A Robust Engineering Using Biologically-inspired Models of Cell Dif-
ferentiation and M or phogenesis.

We proposeo usemorphogenesianddevelopmentabiology asa sourceof algorithmsandgeneral
principlesfor organizingcomplex behaior from locally interactingindividuals. We aim to design
artificial systemsthat replicatebiological robustnessand to useinsightsfrom thesesystemsto
understandhe capabilitiesof biological systems.The goalis to be ableto formalizethesegeneral
principlesasprogrammindanguages— with explicit primitives,meansf combinationandmeans
of abstraction— thusproviding aframeawork for thedesignandanalysisof self-assemblingystems.

Theresultsfrom this researctwill have significantimpact,notonly on our engineeringrinci-
plesfor robustdesignbut alsoon our understandingf biologicalsystemsThesenaew programming
modelswill impactthe designof andapproactio reconfigurableobotics,selfassemblyandsmart-
matterapplications. In the long run we believe theseideaswill help achieve coherentbehaior
from aggregatesof biological cells. Thebiological comparisonsvill significantlyimprove our un-
derstandingof developmentand creationof morphology Not only will this promotethe useof
computationamodelsfor understandingystemdevel biology, but it will alsoincreasecollabora-
tion betweercomputerscienceandbiology in this area,wherefocushastraditionally beennarraw.

This researchs motivatedby emeging technologiesghat will make possiblenovel applica-
tions that integrate computationinto the ervironment: smartmaterials,self-reconfiguringrobots,
self-assemblingnanostructuresWe arefacedwith the challengeof achiezing coherentandrobust
behaior from theinteractionof multitudesof elementandtheirinteractionswith theenvironment.
Thesenew environmentsfundamentallystressthe limits of our currentengineeringand program-
ming techniqueswhich dependon precisionpartsand stronglyregulatedenvironmentsto achieve
fault-toleranceBy contrasttheprecisionandreliability of embryogenesisn thefaceof unreliable
cells, variationsin cell numbers,and changesn the ervironment,is enoughto make ary engi-
neergreenwith ervy. We believe thatimportantorganizationalessonsanbe learnedfrom natural
biologicalsystems.

Nagpalhasdemonstratedhe power of the programming-languagapproachby developinga
systemthat combinedocal primitivesfrom epithelialcell morphogenesiand Drosophilacell dif-
ferentiation,andcombinationrulesfrom the mathematic®f paperfolding. Thelanguagespecifies
afolding proceson a flexible sheetcomposedf mary identically-programmetiells”. Thespec-
ification describes global procesghatis subsequentlgompiledinto local programsthatarerun
ontheindividual cells. The processs extremelyreliablein the faceof randomcell death,random
cell distributions,andvarying cell numbers.Thelanguagas scale-independeim thatthe resulting
shapescalesaccordingo thesizeandproportionof theinitial sheewithoutchangedo theprogram.

The goal of the researchdescribedin this proposalis twofold: to extend our programming
modelsto new domainsandto investigataheconnectiorof ourmodelsto biologicalprocessesVe
will designnew languageshatdescribethe formationof shapeby exploiting replication(growth),
motility, anddeletion(cell death).Justaspaperfolding is a naturalprocesdor shapeormationon
asheetwe will needto discorer new modelsto describeshapdormationin thesenew domains.

Our previous work hasexhibited several similar traits to biological systemsand provided us
with insightsinto how thesesystemamaywork. We will exploit theseinsightsto designbiological
experimentsthenidentify oneor morecolleaguesn the Biology departmenandcollaboratewith
themto performtheseexperiments.Specifically we will investigatescaleindependencandmor-
phologicaldifferencesn closely-relatedgspecies.We will alsoinvestigatethe connectiorbetween
the kinds of failuresthat we have obsered in the simulatedmorphogenesiprocessesndthose
thatoccurin naturally-occurrig birth defects concentratingn failuresof geometrytopologyand



synchronization.

B Robust Engineering Using Biologically-inspired Models of Cell Dif-
ferentiation and M or phogenesis.

We proposeto usemorphogenesiand developmentabiology asa sourceof algorithmsandgen-
eral principlesfor organizingcomple behaior from locally interactingagents.We aim to design
artificial systemsthat replicatebiological robustnessand to useinsightsfrom thesesystemsto
understandhe capabilitiesof biological systems. We will formalize thesegeneralprinciplesas
programminganguages— with explicit primitives, meansof combination,andmeansof abstrac-
tion — thusproviding a framawork for the designand analysisof self-assemblingystems. We
have demonstratedhis approachthrougha programminganguagethat specifiesa robust process
for shapeformationon a sheetof identically-programmedcells”, by combininglocal primitives
from epithelialcell morphogenesiandDrosophilacell differentiationwith combinatiorrulesfrom
geometry The goalof theresearchlescribedn this proposals to developnewv programmingmod-
elsfor domainssuchasgrowth andapoptosiqcell death),andto investigatethe connectionof our
modelsto biologicalprocesses.

