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Network-on-chip(NoC) hasbeenproposedas a solution for the
communicationchallengesof System-on-chip(SoC)designin the
nanoscaleregime.NoC designprobleminvolvesmappingof cores
to routerports,androutingof traffic traceson the interconnection
architecturesuchthatthebandwidthandlatency constraintsaresat-
isfied. We presenta novel techniquecalled TEMPO that solves
theNoC designproblemwith anobjective of minimizing thecom-
municationenergy. In contrastto existing researchthat only take
bandwidthconstraintasan input, TEMPO solvestheNoC design
problemin thepresenceof bandwidthaswell aslatency constraints.
We compareTEMPOwith a recentwork calledNMAP [1] andan
optimalMILP basedformulation.We prove thatthecomplexity of
TEMPO is lower thanthat of NMAP. For the latency constrained
case,while NMAP failsonmosttestcases,TEMPOis ableto gen-
eratehigh quality results.In comparisonto theMILP formulation,
theresultsproducedby TEMPOwerewithin 14% of theoptimal.������ ����������	�� � � �

Theadventof deepsub-microntechnologyhasputforwardmany
interestingchallengesin high end System-on-ship(SoC) design.
Architecturesareexpectedto beclocked in multi gigahertzrange,
makingsynchronouscommunicationinfeasible. Noisedueto in-
creasedRLC effects is expectedto play a more prominentrole.
Network-on-Chip(NoC) hasbeenproposedasa solution for the
communicationchallengesin the nanoscaleregime [2]. A NoC
is characterizedby asynchronouscommunicationbetweenrouters,
highbandwidthbydistributionof signaldelayamongrouters,packet
switchingbasedcommunication,isolationandsupportfor concur-
rent communication,andscalability. Designof SoCin the gigas-
caleerawill have energy minimizationastheprimarydesigngoal,
andcommunicationenergy is expectedto accountfor a significant
portionof thetotalenergy consumption[2].

The paperaddressesthe designof a NoC in the context of ap-
plicationspecificSoCarchitecture.A numberof researchershave
addressedarchitecturesandtools for meshbasedNoC [3] [4] [1].
Meshbasedinterconnectionnetwork architectureshave theadvan-
tageof aregulartwo-dimensionalstructurethatenablesscalability,
easierlayout, andreducedwiring. Our focusis on coremapping
androutingon a meshbasedNoC to minimizethetotal communi-
cationenergy subjectto bandwidthandlatency constraints.

An NoCrouterarchitectureplacesaconstraintonthepeakband-
width thatcanbesupportedby its ports.Periodicapplicationswith
deadlinesspecifyan upperboundon the numberof clock cycles
availablefor communicationoverthenetwork. In otherwords,each
communicationtracehasa deadlineor latency constraintthat has
to besatisfiedin orderto satisfytheoverall performanceconstraint
of theapplication.The latency constraintcanbeobtainedby pro-
filing theapplicationandestimatingthecomputationandcommu-
nicationtime spentby eachprocessingcoreandthe packet route,
respectively. Therefore,any NoC designframework mustaddress
bandwidthandlatency constraintson thecommunicationtraces.

Thecoremappingandroutingproblemisknown to beintractable
[1], thusjustifying heuristicbasedsolutionsto theproblem. NoC
designfor an applicationspecificSoC architectureoffers an op-
portunity for optimizingthemappingof coresto differentrouters,
andincorporationof customroutingof thepacketsthatdonotnec-
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Figure1: Low energy mapping and routing
essarilyconform to a pre-determinedrouting technique. A pre-
determinedrouting techniquemay result in low resourceutiliza-
tion. Moreover, a pre-determinedroutingtechniquemaydrive the
network into congestionmode,thusrequiringevenmoreresources
to generatevalid solutions.On theotherhand,anapplicationspe-
cific routing techniquecanbe designedsuchthat resourceutiliza-
tion is maximized,andnetwork congestionis avoided.

Figure1 shows thecoremappingandroutingproblem.The in-
put to the problemis a computationspecificationin the form of
a communicationtracegraph. Eachnodein the graphrepresents
a processingcore, and the directededgesrepresentcommunica-
tion betweenthecores.Eachcommunicatingtraceis annotatedas
“Cm(B,L)” where‘m” representsthetracenumber, “B” represents
thebandwidthrequirement,and“L” is the latency constraint.Ap-
plicationsin multimediaandnetwork processingdomainsdemon-
stratefairly well definedperiodic communicationcharacteristics
andhencecanbeeasilymodeledin thetracegraph.

Theoutputof TEMPOisamappingof coresontodifferentrouters,
acorrespondingmeshbasedNoC,andastaticpacket routefor each
traffic trace.Ontheright handsideof Figure1, thestaticroutingof
a communicationtraceis shown by the correspondingannotation
of physicallinks.

We characterizedthe energy consumptionof the unit router in
100nmtechnologywith thehelpof acycleaccurateenergyandper-
formanceevaluator.1 In the interestof space,we have omittedthe
detailsof theexperiments.Thevariationof energy with injection
rateandacceptancerateareshown in Figures2 and3, respectively.
We observed that over time, the energy consumptionof the input
andoutputportsvariedlinearly with the injection andacceptance
rates,respectively. Quantitatively, we estimatedthe energy con-
sumptionof �� ����� �"!$#&%'�)( for the input port, and �*� �,+-� �"!.#/%0�)(
for theoutputport.

