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2 T. Cickovski and J. A. Izaguirre

1. INTRODUCTION AND BACKGROUND

Morphogenesigiovernsthe clusteringof biological cellsinto shapesandpatternsduring
embryonicdevelopmentK eeton1972], the modelingof which althoughin its infangy is

growing asa researcharea. For example,several studiesfMombachand Glazier 1996],
[Jiang et al. 1999], [Marée 2000] have implementedthe Cellular Potts Model (CPM)
[Granerand Glazier 1992] within software asa modelfor morphogenesisThe CPM is

agrid-basednathematicainodelwhich is drivenby the principle of enegy minimization,
consistentlyproposingchangego the grid at randompositionsandacceptingchangesvith

aprobabilityexponentiallydependingnaresultingchangen effective enegy, Boltzmann
constanandtemperature:

F)chang e= € Ecnang o=kT (1)

At every proposecthangethe changen enegy is computedhrougha sumof enegy

terms,or Hamiltonians eachof which modela speci c cellular behaior andcanbein-
cludedor excludedfrom speci ¢ simulations:

Echange= E;+ Ex+ Ez+:: 2)

Oneexampleof a Hamiltonianis volumeenegy. Experimentallycellsof speci c types
tend towardsa target volume We cansimulatethis processby addingan enegy term
which contributeshighly for cellsthatarehighly deviant from their targetvolumes,.e.:

X
Evoume = (v() Ve get)z: (3)
cells
Similarly, we cansimulatecell chemotaxigowardsa chemicalgradientthroughanother
Hamiltonian,assumingve have asuperimposedhemical eld C, by makingthe contritu-
tion inverselyproportionto the concentratiorof C:

X
Echemical = C(X; 2 Z)Z (4)
Xy iz

Anotherprocesghatcanbe modeleds cell differentiation which groupscellsinto spe-
ci ¢ typesdependentiponexperimentabehaior. Thiscanbemodeledhroughaninternal
cellularcomputationahutomatorasshovn in Figurel.

Althoughthe CPM is a popularmorphogenesimodelandis the underlyingmodelfor
the C++ framavork CoMPUCEL L 3D, portionsof the modelsuchasHamiltonians supef
imposedchemical elds, and CTMs arenot trivial to expressin a general-purposero-
gramminglanguage.Even CompPUCELL 3D, which usesmary well-known software de-
signpatternsandis highly extensiblethrougha setof dynamicallyloadedplugin libraries,
would bedif cult to extendfor a userwithout prior C++ knowledge. This motivatedthe
creationof BIoL0GO , which canrepresensuchphenomenan a simpler fashionand
understandablevay for morphogenesisxpertswithout C++ knowledge. Previously, we
veri ed BioL oGo [Cickovski andlzaguirre2005a]by duplicatingresultsof multiple sim-
ulationsrelevant to morphogenesisnodeling. The high level of abstractioncreatedby
B1oL oGO hassavedin anaveragecase96% of codesizefor ten ComPUCELL 3D exten-
sionswhich we usedfor veri cation purposes.
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Fig. 1. A CTM viewed asa computationahutomaton.The cell typesrepresenstatesn the automatonandthe
rulesrepresentonditions. Somecell typesmay only have transitionsleaving, othersonly comingin, andsome
both. Conditionsoftendependuponthe externalervironment.

We rst describecontributionsof BiIoL0Go asa DSL andin particularwherethe lan-
guagets in termsof relatedwork. We follow with somebrief backgroundn Compu-
CeLL3D andits methodof extension,andthengive someexamplesof BIOL OGO syntax
andits usefor extendingthe framework, alongwith speci ¢ DSL designmethodologies
which we appliedin the syntaxdesign. Next, we give a descriptionof the framewvork
designandpatternausedandconcludewith adiscussiorof futurework with thelanguage.

1.1 Related Work and BioLoGo Contribution

The Cell Programmind.anguaggCPL) [Agarwal 1993]is a DSL thatencodediological
cells as pixels and provides methodsfor specifyingdevelopmentabehaior by allowing
eachcell to executea speci ¢ instructionsequencat eachstepdependingon the type of
cell. The CPL containsa mappingfrom CPL instructionsto Objective C functions,which
arein turn compiledandlinkedwith a functionlibrary. An advantageto this approachs
thatthe codewill be fastand optimized,sincethe setof potentialfunctionsthat canbe
generateds known andthuscanbe optimizedaccordinglyby the CPL developers. Our
approaclgenerate€++ objectsdynamicallyfor more e xibility andthroughanintermedi-
atelanguagepenshe doorfor potentialoptimizations.The underlyingmodelof the CPL
is alsodifferentfrom the CPM, andasa resultpossessemoreoverheaddueto nonscal-
ablecommonoperationdor cells suchasmigration,mitosisandgrowth. The next closest
DSL in termsof domainis CellML [CELLML 2004],aDSL designedo describemathe-
maticalmodelsof cellularandsubcellulamprocessesyersusBioL 0Go which focuseson
modelingcellular andtissuelevel processesAlthough BioLoco and CellML thusop-
erateat differentlevels of modeling,they sharethe trait of building uponXML. CellML
providesvery high e xibility by allowing theembeddingand le inclusionof varioussup-
portedlanguages.Applicationsthat useCellML mustimplementa CellML Application
Programmingnterface(API) in aspeci ¢ languageandcanuseobject-orientear script-
ing languagesor this purpose BioL 0Go doesnotuseanAPI, althoughwe build uponthe
XercegApache2003]XML parsindibrariesfor extensibility of BioL oGO andits parsing
libraries.

