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Abstract

Intelligentmatteris any materialin whichindividualmoleculesor supra-molecular
clustersfunction as agentsto accomplishsomepurpose. Intelligent mattermay be
solid, liquid or gaseous,althoughliquids andmembranesareperhapsmost typical.
Universally programmableintelligent matter (UPIM) is madefrom a small set of
molecularbuilding blocksthat areuniversalin thesensethat they canberearranged
to accomplishany purposethatcanbedescribedby a computerprogram.In effect, a
computerprogramcontrolsthebehavior of thematerialat themolecularlevel. In some
applicationsthemoleculesself-assemblea desirednanostructureby “computing” the
structureandthenbecominginactive. In otherapplicationsthematerialremainsactive
so that it canrespond,at the molecularlevel, to its environmentor to otherexternal
conditions. An extremecaseis whenprogrammablesupra-molecularclustersact as
autonomousagentsto achieve someend. This reportoutlinesa one-yearexploratory
researchprojectto investigatethefeasibilityof UPIM.

1 Project Summary

Intelligentmatter is any materialin which individual moleculesor supra-molecularclus-
tersfunctionasagentsto accomplishsomepurpose.Intelligentmattermaybesolid, liquid�
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or gaseous,althoughliquids andmembranesareperhapsmost typical. Universally pro-
grammableintelligent matteris madefrom a small setof molecularbuilding blocksthat
areuniversalin thesensethat they canberearrangedto accomplishany purposethat can
bedescribedby a computerprogram.In effect,a computerprogramcontrolsthebehavior
of thematerialat themolecularlevel. In someapplicationsthemoleculesself-assemblea
desirednanostructureby “computing” thestructureandthenbecominginactive. In other
applicationsthe materialremainsactive so that it canrespond,at the molecularlevel, to
its environmentor to otherexternalconditions. An extremecaseis whenprogrammable
supra-molecularclustersactasautonomousagentsto achievesomeend.

Accomplishingthe goalsof universallyprogrammableintelligent matterwill require
the identificationof a small setof molecularbuilding blocksthat is computationallyuni-
versal.TheSKcalculus(akind of combinatorylogic) is a formalsystemthatdemonstrates
thatsuchsetsexist. It is capableof universalcomputation,but makesuseof only two sim-
pleoperationsongraphs,whicharesuggestiveof molecularprocesses.Computerscientists
have investigatedtheSK calculusextensively for severaldecadesasa basisfor massively
parallelcomputerarchitectures,andthetranslationof high-level functionalcomputerpro-
gramsinto SK structuresis well understood.However, theSK calculusmaynotbethebest
choicefor programmableintelligentmatter.

This exploratoryresearchprojecthasfour principalobjectives: (1) to developa model
of computationcompatiblewith the constraintsof molecularprocesses;(2) to identify at
leasttwo universalsetsof building blocksfor programmableintelligentmatter;(3) to de-
velopmethodsfor interfacingwith additionalmolecularbuilding blocksfor sensingcondi-
tionsandcausingeffectsin theexternalenvironment;(4) to developprototypesimulation
softwareto investigatecharacteristicspeculiarto molecularcomputation.

Someof the methodsare theoretical: (1) the constructionof a mathematicalmodel
of computationcompatiblewith the constraintsof molecularprocesses,and(2) a mathe-
maticalinvestigationof theproperties(suchascomputationaluniversality)of somesimple
graphoperationsresultingin at leasttwo universalsetsof building blocks. The theoret-
ical investigationwill be supplementedby (3) thedevelopmentof simulationsoftwareto
investigatestochasticandothernovel factorsaffectingcomputationin amolecularcontext,
and(4) theuseof thesimulatorto demonstratetheuseof programmableintelligentmatter
to implementseveralusefulnanostructures,suchasnanotubesandmembraneswith active
channelsandcilia.

Sincetheresultingbuilding blocksfor universalprogrammablematterareexpectedto
beindividually simpleandfew in number, thisprojectwill provide theinformationneeded
by chemiststo identify or synthesizethe substancessufficient to implementuniversally
programmableintelligent matter. This will openthe way toward the ability to produce
materialswith a desirednanostructureandbehavior aseasilyaswe programcomputers
today. This projectwill take a first steptowarda systematicapproachto nanotechnology
thatwill facilitateits rapiddevelopment.
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2 Background

2.1 Approach to Universally Programmable Intelligent Matter

Intelligentmatteris any materialin whichindividualmoleculesor supra-molecularclusters
functionasagentsto accomplishsomepurpose.Intelligentmattermaybesolid, liquid or
gaseous,althoughliquids andmembranesareperhapsmosttypical. In someapplications
themoleculesself-assembleadesirednanostructureby “computing” thestructureandthen
becominginactive. In other, “interactive” applicationsthematerialremainsactivesothatit
canrespond,at themolecularlevel, to its environmentor to otherexternalconditions.An
extremecaseis whenprogrammablesupra-molecularclustersactasautonomousagentsto
achievesomeend.