Thevariationof averagelatency on a port with respectto injec-
tion rateis shown in Figure4. We observe from the plot that av-
eragelatency remainsalmostconstantin the un-congestedmode,
andonsetof congestionis marked by a sharpincreasein latency.
TEMPOpreventsnetwork congestionby staticroutingof thecom-
municationtracessubjectto thepeakbandwidthconstrainton the
routerports.Sincethenetwork isalwaysoperatedin theun-congested
mode,we canrepresentthenetwork latency constraintin termsof
routerhops(suchas1 or 2) insteadof anabsolutenumber(suchas
100cycles).

In thefollowing sectionwe definetheNoCdesignproblem.��1�32547698;: <*= � <,> ?;@ AB@ 69?
Given:C A directedcommunicationtracegraph DFE7G�HJI�K , whereeachLNMPO G denoteseither a processingelementor a memoryQ

referenceomittedfor anonymousreview



0.00E+00

2.00E+00

4.00E+00

6.00E+00

8.00E+00

1.00E+01

1.20E+01

0 0.01 0.02 0.03 0.04 0.05 0.06

Injection rate (packets/cycle)

T
ot

al
 e

ne
rg

y 
(n

J)

Input port energy

Figure2: Input traffic energy
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Figure3: Output traffic energy
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Figure4: Latency versusinjection rate

unit (henceforthcalleda node),andthedirectededgeR,SUTV�WYX�ZJW.[N\^]P_
denotesa communicationtracefrom

WNX
to
W.[

.` For every R S Tba WYX�ZcW$[�d�]e_
, f V R S \ denotesthebandwidth

requirementin bits percycle, and g V RYS \ denotesthelatency
constraintin hops.` A meshbasedtopologyof NoC h VjiPZ�k^\ , whereeachl X ]Pi
denotesarouter, andeachm X�]nk denotesaphysicallink. All
routersareidentical5-portrouterswith 4 portsconnectedto
neighbouringroutersvia links andone openport for node
mapping.` h is placedon a grid in the XY planewith unit distances
betweenadjacentrouters. o V l X \ and p V l X \ denotethex and
y coordinatesof a router l X�]ni .` Eachrouterarchitectureis characterizedby:

– q which denotesthepeakinput andoutputbandwidth
thattheroutercansupportonany oneport,

– r X thatdenotestheenergy consumedper s&t'u)v of traf-
fic bandwidthflowing in theinputdirectionfor any port
of therouter, and

– rxw which denotesthe energy consumedper s&t'u)v of
traffic bandwidthflowing in theoutputdirectionfor any
portof therouter.

Theobjectiveof theNoCmappingandroutingproblemis toobtain:` a oneto onemappingfunction y{z;|~}�h thatdenotesthe
mappingof a nodeto a router,` a set � of orderedtuplesof routers,whereeach � XJ� l X Z l [ Z�$�$� Z l�SY� ] � denotesa route for a trace R V�WNXcZJW S \�]�_
( y V�W X \ T&l X Z y V�W S \ T�l�S ),

suchthat` thebandwidthconstraintson routerportsaresatisfied,` thelatency constraintson thetracesaresatisfied,and` thetotal communicationenergy is minimized.

As mentionedearlier, theenergy consumptionof theNoC in the
un-congestedmodevarieslinearly with thetraffic flowing through
thenetwork. Therefore,theenergy consumptionof theNoCcanbe
minimized by minimizing the cumulative traffic flowing through
theportsof all routers.Traffic flowing in anetwork canbereduced
by placingcommunicatingcorescloseto eachother.

Thelatency constraintsimposedby thetraffic tracesspecifythe
maximumnumberof hopsallowed for the trace. Bandwidthre-
quirementsand latency constraintsof communicationtracescan
be viewed asmutually independent.A tracesuchasa signalling
event or a cachemissis not expectedto have high bandwidthre-
quirement,but is boundby tight latency constraints.On theother
hand,many non-criticalmultimediastreamshave high bandwidth
requirement,and their latency is boundonly by the period con-
straintof the application[5]. A mappingandrouting framework
hasto performa trade-off betweenplacinghigh bandwidthtraffic
tracescloseto eachotherto minimizeenergy, andplacingtight la-
tency tracescloseto satisfytheperformanceconstraints.

In this paper, we presenta novel two phasetechniquecalled
TEMPO that effectively performsenergy versuslatency trade-off
in stage1 to obtaina mappingof coreson the meshbasedNoC,
and then generatesa customroute for eachcommuncationtrace
in stage2 suchthat communicationenergy is minimizedandper-
formanceconstraintsaresatisfied.We evaluatetheperformanceof
ourtechniqueby comparingit with arecentwork calledNMAP [1],
andagainstanoptimalMILP formulation.

Thepaperis organizedasfollows: In section2 we discusspre-
viouswork, in section3 we presentour mappingandroutingtech-
niquecalledTEMPO,in section4 we discussour experimentalre-
sults,andfinally in section5 we concludethepaper.
�"���^�����������^���������

In recentpast,researchershave begun to addressthe problem
of automateddesignof NoC architectures.Existing researchcan
be broadlyclassifiedinto two categories: i) optimizationof mesh
basedNoC by intelligentmappingandrouting,andii) synthesisof
applicationspecificNoCtopologies.Ourwork in thispaperfalls in
thefirst category.