This proposalwill demonstratéhe needfor new paradigmsn programmingsectionC.1),out-
line our approachaswell as presentpreliminarywork that demonstrateshe potentialof this ap-
proach(sectionC.2), presenbur detailedresearciplanwith specificmethodologiesindobjectves
(sectionC.3),andpresenbur long-termresearclyoalsandeducationafoals.

B.1 Maotivation: New Computational Environments

Emeging technology suchasMEMs! devices,is makingit possibleto bulk-manugcturemillions
of tiny computingelementdntegratedwith sensorsaandactuatorsandembedtheseinto materials,
structuresandthe ervironment. Already mary novel applicationsare being ervisionedand built:
computingelementghatcanbe“painted” ontoasurface[6, 46], sensorcoveredbeamshatactively
resistbuckling [4], an airplanewing that changesshapeto resistshear[12], a programmableas-
semblyline of air valves[7], a reconfigurableobot that morphsinto differentshapego achieve
differenttasks[19, 49]. Emeging researchn biocomputingmay even male it possibleto harness
themary sensorandactuatorsn cellsandcreateprogrammableaissueqd25, 44, 21].

Thesenewv computationaérnvironmentsposemary challengeso our currentprogrammingech-
niques,thatarenot metby distributedandparallelcomputing. Theseapplicationswill requirethe
coherentoordinationof vastnumberof elementswheretheindividual elementswill have limited
resourcesndreliability andthe interconnectdbetweenelementswill beirregular, local and pos-
sibly time-varying. In additionthe physicalembodimenbf theseelementds stronglyintertwined
with theindividual behaior of the elementsandthe globalgoal. Not only arewe concernedvith
topology but alsogeometryandphysics.Achieving robustnesgrom thelocal interactionsof these
vastnumbersof elementsandtheir interactionswith the physicalworld will be one of the major
researcltthallengedacinginformationtechnologyin the comingdecade.

Thesenew ervironmentsfundamentallystressthe limits of our currentengineeringand pro-
grammingtechniques.Currentengineeringparadigmgely heavily on preciselyfunctioningparts,
strongly regulatedervironmentsand strictly managednteractionsin orderto achieve robustness,
andaredominatedby a centralizedhierarchicaimind-set[5, 39, 27, 28]. Programmingstratejies

IMicro-electronicMechanicalDevices. Integratesmechanicakensorsand actuatorswith silicon basedintegrated
circuits.



within the MEMs community(wheremuchof theunderlyingdevice technologyis beingbuilt) have
for the mostpartbeencentralizedapplicationsof traditionalcontroltheory The few decentralized
approacheassumeaccesso globalknowledgeof the systemandtendto focuson hierarchicakon-
trol [4, 17, 46, 38]. Suchcentralizechierarchiesarenotscalableandcanbequitebrittle, catastroph-
ically failing if a high-level nodefails. In the modularreconfigurableoboticscommunity mostof
the work hasfocusedon centralizedand heuristicsearcheswhich quickly becomeintractablefor
large numbersof modulesandoften requireuntenableassumptionsuchasexplicitly definingthe
final configuratiorandaccesgo globalposition[37, 50, 15]. Thetendenyg to dependn centralized
information,suchasglobal clocksor externalbeacondor triangulatingposition, putssevere limi-
tationson thetypesof applicationsandenvironmentsandexposesasilyattacked pointsof failure.
In general,our engineeringnethodologieslo not easilyadaptto errorsor unpredictablechanges,
andaddingsuchfault-tolerancas very costly Theseprogrammingstratgies put pressureon sys-
temdesignerso build comple, precise(andthusexpensve) elementsandinterconnectsatherthan
cheap,unreliable,mass-producedomputingelementghat one canconceve of just throwing at a
problem. Currently however, few alternatves exist. Approachesasedon cellularautomatehave
beendifficult to generalize|ocal behaior is constructesempirically without a framework for con-
structingand composinglocal rulesto obtainary desiredgoal [39, 10, 3, 29]. Evolutionary and
geneticapproachearegeneralput the correctnesandrobustnes®f the evolved systemis difficult
to verify becausef alack of understandingf thelocal-to-globalrelationshipg14, 30].

By contrast,biological systemsachieze incrediblerobustnessn the face of constantlydying
andreplacingparts. Cells with identical DNA cooperateo form incredibly complec structures,
suchasourseles, startingfrom a nearlyhomogeneousgg [41]. The precisionandreliability of
mostdevelopmentaprocessesn thefaceof unreliablecells,variationsin cellnumbersaandchanges
in theenvironment,is enoughto make ary engineelgreenwith ervy. The plethoraof errortolerant
systemsn biological systemsjn contrastto our non-rolust engineeringparadigms suggestghat
fundamentallydifferentparadigmsareusedby biological systemgo achieve this robustness.

