TEMPO: A Technique for Low Energy Mapping and Routing in
Network-on-Chip Architectures

ABSTRACT

Network-on-chip (NoC) hasbeenproposedas a solution for the
communicatiorchallengeof System-on-chiffSoC)designin the
nanoscaleegime. NoC designprobleminvolvesmappingof cores
to routerports,androuting of traffic traceson the interconnection
architecturesuchthatthebandwidthandlateng constraintaresat-
isfied. We presenta novel techniquecalled TEMPO that solves
the NoC designproblemwith anobjective of minimizing thecom-
municationenegy. In contrastto existing researchthat only take
bandwidthconstraintasaninput, TEMPO solvesthe NoC design
problemin thepresencef bandwidthaswell aslateng constraints.
We compareTEMPOwith arecentwork calledNMAP [1] andan
optimalMILP basedormulation. We prove thatthe compleity of
TEMPO is lower thanthat of NMAP. For the lateny constrained
casewhile NMAP fails on mosttestcasesTEMPOis ableto gen-
eratehigh quality results.In comparisorto the MILP formulation,
theresultsproducedoy TEMPOwerewithin 14 % of the optimal.

1. INTRODUCTION

Theadwentof deepsub-micrortechnologyhasputforwardmary
interestingchallengedn high end System-on-shigSoC) design.
Architecturesareexpectedto be clocked in multi gigahertzrange,
making synchronousommunicationinfeasible. Noise dueto in-
creasedRLC effectsis expectedto play a more prominentrole.
Network-on-Chip (NoC) hasbeenproposedas a solution for the
communicationchallengesn the nanoscaleegime [2]. A NoC
is characterizedhy asynchronousommunicatiorbetweerrouters,
highbandwidthby distribution of signaldelayamongrouters paclet
switchingbasedcommunicationjsolationandsupportfor concur
rentcommunicationandscalability Designof SoCin the gigas-
caleerawill have enegy minimizationastheprimarydesigngoal,
andcommunicatiorenepy is expectedto accountfor a significant
portionof thetotal enegy consumptiori2].

The paperaddresseshe designof a NoC in the context of ap-
plication specificSoCarchitecture A numberof researcherhave
addressearchitecturesndtools for meshbasedNoC [3] [4] [1].
Meshbasednterconnectiometwork architecturehiave theadwan-
tageof aregulartwo-dimensionastructurethatenablesscalability
easierlayout, andreducedwiring. Our focusis on core mapping
androutingon a meshbasedNoC to minimize the total communi-
cationenepy subjectto bandwidthandlateng constraints.

An NoCrouterarchitecturglacesaconstrainbnthepeakband-
width thatcanbe supportedy its ports. Periodicapplicationswith
deadlinesspecify an upperboundon the numberof clock cycles
availablefor communicatioroverthenetwork. In otherwords,each
communicatiortracehasa deadlineor lateng constraintthat has
to besatisfiedn orderto satisfythe overall performanceonstraint
of the application. Thelateng constraintcanbe obtainedby pro-
filing the applicationandestimatingthe computationandcommu-
nicationtime spentby eachprocessingoreandthe paclet route,
respectiely. Thereforearny NoC designframevork mustaddress
bandwidthandlateng constrainton the communicatiortraces.

Thecoremappingandroutingproblemis known to beintractable
[1], thusjustifying heuristicbasedsolutionsto the problem. NoC
designfor an applicationspecific SoC architectureoffers an op-
portunity for optimizing the mappingof coresto differentrouters,
andincorporationof customrouting of the pacletsthatdo notnec-
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Figure 1: Low energy mapping and routing
essarilyconformto a pre-determinedouting technique. A pre-
determinedrouting techniquemay resultin low resourceutiliza-
tion. Moreover, a pre-determinedouting techniquemay drive the
network into congestiormode,thusrequiringevenmoreresources
to generatevalid solutions.On the otherhand,anapplicationspe-
cific routing techniquecanbe designedsuchthatresourceutiliza-
tion is maximized,andnetwork congestioris avoided.