Althoughmaterialsmaybeengineeredfor specificpurposes,we will getmuchgreater
technologicalleverageby designinga “universalmaterial” which, like a general-purpose
computer, can be “programmed”for a wide rangeof applications. To accomplishthis,
we must identify a setof molecularprimitivesthat canbe combinedfor widely varying
purposes.In particular, universallyprogrammableintelligentmatter(UPIM) is madefrom
a small setof molecularbuilding blocks that areuniversalin the sensethat they canbe
rearrangedto accomplishany purposethat canbe describedby a computerprogram. In
effect, a computerprogramcontrolsthe behavior of the materialat the molecularlevel.
Theexistenceof suchuniversalmolecularoperationsmightseemhighly unlikely, but there
is suggestiveevidencethatit maybepossibleto discoveror synthesizethem.

Term-rewriting systems[10, 18] aresimplecomputationalsystemsin which networks
arealteredaccordingto simplerewrite rules,which describesubstitutionsthathave much
in commonwith abstractchemicalreactions.(Oneparticularterm-rewriting system,the
lambdacalculus,hasbeenusedalreadyto modelprebioticchemicalevolution [6, 7, 8].)
Term-rewriting systemshave beenextensively investigatedby mathematiciansandcom-
puterscientistsfor severaldecades[4, 5].

Oneattractive featureof term-rewriting systemsis thatmany of themhave theChurch-
Rosserproperty [2], which means,roughly, that substitutionscan be donein any order
without affecting thecomputationalresult [4, ch. 4]. Thereforetheseterm-rewriting sys-
temshave beeninvestigatedasa possiblebasisfor massively-parallelcomputerarchitec-
tures[5, 20]. This is animportantpropertyfor amodelof molecularcomputation,in which
molecularprocessestakeplacestochastically.

One classof term-rewriting systems,the combinatorylogic systems[3, 4, 9, 19], is
very relevant for programmableintelligent matter, for it hasbeenknown sincethe early
twentiethcenturythatthereareseveralsmallsetsof substitutionoperationsthatcanbeused
to programany Turing-computablefunction. Onesuchuniversal set is the

���
calculus,

which comprisestwo simple substitutionrules. The
�

-substitutionis expressedby this
rewrite rule, ��� ���
	���	�
�� ���
whichdescribesthetransformationshown in Fig. 1, in which

�
and

�
representany trees.
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Figure1: K-Substitution

Figure2: K-SubstitutionasaMolecularProcess

In effect, sincethe valueof
� ����	

, whenappliedto any
�

, is
�

, the
�

operation,when
appliedto

�
yieldstheconstantfunction

� ����	
. This is theinterpretation,but thecompu-

tationaleffect is entirelyexpressedin thesubstitutionin Fig. 1.
It will beapparentthatthissubstitutionrulesuggestsamolecularprocess,but theequiv-

alentdepictionin Fig. 2 makesthesimilarity moreapparent.It canbeput in thestyleof a
chemicalreaction,includingreactionresourcesandwasteproducts:

����� ������������ "! � �#��� ��� �$�%��&
Here

� �'�(�)�
and

�
arefunctionalgroups,and

�
,
�

and
�

representarbitrarymolecular
networks.

�
is adisposaloperatorand

�
is a computationallyinert place-holdinggroup.

The
�

operatoris only slightly morecomplicated;it is definedby therewrite rule,�*��� �+��	��,	�-.	�
�� �*� ��-.	 � �,-.	�	/&
Therearetwo waysof interpretingit asa network substitution,dependingon whetherwe
makeanew copy of

-
(Fig.3) or shareasinglecopy (Fig.4). An importantconsequenceof
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theChurch-Rosserpropertyis that thetwo interpretationsleadto thesamecomputational
result,but theinterpretationshavepracticaldifferences,whicharediscussedlater.

It is importantto stressthesignificanceof the
�"�

calculus:thesetwo simpleoperations
arecapableof computinganything thatcanbecomputedon any digital computer. This is
certainlyremarkable,andso it is surprisingthat therearequitea few otheruniversalsets
of combinators.For example,thesetof

�
with 1�2 and 3 is universal,wherethelattertwo

operatorsaredefined, �*��� 1 2 �
	���	*-.	4
�� � � � �
-.	�	/��*� 3 �
	5��	6
�� �*� ���,	5�7	/&
A third universalsetcomprises

�
andthesethreecombinators:�*��� 1 �
	5�,	*-8	9
�� � � � �,-8	*	/����;:�< �
	���	9
�� � �=�
	/�� 3 < ��	9
�� � ���
	/&

Therearealsootheruniversalsetsand, indeed,somegeneralguidelines[4, sec.5H] for
universality (i.e., the combinatorsmust be able to delete,duplicate,andpermute). The
existenceof multiple universalsetsis very fortunate,becauseit implies thatwhenwe be-
gin to searchfor molecularimplementationsof theseoperations,we will have a greater
probabilityof finding reactionsimplementingat leastoneuniversalsetof substitutions.

