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2 � T. Cickovski and J. A. Izaguirre

1. INTRODUCTION AND BACKGROUND

Morphogenesisgovernstheclusteringof biological cells into shapesandpatternsduring
embryonicdevelopment[Keeton1972], themodelingof which althoughin its infancy is
growing asa researcharea. For example,several studies[MombachandGlazier1996],
[Jiang et al. 1999], [Marée 2000] have implementedthe Cellular Potts Model (CPM)
[GranerandGlazier1992] within softwareasa model for morphogenesis.The CPM is
agrid-basedmathematicalmodelwhich is drivenby theprincipleof energy minimization,
consistentlyproposingchangesto thegrid at randompositionsandacceptingchangeswith
aprobabilityexponentiallydependingonaresultingchangein effectiveenergy, Boltzmann
constantandtemperature:

Pchang e = e� � E chang e =kT (1)

At every proposedchange,thechangein energy is computedthrougha sumof energy
terms,or Hamiltonians, eachof which modela speci�c cellular behavior andcanbe in-
cludedor excludedfrom speci�c simulations:

� Echang e = � E1 + � E2 + � E3 + ::: (2)

Oneexampleof aHamiltonianis volumeenergy. Experimentally, cellsof speci�c types
tend towardsa target volume. We can simulatethis processby addingan energy term
whichcontributeshighly for cellsthatarehighly deviant from their targetvolumes,i.e.:

EV olume =
X

cells�

� (v(� ) � vtar get )2: (3)

Similarly, wecansimulatecell chemotaxistowardsachemicalgradientthroughanother
Hamiltonian,assumingwehaveasuperimposedchemical�eld C, by makingthecontribu-
tion inverselyproportionto theconcentrationof C:

EC hemical =
X

x;y ;z

� � � C(x; y; z): (4)

Anotherprocessthatcanbemodeledis cell differentiation, whichgroupscellsinto spe-
ci�c typesdependentuponexperimentalbehavior. Thiscanbemodeledthroughaninternal
cellularcomputationalautomatonasshown in Figure1.

AlthoughtheCPM is a popularmorphogenesismodelandis theunderlyingmodelfor
theC++ framework COMPUCELL3D, portionsof themodelsuchasHamiltonians,super-
imposedchemical�elds, andCTMs arenot trivial to expressin a general-purposepro-
gramminglanguage.Even COMPUCELL3D, which usesmany well-known softwarede-
signpatternsandis highly extensiblethrougha setof dynamicallyloadedplugin libraries,
would bedif�cult to extendfor a userwithout prior C++ knowledge.This motivatedthe
creationof BIOLOGO , which can representsuchphenomenain a simpler fashionand
understandableway for morphogenesisexpertswithout C++ knowledge. Previously, we
veri�ed BIOLOGO [Cickovski andIzaguirre2005a]by duplicatingresultsof multiplesim-
ulationsrelevant to morphogenesismodeling. The high level of abstractioncreatedby
BIOLOGO hassavedin anaveragecase96%of codesizefor tenCOMPUCELL3D exten-
sionswhichwe usedfor veri�cation purposes.

ACM Transactionson ProgrammingLanguagesandSystems,Vol. V, No. N, Month20YY.
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Fig. 1. A CTM viewedasa computationalautomaton.Thecell typesrepresentstatesin theautomaton,andthe
rulesrepresentconditions.Somecell typesmayonly have transitionsleaving, othersonly comingin, andsome
both.Conditionsoftendependupontheexternalenvironment.

We �rst describecontributionsof BIOLOGO asa DSL andin particularwherethe lan-
guage�ts in termsof relatedwork. We follow with somebrief backgroundon COMPU-
CELL3D andits methodof extension,andthengive someexamplesof BIOLOGO syntax
andits usefor extendingthe framework, alongwith speci�c DSL designmethodologies
which we appliedin the syntaxdesign. Next, we give a descriptionof the framework
designandpatternsused,andconcludewith adiscussionof futurework with thelanguage.

1.1 Related Work and BIOLOGO Contribution

TheCell ProgrammingLanguage(CPL) [Agarwal 1993]is a DSL thatencodesbiological
cells aspixels andprovidesmethodsfor specifyingdevelopmentalbehavior by allowing
eachcell to executea speci�c instructionsequenceat eachstepdependingon thetypeof
cell. TheCPL containsa mappingfrom CPL instructionsto ObjectiveC functions,which
arein turn compiledandlinkedwith a function library. An advantageto this approachis
that the codewill be fastandoptimized,sincethe setof potentialfunctionsthat canbe
generatedis known andthuscanbe optimizedaccordinglyby the CPL developers.Our
approachgeneratesC++objectsdynamicallyfor more�e xibility andthroughanintermedi-
atelanguageopensthedoorfor potentialoptimizations.Theunderlyingmodelof theCPL
is alsodifferentfrom the CPM, andasa resultpossessesmoreoverheaddueto nonscal-
ablecommonoperationsfor cellssuchasmigration,mitosisandgrowth. Thenext closest
DSL in termsof domainis CellML [CELLML 2004],a DSL designedto describemathe-
maticalmodelsof cellularandsubcellularprocesses,versusBIOLOGO which focuseson
modelingcellular andtissuelevel processes.Although BIOLOGO andCellML thusop-
erateat differentlevelsof modeling,they sharethe trait of building uponXML. CellML
providesveryhigh �e xibility by allowing theembeddingand�le inclusionof varioussup-
portedlanguages.Applicationsthat useCellML must implementa CellML Application
ProgrammingInterface(API) in a speci�c languageandcanuseobject-orientedor script-
ing languagesfor thispurpose.BIOLOGO doesnotuseanAPI, althoughwebuild uponthe
Xerces[Apache2003]XML parsinglibrariesfor extensibilityof BIOLOGO andits parsing
libraries.

