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Abstract

We expect emerging nanotechnologysubstratesto consistof a vast numberof
smallprocessingnodesthatarerandomlyassembled,havedefectratesashighas30%,
andhavegloballyasynchronouscommunication.Directly constructinganarchitecture
on sucha substratepresentsmany challengesto a systemdesigner. An alternative ap-
proach,thatwouldeasetheconstraintsfacedby ananotechnologyarchitect,wouldbe
to provide a layerof abstractionbetweenthephysicalsubstrateandthearchitectural
designspacethatlogically structuresthesystemcomponents.

We proposeanabstractionlayerthatcanimposea defect-freelogical grid on ran-
domlyorientedandrandomlyconnectednodes.This layeris basedon theobservation
that logical neighborsin a network neednot beconstrainedto physicalneighborsbut
insteadcanbe connectedthrougha seriesof communicationhops. Our distributed
orderingalgorithmguaranteesthatall nodesreachablefrom amicro-world connection
nodewill beincludedin thelogicalgrid.

1 Intr oduction

Theeraof Moore'sLaw andtheexponentialincreasesin CMOSdevicedensitythataccom-
paniesit is quickly reachingan end. Both economicandtechnologicalroadblocksstand
in theway of this trendthatwe have enjoyedfor nearlyhalf a century. In responseto the
coming“red brick wall” predictedby the ITC roadmap,researchershave beeninvestigat-
ing new devicesfabricatedon thenanometerscale.Suchdevicesarelikely to becreated
usingbottom-upself-assembly(e.g.,usingDNA), andassuchlack theexactingprecision
employedin top-down lithography.

In thiswork, weassumethatananotechnologysubstrateis composedof avastnumber
of smallprocessingnodesconnectedin anetwork (e.g.,[1]). Becauseself-assemblycannot
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producelargecomplex designs,eachnodehasa very limited amountof storageandsome
limited computationalability (e.g.,a 1-bit ALU). Nodesareplacedandconnectedin an
arbitrary topology network. Sucha physicalsubstrateleavessystemdesignerswith the
dauntingtaskof implementingasystemthatcanperformin thepresenceof massivedefect
rates,randominterconnections,andlimited localcomputationalandstorageresources.The
potentialreward,however, is great,sincethesedevicescanbecreatedin previouslyunheard
of densitiesandata fractionof thecostof acurrentCMOSprocess.

Few algorithmsor computationalparadigmshave beendesignedthat canoperateon
sucha substrate.As such,our goal in this work is to createa logical structurewithin the
systemthatservesasanabstractionlayerbetweenthephysicalsubstrateandthearchitec-
turethatwill easetheburdenon systemdesigners.We identify thefollowing asdesirable
charactersticsthata logical structuringschemein a nanotechnologysubstrateshouldpos-
sess:

� high utilization Any structuringschemeshouldbeableto includeasamany defect-
freedevicesaspossiblein orderto reapthebene�tsof ananotechnologysubstrate.

� low implementation cost As nodesin a nanotechnologysubstrateareexpectedto
possesslimited computationalpower andstoragecapacity, any logical structuring
mechanismmustrequireno morethana few bitsof storageandsimplelogic.

� low network contention The logical structureshouldnot placeunnecessarystress
on thecommunicationnetwork.

Our contribution in this work is a viable schemefor providing structureon a nan-
otechnologysubstrate.Speci�cally, we provide theabstractionof a fully-populated,two-
dimensionalgrid of nodesasa logical overlayto thesubstrate.A grid is uniform andeasy
to program. Indeed,many preexisting computationsare tailored to grid structuressuch
ascellularautomataandmatrix operations.We alsoprovide anevaluationof our scheme
basedon the above criteria and �nd that our schemeachieves the maximumutilization
possible,hasa fractionof theimplementationcostthat is foundin previouslogical order-
ing schemesfor CMOS substrates,andcanachieve low network contentionby enforcing
scheduledcommunicationandby limited certainsystemparameters.

The remainderof this paperis organizedas follows. Section2 describesour fairly
genericsystemmodelandoutlinestheminimumresourcesthatwe assumepresentin the
system.Section3 discussesrelatedwork. Section4 describesour logical orderingtech-
niquein detail, andSection5 discussesrouting. Section6 presentsan evaluationof our
approach,andweconcludein Section7.

