OrderedChaos:ImposingLogical Structuren
Nanotechnologysubstrates

DerekR. Hower
Duke University
Departmenof ElectricalandComputerEngineering
Email: drh5@ee.dué.edu

April 25,2006

Abstract

We expectemeging nanotechnologysubstratego consistof a vast numberof
smallprocessingnodeghatarerandomlyassembledyave defectratesashighas30%,
andhave globallyasynchronousommunicationDirectly constructinganarchitecture
onsuchasubstratgresentsnary challengedo a systemdesignerAn alternatve ap-
proach thatwould easethe constraint§acedby a nanotechnologgrchitectwould be
to provide a layer of abstractiorbetweenthe physicalsubstrateandthe architectural
designspacehatlogically structureghe systemcomponents.

We proposeanabstractionayerthatcanimposea defect-fredogical grid onran-
domly orientedandrandomlyconnectedhodes.This layeris basedntheobseration
thatlogical neighbordn a network neednot be constrainedo physicalneighborsbut
insteadcan be connectedhrougha seriesof communicatiorhops. Our distributed
orderingalgorithmguaranteethatall nodeseachabldérom a micro-world connection
nodewill beincludedin thelogical grid.

Intr oduction

Theeraof Moore's Law andtheexponentiaincreasesn CMOSdevice densitythataccom-
paniesit is quickly reachingan end. Both economicandtechnologicakoadblocksstand
in theway of this trendthatwe have enjoyedfor nearlyhalf a century In responseo the
coming“red brick wall” predictedoy the ITC roadmapyesearcherbave beeninvestigat-
ing new devicesfabricatedon the nanometescale. Suchdevicesarelikely to be created
usingbottom-upself-assemblye.g.,usingDNA), andassuchlack the exactingprecision

employedin top-davn lithography
In thiswork, we assumehata nanotechnologgubstrates composeaf a vastnumber

of smallprocessingnodesconnectedn anetwork (e.g.,[1]). Becauseself-assemblgannot
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producelarge complex designsgachnodehasa very limited amountof storageandsome
limited computationahbility (e.g.,a 1-bit ALU). Nodesare placedandconnectedn an
arbitrary topology network. Sucha physicalsubstratdeaves systemdesignerswith the
dauntingtaskof implementinga systemhatcanperformin the presencef massve defect
rates randominterconnectionsgndlimited local computationaindstoragaesourcesThe
potentialreward,however, is great,sincethesedevicescanbecreatedn previouslyunheard
of densitiesandat a fractionof the costof a currentCMOS process.

Few algorithmsor computationaparadigmshave beendesignedhat can operateon
sucha substrate As such,our goalin this work is to createa logical structurewithin the
systemthatsenesasanabstractiorlayer betweerthe physicalsubstrateandthe architec-
turethatwill easethe burdenon systemdesignersWe identify the following asdesirable
characterstic¢hata logical structuringschemen a nanotechnologgubstrateshouldpos-
sess:

high utilization Any structuringschemeshouldbeableto includeasa mary defect-
freedevicesaspossiblein orderto reapthe bene tsof ananotechnologgubstrate.

low implementation cost As nodesin a nanotechnologgubstrateare expectedto
possesdimited computationalpower and storagecapacity ary logical structuring
mechanismmustrequireno morethana few bits of storageandsimplelogic.

low network contention The logical structureshouldnot placeunnecessargtress
onthecommunicatiometwork.

Our contrikution in this work is a viable schemefor providing structureon a nan-
otechnologysubstrate Speci cally, we provide the abstractiorof a fully-populated,two-
dimensionabrid of nodesasalogical overlayto the substrateA grid is uniform andeasy
to program. Indeed,mary preeisting computationsare tailoredto grid structuressuch
ascellularautomataand matrix operations.We alsoprovide an evaluationof our scheme
basedon the above criteriaand nd that our schemeachiezes the maximumutilization
possible hasa fraction of theimplementatiorcostthatis foundin previouslogical order
ing schemegor CMOS substratesand canachiese low network contentionby enforcing
scheduledcommunicatiorandby limited certainsystemparameters.