Similar designmethodologiesto BIOLOGO exist in differentdomains.SPIRAL [SPI-
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4 � T. Cickovski and J. A. Izaguirre

RAL 2003], [Püschelet al. 2004] for exampleis usedin thedomainof signalprocessing
to generateplatform-tunedoptimalprogramsin C or FORTRAN for performance-critical
transformalgorithms,suchasdiscreteFourieranddiscreteCosine.SPIRAL employs the
languageSPLfor representingmathematicalformulasandmatrix factorizations.We �nd
alsodomain-speci�csynthesiswithin theTensorContractionEngine(TCE) [TCE 2004],
[Baurngartneret al. 2002],which is a compilerfor a Mathematica-styleDSL thatallows
chemiststo specifypotentiallyhundredsof generalizedmatrix multiplications;an exam-
pleapplicationis calculationsof electronicstructurein quantumchemistry. Bothprojects,
like BIOLOGO, generatesourcecodein a standardprogramminglanguagefrom a higher
level abstraction.We seea similar ideato extendinga languagein Modeler++ [Michel
and Van Hentenryck2001] which providesa set of libraries that build an extra model-
ing layer on C++, with the differencebeingthat Modeler++ doesnot extendthe C++
parser, althoughtheir methodscanbeinvokedfrom C++ codeuponlinking their libraries.
Theextra layerprovidedby Modeler++ canabstractmathematicalsetoperationsalong
with variousotheralgebraic,logic andarrayoperators.In particular, the setoperations
of Modeler++ enablefor exampletheapplicationof a functionacrossanentireset,the
extractionof elementsfrom a setwith certainproperties,etc. to bedonestraightforwardly
with singlemethodinvocations.This abstractionsimpli�es typically complex operations
similar to BIOLOGO simplifying complex biologicalprocesses.Wealsoseetheideaof ab-
stractingaway implementationdetailsin theDSL usedby thesoftwaregeneratorDiSTiL
[SmaragdakisandBatory1997]. As BIOLOGO abstractsaway thecomplex implementa-
tion of biological processes,this DSL abstractsaway low-level datastructureoperations
andprovidesauniforminterfacefor realmsof datastructures.TheirDSL extendsC similar
to BIOLOGO extendingXML. They chosea differentapproachfor ensuringDSL extensi-
bility. DiSTiL usedtheMicrosoft IntentionalProgrammingEnvironmentto representtheir
DSL asincrementalchangeswith directmappingsfrom DiSTiL datastructureoperations
to C implementations,saving therequirementof writing sourceparsingroutines.We ex-
tendbasicXML parsingutilities providedby Xerces[Apache2003],andin this manner
actuallyprovideanextendedXML parser. Mappingsfrom BIOLOGO functionalityto C++
implementationarenot alwayscrystal clear, often dependingon context andvery often
requiringthegenerationof full libraries,makingthis optionmorepractical.

[Lengaueretal.2004]providesareferencefor generalDSLsandtechniquesfor program
generation,andoptimization.Amongthesampledomainsincludehigh-performancepar-
allelism,real-timeembeddedsystems,digital circuit design,mobilecommunicationtermi-
nal serviceand� -calculusfor mobileprocesses.C is oneof theexampletargetlanguages
for low-level implementation,andmaximizingef�ciency. C++ is our target languagefor
�e xibility andextensibilitydespitetheperformancehit of object-orientation.

2. BIOLOGO AND COMPUCELL3D

COMPUCELL3D [Cickovski etal. 2005]simulatesmorphogenesisin threedimensionsus-
ing the CPM, andis availableonline at http://compucell.sourceforge.net .
TheCOMPUCELL3D designbene�ts from object-orienteddesignmethodologiesandpat-
terns[Cickovski etal. 2004]thatimprovespeedandmemoryconsumptiononlargelattices
while maintaining�e xibility . Thesedesignpatternsinclude: singletonrepresentationof
theextracellularmedium,contiguousallocationof cell attributesfor pagefault andcache
missratereduction[Cof�and 2003a],[Cickovski etal. 2004],cell objectcreationusingthe
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Factorydesignpattern[Alexandrescu2001],lazy pixel neighborevaluation,andstraight-
forward framework extensionthroughdynamicallyloadedplugin objects,referencedby
usersin the COMPUCELL3D con�guration �le andcustomizedthroughassociateduser-
speci�ed inputs. A plugin proxyadjoinspluginsto theframework, functioningsimilar to
theProxypattern[Gammaet al. 1995]usinga slightly differentimplementation.Plugins
are the centralmethodof extendingthe COMPUCELL3D framework. For programmers
they areveryconvenient,becausethey centralizeall featureadditionsto COMPUCELL3D
within a setof dynamicallyloadedlibraries,removing the burdenof modifying the core
modelfunctionalityof COMPUCELL3D andpotentialfor creatingunmaintainablecode.

For example,to adda new CTM to the COMPUCELL3D framework which containsm
statevariables,n transitionsandtwo cell typesA andB, thefollowing mustbeaddedto the
dynamicallyloadedlibrary set:

(1) A dynamicclassnode(DCN) [Cof�and 2003a],[Cickovskietal.2004]templatedwith
astruct with m datamembers,onefor eachcell statevariable.

(2) A proxy [Gammaet al. 1995]which registerstheplugin with theplugin manager, so
thatit canbeloadedwhenreferencedin a con�guration�le.

(3) A plugin [Cof�and 2003a]classwhichde�nesthefollowing:
—An initializationmethodwhich registerstheDCN andinitializestheplugin.
—A methodto retrievethecell typeof a cell.
—Methodsto translatebetweencell typeasa characterandasa string.

(4) A transitionclassfor cell typeA which de�nestherulesthatmustbetruefor a cell to
becometypeA.

(5) Thesamefor cell typeB.

