Factorydesignpattern[1]. All plugincodeis containedwithin a
speci ¢ location,in adirectorycorrespondingo the nameof the plugin. Pluginadditionscancorrespondo
enegy Hamiltonians Cell Type Maps(which modelcell differentiation),andexterior chemical elds, and
typically donotrequiremorethanabout veintermediate-ieel C++classesTheadditionof new featuredo
CompuCELL3D for aprogrammeis thereforenotdif cult. Butfor anon-programmetCoMpPUCELL3D is
renderechon-etensibleby lack of knowledgeof designpatternsaandC++ implementatiorof the necessary
biologicalprocessesBIoL 0Go addressethis speci c issue.By operatingata higherlevel of modelingand
employing a syntaxunderstandabl® morphogenesigesearcherandautomaticallygeneratingappropriate
plugins and compilation scriptsfor ComPUCELL3D, BloLoGO provides a more corvenientmethodof
extendingCompPuCELL3D for anon-programmer

1.1 Useful Features

1.1.1 Cell Type Maps

Cell typesprovide a way of groupingcells with broadly similar behaiors (broadin a sensehateachcell
as a whole is differentbut may behae similarly) into the samecategory. During morphogenesis;ells
differentiateinto one of theseknown cell typeswhich in turn describedts behaior. A Cell Type Map
provides a methodof modelingdifferentiationby associatinga speci c cell type asan attribute of every



cell. In addition,eventwo cells of the sametype may exist in differentstateswhich is determinedoy a
setof parametewralueswhich alsoimpactsbehaior. Identicalbehaior in the sameexternalervironmentis
exhibitedby two cellsof thesameypethatarein thesamestate.Statecontrolsbehaior ata ner granularity
thantype.

A Cell TypeMap requiresthefollowing:

1. A setof parametenamesanddatatypeswhich make up thecell's state
2. A methodfor initializing the cell statefor eachcell type.

3. A methodfor updatingthe cell statefor eachcell type.
4

. A methodfor changinghecell type. In computeiscienceerms,thisis essentiallya cell typeautoma-
ton. Thereis alist of cell types,aninitial cell type,anda list of rulesfor transitioningbetweencell

types.

BioL oGo providestheability to specifyoneCell TypeMapfor eachuniquesimulation.By representing
the Cell Type Map asa structuredmnodelwith speci ¢ modulesfor the four abave requirementsthe useris
savedthedif culty of encodingheserequirementsn C++ andinterfacingthemto CompPuCELL3D.

1.1.2 Chemical Fields

An arbitrary numberof chemical elds canbe superimposedan the CPM grid. Thesechemical elds
may exist naturally in the external environment, or can be secretecby cells. In the former case,these
chemicalsareoften modeledby partial differentiatialequationthat simulateReaction-Difusion, following
theideaof Turing[15] whointroducedheideathatreactinganddiffusingchemicalscouldform instabilities
that could be modeledby a PDE RD approachproviding the basisfor biological patterning. BioLoGo
provides statementdor declaringall superimposeadhemical elds, andinitializing themwith binary le
inputif they shouldbe populatedoy PDE solers, or just requirea userde ned initial gradient. Declared
elds cansubsequentlypereferencedisthree-dimensionarrayswithin BioL 0Go arithmeticandboolean
expressionsysingthebraclet[] operators.

BioLoGo canalsobe usedto generatePDE solvers for populationof chemical eld concentrations.
XML codecangenerate solver whichimplementghe nite differencemethod,or for morepower embed-
ded Pythonis supported.FiPy (http:// Www.ctcms.nist. gov) offers a solid setof PDE solving
librariesin Python.

1.1.3 Hamiltonians

The CPM follows the principle of enegy minimization,which dictatesthat the systemasa whole should
tendtowardsa stateof lower enegy. A requiremenbdbf the CPMis to computea changen enegy E that
is incurredasa resultof somechangen the systemandacceptthis changewith a speci ¢ probabilitythat
is inverselyproportionalto this enegy change.

