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Cellswith identical DNA cooperatdo form complec structuressuchasoursehes,with incrediblereliability in
the faceof constantlydying andreplacingparts. Emeging technologiesaremakingit possibleto bulk-manufcture
and embedmillions of tiny computingand sensingagentsinto materialsand the environment. We would like to
build novel applicationsrom thesetechnologieslike smartmaterials self-reconfiguringobotsandself-assembling
structuresthatachieve the kind of compleity andreliability thatcells achiese. This posessignificantchallengesa)
How doesoneachieve a particular globalgoalfrom thelocal interactionsof vastnumbersof parts?b) Whatarethe
appropriatdocal andglobalprogrammingparadigmgor engineeringobustsystems?

We will presentwo examplesof usinga programminganguagespproacho designingself-assemblingystems.
We usemorphogenesiand developmentabiology asa sourceof mechanismsindgeneralprinciplesfor organizing
robustlocalbehaior. Howeverunlike currentapproache emegentsystemsthegeneraprinciplesareformalizedas
programming languages— with explicit primitives,meanf combinationandmeanf abstraction— thusproviding
aframework for thedesignandanalysisof self-oiganizingsystemsWe believe thatthis methodologywill impactthe
designof reconfigurablerobotics and smart-mattemapplications,and also influenceour engineeringprinciplesfor
robustdesign.

Thefirst systemprovidesalanguagdor specifyingshapgormationon anintelligentsheetcomposeaf thousands
of identically-programmedut locally-interactingflexible agents[1,2] The systemusesa hovel approachthedesired
global shapeis specifiedat an “abstract” level as a folding constructionon a continuoussheetof paper which is
thenautomatically compiled to producethe programrun by the identically-programmedadgents.The global-to-local
compilationis achieved by usinga setof five robustlocal primitives,inspiredby cell differentiationin multicellular
organismssuchasthe Drosophila. The compilercomposesheseprimitive building blocksin a principledway using
a setof geometryaxiomsfrom paperfolding (origami) mathematicsTheresultingprocesss not only versatilein the
shapesandpatternghatcanbeformed,but alsoextremelyreliablein the faceof randomagentdistributions,varying
numbersof agentsandrandomagentdeath without relying on global coordinatesr centralizedcontrol. The process
also exhibits interestingbiological traits; for example, it is scale-independent — the shapescalesto the numberof
agentsand proportionsof the initial sheetwithout any modificationto the agentprogram. Many examplesand a
detailedanalysisof the systemcanbefoundin [1].

The secondsystem currentlyunderdevelopmentappliesthe sameapproacho a differentdomain:the synthesis
of arbitrary3D volumetricshapegrom cell growth. Thegoalis to compilea predeterminedlobal shapeo producea
programfor a seedagentthatthen“grows” the structurethroughreplication. The compilationproceedsn two stages:
firstanarbitrary3D shapés automaticalljdecomposeahto anefficient packingof covering-spheresjsingtechniques
from computergraphics. Neighboringspheresare linked into a bidirectionalnetwork using local referencepoints
relative to eachsphere.This sphere-representatias key becausét permitsthe formation of the entire structureby
cellsrecursvely executingonly two simple primitives. growing into asphereandtriangulatingthe centerof adjacent
spheresLocally the agentsusereplication,gradientsandcompetitionto achieve theseprimitivesrobustly andallow
for local self-repairin the event of agentdeath. Apart from being scale-independergnd robust, this systemalso
modelsregeneration. In biology, mary specieshaw incredibleabilitiesto regeneratdimbs; a starfishcanregenerate
theentirestructurefrom partof alimb. Our artificial systemcanalsoregeneratdrokenstructureshbecausehesphere-
network representatioallows the structureto be grown startingfrom any sphereandevery cell containsall necessary
informationto reproducehe missingstructure.Currentlywe arecompletingthe simulationsof 2D shapeformation
and extendingthe processto 3D. The next stepis to replacecell growth/deathwith a modelfor a self-assembling
modularrobotwherethe agentscanattach,detachandwander
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Figure 1: Shapeand patternformation on a surface of identically-programmedocally-interactingagents(a) dif-
ferentiatinginto an inverterchain patternand (b) folding into an ervelope. In both examples the agentprogramis
automaticallygeneratedrom anabstractiescriptiorof thedesiredstructure . The patternscalesautomatically(without
modificationof the agentprogram)to the sizeandproportionsof surface. The processs robustto randomplacement
andrandomdeathof agentd1].

This researchis motivatedby technologiessuchas MEMs! devices, that are makingit feasibleto build novel
applicationssuchas sensorcoveredbridgesthat monitor load and modularrobotsthat can reconfiguretheir shape.
Theseapplicationswill requirecoherentaindrobustbehavior from thelocalinteractionsof vastnumbersof agentsand
theirinteractionswvith theervironment.Approachedasedn centralizecdcontrolandplanningarenotscalabldo large
numberof agentsln addition,they aredifficult to makefaulttolerantbecausef thestrongtendeng to depencncen-
tralizedinformation,suchasglobal clocks,positioninformation,anduniqueidentifiers. Thesestratgiesput pressure
on systemdesignergo build comple, precise(andthusexpensie) agentgatherthancheapmass-producedjnreli-
ablecomputingagentsthatonecanconceve of justthrowing at a problem.By contrasthbiological systemgegularly
achieve coherentreliable and complex behaior from the cooperatiorof large numbersof identically-programmed
unreliableagents.During embryogenesis;ells form incredibly complex structuresin the faceof large variationsin
cellbehaior andbiologistsarebeginningto uncovermary of theunderlyingmechanism§3,4]. However simply mim-
icking biological behavior is not sufiicient. Cellularautomatanodelsandartificial life researcthave beendifficult to
generalizébecauséocal rulesareconstructedempirically, without providing a framework for designingocal rulesto
obtainarny desiredgoal. Evolutionaryandgeneticapproachesnthe otherhand,evolve local ruleswithout producing
ary understandingf how or why they work; this makesthe correctnesandrobustnes®f the evolvedsystemdifficult
to verify andanalyze.

This researchrepresents differentapproactto engineeringself-oiganizingsystems.Ratherthantrying to map
a desiredgoal directly to the behavior of individual agentsthe problemis brokenup into two pieces:a) how to de-
composehe goal globally b) how to mapthe constructionstepsto local rules. In both exampleswe take advantage
of currentunderstandingn otherdisciplinesof how to decompose problem. This approactsuggestshatexploring
new global paradigmss at leastasimportantasexperimentingwith local rules. Our currentresearchasfocussedn
self-assemblyhowever the sameapproaclcould be appliedto achieving global behaior from ant-like robots. The
global-to-localcompilationis thekey to achieving complexity while still beingableto analyzethe behavior of thesys-
tem. By encodingtheseprocesseasprogramminganguagesve cancombineprinciplesfor controllingcomplexity,
drawn from computersciencewith techniquegor robustdesign,inspiredby biology.

Bibliography

[1] Programmable Self-Assembly Using Biologically-Inspired Multiagent Control, Nagpal,AutonomousAgentsand
MultiagentSystemgAAMAS), 2002.Also PhD ThesisMIT, June2001.

[2] Amorphous Computing, Abelsonet. al., Comms.of the ACM, Vol 43,n0 5, May 2000.

[3] Principles of Devel opment, Wolpert, Oxford University Press2002.

[4] The Making of a Fly: the Genetics of Animal Design, Lawrence Blackwell Science1992.

IMicro-electronicMechanicaDevices. Integratesmechanicasensors/actuatowsith silicon basedntegratedcircuits.