2 TargetSubstrate

While our proposedtechniqueis designedto be asgeneralaspossible,therearecertain
basicsystemcharacteristicsthatareassumed.A targetsystemis composedof many small
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processingnodesthatarerandomlyconnectedto eachothervia at leasta single-bitwire.
I/O communicationoccursby way of any numberof anchor nodesthat areconnectedto
vias in the micro-scaleworld. A singleanchornodeconnectsto a singlemicro via. We
makenoassumptionsaboutnodeorientation,connectivity, placementor quantityof anchor
nodes,or the natureof the vias that connectto the nanocomputingsubstrate.We model
all defectsin the systemas fail-stop, suchthat any defectwill causea nodeto become
unresponsive.

3 RelatedWork

Most previouswork on arbitrarytopologieshasbeendevelopedin thecontext of a CMOS
systemwith vastlymorepernoderesourcesthatthoseexpectedto bepresentin nanocom-
puting.Schemesto imposestructurewithin localandwideareanetworksthatarephysically
connectedin unorderedmeshesareespeciallyprevalentin theliterature.Two suchschemes
in particular,theMetaNet[2, 3] andAutoNet [4] architectures,resemblethetechniquewe
proposein that they embedlogical treesandrings over the physicalnetwork. However,
becausethe LAN architecturesweredesignedwith differentgoalsandfor a systemwith
vastlymorelocal resources,theresultingarchitecturescontainedmany attributesthatmake
theminfeasiblein ananotechnologynetwork.

Thework in arbitrarytopologyLANs wasmotivatedby thedesireto bothprovidestruc-
turein a network and,equallyimportant,to maximizebandwidth.As such,thetechniques
they usedweredesignedto dynamicallyreducecontentionin thenetwork, which affected
themannerin which they structuredandroutedthenodes.For example,thecomplex rout-
ing algorithmsin botharchitecturesreliedon thepresenceof large forwardingtablesand
uniquenodeidenti�ers. Dueto the limited storagein a nanocomputingnode,it would be
unreasonableto assumethat routing tablescould be present.This is especiallytrue con-
sideringthatdestinationIDs would have to beat least40 bits in orderto uniquelyidentify
all the nodesin a network, assuminga fabricationprocesscould produce1012 nodesas
reportedin [1].

Otherresearchin CMOS systemshasbeenperformedwith the goal of implementing
a systemthat performscorrectly in the presenceof massive defectrates. The Teramac
multiprocessormachinebuilt atHewlett-PackardLaboratorieswasconstructedusingamix
of defectiveandfault-freeFPGAcomponents.Theresearcherswereableto build asystem
thatcontainedover 220,000defectsyet (correctly)performed100timesfasterthana high
end uniprocessor[5]. This achievementproved that it was possibleto build a working
systemin the presenceof massive defects,althoughits direct applicationto bottom-up
nanotechnologyfabricationis limited becausetheauthorsrely on anapriori knowledgeof
fault mappingsin the FPGAsin orderto con�gure the componentsin a logical topology,
which is a luxury unlikely to beaffordedin emergingnano-scaledevices.

Patwardhanet al. [6] addressedthe needfor imposingstructureon a nanocomputing
substratesimilar to thetargetoutlinedin thiswork by adaptingthereversepathforwarding
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algorithm[7] to providegradientrouting.While theirmethodwassuccessfulin providing a
loosesenseof directionfor packetswithin thesystem,noabsoluteor deterministicstructure
wascreated.Usefulwork in thesystemreliedon theability of active network packetsto
�nd free processingor memoryelements.The proposedschemeis muchmoregeneral,
allowing for eitherhomogeneousor heterogeneousnodesin the systemandproviding a
uniform,defectfreelogical structureon which to developanarchitecture.

4 Distrib uted Logical Structuring Technique

It is the goal of this work to implementan orderingtechniquethat hasmostof the fea-
turesprovided by previous arbitrary topology structuringschemesdesignedfor CMOS
substrates,yet is still implementablein ananotechnologynetwork. Sucha techniqueneeds
to be distributed,have minimal storagerequirements,andbe scalableto extremelyhigh
nodedensities.

Our logical structuringtechniqueis a threestageprocessthatprogressively transforms
thesubstrateinto a logical tree,a ring, and�nally into a fully populatedtwo-dimensional
grid. The�rst two of thesestepsaresimilar to previouswork in principlebut not in imple-
mentation.In this section,we presentour threestageprocessfor imposingorder, andwe
describehow to routeon thisorderednetwork.