Eachindividual CPM Hamiltonianis a contrikutor to this calculationof E. ThroughBioLoGo the
usercanspecifyamethodthatreturnsa double-precisiowalue,whichimplementghe changan enegy for
this particularHamiltonian.Within themethodfor calculatingenegy changetheusercanstraightforvardly
referencecell attributesfrom the Cell Type Map suchascell typeandalsostatevariables alongwith some
prede nedattributesthateachcell is assumedo possesgexamplesarevolumeandsurfacearea).



The usercan chooseto have their Hamiltoniansbe customizable.Eachindividual Hamiltonianwill
generatéts own respeciie pluginfor CompuCELL3D. Whenpluginsarereferencedn a CompuCELL3D
con guration le, valuesfor a prede nedsetof inputs can be provided which impactthe behaior of the
plugin. ThroughBioLoGO the usercanspecify what the namesof theseinput variablesshouldbe, and
thencorrespondinglyeferencghemin the methodfor calculatingenegy change.In this mannerthe user

controlswhat aspectof the Hamiltonianshouldbe customizedand the role that eachplay in the CPM
enegy calculations.



Chapter 2

Syntax

2.1 Getting Started

SinceBI0L 0G0 is anextensionof the ExtensibleMarkupLanguaggXML), aB1oLoGo le is actuallyan
XML le, butwith anextendedsyntaxwhichwe now describe A BioL0GO le alwaysopenswith thetag
<CompuCell3D > andendswith thetag</ CompuCell3D >.

2.2 Cell Type Map

The templatefor a BioLoGo Cell Type Map is shavn in Programl. A Cell Type Map is declaredasa
cellmodel andgivenamodelnameThis modelnameorrespondso the nameof theresultinggenerated
pluginfor ComPUCELL3D.

TheCell TypeMap openswith asectionfor declaratiorof statevariableswhichwill in turnbeattributes
associatedvith eachcell in the simulation. ThesearedeclaredusingBIoL0GO declare  statementde-
scribedin section2.5.

Statevariabledeclarationsare followed by multiple declarationof cell types. Eachcell typeis given
a type name. Within eachcell type module,three modulesare speci ed: (1) creation, which contains
BioLoGo statementghat should be executedupon creationof a cell of this type, (2) updatevaribles,
which containsBIOL 0GO statement$o executeto updatestatevariableswheneer this cell is selectedor
ipping, and(3) updatecelltypes which containsthe conditionsthat mustpassfor a cell to becomethis
type. updatecelltypesthusimplementghe rulesof the cell type automaton.The rst speci edcell typeis
assumedo betheinitial cell type,unlessa ComPUCELL3D PIF is usedto initialize cell distributions (see
CompPUCELL3D documentationthisinput le allows for userspeci edinitial locationsandcell types)The
following eventsoccurin sequencevhena cell of aspeci c typeis selected:

1. Attempta type change.Sequentiallyexecutethe updatecelltypesmodulesof eachcell type. When
onepassesmnake theswitch. If nonepasskeepthe sametype.

2. If atypechangevasmade changehecell to bethenew type.

3. Executetheupdatevariables moduleof the currentcell type.

BioLoGo statementareall describedn section2.5.



<cellmodel name="modelname®

<celltype name="typel™>
<creation>
... Statement$o executeuponcreationof a cell of this type...
</creation>
<updatevariables>
... Statementto executeto updatestatevariables...
</updatevariables>
<updatecelltypes
... condition(s)}to passfor a cell to becomaypel...
</updatecelltypes
</celltype>

<celltype name="type2">
<creation>
... Statement$o executeuponcreationof a cell of this type...
</creation>
<updatevariables>
... Statementso executeto updatestatevariables...
</updatevariables>
<updatecelltypes
... condition(s)}to passfor a cell to becomdype?2...
</updatecelltypes
</celltype>

... repeatfor anyothercell types...

</cellmodek

Program 1: Templatefor aBioLoGco Cell TypeMap.