Similar designmethodologieso BIoL 0G0 exist in differentdomains. SPIRAL [SPI-
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4 T. Cickovski and J. A. Izaguirre

RAL 2003],[Puschelet al. 2004]for exampleis usedin the domainof signalprocessing
to generatelatform-tunedoptimal programsn C or FORTRAN for performance-critical
transformalgorithms,suchasdiscreteFourieranddiscreteCosine. SPIRAL employs the
languageSPL for representingnathematicaformulasandmatrix factorizations We nd
alsodomain-speci csynthesiswvithin the TensorContractionEngine(TCE) [TCE 2004],
[Baurngartnetet al. 2002], which is a compilerfor a Mathematica-styl®SL thatallows
chemistgto specifypotentiallyhundredsof generalizednatrix multiplications;an exam-
ple applicationis calculationsof electronicstructurein quantumchemistry Both projects,
like BioL 0GO, generatesourcecodein a standardorogrammindanguagerom a higher
level abstraction.We seea similar ideato extendinga languagen Modeler++ [Michel
and Van Hentenryck2001] which provides a set of librariesthat build an extra model-
ing layer on C++, with the differencebeingthat Modeler++ doesnot extendthe C++
parseralthoughtheir methodscanbeinvokedfrom C++ codeuponlinking theirlibraries.
The extra layer providedby Modeler++ canabstracimathematicatetoperationsalong
with variousotheralgebraic,logic and array operators.In particular the setoperations
of Modeler++ enablefor examplethe applicationof a functionacrossan entireset,the
extractionof elementdrom a setwith certainpropertiesetc. to be donestraightforvardly
with singlemethodinvocations. This abstractiorsimpli es typically complex operations
similarto BioL oGco simplifying complex biologicalprocessesiNe alsoseetheideaof ab-
stractingaway implementatiordetailsin the DSL usedby the softwaregeneratoDiSTiL
[Smaragdakisand Batory 1997]. As BioL 0GO abstractsaway the complex implementa-
tion of biological processeshis DSL abstractsaway low-level datastructureoperations
andprovidesauniforminterfacefor realmsof datastructuresTheir DSL extendsC similar
to BioLoGo extendingXML. They chosea differentapproacHor ensuringDSL extensi-
bility. DISTIL usedtheMicrosoftIntentionalProgrammind=rvironmentto representheir
DSL asincrementachangeswvith directmappingsrom DiSTIL datastructureoperations
to C implementationssaving the requiremenbf writing sourceparsingroutines. We ex-
tendbasicXML parsingutilities provided by Xerces[Apache2003],andin this manner
actuallyprovide anextendedXML parser Mappingsfrom BioL oGo functionalityto C++
implementationare not always crystal clear often dependingon context and very often
requiringthegeneratiorof full libraries,makingthis optionmorepractical.

[Lengaueretal.2004]providesareferencdor generaDSLsandtechniquegor program
generationandoptimization. Amongthe sampledomainsinclude high-performancear
allelism,real-timeembeddedystemsdigital circuit design,mobilecommunicatioriermi-
nal serviceand -calculusfor mobile processesC is oneof the exampletargetlanguages
for low-level implementationand maximizingef ciency. C++ is our targetlanguageor
e xibility andextensibility despitethe performanceénit of object-orientation.

2. BIOLOGO AND COMPUCELL3D

ComMPUCELL3D [Cickovski etal. 2005]simulatesmorphogenesig threedimensionsis-
ing the CPM, andis available online at http://compucell.sourceforge.net

The ComPUCELL3D designbene ts from object-orientedlesignmethodologiesind pat—
terns[Cickovski etal. 2004]thatimprove speecandmemoryconsumptioron largelattices
while maintaining e xibility. Thesedesignpatternsinclude: singletonrepresentatiomf

the extracellularmedium,contiguousallocationof cell attributesfor pagefault andcache
missratereductionCof and 2003a],[Cickovski etal. 2004],cell objectcreationusingthe
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Factorydesignpattern[Alexandresci2001],lazy pixel neighborevaluation,andstraight-
forward framawork extensionthroughdynamicallyloadedplugin objects,referencedy
usersin the CompUCELL3D con guration le andcustomizedhroughassociatediser
speci edinputs. A plugin proxy adjoinspluginsto the framework, functioningsimilar to
the Proxy patternflGammaet al. 1995]usinga slightly differentimplementation.Plugins
arethe centralmethodof extendingthe CompPUCELL3D framewnork. For programmers
they arevery corvenient,becausehey centralizeall featureadditionsto CoMPUCELL3D
within a setof dynamicallyloadedlibraries,removing the burdenof modifying the core
modelfunctionality of CompPUCELL3D andpotentialfor creatingunmaintainableode.

For example,to adda new CTM to the ComPuCELL3D framework which containsm
statevariablesn transitionsandtwo cell typesA andB, thefollowing mustbeaddedo the
dynamicallyloadedlibrary set:

(1) A dynamicclassnode(DCN) [Cof and 2003a],[Cickovski etal. 2004]templatedwith
astruct  with mdatamemberspnefor eachcell statevariable.

(2) A proxy [Gammaetal. 1995]which registersthe plugin with the plugin managerso
thatit canbeloadedwhenreferencedn a con guration le.

(3) A plugin[Cof and 2003a]classwhich de nesthefollowing:
—An initialization methodwhich registersthe DCN andinitializesthe plugin.
—A methodto retrieve the cell type of a cell.
—Methodsto translatebetweercell typeasa characteandasa string.
(4) A transitionclassfor cell type A which de nestherulesthatmustbetruefor acell to
becomeaypeA.

(5) Thesamefor cell typeB.

To adda new Hamiltonianto the ComPUCELL3D framawork, the following mustbe
addedo the dynamicallyloadedlibrary set:

(1) A classfor theenepy calculationde ning thefollowing:
—A methodto implementthe enegy calculation.
—A methodto readinput variablesfrom the con guration le (for example,volume
enegy would requirea userto input thetargetvolume).
—Accessomethodggetandset)for ary of thesenputs.
—A methodto populateary superimposedhemical elds associateavith this Hamil-
tonian.

