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Abstract

Intelligentmatteris ary materialin whichindividual moleculesor supra-molecular
clustersfunction as agentsto accomplishsomepurpose. Intelligent mattermay be
solid, liquid or gaseousalthoughliquids and membranesre perhapsmosttypical.
Universally programmableintelligent matter (UPIM) is madefrom a small set of
molecularbuilding blocksthatare universalin the sensehatthey canberearranged
to accomplishary purposehatcanbe describecby a computemprogram.in effect, a
computeiprogramcontrolsthebehaior of thematerialatthemoleculadevel. In some
applicationghe moleculesself-assembla desirednanostructurdy “computing” the
structureandthenbecomingnactive. In otherapplicationghematerialremainsactive
sothatit canrespondat the molecularlevel, to its ervironmentor to otherexternal
conditions. An extremecaseis whenprogrammablesupra-moleculaclustersact as
autonomousgentsto achieve someend. This reportoutlinesa one-yearexploratory
researclprojectto investigatehefeasibility of UPIM.

1 Project Summary

Intelligent matteris any materialin which individual moleculesor supra-moleculaclus-
tersfunctionasagentdo accomplistrsomepurpose Intelligentmattermay be solid, liquid
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or gaseousalthoughliquids and membranesre perhapsmosttypical. Universally pro-
grammableintelligent matteris madefrom a small setof molecularbuilding blocksthat
areuniversalin the sensehatthey canbe rearrangedo accomplishary purposethat can
be describedy a computemprogram.In effect, a computemprogramcontrolsthe behaior
of the materialat the molecularlevel. In someapplicationghe moleculesself-assembla
desirednanostructurdy “computing” the structureandthenbecominginactive. In other
applicationsthe materialremainsactive so thatit canrespond at the molecularlevel, to
its ervironmentor to otherexternal conditions. An extremecaseis when programmable
supra-moleculaclustersactasautonomousgentdo achieze someend.

Accomplishingthe goalsof universally programmablantelligent matterwill require
the identificationof a small setof molecularbuilding blocksthatis computationallyuni-
versal.The SKcalculus(akind of combinatorylogic) is aformal systemthatdemonstrates
thatsuchsetsexist. It is capableof universalcomputationput makesuseof only two sim-
ple operation®on graphswhich aresuggestre of moleculamprocessesComputeliscientists
have investigatedhe SK calculusextensiely for severaldecadessa basisfor massvely
parallelcomputerarchitecturesandthe translationof high-level functionalcomputerpro-
gramsinto SK structuress well understoodHowever, the SK calculusmaynotbethebest
choicefor programmableéntelligentmatter

This exploratoryresearctprojecthasfour principal objectives: (1) to developa model
of computationcompatiblewith the constraintsof molecularprocesses(2) to identify at
leasttwo universalsetsof building blocksfor programmablentelligent matter;(3) to de-
velopmethoddor interfacingwith additionalmolecularbuilding blocksfor sensingcondi-
tions andcausingeffectsin the externalernvironment;(4) to develop prototypesimulation
softwareto investigatecharacteristicpeculiarto molecularcomputation.

Someof the methodsare theoretical: (1) the constructionof a mathematicamodel
of computationcompatiblewith the constraintsof molecularprocessesand(2) a mathe-
maticalinvestigationof the propertiegsuchascomputationatiniversality)of somesimple
graphoperationgesultingin at leasttwo universalsetsof building blocks. The theoret-
ical investigationwill be supplementedby (3) the developmentof simulationsoftwareto
investigatestochasti@ndothernovel factorsaffectingcomputationin amolecularcontext,
and(4) theuseof the simulatorto demonstratéhe useof programmabléntelligentmatter
to implementsereralusefulnanostructuresuchasnanotubesandmembranesvith actve
channelsandcilia.

Sincetheresultingbuilding blocksfor universalprogrammablenatterare expectedio
beindividually simpleandfew in number this projectwill provide theinformationneeded
by chemiststo identify or synthesizehe substancesufficient to implementuniversally
programmablantelligent matter This will openthe way toward the ability to produce
materialswith a desirednanostructureand behaior as easily aswe programcomputers
today This projectwill take a first steptoward a systematicapproacho nanotechnology
thatwill facilitateits rapiddevelopment.



2 Background

2.1 Approach to Universally Programmable Intelligent M atter

Intelligentmatteris any materialin whichindividualmoleculesor supra-moleculatclusters
functionasagentgo accomplishsomepurpose.Intelligent mattermay be solid, liquid or
gaseousalthoughliquids andmembranesire perhapanosttypical. In someapplications
themoleculesself-assembla desiredhanostructurdy “computing” the structureandthen
becomingnactive. In other “interactive” applicationghe materialremainsactive sothatit
canrespondatthe molecularlevel, to its environmentor to otherexternalconditions.An
extremecaseis whenprogrammableupra-moleculaclustersactasautonomousgentgo
achieve someend.