2.3 Chemical Fields

Superimposedhemical elds in BioL0oGO areassociatedvith speci ¢ Hamiltoniangdescribedn Section
2.4). Oneof severalmethodscanbe usedto superimposa eld. A eld canbepopulatedrom binaryinput
le(s), statically(oneinput le) ordynamically(multipleinput les, readatspeci c frequencies)Or, a eld

canevolve itself underspeci c instructionsgiven within the Hamiltonian. Finally, a eld canfollow the
approactof Turing [15], governedby a setof reaction-difusion partial differentialequation{PDES).

2.3.1 Field Type1: Static, From File

File-populatedelds arespeci edusingaBIOL0OGO <Input > tag.To declareastatic eld thatshouldbe
initialized througha le, thefollowing templates used:

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

Whena Hamiltonianis declareda plugin is generatedor ComPUCELL3D andis thenreferencedac-
cordinglyin the CompPuCELL3D con guration le. ThisInput tagallows the userto specifythe name
of the le usedto populatethis chemical eld. The userinput for the le nameis given by inputnamein
the CompPUCELL3D con guration le, andthe dimensionsby a default input FieldDim. The eldname
attribute givesthe nameof the chemical eld which canin turn bereferencedn all Hamiltoniansandthe
Cell TypeMap usingstandardD arraybraclet ([] ) accessooperators.eldtype speci esthetypeof data
containedoy this eld, which sincethis eld is le-populatedcanbeary BioLoGo datatype (seeSection
2.5) with the exceptionof pixel or cell. The lename attribute hooksthe two, attachingthe le inputname
with the eld eldname For someHamiltonianH, the abore could be referencedn the CompPuCELL3D
con guration le asfollows:

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

Subsequent)ychemical.dawill populate eldnameasa 71x36x211 eld of oating pointvalues.The
le is assumedo containvaluesonindividual lines,with z astheinnermostoop, x asoutermost.
2.3.2 Field Type 2: Dynamic, From File

A dynamic le-populated eld usesa similar BIoL0OGO tag, but insteadof specifyinginputnameastype
le, inputnameshouldbetype lepre x:

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

By specifyingtheinputasa lepre x, uponplugin referencan the CompUCELL3D con guration le
inputnamefeqwill be a default parametefor thereadfrequeng. Subsequentjyat eachappropriatestep,if



it is time to repopulatehechemical eld basedontheuserspeci edfrequeng, the le inputnamet step#
+ .datis read.In the CompPUCELL3D con guration le, for thesameHamiltonianH:

<Plugin name="H" >

<inputname>chemicak/inputname>

<inputnamefreg>20</inputnamefreg>

<FieldDim x="71" y="36" z="211" ></FieldDim>

</Plugin>

Now every 20 steps, eldnamewill berepopulatedby the les chemical0.datchemical20.datchemi-
cal40.datetc. The eld dimensionsrestill 71x36x211

2.3.3 Field Type 3: Secetion/Resoption

Othertypesof elds maybegovernedby simplesecretion/resorptiorulesthatshouldbe executedat every
CPM MonteCarlostep.Theformatof the BioL oGO secetetagis asfollows:

< secete field=" eldnamé’ location=" [" amount=" a" condition=" c' />

We areassumingeldnameto have beendeclaredwithin someHamiltonianH ascontainingnumerical
values(not pixels or cells). The above statementaysthat at every Monte Carlo step, if ¢ (a boolean
expression)s true,increasehevalueat locationl (type pixel) by amounta (numericalvalue). Theresorb
tagoperatesn the samefashionexceptlocationl of eldnamewill decreaséy a.

2.3.4 Field Type4: Partial Differential Equations

Turing [15] modeledreactionanddiffusionof chemical elds througha setof PDEs.Onecansuperimpose
multipleinterdependentlds andevolve themthroughthe samesetof PDEs,for examplein theHentschel-
Glimm [9] modelthereis anactivatorandinhibitor chemical.