(2) A plugin[Cof and 2003a]classwhich de nesthefollowing:
—A pointerto anenegy calculatorobject.
—An initialization methodwhich initializesary internalvariables.

For a programmerthe above extensionscould be donestraightforwardly. The average
ComMPUCELL3D extensionfrom our veri cation simulationsrequired278 lines of code.
However, for someonéhatis not familiar with C++, it is clearthatthis would be a highly
dauntingtask.Not to mentionthefactthatall new les mustbeaddedo CompuCELL3D
automale [GNU ] scriptsfor Make le generatioruponsoftwarecon guration. For anon-
programmerit is easyto seethat thesechallengesessentiallyrenderthe software non-
extensible.For this reasonwe choseCompPUCELL3D asanappropriateenginefor inter-
facingandveri cation of BioLoGo . Througha BIOL0OGO program,a usercanspecify
thefollowing features:
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6 T. Cickovski and J. A. Izaguirre

(1) All Hamiltonianghatarenotcontainedvithin thecurrentCompuCELL3D framework
but shouldcontibtuteto CPM effective enegy calculations.

(2) A new CTM including statevariablescell typetransitionsandmethoddfor cell state
variableinitialization andupdates.

(3) Superimposedhemical elds.

The above C++ classesand functionality are subsequenthgeneratedy a BioL oGO
translator, which consistsof compilerand codegeneratomodules,asplugin extensions
to CompPUCELL3D. Thus,generatectodedoesnot affect the corefunctionality of Com-
PUCELL3D, andthe userneedsun BioLoGo only oncefor eachsetof CoMPUCELL3D
extensions sinceonceplugins are generatedhey canremainwithin local libraries. All
BioL oGo-generatedourcebene tsfrom theaforementionedbject-orientediesignpat-
ternsof CompPuCELL 3D, someof which have provedvery valuable.Justasoneexample,
we found lazy neighborevaluationto yield a four-fold speedupndten-fold reductionin
memoryconsumptiorcomparedo standardalternatves.

3. BIOLOGO SYNTAX

Spinellis[Spinellis 2001] provideseight notabledesignpatternsfor DSL design,threeof
which we employ in the designof BiIoL0GoO. Languaye extensioninvolvesaddingfea-
turesto an existing languagewithin its syntaxand semanticswith the classicexample
being RationalFortran[K ernighan1975] with Fortran. BioL0OGO is a LanguageExten-
sion of the ExtensibleMarkup Language(XML). XML itself offers several advantages
that motivatedour decisionto employ its corefunctionalityin BioLoGo. BIoL0OGO in-
heritsthe extensibility of XML, whichis thekey trait separatingKML from othermarkup
languagegHarold 1999]. XML is also cross-platformanotheruseful propertythat the
BioLoGo parsinglibrariesinherit, helping our future goal of making BioLoGO cross-
platform. Finally, the syntaxof XML is well-structuredwith openingand closingtags,
helpingthe overall clarity of BioL0OGO programs. Next, the Data Structue Pattern al-
lowsaDSL to provide userswith a corvenientshorthandor expressingnormallycomplex
datastructuresDataStructurerepresentatiois usedfor complex elementsuchasCTMs.
Speci cally, BioL oGo reducesepresentationf the CTM asa computationahutomaton.
Finally, a Souce-T-SouceTransformatiortranslate®SL sourcecodeinto hostlanguage
sourcecodevia compilationandgeneration.

We now describethe syntaxof BIOL0OGO andits representatiomf CTMs, chemical
elds andHamiltonians.

3.1 CTMs

CTMsin BioLoGo arespeci ed using< cellmodeb tags. EachCTM is givena name,
which correspondso the nameof the plugin thatwill be generatedor ComPUCELL3D.
BioLoGo CTMs allow a cell to belongto exactly onecell type at a time. Throughthe
CTM, a usercanspecifycell statevariablesinternalto eachcell that follows this model.
Thesevariablesgovernbehaior ona ner scale. A usercanalsospecifyinstructionsto
executeuponcreationof a cell of eachtype, instructionsto updatecell statevariablesfor
eachtype,andrulesof theautomaton.

Cell statevariablesarespeci edusingthe< declare> tagimmediatelyaftertheopening
< cellmodeb tag.Any declaredrariablessubsequentlpecomeassociateavith eachsim-
ulatedcell andthey canbedeclaredo be of oneof thefollowing types:int, oat, double,
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BioLoGo : A Domain-Speci ¢ Language For Morphogenesis 7

char, string, or pixel.
Cell typesare speci ed using < celltype> tags,eachof which also hasan associated
name.Within eachcell type,the usercanspecifythreemodules:

(1) creation: Executedwhena cell of thistypeis created.

(2) updatevariables: Executedwhena cell of this type attemptsa type changeput fails.
Purposes to changehe valuesof statevariables.In BioL 0Go the copy statements
analagou$o anassignmenoperatiorin ahigh-levellanguageysedo assigrtheresult
of anexpressionto a value,both passedasattributes. A third attributeis an optional
booleanexpressionto which the usercansupplya conditionto passfor assignment
execution.

(3) updatecelltypes Containsa list of clauseghat specifythe setof rulesfor a cell to
becomethis type. Eachclausecontainsa currenttype (oneof the othercell typesin
the CTM) and a booleanexpressionthat mustbe true for the cell to changeto this
type. Theseclausesare executedsequentiallywithin eachcell typein the orderthey
appearandin theorderthatthecell typesappearThisimpliesthat,if two cell typesA
andB containruleswith trueconditionsandA appear®eforeB in the CTM de nition,
the cell will becometype A. The changeif statements usedin the CTM to specifya
clause jncludingthe currenttypeandthe condition(booleanexpressionasattributes.
The statemenis usedwithin the scopeof the destinatiorcell type.