The remainderof this paperis organizedas follows. Section2 describesour fairly
genericsystemmodelandoutlinesthe minimum resourceghatwe assumepresenin the
system. Section3 discusseselatedwork. Section4 describesur logical orderingtech-
niquein detail, and Section5 discussesouting. Section6 presentsan evaluationof our
approachandwe concluden Section?.

2 TargetSubstrate

While our proposedechniqueis designedo be asgeneralas possible thereare certain
basicsystemcharacteristicthatareassumedA tamgetsystemis composedf mary small
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processinghodesthatarerandomlyconnectedo eachothervia at leasta single-bitwire.

I/O communicatioroccursby way of any numberof andchor nodesthat are connectedo

viasin the micro-scaleworld. A singleanchornodeconnectdo a singlemicro via. We

make no assumptionaboutnodeorientation connectity, placemenbr quantityof anchor
nodes,or the natureof the vias that connectto the nanocomputingubstrate.We model
all defectsin the systemas fail-stop, suchthat any defectwill causea nodeto become
unresponsie.

3 RelatedWork

Most previouswork on arbitrarytopologieshasbeendevelopedin the context of a CMOS
systemwith vastlymorepernoderesourceshatthoseexpectedo be presenin nanocom-
puting. Schemeso imposestructurewithin localandwide areanetworksthatarephysically
connectedn unorderedneshesreespeciallyprevalentin theliterature. Two suchschemes
in particularthe MetaNet[2, 3] andAutoNet[4] architecturestesemblehe techniquewe
proposein thatthey embedlogical treesandrings over the physicalnetwork. However,
becausehe LAN architecturesvere designedwith differentgoalsandfor a systemwith
vastlymorelocal resourcestheresultingarchitecturegsontainedmary attributesthatmake
theminfeasiblein ananotechnologyetwork.

Theworkin arbitrarytopologyLANs wasmotivatedby thedesireto bothprovide struc-
turein anetwork and,equallyimportant,to maximizebandwidth.As such,thetechniques
they usedweredesignedo dynamicallyreducecontentionin the network, which affected
themannelin which they structuredandroutedthe nodes.For example,the comple rout-
ing algorithmsin both architectureselied on the presencef large forwardingtablesand
uniquenodeidenti ers. Dueto thelimited storagen a nanocomputinghode,it would be
unreasonablé assumdhatrouting tablescould be present.This is especiallytrue con-
sideringthatdestinationDs would have to be atleast40 bits in orderto uniquelyidentify
all the nodesin a network, assuminga fabricationprocesscould produce10*? nodesas
reportedn [1].

Otherresearchin CMOS systemshasbeenperformedwith the goal of implementing
a systemthat performscorrectlyin the presenceof massve defectrates. The Teramac
multiprocessomachinebuilt at Hewlett-PackardLaboratoriesvasconstructedisingamix
of defectve andfault-freeFPGAcomponentsTheresearchergereableto build asystem
thatcontainedover 220,000defectsyet (correctly) performedlO0timesfasterthana high
end uniprocessof5]. This achieeementproved that it was possibleto build a working
systemin the presenceof massve defects,althoughits direct applicationto bottom-up
nanotechnologyabricationis limited becausehe authorsrely on ana priori knowledgeof
fault mappingsin the FPGAsin orderto con gure the componentsn a logical topology
whichis aluxury unlikely to be affordedin emeging nano-scalelevices.

Patwardhanet al. [6] addressedhe needfor imposingstructureon a nanocomputing
substratesimilar to thetargetoutlinedin this work by adaptinghe reversepathforwarding
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algorithm([7] to provide gradientrouting. While theirmethodwassuccessfuin providing a

loosesensef directionfor pacletswithin thesystemnoabsoluteor deterministicstructure
wascreated.Useful work in the systemrelied on the ability of active network pacletsto

nd free processingor memoryelements. The proposedschemes much more general,
allowing for eitherhomogeneousr heterogeneousodesin the systemand providing 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 structuringschemesiesignedfor CMOS
substratesyetis still implementablén ananotechnologypetwork. Suchatechniqueneeds
to be distributed, have minimal storagerequirementsand be scalableto extremely high
nodedensities.

Ourlogical structuringtechniques a threestageprocesghatprogressiely transforms
the substratento a logical tree,aring, and nally into afully populatedwo-dimensional
grid. The rst two of thesestepsaresimilarto previouswork in principlebut notin imple-
mentation.In this section,we presenbur threestageprocesdor imposingordet andwe
describehow to routeon this orderednetwork.