4.1 Step1: SpanningTree

The�rst stepin ourstructuringtechniqueis to createoneor morespanningtreesoutof the
physicalnetwork. Consideringthenetwork asa graph,wherenodesareverticesandlinks
areedges,this is doneby performinga breadth-�rst traversalof thegraphat eachanchor
node. It hasbeenproventhata bread-�rst traversalwill includeall nodesin the network
thatarereachableby ananchornode[8]. As aresult,theproposedtechniquewill maximize
nodeutilization throughoutthenetwork.

A breadth-�rsttraversalalgorithmcanbeimplementedef�ciently in a nanotechnology
substrateby introducingadirectionalpointerandonebit of storagein eachnode.Treecre-
ationbeginswhena tree-ringpacket is injectedinto thenetwork thatindicatesthatthetree
formationprocedureshouldproceed.Whenanodereceivesthetree-ringformationpacket,
it marksthe 1-bit indicatorto rememberthat it hasalreadybeenincludedin the network
traversal,setsthepointerto theparentnodeby rememberingon which internaltransceiver
the packet wasreceived, andthenbroadcaststhe signal to its remainingneighbors.For
reasonswe will discussshortly, the newly addedchild alsosendsan acknowledgmentto
theparentindicatingthat it hasjust beeninsertedinto to thetree.Nodesthathave already
beeninitialized ignoreincominginitialization packets,andasa result the procedurewill
terminatewhenall nodesreachablefrom an anchorhave beenfound. An exampleof an
embeddedspanningtreeis shown in Figure1a.
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Figure1: An exampleof the threestageordering process.(a)An examplenetwork with
theembeddedtreerootedatnode1. Dashedlinesshow theconnectionsnot involvedin the
logical tree. (b) The resultingring. Dif ferentvirtual nodesareindicatedby primes. The
shadedbox representsthemicro via that interfaceswith thenanocomputingnetwork. (c)
Theresultinggrid.
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4.2 Step2: Ring

The secondstepis to embeda ring on eachof the anchor-rootedspanningtreesby per-
forminga depth-�rst traversal.Thetraversalprogressesby proceedingdeeperinto thetree
whenever possibleandbacktrackingotherwise.Becauseof thebacktracking,thepaththat
a traversaltakesaroundthetreeformsa closedloop thatbeginsandendsat theroot node.
Any nodethatis nota leaf is in thetreeis visitedmultiple times,andis thuslocatedatsev-
eralpositionsalongtheclosedloop path.Sothatwe maymapour ring alongthetraversal
path,we adopttheconceptof virtual nodes. Eachtime thetraversaltouchesanode,a new
virtual nodeis createdthat actsas the node's representationat that point in the ring. In
general,themaximumnumberof virtual nodesneededis equalto the maximumnumber
of connectionsthat a nodecanmake (which is a functionof the speci�c nanotechnology
substrate).

At thesametime thatthetreeis beingcreated,thevirtual nodesof theembeddedring
canalso be establishedby deterministicallyassigningvirtual ring connectionsbasedon
the structureof the spanningtree. Child nodesof a parentin the spanningtreearegiven
a logical positionbasedon theorderin which acknowledgmentsarereceived,so that the
�rst child to respondbecomeschild one,the secondbecomeschild two, andso on until
all childrenhave acknowledged.Usingthechild orderingasa reference,theeastandwest
connectionsof thering areassignedsuchthat theconnectionsof successive virtual nodes
follow theprogressionof parent-to-�rstchild, �rst child-to-secondchild, ... lastchild-to-
parent.

For example,in Figure1b, the eastconnectionof the �rst virtual nodeof node2 is
connectedto its parent(node1) andthewestconnectionis connectedto its �rst child (node
5). The secondvirtual node(node2') is createdbetweenthe �rst child (node5) andthe
parent(node1). If node2 hadasecondchild in thetree,thentheprocesswouldberepeated
sothatnode2's secondvirtual nodemadea connectionbetweenits �rst andsecondchild,
andthethird virtual nodewouldbeconnectedto thesecondchild andtheparent.In Figure
1b, sucha progressioncan be seenin node3. Using this orderingtechniqueto assign
virtual ring connectionsassuresthatthering will alwaysfollow in thedirectionof adepth-
�rst traversal.