Figure 1 shavs the coremappingandrouting problem. Thein-
put to the problemis a computationspecificationin the form of
a communicatiortracegraph. Eachnodein the graphrepresents
a processingcore, and the directededgesrepresentommunica-
tion betweerthe cores.Eachcommunicatingraceis annotatedas
“Cm(B,L)” where'm” representshetracenumber“B” represents
the bandwidthrequirementand“L” is the lateng constraint.Ap-
plicationsin multimediaandnetwork processingilomainsdemon-
stratefairly well definedperiodic communicationcharacteristics
andhencecanbeeasilymodeledn thetracegraph.

Theoutputof TEMPOIis amappingof coresontodifferentrouters,
acorrespondingneshbasedNoC, andastaticpacletroutefor each
traffic trace.Ontheright handsideof Figurel, thestaticroutingof
a communicatiortraceis shavn by the correspondingannotation
of physicallinks.

We characterizedhe enegy consumptiorof the unit routerin
100nmtechnologywith thehelpof acycleaccuratenegy andper
formanceevaluator® In theinterestof spacewe have omittedthe
detailsof the experiments.The variationof enegy with injection
rateandacceptanceateareshavn in Figures2 and3, respectiely.
We obsenred that over time, the enegy consumptiorof the input
andoutputportsvariedlinearly with the injection andacceptance
rates,respectiely. Quantitatvely, we estimatedthe enegy con-
sumptionof 2.07pJ/Mbps for theinput port, and2.29p.J/Mbps
for theoutputport.

Thevariationof averagelateny on a port with respecto injec-
tion rateis shawvn in Figure4. We obsenre from the plot that av-
eragelateny remainsalmostconstantn the un-congestednode,
andonsetof congestioris marked by a sharpincreasein lateng.
TEMPO preventsnetwork congestiorby staticrouting of thecom-
municationtracessubjectto the peakbandwidthconstrainton the
routerports. Sincethenetwork is alwaysoperatedn theun-congested
mode,we canrepresenthe network latengy constraintin termsof
routerhops(suchas1 or 2) insteadof anabsolutenumber(suchas
100cycles).

In thefollowing sectionwe definethe NoC designproblem.

1.1 Problem Definition
Given:

e A directedcommunicatioriracegraphG(V, E), whereeach
v; € V denoteseithera processingelementor a memory

lreferenceomittedfor anorymousreview
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Figure 2: Input traffic energy

unit (henceforthcalleda node),andthe directededgee,, =
(vi, vj) € E denotesacommunicatiortracefrom v; to v; .

e Foreveryer = {v;,v;} € E, w(ex) denoteghebandwidth
requirementn bits percycle, ando(ex) denoteghelateny
constraintn hops.

e A meshbasedopologyof NoCI(N, L), whereeachn; € N
denotesirouter andeachl; € L denotesaphysicallink. All
routersareidentical5-portrouterswith 4 portsconnectedo
neighbouringroutersvia links and one open port for node
mapping.

e ] is placedon a grid in the XY planewith unit distances
betweeradjacentouters.z(n;) andy(n;) denotethex and
y coordinate®f aroutern; € N.

e Eachrouterarchitecturas characterizetby:

— Q which denoteshe peakinput and outputbandwidth
thattheroutercansupporton ary oneport,

— ¥, thatdenotesheenegy consumegber M bps of traf-
fic bandwidthflowing in theinputdirectionfor ary port
of therouter and

— ¥, which denoteghe enegy consumedper Mbps of
traffic bandwidthflowing in theoutputdirectionfor ary
portof therouter

Theobjective of theNoC mappingandroutingproblemis to obtain:
e aoneto onemappingfunction M : V — I thatdenoteghe
mappingof anodeto arouter
e asetR of orderedtuplesof routers,whereeachr;{n;, n;,
...,ng) € R denotesa routefor a tracee(vi,vy) € E
M(vi) = ni, M(vk) = nk),
suchthat
e thebandwidthconstrainton routerportsaresatisfied,
e thelateny constraintonthetracesaresatisfiedand
e thetotal communicatiorenegy is minimized.