B.2 Biologically-inspired Paradigm for Robustness

In recentdecadestherehasbeensignificantprogressn understandindpow cells producecomple
patternandshapeduring development41, 26, 48. Morphogenesigcreationof form) in develop-
mentalbiology canprovide insightsfor embeddingcomputationin the ervironment[2, 42]. Even
basic developmentalprocessessuch as gastrulation,are basedon deliberatecell migration and
shapechange. Epithelial cells, for example,generatea wide variety of structures:skin, capillar
ies,andmary embryonicstructureggut, neuraltube),throughthe coordinatedeffect of mary cells
changingtheir individual shapd35]. Modelingsuchbehaiors hasbeenattractingincreasedtten-
tion from biologists[36, 21, 24, 23, 35]. We believe thatimportantorganizationalessonscanbe
learnedirom thesebiological systems.

We proposeto use morphogenesiand developmentalbiology as a sourceof algorithmsand
generalprinciplesfor organizingcomplex behaior from locally interactingagents.Currently de-
velopmentabiology remainsuntappedasa sourcefor biologically-inspied computing,in spite of
its incrediblerobustnessand compleity. Our preliminary resultssuggestthat generalprinciples
for robust designcanbe extractedfrom thesesystems.Our approachs very differentfrom other
biologically-inspied computatiorthathasfocusedon the geneticsystemandneuralsystemsasthe
two main sourceof inspiration. Insteadour work is morealongthe lines of researcton general-
izing immunesystemparadigmsgo extract programmingechniquedor achiezing robustnessn the
faceof unknavn externalattackg40, 13]. Our emphasiss onthe designof programmingmodels
that capturethe generalprinciplesfor biological robustnessand provide a framework for replicat-



ing biologicalrobustnessWe expectthattheseframevorkswill give usinsightsinto how complex
morphologyis createdn biology.

We believe that the resultsof this researchwill have significantimpact, especiallyaswe de-
signapplicationghatthat crossthe boundarybetweencomputationandthe physicalworld. These
new programmingmodelswill impactthe designof andapproacho reconfigurableobotics,self-
assemblyand smart-mattempplications. In the long run, we believe that theseframavorks will
be usefulfor achiezing coherenbehaior from aggregatesof genetically-modifiediological cells
[25, 44].

At the sametime, our approacheveragesour skills as computerscientiststo uncover primi-
tivesandabstractionsandmay give usaglimpseat how developmentfunctionsat a systemdevel.
Already, our preliminary work hasgiven us insightsinto how scale-independerghapescan be
achieved throughlocal processesindin this documentwe proposeusingtheseinsightsto direct
biological experiments. We expectthe biological comparisonswill significantlyimprove our un-
derstandingof developmentand creationof morphology Not only will this promotethe useof
computationalmodelsfor understandingystemdevel biology, it will alsoincreasecollaboration
betweercomputerscienceandbiology in this areawherefocushastraditionallybeennarraw.

B.3 Preiminary Work

In her PhD thesis,Nagpalprovides an exampleof how this approacicanbe appliedto achieving
programmableself-assembly32]. Shepresentsa languagefor instructinga sheetof identically-
programmedflexible, autonomousagents(“cells”) to assembleéhemselesinto a predetermined
global shape,usinglocal interactions. With this language,a wide variety of global shapesand
patternscan be describedat an abstractievel, compiledinto cell programs,andthensynthesized
usingonly local interactionsbetweeridentically-programmedcells. Examplesncludeflat layered
shapesall planeEuclideanconstructionsanda variety of tessellatiorpatterns.

Theprogrammableell sheeimodelis inspiredby epithelialcell tissueswhichform avariety of
structureshroughthecoordinatiorof local shapechangedn individual epithelialcells. In particular
the sensingand actuationmodelis basedon mechanicaimodelsby Odell et al. of epithelialcell
behaior duringgastrulatiorandneurulation35]. Theprogrammableell sheettonsistof asingle
layer of thousand®f randomlyanddenselydistributed cells that can coordinateto fold the sheet
alongstraightlines. Thecellsareidentically-progrenmedandautonomouslgxecutetheirprograms
basedn purelylocalinteractionswith nearbycells (onthe orderof 15 neighbors).

Theself-assemblyvorksasfollows: Thedesiredylobalshapés specifiedasafolding construc-
tion on a continuoussheetusinga languagecalledthe Origami ShapeLanguage.The languagds
basedn a setof paperfolding axiomsby Humiaki Huzita[20] andis inspiredby origami,wherea
large variety of complex shapeganbe constructedrom a sheetusinga smallsetof axioms,simple
initial conditions(edgesandcornersof the sheetlandonly two typesof folds. The programfor an
individual cell is automaticallycompiledfrom the global shapedescription. All cells executethe
sameprogramanddiffer only in a smallamountof local dynamicstate. The cell programitself is
inspiredby biology andis composedrom a smallsetof primitives: gradientsnpeighborhoodjuery
cell-to-cell contact,polarity inversionandflexible folding. Whenthe cell programis executedby
all thecellsin thesheetthe sheetis configurednto the desiredshape.