As anexample,we useda CTM with two cell typesLight andDark in our veri cation
simulationof basiccell sorting [Glazier and Graner1993], [Steinbeg 1963], [Steinbeg
1998]. We give eachcell one statevariable a g which is initially 0, andall cells are
initially Light. Uponthe rst attemptto changetype, agis setto 1. A Light cell hasa
50/50chanceof becomingDarkif agisO0,butif agis1nomoreattemptsvill bemadeto
changeype. In thisway whena cell is accesseth the CPM, it will beLight or Dark with
equalprobability Thisis shavnin theautomatorin Figure2 andrepresentedh BIOL 0GO
with Programl.

Sinceall cellsareinitially Light (sinceit'sthe rst cell type),thatcreation methodwill
beinvoked rst for all cellsandset agto 0. A cell subsequentlyrasa 50/50 chanceof
becomingDark if this a g is 0; notethatin BIOL0OGO expressionsC++ canbe enscripted
(i.e., drand48() ), althoughthereis no error checking. If this transitionattemptfails,
updatevariables of type Light will be executedandsetthe variable a g to 1, permitting
no furthertypetransitions.

C++ canactuallybe enscriptecanywherewithin the creation, updatevariables or up-
datecelltypesmodulesif it is sandwichedbetween< bioscript> tags. We addedthis
featureto enableprogrammergo performmore powerful functionality while still taking
adwantageof the higherlevel of abstraction.As a simple example,Program2 modi es
updatecelltypesof type Dark to useC++ scriptingfor the rst conditionto check.

3.2 Hamiltonians and Superimposed Chemical Fields

We cancurrentlyadd Equation4 to a simulationthroughBioL 0Go usingProgram3. A

BioL oo Hamiltonianequatiorcanbeaneighborsum(asumoverall neighborindattice
pixels), cellsum (a sumover all cells), or pixelsum (a sumover all lattice pixels). Each
of thesetagspassedhe arithmeticexpressionthroughthe exp attribute, anda condition
to pass(optional)throughthe condition  attribute. The latteris usedif for examplea
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8 T. Cickovski and J. A. Izaguirre

drand48() < .5

drand48() > .5

Fig.2. CTM automatorusedfor basiccell sorting.

< cellmodel name="_CellSort >
<declare>< int name=" ag" />< /declare>

< celltype name="Light" >
< creation>
<copy to=" ag" from=" 0" />
< [creation>
< updatevariables>
<copy to=" ag" from=" 1" />
</updatevariables>
</celltype>

< celltype name="Dark" >
< updatecelltypes
< changeif currenttype=" Light"
condition="  (( agequal0) and(drand48()greateequal.5))" />

< /updatecelltypes
</celltype>

< /cellmodeb

Programl. Cell Type Map for thebasiccell sort. A cell hasa50/50chanceof beingtypelLight or Dark atits
rst transitionattempt,andthis typewill remainfor the entiresimulation.

useronly wantedto countcellsor pixelswith certaintraits. This effective enegy equation
is encompassedithin BiIoL0Go Equation tags,andary userspeci ed inputsshouldbe
speci ed with Input tagsbeforethe equationto subsequentlype usablewithin the equa-
tion. For example,in the caseof chemicalenegy muwould needto be aninput variable.
Valuesfor Hamiltonianinputsare provided by the userwhenthe respectie pluginis ref-
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< celltype name="Dark" >
< updatecelltypes

< bioscript>
if (lag == 0) f
< /bioscript>
< changeif currenttype=" Light"
condition=" (drand48()greateequal.5)" />
< bioscript>
g

< /bioscript>

</updatecelltypes
</celltype>

Progranm2. Modied Cell TypeMap for the basiccell sortwith C++ enscriptinghroughout.

< Hamiltonian name="Chemical>

<Input name="mu” type="double” />
<Field name="C" type="oat" />

< Equation>

< pixelsum exp="-mu*C[pt.X][pt.y][pt.2z]" />
< /Equation>

< /Hamiltonian>

Program3. Startto a CPM ChemicalHamiltonian.

< Plugin name="Chemical™>

<mu> 200 < /mu>

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

Programd4. Chemicalplugininstantiationin the CompPUCELL3D con guration le.

erencedn the CompPUuCELL3D con guration le, for examplethroughProgram4. Any
Hamiltonianthatsuperimpose<lds allowstheuserto specifythe eld dimensionsn the
input FieldDim by default.

This plugin couldbeinstantiatedn the ComPUCELL3D con guration le throughPro-
gram4. Any Hamiltonianthatde nes elds allows for a parametefieldDim which pro-
videsthedimensionf all of the superimposectlds.

Althoughthe chemicalenegy equatiorhasbeenaddedandthe eld C superimposed;
hasnotyet beenpopulated BioL 0Go allows eld populationin severalways:

(1) Throughabinarydata le with eachconcentratiorvalueon a new line, andx asthe
outerloop (z asthe inner). For example,we could allow the userto specifythe le-
namefor populating eld C by addinganew Input:

ACM Transaction®n Programmind-anguagesindSystems)ol. V, No. N, Month 20YY.



10 T. Cickovski and J. A. Izaguirre

< Evolver name="GambiSerini’>

<Input name="alpha” type="oat" />

<Input name="epsilon” type="oat" />

<Input name="DiffConst” type="oat” />

<Field name="c” type="oat" />

<DiffEqg eldname="c” >

<Term exp="alpha” condition="potts.cell eld[x][y][z].type notequalMedium™ />
<Term exp="-epsilon*c” condition="potts.cell eld[x][y][z].type equal'Medium™ />
<Term exp="Dif fConst*delta(c)” condition="true” />

</ DiffEq >

</ Evolver>

Programb. Gambi-SerinEvolverin BIOLOGO.

