
A Robust Engineering Using Biologically-inspired Models of Cell Dif-
ferentiation and Morphogenesis.

Weproposeto usemorphogenesisanddevelopmentalbiologyasasourceof algorithmsandgeneral
principlesfor organizingcomplex behavior from locally interactingindividuals. We aim to design
artificial systemsthat replicatebiological robustness,and to useinsights from thesesystemsto
understandthecapabilitiesof biologicalsystems.Thegoal is to beableto formalizethesegeneral
principlesasprogramminglanguages— with explicit primitives,meansof combination,andmeans
of abstraction— thusproviding aframework for thedesignandanalysisof self-assemblingsystems.

Theresultsfrom this researchwill have significantimpact,not only on our engineeringprinci-
plesfor robustdesignbut alsoonourunderstandingof biologicalsystems.Thesenew programming
modelswill impactthedesignof andapproachto reconfigurablerobotics,selfassembly, andsmart-
matterapplications. In the long run we believe theseideaswill help achieve coherentbehavior
from aggregatesof biologicalcells. Thebiologicalcomparisonswill significantlyimprove our un-
derstandingof developmentandcreationof morphology. Not only will this promotethe useof
computationalmodelsfor understandingsystemslevel biology, but it will alsoincreasecollabora-
tion betweencomputerscienceandbiology in thisarea,wherefocushastraditionallybeennarrow.

This researchis motivatedby emerging technologiesthat will make possiblenovel applica-
tions that integratecomputationinto the environment: smartmaterials,self-reconfiguringrobots,
self-assemblingnanostructures.We arefacedwith thechallengeof achieving coherentandrobust
behavior from theinteractionsof multitudesof elementsandtheir interactionswith theenvironment.
Thesenew environmentsfundamentallystressthe limits of our currentengineeringandprogram-
ming techniques,which dependon precisionpartsandstronglyregulatedenvironmentsto achieve
fault-tolerance.By contrast,theprecisionandreliability of embryogenesis,in thefaceof unreliable
cells, variationsin cell numbers,and changesin the environment, is enoughto make any engi-
neergreenwith envy. Webelieve thatimportantorganizationallessonscanbelearnedfrom natural
biologicalsystems.

Nagpalhasdemonstratedthe power of the programming-languageapproachby developinga
systemthatcombineslocal primitivesfrom epithelialcell morphogenesisandDrosophilacell dif-
ferentiation,andcombinationrulesfrom themathematicsof paperfolding. Thelanguagespecifies
a folding processon a flexible sheetcomposedof many identically-programmed“cells”. Thespec-
ification describesa globalprocessthat is subsequentlycompiledinto local programsthatarerun
on the individual cells. Theprocessis extremelyreliablein thefaceof randomcell death,random
cell distributions,andvaryingcell numbers.Thelanguageis scale-independentin thattheresulting
shapescalesaccordingto thesizeandproportionof theinitial sheetwithoutchangesto theprogram.

The goal of the researchdescribedin this proposalis twofold: to extend our programming
modelsto new domains,andto investigatetheconnectionof ourmodelsto biologicalprocesses.We
will designnew languagesthatdescribetheformationof shapeby exploiting replication(growth),
motility, anddeletion(cell death).Justaspaperfolding is a naturalprocessfor shapeformationon
asheet,we will needto discover new modelsto describeshapeformationin thesenew domains.

Our previous work hasexhibited several similar traits to biological systemsandprovided us
with insightsinto how thesesystemsmaywork. We will exploit theseinsightsto designbiological
experiments,thenidentify oneor morecolleaguesin theBiology departmentandcollaboratewith
themto performtheseexperiments.Specifically, we will investigatescaleindependenceandmor-
phologicaldifferencesin closely-relatedspecies.We will alsoinvestigatetheconnectionbetween
the kinds of failuresthat we have observed in the simulatedmorphogenesisprocessesand those
thatoccurin naturally-occurring birth defects,concentratingon failuresof geometry, topologyand
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synchronization.

B Robust Engineering Using Biologically-inspired Models of Cell Dif-
ferentiation and Morphogenesis.

We proposeto usemorphogenesisanddevelopmentalbiology asa sourceof algorithmsandgen-
eralprinciplesfor organizingcomplex behavior from locally interactingagents.We aim to design
artificial systemsthat replicatebiological robustness,and to useinsights from thesesystemsto
understandthe capabilitiesof biological systems.We will formalize thesegeneralprinciplesas
programminglanguages— with explicit primitives,meansof combination,andmeansof abstrac-
tion — thusproviding a framework for the designandanalysisof self-assemblingsystems.We
have demonstratedthis approachthrougha programminglanguagethat specifiesa robust process
for shapeformationon a sheetof identically-programmed“cells”, by combininglocal primitives
from epithelialcell morphogenesisandDrosophilacell differentiationwith combinationrulesfrom
geometry. Thegoalof theresearchdescribedin thisproposalis to developnew programmingmod-
els for domainssuchasgrowth andapoptosis(cell death),andto investigatetheconnectionof our
modelsto biologicalprocesses.