4.1 Stepl: SpanningTree

The rst stepin our structuringtechniques to createoneor morespanningreesout of the
physicalnetwork. Consideringhe network asa graph,wherenodesareverticesandlinks
areedgesthis is doneby performinga breadth- rsttraversalof the graphat eachanchor
node. It hasbeenproventhata bread- rsttraversalwill includeall nodesin the network
thatarereachabldy ananchomode[8]. As aresult,theproposedechniquewill maximize
nodeutilization throughouthe network.

A breadth- rsttraversalalgorithmcanbeimplementecef ciently in a nanotechnology
substratdoy introducinga directionalpointerandonebit of storagan eachnode.Treecre-
ationbegginswhenatree-ringpacletis injectedinto the network thatindicateshatthetree
formationprocedureshouldproceed Whena noderecevesthetree-ringformationpaclet,
it marksthe 1-bit indicatorto remembeithatit hasalreadybeenincludedin the network
traversal,setsthe pointerto the parentnodeby rememberingon which internaltranscerer
the paclet was receved, andthen broadcastshe signalto its remainingneighbors. For
reasonsve will discussshortly, the newly addedchild alsosendsan acknavledgmentto
the parentindicatingthatit hasjust beeninsertednto to thetree. Nodesthathave already
beeninitialized ignoreincominginitialization paclets,andasa resultthe procedurewill
terminatewhenall nodesreachabldrom an anchorhave beenfound. An exampleof an
embeddedpanningreeis shavnin Figurela.
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Figurel: An exampleof the thr eestageordering process(a) An examplenetwork with
theembeddedreerootedatnodel. Dashedinesshow theconnectionsiotinvolvedin the
logical tree. (b) Theresultingring. Differentvirtual nodesareindicatedby primes. The

shadedbox representshe micro via thatinterfaceswith the nanocomputingnetwork. (c)
Theresultinggrid.




4.2 Step?2: Ring

The secondstepis to embeda ring on eachof the anchofrootedspanningtreesby per
forming adepth- rsttraversal. Thetraversalprogresseby proceedingleepeiinto thetree
wheneer possibleandbacktrackingotherwise .Becausef the backtrackingthe paththat
atraversaltakesaroundthe treeformsa closedloop thatbeginsandendsat the root node.
Any nodethatis notaleafis in thetreeis visitedmultiple times,andis thuslocatedat se/-
eral positionsalongthe closedloop path. Sothatwe may mapour ring alongthe traversal
path,we adoptthe concepiof virtual nodes Eachtime thetraversaltouchesanode,a new
virtual nodeis createdthat actsasthe nodes representatiomt that point in thering. In
generalthe maximumnumberof virtual nodesneededs equalto the maximumnumber
of connectionghat a nodecanmalke (which is a function of the speci ¢ nanotechnology
substrate).

At the sametime thatthetreeis beingcreatedthe virtual nodesof the embeddeding
canalso be establishedy deterministicallyassigningvirtual ring connectionsasedon
the structureof the spanningtree. Child nodesof a parentin the spanningireearegiven
a logical positionbasedon the orderin which acknavledgmentsarereceved, sothatthe

rst child to respondbecomeschild one,the secondoecomeshild two, and so on until

all childrenhave acknavledged.Usingthe child orderingasa referencethe eastandwest
connection®f thering areassignedsuchthatthe connectionf successie virtual nodes
follow the progressiorof parent-to- rstchild, rst child-to-seconcthild, ... lastchild-to-
parent.

For example,in Figure 1b, the eastconnectionof the rst virtual nodeof node2 is
connectedo its parent(nodel) andthewestconnectioris connectedo its rst child (node
5). The secondvirtual node(node2’) is createdbetweenthe rst child (node5) andthe
parent(nodel). If node2 hadaseconchild in thetree thentheprocessvould berepeated
sothatnode2's secondvirtual nodemadea connectiorbetweenits rst andsecondchild,
andthethird virtual nodewould be connectedo thesecondachild andthe parent.In Figure
1b, sucha progressiorcan be seenin node 3. Using this orderingtechniqueto assign
virtual ring connectionassureshatthering will alwaysfollow in thedirectionof adepth-
rst traversal.