Hu et al. [4] presenteda branchand boundtechniqueto map
coresontoa regularmeshbasedNoC architecture.In [6], Hu et al.
extendedtheir previous work to incorporatea deadlockfree rout-
ing function.Murali et al. [1] presenteda techniquecalledNMAP,
for mappingcoresandrouting traffic traceson meshbasedNoC
architectures.Asciaet al. [7] presenteda geneticalgorithmbased
techniquefor mappingcoresto meshbasedarchitectures.All exist-
ing researchonly acceptbandwidthconstraintson communication
traces.Thenovelty of our techniqueis thatweaddresstheproblem
of bandwidthand latency constrainedcore mappingand routing.
Unlike previouswork, we tradeoff energy minimization(obtained
by routinghigh bandwidthtracesin minimumhops),with theob-
jective of obtaininglegal solutions(by routing tight latency traces
in minimumhops)to obtaina paretooptimalpoint. Theresultsof
NMAP wereshown to bebetterthanotherexisting research.In or-
der to demonstratethesuperiorityof our technique,we compared
TEMPOwith NMAP. Weprove thatthecomputationalcomplexity
of our techniqueis lower thanNMAP. Wealsoshow thatfor thela-
tency constraineddesigns,TEMPOis ableto generatehighquality
solutionswhile NMAP fails in mostcases.

Pintoet al. [8] presenteda techniquefor constraintdrivencom-
municationarchitecturesynthesisof point to point links by utiliz-
ing deterministicheuristicbasedk-way merging. Their technique
resultsin network topologiesthat have only two routersbetween
eachsourceandsink. Hence,their problemformulationdoesnot
addressrouting. In contrast,we addressthe problemof mapping
androuting in meshbasedNoC architectures.In [5], Murali et al.
presentedatechniquethatintegratesphysicalplanningwith quality
of service. They proposea computationallycomplex solutionfor
the problem,wherethey iteratively invoke an MILP basedplace-
menttechniquein a tabu searchframework. Tabu searchitself is a
computationallyexpensive technique[9]. Further, the complexity
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Figure7: TEMPO Placement
of MILP is exponentialin thenumberof inputsunless�����P� .
Invoking MILP iteratively insidea tabu searchloop makestheal-
gorithm prohibitively expensive. On theotherhand,we presenta
low complexity heuristictechniquethatgeneratescloseto optimal
resultsfor meshbasedNoC architecturesasshown in Section4.�"� �� �¡ 2 �

In this section,we presentour energy awarecoremappingand
routingtechinquecalledTEMPO.TEMPOis a heuristictechnique
thatplacescoreswith high edgeweightscloseto eachother, thus
routingthecorrespondingtraffic tracein minimumnumberof hops.
The techniqueoperatesin two phases.In thefirst phase,TEMPO
invokesa slicing treebasedtechniqueto mapprocessingcoreson
differentroutersof a meshnetwork. In thesecondphase,TEMPO
invokesahierarchicalrouterthatroutesall traffic traces.In Section
3.1,we describetheslicing basedcoremappingtechnique,andin
section3.2,we describeour routingandtopologygenerationtech-
nique.
�"�¢� �� �¡ 2 �£	 64j< ¡P¤*¥9¥ @¦?*§ � <N¨N©;?;@ ª�«*<

Figure8 shows the algorithmfor mappingcoresonto different
routersof themesh.Figures5, 6 and7 give examplesof theslic-
ing tree,input CTG andvariousstagesof thealgorithmexecution,
respectively. TheTEMPOcoremapper(TCM) takesa communi-
cationtracegraphasinput, andmapsthecoresto differentrouters
of thegivenmesh¬�Ej�PH�^K . Thecoordinatesof thenodesaredeter-
minedby recursively invoking thepartitioningtechniqueproposed
by FiducciaandMattheyses[10] to solve the graphequicutprob-
lem, andeachnodeis mappedto therouteravailableat its coordi-
nate.

The input to the equicutproblem is a graphwith weightson
its edges. The solution is a partition of the graphsuchthat the
two partitionshave thesamenumberof nodes,andthecumulative
weightof theedgescrossingthepartitionis minimized.In this pa-
per, weinvoke thetechniquepresentedby FiducciaandMattheyses
(FM) [10] to generatea partitionat a given level of hierarchy. We
restricttheFM techniqueto generatepartitionswith equalsizes.In
Section®9¯¦°�¯¦° , we presentthepre-processingstepsof TCM, andin
Section®9¯¦°�¯ ± wedescribethemappingtechnique.

®;¯¦°�¯¦°³²µ´ ¶¸·�¹»º ¼*½¢¾¿¶�À*Á*ÁN¾Y½^·�½1¾,ÁN½�¼Â$¾.ÃcÃ�ÄÆÅÈÇ
TEMPOcoremapper(TCM) performstwo preprocessingsteps

beforeinvokingslicing treebasedmappingtechnique.
In thefirst preprocessingstep,TCM addsÉ additionalnodesto

the Ê nodesin theCTG suchthat the total numberof nodesin the
graphis apowerof 4. Mathematically, �NË7ÌFÍÎÊÏÍÐ�NË7ÌÒÑ�Ë�ÓÊ)Ô�Ê�ÕÉÖ�×�YË7ÌÈÑ Ë for some� . This stepis performedso that every re-
cursive call to theFM partitionerdividesthenodesinto two equal
halves.Notethat ÉØÍ�ÙYÊ .