This proposalwill demonstratetheneedfor new paradigmsin programming(sectionC.1),out-
line our approachaswell aspresentpreliminarywork that demonstratesthe potentialof this ap-
proach(sectionC.2),presentour detailedresearchplanwith specificmethodologiesandobjectives
(sectionC.3),andpresentour long-termresearchgoalsandeducationalgoals.

B.1 Motivation: New Computational Environments

Emerging technology, suchasMEMs1 devices,is makingit possibleto bulk-manufacturemillions
of tiny computingelementsintegratedwith sensorsandactuatorsandembedtheseinto materials,
structuresandthe environment. Already many novel applicationsarebeingenvisionedandbuilt:
computingelementsthatcanbe“painted”ontoasurface[6, 46], sensor-coveredbeamsthatactively
resistbuckling [4], an airplanewing that changesshapeto resistshear[12], a programmableas-
semblyline of air valves [7], a reconfigurablerobot that morphsinto differentshapesto achieve
differenttasks[19, 49]. Emerging researchin biocomputingmayevenmake it possibleto harness
themany sensorsandactuatorsin cellsandcreateprogrammabletissues[25, 44, 21].

Thesenew computationalenvironmentsposemany challengesto ourcurrentprogrammingtech-
niques,thatarenot metby distributedandparallelcomputing.Theseapplicationswill requirethe
coherentcoordinationof vastnumbersof elements,wheretheindividualelementswill have limited
resourcesandreliability andthe interconnectsbetweenelementswill be irregular, local andpos-
sibly time-varying. In additionthephysicalembodimentof theseelementsis stronglyintertwined
with the individual behavior of theelementsandtheglobalgoal. Not only arewe concernedwith
topology, but alsogeometryandphysics.Achieving robustnessfrom thelocal interactionsof these
vastnumbersof elements,andtheir interactionswith thephysicalworld will be oneof the major
researchchallengesfacinginformationtechnologyin thecomingdecade.

Thesenew environmentsfundamentallystressthe limits of our currentengineeringandpro-
grammingtechniques.Currentengineeringparadigmsrely heavily on preciselyfunctioningparts,
stronglyregulatedenvironmentsandstrictly managedinteractionsin orderto achieve robustness,
andaredominatedby a centralized,hierarchicalmind-set[5, 39, 27, 28]. Programmingstrategies

1Micro-electronicMechanicalDevices. Integratesmechanicalsensorsand actuatorswith silicon basedintegrated
circuits.
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within theMEMs community(wheremuchof theunderlyingdevice technologyis beingbuilt) have
for themostpartbeencentralizedapplicationsof traditionalcontrol theory. Thefew decentralized
approachesassumeaccessto globalknowledgeof thesystemandtendto focusonhierarchicalcon-
trol [4, 17, 46, 38]. Suchcentralizedhierarchiesarenotscalableandcanbequitebrittle, catastroph-
ically failing if a high-level nodefails. In themodularreconfigurableroboticscommunity, mostof
thework hasfocusedon centralizedandheuristicsearches,which quickly becomeintractablefor
large numbersof modulesandoften requireuntenableassumptionssuchasexplicitly definingthe
final configurationandaccessto globalposition[37, 50, 15]. Thetendency to dependoncentralized
information,suchasglobalclocksor externalbeaconsfor triangulatingposition,putsseverelimi-
tationson thetypesof applicationsandenvironments,andexposeseasilyattackedpointsof failure.
In general,our engineeringmethodologiesdo not easilyadaptto errorsor unpredictablechanges,
andaddingsuchfault-toleranceis very costly. Theseprogrammingstrategiesput pressureon sys-
temdesignersto build complex, precise(andthusexpensive)elementsandinterconnectsratherthan
cheap,unreliable,mass-producedcomputingelementsthatonecanconceive of just throwing at a
problem. Currently, however, few alternativesexist. Approachesbasedon cellularautomatahave
beendifficult to generalize;localbehavior is constructedempirically, withouta framework for con-
structingandcomposinglocal rulesto obtainany desiredgoal [39, 10, 3, 29]. Evolutionaryand
geneticapproachesaregeneral,but thecorrectnessandrobustnessof theevolvedsystemis difficult
to verify becauseof a lackof understandingof thelocal-to-globalrelationship[14, 30].

By contrast,biological systemsachieve incrediblerobustnessin the faceof constantlydying
and replacingparts. Cells with identicalDNA cooperateto form incredibly complex structures,
suchasourselves,startingfrom a nearlyhomogeneousegg [41]. The precisionandreliability of
mostdevelopmentalprocesses,in thefaceof unreliablecells,variationsin cell numbersandchanges
in theenvironment,is enoughto make any engineergreenwith envy. Theplethoraof error-tolerant
systemsin biological systems,in contrastto our non-robust engineeringparadigms,suggeststhat
fundamentallydifferentparadigmsareusedby biologicalsystemsto achieve this robustness.