To implementthis concurrentlywith thetreeformationprocessying connectiorpoint-
erswithin a nodeareadjustedeachtime alocal connectionn thetreeis establishedThe
rst virtual representationf a physicalnodeis createdvhena nodeaddsitself asa child
in the spanningtree. This virtual nodesetsboth the eastandwestpointersto the parent
becausat this pointin the procesghe nodeappeargo be a leaf in the spanningreeand
assuchhasonly onepath,thelink to the parent,on which to communicate Whenandif
a noderecevesan acknavledgmentfrom one of the neighborsthatit forwardedthe tree
formation paclet to, a new virtual nodeis createdthat hasan eastpointer setto the ac-
knowledgingnodeandawestpointersetto the parent.Additionally, thewestpointerof the
previously createdvirtual nodeis changedo point to the acknavledgingneighbornode.
The nal resultis aring thatstartsandendswith the micro via thatis connectedo anan-
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chornode(becausdt is thelogical parentof ananchomode).Becausehisvia is included
in thering, we have maintainedheability to insertandremove datafrom the network.

4.3 Step3: Rectangular Grid

Thethird and nal stepin theorderingtechniqués to fold thelogicalring into arectangular
grid. Of thefour logical connectionsieededy anelementin a uniform rectangulagrid,
two of these(eastandwest) have alreadybeenestablishedy thering formationprocess.
Theremainingwo connectionganbeestablishedby abstractingnorthandsouthneighbors
asN hopseastor west,respectrely, alongthering. Using uniform distanceanddirection
hopsfor northandsouthneighborshasthe effect of slicing thering into lines of lengthN
andstackingthemontop of eachotherasshavn in Figurelc.

Therearetwo issueshat mustbe resoled whenusingthering folding techniquede-
scribedabove. First, the nodeson the edgesof the grid mustbe informedthatthey have
only asubsebf thefour possibleneighbors Secondunlesshenumberof nodesn thering
isamultiple of N, therewill beexcessnodesn thering thatwill form anincompletdinein
the nal gridrow. The rst of theseproblemscanbesolvedby introducinga grid-formation
pacletinto the systenthattraverseghering andstructureghegrid.

A datavaluein the grid formationpaclet will be incrementedeachtime the pacletis
recevedin anew node.Whenthisvalueexceeds\, it will beresetto 1. Nodesthatreceve
thepacletwhenthedatais setto 1 markthemselesasbeingontheleft sideof thegrid and
thuscontainnowestneighbor Lik ewise,nodegeceving the paclket whenthedatais setto
N markthemselesasbeingontheright sideof thegrid with no eastneighbor Eventually
the micro via connectedo the anchornodewill receve the paclet from the last virtual
nodein thering. Whenthis happensthe datain paclet representshe numberof nodesE
thatareexcessin thelastgrid row. A nal initialization paclet, the forward-only paclet,
canthenbeinsertedn the oppositedirectionof thering thatthe grid-formationpacletwas
sent.It marksthe rst E nodesasforward-onlyandis thensunkin the network, effectively
eliminatingany nodesthatform anincompleteastrow from thelogical grid. .

The north-mostand south-mostows needno extra con guration becauseheir north
andsouthneighborsrespectiely, will be routedthroughthe micro via. The decisionof
whatto do with thatdatacanbe madebasedon the operationbeingrunin the network. If
the datawasforwardedthroughthe micro via, thenthegrid would roll into a cylinder such
asthoseusedin severalcellularautomatapplicationd9]. If thevia insteadsinksthedata,
thegrid will remain at.

Note thatat no point during the orderingprocessdoesary part of the systemrequire
globalknowledgeof thelogical structuresTheentirealgorithmis distributedandrequires
minimal storagewhich will bequanti edin Section6..
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5 Routing

In our structuringschemethe basicdefault routingis deterministicwithin thelogical net-
work. A nodemay only communicatewith its immediatevirtual neighborsnorth, south,
east,andwestby traveling thering N hopswest,N hopseast,1 hop east,or 1 hopwest,
respectrely. Whenapaclettravelsthroughthenetwork it mustspecifyboththering direc-
tion it is traveling andthe numberof hopsremainingto its destination Routingthusneeds
only to supportdirectionalmovementalongthe ring, makingit unnecessaryo maintain
individual nodelDs or complex routingtablesasis donein previouswork.