TCM (G)
add extra nodes() / * Pre-processing step 1 */
assign edge weights() /* Pre-processing step 2 */
enqueue(Q,G,P,v cut)
slp(Q)

end

slp(Q)

(G,P,dir cut) = dequeue(Q)

if ( Ú*Û�ÜÝÚNÞ AND ßÈÛ�ÜÝß$Þ )àâá¢ãÒä ÜÝå , s.t. Ú á å ä ÜÝÚ Û.æ ß á å ä Ünß Û /* node ç rtr */

return()

end if

( è�Û æ è�Þ ) = FM(G)

if (dir cut = v cut)é Û5Üëê á Ú�Û æ ßÈÛ ä æ áBì-í Û-î í ÞÞðï ñ�ò æ ß$Þ äôó , é Þ�Üëê á�ì-í Û�î í ÞÞõï æ ßÈÛ ä æ á ÚNÞ æ ß$Þ äôó
else/* dir cut = h cut */é Û5Üëê á Ú�Û æ ßÈÛ ä æ á ÚYÞ æ ì-ö Û�î ö ÞÞ÷ï ñøò äôó , é Þ�Üëê á Ú�Û æ ìBö ÛBî ö ÞÞùï ä æ á ÚNÞ æ ß$Þ äôó
endif

add dummy nodes(
é Û , è Û , è Þ )

if (dir cut = v cut) next cut = h cut elsenext cut = v cut end if

enqueue(Q, è Û , é Û ,next cut)

enqueue(Q, è�Þ , é Þ ,next cut)

if ( ú ûüúÈýÜ 0) slp(Q) end if

return()

end
Figure8: TEMPO Core Mapper

Thesecondpreprocessingstepperformedby TEMPOcoremap-
per pertainsto determiningthe edgeweight of eachedgein the
input graph. Bandwidthconstraintscanbesatisfiedby finding al-
ternative (sometimeslonger)routefor thetrace.Latency constraint
on theotherhandcannotbeadheredto by findingalternativepaths.
Therefore,TCM giveshigherpriority to latency comparedto band-
width. Let þ M be a tracewith the highestbandwidthrequirement
amongall tracesin the graph. Let þBÿ be the tracewith tightest
(lowest)latency constraintamongall tracesin thegraph.TCM de-
terminesaninteger � suchthatit is theminimumvaluerequiredto
ensurethat � �������	 ��������
� � �������	 ��� � ��
 . Once � is determined,TCM assigns

an edgeweight to eachedgegiven by �)þ O I H��)Ejþ,KU� � �����	 ����� 
 .
For two edgeswith thesameedgeweight, theonewith tighter la-
tency hashigher priority. This heuristicensuresthat traceswith
low bandwidthrequirements,but with tight latency constraintsare
givenpriority over thosewith high bandwidthrequirementandre-
laxedlatency constraints.

®9¯¦°N¯ ±���� Ä ÂÈÄÆÅÈÇø²�½¢¾$¾��,À,Ãc¾���¶�À*Á*ÁNÄÆÅÈÇ
Given an X-Y plane � , the slicing treerecursively dividesthe

planeinto two equalhalvesby partitioning it eithervertically, or
horizontally. Thedirectionof cut of thetwo childrenin the treeis
complementaryto that of the parent. In the figure, the first cut is
a verticalcut, thetwo childrencutsarehorizontal,andsoon. The
leavesof thetreeareoccupiedbynodes.Thepositionof thenodein
thetreeindicatesits coordinatesaftersuccessive partitioningsteps.

Theslicingtreebasedcoremappingtechniquemaintainsaqueue
datastructure( � ). Eachelementof the queueconsistsof a sub-
graphD M , asub-plane� M , andadirectionof cut Ô ��! "�#%$ . Thequeue
is utilized to perform a breadthfirst traversalof the slicing tree.
Initially, thegiven X-Y plane � , thegraph D , anda cut directionÔ �&! "�#'$ areenqueued.Without lossof generality, we assumethat
thefirst cut is vertical. The ()( � function is invokedby passingthe
queueasa parameterto generatea mappingof nodesto routers.

For thepurposeof thediscussionon ()( � , wedenotethesubgraph
belongingto theelementat theheadof thequeueas D , thecorre-
spondingsub-planeas � , and the correspondingcut as Ô �&! "*#%$ .
Theheadof thequeueis dequeuedandstoredin a temporarydata



structure.Initially, ()( � checksif thesub-planeis apoint. If yes,the
nodein thecorrespondingsubgraphis mappedto therouterlocated
at thelocationof thesub-plane,andthefunctionreturns.Notethat
if thesub-planeis apoint,thecorrespondingsubgraphcontainsex-
actly one node. This property is ensuredby addingextra nodes
duringpreprocessing.