BioLoGo makesthis possiblewith Evolvers. Currently evolversonly work in two dimensiongzero
y-dimensiohbut we arewaorking on extendingthemto three. The syntaxis asfollows:

<Evolver name="evolvernamé />

inputs
fields
<DiffEq fieldname="  eldl" />
<Term exp=" expl' condition="  c1* />
<Term exp=" exp2' condition=" ¢c2' />
more terms
</DiffEq >
<DiffEq fieldname="  eld2" />
terms
</DiffEq >
more differential equations
</Evolver>



Thereis oneDiffEq matchedup with each eld declared.Thebestwayto illustratethisis by example.
We cantake the simpleSchnaknbeg equationg12]:

= (a u+udv)+ u
= (b uvdv)+d v

We couldaddtheseequationgo a simulationin BioLoGo asfollows:

(2.1)

Slese

< Evolver name="" Sctnalenbeg" >

<Input name="" gammd type=""float" />

<lInput name=""a' type=" oat" />

<Input name=""b" type=" oat" />

<lInput 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)*d’" condition="" trueg" />

</ Diffeq>

< DiffEq fieldname=" V' >

<Term exp="" gamma*(b-u*u*v) condition="" true' />
<Term exp="" d*delta(v) condition="" trueg" />

</ Diffeq>

</ Evolver>

Program 2: ExampleSchnaknbeg equatiorsolver representeth BioL 0Go.

In thisexample,therearetwo elds declaredu andv andfour input constantgammaa, b andd. Note
thatall condition  valuesaretrue in this case(the default aswell), becausall termsareincludedin the
Schnaknbeg equationsno matterwhat. This will not alwaysbe the casehowever, andsowe provide the
condition  attribute which canconditionallyaddor remove termsfrom equations.

EmbeddedPython

A PDE solver canalsoincludeembeddedPythonmodulesbetween< Python> tags. This option offersa
tradeof for morepower atthecostof someperformanceWeillustratetheuseof FiPy librariesto implement
the spinof of the Gamba-SerinRD equationg5], usedin [11] to modelin vitro capillaryformation:
% = o .0)C+ Dr °c (2.2)
We can modelthis using standardBioLoGo XML asin Program3 or equvalently with embedded
PythonusingProgramd.

2.4 Hamiltonians

A Hamiltonianis declaredusingBioL oGo Hamiltonian  tags.EachHamiltonianis givenaname,nput
variables,associate¢hemical elds, and nally a stepfunctionwhich calculatesan enegy change.This
enegy changealculationis performecatevery CPM ip attempto determinef theselecteatell's proposed



<PDESoher 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-Kronedker)*alpha- epsilon*c*Kroneder + DiffConst*Laplacian(c)” condition="true” /p

</ Diffeq>

</ PDESoher>

Program 3: Gamba-Seringpinof in standardXML.

<PDESoler name="GambaSeriniSCRIPTnhormalize="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>

</ PDESoher>

Program 4. Exampleof embeddedPython.

ip shouldoccur Prede nedBioL oGO variablesoccurringin Hamiltoniansincluded: pt (type pixel
representinghe CPM randomlyselectedpixel, oldcell (type cell , representinghe CPM selectectell at
point pt), newcell (typecell , representinghe CPM candidatecell), potts.cell eld( eld of type pixel ,
representinghe centralCPM lattice.

TheHamiltoniantemplateis shovn in Programb.

Uponthisreferencen theBioLoGo le, apluginfor CompPuCELL3D will begenerateavith thename
Hamiltonianname inputl and input2 are variableswhosevaluesshouldbe speci ed by the userin the
plugin referencan the ComPuCELL3D con guration le. Oncedeclaredusinglnput tags,inputland
input2 canbereferencedn expressionsvithin theenegy changecalculation(andalsoin Cell Type Mapsif
this pluginis speci edasincluded).lt is theseinputsthatenablecustomizabilityof eachHamiltonian.