5.1 Routing Optimization

The staticrouting schemeabove is simpleenoughto beviablein our targetsystem but it
sacri cessomeperformanceWe attemptedo minimize the performancegenaltyinduced
by the default routing mechanisnby investigatingseveral routing optimizations. Ideally,
we would like to reducethe impactof the high network contentionwhile concurrently
maintainingthe simplicity affordedby the default routing.

5.1.1 Routing Through Shortcuts

Within the logical network, links between
two virtual neighborsare at mostN hops Routing Oplimization Potental

away. Becausehe depth rst traversalof S
the spanningtree that createdthe logical
ring backtracksandbecausall routingoc- wo}
cursalongthering, onewould expectthat
the physicaldistancebetweerntwo nodesis
oftenmuchlessthanN . Wereferto routing
optimizationsthat attemptto exploit this
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uation, we assumethat nodesin the nan-- o “hoxpiot of minimum internode routing

otechnologysubstrateanmake up to four  yistancefor varyinglogical grid widths (N ).
connectionswith neighboringnnodesand

thatthereare 1000nodeswith 1 anchorin

the network. The devicesare modeledafterthosefoundin [6], althoughthis choicewas
arbitraryanddoesnot impactthe results. Figure 2 shavs thatthe bene ts are signi cant
whenlogical separatioris large. For a logical separatiorof 100, which correspondso
north and southneighborcommunicationsn a logical grid with N = 100 the average
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physicaldistancebetweemodesis lessthan 15 hopsandthe longestphysicalseparation
obseredwasonly 54 hops.Becauseghe maximumphysicaldistancebetweertwo logical
neighborsis signi cantly lessthanthe logical distance the datacon rms thatit is com-
mon for the staticrouting techniqueto traversesthe samephysicallink multiple timesin
a singlelogical communicatiorandindicatesthat thereis a strongpossibility for routing
optimizations.

We separateshortcutoptimizationsinto two categyories. The rst is physicallink for-
warding and the secondis virtual nodeforwarding. Physicallink forwarding involves
shorteningherouting pathby following a pathof physicalroutingdirectionsbetweerlog-
ical neighbors.Thesedirectionsdo not necessarilycorrespondo the links involvedin the
logical network, andcanincludethe links identi ed by dashedinesin Figurela. Virtual
nodeforwarding occurswhen a paclet internally hopsfrom onevirtual nodeto another
For example,in Figure1lb, a pacletthatneededo travel from 5 to 2' could be forwarded
from 5to 5' andthenproceedo 2'.

Applicationof physicallink forwardingrequiregheadditionof routingtablesandextra
routinglogic in the nodes.Thetotal storageneededo routethroughshortcutsdepend®n
themaximumnumberof connectiongshatanodecanmake (C) andthe maximumdistance
thattheshortcutcanspan(D). In generala C-entrytablewill be neededvith 2D1og(C)
bits pertableentry Thefactorof two is includedbecausshortcutsor bothnorthandsouth
directionsmustbe maintained.

While atable of ary non-trivial sizewould mostlikely be beyond the capabilitiesof
a nanotechnologyode, we consideredhe effects of keepinga 2-entrytable (D = 1)
for shortcutsl hop away. Individual entrieswould correspondo logical northandsouth
neighborsrespectrely, andwould be usedto indicatewhena logical neighborwas1 hop
away. Sucha schemewvould keeproutingsimpleandstorageminimal. Figure3 shovsthe
distribution of the minimum physicallink distancedetweentwo logical north andsouth
neighborsn agrid of width 20. Similar resultswereobtainedfor gridsof largerwidth, but
wereomitteddueto spaceconstraints.

The dataindicatesthat a 2-entry table would not yield a signi cant improvementin
routing, asthe percentag®f logical neighborgsthat arelessthantwo hopsaway is small.
Moving beyond a one hop shortcutis dif cult, asthe compleity of routing logic grows
sharply becausehe routing no longer follows the path of the ring but insteadmust be
routedalongphysicalnodedirections.Packetstraversingthe network would have to carry
with thema list of physicaldirectionsthat indicatethe pathto take at eachnodealong
theroute. Thus,while the potentialof physicallink forwardingis great,the compleity it
introducess notreasonablé ananotechnologgubstrate.