Figuresl and2 shav two examplesof classe®f shapesandpatternghatcanbe self-assembled
by this system.In figure 1 a two dimensionakurfaceof cells coordinateto form aninverterchain
pattern. Initially the surfaceis mostly homogeneousyith only the elementson the borderhaving
speciallocal state:a valuethatindicateswhich of thefour bordersit belongsto. This is analogous
to the presenceof a small numberof maternaldeterminantsn an embryo,which determinethe
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Figure 1: Differentiationinto aninverterchainpattern. All elementshave the identical program;
initially only elementson the borderhave specialstate. Elementscommunicateonly locally. The
elementscoordinateto first divide the region into 8 segmentsand thenthe elementswithin each
sgmentdifferentiateto form aninverterpatternwithin eachsegment.Non-repeatingircuit patterns
canbecreatedy differentiatingbasedon the sggmentnumber

Figure2: Folding anervelopestructure.The constrainton the elementsaresimilar to Figurel; in
additionthe elemntscancoordinateto fold the sheetusingan actuationmodelbasedon epithelial
cell morphogenesis.



original axesof theembryo[34]. Thereareno globalcoordinatesno externalbeaconsno globally
uniqueidentifiers,no global clock, andthe elementsare randomlydistributed. Yet the elements
reliably differentiateto form aninverter pattern. The overall global view of this local processs
thatthe elementsoordinateo first divide the region into 8 segmentsandthenthe elementswithin
eachsggmentdifferentiateto form aninverter patternwithin eachsegment. Non-repeatingircuit
patternscould be createdoy cells differentiatingdifferently basedon the segmentnumber Locally
elementsusetechniquesbasedon cell differentiationtheoriesin the Drosophilaand seaurchin
embryog47, 26].

In the secondexamplein figure 2, the identically-programmedflexible elementscoordinate
to fold the sheetinto an ervelope-like structure. The constraintson the elementsand the initial
conditionsaresimilar; oneadditionis thateachcell hasanapical-basabolarity. At thelocallevelthe
elementausesimilar cell differentiationbasedmechanismshowever the cells canalsocoordinate
their actuationto fold the sheetin a mannerbasedon folding in epithelialtissues.In additionthe
new sheetconfigurationimplicitly affectsthe cell behaior throughsensingof contact. Cells can
communicatethroughcontact. In both of the examples,the desiredgoal patternand shapeare
specifiedatanabstractevel on a continuoussheetwith no notionof cellsandlocal behaior.

Thiswork presents novel approactio thethedesignof self-assemblingystemsandhasmary
importantfeatures.

1. Global-to-local Compilation: The cell programis directly compiledfrom the global shape
description.Thisdifferssignificantlyfrom approachebasedn cellularautomatavherelocal
rulesareconstructecempirically or evolutionary approachesvherethe local-to-globalrela-
tionshipis not well-understoodThe compilationprocessconferssignificantadvantagesnot
only canthe desiredglobal goalbe describedat an abstractevel, but resultsfrom geometry
and papeffolding mathematican be usedto reasonaboutwhat kinds of shapesanand
cannotbe self-assembledy thecells.

2. General-purpose Local Primitives. Ourwork hassofar revealeda smallsetof powerful but
simple primitivesfor local organization basedon biological mechanismsThe global shape
specificationcompilesinto cell programsbasedon only five primitives: gradientsneighbor
hoodquery polarity inversion,cell-to-cell contactandflexible folding. Theseprimitivesare
inspiredby biologists’ understandingf how patternandmorphologyappeaiin the develop-
mentof embryossuchasthe Drosophilaandseaurchin[34, 26, 35]. Eachprimitiveis simple
and general,but canbe composedo producecomple prespecifiecbehaior. Complity
comesrom theeffect of theinteractiondetweertheelementsandtheir interactionswith the
ervironment.

For example, a gradientis analogougo the gradientof a chemicalconcentrationfrom a
source.Thisprimitive canbeusedor measuringlistanceascertainingocal direction(tropism),
andcreatingregions. It exploits the spatiallocality of communicatiorto make crudegeomet-
ric inferences.Gradientshemselescanbe quite complex basedon the locationof sources,
however a cell programfor creatingandpropagatinggradientss very simple. Gradientsare
an extremelyrobust mechanismin the faceof individual cell errorsandfailures. Gradients
arealsoquitegeneralandwe have usedthemfor topologicalpatternformationlanguagg8],
the designof ad-hocnetworks for distributed sensorsanddiscovery of global coordinates
without the useof externalbeacong33, 31, 9].