Theonly partof Hamiltoniansthat hasnot beencoveredis the Equation module. This speci eshow
eneqgy is calculatedvith this Hamiltonian.An equationcaneitherbeaneighborsum cellsumor pixelsum.
Thereformatsareasfollows:

1. <neighborsum exp=" arithmeticexpressiofi limit="  integerexpressiofi condition="  boolean
expressiofi />

2. <cellsum exp=" arithmeticexpressiofi condition="  booleanexpressioni />

3. <pixelsum exp=" arithmeticexpressiofi condition="  boolearexpressioti />
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<Hamiltonian name="Hamiltonianname”>

<Input name="inputl' type=" datatypel />

<Input name="input2' type=" datatype2 />
other input variables

<lInput name="lel" type=" Ile" fieldname=" eld 1 namé fieldtype=" datatypeof eld 1" />
other input declarations

<Field name=" eld 2name 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 describesnteractionsbetweenall neighboringcells sigmaand sigmaPin the CPM
lattice. For all sigmaandsigmaPwithin a Euclideandistanceof limit , exp will be addedto the enegy
sumif condition is true. This tag alsode nes a variabledistancewhich canbe usedin expressions,
which is the distancebetweersigmaandsigmaPR A cellsumis slightly simpler justlooping over all cells
sigma exp is addedo theenegy sumif condition  istrue.A pixelsumloopsoverall pixelspt.

As anexamplethe CPMvolumeenegy from Eg. ?? canberepresenteth BioLoGo asacellsum

<Hamiltonian name="\olume>
<Input name="Target\blumé& type=" int" />
<Input name="Lambda¥dlume type=" double¢ />

<Equation>

<cellsum exp=" Lambdadlume*(sigma.volumeTarget\blume)*(sigma.volumeTarget\blume)
condition="  true' />

</Equation>

</Hamiltonian>

2.5 BloLoGo Statements

BioL oGO possesshe ability to declarevariables,copy values,andcanimplementconditionalblocksand
both conditionalandcountingloops. BioL oGO alsoallows the passingof arithmeticandbooleanexpres-
sionsin in x notationusingXML tagattributesandthe scriptingof someC++ functionswithin expression
attributes. ThroughthesecapabilitiesBIoL 0Go canimplementfunctionality commonto mary otherhigh

level languagesandthroughotheruniquecapabilities canabstracimorecomplex functionalitysuchascell

type changespixel neighboroops,andcontritutionsto the CPM  E.
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2.5.1 BasicFunctionality
Arithmetic and BooleanExpressions

B1oL OGO expressionaisein X notation. They canusethe following symbols:+, -, *,/, % and() for
arithmeticoperatorsgreater ,less ,greaterequal ,lessequal ,and,or,equal ,andnotequal
for booleanoperators. Single quotes(') encompasgharactersand strings. In all otherways, standard
C++ notationcanbe usedfor expressionsallowing referenceof C++ prede nedfunctions(for example,
drand48() ). Examplesof valid BioL oGO arithmeticexpressions:

5+ 4* 3
(7 %5) [/ 2
drand48() - 1

Examplesof valid BioL oGO booleanexpressionsThesewill alwaysevaluateto oneof two quantities,
true orfalse . Forexample,inthesecasesthe 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 variablescanbe declaredo be oneof sereral BioL 0Go typesandcansubsequentlype usedto
storeavalueof thistype. Variablescanthenbereferencedn BioL oGo arithmeticandboolearexpressions,
andtheir currentvaluewill be substitutediponexpressiorevaluation.A variableis declaredusingthe Bi-
oL oGo declare tag, of thefollowing formatfor aninteger:

<declare >< int name="variablenamé value=" in X integer expressiot{/ >< /declare>

The valueattribute is completelyoptional but cancontainarny valid BIoL0OGO expressionof type in-
teger Expressiongancontaincombinationof variablesandconstants BioL 0Go datatypesincludethe
following:

. int: Aninteger
. oat: A oating-point value.

. double: A double-precisiowalue.

1
2
3
4. char: A character
5. string: A stringof characters.
6

. pixel: A dataobjectrepresentingpoint. Thistypeof objectcontainsdatamembersc, y andz which
containinteger coordinatevalues. Thesedatamembersanbe referencedn expressionsisingthe.
operatorwith theform variablenamex for example,similarto C++ or Java.
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7. cell: A dataobjectrepresented simulatedcell. Thistype of objectby default containsdatamembers
type ,volume ,surfacearea ,targetvolume  andtargetsurface . Thisobjectwould also
containary cell statevariablesspeci ed by theuserin the Cell Type Map.