The effectsof virtual nodeforwardingwere alsostudied. We found that, on average,
a 10% reductionin pathlengthcould be achieved whenpacletswereallowed to forward
throughvirtual nodes.Implementinghis optimizationwould requirethata registerof size
logN bits, whereN is thelogical grid width, be keptfor eachvirtual node. This register
would indicatethe numberof hopsthatcould be skippedby a jump from onevirtual node
to the next andwould be usedto calculatethe shortcutdistancefor a paclet traversingthe
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ring. Additionallogic would alsohaveto beaddedo thenodessothattheforwardingpaths
couldbedeterminediuringinitialization. Basedonthis data,we concludethatvirtual node
forwardingis mostlik ely not worth the costof implementing.

5.1.2 Scheduling

Dependingonthespeci ¢ architecturerun-
ning onthelogical grid, it may be possible
to optimize routing by enforcingschedul-
ing rules in the network. For example,
if a cellular automationwas running in
the network, neighboringcommunication
couldbesynchronizeduchthatall concur
rentinte-nodecommunicatioroccurredn
asingledirectionalongthering. In acellu-
lar automatgprogram,the stateof a node
on the next logical time step dependson
thestateof its neighborsn the currenttime I N
step. Thus,every nodein the systemmust
communicatewith all of its neighborsbe-
fore moving to a new state. If this com-
municationis synchronizedsuchthat all
nodescommunicateto their north, south,
east,andwestneighborsat the sametime,
then contentionin the network would be
eliminatedbecauseall existing pacletsin
thenetwork will movein thesamedirection
alongthering without passingoneanother
Sucha schedulingschemecan be en-
forcedin aglobally asynchronousubstratéy issuingatotal orderof communicatior{i.e.
north rst, eastsecondgetc.) andby mandatinghatthe numberof pacletssentby a node
is never morethanoneplusthe numberof pacletsrecevedby thenode.
Otherschedulingoptimizationsmay be possible but they are dependenbn the over-
laying architectureandassuchareleft to the systemdesigner
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Figure 3: Histogram of physical node dis-

tances

Thedistribution of minimal physicaldistance
betweerogical neighborgn agrid. Odddis-

tancesare absentdue to the natureof rout-

ing througha tree. The percentagef logi-

cal neighborsthat are only one physicalhop
away is small.

5.2 Deadlock

For any network to beuseful,it mustbeableto avoid routingdeadlock Becausef thelog-
ical structurethatwe have alreadyaddedto the network, we canuseup/donn routing that
hasbeenprovendeadlock-fred4]. Becausdhetreestructureis built on top of individual
physicalnodes,it canbe usedto assignthe nodedegreesrequiredin up/dovn routing to
physicallinks In sucha schemecommunicatiorwith a parentnodewould be considered

10



up routing and communicationwith all childrenwould be down. Fetchdeadlock,or re-
guest/responsgeadlockjs a functionof the executionmodelrunningin the network, and
assuchis aproblemleft to the designeof the overlayingarchitecture.

6 Evaluation

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

6.1 Utilization

Cormen,et.al. [8] proved that a breadth
rst searchof an undirectedgraph will
touchevery nodereachabldrom the root.
As such,ourtechniquds optimalgiventhe
constraintsof the target substrate. How-
ever, speci ¢ parametersf the target sub-
stratewill affect the amountof utilization
our schemds ableto extract. To evaluate
the design,we found the node utilization
for varyinglink connectvities, measure@s
thepercentagef availablelinks thatarede-
fectfreein thesystem.Figure4 shovsthat
for connectwities above 70%, our scheme
is ableto extracta nearly100%utilization. Figure 4: Utilization of Nodesvs. Node

For connecvwities belov 50%, the nodes Connectvity. A systemof 1000nodesandl

W'thr'ln the network arle too spahrseandrtlhe anchowasevaluatedo determinghedegree
anchomodeis notableto reachmorethan of nodeutilization in thelogical network.

afew neighboringdevices.

6.2 Implementation Cost

Thegoalof ourdesignis to provide logical orderingwith minimal computatiorandstorage
costs.In this sectionwe examinethe costsincurredby our scheme.