B.2 Biologically-inspired Paradigm for Robustness

In recentdecades,therehasbeensignificantprogressin understandinghow cellsproducecomplex
patternandshapeduringdevelopment[41, 26, 48]. Morphogenesis(creationof form) in develop-
mentalbiology canprovide insightsfor embeddingcomputationin theenvironment[2, 42]. Even
basicdevelopmentalprocesses,suchas gastrulation,are basedon deliberatecell migration and
shapechange.Epithelial cells, for example,generatea wide variety of structures:skin, capillar-
ies,andmany embryonicstructures(gut,neuraltube),throughthecoordinatedeffect of many cells
changingtheir individual shape[35]. Modelingsuchbehaviors hasbeenattractingincreasedatten-
tion from biologists[36, 21, 24, 23, 35]. We believe that importantorganizationallessonscanbe
learnedfrom thesebiologicalsystems.

We proposeto usemorphogenesisanddevelopmentalbiology asa sourceof algorithmsand
generalprinciplesfor organizingcomplex behavior from locally interactingagents.Currently, de-
velopmentalbiology remainsuntappedasa sourcefor biologically-inspired computing,in spiteof
its incrediblerobustnessandcomplexity. Our preliminary resultssuggestthat generalprinciples
for robust designcanbe extractedfrom thesesystems.Our approachis very differentfrom other
biologically-inspired computationthathasfocusedon thegeneticsystemandneuralsystemsasthe
two mainsourcesof inspiration. Insteadour work is morealongthe linesof researchon general-
izing immunesystemparadigmsto extractprogrammingtechniquesfor achieving robustnessin the
faceof unknown externalattacks[40, 13]. Our emphasisis on thedesignof programmingmodels
that capturethegeneralprinciplesfor biological robustnessandprovide a framework for replicat-

3



ing biologicalrobustness.Weexpectthattheseframeworkswill give usinsightsinto how complex
morphologyis createdin biology.

We believe that the resultsof this researchwill have significantimpact,especiallyaswe de-
signapplicationsthat thatcrosstheboundarybetweencomputationandthephysicalworld. These
new programmingmodelswill impactthedesignof andapproachto reconfigurablerobotics,self-
assembly, andsmart-matterapplications. In the long run, we believe that theseframeworks will
beusefulfor achieving coherentbehavior from aggregatesof genetically-modifiedbiologicalcells
[25, 44].

At the sametime, our approachleveragesour skills ascomputerscientiststo uncover primi-
tivesandabstractions,andmaygive usa glimpseat how developmentfunctionsat a systemslevel.
Already, our preliminary work hasgiven us insights into how scale-independentshapescan be
achieved throughlocal processesand in this documentwe proposeusing theseinsightsto direct
biological experiments.We expect the biological comparisonswill significantly improve our un-
derstandingof developmentandcreationof morphology. Not only will this promotethe useof
computationalmodelsfor understandingsystemslevel biology, it will alsoincreasecollaboration
betweencomputerscienceandbiology in thisarea,wherefocushastraditionallybeennarrow.

B.3 Preliminary Work

In herPhD thesis,Nagpalprovidesan exampleof how this approachcanbe appliedto achieving
programmableself-assembly[32]. Shepresentsa languagefor instructinga sheetof identically-
programmed,flexible, autonomousagents(“cells”) to assemblethemselves into a predetermined
global shape,using local interactions. With this language,a wide variety of global shapesand
patternscanbe describedat an abstractlevel, compiledinto cell programs,andthensynthesized
usingonly local interactionsbetweenidentically-programmedcells. Examplesincludeflat layered
shapes,all planeEuclideanconstructions,andavarietyof tessellationpatterns.

Theprogrammablecell sheetmodelis inspiredby epithelialcell tissues,whichform avarietyof
structuresthroughthecoordinationof localshapechangesin individualepithelialcells. In particular
the sensingandactuationmodel is basedon mechanicalmodelsby Odell et al. of epithelialcell
behavior duringgastrulationandneurulation[35]. Theprogrammablecell sheetconsistsof asingle
layer of thousandsof randomlyanddenselydistributedcells that cancoordinateto fold the sheet
alongstraightlines.Thecellsareidentically-programmedandautonomouslyexecutetheirprograms
basedonpurelylocal interactionswith nearbycells(on theorderof 15 neighbors).

Theself-assemblyworksasfollows: Thedesiredglobalshapeis specifiedasafolding construc-
tion on a continuoussheet,usinga languagecalledtheOrigamiShapeLanguage.Thelanguageis
basedonasetof paper-folding axiomsby Humiaki Huzita[20] andis inspiredby origami,wherea
largevarietyof complex shapescanbeconstructedfrom asheetusingasmallsetof axioms,simple
initial conditions(edgesandcornersof thesheet)andonly two typesof folds. Theprogramfor an
individual cell is automaticallycompiledfrom theglobal shapedescription.All cells executethe
sameprogramanddiffer only in a smallamountof local dynamicstate.Thecell programitself is
inspiredby biologyandis composedfrom asmallsetof primitives:gradients,neighborhoodquery,
cell-to-cell contact,polarity inversionandflexible folding. Whenthecell programis executedby
all thecellsin thesheet,thesheetis configuredinto thedesiredshape.