As mentioneckarlier the enegy consumptiorof theNoCin the
un-congestednhodevarieslinearly with thetraffic flowing through
thenetwork. Thereforetheenegy consumptiorof theNoC canbe
minimized by minimizing the cumulatve traffic flowing through
theportsof all routers.Traffic flowing in anetwork canbereduced
by placingcommunicatingorescloseto eachother

Thelateny constraintamposedby the traffic tracesspecifythe
maximumnumberof hopsallowed for the trace. Bandwidthre-
quirementsand lateny constraintsof communicationtracescan
be viewed as mutually independent.A tracesuchasa signalling
eventor a cachemissis not expectedto have high bandwidthre-
quirementbut is boundby tight lateng constraints.On the other
hand,mary non-criticalmultimediastreamshave high bandwidth
requirement,and their lateny is boundonly by the period con-
straintof the application[5]. A mappingand routing framevork
hasto performa trade-of betweernplacinghigh bandwidthtraffic
tracescloseto eachotherto minimize enegy, andplacingtight la-
teng tracescloseto satisfythe performanceonstraints.
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In this paper we presenta novel two phasetechniquecalled
TEMPO that effectively performsenegy versuslateny trade-of
in stagel to obtaina mappingof coreson the meshbasedNoC,
and then generates customroute for eachcommuncatiortrace
in stage2 suchthatcommunicatiorenegy is minimizedand per
formanceconstraintaresatisfied We evaluatethe performancef
ourtechniqueby comparingt with arecentwork calledNMAP [1],
andagainstanoptimal MILP formulation.

The paperis organizedasfollows: In section2 we discusspre-
viouswork, in section3 we presenbur mappingandroutingtech-
niquecalledTEMPO, in sectiond we discussour experimentalre-
sults,andfinally in section5 we concludethe paper

2. PREVIOUS WORK

In recentpast, researchersiave begun to addresshe problem
of automateddesignof NoC architectures.Existing researctcan
be broadly classifiedinto two categories: i) optimizationof mesh
based\oC by intelligentmappingandrouting,andii) synthesisof
applicationspecificNoC topologies.Ourwork in this paperfallsin
thefirst category.

Hu et al. [4] presenteda branchand boundtechniqueto map
coresontoaregularmeshbased\NoC architectureln [6], Hu etal.
extendedtheir previous work to incorporatea deadlockfree rout-
ing function. Murali etal. [1] presented techniquecalledNMAP,
for mappingcoresand routing traffic traceson meshbasedNoC
architecturesAsciaetal. [7] presentech geneticalgorithmbased
techniqueor mappingcoresto meshbasedarchitecturesAll exist-
ing researclonly accepthandwidthconstrainton communication
traces.Thenovelty of ourtechniques thatwe addresshe problem
of bandwidthandlateng constraineccore mappingand routing.
Unlike previouswork, we tradeoff enegy minimization(obtained
by routing high bandwidthtracesin minimum hops),with the ob-
jective of obtaininglegal solutions(by routingtight lateng traces
in minimum hops)to obtaina paretooptimal point. The resultsof
NMAP wereshavn to be betterthanotherexisting researchin or-
derto demonstratehe superiorityof our technique we compared
TEMPOwith NMAP. We prove thatthe computationatompleity
of ourtechniques lowerthanNMAP. We alsoshaw thatfor thela-
teng constrainedlesigns,TEMPOis ableto generaténigh quality
solutionswhile NMAP fails in mostcases.

Pintoetal. [8] presented techniquefor constraintdriven com-
municationarchitecturesynthesisof point to point links by utiliz-
ing deterministicheuristichasedk-way meging. Their technique
resultsin network topologiesthat have only two routersbetween
eachsourceandsink. Hence,their problemformulation doesnot
addresgouting. In contrast,we addresshe problemof mapping
androutingin meshbasedNoC architecturesIn [5], Murali etal.
presentedtechniquehatintegratesphysicalplanningwith quality
of service. They proposea computationallycomplex solutionfor
the problem,wherethey iteratively invoke an MILP basedplace-
menttechniquen atalu searchframenork. Taku searchtselfis a
computationallyexpensve technique[9]. Further the compleity
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Figure7: TEMPO Placement
of MILP is exponentialin the numberof inputsunlessP = NP.
Invoking MILP iteratively insidea talu searchoop makesthe al-
gorithm prohibitively expensve. On the otherhand,we presenia
low compleity heuristictechniquethatgeneratesloseto optimal
resultsfor meshbased\oC architecturesisshavn in Section4.