<Input name="CHle” type="le” eldname="C"/>

(2) Throughaspeci c local secretioror resorption.This is doneby the additionof a step
modulewhichimmediatelyfollows the Equation sectionof the Hamiltonian.For ex-
ample,supposeve wantedpointsof eld C to increaseheir concentratiorby afactor
of 2 until it hits .8 , andif concentratioris above .8 , decreasdy a factorof 1.5 .
This could be donewith thefollowing stepmodule(pixel pt is prede nedfor corve-
nience):

< Step>

<sectkete eldname="C” amount="2*C[pt.X][pt.y][pt.z]" condition="C[pt.x][pt.y][pt.z]
less.8 />

<resorb eldname="C” amount="1.5*C[pt.X][pt.y][pt.z]" condition="C[pt.x][pt.y][pt.Z]
greater.8 / >

</Step>

(3) ThroughpartialdifferentialequationgPDESs).This follows the reaction-difusionap-
proachof Alan Turing [Turing 1952]. For example the following Gamba/SerinPDE
[Gambaetal. 2003],[Serinietal. 2003]is usedby Merks[Merks etal. 2004]to study
in vitro cappilarydevelopment;

& = 1 )dc+D c (5)

where , andD areconstantgepresentinghe rate of reactionfor cells, rate of
reactionfor the medium,and diffusion constantrespectirely. We canrepresenthis
PDE in BioLoGo asan Evolver using Program5. EachBioLoGo Evolver can
evolve ary numberof elds, with onedifferentialequatiorper eld evolving the eld
with time. Termsareincludedin eachdifferential equationwith Term tags,which
specify the correspondingarithemtic expressionexp and condition condition which
mustpasdor thistermto be counted.Sofor example,in theseequationghe rst term
is zerofor the medium,andtermtwo is zerofor cells. The delta function hasbeen
prede nedfor corvenience.

Onceanevolverhasbeende ned we canattach theevolverto our eld C by modify-
ing the Field tag of Program3 to readasfollows:
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<Field name="C"” type="oat" evolver="GambiSerini" />

Notethatthis particularevolveris associateavith one eld. If anevolveris associated
with morethanone eld, the elds areprocesseth order, sothe rst Field tagattached
to the evolver is associateavith the rst eld, andthe secondwith the secondeld,
etc

4. IMPLEMENTATION

Corversionto CoMPUCELL3D C++sourcds doneby a Source-to-Sourc€ransformation,
involving error checkingand corversioninto intermediatesyntax,anda nal corversion
from intermediatesyntaxto ComPUCEL L 3D source.Compilationis doneusingextended
XML parsinglibrariesanderror checkingroutines. We designedhe intermediatesyntax
to be simple. Sinceall of the compilationis performedon the BIoL0OGO source,this
intermediatele canbeassumedo be errorfreeandonly translationto ComPUCELL3D
sources neededt this stage Simplescriptscanevenbewritten to accomplisiBioL 0Go
compilation,CompPuCELL3D sourcegeneratiorand CompPUCEL L 3D executionwith one
usercommand.

Figure3 showvsthefull translationof a BioLoGo programto CompPUCELL3D source.
We implementboththecompilerandsourcecodegeneratom theobject-orientedanguage
C++. Eachusesthe facadedesignpattern[Gammaet al. 1995], [Shallovay and Trott
2002]for straightforvard accesgo both complex interfaces.We build the designof both
parsingcomponentsiponthe Bacchus-NauForm of eachsyntax,andimplementeachas
anAbstractSyntaxTree(AST) [Louden1997].

BIOLOGO| _| BIOLOGO Intermediaté | Code | _ CompuCell3C
Program Compiler Program Generator Source

Fig. 3. Data ow diagramof a BIoL 0GO programfrom creationto ComPUCELL3D sourcecode. Thetwo com-
ponentsof the designinclude a compilerand codegeneratar The compileracceptsa BioL oGo programand
performsfull errorcheckinggeneratinganerrorfreeintermediatele containingsimplersyntax.The codegen-
eratorthentakesthis le andgeneratesorrespondingourcecodeextensionso the CompPUCELL3D framework.

The BioLoGo compilerusesXML parsingroutinesfrom a combinationof the Xerces
[Apache 2003] and XMLCereal [Cof and 2003b] libraries. By implementingall error
checkingatthis stagewe separatéanguage-dependefuinctionalityfrom backenddepen-
dentfunctionality For example,BioL0oGO currentlyactsasa tool for extendingCom-
PUCELL3D, howeverin thefuturewe maywantto interfaceB1oL 0G0 to a differentback
endsuchasBioSPICE[BioSPICE2005], [Arkin etal. 1998], [KumarandFeidler2003]
or CellO [Cell-O-Sim 2005], requiringa differentcodegeneratorbut the BioL oGo com-
piler canremainthe sameaslong asits syntaxdoesnot change.EachBI10OL OGO tagis
given an interfacewhich inheritsfrom the Xerces[Apache2003] XMLSerializable
interface,enablingeachtag to give meaningto its functionality and attributesthrougha
readXML() methodwhich performsparsingfor the tag. Currentlya singletonobjectis
allocatedfor every potentialBioL oGO tag, but in the future we would like to optimize
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12 T. Cickovski and J. A. Izaguirre

this by allocatingtagsingletonsonthe y usingtheFactorypattern.[Alexandresci2001].
An XMLPullParser interfaceprovidesusefulmethodsor obtainingattributes,match-
ing tags,skippingevents,checkingfor events,andstructuralerror checks.Symboltables
[Aho et al. 1986] and variablescopeare implementedusing StandardTemplateLibrary
(STL) dequedSGI 1994]containingSTL mapsfrom the variablenameto anenumerated
BioLoGo type.