To adda new Hamiltonianto the COMPUCELL3D framework, the following mustbe
addedto thedynamicallyloadedlibrary set:

(1) A classfor theenergy calculation,de�ning thefollowing:
—A methodto implementtheenergy calculation.
—A methodto readinput variablesfrom thecon�guration �le (for example,volume

energy would requirea userto input thetargetvolume).
—Accessormethods(getandset)for any of theseinputs.
—A methodto populateany superimposedchemical�elds associatedwith thisHamil-

tonian.
(2) A plugin [Cof�and 2003a]classwhichde�nesthefollowing:

—A pointerto anenergy calculatorobject.
—An initializationmethodwhich initializesany internalvariables.

For a programmer, theabove extensionscouldbedonestraightforwardly. Theaverage
COMPUCELL3D extensionfrom our veri�cation simulationsrequired278 lines of code.
However, for someonethat is not familiar with C++, it is clearthat this would bea highly
dauntingtask.Not to mentionthefactthatall new �les mustbeaddedto COMPUCELL3D
automake[GNU ] scriptsfor Make�le generationuponsoftwarecon�guration. For a non-
programmer, it is easyto seethat thesechallengesessentiallyrenderthe software non-
extensible.For this reason,we choseCOMPUCELL3D asanappropriateenginefor inter-
facingandveri�cation of BIOLOGO . Througha BIOLOGO program,a usercanspecify
thefollowing features:

ACM TransactionsonProgrammingLanguagesandSystems,Vol. V, No. N, Month 20YY.



6 � T. Cickovski and J. A. Izaguirre

(1) All Hamiltoniansthatarenotcontainedwithin thecurrentCOMPUCELL3Dframework
but shouldcontibuteto CPM effectiveenergy calculations.

(2) A new CTM includingstatevariables,cell typetransitions,andmethodsfor cell state
variableinitializationandupdates.

(3) Superimposedchemical�elds.

The above C++ classesand functionality are subsequentlygeneratedby a BIOLOGO

translator, which consistsof compilerandcodegeneratormodules,asplugin extensions
to COMPUCELL3D. Thus,generatedcodedoesnot affect thecorefunctionalityof COM-
PUCELL3D, andtheuserneedsrun BIOLOGO only oncefor eachsetof COMPUCELL3D
extensions,sinceoncepluginsaregeneratedthey canremainwithin local libraries. All
BIOLOGO-generatedsourcebene�ts from theaforementionedobject-orienteddesignpat-
ternsof COMPUCELL3D, someof whichhaveprovedveryvaluable.Justasoneexample,
we found lazy neighborevaluationto yield a four-fold speedupandten-fold reductionin
memoryconsumptioncomparedto standardalternatives.

3. BIOLOGO SYNTAX

Spinellis[Spinellis2001]provideseightnotabledesignpatternsfor DSL design,threeof
which we employ in the designof BIOLOGO. Language extensioninvolvesaddingfea-
turesto an existing languagewithin its syntaxandsemantics,with the classicexample
beingRationalFortran[Kernighan1975] with Fortran. BIOLOGO is a LanguageExten-
sion of the ExtensibleMarkup Language(XML). XML itself offers several advantages
thatmotivatedour decisionto employ its corefunctionality in BIOLOGO. BIOLOGO in-
heritstheextensibility of XML, which is thekey trait separatingXML from othermarkup
languages[Harold 1999]. XML is alsocross-platform,anotherusefulpropertythat the
BIOLOGO parsinglibraries inherit, helpingour future goal of making BIOLOGO cross-
platform. Finally, the syntaxof XML is well-structuredwith openingandclosing tags,
helpingthe overall clarity of BIOLOGO programs.Next, the Data Structure Pattern al-
lowsaDSL to provideuserswith aconvenientshorthandfor expressingnormallycomplex
datastructures.DataStructurerepresentationis usedfor complex elementssuchasCTMs.
Speci�cally, BIOLOGO reducesrepresentationof theCTM asa computationalautomaton.
Finally, aSource-To-SourceTransformationtranslatesDSL sourcecodeinto hostlanguage
sourcecodevia compilationandgeneration.

We now describethe syntaxof BIOLOGO and its representationof CTMs, chemical
�elds andHamiltonians.

3.1 CTMs

CTMs in BIOLOGO arespeci�ed using< cellmodel> tags. EachCTM is givena name,
which correspondsto thenameof theplugin thatwill begeneratedfor COMPUCELL3D.
BIOLOGO CTMs allow a cell to belongto exactly onecell type at a time. Throughthe
CTM, a usercanspecifycell statevariablesinternalto eachcell that follows this model.
Thesevariablesgovernbehavior on a �ner scale.A usercanalsospecifyinstructionsto
executeuponcreationof a cell of eachtype,instructionsto updatecell statevariablesfor
eachtype,andrulesof theautomaton.

Cell statevariablesarespeci�edusingthe< declare> tagimmediatelyaftertheopening
< cellmodel> tag.Any declaredvariablessubsequentlybecomeassociatedwith eachsim-
ulatedcell andthey canbedeclaredto beof oneof thefollowing types:int , �oat , double,
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char, string, or pixel.
Cell typesarespeci�ed using< celltype> tags,eachof which alsohasan associated

name.Within eachcell type,theusercanspecifythreemodules:

(1) creation: Executedwhena cell of this typeis created.

(2) updatevariables: Executedwhena cell of this typeattemptsa typechange,but fails.
Purposeis to changethevaluesof statevariables.In BIOLOGO thecopy statementis
analagousto anassignmentoperationin ahigh-level language,usedto assigntheresult
of anexpressionto a value,bothpassedasattributes.A third attribute is anoptional
booleanexpression,to which theusercansupplya conditionto passfor assignment
execution.

(3) updatecelltypes: Containsa list of clausesthat specifythe setof rulesfor a cell to
becomethis type. Eachclausecontainsa currenttype (oneof theothercell typesin
the CTM) anda booleanexpressionthat mustbe true for the cell to changeto this
type. Theseclausesareexecutedsequentiallywithin eachcell type in theorderthey
appear, andin theorderthatthecell typesappear. This impliesthat,if two cell typesA
andB containruleswith trueconditionsandA appearsbeforeB in theCTM de�nition,
thecell will becometypeA. Thechangeifstatementis usedin theCTM to specifya
clause,includingthecurrenttypeandthecondition(booleanexpression)asattributes.
Thestatementis usedwithin thescopeof thedestinationcell type.