Copying Values
Thevalueof avalid BioLOGO expressioncanbe copiedinto a de ned variableof a compatibletype using
aBloLOGO copy tag:

<copy name="variablenamé value=" expressioti />

Thetypesdonotnecessarilfhave to corresponakxactly, for example,int ,float anddouble values
canbe copiedamongstachother with appropriatgruncationoccurringby the samerulesasC++ or Java.
Hereareexamplesof valid BioL oGO copy statementsassuming andy aredeclaredntegervariables:

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

<copy name="x" value=" x*y" [>

Conditional Blocks

BioLoGo statementshat are containedwithin conditionalblocks shouldbe executedonly if somespe-
ci ¢ conditionpassesThisis implementedoy aif -elseif -else setof moduleswhich areanalagous
to conditionalblocksin higherlevel languagesThetemplateor aBioL 0Go conditionalblockis asfollows:

<if condition="  booleanexpressionl" >
Bl oLoGO statements
<[if>

<elseif condition="  booleanexpression2" >
Bl oLoGo statements
</ elseit

<elseif condition="  booleanexpression3" >
Bl oLoGo statements
</ elseit

any other elseif modules
<else
Bl oLoGO statements
</ else
Booleanexpressiorconditionswithin conditionalblocksarecheclked sequentiallyuntil onepassesThe

BioLoGo statementsvithin the moduleof the rst passedonditionareexecuted.f no conditionspass,
theelsemoduleis executed All elseifandelsemodulesareoptional.

13



Loops

Loopsprovide theability to executethe samesetsof BiOL 0GO statementsultiple timeswithout rewriting
them. Therearetwo differenttypesof BioL 0G0 loops: conditionalandcounting. Conditionalloopsexe-
cutecontained 0oL 0GO statementsvhile somebooleanconditionis true,andstopthemomentt becomes
false.Countingloopsexecutea speci ¢ numberof times,de ning aloop countervariable(LCV) whichis
initialized to a speci ¢ value,andis incrementedr decremenby a speci ¢ amountat eachloop iteration
until it hitsanotherspeci ¢ valueandtheloop stops.

Conditionalloopscanbe eitherdo or while . A do loop executesuntil the passedconditionis true,
andthewhile loop executeauntil the passedatonditionis false.Eachhasthe sametemplate:

<do condition="  booleanexpressioi >
Bl oLoGO statements
</do>

<while condition="  booleanexpressiof >
Bl oLoGO statements
< /while>

A countingloop template usingthe BioLoGo < for> tag,is shavn below:

<for variable=" de nedvariable' from=
step="arithmeticepxessiofi >
Bl oLoGO statements

arithmeticexpressiot to=" arithmeticexpressiofi

</ for>

Upon executingof this loop, the passedrariable will beinitialized to the evaluationof the expression
in the from attribute. Eachiteration of the loop will incrementthe variable by the expressionin the step
attribute. Executionof the loop will stopwhenvariable exceedsthe valuein the to expression.Note that
thisloopassumethatvariablewill increaseateachiteration.It is alsopossibleo allow variableto decrease
by the expressiorin the stepattribute, andthatis performedby usinganattribute downtoin placeof to.