Figures1 and2 show two examplesof classesof shapesandpatternsthatcanbeself-assembled
by this system.In figure1 a two dimensionalsurfaceof cellscoordinateto form an inverter-chain
pattern.Initially thesurfaceis mostlyhomogeneous,with only theelementson theborderhaving
speciallocal state:a valuethat indicateswhich of thefour bordersit belongsto. This is analogous
to the presenceof a small numberof maternaldeterminantsin an embryo,which determinethe
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Figure1: Differentiationinto an inverterchainpattern. All elementshave the identicalprogram;
initially only elementson theborderhave specialstate.Elementscommunicateonly locally. The
elementscoordinateto first divide the region into 8 segmentsandthenthe elementswithin each
segmentdifferentiateto form aninverterpatternwithin eachsegment.Non-repeatingcircuit patterns
canbecreatedby differentiatingbasedon thesegmentnumber.

Figure2: Foldinganenvelopestructure.Theconstraintson theelementsaresimilar to Figure1; in
additiontheelemntscancoordinateto fold thesheetusinganactuationmodelbasedon epithelial
cell morphogenesis.
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original axesof theembryo[34]. Thereareno globalcoordinates,no externalbeacons,no globally
uniqueidentifiers,no global clock, andthe elementsarerandomlydistributed. Yet the elements
reliably differentiateto form an inverterpattern. The overall global view of this local processis
that theelementscoordinateto first divide theregion into 8 segmentsandthentheelementswithin
eachsegmentdifferentiateto form an inverterpatternwithin eachsegment. Non-repeatingcircuit
patternscouldbecreatedby cellsdifferentiatingdifferentlybasedon thesegmentnumber. Locally
elementsusetechniquesbasedon cell differentiationtheoriesin the Drosophilaand seaurchin
embryos[47, 26].

In the secondexamplein figure 2, the identically-programmed, flexible elementscoordinate
to fold the sheetinto an envelope-like structure. The constraintson the elementsand the initial
conditionsaresimilar;oneadditionis thateachcell hasanapical-basalpolarity. At thelocallevel the
elementsusesimilar cell differentiationbasedmechanisms,however thecellscanalsocoordinate
their actuationto fold thesheetin a mannerbasedon folding in epithelialtissues.In additionthe
new sheetconfigurationimplicitly affectsthe cell behavior throughsensingof contact. Cells can
communicatethroughcontact. In both of the examples,the desiredgoal patternand shapeare
specifiedatanabstractlevel on acontinuoussheet,with no notionof cellsandlocalbehavior.

Thiswork presentsanovel approachto thethedesignof self-assemblingsystemsandhasmany
importantfeatures.

1. Global-to-local Compilation: Thecell programis directly compiledfrom theglobalshape
description.Thisdifferssignificantlyfrom approachesbasedoncellularautomatawherelocal
rulesareconstructedempiricallyor evolutionaryapproacheswherethe local-to-globalrela-
tionshipis not well-understood.Thecompilationprocessconferssignificantadvantages:not
only canthedesiredglobalgoalbedescribedat anabstractlevel, but resultsfrom geometry
andpaper-folding mathematicscanbe usedto reasonaboutwhat kinds of shapescanand
cannotbeself-assembledby thecells.

2. General-purpose Local Primitives: Ourwork hassofar revealedasmallsetof powerful but
simpleprimitivesfor local organization,basedon biologicalmechanisms.Theglobalshape
specificationcompilesinto cell programsbasedon only five primitives: gradients,neighbor-
hoodquery, polarity inversion,cell-to-cell contactandflexible folding. Theseprimitivesare
inspiredby biologists’understandingof how patternandmorphologyappearin thedevelop-
mentof embryossuchastheDrosophilaandseaurchin[34, 26, 35]. Eachprimitive is simple
andgeneral,but canbe composedto producecomplex prespecifiedbehavior. Complexity
comesfrom theeffectof theinteractionsbetweentheelementsandtheir interactionswith the
environment.

For example,a gradientis analogousto the gradientof a chemicalconcentrationfrom a
source.Thisprimitivecanbeusedfor measuringdistance,ascertaininglocaldirection(tropism),
andcreatingregions.It exploits thespatiallocality of communicationto makecrudegeomet-
ric inferences.Gradientsthemselvescanbequitecomplex basedon the locationof sources,
however a cell programfor creatingandpropagatinggradientsis very simple. Gradientsare
an extremelyrobust mechanismin the faceof individual cell errorsandfailures. Gradients
arealsoquitegeneral,andwehave usedthemfor topologicalpatternformationlanguage[8],
the designof ad-hocnetworks for distributed sensors,anddiscovery of global coordinates
without theuseof externalbeacons[33, 31, 9].