As anexample,we useda CTM with two cell typesLight andDark in our veri�cation
simulationof basiccell sorting[Glazier andGraner1993], [Steinberg 1963], [Steinberg
1998]. We give eachcell one statevariable�a g which is initially 0, and all cells are
initially Light. Upon the �rst attemptto changetype, �a g is setto 1. A Light cell hasa
50/50chanceof becomingDark if �a g is 0,but if �a g is 1 nomoreattemptswill bemadeto
changetype. In this waywhena cell is accessedin theCPM, it will beLight or Dark with
equalprobability. This is shown in theautomatonin Figure2 andrepresentedin BIOLOGO

with Program1.
Sinceall cellsareinitially Light (sinceit' s the�rst cell type),thatcreationmethodwill

be invoked�rst for all cells andset�a g to 0. A cell subsequentlyhasa 50/50chanceof
becomingDark if this �a g is 0; notethatin BIOLOGO expressionsC++ canbeenscripted
(i.e., drand48() ), althoughthereis no error checking. If this transitionattemptfails,
updatevariables of typeLight will be executedandsetthevariable�a g to 1, permitting
no furthertypetransitions.

C++ canactuallybeenscriptedanywherewithin thecreation, updatevariables or up-
datecelltypesmodulesif it is sandwichedbetween< bioscript> tags. We addedthis
featureto enableprogrammersto performmorepowerful functionality while still taking
advantageof the higher level of abstraction.As a simpleexample,Program2 modi�es
updatecelltypesof typeDark to useC++ scriptingfor the�rst conditionto check.

3.2 Hamiltonians and Superimposed Chemical Fields

We cancurrentlyaddEquation4 to a simulationthroughBIOLOGO usingProgram3. A
BIOLOGO Hamiltonianequationcanbeaneighborsum(asumoverall neighboringlattice
pixels),cellsum (a sumover all cells), or pixelsum (a sumover all lattice pixels). Each
of thesetagspassesthearithmeticexpressionthroughtheexp attribute,anda condition
to pass(optional)throughthecondition attribute. The latter is usedif for examplea

ACM TransactionsonProgrammingLanguagesandSystems,Vol. V, No. N, Month 20YY.
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�drand48() > .5

drand48() < .5

Dark

Light

Light

Fig. 2. CTM automatonusedfor basiccell sorting.

< cellmodel name=" CellSort" >
< declare>< int name=" �a g" / >< /declare>

< celltype name=" Light" >
< creation>

< copy to=" �a g" from=" 0" / >
< /creation>
< updatevariables>

< copy to=" �a g" from=" 1" / >
< /updatevariables>

< /celltype>

< celltype name=" Dark" >
< updatecelltypes>

< changeif currenttype=" Light"
condition=" ((�a g equal0) and(drand48()greaterequal.5))" / >

< /updatecelltypes>
< /celltype>

< /cellmodel>

Program1. Cell TypeMap for thebasiccell sort.A cell hasa50/50chanceof beingtypeLight or Dark at its
�rst transitionattempt,andthis typewill remainfor theentiresimulation.

useronly wantedto countcellsor pixelswith certaintraits.Thiseffectiveenergy equation
is encompassedwithin BIOLOGO Equation tags,andany user-speci�ed inputsshouldbe
speci�ed with Input tagsbeforetheequationto subsequentlybe usablewithin theequa-
tion. For example,in thecaseof chemicalenergy muwould needto beaninput variable.
Valuesfor Hamiltonianinputsareprovidedby theuserwhentherespective plugin is ref-

ACM Transactionson ProgrammingLanguagesandSystems,Vol. V, No. N, Month20YY.
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< celltype name=" Dark" >
< updatecelltypes>

< bioscript>
if (flag == 0) f
< /bioscript>

< changeif currenttype=" Light"
condition=" (drand48()greaterequal.5)" / >

< bioscript>
g
< /bioscript>

< /updatecelltypes>
< /celltype>

Program2. Modi�ed Cell TypeMap for thebasiccell sortwith C++ enscriptingthroughout.

< Hamiltonian name=”Chemical”>
< Input name=”mu” type=”double” / >
< Field name=”C” type=”�oat” / >
< Equation>
< pixelsum exp=”-mu*C[pt.x][pt.y][pt.z]” / >
< /Equation>
.....
< /Hamiltonian>

Program3. Startto aCPM ChemicalHamiltonian.

< Plugin name=”Chemical”>
< mu> 200< /mu>
< FieldDim x=”71” y=”36” z=”211” />
< /Plugin>

Program4. Chemicalplugin instantiationin theCOMPUCELL3Dcon�guration�le.

erencedin the COMPUCELL3D con�guration �le, for examplethroughProgram4. Any
Hamiltonianthatsuperimposes�elds allows theuserto specifythe�eld dimensionsin the
inputFieldDim by default.

Thisplugincouldbeinstantiatedin theCOMPUCELL3D con�guration�le throughPro-
gram4. Any Hamiltonianthatde�nes �elds allows for a parameterFieldDim which pro-
videsthedimensionsof all of thesuperimposed�elds.

Althoughthechemicalenergy equationhasbeenaddedandthe�eld C superimposed,C
hasnot yetbeenpopulated.BIOLOGO allows �eld populationin severalways:

(1) Througha binarydata�le with eachconcentrationvalueon a new line, andx asthe
outerloop (z asthe inner). For example,we couldallow theuserto specifythe �le-
namefor populating�eld C by addinganew Input :

ACM TransactionsonProgrammingLanguagesandSystems,Vol. V, No. N, Month 20YY.
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< Evolver name=”GambiSerini”>
< 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=”alpha” condition=”potts.cell�eld[x][y][z].type notequal'Medium'” / >
< Term exp=”-epsilon*c” condition=”potts.cell�eld[x][y][z].type equal'Medium'” / >
< Term exp=”Dif fConst*delta(c)” condition=”true” / >
< / DiffEq >
< / Evolver>

Program5. Gambi-SeriniEvolver in BIOLOGO .