To implementthis concurrentlywith thetreeformationprocess,ring connectionpoint-
erswithin a nodeareadjustedeachtime a local connectionin thetreeis established.The
�rst virtual representationof a physicalnodeis createdwhena nodeaddsitself asa child
in the spanningtree. This virtual nodesetsboth the eastandwestpointersto the parent
becauseat this point in theprocessthenodeappearsto bea leaf in thespanningtreeand
assuchhasonly onepath,the link to theparent,on which to communicate.Whenandif
a nodereceivesan acknowledgmentfrom oneof the neighborsthat it forwardedthe tree
formationpacket to, a new virtual nodeis createdthat hasan eastpointerset to the ac-
knowledgingnodeandawestpointersetto theparent.Additionally, thewestpointerof the
previously createdvirtual nodeis changedto point to the acknowledgingneighbornode.
The�nal resultis a ring thatstartsandendswith themicro via that is connectedto anan-
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chornode(becauseit is thelogicalparentof ananchornode).Becausethisvia is included
in thering, wehavemaintainedtheability to insertandremovedatafrom thenetwork.

4.3 Step3: RectangularGrid

Thethird and�nal stepin theorderingtechniqueis to fold thelogicalring into arectangular
grid. Of thefour logical connectionsneededby anelementin a uniform rectangulargrid,
two of these(eastandwest)have alreadybeenestablishedby thering formationprocess.
Theremainingtwoconnectionscanbeestablishedby abstractingnorthandsouthneighbors
asN hopseastor west,respectively, alongthering. Usinguniform distanceanddirection
hopsfor northandsouthneighborshastheeffect of slicing thering into linesof lengthN
andstackingthemon top of eachotherasshown in Figure1c.

Therearetwo issuesthatmustbe resolvedwhenusingthe ring folding techniquede-
scribedabove. First, the nodeson the edgesof the grid mustbe informedthat they have
only asubsetof thefour possibleneighbors.Second,unlessthenumberof nodesin thering
is amultipleof N, therewill beexcessnodesin thering thatwill form anincompleteline in
the�nal grid row. The�rst of theseproblemscanbesolvedby introducingagrid-formation
packet into thesystemthattraversesthering andstructuresthegrid.

A datavaluein thegrid formationpacket will be incrementedeachtime thepacket is
receivedin anew node.WhenthisvalueexceedsN, it will beresetto 1. Nodesthatreceive
thepacketwhenthedatais setto 1 markthemselvesasbeingontheleft sideof thegrid and
thuscontainnowestneighbor. Likewise,nodesreceiving thepacketwhenthedatais setto
N markthemselvesasbeingontheright sideof thegrid with noeastneighbor. Eventually,
the micro via connectedto the anchornodewill receive the packet from the last virtual
nodein thering. Whenthis happens,thedatain packet representsthenumberof nodesE
thatareexcessin the lastgrid row. A �nal initialization packet, the forward-onlypacket,
canthenbeinsertedin theoppositedirectionof thering thatthegrid-formationpacketwas
sent.It marksthe�rst E nodesasforward-onlyandis thensunkin thenetwork, effectively
eliminatingany nodesthatform anincompletelastrow from thelogicalgrid. .

The north-mostandsouth-mostrows needno extra con�guration becausetheir north
andsouthneighbors,respectively, will be routedthroughthe micro via. The decisionof
whatto do with thatdatacanbemadebasedon theoperationbeingrun in thenetwork. If
thedatawasforwardedthroughthemicrovia, thenthegrid would roll into acylindersuch
asthoseusedin severalcellularautomataapplications[9]. If thevia insteadsinksthedata,
thegrid will remain�at.

Note that at no point during the orderingprocessdoesany part of the systemrequire
globalknowledgeof thelogical structures.Theentirealgorithmis distributedandrequires
minimal storage,whichwill bequanti�ed in Section6..
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5 Routing

In our structuringscheme,thebasicdefault routingis deterministicwithin thelogical net-
work. A nodemay only communicatewith its immediatevirtual neighborsnorth,south,
east,andwestby traveling the ring N hopswest,N hopseast,1 hopeast,or 1 hopwest,
respectively. Whenapacket travelsthroughthenetwork it mustspecifyboththering direc-
tion it is travelingandthenumberof hopsremainingto its destination.Routingthusneeds
only to supportdirectionalmovementalongthe ring, makingit unnecessaryto maintain
individualnodeIDs or complex routingtablesasis donein previouswork.