3. Robustness: Thecell programsarerobust,without relying on regularcell placement,global
coordinates,or synchronousoperation,andcantolerateasmallamountof randomcell death.
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Figure3: (a) Robustnessof gradientsasa function of the averagenumberof neighborsof an in-
dividual cell (nlocal). The graphshows that an expectedaverageof 15 is sufficient to produce
small errorsin gradients,especiallyin combinationwith local averaging(smoothing). (b) When
multiple gradientsarecomposedtheerrorvarieswith respectto thesourcesof thegradients.The
erroris minimumalongthebisection.This techniqueallows usto predicttheerrorproducedby the
compositionof gradientsaswell asdesignalgorithmsthattake advantageof thelow errorregions.

Instead,robustnessis achievedby dependingon largeanddensecell populations,usingaver-
agebehavior ratherthanindividualbehavior, tradingoff precisionfor reliability, andavoiding
any centralizedcontrol.For example,therearenoglobalcoordinates:insteadcells“discover”
positionalinformationasandwhenneeded,usingprimitives inspiredby the early segmen-
tation of the Drosophilaembryo. We have analyzedthe behavior of the above primitives,
throughacombinationof theoreticalandexperimentalanalysisthatleveragestraditionaltech-
niquesfrom distributedcomputing,probabilisticanalysis,andgraphtheory, aswell asresults
from packet radio networks andplanargeometry. Nagpalhasshown that an averagelocal
neighborhoodof 15–20cells is sufficient to reliably control theself-assemblyof shapesand
achieve geometricfaithfulnesson randomlydistributedcells. We cannot only analyzethe
behavior of gradientsbut also the effect of composinggradients(figure 3). Theseproper-
ties areextremelyattractive from an engineeringperspective andthe conceptsarelikely to
have generalapplicability to programminglarge self-reconfiguringrobotsandsmartmatter
applications.

4. Analogies to Biology: The languageprovidesmany insightsinto the relationshipbetween
local behavior and global morphology, that have analogiesto biological systems. One of
thekey goalsof this researchwill be to furtherexplore the relationshipbetweenthemodels
providedby this work andsimilar systemsin biology.

For example, the cell programis scaleindependentwhich implies it can createthe same
shapeat many different scaleswithout modification,simply by increasingthe size of the
cell sheet.Scalabilityis anextremelyattractive feature:notonly doesthecell programwork
correctlyovervaryingnumbersof cells,but thefunction(goal)itself scaleswith thenumberof
cells. This systemcanalsogeneratemany differentrelatedshapeswithout any modification
to the cell program. The methodby which both scale-independenceandrelatedshapeare
achieved is by recursively subdividing the spacerelative to the boundary. Eachoperation
(fold) is relative to the currentboundaryand createsnew “boundaries”. Thus complexity
is generatedby recursively applyingsimpleoperations,while still remainingrelative to the
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Figure4: If the sameinvertercell programis run on a larger numberof elements(samedensity
per unit areaandsameneighborhoodsize) thenthe patternformationautomaticallyscalesto the
numberof elements.For an asymmetricsheetthe patternscalesasymmetricallyin a predictable
way. This is achievedwithout any changeto theprogram.

original boundary. This suggestsa mechanismfor achieving shapetransformationsin the
mannerof D’Arcy Thompson’s famousexamples[42]. In figure4, theinverterpatternscales
notonly accordingto thenumberof elementsbut alsotheshapeof thesheet.

Thishassignificantimplicationsfor biology: if thecell programsdo notdiffer, thenmethods
suchasgeneticanalysisarenot likely to revealmuchinformation.Insteadobservationsof the
processof developmentandcomparisonsbetweenprocessesin closelyrelatedspeciesmay
give usbetterinsightsinto how morphologyis created.

B.4 Proposed Research

The goal of the researchdescribedin this proposalis twofold: to extendour programmingmod-
els to new domains,andto investigatethe connectionof our modelsto biological processes.We
will designnew languagesthatdescribetheformationof shapeby exploiting replication(growth),
motility, anddeletion(cell death).Justaspaperfolding is a naturalprocessfor shapeformationon
asheet,we will needto discover new modelsto describeshapeformationin thesenew domains.

Our previous work hasexhibited several similar traits to biological systemsandprovided us
with insightsinto how thesesystemsmaywork. We will exploit theseinsightsto designbiological
experiments,thenidentify oneor morecolleaguesin theBiology departmentandcollaboratewith
themto performtheseexperiments.Specifically, we will investigatescaleindependenceandmor-
phologicaldifferencesin closely-relatedspecies.We will alsoinvestigatetheconnectionbetween
the kinds of failuresthat we have observed in the simulatedmorphogenesisprocessesand those
thatoccurin naturally-occurring birth defects,concentratingon failuresof geometry, topologyand
synchronization.