3. TEMPO

In this section,we presentour enegy aware core mappingand
routingtechinquecalledTEMPO.TEMPOQis a heuristictechnique
that placescoreswith high edgeweightscloseto eachother thus
routingthecorrespondingraffic tracein minimumnumberof hops.
Thetechniqueoperatesn two phases.n thefirst phase, TEMPO
invokesa slicing tree basedechniqueto map processingoreson
differentroutersof a meshnetwork. In the secondohase,TEMPO
invokesa hierarchicarouterthatroutesall traffic traces.In Section
3.1, we describethe slicing basedcore mappingtechnique andin
section3.2, we describeour routingandtopologygeneratiortech-
nique.

3.1 TEMPO Core Mapping Technique

Figure 8 shaws the algorithmfor mappingcoresonto different
routersof the mesh. Figures5, 6 and7 give examplesof the slic-
ing tree,input CTG andvariousstagef the algorithmexecution,
respectiely. The TEMPO coremapper(TCM) takesa communi-
cationtracegraphasinput, andmapsthe coresto differentrouters
of thegivenmeshI (N, L). Thecoordinate®f thenodesaredeter
minedby recursvely invoking the partitioningtechniqueproposed
by Fiducciaand Mattheyses[10] to solve the graphequicutprob-
lem, andeachnodeis mappedo therouteravailableat its coordi-
nate.

The input to the equicutproblemis a graphwith weightson
its edges. The solutionis a partition of the graphsuchthat the
two partitionshave the samenumberof nodes andthe cumulative
weightof theedgescrossingthe partitionis minimized. In this pa-
per, we invoke thetechniquepresentedby FiducciaandMattheyses
(FM) [10] to generatea partition at a given level of hierarchy We
restrictthe FM techniqueo generatgartitionswith equalsizes.In
Section3.1.1, we presenthe pre-processingtepsof TCM, andin
Section3.1.2 we describehe mappingtechnique.

3.1.1 TEMPO Core Mapper Preprocessing

TEMPO coremapper(TCM) performstwo preprocessingteps
beforeinvoking slicing treebasednappingtechnique.

In thefirst preprocessingtep, TCM addsm additionalnodesto
then nodesin the CTG suchthatthe total numberof nodesin the
graphis apower of 4. Mathematically2?? < n < 22?*2 gnd n+
m = 2%7%2 for somep. This stepis performedso that every re-
cursie call to the FM partitionerdividesthe nodesinto two equal
halves.Notethatm < 3n.

TCM (G)
add_extra_nodes() / * Pre-processing step 1 */
assign_edge_weights() /* Pre-processing step 2 */
enqueue(Q,G,Pv_cut)
sp(Q)

end

slp(Q)
(G,Pdir_cut) = dequeue(Q)
if (1 = 22 AND y1 = y2)
M(v) = n,st. z(n) = z1,y(n) = y1 /* node — rtr */
return()
endif
(G1,G2)=FM(G)
if (dir_cut = v_cut)
Pr=[(21,91), (252211, 92)], P2 = ([ 2522, 31), (22, 92)]
else/* dir_cut = h_cut */
P =[(z1,91), (22, 23221 1], P = [(21, [223227), (22, y2)]
endif
add_dummy_nodes(P1, G1, G2)
if (dir_cut = v_cut) next_cut = h_cut elsenext_cut = v_cut end if
enqueue(Q,G'1, P ,next_cut)
enqueue(Q,G 2, Py, next_cut)
if (|Q| # 0) sIp(Q) endif
return()
end