5.1 Routing Optimization

Thestaticroutingschemeabove is simpleenoughto beviable in our targetsystem,but it
sacri�cessomeperformance.We attemptedto minimizetheperformancepenaltyinduced
by the default routing mechanismby investigatingseveral routingoptimizations.Ideally,
we would like to reducethe impact of the high network contentionwhile concurrently
maintainingthesimplicity affordedby thedefault routing.

5.1.1 Routing Through Shortcuts
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Figure2: Routing Optimization Potential.
A boxplot of minimum inter-node routing
distancefor varyinglogicalgrid widths(N ).

Within the logical network, links between
two virtual neighborsare at mostN hops
away. Becausethe depth�rst traversalof
the spanningtree that createdthe logical
ring backtracksandbecauseall routingoc-
cursalongthe ring, onewould expectthat
thephysicaldistancebetweentwo nodesis
oftenmuchlessthanN . Wereferto routing
optimizationsthat attempt to exploit this
observationasshortcutrouting.

We evaluatedthe potentialof shortcut
routing optimizationsby �nding the mini-
mumnumberof physicalhopsbetweentwo
logically separatedneighbors.In our eval-
uation, we assumethat nodesin the nan-
otechnologysubstratecanmake up to four
connectionswith neighboringnodesand
that thereare1000nodeswith 1 anchorin
the network. The devicesaremodeledafter thosefound in [6], althoughthis choicewas
arbitraryanddoesnot impactthe results.Figure2 shows that thebene�ts aresigni�cant
when logical separationis large. For a logical separationof 100, which correspondsto
north andsouthneighborcommunicationsin a logical grid with N = 100, the average
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physicaldistancebetweennodesis lessthan15 hopsandthe longestphysicalseparation
observedwasonly 54 hops.Becausethemaximumphysicaldistancebetweentwo logical
neighborsis signi�cantly lessthanthe logical distance,the datacon�rms that it is com-
mon for the staticrouting techniqueto traversesthe samephysicallink multiple timesin
a singlelogical communicationandindicatesthat thereis a strongpossibility for routing
optimizations.

We separateshortcutoptimizationsinto two categories. The �rst is physicallink for-
warding and the secondis virtual nodeforwarding. Physicallink forwarding involves
shorteningtheroutingpathby following apathof physicalroutingdirectionsbetweenlog-
ical neighbors.Thesedirectionsdo not necessarilycorrespondto thelinks involvedin the
logical network, andcanincludethe links identi�ed by dashedlines in Figure1a. Virtual
nodeforwardingoccurswhena packet internally hopsfrom onevirtual nodeto another.
For example,in Figure1b, a packet thatneededto travel from 5 to 2' couldbeforwarded
from 5 to 5' andthenproceedto 2'.

Applicationof physicallink forwardingrequirestheadditionof routingtablesandextra
routinglogic in thenodes.Thetotal storageneededto routethroughshortcutsdependson
themaximumnumberof connectionsthatanodecanmake(C) andthemaximumdistance
thattheshortcutcanspan(D). In general,a C-entrytablewill beneededwith 2Dlog2(C)
bitspertableentry. Thefactorof two is includedbecauseshortcutsfor bothnorthandsouth
directionsmustbemaintained.

While a tableof any non-trivial sizewould most likely be beyond the capabilitiesof
a nanotechnologynode,we consideredthe effects of keepinga 2-entry table (D = 1)
for shortcuts1 hopaway. Individual entrieswould correspondto logical northandsouth
neighbors,respectively, andwould beusedto indicatewhena logical neighborwas1 hop
away. Sucha schemewould keeproutingsimpleandstorageminimal. Figure3 shows the
distribution of the minimum physicallink distancesbetweentwo logical north andsouth
neighborsin agrid of width 20. Similar resultswereobtainedfor gridsof largerwidth, but
wereomitteddueto spaceconstraints.

The dataindicatesthat a 2-entry tablewould not yield a signi�cant improvementin
routing,asthe percentageof logical neighborsthatarelessthantwo hopsaway is small.
Moving beyond a onehop shortcutis dif�cult, as the complexity of routing logic grows
sharplybecausethe routing no longer follows the path of the ring but insteadmust be
routedalongphysicalnodedirections.Packetstraversingthenetwork would have to carry
with them a list of physicaldirectionsthat indicatethe path to take at eachnodealong
theroute. Thus,while thepotentialof physicallink forwardingis great,thecomplexity it
introducesis not reasonablein ananotechnologysubstrate.