2.5.2 Unique Capabilities

BioLoGo alsoprovidessomeabstractiongor somecommontasksin the CPM model. Thesestatements
arelessgenerathanthebasicstatementsandtypically have speci ¢ placeswithin theBioLoGo le where
they arevalid. The threeexamplesare: changingcell type, pixel neighborloopsand CPM enegy change
contrikutions. Obviously changingcell typeis only applicablewithin the updatecelltype s moduleof
Cell Type Maps. Similarly, the enegy changecontritution canonly be appliedwithin HamiltoninaStep
modules. Pixel neighborloops canbe usedin Cell Type Maps or Hamiltonians,but generallyare more
usefulwithin Hamiltonians.
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Changing Cell Type

In a Cell Type Map, all cellsaregovernedby setsof rulesfor changingcell type. A changeof cell typeis
performedusingthe BiIoL0OGO < changeif tag.Its templates asfollows:

< changeif currenttype=" de nedcelltype condition="  boolearexpressioti />

Theseupdatecelltypesmodulewhich containghis statementvill itself becontainedvithin aBioLoGoO
celltype declaration. If the passectonditionis true, andthe cell's currenttype is the value passednto
currenttypethecell becomesheenclosedelltype.Whenacellis selectedy the CPM, all updatecelltypes
moduelsare executedsequentially Whenthe rst changeifstatementesultsin a changeof cell types,no
more changesare attempted.If no successfuthangeif statementsre encounteredthe updatevariables
moduleof thecurrentcelltype is executed.

Pixel Neighbor Loops

For corveniencewe have abstractedhe ability to, givena pixel in thelattice,to loop over all its neighbors
within a speci ¢ Euclideandistanceandperformsomeoperationon eachneighbor This would be useful,
for example,in the de nition of anadhesion-relatetlamiltonianwhich mustdeterminethe level of adhe-
sivity betweern latticelocationandall neighboringpoints. A neighbordoopis formedusingthe BioLoGo

<forneighbors> tag. This tag acceptsasattributesaloop countervariable  which this time is of type

pixel andholdsthe currentneighbor Attribute point containsthe pixel of referencegrid isa eld of

pixels (typically in a simulationtherewill only be one,the central CPM lattice), depth is a Euclidean
distancelimit for neighbors,andthe usercan provide a variablein the distance  attribute to hold the
currentdistancebetweerpointvariable  andpointpoint . Eachof thesevariablescansubsequentlhpe
referencedvithin the body of the neighbordoop.

<forneighbors variable="  declaedvariableoftypepixel'’ point=" declaedvariableoftypepixel’
grid=" declaed eld oftypepixel' distance=" declaedvariableoftypedoublé depth=" arithmetic
expressionof typedouble />

As asimpleexample,supposeave have atwo-dimensionaBx3grid (we canextendthe neighboroop
to threedimensionsisingthe sameprinciples).Furthersupposeur point  of referencas (1,1),andwe set
depth to 1.5.Thisloopwould execute8 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 =

Iteration 5: variable =(0,0),distance =1.414
Iteration 6: variable =(0,2),distance =1.414

Iteration 7: variable =(2,0),distance =1.414
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Iteration 8: variable =(2,2),distance =1.414

Whenanothemeighboris consideredits distance  will be beyondthe depth of 1.5, andthe loop
executionwill stop.
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Chapter 3

Installation and Usage

BioLoGo is a part of the CompPuCELL3D tarballs. To dowvnload BioL0oGo , downloadthe appropriate
CompPUCELL3D tarballfor your machine.Linux andMacOSversionsareavailable. To view the resultsof
extendedCompPUCELL3D simulationsQt is required.Linux tarballsincludeversionswhich supportQt 3
(installedon mostRedHatmachinesandQt 4 (the mostrecentversion).

An initial unzippinganduntarringof the .tar.gz le will produceafolder. Changeo thatfolderand
you should nd aBioLogo/ directory Now changeto the directoryBioLogo/BioLogo  andyou will
nd ascriptinstall.sh . Runthis scriptandthe BioLogo framework will compile.

Thesamdolderwill containsomeexampleBioL0oGo XML les andanexecutionscriptBIOLOGO.sh.
TorunBIoOLOGO:

/BIOLOGO.sh <BI oLoGco File >

This will producethe C++ extensionsfor CompPUCELL3D, which cansubsequentiype compiledand
runwith therestof theframework.
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Chapter 4

Concluding Remarks

We thankyou for usingour productandwish you the bestin your ende&ors. Pleasesubmitall questions,
bug x es,etc.to tcickovs@nd.edu
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