Thecombinationof theparallelcomputationpermittedby theChurch-Rosserproperty
andthesimplicity of the

���
calculushasled computerscientiststo investigateit asa ba-

sis for parallelcomputerarchitecture[5, 20]. Therearesimplealgorithmsfor translating
functionalcomputerprogramsinto

���
networks,andconsiderableeffort hasbeendevoted

to optimizingthem. Therefore,if we canidentify molecularprocessescorrespondingto a
universalsetof combinators(

���
, for example),thenwe canat leastseethepossibilityof

writing acomputerprogramandtranslatingit into amolecularprocess.
To illustratetheidea,we will present,with little explanation,a programfor computing

ananotube.A singlering of thenanotubeis computedby:>@?BADC � �E�F�7	6
 G,�
HJIDK%LMK8LNKPO G 
 >@?BADC �(Q'R � ���F�S�TG=	/�

>@?BADC �UQ'R � �E� AV?XW �FG=	6
 G,�
>�?BADC �UQ'R �ZY�[ �E�T\ [ �S�FG=	6
 �]Y �T\^	 [ >�?XADC �UQ'R � ���F���FG=	/&

Thefunction is giventwo molecularchains,
� 
 �ZY�_ �)&'&)&'� Ya` 	

and
�b
 � \ _ �)&'&)&'�T\ ` 	

. It
createsa ring of the

Yac
, eachof which linkedto thenext

Y
groupin thering, aswell asto

the corresponding
\ c

(seeFig. 5). A nanotubeis computedby creatinga seriesof linked
rings: d Qfe K � AV?BW �*�E�T�,	6
 >@?BADC � ���F�7	g�d Qfe K �ihj[Vk �*���F�7	6
 >@?BADCml �E� d Qfe K �nk �*���F�,	;op&
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Figure5: Example:SingleRing of aNanotube
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Figure6: Example:NanotubeSynthesizedby UPIM
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If
k 
 �nh^_ �)&)&)&/� hVq%ra_ 	

is any chainof length s  ut
, then

d Qfe K �ik �*�E�F��	 will computea
nanotubeof length s , with

Y
groupsformingthesidesof thetube,and

\
groupsforming its

terminus(Fig. 6). Our discussionof this exampleis of necessityshort,but it will serve to
demonstratehow simpleprogramscangenerateusefulnanostructures.

Intriguingasthe
���

calculusis asabasisfor universallyprogrammableintelligentmat-
ter, it alsoillustratessomeof theproblemsthattheproposedresearchis intendedto address.
As previouslymentioned,term-rewriting systemsassumethata network canbecopiedfor
free,asillustratedin Fig. 3. This is certainlyabadassumptionfor molecularcomputation,
in which thetime to replicateastructureis at leastproportionalto thelogarithmof its size.
It is alsoextremelywasteful,sincewhenprogramsarecompiledto useonly the

�
and

�
combinators,oneoftenobservesthatan

�
operationreplicatesa structure,which is almost

immediatelydiscardedby a
�

. Therearewaysto avoid muchof thisneedlessreplication(at
theexpenseof introducingadditionalprimitivecombinators),but considerablereplication
will remain.

The obvious solution is to usethe sharingimplementation(Fig. 4), sincethis does
not requireany copying. It is the solution adoptedin many implementationsof

���
on

conventionalcomputers,in which onemay have any numberof pointersto a singledata
structure.However, this option doesnot seemto be possiblein molecularcomputing,in
whicheachlink connectsonly two groupsof atoms.

Therearesomepossiblesolutionsto thisproblem,but they will notbediscussedat this
time. We raisethe copying/sharingissueto show that the constraintsof molecularcom-
puting aredifferentfrom thoseof electroniccomputing. Therefore,while term-rewriting
systems,combinatorylogic, andthe

���
calculusin particulararesuggestive of how uni-

versallyprogrammableintelligent mattermight be implemented,we mustbe preparedto
developnew modelsof computationthatarecompatiblewith theconstraintsof molecular
processes.Developingsuchamodelis aprincipalobjectiveof theproposedresearch.

To extendtherangeof applicationof universallyprogrammableintelligentmatterand
for otherpracticalpurposes,it is advisableto extendthesetof primitiveoperationsbeyond
thoseminimally necessaryfor computationaluniversality (e.g.,

�
and

�
). For example,

we might want to addsensoroperationsthat responddifferently in differentenvironmen-
tal conditions. For example,they might be sensitive to light or to the presenceof some
chemical.The resultsof thesetestscouldbeusedto control conditionalexecutionof the
program.In additionto suchexternalinput to theprogram,it is alsousefulto have means
for externaloutput,which canbeaccomplishedwith effectoroperations. Thesereactions,
whenthey take place,causesomenoncomputationaleffect, suchasthereleaseof a chem-
ical, the emissionof light, or physicalmotion. They areoneof the waysthat intelligent
mattercanhaveaneffectbeyondits own internalcomputationalreconfiguration.

To someextent the sensorsandeffectorsaread hoc additionsto the basiccomputa-
tional framework (e.g.,

�"�
). However, they arefundamentallyincompatiblewith it in one

sense,for the time whentheir reactionstake placeis usuallyimportant. They aretermed
imperativeoperationsanddonothavetheChurch-Rosserproperty. Therefore,programsin-
corporatingthemmusthavemeansfor controllingthetimeof theirexecution.Fortunately,
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theseissueshave beenaddressedlong agoin thedesignandimplementationof functional
programminglanguages[12, andreferencestherein],andtheresultsof thoseinvestigations
canbeappliedto universallyprogrammableintelligentmatter.