The effectsof virtual nodeforwardingwerealsostudied.We found that,on average,
a 10%reductionin pathlengthcouldbeachievedwhenpacketswereallowedto forward
throughvirtual nodes.Implementingthisoptimizationwould requirethata registerof size
log2N bits, whereN is thelogical grid width, bekept for eachvirtual node.This register
would indicatethenumberof hopsthatcouldbeskippedby a jump from onevirtual node
to thenext andwould beusedto calculatetheshortcutdistancefor a packet traversingthe
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ring. Additional logic wouldalsohaveto beaddedto thenodessothattheforwardingpaths
couldbedeterminedduringinitialization. Basedonthisdata,weconcludethatvirtual node
forwardingis mostlikely not worth thecostof implementing.

5.1.2 Scheduling
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Figure3: Histogram of physical node dis-
tances
Thedistributionof minimalphysicaldistance
betweenlogicalneighborsin agrid. Odddis-
tancesare absentdue to the natureof rout-
ing througha tree. The percentageof logi-
cal neighborsthat areonly onephysicalhop
away is small.

Dependingonthespeci�c architecturerun-
ning on thelogical grid, it maybepossible
to optimize routing by enforcingschedul-
ing rules in the network. For example,
if a cellular automationwas running in
the network, neighboringcommunication
couldbesynchronizedsuchthatall concur-
rent inter-nodecommunicationoccurredin
asingledirectionalongthering. In acellu-
lar automataprogram,the stateof a node
on the next logical time stepdependson
thestateof its neighborsin thecurrenttime
step. Thus,every nodein thesystemmust
communicatewith all of its neighborsbe-
fore moving to a new state. If this com-
municationis synchronized,such that all
nodescommunicateto their north, south,
east,andwestneighborsat thesametime,
then contentionin the network would be
eliminatedbecauseall existing packets in
thenetwork will movein thesamedirection
alongthering withoutpassingoneanother.

Sucha schedulingschemecan be en-
forcedin agloballyasynchronoussubstrateby issuinga total orderof communication(i.e.
north �rst, eastsecond,etc.) andby mandatingthat thenumberof packetssentby a node
is nevermorethanoneplusthenumberof packetsreceivedby thenode.

Otherschedulingoptimizationsmay be possible,but they aredependenton the over-
layingarchitectureandassuchareleft to thesystemdesigner.

5.2 Deadlock

For any network to beuseful,it mustbeableto avoid routingdeadlock.Becauseof thelog-
ical structurethatwe have alreadyaddedto thenetwork, we canuseup/down routingthat
hasbeenprovendeadlock-free[4]. Becausethetreestructureis built on top of individual
physicalnodes,it canbe usedto assignthe nodedegreesrequiredin up/down routing to
physicallinks In sucha scheme,communicationwith a parentnodewould beconsidered
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up routing andcommunicationwith all childrenwould be down. Fetchdeadlock,or re-
quest/responsedeadlock,is a functionof theexecutionmodelrunningin thenetwork, and
assuchis aproblemleft to thedesignerof theoverlayingarchitecture.

6 Evaluation

In this section,we evaluateour logical orderingschemebasedon the threecharacteris-
tics identi�ed asdesirablefor a logical structuringscheme:high device utilization, low
implementationcost,andlow network contention.

6.1 Utilization

Figure 4: Utilization of Nodes vs. Node
Connectivity. A systemof 1000nodesand1
anchorwasevaluatedto determinethedegree
of nodeutilization in thelogicalnetwork.

Cormen,et.al. [8] proved that a breadth
�rst searchof an undirectedgraph will
touchevery nodereachablefrom the root.
As such,our techniqueis optimalgiventhe
constraintsof the target substrate. How-
ever, speci�c parametersof the targetsub-
stratewill affect the amountof utilization
our schemeis ableto extract. To evaluate
the design,we found the nodeutilization
for varyinglink connectivities,measuredas
thepercentageof availablelinks thatarede-
fect freein thesystem.Figure4 shows that
for connectivities above 70%, our scheme
is ableto extracta nearly100%utilization.
For connectivities below 50%, the nodes
within the network are too sparseand the
anchornodeis not ableto reachmorethan
a few neighboringdevices.

6.2 Implementation Cost

Thegoalof ourdesignis to providelogicalorderingwith minimalcomputationandstorage
costs.In this section,weexaminethecostsincurredby ourscheme.