If thesub-planeis not a point, the ()( � functionperformsthefol-
lowing stepson thetemporarydatastructure.First, (+( � invokesthe
FM techniqueto partition D into subgraphsD Q , and D Ë . Thesec-
ondsteppartitionsthe � into two sub-planes� Q , and � Ë of equal
size. If the directionof the cut is vertical ( Ô �&! "�#'$ø� L "*#%$ ), �
is partitionedinto left sub-plane,andright sub-plane,respectively.
On the other hand,if the direction of the cut is horizontal, � is
partitionedinto topandbottomsub-planes,respectively.

Assumingthattheleft partitionis processedbeforetheright par-
tition, the partition of eachleft sub-planeis followed by placing
dummynodesat the intersectionwith the right sub-plane.Simi-
larly, for a horizontalcut, thepartitionof eachtopsub-planeis fol-
lowedby placingdummynodesat theintersectionwith thebottom
sub-plane.All crossingtraffic tracesarecapturedby thesedummy
nodes.This dummypropagationstepattractsconnectednodesto-
wardseachothersuchthat,in thefinal mapping,highly communi-
catingnodesareplacedcloseto eachother. In orderto placethe
dummynodeseffectively, theslicing treeshouldbe traversedin a
breadthfirst manner.

The next step is to determinethe direction of cut for � Q and� Ë . For � Q and � Ë , the directionof cut assignedis complemen-
tary to thatof � . Let Ê þ),%$ "�#'$ denotethedirectionof cut for � Q
and � Ë . Finally, E7D Q HJ� Q HJÊ þ),%$ "�#'$�K , and E7D Ë H�� Ë HJÊ þ+,'$ "�#%$JK are
enqueued,followed by a recursive call to the ()( � function. The
recursive call initiatesa breadthfirst traversalof thefunctionsuch
that,when -/.�# terminates,themappingfunction 0 containsa
nodeto routermappingfor all nodesin theoriginalgraph D .

Figure7 presentsthedifferentstagesof slicing treebasedmap-
ping of the nodesconstitutingthe CTG. The emptycircles in the
figuredenotethe É additionalnodes.Theblackcirclesdenotethe
dummynodes. In Figure7(B), tracesA-D, andA-E arecaptured
by thedummynodeonthetophalf plane,andtraceC-Eis captured
by thedummynodeon thebottomhalf plane.

�"� 1 �� �¡ 2 � � 69«�AB@¦?§ � <N¨N©;?;@ ª�«*<
TheTEMPOrouting technique(TRT) is shown in Figure9 and

Figure10givesanexampleof thealgorithmexecutiononthemap-
ping shown in Figure7(D). In the figure the black squaresrepre-
senttherouters,thesolid linesrepresentthe links, andthelabeled
circlesrepresentthe coresfrom Figure6. TRT is a novel routing
techniquethatoperatesontheslicingtreeto generatearoutefor all
traffic traces. TRT operatesin two phasesnamely, TRT minimal
router( -323-�4 M65 ), andTRT shortestpathrouter( -323-�7 Ì ).
®;¯ ±9¯¦°³²98)²~¶FÄÆÅNÄ�:üÀ �;8�¼=<)>J¾Y½

The TRT minimal routerattemptsto find a minimal path from
thesourceto thedestinationfor eachtraffic trace.Theinput to the
-323-�4 M?5 functionis asub-plane� , anda directionof cut Ô ��! "�#%$ .
Thefunctionis calledby passingtheoriginalX-Y planethatconsti-
tutesthemesh¬�Ej�PHJ�K , andaverticalcut to it. Notethatsimilar to
the ()( � function,thereis nolossof generalityin passingthevertical
cut. -323-�4 M65 returnsasetof orderedtuples@ , whereeach! M O @
denotesa routefor a uniquetraffic trace. -323- 4 M65 alsoreturnsa
list of traffic tracesthat could not be routedwithout violating the
bandwidthor latency constraints.

Initially, -/2A- 4 M?5 checksif thesub-planepassedto it is a point.
If yes,the function returnsasno routing is necessary. If the sub-

TRT ()BDCEB F �?G�H
(P,v cut)BDCEB I&J

(tbd trace list)
end

BKCEBML �6N á é æ�O�P?Q R�SMT ä
if ( Ú*Û�ÜÝÚNÞ AND ßÈÛ�ÜÝß$Þ ) return() end if
if (dir cut = v cut)é Û Üëê á Ú Û$æ ß Û ä æ áBì-í Û-î í ÞÞðï ñ�ò æ ß Þ äôó , é Þ Üëê á�ì-í Û�î í ÞÞõï æ ß Û ä æ á Ú ÞÒæ ß Þ äôóU Û�Ü á.í ÛBî í ÞÞ æ ßÈÛ ä , U Þ Ü á.í ÛBî í ÞÞ æ ß$Þ ä
else/* dir cut = h cut */é Û Üëê á Ú Û$æ ß Û ä æ á Ú ÞÈæ ì ö Û�î ö ÞÞ÷ï ñøò äôó , é Þ Üëê á Ú Û$æ ì ö ÛBî ö ÞÞùï ä æ á Ú ÞÒæ ß Þ äôóU Û�Ü á Ú*Û æ ö Û-î ö ÞÞ ä