< Input name=”CFile” type=”�le” �eldname=”C” / >

(2) Througha speci�c local secretionor resorption.This is doneby theadditionof a step
modulewhich immediatelyfollows theEquation sectionof theHamiltonian.For ex-
ample,supposewewantedpointsof �eld C to increasetheir concentrationby a factor
of 2 until it hits .8 , andif concentrationis above .8 , decreaseby a factorof 1.5 .
This couldbedonewith thefollowing stepmodule(pixel pt is prede�nedfor conve-
nience):

< Step>
< secrete �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) Throughpartialdifferentialequations(PDEs).This follows thereaction-diffusionap-
proachof Alan Turing [Turing 1952].For example,thefollowing Gamba/SeriniPDE
[Gambaetal. 2003],[Serinietal. 2003]is usedby Merks[Merksetal. 2004]to study
in vitro cappilarydevelopment:

@c
@t = �� � (1 � � )�c + D � c; (5)

where� , � and D are constantsrepresentingthe rate of reactionfor cells, rate of
reactionfor the medium,anddiffusion constantrespectively. We canrepresentthis
PDE in BIOLOGO as an Evolver using Program5. EachBIOLOGO Evolver can
evolveany numberof �elds, with onedifferentialequationper�eld evolving the�eld
with time. Termsare includedin eachdifferentialequationwith Term tags,which
specify the correspondingarithemticexpressionexp andconditionconditionwhich
mustpassfor this termto becounted.Sofor example,in theseequationsthe�rst term
is zerofor the medium,andterm two is zerofor cells. The delta function hasbeen
prede�nedfor convenience.
Onceanevolverhasbeende�ned we canattach theevolver to our �eld C by modify-
ing theField tagof Program3 to readasfollows:

ACM Transactionson ProgrammingLanguagesandSystems,Vol. V, No. N, Month20YY.
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< Field name=”C” type=”�oat” evolver=”GambiSerini” / >

Notethatthisparticularevolveris associatedwith one�eld. If anevolver is associated
with morethanone�eld, the�elds areprocessedin order, sothe�rst Field tagattached
to theevolver is associatedwith the �rst �eld, andthesecondwith thesecond�eld,
etc.

4. IMPLEMENTATION

Conversionto COMPUCELL3D C++sourceis doneby aSource-to-SourceTransformation,
involving error checkingandconversioninto intermediatesyntax,anda �nal conversion
from intermediatesyntaxto COMPUCELL3D source.Compilationis doneusingextended
XML parsinglibrariesanderrorcheckingroutines.We designedthe intermediatesyntax
to be simple. Sinceall of the compilationis performedon the BIOLOGO source,this
intermediate�le canbeassumedto beerror-freeandonly translationto COMPUCELL3D
sourceis neededat thisstage.Simplescriptscanevenbewritten to accomplishBIOLOGO

compilation,COMPUCELL3D sourcegenerationandCOMPUCELL3D executionwith one
usercommand.

Figure3 shows thefull translationof a BIOLOGO programto COMPUCELL3D source.
Weimplementboththecompilerandsourcecodegeneratorin theobject-orientedlanguage
C++. Eachusesthe facadedesignpattern[Gammaet al. 1995], [Shalloway and Trott
2002] for straightforwardaccessto bothcomplex interfaces.We build thedesignof both
parsingcomponentsupontheBacchus-NaurForm of eachsyntax,andimplementeachas
anAbstractSyntaxTree(AST) [Louden1997].

Source
CompuCell3DCode

GeneratorProgram
Intermediate

Compiler
BIOLOGO

Program
BIOLOGO

Fig. 3. Data�ow diagramof a BIOLOGO programfrom creationto COMPUCELL3Dsourcecode.Thetwo com-
ponentsof the designincludea compilerandcodegenerator. The compileracceptsa BIOLOGO programand
performsfull errorchecking,generatinganerror-freeintermediate�le containingsimplersyntax.Thecodegen-
eratorthentakesthis �le andgeneratescorrespondingsourcecodeextensionsto theCOMPUCELL3Dframework.

TheBIOLOGO compilerusesXML parsingroutinesfrom a combinationof theXerces
[Apache2003] and XMLCereal [Cof�and 2003b] libraries. By implementingall error
checkingat thisstageweseparatelanguage-dependentfunctionalityfrom backenddepen-
dentfunctionality. For example,BIOLOGO currentlyactsasa tool for extendingCOM-
PUCELL3D, however in thefuturewe maywantto interfaceBIOLOGO to a differentback
endsuchasBioSPICE[BioSPICE2005], [Arkin et al. 1998], [KumarandFeidler2003]
or CellO [Cell-O-Sim2005],requiringa differentcodegenerator, but theBIOLOGO com-
piler canremainthe sameaslong asits syntaxdoesnot change.EachBIOLOGO tag is
given an interfacewhich inheritsfrom the Xerces[Apache2003] XMLSerializable
interface,enablingeachtag to give meaningto its functionality andattributesthrougha
readXML() methodwhich performsparsingfor the tag. Currentlya singletonobjectis
allocatedfor every potentialBIOLOGO tag, but in the future we would like to optimize
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thisby allocatingtagsingletonson the�y usingtheFactorypattern.[Alexandrescu2001].
An XMLPullParser interfaceprovidesusefulmethodsfor obtainingattributes,match-
ing tags,skippingevents,checkingfor events,andstructuralerrorchecks.Symboltables
[Aho et al. 1986] andvariablescopeare implementedusingStandardTemplateLibrary
(STL) deques[SGI 1994]containingSTL mapsfrom thevariablenameto anenumerated
BIOLOGO type.