3. Robustness: The cell programsarerobust, without relying on regular cell placementglobal
coordinatespr synchronousperation andcantoleratea smallamountof randomcell death.
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Figure 3: (a) Rokustnesof gradientsasa function of the averagenumberof neighborsof anin-
dividual cell (nlocal). The graphshavs that an expectedaverageof 15 is sufficient to produce
small errorsin gradients,especiallyin combinationwith local averaging(smoothing). (b) When
multiple gradientsare composedhe error varieswith respecto the sourcesof the gradients.The
erroris minimumalongthebisection.This techniqueallows usto predicttheerrorproduceday the
compositionof gradientsaswell asdesignalgorithmsthattake advantageof thelow errorregions.

04l |

02} |

Insteadrobustnesss achieved by dependingon large anddensecell populationsusingaver

agebehaior ratherthanindividual behaior, tradingoff precisionfor reliability, andavoiding

ary centralizectontrol. For example thereareno globalcoordinatesinsteacdcells“discover”

positionalinformationas andwhenneeded using primitivesinspiredby the early sgmen-
tation of the Drosophilaembryo. We have analyzedthe behaior of the above primitives,
throughacombinatiorof theoreticabhndexperimentabnalysighatleveragegraditionaltech-
niquesfrom distributedcomputing probabilisticanalysisandgraphtheory aswell asresults
from paclet radio networks and planargeometry Nagpalhasshavn that an averagelocal

neighborhoof 15-20cellsis suficient to reliably control the self-assemblypf shapesand
achiere geometricfaithfulnesson randomlydistributed cells. We cannot only analyzethe
behaior of gradientsbut alsothe effect of composinggradients(figure 3). Theseproper

ties are extremely attractve from an engineeringoerspectie andthe conceptsarelikely to

have generalapplicability to programminglarge self-reconfiguringrobotsand smartmatter
applications.

4. Analogies to Biology: The languageprovides mary insightsinto the relationshipbetween
local behaior and global morphology that have analogiesto biological systems. One of
the key goalsof this researctwill beto furtherexplore the relationshipbetweernthe models
provided by this work andsimilar systemsn biology.

For example, the cell programis scaleindependentvhich implies it can createthe same
shapeat mary different scaleswithout modification, simply by increasingthe size of the
cell sheet.Scalabilityis an extremelyattractve feature:not only doesthe cell programwork
correctlyovervaryingnumberf cells,but thefunction(goal)itself scaleswith thenumberof
cells. This systemcanalsogeneratanary differentrelatedshapesvithout any modification
to the cell program. The methodby which both scale-independenand relatedshapeare
achieved is by recursvely subdviding the spacerelative to the boundary Eachoperation
(fold) is relatve to the currentboundaryand createsnew “boundaries”. Thus compleity
is generatedy recursvely applying simple operationswhile still remainingrelative to the
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Figure 4. If the sameinvertercell programis run on a larger numberof elementgsamedensity
per unit areaand sameneighborhoodsize) thenthe patternformationautomaticallyscalesto the
numberof elements.For an asymmetricsheetthe patternscalesasymmetricallyin a predictable
way. Thisis achievedwithout ary changeo the program.

original boundary This suggestsa mechanisnfor achieing shapetransformationsn the
mannerof D’Arcy Thompsors famousexampleg42]. In figure4, theinverterpatternscales
not only accordingto the numberof elementsut alsothe shapeof thesheet.

This hassignificantimplicationsfor biology: if thecell programsdo notdiffer, thenmethods
suchasgeneticanalysisarenotlik ely to revealmuchinformation. Insteadobserationsof the
processof developmentand comparisondetweenprocessein closelyrelatedspeciesmay
give usbetterinsightsinto how morphologyis created.

B.4 Proposed Research

The goal of the researctdescribedn this proposalis twofold: to extend our programmingmod-
elsto new domains,andto investigatethe connectionof our modelsto biological processesWe
will designnew languageshatdescribethe formationof shapeby exploiting replication(growth),
motility, anddeletion(cell death).Justaspaperfolding is a naturalprocesdor shapeormationon
asheetwe will needto discorer new modelsto describeshapdormationin thesenew domains.

Our previous work hasexhibited several similar traits to biological systemsand provided us
with insightsinto how thesesystemsmaywork. We will exploit theseinsightsto designbiological
experimentsthenidentify oneor morecolleaguesn the Biology departmenandcollaboratewith
themto performtheseexperiments.Specifically we will investigatescaleindependencandmor-
phologicaldifferencesn closely-relatedgspecies.We will alsoinvestigatethe connectiorbetween
the kinds of failuresthat we have obsered in the simulatedmorphogenesiprocessesndthose
thatoccurin naturally-occurrig birth defects concentratingn failuresof geometrytopologyand
synchronization.