,
U Þ5Ü á ÚYÞ æ ö Û-î ö ÞÞ ä

endif
trace list = get traces(

U Û , U Þ ) /*list of traces*/
for t V trace list

( å9Û æ åÞ ) = get routers(t,
é Û , é Þ )

update routers( Tcæ å Û$æ å Þ,æ�W )
if (mapping fail(t))

remove( Tcæ&W ) /* Remove trace from route */
add(t, tbd trace list) /* Add trace to list for next phase */

end if
end for
if (dir cut = v cut) next cut = h cut elsenext cut = v cut end ifBDCEBXL �?N

(
é Û , next cut)BDCEB L �?N

(
é Þ , next cut)

return()
endBKCEB I&J

(tbd trace list)

for t V tbd trace list

for e VAY /* For all physical links in Z */

if ( [ á�\Jä^] [ á T äD_a`
) /* BW violation */

edge weight(e) = b elseedge weight(e) = 1

end if

end for

shortest path( Tcæ Z æ�W )

end for

end
Figure9: TEMPO router

planeis not a point, -/2A-�4 M?5 performsthe following steps.First,
it partitionsthe given sub-planeinto sub-planes� Q and � Ë asde-
scribedin Section®9¯¦°N¯ ± . Thecut is denotedby ( . Q Hc. Ë ), where . Q
and . Ë aretheendpointsof thecut. Thenext stepis thedetermina-
tion of traffic tracesto berouted.Any traffic tracethatis requiredto
crossthecut ( . Q Hc. Ë ) to completeits routein @ , is addedto thelist
of tracesto berouted( $d!YÓ^"$þ (��0(�$ ). Thenext stepis theroutingof
thetracesin $�!,Ó^"$þ (��0(�$ on theroutersadjacentto thecut. Clearly,
this is a knapsackproblemandis known to beNP-Complete.

Weroutetracesontherespectiveroutersbyconsideringthetraces
in a decreasingorderof their bandwidthrequirement.Thepair of
routersthatareconnectedto thephysicallinks effectedby thecut
areconsideredfor routing the trace. The traceis routedthrough
thepair of routersthat is closestto thesource,andcansupportthe
traffic without bandwidthviolation. The selectionof the pair of
routersis performedby get router() in Figure9. Oncethe traceis
routed,the partial routeof the tracein the set @ is updated.The
dottedlines in Figure10 refer to the successive cut lines that are
generatedduring the algorithmexecution. We statethe following
theoremregardingtheoptimality of -323- 4 M65 .

Theorem: -323-�4 M65 findsaminimalpathif bandwidthconstraints
arenotviolated.

Proof: Routing of tracesthroughthe routersadjacentto a cut
take the tracecloserto thesink in theX-direction for vertical cut,
andY-directionfor horizontalcut. Sincethetraceis routedthrough
therouterclosestto thesource,at any point, thedistancebetween
the routerandthe sourceis minimum. This is Dijkstra’s shortest
pathalgorithm,andtherefore,thepathis minimal. Q.E.D

If bandwidthconstraintsareviolated,the techniqueattemptsto
find non-minimalpaths.If a tracecannotbemappedto any router
in thecutdueto bandwidthviolation, thepartialroutefor thetrace
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in theset @ is removed,andthetraceis addedto alist of unmapped
traces.The -323-�4 M65 functionfinally makesa recursive call on � Q
and � Ë bysettingthe Ô ��! "�#%$ parameterto becomplementaryto the
correspondingvaluefor its call with � . Therecursive call initiates
adepthfirst traversalof thetreesuchthat,whenall instancesof the
functionreturn,eachtracein theedgeset I of theoriginalgraphD
eitherhasaroutein @ , or theedgeis presentin thelist of unmapped
tracescalled $'%.Ô $�!,Ó^"$þ (��0(�$ .
®;¯ ±9¯ ± ²98)²e�gfÈ¼*½6>c¾.Ãd>�·9À)>�fh8�¼'<)>c¾Y½

TheTRT shortestpathrouteris calledfor eachtraffic tracethat
is left unmappedat theendof -/2A- 4 M?5 phase.-/2A- 7 Ì attemptsto
find alternateroutesfor thesetraces.Foreachtracein $c%-Ô $d!YÓ^".þ (��0(�$ ,
-323- 7 Ì sweepsthe links  of the mesh ¬�Ej�PH�^K , andassignsan
edgeweightof i to all links thatwouldseea bandwidthviolation
on theportsconstitutingthe links, if the tracewasroutedthrough
that link. Theselinks arenot utilized to generatethe routefor the
trace.Thisstepis followedby callingDijkstra’sshortestpathalgo-
rithm to find a routefor thetraceon themesh.

TheNoC at theendof routingandmappingis shown in Figure
10(G). As an exampleto the tracesthat are chosento be routed
acrossacut,thesliceintroducedin Figure10(B)mapstraces(A,B),
(A,C), and(A,E).

ThesolutionsgeneratedbyTEMPOandNMAP couldhavedead-
locksbetweenthevariouscommunicationtraces.However, dead-
locks canbe easilyremoved by a post-processingstepthat intro-
ducesadditionalvirtual channelsatselectedrouters[11].
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In this section,we presentacomplexity analysisof TEMPOand

show thatits complexity is lower thanthatof NMAP. Wefirst eval-
uatethe complexity of TCM, thenwe evaluatethe complexity of
TRT, andfinally, we prove thatthecomplexity of TEMPOis lower
thanNMAP.