B.4.1 Programmable Self-assembly Based on Growth, Motility and Cell Death

Ourpreliminarywork hasfocusedon 2D patternformationandshapesproducedthroughepithelial
cell basedfolding. However this only scratchesthesurfaceof what is possible.Biology suggests
many differentmetaphorsfor constructingcomplex structure:growth, cell motility, cell death,ma-
terialdeposition,etc.Ourgoalis to useasimilarprogramminglanguagesapproachto thedesignof

8



artificial systemsthatform 3D volumetricstructuresbasedon:

1. Growth: Growth is fundamentalto thecreationof structurein embryos,from folding in the
chick eye to limb generation[2]. Growth is importantnotonly for creatingstructurebut also
for self-repairingstructure,suchasregenerationof limbs [26].

2. Limited Motility: Examplesof thisareepithelialcell migrationfor woundrepair, neuralcell
separationin Drosophilaembryos,andmigrationof mesenchymalcellsduringearlygastru-
lation [48, 36, 24, 23]. This playsan importantrole in achieving robustnessandself repair
andis oftenseenin conjunctionwith cell growth.

3. Cell Death: Programmedcell death(Apoptosis)plays an importantrole in the formation
of structuressuchas the Drosophilaeye, wherethe exact hexagonalpattern(neurocrystal)
is producedby programmedcell deathof interveningcells [26]. In many cases,suchasthe
formationof fingersin embryos,cell deathplaysacomplementaryroleto growth in removing
materialbetweenscaffolds [2].

Someof thespecifictasksinvolvedare:

1. Wewill constructdetailedcomputationalmodelsandframeworksfor cell actuationandsens-
ing behavior, basedon currentstudiesof cell growth, motility andapoptosis.Already there
areseveralsourcesof mathematicalandmechanicalmodelsfor suchsystems[2, 36, 24, 23].

2. Wewill extendcurrentprimitivesto thenew sensing/actuationmodelsaswell asdevelopnew
primitives.Therearestrongreasonsto believe thatmany of thecurrentprimitiveswill apply
in thesenew regimes.Gradientsfor exampleareknown to play a role in regulatinggrowth;
grafting experimentson cockroachlegs suggeststhat gradientsplay a role in regulatingthe
lengthof theleg andalsoregenerationin severedlegs[26]. In many casessensingandactua-
tion affectstheprimitivesimplicitly, for examplein thecaseof sheetfolding, cellsform new
local neighborhoodsthroughcontactwhich allows gradientsto seepthroughmultiple layers
of thesheetasif it wereonefusedlayer.

3. Wewill developrobustgeneral-purposealgorithmsandgeneralmethodologiesfor theanaly-
sisof biologically-inspiredalgorithms.Specialattentionwill bepaidto robustdesign:princi-
plesthatdonotrely onsynchronousoperationor regulargridsof cells,andwhichcantolerate
cell death.We expectthatmany of thetechniquesdevelopedin prior work will beadaptable
to thesenew systems.As in previouswork, we expecttheanalysisto leveragenotonly tradi-
tionaldistributedandparallel-computingideas,but alsoresultsfrom computationalgeometry
andotherareas.

4. Wewill developnew high-level languagesfor thespecificationof shape.This is animportant
pieceof the research— the choiceof shapespecificationlanguagedeterminesto a large
degreethedecompositionof theproblem.For example,paperfolding is anaturalprocessfor
describingshapeformationon a sheetandtheaxiomsprovide thedecomposition.Choosing
the right decompositionwill be necessaryin order to translateabstractnotionsof shapeto
local processes.We will needto discover new modelsto describeshapeformationin these
new domains,andthiswill requirecross-disciplinaryandnon-traditionalthinking.

Thisresearchwill playacomplementaryapproachto otherresearchin self-assembly, suchasthe
work on structuralandthermodynamicself-assembly[22, 18, 11], in exploring thespaceof shape
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formation. Structuralor thermodynamicself-assemblyfocuseson the designof materialswith
propertiesthat causethemto assembleinto the desiredstructurewhenmixed together. The work
takesinspirationfrom molecularandchemicalself-assembly. By contrastour approachis that of
“programmed”self-assembly, wheretheelementscontaininstructionsfor their behavior. In nature
we seestructuresformedby bothmethods,e.g.crystalformationandembryogenesis.Explorations
of theseareaswill giveusfurtherideaof whichmethodologyis appropriatefor agivenproblem.So
far thework on self-assemblyhasexploredavery limited space.Reconfigurablerobotresearchhas
focusedon theformationof structurethroughcoordinationof independentmobileunits,which are
independentor forcedto remainedconnected[15, 50, 19]. Ourpreviouswork usesanew metaphor,
thatof aflexible sheet,andshows thatsuchasubstratecanbeveryversatilefor creatingshape.The
proposedresearchwill explorenew metaphorsfor creatingshape,andextendourknowledgeof how
to self assembledifferentstructures.