An issuenot previously addressedis the productionof a molecularcombinatornet-
work (e.g.,an

���
tree)from a macroscopicprogram,andthesubsequentreplicationof a

large numberof copies. Although finding a solutionto this problemis oneof the objec-
tivesof the proposedresearchproject,a possiblesolutioncanbe presentedat this time.
Arbitrary combinatortreescanbe representeduniquelyasparenthesizedstrings,suchas
“
���*� ����	5�a	 � ���v	*	

.” Therefore,sucha string could be encodedby chainof four molecular
groups( w �gx"�iy@�Tz ), suchas“

yVyVy w x+z w z/y w x+z{z ” for the previousexample. Thuswe proceed
in stages.Theprogramis compiledinto

���
trees(or othercombinators);thetreesareflat-

tenedinto parenthesizedstrings;andthestringsareencodedin molecularchainstructures
(e.g.,DNA sequences),which aresynthesizedandreplicatedby standardtechniquesfrom
geneticengineering.Thereplicatedprogramchainsareconvertedbackinto (now molecu-
lar) networksby a simplesetof substitutionrules,implementedchemically. (Theproblem
of replicationerroris discussedlater.)

2.2 Potential of Universally Programmable Intelligent Matter

Beforepresentingthespecificobjectivesof this research,it will beworthwhile to discuss
briefly someof its potentialapplications.First,however, it is necessaryto contrastuniver-
sallyprogrammableintelligentmatterwith someothermoreor lessrelatedideas.

Programmablematter[14, 15, 16,17] is anapproachto computationbasedon lattice-
likearraysof simplecomputationalelements;cellularautomata(suchasConway’s “game
of life”) areexamples. Although techniquesfrom the “programmablematterparadigm”
certainlywill be applicableto universallyprogrammableintelligent matter, therearedif-
ferencesin objective: programmablematterseemsto beintendedprimarily for implemen-
tationon electronicdigital computers,andcomputationaluniversalitydoesnot seemto be
agoal.

Complex adaptivematter(CAM) hasbeenunderinvestigationatLos AlamosNational
Laboratoryasan approachto adaptingmatteror materialsto a desiredfunctionality by
a quasi-evolutionary processcomprisingamplification,noiseor variation, and filtering.
Again,thegoalsaredifferent,but thereareseveralintersectionswith theproposedresearch.
First, like ours,their focusis on molecularprocessesratherthanelectroniccomputation.
Second,CAM techniquesmight beusedfor synthesizingfunctionalgroupsimplementing
universalsetsof molecularoperators.Third, sucha universalsetmight provide building
blocksfor thequasi-evolutionaryCAM process.(Indeed,we have alreadybegun investi-
gatingstatisticalpropertiesof “soups”of

�"�
complexes,which might beusedasthe raw

materialsof theCAM process[13, 21].)
SmartMatter is beingdevelopedat theXeroxPaloAlto ResearchCenter. Its long-term

goalsarequitesimilar to thoseof intelligentmatter, asdefinedin this proposal.However,
the currentfocusseemsto be on small (but not molecular)building blocksthat combine

9



sensor, computation,andactuationfunctions.That is, thegoal is MEMS (Micro-Electro-
MechanicalSystems)ratherthannanotechnology. Certainly, however, intelligentmatter, in
our sense,will benefitfrom themoregeneraltechniquesof distributedcontrolandembed-
dedcomputationthatmightcomeoutof theSmartMatterproject.

Returningnow to possibleapplicationsof universallyprogrammableintelligentmatter,
theseapplicationsmay be staticor dynamic(or interactive). By a static applicationwe
meanonein whichtheintelligentmattercomputesinto anequilibriumstate,andis inactive
thereafter. Thereforestaticapplicationsaremostoften directedtoward generatingsome
specializedmaterialwith a computationallydefinednanostructure.On the other hand,
dynamicor interactiveapplicationsnever terminate,but alwaysremainreadyto respond
to their environmentin somespecifiedway; they arethetruly “smart” materials.We will
briefly mentiona few potentialapplicationsof eachkind.

Programsareideallysuitedto creatingcomplex datastructures,whichcanbeconverted
to complex physicalstructuresby meansof universallyprogrammableintelligent matter.
Networks,chains,tubes,spheres,fibers,andquasicrystallinestructuresareall straightfor-
ward to compute. The network resultingfrom sucha computationwill be composedof
computationalgroups(e.g.,

���'�(� �
) aswell asinert groups,which aremanipulatedby the

computationbut do not affect it. Typically, in theseapplicationsthecomputationalphase
will be followedby a chemicalphasein which thecomputationalgroupsarereplacedby
substancesappropriateto theapplication(a sortof “petrification”). In additionto theex-
amplesalreadymentioned,suchanapproachcouldbeusedto synthesizemembraneswith
poresor channelsof a specifiedsizeandarrangement(determinedeitherdeterministically
by theprogramor stochasticallyby molecularprocesses).

A numberof applicationsaresuggestedby the requirementsof implementingsmall,
autonomousrobots.Someof thesewill becontrolledbyverydenseanalogneuralnetworks,
but to achieve densitiescomparableto mammaliancortex (15 million neuronsper square
cm.,with upto severalhundredsof thousandsof connectionseach),wewill needto beable
to grow intricatelybranchingdendritictreesat thenanoscale.Generationof suchstructures
is straightforwardwith UPIM (e.g.,using | -systems[11]). Thesensorandeffectororgans
of microrobotswill alsorequirevery fine structures,which UPIM canbeprogrammedto
generate.