Complexity of TCM Let Ê bethenumberof nodesin thegraph.
Let # be the numberof nodesin the mesh. Let þ be the number
of edgesin the graph,and n be the numberof links in the mesh.
TEMPO adds É nodessuchthat ÊeÕâÉù�o# . As explainedin
Section3.1, Ê
Õ¿É��p#ÝÍrqYÊ . Theinitial processingin TCM takes
lineartime. TCM performsatmost # partitions.TheFM technique
is alineartimeheuristic.Therefore,theoverallcomplexity of TCM
is s Et#vu�#)K �ws Et# Ë K .

Graph GraphID Nodes Edges
dspfilter G1 6 5

263encoder G2 7 7
mp3encoder G3 8 8

263encmp3dec G4 12 11
mpeg4 decoder G5 12 13

mwd G6 12 13
vopd G7 12 13

mp3encmp3dec G8 13 12
263encmp3enc G9 15 17
263enc263dec G10 16 17

Table 1: Graph Characteristics
Complexity of TRT -323- 4 M65 performsrouting over # slices.

Thenumberof links exploredis givenby

n ÛÞ Õ �xu n
ÛÞ
� Õyqxu n

ÛÞ
q uXu�u�wn ÛÞ (�z|{)Et#�K

Tracescanbe sortedduringpreprocessing.At eachslice,at mostþ edgesare explored. Therefore,the complexity of -323-�4 M65 is
givenby s Ejþ|n ÛÞ (�z|{)Et#�KJK . -323- 7 Ì callstheshortestpathalgorithm
for eachtrace. The shortestpath algorithm hasa complexity of
s E�nFÕ}#)K . Hence,thecomplexity of -323-�7 Ì is s Ejþ*E�n�Õ}#)KJK .

From the analysispresentedabove, the overall complexity of
TEMPO is given by s E�ÉPÓ^,�Et#)ËÈH�þ|n ÛÞ (�z+{)Et#)K-H�þ|n�KJK . In a graph,þ � # Ë , and in a mesh, n/�~s Et#)K . Hence,the complexity ex-

pressedin termsof # is givenby s E�ÉPÓ^,�Et#��Þ (�z+{)Et#)K-H�#��ÈK .
Comparisonwith NMAP We will prove thatthecomplexity of

TEMPOis lower thanthatof NMAP by contradiction.Theauthors
of NMAP computedthecomplexity of NMAP tobe s Et# � þ+(�z+{)E�n�KJK .
Thecomplexity of NMAP canbelower thanTEMPOonly when

# � þ�(�z|{)E�n�K � # �Þ (?z|{)Et#)K�z|!x# � þ�(�z+{)E�n�K � # �
Substitutingthevaluesof þ and n in theabove equation,we get

#���(�z+{)Et#)K � # � Þ (�z+{)Et#)K�zm!3#g��(�z+{)Et#)K � # �
which is a contradictionfor all #��rq which is thesmallestmesh.

The -323-�4 M65 techniqueroutesmultipletracestogetherandthere-
fore,is ableto generatehighqualitysolutionunderlowercomplex-
ity comparedto findingashortestpathfor eachtrace.Althoughthe
overallcomplexity of -/2A- is drivenby theshortestpathalgorithm
usedby -/2A-�7 Ì , in practice,sinceit is a postprocessingstep,the
numberof edgesthataremappedby -323- 7 Ì is very few.
� � �^ "�5�A�B�µ�

We presentthe resultsobtainedby running our techniqueon
many multimedia benchmarkapplications. We first discussthe
benchmarkapplications,then we discussthe experimentalsetup,
andfinally, we presentanddiscusstheresults.

Benchmark applications: We generatedcustomNoC architec-
turesfor six combinationsof four multimediabenchmarksnamely,
i) mp3 audioencoderii) mp3 audiodecoderiii) H.263 video en-
coder, andiv) H.263videodecoder. Theapplicationswereobtained
from thework presentedby Hu et al. [4]. In addition,we obtained
resultsfor four otherbenchmarksnamely, mpeg4 decoder, video
object plane decoder(vopd), multi-window display (mwd), and
DSPfilter application(dsp). Thempeg4 decoder, vopd,andmwd
applicationswereobtainedfrom thework presentedby Jalabertet
al. [12], andthedspapplicationwasobtainedfrom NMAP [1]. The
benchmarksareshown in Table1.

Experimental setup: We estimatedtheenergy consumptionfor
the input andoutputtraffic of a port in 100 Ê)É technologyto be�� �,+-� �"!$#&%'��( and �� ����� �"!$#&%'�)( , respectively. All resultswere
obtainedon a950MHz dualsparcprocessor.