Although materialsmay be engineeredor specificpurposesye will getmuchgreater
technologicaleverageby designinga “universalmaterial” which, like a general-purpose
computey can be “programmed”for a wide rangeof applications. To accomplishthis,
we mustidentify a setof molecularprimitivesthat canbe combinedfor widely varying
purposesin particular universally programmablentelligentmatter(UPIM) is madefrom
a small setof molecularbuilding blocksthat are universalin the sensethat they canbe
rearrangedo accomplishary purposethat canbe describedoy a computerprogram. In
effect, a computerprogramcontrolsthe behaior of the materialat the molecularlevel.
Theexistenceof suchuniversalmolecularoperationsnight seemhighly unlikely, but there
is suggestie evidencethatit maybe possibleto discover or synthesizéhem.

Term-rewriting systemg10, 18] are simple computationabystemsn which networks
arealteredaccordingto simplerewrite rules,which describesubstitutionghat have much
in commonwith abstractchemicalreactions. (One particularterm-ravriting system,the
lambdacalculus,hasbeenusedalreadyto model prebioticchemicalevolution [6, 7, 8].)
Term-ravriting systemshave beenextensiely investigatedoy mathematiciangnd com-
puterscientistdor severaldecade$4, 5].

Oneattractie featureof term-ravriting systemss thatmary of themhave the Church-
Rosserproperty[2], which means,roughly, that substitutionscan be donein arny order
without affecting the computationatesult[4, ch. 4]. Thereforetheseterm-ravriting sys-
temshave beeninvestigatedasa possiblebasisfor massvely-parallelcomputerarchitec-
tures[5, 20]. Thisis animportantpropertyfor amodelof molecularcomputationijn which
moleculamprocessetake placestochastically

One classof term-renriting systemsthe combinatorylogic systemg3, 4, 9, 19], is
very relevant for programmablentelligent matter for it hasbeenknown sincethe early
twentiethcenturythatthereareseveralsmallsetsof substitutionoperationghatcanbeused
to programary Turing-computabldunction. One suchuniversal setis the SK calculus,
which comprisestwo simple substitutionrules. The K-substitutionis expressedoy this
rewrite rule,

(KX)Y) = X,

which describeghetransformatiorshovn in Fig. 1, in which X andY represenary trees.
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Figurel: K-Substitution

Figure2: K-Substitutionasa MolecularProcess

In effect, sincethe valueof (KX'), whenappliedto ary Y, is X, the K operationwhen
appliedto X yieldsthe constanfunction (KX ). Thisis theinterpretationput the compu-
tationaleffectis entirelyexpressedn the substitutionin Fig. 1.

It will beapparenthatthis substitutiorrule suggesta moleculamprocessbut theequiv-
alentdepictionin Fig. 2 makesthe similarity moreapparentlt canbe putin thestyleof a
chemicalreaction,includingreactionresourcesndwasteproducts:

UA:KXY + Da — UX + DAzKaY.

HereA, K, D anda arefunctionalgroups,andU, X andY represenarbitrarymolecular
networks. D is adisposalbperatoranda is a computationallyinert place-holdinggroup.
TheS operatotis only slightly morecomplicatedit is definedby therewrite rule,

(5X)Y)2) = (X2)(Y 2)).

Therearetwo waysof interpretingit asa network substitutiondependingon whetherwe
make anew copy of Z (Fig. 3) or shareasinglecopy (Fig.4). An importantconsequencef
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Figure3: S-Substitutionwith Copying

Figure4: S-Substitutionwith Sharing



the Church-Rossepropertyis thatthe two interpretationdeadto the samecomputational
result,but theinterpretationdiave practicaldifferenceswhich arediscussedater.

It is importantto stresghe significanceof the SK calculus:thesetwo simpleoperations
are capableof computinganything thatcanbe computedon ary digital computer Thisis
certainlyremarkableandsoit is surprisingthatthereare quite a few otheruniversalsets
of combinatorsFor example,the setof K with B’ andW is universal,wherethelattertwo
operatorsaredefined,

(B'X)Y)2) = (Y(X2)),
(WX)Y) = ((XY)Y).

A third universalsetcompriseK andthesethreecombinators:

(BX)Y)Z) = (X(Y2)),
(CX)Y) = (YX),
W'X) = (XX).

Thereare alsootheruniversalsetsand, indeed,somegeneralguidelines[4, sec.5H] for
universality (i.e., the combinatorsmustbe able to delete,duplicate,and permute). The
existenceof multiple universalsetsis very fortunate,becauset impliesthatwhenwe be-
gin to searchfor molecularimplementation®f theseoperationswe will have a greater
probability of finding reactionamplementingat leastoneuniversalsetof substitutions.

The combinationof the parallelcomputatiorpermittedby the Church-Rosseproperty
andthe simplicity of the SK calculushasled computerscientistso investigatet asa ba-
sisfor parallelcomputerarchitecturg5, 20]. Therearesimplealgorithmsfor translating
functionalcomputemprogramsnto SK networks,andconsiderableffort hasbeendevoted
to optimizingthem. Therefore jf we canidentify molecularprocessesorrespondindo a
universalsetof combinatorgSK, for example),thenwe canat leastseethe possibility of
writing acomputemprogramandtranslatingt into amolecularprocess.