Thelogic to handlethethreeinitialization proceduresnustbe addedn thenodes.The
tree-ring formation paclet requiresthe ability to broadcasta messageo all the nodes
neighborsand sendan acknavledgmentto the parent. The grid-formation paclet and
forward-onlypaclet mandatehata smallamountdatacantravel alongwith a paclet. We
claimthatneitherof thesesystemconstraintarebeyondthe basicfunctionalitythatwould
berequiredin ary usefulnetwork, whetheror not our logical orderingtechniquevasused,
andassucharejusti able compleitiesin thesystem.
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In additionto thelogic compleity neededor the proposedechniquea certainamount
of storagemustalsobe presenin the system.To supportvirtual nodeswe mustreplicate
arything consideredo be architectedstatein the node,thusresultingin Va bits of over
head,whereV is the maximumnumberof virtual nodesallowed anda is the numberof
bits of architectedstate. While this may seemlik e an unreasonablesquiremengiventhe
limited amountof resourcespur initial nodedesignandicatethatthearchitectedstatewill
be dwarfedby thelogic for inter-nodecommunicatiorandis thusonly a smallpercentage
of thetotal inte-nodecommunication.

Eachnodemustmaintain2V + 1 pointerswhereV is the maximumnumberof virtual
nodesn the system.Eachvirtual nodemustmaintaina left andright pointerthatindicate
neighborsn thelogicalring. Anotherpointeris alsorequiredto remembethedirectionto
anodesparentin thespanningree.Pointerscanbestoredwith aminimalamountof state,
asthey needonly indicatewhich internaltranscerer to usein a givencommunication.

For deadlockavoidanceusingup/davn routing, we mustalsoaddtwo virtual channels
to eachnodetranscerer. Eachvirtual channelwould needat leasta one entry sendand
receve queue.The sizeof the buffer would dependon paclet sizes,andis thusa function
of the high level systemarchitecture.

Thelargestoverheadncurredby theproposedschemas dueto theN hopcountingthat
mustbe supportedn packet communication.A buffer of sizeloggN + k, whereN is the
logical grid width andk is a constanamountof bits that comprisethe paclet headertalil,
anddatathatarefunctionsof theoverlying architecturemustbepresenin eachNI of each
virtual channelwithin a node. Additionally, eachnodemusthave the ability to subtracta
logN numberalthoughabit-serialaddercanbeusedio minimizetheoverheadequiredto
do so. Our estimate®f the capabilitiesof nanotechnologyodesindicatesthatthe choice
of N mustbekeptsmallfor the proposedschemeo feasible.

Comparedo previousorderingtechniquesn nanotechnologgrchitecturespurimple-
mentationcostsare slightly higher However, the increasedverheadprovidesa higher
degreeof orderingthe nanotechnologgubstratehanhaspreviously beenavailable. Pat-
wardharetal. [1, 6] createdogical structureby establishing ve gradientan the network,
onefor eachglobal directionnorth, south,east,andwest,and oneto the micro via con-
nectormuchin the samemannerthat the tree formation paclet operatesn the proposed
technique Routingis basedon anactive network architecturan which pacletsin the net-
work usethe gradientsasa compasgo nd resourcescatteredhroughoutthe network.
Thus, to enforcestructureand routing in the RPF architecturea nodeneeds5 direction
pointers,two virtual channelsak bit buffer at eachNI, androutinglogic to move paclets
throughthe active network.

To quantitatvely comparethe proposedschemeo the previouswork, we developeda
simple analyticalmodelto evaluateareaoverhead.Our modelis basedon the following
parameters:

a - Thenumberof bits of architectedstatein eachnode.

C - The numberof connectionsa nodecanmake. Also equalto V, the maximum
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numberof virtual nodesallowed.
N - Thewidth of thelogical grid in the proposedscheme.

k - Thenumberof bits of overheadn a communicatiorpaclet (i.e. theheader)