Intermediatesyntaxprovidesasimpleformatfor parsing,providesacommongroundfor
all interfacedbackends,andopensthedoorfor thepotentialfutureimplementationof an
optimizingcompiler[Aho etal. 1986].Theintermediatelanguageencompassesall strings
within doublequotes(”) asopposedto BIOLOGO wheresinglequoteswereusedto avoid
confusionwith openingandclosing quotesfor attributes,andalso removeswhitespace
from all expressionsandconvertsfull-word booleanoperators(less,lessequal,notequal)
to symbols. All XML structuralsyntaxis removed in the intermediategrammar, so the
the syntax< tagname att1='' val1'' att2='' val2'' ... / > is convertedto:
TAGNAMEval1 val2 (with theexceptionof secrete, resorb, neighborsum, cellsum
andpixelsumtagswhichrequireamorecarefulconversion).Tagblockslikethefollowing:

< tagname att1='' val1'' att2='' val2'' / >
......
< /tagname>

Are convertedto:
TAGNAMEval1 val2
......
END TAGNAME

secreteandresorbtagsrequireslightly morecarefulconversionbecauseof theircondi-
tion attributeandbecausethey modify a�eld. The< secrete �eldname=”f” location=”l”
amount=”a” condition=”c” / > is translatedto thefollowing:

IF c
COPY f[l.x][l.y][l.z] f[l.x][l.y][l.z]+a
END IF
The resorb tag is similar except the amountis subtractedfrom the �eld at the speci�ed
locationratherthanadded.

Themostcomplex conversionis performedwithin theHamiltonianEquation modules.
It is necessaryin thesesituationsto createmany temporaryvariables.To ensureno con-
�icts with user-de�ned BIOLOGO variables,we begin eachtemporaryvariablewith two
underscores( ). A BIOLOGO effective energy equationis translatedto an effective en-
ergy change in intermediatesyntaxwith a proposedenvironmentchange.Also, for prede-
�ned attributesassociatedwith eachcell suchasvolumeandsurfaceareathatareusedin
equations,codeto calculatehypotheticalvaluesfor cellsupona successfulchangeis also
generated.

The codegeneratormust in turn acceptthe error-free intermediate�le and generate
appropriateextensionsfor COMPUCELL3D. The �les that arenecessaryto generateare
thefollowing:
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(1) OnepluginextensionperHamiltonian.

(2) OnepluginextensionperCTM.

(3) Initialization anddataretrieval methodsfor all superimposedchemical�elds, associ-
atedwith thecorrectHamiltonianplugins.

(4) Automakescriptsfor Make�le generation.

WhenauserrunsBIOLOGO heprovidesthedriverscriptwith anargumentthatspeci�es
the root COMPUCELL3D directoryfor the softwareframework that shouldbe extended.
BIOLOGO subsequentlygeneratesall necessaryplugin extensionsin this location, con-
catenatedwith src/CompuCell3D/plugins . The usercurrentlymustbe carefulof
namingcon�icts but wehopeto avoid this situationin thefutureby implementingbuilt-in
checksontheuser'slocalcopy andalsoaglobalCOMPUCELL3D pluginfarmin thecentral
softwarerepository. Oncetheseplugin extensionsarein theuser's local copy of COMPU-
CELL3D, BIOLOGO convenientlydoesnotneedto bererunfor thesesameextensions.The
codegeneratoris implementedin C++ asanAST with eachkeyword possessingits own
methodsfor read() andgenerate() . Oncetheentireintermediate�le is parsed,each
statementis pushedinto anarraywith read() methodscalledfor theirkeywords.Subse-
quently, we iteratethroughthearrayandinvokeall generate() methods.A MODE bit
determinesthecurrentoutputmode- eitherHAMILTONIAN or CELLMODEL (CTM).

5. VERIFICATION AND RESULTS

Using BIOLOGO, we have successfullyduplicatedthe resultsof threesimulationsrepre-
sentative of morphogenesismodeling:a 3D simulationof anavian limb bud with domain
growth [NewmanandFrisch1979], [Izaguirreet al. 2004], [Cickovski et al. 2005] with
cells reactingto a secretedchemical�bronectin; a 3D simulationof basiccell sorting
[Glazier and Graner1993], [Steinberg 1963], [Steinberg 1998], and a two-dimensional
caricatureof theslimemouldDictyosteliumdiscoideum[Marée2000]. We have included
theseresultsin anotherpublication[CickovskiandIzaguirre2005a].For thesesimulations,
we neededto addseveralCTMs andHamiltonianswhich in turn resultedin new plugins
for COMPUCELL3D. In the tablebelow, we show thedifferencesin codesizefor BIOL-
OGO representationversusthecorrespondingC++ representation:

Plugin Linesof C++ Linesof BIOLOGO Ratio

Contact 351 7 50.1
Volume 404 7 57.7
Surface 442 7 63.1
Chemotaxis 202 9 22.4
Haptotaxis 217 14 15.5
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 27.8
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6. DISCUSSION

VanDeursenet al. [Deursenet al. 2000]provide anoutlineof theadvantagesanddisad-
vantagesof DSL use.As adiscussionandsummary, weshow how thedesignof BIOLOGO

syntaxandcompiler/codegeneratormodulesmagnifytheseadvantages,andaddressthese
disadvantageswhen BIOLOGO is usedto extend COMPUCELL3D as opposedto hand-
generatedextensions.