To illustratetheidea,we will presentwith little explanation,a programfor computing
ananotubeA singlering of the nanotubas computedy:

Ring(X,Y) = R,
where rec R = RingAux(X,Y, R),
RingAux(X,nil, R) = R,
RingAux(z : X,y : Y, R) = (z,y): RingAux(X,Y, R).
Thefunctionis giventwo molecularchains, X = (z1,...,z,) andY = (y1,...,yn). It
createsaring of the z;, eachof which linkedto the next x groupin thering, aswell asto
the correspondingy; (seeFig. 5). A nanotubdas computedoy creatinga seriesof linked
rings:
Tube(nil, X, Y) = Ring(X,Y),
Tube(a : N, X,Y) = Ring[X, Tube(NV, X,Y)].



Figure5: Example:SingleRing of aNanotube

Figure6: Example:NanotubeSynthesizedby UPIM



If N = (a1,...,a,-1) is ary chainof lengthn — 1, thenTube(V, X, Y) will computea
nanotubeof lengthn, with z groupsforming the sidesof thetube,andy groupsforming its
terminus(Fig. 6). Our discussiorof this exampleis of necessityshort,but it will seneto
demonstratéow simpleprogramscangenerataisefulnanostructures.

Intriguing asthe SK calculusis asabasisfor universallyprogrammabléntelligentmat-
ter, it alsoillustratessomeof the problemghatthe proposedesearclis intendedo address.
As previously mentionedterm-ravriting systemsassumehata network canbe copiedfor
free,asillustratedin Fig. 3. Thisis certainlyabadassumptiorior molecularcomputation,
in whichthetimeto replicatea structureis atleastproportionalto thelogarithmof its size.
It is alsoextremelywasteful,sincewhenprogramsare compiledto useonly the S andK
combinatorspneoftenobseresthatan$S operationreplicatesa structurewhich is almost
immediatelydiscardedy aK. Therearewaysto avoid muchof thisneedlesseplication(at
the expenseof introducingadditionalprimitive combinators)put considerableeplication
will remain.

The obvious solutionis to usethe sharingimplementation(Fig. 4), sincethis does
not requireary copying. It is the solutionadoptedin mary implementationf SK on
conventionalcomputersjn which one may have ary numberof pointersto a singledata
structure. However, this option doesnot seemto be possiblein molecularcomputing,in
which eachlink connectnly two groupsof atoms.

Therearesomepossiblesolutionsto this problem,but they will notbediscussedtthis
time. We raisethe copying/sharingissueto shawv that the constraintsof molecularcom-
puting are differentfrom thoseof electroniccomputing. Therefore while term-revriting
systemscombinatorylogic, andthe SK calculusin particularare suggestre of how uni-
versally programmabléntelligent mattermight be implementedwe mustbe preparedo
developnev modelsof computationthatarecompatiblewith the constraintsof molecular
processesDevelopingsucha modelis a principal objectie of the proposedesearch.

To extendthe rangeof applicationof universallyprogrammabléntelligent matterand
for otherpracticalpurposesit is advisableo extendthe setof primitive operationdeyond
thoseminimally necessaryor computationaluniversality (e.g.,S andK). For example,
we might wantto addsensoropemationsthatresponddifferentlyin differentervironmen-
tal conditions. For example,they might be sensitve to light or to the presenceof some
chemical. Theresultsof thesetestscould be usedto control conditionalexecutionof the
program.In additionto suchexternalinput to the programiit is alsousefulto have means
for externaloutput,which canbe accomplishedvith effectoroperations Thesereactions,
whenthey take place,causesomenoncomputationagffect, suchasthereleaseof achem-
ical, the emissionof light, or physicalmotion. They are one of the waysthatintelligent
mattercanhave aneffect beyondits own internalcomputationateconfiguration.

To someextent the sensorsand effectorsare ad hoc additionsto the basiccomputa-
tional framework (e.g.,SK). However, they arefundamentallyincompatiblewith it in one
sensefor the time whentheir reactionstake placeis usuallyimportant. They aretermed
impemativeoperation@nddonothavethe Church-Rossegoroperty Therefore programsn-
corporatinghemmusthave meandor controllingthetime of their execution.Fortunately



theseissueshave beenaddressetbng agoin the designandimplementatiorof functional
programmindanguage$l2, andreferencesherein],andtheresultsof thoseinvestigations
canbeappliedto universallyprogrammabléntelligentmatter

An issuenot previously addresseds the productionof a molecularcombinatornet-
work (e.g.,anSK tree)from a macroscopigprogram,andthe subsequenteplicationof a
large numberof copies. Although finding a solutionto this problemis one of the objec-
tivesof the proposedresearchproject, a possiblesolution can be presentedat this time.
Arbitrary combinatortreescan be representediniquely as parenthesizedtrings,suchas
“(((SK)S)(SK)).” Therefore,sucha string could be encodedby chainof four molecular
groups(s, k, p, q), suchas"pppskqsqpskqq” for the previous example. Thuswe proceed
in stages.The programis compiledinto SK trees(or othercombinators)thetreesareflat-
tenedinto parenthesizedtrings;andthe stringsareencodedn molecularchainstructures
(e.g.,DNA sequences)yhich aresynthesizedndreplicatedby standardechniquegrom
geneticengineering.Thereplicatedprogramchainsareconvertedbackinto (how molecu-
lar) networks by a simplesetof substitutiornrules,implementedchemically (The problem
of replicationerroris discussedater)