Resultsand discussionWe comparedthe topologiesgenerated
byTEMPOagainstthosegeneratedbyNMAP, andanoptimalMILP



No. Graph Energy (
NX�

) Ratio
MILP NMAP TEMPO TEMPOvs TEMPOvs

MILP NMAP

1 G1 20.935 20.935 27.109 1.3 1.3
2 G2 2143.2 FAIL 2400.2 1.11 NA
3 G3 91.6 FAIL 103.13 1.12 NA
4 G4 2203.6 FAIL 2830.0 1.28 NA
5 G5 70.93 FAIL 103.13 1.45 NA
6 G6 10.16 FAIL 11.191 1.10 NA
7 G7 35.29 FAIL 39.227 1.11 NA
8 G8 154.23 FAIL 218.61 1.41 NA
9 G9 2128.9 FAIL 2724.3 1.27 NA
10 G10 2166.4 FAIL 2378.9 1.09 NA

Table2: Comparisonof MILP and TEMPO

No. Graph Energy (
NM�

) Ratio
MILP NMAP TEMPO TEMPOvs TEMPOvs

MILP NMAP

1 G1 20.935 20.935 27.109 1.29 1.29
2 G2 1960.5 1960.5 1960.5 1 1
3 G3 91.362 91.362 91.738 1.00 1.00
4 G4 2018.6 2018.6 2018.6 1 1
5 G5 64.059 72.453 68.401 1.06 0.94
6 G6 9.7440 10.708 10.612 1.08 0.99
7 G7 33.862 34.345 36.178 1.06 1.05
8 G8 152.52 152.52 165.45 1.08 1.08
9 G9 2047.8 2366.4 2047.8 1 0.86
10 G10 2075.7 2075.6 2080.5 1.00 1.00

Table3: Comparisonof MILP and TEMPO

Node MPEG4 VOPD
0 VU VLD
1 SDRAM RUN LEN DEC
2 ADSP INV SCAN
3 AU STRIPEMEM
4 UPSP IQUANT
5 MCPU ACDC PRED
6 SRAM1 IDCT
7 RAST ARM
8 SRAM2 UP SAMP
9 BAB VOPREC
10 IDCT PAD
11 RISC VOPMEM

Table4: Nodedesc
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Table 2 presentsthe resultsof the comparisonin energy con-
sumptionof thetopologiesgeneratedbyMILP, NMAP, andTEMPO
for traceswith latency constraint. In the figure, the first column
gives the serial number, the secondcolumn identifies the graph
type, the third columnpresentsthe energy consumptionof MILP,
the fourth columnpresentstheenergy consumptionof NMAP, the
fifth columnpresentstheenergy consumptionof TEMPO,thesixth
columnpresentsthe ratio of the energy consumptionof TEMPO
andMILP, and the seventh columnpresentsratio of energy con-
sumptionof TEMPOandNMAP. SinceNMAP doesnot consider
latency constraint,the topologiesproducedby the techniquevio-
lated latency constraintson most test cases. On the other hand,
TEMPO was able to generatetopologiessatisfying latency con-
straintsfor all test cases. On average,the energy consumption
of TEMPO was within 22 % of MILP. Solution time of MILP
grows exponentiallywith inputsizeunless�â�/�n� . While MILP
timed out for most input cases,TEMPO wasable to generatere-
sultswithin �;� �^�È(Òþ)"Ò( . We have alreadyshown thatthecomplexity
of TEMPOis lower thanthatof NMAP.

Table3 presentsthecomparisonof TEMPOwith MILP andNMAP
for theinputtraceswithout latency constraints.Theorganizationof
the tableis similar to thatof 2. As is evident from the table,both
NMAP andTEMPO performedaswell as MILP in many cases.
On average,TEMPOperformedwithin 6 % of thesolutiongener-
atedby MILP. Theoverallvariationof TEMPOagainstNMAP was
negligible.

Figures11, and 12 presenttracegraphsfor MPEG4 decoder,
and VOPD, respectively. The labelsof nodesin the figuresare
explainedin Table4. The labelsof the edgesdenotebandwidth
requirementin Mbps,andlatency constraintin routerhops,respec-
tively. Figures13, and 14 presentthe meshtopology generated
by TEMPO for the latency constrainedandlatency unconstrained
caserespectively, for MPEG4decoder. Thecorrespondingtopolo-
gies for VOPD areshown in Figures15, and16. SinceTEMPO
giveshigherpriority to latency, traceswith tight latency arerouted
throughminimum hops. For example,in the caseof MPEG4de-
coder, trace(1,2) is routedin only two hopsdueto its tight latency
(2 hops).Notethat,whenlatency is notaconstraint,thesametrace
is routedin threehopsdueto its low bandwidthrequirement.

� � 	�� � 	9�9��� � � �
In this paper, we proposeda novel techniquecalledTEMPOfor
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low energy mappingandrouting in a meshbasedNoC. We com-
paredTEMPOagainstanexisting techniquecalledNMAP [1]. In
this paper, we provedthatthecomplexity of TEMPOis lower than
thatof NMAP. Our experimentsdemonstratethatthequalityof re-
sultsof TEMPO andNMAP arecomparablewhen latency is not
a constraint. TEMPO takes latency constrainton the edgesinto
consideration,andis ableto generatevalid topologiesundertight
latency constraints.On the otherhand,NMAP doesnot consider
latency constraint,andtherefore,fails for many latency constrained
benchmarks.We alsocomparedTEMPOagainstanMILP formu-
lationthatproducesoptimalsolutions.Overall,TEMPOcouldpro-
ducesolutionsthat werewithin 14 % of the optimal. While the
complexity of MILP is known to be exponentialin thenumberof
inputsunless � � �n� , TEMPO is a polynomial time heuristic
technique.The techniqueis aimedat minimizing dynamicenergy
consumption,anddoesnot addressleakageenergy consumption.
Futurework will includedevelopingdynamicheuristicsfor leak-
ageenergy reduction.�"� �^ D�  ��^  � 	µ "�
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