Advantagesof DSLs:

(1) Domainexpertscan understand,validate, modify, and oftenevendevelopDSL pro-
grams. DSLsembodydomainknowledge and allow validation and optimizationat
the domainlevel. We have encodedvariousmorphogeneticsubprocesseswithin the
syntaxof BIOLOGO . The syntaxis moreunderstandableto generalmorphogenesis
domainexpertsthana high-level programminglanguage,andthereis a higherlevel
of abstractioncreated.For example,in thecaseof COMPUCELL3D theusercandi-
rectlycreateeffectiveenergyequationsassumsovercellsandpixelswithoutworrying
abouttheir internalrepresentationwithin COMPUCELL3D. Validationcanbedonein
BIOLOGO , aswe showedin a previouspublication[Cickovski andIzaguirre2005a],
wherewe accuractelyran several relevantmorphogenesissimulations.The usercan
alsochoosefor exampleoptimal equationstructuresandtype formatsin BIOLOGO

ratherthanworryingaboutoptimizinglow-level C++.

(2) DSL programsare concise. We have showed signi�cant savings in codesizeusing
BIOLOGO versusrepresentationof thesamecomplex biologicalphenomenain C++.
In theaveragecasefor our exampleswhich wereusedin our veri�cation simulations,
the savings wasabout28-fold in termsof lines of code,with a maximumof above
60-fold.

(3) DSLsenhanceproductivity, reliability, maintainabilityandportability. Domainexpert
productivity is signi�cantly increasedby thecodesizesavings just mentioned.Time
is alsosaved in termsof overheadin understandingthe syntax. Softwarereliability
is increasedastheplugin librariesaregeneratedby BIOLOGO , reducingthe risk of
semanticerrorsin hand-generatedextensions.MaintainingCOMPUCELL3D through
BIOLOGO is signi�cantly easierbecauseit requireslesseffort yetgeneratesextensions
in thesamefashionthatadevelopershouldthroughtheplugins.Portabilityis aserious
issuethatwe arecurrentlyworking on. COMPUCELL3D at themomentis Linux and
Windowscompatible,but currentlytheBIOLOGO compilerandBIOLOGO -generated
sourceare only Linux-compliant. We are working on a Windows version. Cross-
platformXerces[Apache2003] librariesfor XML parsingwill make this job easier.
In addition,the intermediatelanguagewill help this mattersincewe'll only needto
modify thecodegeneratorto generatepluginscompliantwith variousarchitectures.

(4) DSLsimprove testability. This is bestillustratedby the exampleof Lava [Sirer and
Bershad1999],ausefulDSL thatgeneratesrandomweightedinstructionsetmixesas
input to the Java Virtual Machine(JVM) for the purposesof testing. Lava achieved
equalsuccessin termsof testcasecoveragebreadthashand-generatedtestcasesal-
thoughsaved time signi�cantly throughits automaticgeneration.Lava enablesran-
domlygeneratedtestswhichgivesadvantagesin termsof testscopeandef�ciency, as
a userwould belesslikely to comeup with asbroada testrangeasa randomgenera-
tor, andin BIOLOGO hastheburdenof writing testcasesthemselves.This is because
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thetestcasesthatuserswould liketo try onCOMPUCELL3D arelargelyunpredictable
andoften arenot known in advance,so it would be impossibleto build theminto a
randomgenerator. Testcaseuncertaintyis magni�ed by the fact thatmorphogenesis
modelingis in its infancy. Still, for auserto createtestcasesthey'd needto befamiliar
with biology, makingBIOLOGO a muchbetteroption for writing testcasesthanthe
longerC++ pluginextensions.

Disadvantagesof DSLs:

(1) Designing, implementing, andmaintaininga DSLcanbecostly. Eachkeyword/XML
tag in BIOLOGO is providedwith a commoninterfaceandclearencapsulatedfunc-
tionality for parsingandgeneration.Maintenanceis madeeasierasit is easyto locate
functionalityfor addition,removalor modi�cation; alsoimplementationismadeeasier
becausethereis clearstep-by-stepinstructionsfor inclusionof speci�c functionality.
By building onanexisting languageXML andasetof parsinglibraries,designingthe
syntaxof BIOLOGO wasmaderemarkablyeasier.

(2) Educationfor DSL users can be costly. We addressedthis concernby simplifying
BIOLOGO multiple timesto encapsulateall requiredfunctionality within the fewest
tagsandkeywordspossible.The fewer thingsrequiredof a userto be familiar with,
the lessoverheadin termsof education. Plus, the educationfor a userwishing to
extendCOMPUCELL3D wouldbemuchmoredif�cult.

(3) DSLscanhavelimited availability. We provide BIOLOGO asa partof the COMPU-
CELL3D framework,sothatthenumberof COMPUCELL3D usersanduserswhohave
BIOLOGO directly andeasilyavailableareequal.Whetheror not they useBIOLOGO

to performextensionsis up to them,however we provide it just in case.Throughits
�rst yearanda half of existence,COMPUCELL3D had327downloadsandwe expect
this numberto grow, aswe continueto receive frequente-mailsandquestionsfrom
new users.

(4) It is dif�cult to �nd a properscope. Although this concernis primarily inherent,we
minimizeit by allowing BIOLOGO to beeasilyextensible.As long asthis is thecase,
if the scopeincreasesor decreases,it will be aseasyaspossibleto addor remove
supportedfunctionalityaccordingly.

(5) It is dif�cult to achievebalancebetweendomainspeci�city andgeneral-purposepro-
gramminglanguageconstructs. Weachievethisbalanceby providingboth.BIOLOGO

syntaxhandlesdomain-speci�cknowledge,but C++ canscriptedwithin a BIOLOGO

program,bothwithin arithmeticandbooleanexpressionsasXML tagattributes,and
alsobetween< bioscript > tagsfor directscripting. Therefore,in a way, thebal-
ancebecomes�e xible dependingon theuser's level of expertisein both.