2.2 Potential of Universally Programmable Intelligent Matter

Before presentinghe specificobjectvesof this researchit will beworthwhile to discuss
briefly someof its potentialapplications First, however, it is necessaryo contrastuniver-
sally programmabléntelligentmatterwith someothermoreor lessrelatedideas.

Programmablematter[14, 15, 16, 17] is anapproacho computatiorbasedon lattice-
like arraysof simplecomputationaklementsgellularautomatgsuchasConway’s “game
of life”) are examples. Although techniquedrom the “programmablematterparadigm”
certainlywill be applicableto universally programmabléntelligent mattey thereare dif-
ferencesn objective: programmablenatterseemdo be intendedprimarily for implemen-
tationon electronicdigital computersandcomputationaliniversalitydoesnot seemto be
agoal.

Complex adaptivematter(CAM) hasbeenunderinvestigationat Los AlamosNational
Laboratoryas an approachto adaptingmatteror materialsto a desiredfunctionality by
a quasi-&olutionary processcomprisingamplification, noise or variation, and filtering.
Again,thegoalsaredifferent,but thereareseveralintersectionsvith theproposedesearch.
First, like ours,their focusis on molecularprocessesatherthanelectroniccomputation.
SecondCAM techniquesnight be usedfor synthesizingunctionalgroupsimplementing
universalsetsof molecularoperators.Third, sucha universalsetmight provide building
blocksfor the quasi-&olutionary CAM process.(Indeed,we have alreadybegun investi-
gatingstatisticalpropertiesof “soups” of SK complexes,which might be usedasthe raw
materialsof the CAM procesg13, 21].)

SmartMatteris beingdevelopedatthe Xerox Palo Alto ResearclCenter Its long-term
goalsarequite similar to thoseof intelligentmatter asdefinedin this proposal.However,
the currentfocus seemgo be on small (but not molecular)building blocksthat combine



sensoycomputationandactuationfunctions. Thatis, the goalis MEMS (Micro-Electro-
MechanicalSystemsyatherthannanotechnologyCertainly however, intelligentmatter in
our sensewill benefitfrom the moregenerakechnique®f distributedcontrolandembed-
dedcomputatiorthatmight comeout of the SmartMatter project.

Returningnow to possibleapplicationsof universallyprogrammabléntelligentmatter
theseapplicationsmay be staticor dynamic(or interactve). By a static applicationwe
meanonein whichtheintelligentmattercomputesnto anequilibriumstate andis inactive
thereafter Thereforestatic applicationsare mostoften directedtoward generatingsome
specializedmaterialwith a computationallydefinednanostructure.On the other hand,
dynamicor interactive applicationsnever terminate, but alwaysremainreadyto respond
to their erwvironmentin somespecifiedway; they arethetruly “smart” materials.We will
briefly mentiona few potentialapplicationsof eachkind.

Programareideally suitedto creatingcomplex datastructuresyhich canbecorverted
to comple physicalstructuresby meansof universally programmablentelligent matter
Networks, chainstubes,spheresfibers,andquasicrystallinestructuresareall straightfor
ward to compute. The network resultingfrom sucha computationwill be composedf
computationagroups(e.g.,S, K, A) aswell asinert groups,which aremanipulatecoy the
computationbut do not affectit. Typically, in theseapplicationghe computationaphase
will be followed by a chemicalphasein which the computationabroupsarereplacedoy
substanceappropriateto the application(a sortof “petrification”). In additionto the ex-
amplesalreadymentionedsuchanapproactcouldbe usedto synthesizenembranesvith
poresor channelf a specifiedsizeandarrangemenfdetermineceitherdeterministically
by the programor stochasticallyoy molecularprocesses).

A numberof applicationsare suggestedy the requirementf implementingsmall,
autonomousobots.Someof thesewill becontrolledby verydenseanalogneuralnetworks,
but to achieve densitiescomparabldéo mammaliancortex (15 million neuronsper square
cm.,with upto severalhundredf thousandef connectiongach)we will needto beable
to grow intricatelybranchingdendritictreesatthe nanoscaleGeneratiorof suchstructures
is straightforvardwith UPIM (e.g.,using L-systemg11]). Thesensomlndeffectororgans
of microrobotswill alsorequirevery fine structureswhich UPIM canbe programmedo
generate.

Of coursewe shouldnot neglectthe potentialof universallyprogrammablentelligent
matterto do corventionalcomputation,suchas solving NP-completeproblemsby mas-
sively parallelcomputation.For example,we might replicatemary copiesof a program
to testa potentialsolution,thenmix themin areactionvesselith structuregepresenting
possiblesolutions,andwait for equilibriumto determineactualsolutions. The advantage
of our approachto this kind of searchproblemover others,suchasDNA computationjs
thatour nanoscaléestmoleculesareprogrammable.