B.4.2 Investigating the Relationship with Biological Systems

Our currentunderstandingof thegenerationof structurein biologicalsystemsis limited. We lack
insight into how global structureemergesfrom local interactionsbetweencells. Our preliminary
work hasfocusedon exactly this area,but in thecontext of computationalelements.Our systems
exhibit structuraltraitsthathave strongparallelsto thoseseenin biologicalsystems.Also, because
the relationshipbetweenglobalandlocal behavior in our systemsis well understood,we canuse
thesesystemsasamodelto designbiologicalexperiments.

Onesuchtrait is scaleindependence,alsoknown assizeinvariance,which refersto theappear-
anceof thesamestructureatavarietyof scales.Someexamplesof this trait include:

1. Embryosof theseaurchindevelopnormallyover ten-foldsizevariations,andin thecaseof
thehydra,a fragmentonehundredththevolumecangive riseto acompleteanimal[47].

2. Speciesof theDrosophilavaryoverfive-foldin size,but theshapeandproportionof thebody
partsis highly conserved,asis theirDNA [26].

3. Extremelycomplex structuressuchaslungs,kidneys, andthe digestive systemappearin a
wide rangeof sizes.

Many of thesecasessuggest(especiallyin thecaseof theembryos)thattheprocessesfor form-
ing morphologyarecapableof scalingto differentsizes,withoutmodificationof theDNA. However
biologistscurrentlyhave very little understandingof how this is achievedat thecell level.

Oneway in which biologistsareattackingthis problemis throughgeneticanalysis. But our
work hasshown that visually dramaticglobaldifferencesdo not necessarilytranslateto large dif-
ferencesin acell program,which impliesthatmethodslike geneticanalysisarenot likely to reveal
muchinformation. Insteadobservationsof the processof developmentandcomparisonsbetween
processesin closelyrelatedspeciesmaygiveusbetterinsightsinto how themorphologyis created.

Wolpertproposedtheideaof positionalinformationand“balancing”gradientsto explain scale
independencein theinitial patterningof thehydraandseaurchin[47]. Oneproblemwith thismodel
is thatgeneratingcomplex scalablepatternsrequiresverycomplex comparisonfunctionsandsignif-
icantprecisionin theoriginal coordinatesystem.Oursystemsexploit many of thesametechniques
usedby Wolpert,but combinethemwith theideaof recursive decomposition.Thishastheeffectof
simplifying thecomparisonfunctionsandreducingtheprecisionconstraints.Consequently, we are
ableto producecomplex structurefrom very simpleparts.
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Figure5: On the left arethe headsof closelyrelatedspeciesof Drosophila(from TheMaking of
the Fly [26]). On the right is a caricatureof how the Drosophilaheadproportionsvary. In each
casetheregionsarecreatedby thesamecell program,thescalingoccursautomaticallyastheinitial
size and shapeof the headis varied. Patternswithin eachregion would also scaleaccordingly.
This demonstrateshow visually dramaticglobal differencesdo not necessarilytranslateto large
differencesin acell program.

.

Thebehavior of our systemssuggestsmany possiblebiologicalexperiments.In theDrosophila
melanogaster, Nusslien-Volhard andWeischausshowed that the head,thorax andabdomenseg-
mentationboundariesareaffectedby thresholdsof the bicoid proteingeneratedfrom sourcecells
(maternallydetermined)at theanteriorpole[34, 26]. HoweverDrosophilaspeciesoccuroverwide
rangeof sizes.It is likely thattheinitial patterningproteinsandgenesareconservedacrossmany of
thesespecies.If onecouldcomparetwo speciesof differentsizes,onecouldaskseveralquestions:

1. Are theembryosthesamesizewheninitial patterningoccurs?

2. If not,do thesegmentsscaleproportionallywith theembryosize?

3. How doestheextentandconcentrationof thebicoidgradientcomparein thedifferentspecies
anddo segmentsoccurat relative or absoluteconcentrationsof bicoid?

Answersto eachof thesequestionswould shedlight on how initial patternformationhappensand
how it relatesto theoriesof scaleindependence.

Our work also demonstratesthat many relatedshapescan be createdwithout any changein
the cell program. Experimentson two closely relatedHawaiian Drosophilaspecies,with very
differentlooking heads,hasshown that thereareonly a small numberof genes,probably10, that
areresponsiblefor thedifferencein headshape[43]. However thereis no understandingof what
these“shapegenes”control. Figure5 shows theheadsof several relatedspeciesof Drosophilaon
the left [26]. The proportionsof the centerregion andeyesscalein differentways. On the right
is a caricatureof theheads,generatedby our system.In eachcasethepatternis generatedby the
samecell program,theonly differencebeingtheshapeof theinitial sheet.In theprogramthewidth
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of the centerregion is proportionalto theheightof the sheetandscalessimilarly. By a recursive
applicationof this idea,any patternformedwithin oneof themajorregionsscalesautomaticallyas
onescalestheoverall sheet.This demonstrateshow significantlydifferentshapescanbeproduced
by thesamecellprogram,andsuggeststhatonepossiblefunctionof thesegenesmaybetodetermine
thegrowth alongthemajoraxesof thehead.