Of course,we shouldnot neglectthepotentialof universallyprogrammableintelligent
matterto do conventionalcomputation,suchassolving NP-completeproblemsby mas-
sively parallelcomputation.For example,we might replicatemany copiesof a program
to testa potentialsolution,thenmix themin a reactionvesselwith structuresrepresenting
possiblesolutions,andwait for equilibriumto determineactualsolutions.Theadvantage
of our approachto this kind of searchproblemover others,suchasDNA computation,is
thatour nanoscaletestmoleculesareprogrammable.

Dynamicintelligent matteris interactive in the sensethat it is continuallymonitoring
its environmentandcapableof respondingaccordingto its program.Thatis, it is in astate
of temporaryequilibrium,whichcanbedisruptedby changesin theenvironment,resulting
in furthercomputationandbehavior asthematerialseeksanew equilibrium.
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For example,a membranewith channels,suchas mentionedabove, could be made
active by having the channelsopenor closein responseto environmentalconditions,in-
cluding control commandstransmittedoptically or chemically. The programlocatedin
eachchannelis simple:in responseto its sensorstateit executesoneor theotherof two ef-
fectors,blockingthechannelor not. Thesensorandthemediumwoulddeterminewhether
thechannelis sensitiveto globalconditions(e.g.,overallchemicalenvironmentor ambient
illumination)or to its localenvironment(e.g.,moleculesor light in its immediatevicinity).

Similarly, unanchoredor free-floatingmolecularclusters(e.g.,in colloidal suspension)
mayreactto theirenvironmentandchangetheirconfiguration,thusaffectingphysicalprop-
ertiesof the substance,suchasviscosityor transparency. Or they might polymerizeor
depolymerizeon command.Unanchoredsupramolecularnetworks might alsooperateas
semiautonomousagentsto recognizemoleculesor molecularconfigurations,andactupon
themin someintendedway(e.g.bindingtoxinsor pollutants).However, suchapplications
will requirethe agentsto operatein a mediumthat cansupply the reactantsneededfor
computation.

Thesesortsof active intelligentmatterwill find many applicationsin autonomousmi-
crorobots.For example,activemembranescanserveassensorytransducers,respondingto
conditionsin the environmentandgeneratingelectrical,chemicalor othersignals. They
canalsobeprogrammedto self-organizeinto structurescapableof preprocessingtheinput
(e.g.,artificial retinasor cochleas).Further, it is asimplemodificationof amembranewith
channelsto makeamembranewith cilia thatflex oncommand.By meansof localcommu-
nication,thecilia maybemadeto flex in coordinatedpatterns.Similarly we mayfabricate
artificial muscles,which contractor relaxby thecoordinatedactionof microscopicfibers.
Universallyprogrammableintelligent mattermay also provide a systematicapproachto
self-repairof autonomousrobotsandothersystems,sinceif a robot’s “tissues”werecre-
atedby computationalprocesses,thenthey canremainpotentiallyactive, readyto restore
an equilibrium disruptedby damage.Lessambitiously, materialscanbe programmedto
signaldamageor otherabnormalconditions.

To tie theforegoingideastogetherwemaypresentthetypicalprocessof developingan
applicationof universallyprogrammableintelligentmatter.

1. Write a programin an appropriatehigh-level programminglanguageto createthe
desirednanostructureor to exhibit thedesiredinteractive behavior at thenanoscale.
Debugandsimulatetheexecutionof theprogramon aconventionalcomputer.

2. Compiletheprograminto a combinatortree(e.g.,a network of
�
,
�

andothercom-
binators).

3. Simulate(on a conventionalcomputer)thesubstitutionson thenetwork, but subject
to molecularconstraints(e.g.,includingreactantconcentrations,substitutionerrors,
etc.).

4. On a computer, flattenthe combinatortreeinto a string representinga sequenceof
DNA bases.
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5. Usethis stringto guidethesynthesisof aDNA sequence.

6. ReplicatetheDNA sequenceuntil therequirednumberof copiesof theprogramare
produced.

7. Usethetranslationor tree-building substitutionsto constructamolecularcombinator
treefrom eachDNA string.(An intermediateRNA stagecouldbeused,if required.)

8. Supply reactantsfor the computationalsubstitutions(e.g.,
���)�S� � �'�

groups),and
allow thereactionto proceedto equilibrium.

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

10. If the applicationis static, substitutepermanentreplacementgroupsfor computa-
tionalgroupsby ordinarychemicalprocesses(if requiredby theapplication).

2.3 Problems

In this sectionwe will summarizesomeof theproblemsthatneedto besolvedin orderto
makeuniversallyprogrammableintelligentmattera reality, andwhich thereforedefinethe
objectivesfor theproposedexploratoryresearchproject.

We needa modelof computationthat respectstheconstraintsof molecularprocesses.
For example,as explainedabove, our model cannotassumethat replication is free, or
that a functionalgroupcanbe linked to (“pointed at”) by an unlimited numberof other
groups.Sucha modelof molecularcomputationmight bea modificationof thenetwork-
substitutionmodel, or it might be a completelydifferent model. (For example,we are
investigatinga modelbasedon permutationof link participants.)