Dynamicintelligent matteris interactve in the sensehatit is continuallymonitoring
its ernvironmentandcapableof respondingaccordingo its program.Thatis, it is in a state
of temporaryequilibrium,which canbedisruptedby changesn theervironment,resulting
in furthercomputatiorandbehaior asthe materialseeksa new equilibrium.
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For example,a membranewith channelssuchas mentionedabore, could be made
active by having the channelsopenor closein responsdo ervironmentalconditions,in-
cluding control commandgransmittedoptically or chemically The programlocatedin
eachchannels simple:in responseo its sensostateit executesoneor the otherof two ef-
fectors,blockingthe channebr not. The sensoandthe mediumwould determinevhether
thechanneis sensitve to globalconditions(e.g.,overallchemicalernvironmentor ambient
illumination) or to its local environment(e.g.,moleculeor light in its immediatevicinity).

Similarly, unanchoredar free-floatingmolecularclusterg(e.g.,in colloidal suspension)
mayreactto theirervironmentandchangeheir configurationthusaffectingphysicalprop-
ertiesof the substancesuchasviscosity or transpareng Or they might polymerizeor
depolymerizeon command.Unanchoredsupramoleculanetworks might alsooperateas
semiautonomouagentgo recognizemoleculesor molecularconfigurationsandactupon
themin someintendedway (e.g. bindingtoxinsor pollutants).However, suchapplications
will requirethe agentsto operatein a mediumthat can supply the reactantsneededfor
computation.

Thesesortsof active intelligentmatterwill find mary applicationan autonomousni-
crorobots.For example,actve membranesansene assensorjtransducersiespondingo
conditionsin the ervironmentand generatingelectrical,chemicalor othersignals. They
canalsobe programmedo self-olganizeinto structuresapableof preprocessingheinput
(e.qg.,artificial retinasor cochleas)Further it is a simplemodificationof amembraneavith
channelso make amembranaewvith cilia thatflex oncommand By meansof local commu-
nication,thecilia maybe madeto flex in coordinatedpatterns Similarly we mayfabricate
artificial muscleswhich contractor relax by the coordinatedactionof microscopidibers.
Universally programmablentelligent mattermay also provide a systematicapproachto
self-repairof autonomousobotsandothersystemssinceif arobot’s “tissues”werecre-
atedby computationaprocesseshenthey canremainpotentiallyactive, readyto restore
an equilibrium disruptedby damage.Lessambitiously materialscanbe programmedo
signaldamageor otherabnormalconditions.

To tie theforegoingideastogethemwe may presenthetypical proces®f developingan
applicationof universallyprogrammabléntelligentmatter

1. Write a programin an appropriatehigh-level programminglanguageto createthe
desirednanostructurer to exhibit the desiredinteractve behaior atthe nanoscale.
Dehlug andsimulatethe executionof the programon a corventionalcomputer

2. Compilethe programinto a combinatortree(e.g.,a network of S, K andothercom-
binators).

3. Simulate(on a conventionalcomputer)the substitutionson the network, but subject

to molecularconstraintge.g.,including reactantconcentrationssubstitutionerrors,
etc.).

4. On a computey flattenthe combinatortreeinto a string representing sequencef
DNA bases.
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5. Usethis stringto guidethe synthesisf a DNA sequence.

6. Replicatethe DNA sequenceintil the requirednumberof copiesof the programare
produced.

7. Usethetranslatioror tree-tuilding substitutiongo constructa molecularcombinator
treefrom eachDNA string. (An intermediateRNA stagecouldbeused,f required.)

8. Supplyreactantdor the computationakubstitutions(e.g., S, K, A, D groups),and
allow thereactionto proceedo equilibrium.

9. If the applicationis static,washout or otherwiseeliminateary remainingreaction
wasteproducts.

10. If the applicationis static, substitutepermanenteplacemengroupsfor computa-
tional groupsby ordinarychemicalprocessesif requiredby the application).

2.3 Problems

In this sectionwe will summarizesomeof the problemsthatneedto be solvedin orderto
malke universallyprogrammabléntelligentmattera reality, andwhich thereforedefinethe
objectvesfor the proposedxploratoryresearciproject.

We needa modelof computatiornthat respectghe constraintf molecularprocesses.
For example, as explained above, our model cannotassumethat replicationis free, or
that a functional group canbe linked to (“pointed at”) by an unlimited numberof other
groups. Sucha model of molecularcomputationrmight be a modificationof the network-
substitutionmodel, or it might be a completelydifferentmodel. (For example,we are
investigatinga modelbasedn permutatiorof link participants.)