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

Our preliminarywork hasfocusedon 2D patternformationandshapegroducedhroughepithelial
cell basedolding. However this only scratcheshe suriaceof whatis possible.Biology suggests
mary differentmetaphordgor constructingcomplex structure:growth, cell motility, cell death,ma-
terial depositiongtc. Our goalis to usea similar programmindanguagespproactio the designof



artificial systemghatform 3D volumetricstructuredasedn:

1. Growth: Growth is fundamentato the creationof structurein embryos from folding in the
chick eye to limb generatiorj2]. Growth is importantnot only for creatingstructurebut also
for self-repairingstructure suchasregeneratiorof limbs[26].

2. Limited Matility: Examplesof this areepithelialcell migrationfor woundrepair neuralcell
separatiorin Drosophilaembryos,andmigrationof mesenchymatells during early gastru-
lation [48, 36, 24, 23]. This playsanimportantrole in achiezing robustnessand self repair
andis oftenseenin conjunctionwith cell growth.

3. Cell Death: Programmedtell death(Apoptosis)playsan importantrole in the formation
of structuressuchasthe Drosophilaeye, wherethe exact hexagonalpattern(neurocrystal)
is producedby programmedtell deathof interveningcells[26]. In mary casessuchasthe
formationof fingersin embryosgcell deathplaysa complementaryole to grownth in removing
materialbetweerscafolds [2].

Someof the specifictasksinvolved are:

1. Wewill constructetailedcomputationamodelsandframenorksfor cell actuatiorandsens-
ing behaior, basedon currentstudiesof cell gronth, motility andapoptosis.Already there
areseveral sourcef mathematicahndmechanicamodelsfor suchsystemg2, 36, 24, 23).

2. Wewill extendcurrentprimitivesto thenew sensing/actuatiomodelsaswell asdevelopnew
primitives. Therearestrongreasongo believe thatmary of the currentprimitiveswill apply
in thesenew regimes. Gradientsfor exampleareknown to play arole in regulatinggrowth;
grafting experimentson cockroachegs suggestshat gradientsplay a role in regulatingthe
lengthof theleg andalsoregenerationn seseredlegs[26]. In mary casesensingandactua-
tion affectsthe primitivesimplicitly, for examplein the caseof sheefolding, cellsform new
local neighborhoodshroughcontactwhich allows gradientso seepthroughmultiple layers
of thesheetasif it wereonefusedlayer

3. Wewill developrohbustgeneral-purposalgorithmsandgeneraimethodologiegor theanaly-
sisof biologically-inspred algorithms.Specialattentionwill bepaidto robustdesign:princi-
plesthatdonotrely onsynchronousperatioror regulargridsof cells,andwhich cantolerate
cell death.We expectthatmary of thetechniqueslevelopedin prior work will be adaptable
to thesenew systemsAs in previouswork, we expectthe analysisto leveragenot only tradi-
tional distributedandparallel-computingdeas but alsoresultsfrom computationajeometry
andotherareas.

4. Wewill developnew high-level languagesor the specificatiorof shape Thisis animportant
pieceof the research— the choice of shapespecificationlanguagedeterminego a large
dggreethedecompositiorof the problem.For example,paperfolding is a naturalprocesgor
describingshapgormationon a sheetandthe axiomsprovide the decomposition Choosing
the right decompositiorwill be necessaryn orderto translateabstractnotionsof shapeto
local processesWe will needto discover new modelsto describeshapeformationin these
new domainsandthiswill requirecross-disciplinarandnon-traditionakhinking.

Thisresearchvill playacomplementargpproacho otherresearclin self-assemblysuchasthe
work on structuralandthermodynamiself-assembly22, 18, 11], in exploring the spaceof shape



formation. Structuralor thermodynamicself-assemblyfocuseson the designof materialswith
propertiesthat causethemto assemblénto the desiredstructurewhenmixed together The work
takesinspirationfrom molecularand chemicalself-assembly By contrastour approachs that of
“programmed”self-assemblywherethe elementscontaininstructionsfor their behaior. In nature
we seestructuregormedby bothmethodsg.g. crystalformationandembryogenesi€xplorations
of theseareaswill give usfurtherideaof which methodologyis appropriatdor agivenproblem.So
farthework on self-assemblyasexploreda very limited space Reconfigurableobotresearcthas
focusedon theformationof structurethroughcoordinationof independeninobile units, which are
independenor forcedto remainedconnected15, 50, 19]. Our previouswork usesanen metaphar
thatof aflexible sheetandshavs thatsuchasubstrateeanbevery versatilefor creatingshape The
proposedesearctwill explorenaen metaphorgor creatingshapeandextendourknowledgeof how
to self assemblealifferentstructures.