Assumingthatwestaywith somethinglike thecombinatorylogic network-substitution
model,thenweneedasolutionto thereplication/sharingproblem.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-Rosserpropertyguaranteesthe safetyof suchsimultaneoususe
and replication.) Discardingsucha partially replicatedstructurecausesthe replication
processto beprematurelyterminated,thusdecreasingwastedresources.

We needoneor moreuniversalsetsof molecularprimitives.Practicalexperiencewith
combinatorprogramminghasshown that it is usuallymoreefficient to usemorethanthe
theoreticallyminimumsetof combinators.For example,by includingtheidentity function
or } combinator[

� } �
	~
����
], many of theself-cancelingreplicationsanddeletionscanbe

eliminated.However, wewill have to keepin mind thattheefficiency tradeoffs of molecu-
lar computingarenot thesameasthoseof conventionalcomputing(e.g.,substitutionstake
placeasynchronouslyandin parallel,but requirephysicalresources).Othercombinators,
whicharenotnecessaryfrom amathematicalperspective,mustbeincludedbecauseof the
structuresthey create.For example,the � combinatoris usedto constructcyclic structures
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(i.e., self-sharingstructures),whereasits definition in termsof
�

and
�

constructspoten-
tially infinite branchingstructures,which aremathematicallyequivalentto cycles,but not
physicallyequivalent.

As previously discussed,interactive applicationsof universallyprogrammableintelli-
gentmatterwill requiresensorandeffector operations.The sensorswill assumetwo or
moredifferentconfigurations,or reactin two or moredifferentways,dependingon some
externalcondition(presenceof light, achemicalspecies,etc.).For example,asensorcould
produceeitherof two differentmoleculargroups,suchas

�
(representingtrue, which se-

lectsthe first alternative) and
� � } 	 (representingfalse, which selectsthe second),or their

equivalents.Therefore,we needto determinea generalway of incorporatingsensorsand
effectorsinto programs.However, amoreseriousproblemis controllingtheexecutiontime
of sensorsandeffectorsin a computationalmodelin which substitutionscantake placeat
any timeandin parallel.Therearewaysof delayingsubstitutionsin combinatorynetworks
(for example,by “abstracting” [1, 4] a dummy variablefrom them), but it is not clear
whetherthis is thebestapproach,or whetherweshoulduseadifferentmodelthatprovides
moredirectcontrolover timeof execution.

Certainly, oneof thestrengthsof thecombinatorylogic approachto molecularcompu-
tationis theChurch-Rosserproperty, which meansthatsubstitutionscantake placein any
orderwithout affecting the resultof computation,but therearesomeissuesthat mustbe
resolved.For example,if aprogramhastwo alternativebranches,selectedby aconditional
operation,thenwe may have substitutionstaking placein both branchessimultaneously.
Even thoughit will not affect the resultof computation,it may be wastefulto processa
programstructurethatwill notbeneeded.However, thereis aworseproblem.If programs
arewritten in thenaturalrecursiveway (suchasour

>�?XADC
and

d Qfe K examplesabove), then
it is possiblethatall thereactionresourcescouldgo to recursive expansionof conditional
armsthat will endup beingdiscarded.Thereareways to solve this problemwithin the
combinatorylogic framework. (For example,we candelaythesubstitutionswithin a net-
work by “abstracting”[1, 4] from it an argument,which is providedonly whenwe want
the substitutionsto proceed.)However, theremay be moredirect solutionsto the prob-
lem,suchasthoseusedin ordinaryprogramminglanguageimplementations,whichcanbe
adaptedto themolecularcontext.

Similar problemsarisein the implementationof interactive intelligent matter, that is,
intelligentmatterthatdoesnot computeto a stablestate,but remainsactive. A rewriting
system,suchasthe

�"�
calculus,is by its nature“computeonce” becausethe programis

consumedin theprocessof computation.Indeed,this similarity to a chemicalreactionis
oneof its virtues in the context of molecularcomputation. However, it is a problemin
thecontext of interactive intelligentmatter, sinceit meansthata program,onceexecuted,
doesnot exist to executea secondtime. Thereareat leasttwo potentialsolutionsto this
problem. Thestandardsolution,usedin thenetwork-substitutionimplementationof pro-
gramminglanguages,is to usea combinatorsuchas � (mentionedabove) to replicatea
programstructurewhenever it is needed.Anothersolutionwould bea molecularprocess
to “interpret” afixedprogramstructure,muchasin anordinarydigital computer. However,

13



asidefrom the fact that this getsquite far away from network substitutionandits advan-
tages,it hasseriousproblemsof its own, which comefrom having multiple functional
groupssimultaneously“reading” (andthuslinking to) theprogramstructure.