Assumingthatwe staywith somethindik e the combinatorylogic network-substitution
model,thenwe needasolutionto thereplication/sharingroblem.Onepromisingsolution,
which we have beeninvestigating,is to implementa “lazy” replicationoperation. With
suchan operationthe two “copies” can begin to be usedeven beforethe replicationis
complete. (The Church-Rossepropertyguaranteeshe safety of suchsimultaneousise
andreplication.) Discardingsucha partially replicatedstructurecauseghe replication
procesgo be prematurelyterminatedthusdecreasingvastedresources.

We needoneor moreuniversalsetsof molecularprimitives. Practicalexperiencewith
combinatorprogramminghasshawvn thatit is usuallymoreefficient to usemorethanthe
theoreticallyminimumsetof combinatorsFor example,by includingtheidentity function
or I combinatof (IX) = X], mary of theself-cancelingeplicationsanddeletionscanbe
eliminated.However, we will haveto keepin mind thatthe efficiency tradeofs of molecu-
lar computingarenot the sameasthoseof corventionalcomputing(e.g.,substitutiongake
placeasynchronoushandin parallel,but requirephysicalresources)Othercombinators,
which arenot necessaryrom a mathematicaperspectie, mustbeincludedbecaus®f the
structureghey create.For example,theY combinatoris usedto constructcyclic structures
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(i.e., self-sharingstructures)whereasts definitionin termsof S andK constructgoten-
tially infinite branchingstructureswhich aremathematicallyequivalentto cycles,but not
physicallyequvalent.

As previously discussedinteractve applicationsof universally programmablentelli-
gentmatterwill requiresensorand effector operations. The sensorswill assumewo or
moredifferentconfigurationspr reactin two or moredifferentways,dependingon some
externalcondition(presencef light, achemicalspeciesetc.). For example,asensorcould
produceeitherof two differentmoleculargroups,suchaskK (representingrue, which se-
lectsthefirst alternatie) and (Kl) (representindalse, which selectsthe second)or their
eguvalents. Therefore we needto determinea generalway of incorporatingsensorsand
effectorsinto programsHowever, amoreseriougproblemis controllingtheexecutiontime
of sensorsandeffectorsin a computationamodelin which substitutionsantake placeat
ary time andin parallel. Therearewaysof delayingsubstitutionsn combinatorynetworks
(for example, by “abstracting”[1, 4] a dummy variablefrom them), but it is not clear
whetherthis is thebestapproachpr whetherwe shouldusea differentmodelthatprovides
moredirectcontrolover time of execution.

Certainly oneof the strengthsf the combinatorylogic approacto molecularcompu-
tationis the Church-Rosseproperty which meanghatsubstitutionantake placein any
orderwithout affecting the resultof computation but thereare someissuesthat mustbe
resohed. For example,if aprogramhastwo alternatve branchesselectedy a conditional
operation,thenwe may have substitutiongaking placein both branchesimultaneously
Eventhoughit will not affect the resultof computation,jt may be wastefulto processa
programstructurethatwill notbe neededHowever, thereis aworseproblem.If programs
arewritten in the naturalrecursve way (suchasour Ring and Tube examplesabove), then
it is possiblethatall thereactionresourcesould go to recursve expansionof conditional
armsthat will endup beingdiscarded.Thereare waysto solve this problemwithin the
combinatorylogic framewnork. (For example,we candelaythe substitutionswithin a net-
work by “abstracting”[1, 4] from it anargument,which is provided only whenwe want
the substitutionso proceed.) However, theremay be more direct solutionsto the prob-
lem, suchasthoseusedin ordinaryprogrammingdanguagemplementationswhich canbe
adaptedo the molecularcontext.

Similar problemsarisein the implementatiorof interactve intelligent matter thatis,
intelligent matterthat doesnot computeto a stablestate,but remainsactive. A rewriting
system suchasthe SK calculus,is by its nature“computeonce” becausehe programis
consumedn the procesof computation.Indeed,this similarity to a chemicalreactionis
one of its virtuesin the context of molecularcomputation. However, it is a problemin
the context of interactie intelligent matter sinceit meanghata program,onceexecuted,
doesnot exist to executea secondiime. Thereareat leasttwo potentialsolutionsto this
problem. The standardsolution,usedin the network-substitutionmplementatiorof pro-
gramminglanguagesis to usea combinatorsuchasyY (mentionedabove) to replicatea
programstructurewheneer it is needed.Anothersolutionwould be a molecularprocess
to “interpret” afixed programstructure muchasin anordinarydigital computer However,
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asidefrom the factthatthis getsquite far away from network substitutionandits adwan-
tages,it hasseriousproblemsof its own, which comefrom having multiple functional
groupssimultaneouslyreading” (andthuslinking to) the programstructure.

Although thereare mary similarities betweenterm-ravriting systemsand molecular
processesthereare alsoimportantdifferenceswhich mustbe addressedn a theory of
molecularcomputing. For example, the relative ratesof reactionscan be controlled by
the concentration®f the reactantandotherconditions,suchastemperatureThis canbe
exploited for nonstandardisesof network substitution. For example,we may have two
or moreconflicting setsof substitutionrulesfor a setof molecularoperatorsandwe can
determinewhich areapplied,or their relative probability of beingapplied,by controlling
the concentration®f the reactantsneededor the alternaterule sets. This permitsprob-
abilistic control of the nanostructuregenerated.Or we may have differentsubstitutions
performedn differentstageof a processComputatiorcanalsobe controlledby external
fields or othergradientsfor variouspurposessuchas creatingorientedstructures.Such
considerationsaiseproblemsandpotentialshatarenew for modelsof computation.