Ourmodelsprovide predictionsaboutspecifictypesof failuresin topology, geometry, andsyn-
chronization.For example,work by CooreandNagpalpresentedtwo differentmechanisms,both
basedon gradients,that representfundamentallydifferentstrategiesof generatingstructure— the
first favors topologywhile the secondfavors geometry[8, 32]. As a result thesemechanismsbe-
have differently in thepresenceof failures.At differenttimesduringdevelopment,eithertopology
or geometrymaybemoreimportant,andtherelative importanceis partly revealedby thestrategy
chosenaswell asthewaysin which failuresoccur.

We candraw a parallelbetweenthis behavior of our systemsandthatof cells. Both strategies
imply differentcell behavior — in onecasecell behavior is affectedby its localneighborhood,in the
otherit is strictly autonomous.For instanceduringgastrulationthegut grows from oneendto the
otherguaranteeingconnectivity betweenthe mouthandanus.Similarly the formationof neurons
mayinvolve growing towardsa source.However duringthesegmentationof thebodyinto regions,
elementsmayautonomouslydecidewhich region they belongto, sinceconnectivity is notanissue.
Theway in which thesesystemsrespondto regional cell failuresrevealsinsightsinto theoriginal
functionaswell astheextentto whicheachcell is affectedby its neighbors.

We will exploit this parallelbehavior by finding examplesof naturalsystemsthatbothexhibit
thesetraits, andareamenableto experimentationandobservation of the developmentalprocess.
We will collaboratewith biologistswho areworking on suchsystems,andjointly designandex-
ecutetheseexperiments.Basedon our previouscollaborationsandassociationswith professorsat
WhiteheadInstituteandotherbiology laboratoriesin theMIT area,we believe we arewell placed
to establishthesecollaborations.

Initially we will focuson thedrosophilaexamplespresented.Thereis a significantamountof
dataavailableon earlyDrosophilaembryogenesisandalsoon theHawaiianspeciesof Drosophila
[16]. In addition,we will exploreotherspeciesthatexhibit similar properties,suchasscaleinde-
pendence.Thereareseveralwell-studiedcandidatesystems,for example,zebrafish,lung formation
in themouse,andseaurchinembryogenesis.[41, 2].

Although this work is in thebeginning stages,resultsin this areahave the potentialto have a
significantimpacton our understandingof developmentalprocessesandcreationof morphology.
Not only will thispromotetheuseof artificial systemsfor understandingsystemslevel biology, but
it will alsoincreasecollaborationbetweencomputerscienceandbiology in this area,wherefocus
hastraditionallybeenvery narrow.

B.5 Long-term Goal: Programming In Vitro Computation

The work presentedin this proposalis part of a larger effort, calledAmorphousComputing[1],
thatis focusedbothon programmingandbuilding new computationalenvironmentsandsubstrates,
whichwill embedcomputationinto thephysicalworld. Wearealsoengineeringcomputationwithin
living e. Coli cellsby implementingengineeredgeneticregulatorynetworks [25, 45, 44]. Knight
andWeisshavesuccessfullyengineeredseveralgateswithin e. Coli cells,aswell ascommunication
betweencells basedon autoinducers.Ultimately, however, we believe that the real advanceswill
not be from singlecells but from programmingensemblesof cells. The researchproposedhere
will be key to our ability to control the behavior of aggregates.Many of the primitivesproposed
naturallytranslateto cell capabilities.An exampleapplicationof suchasystemwouldbepatterning
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in living biofilms,asanapproachto nanoscaleengineeringandmolecularelectronics.Theability to
organizecells into precisepatternsandto causecellsto secretechemicalcomponentscouldbethe
foundationfor theengineeringconstructionof complex extracellularstructuresandprecisecontrol
of fabricationat thesub-nanometerlevel to replacelithography.

B.6 Research, Education and Societal Impact

In additionto our researchgoalswe arealsodeeplycommittedto education,interdisciplinaryre-
search,andundergraduateresearchexperience.We arealsocommittedto thewide andopendis-
seminationof our researchideas,educationalcontent,andsoftware.

Oneof thekey requirementsfor promotingthis typeof researchis thetrainingandeducationof
studentsto think acrossdisciplineboundaries.Ourgrouphasalonghistoryof supportinginterdisci-
plinary thoughtandalsoof advocatinginterdisciplinaryeducationfor students.Understandinghow
to makeconnectionsbetweendifferentbodiesof knowledgecanleadto significantinsights.Weare
thereforecommittedto traininggraduatestudentsin interdisciplinaryresearch.Wealsobelieve that
theundergraduateresearchexperienceis vital to thedisseminationof new visionsof computing,as
well asanintegral partof undergraduateeducation;a partof thegrantbudgetis earmarked for the
supportof two undergraduatestudentseachyear.

Our researchagendawill fostercollaborationsbetweencomputerscientistsandbiologists,not
just at thelevel of toolsbut at thelevel of concepts.We stronglybelieve thatbothsideshave much
to gainfrom thiscollaboration.
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