Although thereare many similarities betweenterm-rewriting systemsandmolecular
processes,thereare also importantdifferences,which must be addressedin a theory of
molecularcomputing. For example,the relative ratesof reactionscan be controlledby
theconcentrationsof thereactantsandotherconditions,suchastemperature.This canbe
exploited for nonstandardusesof network substitution. For example,we may have two
or moreconflictingsetsof substitutionrulesfor a setof molecularoperators,andwe can
determinewhich areapplied,or their relative probability of beingapplied,by controlling
the concentrationsof the reactantsneededfor the alternaterule sets. This permitsprob-
abilistic control of the nanostructuresgenerated.Or we may have differentsubstitutions
performedin differentstagesof a process.Computationcanalsobecontrolledby external
fields or othergradientsfor variouspurposes,suchascreatingorientedstructures.Such
considerationsraiseproblemsandpotentialsthatarenew for modelsof computation.

One characteristicof molecularcomputationwhich distinguishesit from electronic
computationis the high probability of error in molecularprocesses.Therefore,we will
needto developmeans(bothchemicalandcomputational)for decreasingtheprobabilityof
sucherrors,for correctingthemwhenthey occur, or for assuringthatresultsareinsensitive
to them.Further, unpublishedpreliminaryinvestigationsindicatethata certainfractionof
random

���
treeswill result in nonterminating,expansive, chainreactions[13, 21]. (The

probability of terminationdecreaseswith increasingrandomtreesize.) This is a poten-
tial problem,sinceit suggeststhat a sizablefraction of substitutionerrorscould result in
runawaychainreactionsthatcoulduseupall thereactionresources.

Network substitutionis basedonthemathematicaldefinitionof agraph:dimensionless
nodeslinkedby edges;normally thegeometricalarrangementof thenodesandlengthof
the edgesis irrelevant. However, moleculargroupsoccupy finite volumes,andthereare
constraintson the locationsof bondsand lengthsof linking groups,which are someof
the constraintsthat needto be accommodatedin a theoryof molecularcomputing(e.g.,
compareFigs.1 and2). Foldingof programnetworkscouldalsointerferewith substitution
operations,andsowewill have to find chemicalmeansof keepingnetworksextended.

Interactiveapplicationsmustbeprovidedwith anadequatesupplyof reactantsto assure
thatsubstitutionscantakeplacewhenthey aresupposedto. Certainly, someof thereactants
cancomefrom the recycled productsof previous reactions,but otherswill requirefresh
raw materials.Thesameconsiderationswill apply in staticapplicationsthat involve long
or complex chainreactions.Thereareseveral possiblesolutionsto this problem,but the
choicedependson the specificsof the UPIM application. For example,if the networks
areattachedto solidsubstrates(e.g.,membranes,spongesor particles),thenreactantsmay
bemadeto flow over them(thusalsoclearingaway wasteproducts).If thenetworksare
in colloidal suspensionor free-floatingin a fluid, then reactantsare easyto add; waste
productsmightberemovedby osmosis,filtering, precipitation,etc.

Thsearejust a few of thewaysin which universallyprogrammableintelligentmatter
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differsfrom conventionalcomputationanduseof term-rewriting systems.

3 Objectives

Given the precedingdiscussionof someof the problemsthat mustbe addressedin order
to make universallyprogrammableintelligent mattera success,we cannow presentthe
objectivesof theproposedone-yearexploratoryresearchproject.

3.1 Mathematical Model of Molecular Computation

Thefirst objective is to developa mathematicalmodelof molecularcomputationthat,on
the one hand, incorporatesthe most importantconstraintson molecularprocessesand,
on the other, is at a sufficiently high level of abstractionto avoid irrelevant complexities
of the processes.As alreadyremarked, the model must respectthe fact that only two
functionalgroupscanbeconnectedbyalinking group,andthatlinksareof (approximately)
fixedlengthandmake their connectionsat (approximately)fixedbondangles.At this time
we anticipatethat the modelwill be basedon mathematicalgraphtheory, incorporating
the geometricalconstraintson link length and orientation. It is unclearto what extent
energy relationshipsneedto be incorporatedinto the model. Thegoalwill be to develop
a mathematicalframework that is independentof particularprimitivesubstitutions(e.g.,

�
and

�
) andotheroperations(e.g.,sensorsandeffectors).

3.2 Universal Sets of Operators

Thesecondobjective will be to identify at leasttwo universalsetsof primitive operators.���
is, of course,aprimarycandidate,but thereareothers,asmentionedabove,whichmay

be moresuitablefrom the perspective of simplicity or similarity to molecularprocesses.
In addition,whichever mathematicallycompleteset is chosen,we will have to extendit
to solve thereplication/sharingproblem,aswell asto handlecreationof cyclic structures
(e.g.,� ), destruction/recycling of discardedstructures(e.g.,

�
) andotherbookkeepingand

practicalnecessities.To theextent possible,theseextendedoperationswill be kept inde-
pendentof thechoiceof universaloperators.

3.3 Interface Operators

We cannotanticipatethevariousmolecularsensorandeffectoroperatorsthatmaybedis-
coveredor synthesizedin the future. However, at this stagewe candevelop generalin-
terfacetechniquesthat allow theseoperatorsto be integratedinto the combinatorylogic
framework. For example,sensorsubstitutionsmay produceeitherof two groups,which
function asthe truth valuestrue or false. Accommodationof imperative sensorandef-
fectoroperationswill alsorequirea solutionto theproblemof controlling their execution
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time. Fortunately, we know of two potentialsolutions(basedon bracket abstraction[1, 4]
andtokenpassing), andtherearedoubtlessothers.