One characteristiocof molecularcomputationwhich distinguishest from electronic
computationis the high probability of errorin molecularprocesses.Therefore,we will
needto developmeangbothchemicalandcomputationalfor decreasinghe probability of
sucherrors,for correctingthemwhenthey occur, or for assuringhatresultsareinsensitve
to them. Further unpublishedreliminaryinvestigationsndicatethata certainfraction of
randomSK treeswill resultin nonterminatingexpansve, chainreactiong13, 21]. (The
probability of terminationdecreasesvith increasingrandomtree size.) This is a poten-
tial problem,sinceit suggestdhat a sizablefraction of substitutionerrorscould resultin
runavay chainreactionghatcoulduseup all thereactionresources.

Network substitutionis basedn the mathematicatiefinitionof agraph:dimensionless
nodeslinked by edges;normally the geometricalarrangemenof the nodesandlength of
the edgesis irrelevant. However, moleculargroupsoccuyy finite volumes,andthereare
constraintson the locationsof bondsand lengthsof linking groups,which are someof
the constraintghat needto be accommodatedh a theory of molecularcomputing(e.g.,
compard-igs.1 and2). Folding of programnetworkscouldalsointerferewith substitution
operationsandsowe will haveto find chemicalmeansof keepingnetworksextended.

Interactve applicationsnustbe providedwith anadequatsupplyof reactant$o assure
thatsubstitutioncantake placewhenthey aresupposedo. Certainly someof thereactants
cancomefrom the regycled productsof previous reactionsbut otherswill requirefresh
raw materials.The sameconsiderationsvill applyin staticapplicationghatinvolve long
or comple chainreactions. Thereare several possiblesolutionsto this problem,but the
choicedependon the specificsof the UPIM application. For example,if the networks
areattachedo solid substratege.g.,membranessponge®r particles) thenreactantsnay
be madeto flow over them(thusalsoclearingaway wasteproducts).If the networks are
in colloidal suspensioror free-floatingin a fluid, thenreactantsare easyto add; waste
productsmight beremovedby osmosisfiltering, precipitation,etc.

Thsearejust a few of the waysin which universallyprogrammablentelligent matter
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differsfrom conventionalcomputatioranduseof term-revriting systems.

3 Objectives

Giventhe precedingdiscussiornof someof the problemsthat mustbe addressedh order
to make universally programmabléntelligent mattera successwe cannow presentthe
objectivesof the proposedne-yealexploratoryresearciproject.

3.1 Mathematical Model of Molecular Computation

Thefirst objective is to develop a mathematicamodelof molecularcomputatiorthat, on

the one hand, incorporatesghe mostimportant constraintson molecularprocessesnd,
on the other is at a sufficiently high level of abstractiornto avoid irrelevant complexities

of the processes.As alreadyremarled, the model must respectthe fact that only two

functionalgroupscanbeconnectedby alinking group,andthatlinks areof (approximately)
fixedlengthandmake their connectionst (approximatelyfixedbondangles At thistime

we anticipatethat the modelwill be basedon mathematicafyraphtheory incorporating
the geometricalconstraintson link length and orientation. It is unclearto what extent
enegy relationshipseedto beincorporatednto the model. The goalwill beto develop
amathematicaframework thatis independenof particularprimitive substitutionge.g.,S

andK) andotheroperationge.g.,sensorandeffectors).

3.2 Universal Setsof Operators

The secondobjective will be to identify at leasttwo universalsetsof primitive operators.
SK is, of course a primary candidatebut thereareothers,asmentionedcabove, which may
be more suitablefrom the perspectie of simplicity or similarity to molecularprocesses.
In addition, whichever mathematicallyjcompletesetis chosenwe will have to extendit
to solve the replication/sharingproblem,aswell asto handlecreationof cyclic structures
(e.g.,Y), destruction/regcling of discardedstructurege.g.,D) andotherbookkeepingand
practicalnecessitiesTo the extent possible theseextendedoperationswill be keptinde-
pendenbf the choiceof universaloperators.

3.3 Interface Operators

We cannotanticipatethe variousmolecularsensorandeffector operatorghat may be dis-
coveredor synthesizedn the future. However, at this stagewe candevelop generalin-
terfacetechniqueghat allow theseoperatorgo be integratedinto the combinatorylogic
framavork. For example,sensorsubstitutionanay produceeitherof two groups,which
function asthe truth valuestrue or false. Accommodationof imperatve sensorand ef-
fector operationswill alsorequirea solutionto the problemof controllingtheir execution
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time. Fortunately we know of two potentialsolutions(basedon bradket abstraction[1, 4]
andtokenpassing, andtherearedoubtlesothers.