B.4.2 Investigating the Relationship with Biological Systems

Our currentunderstandingf the generatiorof structurein biological systemss limited. We lack
insightinto how global structureemepgesfrom local interactionsbetweencells. Our preliminary
work hasfocusedon exactly this area,but in the context of computationaklements.Our systems
exhibit structuraltraitsthathave strongparallelsto thoseseenin biological systemsAlso, because
the relationshipbetweenglobal andlocal behaior in our systemss well understoodye canuse
thesesystemsasa modelto designbiological experiments.

Onesuchtrait is scaleindependencealsoknown assizeinvariance which refersto the appear
anceof the samestructureat a variety of scales Someexamplesof this trait include:

1. Embryosof the seaurchin develop normally over ten-fold sizevariations,andin the caseof
the hydra,afragmentonehundredtithe volumecangive riseto a completeanimal[47].

2. Specieof theDrosophilavary overfive-foldin size,but theshapeandproportionof thebody
partsis highly consered, asis their DNA [26].

3. Extremelycomple structuressuchaslungs, kidneys, andthe digestve systemappealin a
wide rangeof sizes.

Many of thesecasesuggestespeciallyin the caseof theembryos)hatthe processeor form-
ing morphologyarecapableof scalingto differentsizes without modificationof the DNA. However
biologistscurrentlyhave very little understandingf how thisis achiezed atthe cell level.

Oneway in which biologistsare attackingthis problemis throughgeneticanalysis. But our
work hasshavn that visually dramaticglobal differencesdo not necessarilyranslateto large dif-
ferencesn acell programwhichimpliesthatmethoddik e geneticanalysisarenotlikely to reveal
muchinformation. Insteadobsenrationsof the processof developmentand comparisondetween
processes closelyrelatedspeciesnaygive usbetterinsightsinto how the morphologyis created.

Wolpertproposedheideaof positionalinformationand“balancing” gradientgo explain scale
independencmn theinitial patterningof thehydraandseaurchin[47]. Oneproblemwith thismodel
is thatgeneratingomplex scalableatterngequiresvery complex comparisorfunctionsandsignif-
icantprecisionin the original coordinatesystem.Our systemsexploit mary of thesametechniques
usedby Wolpert,but combinethemwith theideaof recursve decompositionThis hasthe effect of
simplifying the comparisorfunctionsandreducingthe precisionconstraints Consequentlywe are
ableto producecomple structurefrom very simpleparts.
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Figure5: On theleft arethe headsof closelyrelatedspeciesof Drosophila(from The Making of
the Fly [26]). Ontheright is a caricatureof how the Drosophilaheadproportionsvary. In each
casetheregionsarecreatediy the samecell program the scalingoccursautomaticallyastheinitial

size and shapeof the headis varied. Patternswithin eachregion would also scaleaccordingly
This demonstratetiowv visually dramaticglobal differencesdo not necessarihtranslateto large
differencesn acell program.

Thebehaior of our systemsuggestsnary possiblebiologicalexperimentsIn the Drosophila
melangaster Nusslien-Vlhard and Weischausshaved that the head,thorax and abdomenseay-
mentationboundariesare affectedby thresholdsof the bicoid proteingeneratedrom sourcecells
(maternallydeterminediptthe anteriorpole[34, 26]. However Drosophilaspeciesoccurover wide
rangeof sizes.It is likely thattheinitial patterningoroteinsandgenesareconseredacrossnary of
thesespecieslIf onecouldcompargwo specief differentsizes,onecould askseveralquestions:

1. Are theembryosthe samesizewheninitial patterningoccurs?
2. If not,dothe sgmentsscaleproportionallywith the embryosize?

3. How doesthe extentandconcentratiorof thebicoid gradientcompardn thedifferentspecies
anddo sggmentsoccurat relative or absoluteconcentrationsf bicoid?

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

Our work also demonstrateshat mary relatedshapescan be createdwithout ary changein
the cell program. Experimentson two closely relatedHawaiian Drosophila species,with very
differentlooking headshasshavn thatthereareonly a small numberof genesprobably10, that
areresponsibldor the differencein headshap€g43]. However thereis no understandingf what
these"shapegenes’control. Figure5 shavs the headsof severalrelatedspeciesof Drosophilaon
the left [26]. The proportionsof the centerregion and eyesscalein differentways. On the right
is a caricatureof the headsgeneratedy our system.In eachcasethe patternis generatedy the
samecell program the only differencebeingthe shapeof theinitial sheet.In the programthewidth
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of the centerregion is proportionalto the heightof the sheetandscalessimilarly. By arecursve

applicationof thisidea,ary patternformedwithin oneof the majorregionsscalesautomaticallyas
onescaleghe overall sheet.This demonstratekow significantlydifferentshapesanbe produced
by thesamecell programandsuggestthatonepossiblegfunctionof thesggenesnaybeto determine
the growth alongthe majoraxesof thehead.