Equationl is the analyticalmodelused
for the proposedsheme. It representshe
storageoverheadcosts,in numberof bits,
asdescribedabore. We omitted the over-
head of the additional logic compleity
usedby our mechanismbecausehe spe-
ci ¢ overheadnumbersare largely imple-
mentationdependenandaresimilar to the
prior work we arecomparingto. Equation
2 is a correspondinganalytical model for
the prior work thatusesan RPFalgorithm.
Figure5 givesthe ratio of thesemodels(
Storagepyr oposed / Storageyrior ) asN anda
arevariedwhile C andk arekeptconstant
at4 and8 respectrely. As intuition would
suggestthevalueof N hasthegreatestm-
pactonoverheadHowever, atsmallvalues
of N therelative overheads keptlow. Figure5: Comparison of Overhead Cost

The X axisis bits of architectedstate(a), the
Y axisis thelogical grid width (N), andthe
StOrageproposed = Z axis is the relative increasein the bits of
Ca+ (2C + 1)logC+  storageneededor the proposedschemeover
2(C+ 1)(logpN + k) thatneededy the RPFalgorithmpreviously
(1) published

storageyior = at+5logpC+2(C+ 1)k (2)

6.3 Network Contention

Theamountof contentionn anetwork is highly dependenbothonthephysicalparameters
of thesubstratendthecharacteristicef theoverlayingarchitectureA list of variableghat
determinghe contentionn anetwork include:

connectvity - aslink defectratesincreasea highernumberof logical links will be
mappedverindividual physicallinks.
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width of logical grid - logical pathsbecomdongerasthegrid sizeincreaseswhich
elongateshe amountof time acommunicatiorpaclet spendsn the network.

communication latency - thelongerit takesfor a pacletto transmit,thelesstime a
link is freeto accepta new communication

computational latency - pacletsthattake longerto operateon decreaseontention
becauseommunicatioratesaredecreased.

averagesource and sink rates - thesearchitecturespeci ¢ parametersmpactthe
amountof active pacletspresenin anetwork atarny giventime.

Traditional measurement®f network
contentiorwould bemeaningless theab-
senceof a well de ned architectureor de-
vice parameters. Therefore,we quantify
network contentionasthe numberof log-
ical hopsper utilized physicallink. This
metriccapturegheeffectof thelogical net-
work on contentionby indicatinghow fre-
guently independentommunicationswill
beforcedto crosspathsin the physicalnet-
work. Furthermoreijt is a function of the
only variable listed above that is depen-
dentsolelyonthelogical structurethegrid
width, andis thereforeideal for capturing
the performanceconsequencesf the pro-
posedtechniquewithout having to account
for otherparameterthataredeterminedy
systemdesigners.

2,000 1

1,500 1

1,000 1

500 1

Contention (Logical hops/physical links)

250 500 750 1,000

Grid Width

Figure 6:  Evaluation of Network Con-

Figure 6 shavs the contentionmetric tention

for varying grid widths. As shawn, the
network contentioninduced by the logi-
cal structuregrows exponentiallywith grid
width. While thisresultis not promising,it

Contention (evaluated as logical hops per
physicallink) vs. logical grid width

mustbetakenin context. The metricis only meantto revealthe worstcasecontentionfor
an architectureand physicalimplementatiorthat communicatdrequentlyand randomly
Any architecturen which communicationcan be scheduledbr wherecommunications
relatively infrequentwill performordersof magnitudebetterthanFigure6 indicates. How-
ever, thegraphis usefulin thatit indicatesthatthe grid width in a network shouldbe kept
smallto minimize contention.WhenN is large, evena smallreductionin grid width will
yield signi cant performanceenhancements.
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7 Conclusions

In this paper we have presented viable schemefor imposingorderingon a the type of
nanocomputingubstrateghatwe expectto emege. With self-assembledystemsyve will
be restrictedto small nodes(albeit vastnumbersof them) andrandominterconnections.
We have shavn a distributedalgorithmfor structuringthis type of substratento agrid that
canbe more easilyusedfor computation.Our schemehassimilar goalsto prior work in
logical topologies,but our contribution is in greatlyreducingthe storageand compleity
soasto make this approactfeasiblefor nodeswith limited resources.
Ourresultswerenotaspromisingaswe would have lik ed, but with intelligentschedul-
ing the performanceenaltiescould be managedFurtherstudyneedgo be doneon meth-
odsto exploit the routing optimizationpotentialin the logical network. Our estimatesf
thecapabilitiesof futurenanotechnologgubstratesdicatethatlogical grid width mustbe
keptsmallsothatthe designcanbeimplementedvith smallenoughcosts.
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