3.4 Simulation Tool

Someissuesdn universallyprogrammabléntelligentmattercanbe settledmathematically
For example,it is relatively easyto prove thata setof primitive combinatorgs universal
(assumingthat the result has not alreadybeenproved in the literature). It will alsobe
straightforvard to prove someresultson possiblenetwork geometriesand on the control
of imperatve operatorsHowever, someotherresultswill bedifficult to obtainby analysis,
andfor theseinvestigationave intendto developa simulationtool.

The basicfunctionality of the simulatorwill beto performsubstitutionsdbasedon pro-
vided rewrite-rulesfor the primitive combinatorsjncluding sensorsand effectors. There
mustbe meansfor readingin simulatedmolecularnetworks or chainsandfor displaying
themduring simulationor atits end.

The simulatoralsoneedgo be ableaccommodatéactorsthatareimportantin molec-
ular computing.For example,substitutionshouldbe performedrandomly with probabil-
ity of substitutionbeing proportionalto reactantconcentrations.Reactandepletionand
replenishmenshouldbe modeled,so that we caninvestigatetheir useto control compu-
tation. The simulatormustalsoallow usto investigatethe effectsof substitutionerror by
controllingtheerrorratesof theoperationsThe simulatorshouldallow simulationof spa-
tially fixed networks (suchasthoseanchoredo substratesr embeddedn gels)aswell as
free-floatingnetworks (suchasthosein fluids or colloids).

3.5 Demonstration Applications

We intendto usethe simulatorto implementseveral simpleapplicationgo investigatehe
potentialof universallyprogrammableéntelligentmatter At this time, we areconsidering
thefollowing demonstrations:

1. nanotube®f specifieddiameterandlength,

2. membranesvith poresof specifieddiameteranddensity;

3. membranesvith cilia thatflex in a specifieddirectionuponcommand;
4. arotatingflagellum.

Thesearenot complex problemsfrom the standpoinbf purecomputationput we needto
understandheissueghatarisewhenthey areimplementednolecularly
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4 Plan

4.1 Mathematical M odel

The mathematicamodel mustbe establishedeforeary of the othertaskscanprogress.
The actualmathematicatiefinition will be straightforvard onceit hasbeendecidedwhat

shouldbeincludedin it andwhatleft out. We have allocated3 monthsto the development
of themodel.

4.2 Primitive Operators

Oncethe modelis establishedve canbegin to selecta setof basicoperators,as small
andsimpleaspossible put includingthosenecessarjor computationatiniversality cyclic
processingbookkeeping,andtypical sensorandeffectors. If we decidedto explore new
universalsetsof combinatorsthenwe will have to prove their universality but that is
generallystraightforvard (just usethemto programaknown universalset). More difficult
will be settlingon at leastonefeasiblesolutionto the replication/sharingproblemandto
an approachto the control of interactve intelligent matter In the processof evaluating
the primitives,several of the demonstratiorapplicationswill be programmedThis taskis
estimatedo take 4—6 monthsandwill be conductedy thePlI.

4.3 Simulator

Oncethe mathematicaimodelis complete(Sec.4.1), specificatiorandimplementatiorof
the simulationcanbegin andproceedn parallelwith the selectionof primitive operators
(Sec.4.2). A GraduateResearchAssistantwill implementthe simulator a taskwhich is
estimatedo take 4—-6 months.

4.4 Demonstration Applications

Oncethe simulatoris runningwe will be ableto begin to testthe demonstratiorappli-
cations. Thesewill be “hand coded”in the combinatoryprimitives,unlesswe happento
decideon a setof combinatorgsuchasSKI) for which translatorsare alreadyavailable.
At firstwe will runthemunderideal (errorfree) conditions;astime permitswe will begin
to investigatethe effectsof substitutionerrors,reactantconcentrationsetc. This task,in
which boththe Pl anda GRA will participatejs estimatedo take 3 months.

5 Summary

In this sectionwe summarizethe relevanceof universally programmablentelligent mat-
ter to the researchthemesof the NanoscaleScienceand EngineeringProgram. Univer-
sally programmableantelligent matterwill provide a systematicgeneralapproactto the
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productionof nanoscale systems sinceit will permitthe synthesisof ary structurede-
scribableby a computerprogram. Further becausdhe materialscan be actve, we may
have dynamiccontrol of permeability viscosity and other physicalcharacteristics.Uni-
versallyprogrammabléntelligentmatterwill contributeto nanoscale devices and system
architecture by providing asystematiavay of synthesizinghanostructuregsefulfor com-
putationand control, including sensorsand actuators. More importantly it will provide
a new technologyfor computingthat will be bettersuitedto the molecularscalethanare
cornventionaltechnologieslf successfuluniversallyprogrammablentelligentmatterwill
provide a systemati@pproacto manufacturing processes at the nanoscale by allowing
thecreationandassemblyf nanosystems be controlledby moleculamprogramsFinally,
universallyprogrammablentelligentmatterwill allow usto createsystemsand materials
inspiredby biosystems at the nanoscale, suchasactve membranesyery denseneural
networks, sensorsandmotor systemssuchascilia andflagella.
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