Thelogic to handlethethreeinitializationproceduresmustbeaddedin thenodes.The
tree-ringformation packet requiresthe ability to broadcasta messageto all the node's
neighborsand sendan acknowledgmentto the parent. The grid-formationpacket and
forward-onlypacket mandatethata smallamountdatacantravel alongwith a packet. We
claimthatneitherof thesesystemconstraintsarebeyondthebasicfunctionalitythatwould
berequiredin any usefulnetwork, whetheror notour logicalorderingtechniquewasused,
andassucharejusti�able complexities in thesystem.
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In additionto thelogic complexity neededfor theproposedtechnique,acertainamount
of storagemustalsobepresentin thesystem.To supportvirtual nodes,we mustreplicate
anything consideredto bearchitectedstatein thenode,thusresultingin Va bits of over-
head,whereV is the maximumnumberof virtual nodesallowed anda is the numberof
bits of architectedstate.While this mayseemlike anunreasonablerequirementgiventhe
limited amountof resources,our initial nodedesignsindicatethatthearchitectedstatewill
bedwarfedby thelogic for inter-nodecommunicationandis thusonly a smallpercentage
of thetotal inter-nodecommunication.

Eachnodemustmaintain2V + 1 pointers,whereV is themaximumnumberof virtual
nodesin thesystem.Eachvirtual nodemustmaintaina left andright pointerthat indicate
neighborsin thelogical ring. Anotherpointeris alsorequiredto rememberthedirectionto
anode'sparentin thespanningtree.Pointerscanbestoredwith aminimalamountof state,
asthey needonly indicatewhich internaltransceiver to usein a givencommunication.

For deadlockavoidanceusingup/down routing,we mustalsoaddtwo virtual channels
to eachnodetransceiver. Eachvirtual channelwould needat leasta oneentry sendand
receive queue.Thesizeof thebuffer would dependon packet sizes,andis thusa function
of thehigh level systemarchitecture.

Thelargestoverheadincurredby theproposedschemeis dueto theN hopcountingthat
mustbesupportedin packet communication.A buffer of sizelog2N + k, whereN is the
logical grid width andk is a constantamountof bits thatcomprisethepacket header, tail,
anddatathatarefunctionsof theoverlyingarchitecture,mustbepresentin eachNI of each
virtual channelwithin a node.Additionally, eachnodemusthave theability to subtracta
log2N number, althoughabit-serialaddercanbeusedto minimizetheoverheadrequiredto
do so. Our estimatesof thecapabilitiesof nanotechnologynodesindicatesthat thechoice
of N mustbekeptsmallfor theproposedschemeto feasible.

Comparedto previousorderingtechniquesin nanotechnologyarchitectures,our imple-
mentationcostsare slightly higher. However, the increasedoverheadprovidesa higher
degreeof orderingthe nanotechnologysubstratethanhaspreviously beenavailable. Pat-
wardhanetal. [1, 6] createdlogical structureby establishing� vegradientsin thenetwork,
onefor eachglobal directionnorth, south,east,andwest,andoneto the micro via con-
nectormuchin the samemannerthat the treeformationpacket operatesin the proposed
technique.Routingis basedon anactivenetwork architecturein which packetsin thenet-
work usethe gradientsasa compassto �nd resourcesscatteredthroughoutthe network.
Thus, to enforcestructureandrouting in the RPFarchitecture,a nodeneeds5 direction
pointers,two virtual channels,a k bit buffer at eachNI, androutinglogic to movepackets
throughtheactivenetwork.

To quantitatively comparetheproposedschemeto thepreviouswork, we developeda
simpleanalyticalmodelto evaluateareaoverhead.Our model is basedon the following
parameters:

� a - Thenumberof bitsof architectedstatein eachnode.

� C - The numberof connectionsa nodecanmake. Also equalto V , the maximum

12



numberof virtual nodesallowed.

� N - Thewidth of thelogicalgrid in theproposedscheme.