Our modelsprovide predictionsaboutspecifictypesof failuresin topology geometryandsyn-
chronization. For example,work by CooreandNagpalpresentedwo differentmechanismshoth
basedon gradientsthatrepresenfundamentallydifferent stratgies of generatingstructure— the
first favors topologywhile the secondfavors geometry[8, 32]. As aresultthesemechanismbe-
have differentlyin the presencef failures. At differenttimesduring development eithertopology
or geometrymay be moreimportant,andthe relatve importanceis partly revealedby the stratgy
choseraswell asthewaysin which failuresoccur

We candraw a parallelbetweerthis behaior of our systemsandthat of cells. Both stratgies
imply differentcell behaior — in onecasecell behaior is affectedby its localneighborhoodin the
otherit is strictly autonomousFor instanceduring gastrulatiorthe gut grows from oneendto the
otherguaranteeingonnectity betweenthe mouthandanus. Similarly the formationof neurons
may involve growing towardsa source.However duringthe segmentatiorof the bodyinto regions,
elementsnay autonomouslhgecidewhich region they belongto, sinceconnectiity is notanissue.
Theway in which thesesystemgespondo regional cell failuresrevealsinsightsinto the original
functionaswell asthe extentto which eachcell is affectedby its neighbors.

We will exploit this parallelbehaior by finding examplesof naturalsystemshat both exhibit
thesetraits, and are amenabldo experimentationand obsenation of the developmentalprocess.
We will collaboratewith biologistswho areworking on suchsystemsandjointly designandex-
ecutetheseexperiments.Basedon our previous collaborationsandassociationsvith professorsat
Whiteheadnstituteandotherbiology laboratoriesn the MIT area,we believe we arewell placed
to establisithesecollaborations.

Initially we will focuson the drosophilaexamplespresented.Thereis a significantamountof
dataavailableon early Drosophilaembryogenesiandalsoon the Hawaiian specief Drosophila
[16]. In addition,we will explore otherspecieghatexhibit similar propertiessuchasscaleinde-
pendenceTherearesereralwell-studiedcandidatesystemsfor example,zebrafishjung formation
in themouse andseaurchinembryogenesis.[42].

Although this work is in the beginning stagesresultsin this areahave the potentialto have a
significantimpacton our understandingf developmentalprocesseand creationof morphology
Not only will this promotetheuseof artificial systemdor understandingystemsevel biology, but
it will alsoincreasecollaborationbetweencomputerscienceandbiology in this area,wherefocus
hastraditionally beenvery narraw.

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

The work presentedn this proposalis part of a larger effort, called AmorphousComputing[1],
thatis focusedbothon programmingandbuilding new computationakrvironmentsandsubstrates,
whichwill embedcomputatiorinto the physicalworld. We arealsoengineeringcomputatiorwithin
living e. Coli cells by implementingengineeredjeneticregulatory networks [25, 45, 44]. Knight
andWeisshave successfullyengineeredereralgateswithin e. Coli cells,aswell ascommunication
betweencells basedon autoinducers.Ultimately, however, we believe thatthe real advanceswill
not be from single cells but from programmingensemble®f cells. The researchproposedchere
will be key to our ability to control the behaior of aggregates. Many of the primitives proposed
naturallytranslateto cell capabilities An exampleapplicationof sucha systemwould be patterning
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in living biofilms, asanapproacho nanoscal@ngineeringandmolecularelectronics Theability to
organizecellsinto precisepatternsandto causecellsto secretechemicalcomponentgould bethe
foundationfor the engineeringconstructiorof complex extracellularstructuresandprecisecontrol
of fabricationat the sub-nanometdevel to replacdithography

B.6 Research, Education and Societal | mpact

In additionto our researctgyoalswe are alsodeeplycommittedto educationnterdisciplinaryre-
searchandundegraduateresearctexperience.We arealsocommittedto the wide andopendis-
seminatiorof our researchdeaseducationatontentandsoftware.

Oneof thekey requirement$or promotingthis type of researchs thetrainingandeducatiorof
studentgo think acrosdisciplineboundariesOur grouphasalong historyof supportingnterdisci-
plinary thoughtandalsoof adwocatinginterdisciplinaryeducatiorfor studentslUnderstandindnow
to make connectionbetweerdifferentbodiesof knowledgecanleadto significantinsights.We are
thereforecommittedto traininggraduatestudentsn interdisciplinaryresearchWe alsobelieve that
theundegraduateesearchexperiencds vital to thedisseminatiorof new visionsof computing,as
well asanintegral partof undegraduatesducationa part of the grantbudgetis earmarkd for the
supportof two undegraduatestudentsachyear

Our researctagendawill fostercollaborationdbetweencomputerscientistsandbiologists,not
justatthelevel of toolsbut atthelevel of conceptsWe stronglybelieve thatboth sideshave much
to gainfrom this collaboration.
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