Intermediatesyntaxprovidesasimpleformatfor parsing providesacommongroundfor
all interfacedbackends,andopensthe doorfor the potentialfuture implementatiorof an
optimizingcompiler[Aho etal. 1986]. Theintermediatdanguageencompasseall strings
within doublequoteq”) asopposedo BioL 0Go wheresinglequoteswereusedto avoid
confusionwith openingand closing quotesfor attributes, and also removes whitespace
from all expressionsandcorvertsfull-word booleanoperatorqless,lessequalnotequa)
to symbols. All XML structuralsyntaxis removedin the intermediategrammay so the
the syntax<tagname attl="  vall" att2=" val2' .. / > is corvertedto:
TAGNAMEvall val2 (with the exceptionof secrete, resorh, neighborsum cellsum
andpixelsumtagswhichrequireamorecarefulcornversion).Tagblockslik e thefollowing:

<tagname attl=" vall' att2=" val2' />

< /tagname>

Are cornvertedto:
TAGNAMEvall val2

END TAGNAME

secreteandresorbtagsrequireslightly morecarefulcorversionbecausef their condi-
tion attributeandbecaus¢hey modify a eld. The<secrete eldname="f" location="1"
amount="a" condition="c” / > is translatedo thefollowing:

IF c

COPY f[lL.X][l.y][l.2] flL.x][.y][l.z]+a

END IF

Theresorbtagis similar exceptthe amountis subtractedrom the eld at the speci ed
locationratherthanadded.

The mostcomplex corversionis performedwithin the HamiltonianEquation modules.
It is necessaryn thesesituationsto createmary temporaryvariables.To ensureno con-
icts with userde ned BioL oGO variables,we begin eachtemporaryvariablewith two
underscore$__). A BioLoGo effective enegy equationis translatedo an effective en-
ergy change in intermediatesyntaxwith a proposecdervironmentchange Also, for prede-
ned attributesassociatedvith eachcell suchasvolumeandsurfaceareathatareusedin
equationscodeto calculatehypotheticalvaluesfor cellsupona successfuthangds also
generated.

The code generatormustin turn acceptthe errorfree intermediatele and generate
appropriateextensionsfor ComPUCELL3D. The les thatare necessaryo generateare
thefollowing:
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(1) Oneplugin extensionperHamiltonian.
(2) OnepluginextensionperCTM.

(3) Initialization anddataretrieval methodsor all superimpose@hemical elds, associ-
atedwith the correctHamiltonianplugins.

(4) Automalescriptsfor Make le generation.

WhenauserrunsBioL 0oGo heprovidesthedriverscriptwith anargumenthatspeci es
the root CompPUCELL3D directoryfor the software framewvork that shouldbe extended.
BioLoGo subsequentlyeneratesll necessarylugin extensionsin this location, con-
catenatedvith src/CompuCell3D/plugins . The usercurrentlymustbe careful of
namingcon icts but we hopeto avoid this situationin the future by implementingbuilt-in
checkontheuserslocalcopy andalsoaglobalCompPuCELL3D pluginfarmin thecentral
softwarerepository Oncetheseplugin extensionsarein the userslocal copy of Compu-
CEeLL3D, BioLoGo corvenientlydoesnotneedo bererunfor thesesameextensionsThe
codegeneratois implementedn C++ asan AST with eachkeyword possessings own
methoddor read() andgenerate() . Oncetheentireintermediatele is parsedeach
statemenis pushednto anarraywith read() methodscalledfor their keywords.Subse-
qguently we iteratethroughthe arrayandinvoke all generate() = methods A MODE bit
determineshe currentoutputmode- eitherHAMIL TONIAN or CELLMODEL (CTM).

5. VERIFICATION AND RESULTS

Using BioL oGO, we have successfullyduplicatedthe resultsof threesimulationsrepre-
sentatve of morphogenesimodeling:a 3D simulationof anavian limb bud with domain
growth [Newmanand Frisch1979], [Izaguirre et al. 2004], [Cickovski et al. 2005] with
cells reactingto a secretedchemical bronectin; a 3D simulation of basiccell sorting
[Glazier and Graner1993], [Steinbeg 1963], [Steinbeg 1998], and a two-dimensional
caricatureof the slime mould DictyosteliumdiscoideuniMarée 2000]. We have included
theseresultsin anothempublication[Cickovski andizaguirre2005a].For thesesimulations,
we neededo addsereral CTMs and Hamiltonianswhich in turn resultedin new plugins
for CoMPUCELL3D. In thetablebelow, we shaw the differencesn codesizefor BioL -
OGO representatiomersusthe corresponding:++ representation:

| Plugin | Linesof C++ | Linesof BloLoGo | Ratio |
Contact 351 7 50.1
Volume 404 7 57.7
Surface 442 7 63.1
Chemotaxis 202 9 22.4
Haptotaxis 217 14 155
DictyChemical 234 9 26.0
Cell SortCTM 206 19 10.8
Limb CTM 211 13 16.2
Dicty CTM 235 5 47.0

| AVERAGE | 278 | 10 | 278 |
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14 T. Cickovski and J. A. Izaguirre

6. DISCUSSION

VanDeurseret al. [Deursenet al. 2000] provide an outline of the advantagesanddisad-
vantage®f DSL use.As adiscussiorandsummarywe shav how thedesignof BioLoGo
syntaxandcompiler/codegeneratomodulesmagnify theseadvantagesandaddresshese
disadwantagesvhen BIoL oGO is usedto extend ComPUCELL3D asopposedio hand-
generate@xtensions.