(6) There is potentialef�ciency lossin DSL-generatedcodeversushand-generatedcode.
Fortunately, COMPUCELL3D hadalreadybeendesignedto addressef�ciency, mem-
ory and�e xibility [Cickovski andIzaguirre2005b],asthis wasnecessaryto run sim-
ulationson large3D latticeswith multiple thousandsof cells. By carefully following
thedesignmethodologiesof COMPUCELL3D in BIOLOGO-generatedC++, we were
ableto generateextensionswith noexplicit performancepenalties.
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7. CONCLUSIONS AND FUTURE WORK

We havepresentedBIOLOGOalongwith its designandimplementationasa DSL for mor-
phogenesisandits usefor extendingtheframework COMPUCELL3D. We have shown its
syntaxandits representationof variousphenomena,andthesavings in codesizethat re-
sultedwhenattemptingto extendtheCOMPUCELL3D framework. Wealsodescribedhow
thelanguageaddressedsomecommonissuesof DSLs,bothpositiveandnegative.

As a future goal, BIOLOGO would bene�t from higher level abstractions.We could
for examplemake BIOLOGO a visual language,removing theburdenof programmingin
generalandcertainlyimproving further theeaseof usefor userswith little programming
experience,creatinga user-friendly point-and-clickenvironment.

As we hinted earlier, the managementof changesto COMPUCELL3D by BIOLOGO

codeneedsto beaddressed.Changescanaffect otherswho have usedBIOLOGO to make
changesto their local copiesof COMPUCELL3D. Evenchangesby thedesignersof COM-
PUCELL3D canaffectthesesameusers,if theusershappenedto choosethesamenamesfor
HamiltoniansandCTMs thatthedesignerschose.Managementof adistributedrepository
couldkeepCOMPUCELL3D usersawareof new plugin commits.If suchinformationwas
kept in the repositoryof COMPUCELL3D, BIOLOGO could remotelyaccesssuchinfor-
mationandensurethatany user-createdpluginsdo not con�ict with thosein theCOMPU-
CELL3D repository. This couldbeaccomplishedthrougha COMPUCELL3D compilation
farmimplementedasadatabaseserver.

Additionally, many of thetargetuserswith no C++ experiencehave computerswithout
C++ compilers.With thecurrentstateof BIOLOGO this will causedif�culties. BIOLOGO

generatescodewhichassumesa localC++ compiler. But if a userfor exampledownloads
COMPUCELL3D binaries,BIOLOGO in its currentstateis of no useto them. However,
sinceCOMPUCELL3D pluginsaredynamicallyloaded,BIOLOGO couldstill beapplicable
asawebservicewhichcouldgenerateappropriatepluginlibraries.Generatingthelibraries
would �rst requiregeneratingplugin sourceandthencompiling this sourcewith a local
copy of COMPUCELL3D ontheserver. Theclientusercouldthendownloadtheselibraries
andusethemwith their local COMPUCELL3D binaries.

We couldalsoimprove both BIOLOGO's performanceandportability by following the
exampleof [Kennedyet al. 2000] in their telescopinglanguages,in which a languageis
usedasa DSL generatoralongwith respective compilers,giving thesecompilersenough
knowledgeof underlyinglibrariesto minimizecompilationtime. They addressthegeneral
trade-off of performancefor portabilityby generatingself-tuningapplicationsfor different
targetplatforms,performingappropriateanalysisof thecompilerandsourcecodeon the
targetplatformto examinewhatcanbe takenadvantageof to improve performance.BI-
OLOGO is alreadybuilt on a cross-platformlanguageXML which couldwork well with
suchastrategy in termsof portability. Wecouldapplythisdesignto thecurrentimplemen-
tation,by allowing BIOLOGO to generateits intermediateprogram,andalsogeneratethe
compilerfor theintermediateprogramwith thenecessaryknowledgeof thetargetmachine
andappropriatelibraries.However, onedownsideto telescopinglanguagesis thetime re-
quiredby suchheavy analysisof targetmachinelibraries,sourcecode,compilers,etc.This
would not beanissueevenif COMPUCELL3D is frequentlyextendedthroughBIOLOGO,
but if BIOLOGO itself is frequentlyextendedthis would likely alsoentailextensionof the
intermediatesyntaxrequiringregenerationof its compiler, thusrenderingthefrequentre-
generationof theextensiveanalysisimpractical.Therefore,BIOLOGO's applicabilityasa
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telescopinglanguagewould dependon how often its syntaxwould needextensions,and
how muchfreedomuserswould have in that regard.This ideaof makingBIOLOGO tele-
scopingcoincideswith a generalgoal thatwe have of implementingoptimizationsat the
intermediatelanguagelevel andspeci�cally aprocessof optimalalgorithmselectionbased
on thesituationrepresentedin the BIOLOGO �le. That is, given the BIOLOGO program
written by theuserwe want to chooseoptimalalgorithmsfrom a prede�nedtablefor use
in thegeneratedsource.Thesewould createa moreef�cient COMPUCELL3D framework
uponextension.

Spinellis[Spinellis2001]offersa pipelinedesignpatternfor DSL design.Pipelineal-
lows theuseof multiple DSLseachservingtheir own purpose(theexamplehereis Troff
[OssannaandKernighan1992]). Although we did not usethis approachit could have a
placein thedesignof BIOLOGO andpossiblycouldbeviewedasa futureextension,since
XML syntaxwith openingandclosingtagsis not idealfor computation.BIOLOGO could
implementa moreconvenientDSL thatinterfacesto scriptingor general-purposemodules
for heavy computation(i.e. Hamiltonians),andXML for therest.For instance,anexample
of anembeddedlanguageis providedby Lua [Lua 2003]which is alsohighly extensible.
Python[Python2004] is anotheroption. Computationallywe would begivenmuchmore
�e xibility by embeddingLuaor Pythonscriptsandusingtheir prede�nedinterpreters,and
both codegenerationandrecompilationof COMPUCELL3D would be saved resultingin
a muchsmallersetuptime. Whatwe would sacri�ce with scriptingis theability to opti-
mizepotentiallycomputationallyintensivecodemoduleswhenthesimulationengineruns,
whichcanbea largeperformancesacri�ce dependingon thesituation.We planto explore
this option.
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