3.4 Simulation Tool

Someissuesin universallyprogrammableintelligentmattercanbesettledmathematically.
For example,it is relatively easyto prove thata setof primitive combinatorsis universal
(assumingthat the result hasnot alreadybeenproved in the literature). It will also be
straightforward to prove someresultson possiblenetwork geometriesandon the control
of imperativeoperators.However, someotherresultswill bedifficult to obtainby analysis,
andfor theseinvestigationswe intendto developa simulationtool.

Thebasicfunctionalityof thesimulatorwill beto performsubstitutionsbasedon pro-
vided rewrite-rulesfor the primitive combinators,including sensorsandeffectors. There
mustbe meansfor readingin simulatedmolecularnetworksor chainsandfor displaying
themduringsimulationor at its end.

Thesimulatoralsoneedsto beableaccommodatefactorsthatareimportantin molec-
ular computing.For example,substitutionsshouldbeperformedrandomly, with probabil-
ity of substitutionbeingproportionalto reactantconcentrations.Reactantdepletionand
replenishmentshouldbe modeled,so that we caninvestigatetheir useto control compu-
tation. Thesimulatormustalsoallow us to investigatetheeffectsof substitutionerrorby
controllingtheerrorratesof theoperations.Thesimulatorshouldallow simulationof spa-
tially fixednetworks(suchasthoseanchoredto substratesor embeddedin gels)aswell as
free-floatingnetworks(suchasthosein fluids or colloids).

3.5 Demonstration Applications

We intendto usethesimulatorto implementseveralsimpleapplicationsto investigatethe
potentialof universallyprogrammableintelligentmatter. At this time, we areconsidering
thefollowing demonstrations:

1. nanotubesof specifieddiameterandlength,

2. membraneswith poresof specifieddiameteranddensity;

3. membraneswith cilia thatflex in aspecifieddirectionuponcommand;

4. a rotatingflagellum.

Thesearenot complex problemsfrom thestandpointof purecomputation,but we needto
understandtheissuesthatarisewhenthey areimplementedmolecularly.
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4 Plan

4.1 Mathematical Model

The mathematicalmodelmustbe establishedbeforeany of the othertaskscanprogress.
Theactualmathematicaldefinitionwill bestraightforwardonceit hasbeendecidedwhat
shouldbeincludedin it andwhatleft out. We haveallocated3 monthsto thedevelopment
of themodel.

4.2 Primitive Operators

Oncethe model is establishedwe can begin to selecta set of basicoperators,as small
andsimpleaspossible,but includingthosenecessaryfor computationaluniversality, cyclic
processing,bookkeeping,andtypical sensorsandeffectors. If we decidedto explorenew
universalsetsof combinators,then we will have to prove their universality, but that is
generallystraightforward(just usethemto programa known universalset).More difficult
will be settlingon at leastonefeasiblesolutionto the replication/sharingproblemandto
an approachto the control of interactive intelligent matter. In the processof evaluating
theprimitives,severalof thedemonstrationapplicationswill beprogrammed.This taskis
estimatedto take4–6monthsandwill beconductedby thePI.

4.3 Simulator

Oncethemathematicalmodelis complete(Sec.4.1), specificationandimplementationof
thesimulationcanbegin andproceedin parallelwith theselectionof primitive operators
(Sec.4.2). A GraduateResearchAssistantwill implementthe simulator, a taskwhich is
estimatedto take4–6months.

4.4 Demonstration Applications

Oncethe simulatoris running we will be able to begin to test the demonstrationappli-
cations.Thesewill be “hand coded”in the combinatoryprimitives,unlesswe happento
decideon a setof combinators(suchas

��� } ) for which translatorsarealreadyavailable.
At first we will run themunderideal(error-free)conditions;astimepermitswewill begin
to investigatethe effectsof substitutionerrors,reactantconcentrations,etc. This task,in
whichboththePI andaGRA will participate,is estimatedto take3 months.

5 Summary

In this sectionwe summarizethe relevanceof universallyprogrammableintelligent mat-
ter to the researchthemesof the NanoscaleScienceandEngineeringProgram. Univer-
sally programmableintelligent matterwill provide a systematic,generalapproachto the
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productionof nanoscale systems sinceit will permit the synthesisof any structurede-
scribableby a computerprogram. Further, becausethe materialscanbe active, we may
have dynamiccontrol of permeability, viscosityandotherphysicalcharacteristics.Uni-
versallyprogrammableintelligentmatterwill contributeto nanoscale devices and system
architecture by providing asystematicwayof synthesizingnanostructuresusefulfor com-
putationandcontrol, including sensorsandactuators.More importantly, it will provide
a new technologyfor computingthatwill bebettersuitedto themolecularscalethanare
conventionaltechnologies.If successful,universallyprogrammableintelligentmatterwill
providea systematicapproachto manufacturing processes at the nanoscale by allowing
thecreationandassemblyof nanosystemsto becontrolledby molecularprograms.Finally,
universallyprogrammableintelligentmatterwill allow us to createsystemsandmaterials
inspiredby biosystems at the nanoscale, suchasactive membranes,very denseneural
networks,sensors,andmotorsystemssuchascilia andflagella.
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