Advantage®f DSLs:

(1) Domainexpertscan undeistand,validate modify and oftenevendevelopDSL pro-
grams. DSLsembodydomainknowledg and allow validation and optimizationat
the domainlevel. We have encodedvariousmorphogeneticubprocessesithin the
syntaxof BIoL0OGO . The syntaxis moreunderstandablto generalmorphogenesis
domainexpertsthana high-level programminganguageandthereis a higherlevel
of abstractiorcreated.For example,in the caseof ComPUCELL3D the usercandi-
rectly createeffective enegy equationsassumsover cellsandpixelswithoutworrying
abouttheir internalrepresentatiowithin CompPUCELL3D. Validationcanbe donein
BioLoGO , aswe shavedin a previous publication[Cickovski andlzaguirre20054a],
wherewe accuractelyran several relevantmorphogenesisimulations. The usercan
alsochoosefor exampleoptimal equationstructuresandtype formatsin BioL0GO
ratherthanworrying aboutoptimizinglow-level C++.

(2) DSL programsare concise We have shaved signi cant savings in codesize using
BloL oGO versusrepresentationf the samecomplex biologicalphenomenan C++.
In the averagecasefor our exampleswhich wereusedin our veri cation simulations,
the savings was about28-fold in termsof lines of code,with a maximumof above
60-fold.

(3) DSLsenhanceproductivity reliability, maintainabilityandportability. Domainexpert
productiity is signi cantly increasedy the codesize savingsjust mentioned.Time
is alsosaved in termsof overheadn understandinghe syntax. Software reliability
is increasedasthe plugin librariesaregeneratedy BioL oGO , reducingthe risk of
semanticerrorsin hand-generateextensions.Maintaining CoMmPUCELL3D through
BioLoGo is signi cantly easiebecausé requiredesseffort yetgeneratesxtensions
in thesamefashionthatadevelopershouldthroughtheplugins.Portabilityis aserious
issuethatwe arecurrentlyworking on. CompPUCELL3D at the momentis Linux and
Windows compatible put currentlythe BioL oo compilerandB1oL 0GO -generated
sourceare only Linux-compliant. We are working on a Windows version. Cross-
platform Xerces[Apache2003] librariesfor XML parsingwill make this job easier
In addition, the intermediatdanguagewill help this mattersincewe'll only needto
modify the codegeneratoto generatgluginscompliantwith variousarchitectures.

(4) DSLsimprovetestability This is bestillustratedby the exampleof Lava [Sirer and
Bershadl999],a usefulDSL thatgeneratesandomweightedinstructionsetmixesas
input to the Java Virtual Machine(JVM) for the purposeof testing. Lava achieved
equalsuccessn termsof testcasecoveragebreadthashand-generatetbstcasesal-
thoughsaved time signi cantly throughits automaticgeneration.Lava enablegan-
domly generatedestswhich givesadvantagesn termsof testscopeandef ciency, as
auserwould belesslikely to comeup with asbroadatestrangeasa randomgenera-
tor, andin BioL 0G0 hasthe burdenof writing testcasegshemseles. Thisis because
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thetestcaseghatuserswouldliketo try on ComPUCELL3D arelargely unpredictable
andoften arenot known in advance,soit would be impossibleto build theminto a
randomgeneratar Testcaseuncertaintyis magni ed by the factthat morphogenesis
modelingis in its infangy. Still, for auserto createtestcaseshey' d needto befamiliar
with biology, makingBioLoGo a muchbetteroption for writing testcaseghanthe
longerC++ plugin extensions.

Disadwantage®f DSLs:

(1)

(@)

3)

(4)

()

(6)

Designing implementingandmaintaininga DSL canbe costly. Eachkeyword/XML

tagin BioLoGo is provided with a commoninterfaceand clearencapsulatefunc-

tionality for parsingandgenerationMaintenancés madeeasierasit is easyto locate
functionalityfor addition,remaoval or modi cation; alsoimplementatioris madeeasier
becausehereis clearstep-by-stepnstructionsfor inclusionof speci ¢ functionality.

By building onanexistinglanguageXML andasetof parsinglibraries,designingthe
syntaxof BioL 0Go wasmaderemarkablyeasier

Educationfor DSL uses can be costly. We addressedhis concernby simplifying
BioLoGo multiple timesto encapsulatell requiredfunctionality within the fewest
tagsandkeywordspossible. The fewer thingsrequiredof a userto be familiar with,
the lessoverheadin termsof education. Plus, the educationfor a userwishing to
extendComMPUCEL L 3D would be muchmoredif cult.

DSLscan havelimited availability. We provide BioLoGo asa partof the ComPu-
CeLL3D framework, sothatthenumberof ComPuCEL L 3D usersandusersvhohave
BioL oGo directly andeasilyavailableareequal.Whetheror notthey useBioLoGo
to performextensionss up to them,however we provide it justin case.Throughits
rst yearanda half of existence,ComPUCELL3D had327 downloadsandwe expect
this numberto grow, aswe continueto receve frequente-mailsand questiongrom
new users.

It is dif cult to nd a properscope Althoughthis concernis primarily inherent,we
minimizeit by allowing BIOL 0GO to be easilyextensible.As long asthisis thecase,
if the scopeincrease®r decreasest will be aseasyas possibleto add or remove
supportedunctionalityaccordingly

It is dif cult to achievebalancebetweerdomainspeci city and geneal-purposepro-
grammingdanguage constructs We achievethisbalanceby providing both. BioL 0GO
syntaxhandlesdomain-speci cknowledge,but C++ canscriptedwithin a BioL0GO
program,bothwithin arithmeticandbooleanexpressionsas XML tag attributes,and
alsobetweerx bioscript > tagsfor directscripting. Therefore,in away, the bal-
ancebecomese xible dependingpn the users level of expertisein both.