� k - Thenumberof bitsof overheadin a communicationpacket (i.e. theheader)

1,000
N 500
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15105
0

1.5

2.0

2.5

Figure5: Comparisonof OverheadCost
TheX axisis bits of architectedstate(a), the
Y axis is the logical grid width (N), andthe
Z axis is the relative increasein the bits of
storageneededfor theproposedschemeover
thatneededby theRPFalgorithmpreviously
published

Equation1 is theanalyticalmodelused
for the proposedsheme. It representsthe
storageoverheadcosts,in numberof bits,
asdescribedabove. We omitted the over-
head of the additional logic complexity
usedby our mechanismbecausethe spe-
ci�c overheadnumbersare largely imple-
mentationdependentandaresimilar to the
prior work we arecomparingto. Equation
2 is a correspondinganalyticalmodel for
theprior work thatusesanRPFalgorithm.
Figure5 gives the ratio of thesemodels(
storagepr oposed / storagepr ior ) asN anda
arevariedwhile C andk arekeptconstant
at 4 and8 respectively. As intuition would
suggest,thevalueof N hasthegreatestim-
pactonoverhead.However, atsmallvalues
of N therelativeoverheadis keptlow.

storagepr oposed =

Ca + (2C + 1)log2C+

2(C + 1)(log2N + k)
(1)

storagepr ior = a+ 5log2C+ 2(C+ 1)k (2)

6.3 Network Contention

Theamountof contentionin anetwork is highly dependentbothonthephysicalparameters
of thesubstrateandthecharacteristicsof theoverlayingarchitecture.A list of variablesthat
determinethecontentionin anetwork include:

� connectivity - aslink defectratesincrease,a highernumberof logical links will be
mappedover individualphysicallinks.
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� width of logical grid - logicalpathsbecomelongerasthegrid sizeincreases,which
elongatestheamountof timeacommunicationpacket spendsin thenetwork.

� communication latency - thelongerit takesfor a packet to transmit,thelesstime a
link is freeto acceptanew communication

� computational latency - packetsthat take longerto operateon decreasecontention
becausecommunicationratesaredecreased.

� averagesource and sink rates - thesearchitecturespeci�c parametersimpact the
amountof activepacketspresentin anetwork atany giventime.
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Figure 6: Evaluation of Network Con-
tention
Contention (evaluated as logical hops per
physicallink) vs. logicalgrid width

Traditional measurementsof network
contentionwouldbemeaninglessin theab-
senceof a well de�ned architectureor de-
vice parameters. Therefore,we quantify
network contentionas the numberof log-
ical hopsper utilized physical link. This
metriccapturestheeffectof thelogicalnet-
work on contentionby indicatinghow fre-
quently independentcommunicationswill
beforcedto crosspathsin thephysicalnet-
work. Furthermore,it is a function of the
only variable listed above that is depen-
dentsolelyonthelogicalstructure,thegrid
width, and is thereforeideal for capturing
the performanceconsequencesof the pro-
posedtechniquewithout having to account
for otherparametersthataredeterminedby
systemdesigners.

Figure 6 shows the contentionmetric
for varying grid widths. As shown, the
network contentioninduced by the logi-
cal structuregrows exponentiallywith grid
width. While this resultis notpromising,it
mustbetakenin context. Themetric is only meantto revealtheworstcasecontentionfor
an architectureandphysicalimplementationthat communicatefrequentlyandrandomly.
Any architecturein which communicationcanbe scheduledor wherecommunicationis
relatively infrequentwill performordersof magnitudebetterthanFigure6 indicates.How-
ever, thegraphis usefulin that it indicatesthatthegrid width in a network shouldbekept
small to minimizecontention.WhenN is large,evena small reductionin grid width will
yield signi�cant performanceenhancements.
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7 Conclusions

In this paper, we have presenteda viable schemefor imposingorderingon a the type of
nanocomputingsubstratethatwe expectto emerge. With self-assembledsystems,we will
be restrictedto small nodes(albeit vastnumbersof them)andrandominterconnections.
Wehaveshown adistributedalgorithmfor structuringthis typeof substrateinto agrid that
canbe moreeasilyusedfor computation.Our schemehassimilar goalsto prior work in
logical topologies,but our contribution is in greatlyreducingthe storageandcomplexity
soasto make thisapproachfeasiblefor nodeswith limited resources.

Our resultswerenotaspromisingaswewouldhave liked,but with intelligentschedul-
ing theperformancepenaltiescouldbemanaged.Furtherstudyneedsto bedoneon meth-
odsto exploit the routingoptimizationpotentialin the logical network. Our estimatesof
thecapabilitiesof futurenanotechnologysubstratesindicatethatlogicalgrid width mustbe
keptsmallsothatthedesigncanbeimplementedwith smallenoughcosts.
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