Thereis potentialefciency lossin DSL-geneatedcodeversushand-gneatedcode
Fortunately CompPUCEL L 3D hadalreadybeendesignedo addressf ciency, mem-
ory and e xibility [Cickovski andlzaguirre2005b],asthis wasnecessaryo run sim-
ulationson large 3D latticeswith multiple thousand®f cells. By carefullyfollowing
the designmethodologie®f CoMPUCELL3D in BIOoL 0GO-generatedC++, we were
ableto generatextensionswith no explicit performanceenalties.
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7. CONCLUSIONS AND FUTURE WORK

We have presentedBioL oGoalongwith its designandimplementatiorasa DSL for mor-
phogenesiandits usefor extendingthe framavork CompUCELL3D. We have showvn its
syntaxandits representationf variousphenomenaandthe savingsin codesizethatre-
sultedwhenattemptingo extendthe CompPuCEL L 3D framework. We alsodescribedhow
thelanguageaddressedomecommonissuef DSLs,bothpositive andnegative.

As a future goal, BioLoGco would bene t from higher level abstractions.We could
for examplemake B1oL0GO a visuallanguageremoving the burdenof programmingn
generalandcertainlyimproving furtherthe easeof usefor userswith little programming
experiencecreatinga userfriendly point-and-clickervironment.

As we hinted earlier the managemenof changeso CoMmPUCELL3D by BIOLOGO
codeneedgo be addressedChangeganaffect otherswho have usedBIoL 0Go to make
changedo theirlocal copiesof CoMPUCELL3D. Evenchangedy thedesigneref Com-
PUCELL3D canaffectthesesameusersjf theusershappenedio choose¢hesamenamedor
HamiltoniansandCTMsthatthe designerghose Managemenof a distributedrepository
couldkeepComMPUCELL3D usersawareof new plugin commits.If suchinformationwas
keptin the repositoryof CoMPUCELL3D, BioLoGo could remotelyaccessuchinfor-
mationandensurethatary usercreatedluginsdo notcon ict with thosein the Compu-
CELL3D repository This could be accomplishedhrougha CompPUCELL3D compilation
farmimplementedisa databasesener.

Additionally, mary of thetargetuserswith no C++ experiencenave computersvithout
C++ compilers.With the currentstateof BioL 0Go thiswill causddif culties. BIoL oGO
generatesodewhich assumeslocal C++ compiler But if auserfor exampledownloads
CompPUCELL3D binaries,BIOLOGO in its currentstateis of no useto them. However,
sinceComPUCELL3D pluginsaredynamicallyloaded BioL oGo couldstill beapplicable
asawebservicewhich couldgeneratappropriateluginlibraries. Generatinghelibraries
would rst requiregeneratingplugin sourceandthencompiling this sourcewith a local
copy of CompPUCELL3D onthesener. Theclientusercouldthendownloadthesdibraries
andusethemwith theirlocal CompPuCELL3D binaries.

We could alsoimprove both BioL 0GO's performanceand portability by following the
exampleof [Kennedyet al. 2000]in their telescopindanguagesin which a languageas
usedasa DSL generatomlongwith respectre compilers,giving thesecompilersenough
knowledgeof underlyinglibrariesto minimize compilationtime. They addresshegeneral
trade-of of performancdor portability by generatingelf-tuningapplicationgor different
targetplatforms,performingappropriateanalysisof the compilerand sourcecodeon the
targetplatformto examinewhat canbe taken advantageof to improve performance Bi-
oL oGo is alreadybuilt on a cross-platformlanguageXML which could work well with
suchastrategy in termsof portability. We couldapplythis designto thecurrentimplemen-
tation, by allowing BIOL OGO to generatats intermediategprogram,andalsogeneratehe
compilerfor theintermediatgorogramwith the necessarknowledgeof thetargetmachine
andappropriatdibraries. However, onedownsideto telescopinganguagess thetime re-
quiredby suchheary analysisof targetmachindibraries,sourcecode,compilers etc. This
would notbeanissueevenif CompPUuCELL3D is frequentlyextendedthroughB1oL 0Go,
but if BioLogo itself is frequentlyextendecthis would lik ely alsoentail extensionof the
intermediatesyntaxrequiringregeneratiorof its compiler, thusrenderingthe frequentre-
generatiorof the extensie analysismpractical. Therefore BiIoL 0GO's applicabilityasa
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telescopinganguagewould dependon how oftenits syntaxwould needextensions,and
how muchfreedomuserswould have in thatregard. This ideaof makingB1oL oGO tele-

scopingcoincideswith a generalgoal thatwe have of implementingoptimizationsat the

intermediatdanguagdevel andspeci cally aproces®f optimalalgorithmselectiorbased
on the situationrepresentedh the BioLoGo le. Thatis, giventhe BIOLOGO program
written by the userwe wantto chooseoptimal algorithmsfrom a prede nedtablefor use
in the generatedource.Thesewould createa moreef cient CompPUCELL3D framework

uponextension.

Spinellis[Spinellis 2001] offers a pipeline designpatternfor DSL design. Pipelineal-
lows the useof multiple DSLs eachservingtheir own purpose(the examplehereis Troff
[Ossannaand Kernighan1992]). Althoughwe did not usethis approacht could have a
placein thedesignof BioL 0Go andpossiblycouldbeviewedasa future extension since
XML syntaxwith openingandclosingtagsis notidealfor computation.BioLoGo could
implementa morecornvenientDSL thatinterfaceso scriptingor general-purposmodules
for heary computatior(i.e. Hamiltonians)andXML for therest.For instanceanexample
of anembeddedanguages provided by Lua[Lua 2003]which is alsohighly extensible.
Python[Python2004]is anotheroption. Computationallywe would be givenmuchmore
e xibility by embeddind-uaor Pythonscriptsandusingtheir prede nedinterpretersand
both codegeneratiorand recompilationof ComPUCELL3D would be saved resultingin
amuchsmallersetuptime. Whatwe would sacri ce with scriptingis the ability to opti-
mizepotentiallycomputationallyntensive codemodulesvhenthesimulationengineruns,
which canbealargeperformancesacri ce dependingon the situation.We planto explore
this option.
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