Figure8: TEMPO Core Mapper

Thesecondoreprocessingtepperformedoy TEMPO coremap-
per pertainsto determiningthe edgeweight of eachedgein the
input graph. Bandwidthconstraintscanbe satisfiedby finding al-
ternatve (sometimedonger)routefor thetrace.Lateng constraint
ontheotherhandcannotbeadheredo by finding alternatve paths.
Therefore, TCM giveshigherpriority to latengy comparedo band-
width. Let e; be a tracewith the highestbandwidthrequirement
amongall tracesin the graph. Let e; be the trace with tightest
(lowest)lateny constraintamongall tracesin thegraph. TCM de-
terminesanintegerk suchthatit is theminimumvaluerequiredto

ensurethat “’((:))k < “’((;3)1 Oncek is determinedTCM assigns
o(e; o(e;

an edgeweight to eachedgegivenby Ve € E, p(e) = ;’((:))k .
For two edgeswith the sameedgeweight, the onewith tighterla-
teng/ hashigher priority. This heuristicensureshat traceswith
low bandwidthrequirementshut with tight lateng constraintsare
given priority over thosewith high bandwidthrequirementaindre-
laxedlatengy constraints.

3.1.2 Slicing Tree based Mapping

Givenan X-Y plane P, the slicing treerecursvely dividesthe
planeinto two equalhalves by partitioningit eithervertically, or
horizontally Thedirectionof cut of thetwo childrenin thetreeis
complementaryo that of the parent. In the figure, thefirst cutis
avertical cut, thetwo childrencutsarehorizontal,andsoon. The
leavesof thetreeareoccupiedby nodes Thepositionof thenodein
thetreeindicatests coordinatesfter successie partitioningsteps.

Theslicingtreebasedcoremappingtechniquenaintainsaqueue
datastructure(Q). Eachelementof the queueconsistsof a sub-
graphG;, asub-planeP;, andadirectionof cutdir cut. Thequeue
is utilized to perform a breadthfirst traversalof the slicing tree.
Initially, the given X-Y planeP, the graphG, anda cut direction
dir_cut areenqueuedWithout lossof generality we assumehat
thefirst cutis vertical. The slp functionis invoked by passinghe
gueueasa parameteto generatea mappingof nodesto routers.

For the purposeof thediscussioron slp, we denotethe subgraph
belongingto the elementat the headof the queueas@, the corre-
spondingsub-planeas P, andthe correspondingcut as dir_cut.
Theheadof the queueis dequeuedindstoredin atemporarydata



structure Initially, slp checksf thesub-planéds apoint. If yes,the
nodein thecorrespondingubgraphs mappedo therouterlocated
atthelocationof the sub-planeandthefunctionreturns.Notethat
if thesub-plands a point,thecorrespondingubgraplcontainsex-

actly one node. This propertyis ensuredby addingextra nodes
duringpreprocessing.

If thesub-planés nota point, the slp function performsthefol-
lowing stepson thetemporarydatastructure First, slp invokesthe
FM techniqueto partition G into subgraphg7;, andG,. Thesec-
ond steppartitionsthe P into two sub-planesP;, and P, of equal
size. If thedirectionof the cutis vertical (dir_cut = v_cut ), P
is partitionedinto left sub-planeandright sub-planerespectrely.
On the other hand, if the direction of the cut is horizontal, P is
partitionedinto top andbottomsub-planesiespectiely.

Assumingthattheleft partitionis processedtbeforetheright par
tition, the partition of eachleft sub-planeis followed by placing
dummy nodesat the intersectionwith the right sub-plane. Simi-
larly, for a horizontalcut, the partition of eachtop sub-planas fol-
lowedby placingdummynodesattheintersectiorwith the bottom
sub-planeAll crossingraffic tracesarecapturedby thesedummy
nodes.This dummypropagatiorstepattractsconnectechodesto-
wardseachothersuchthat,in the final mappinghighly communi-
catingnodesare placedcloseto eachother In orderto placethe
dummy nodeseffectively, the slicing treeshouldbe traversedin a
breadthfirst manner

The next stepis to determinethe direction of cut for P, and
P,. For P, and P,, the directionof cut assigneds complemen-
tary to thatof P. Let next_cut denotethe directionof cut for P,
and P,. Finally, (G1, P1,next_cut), and (Gz, P2, next_cut) are
enqueuedfollowed by a recursve call to the slp function. The
recursve call initiatesa breadthfirst traversalof the functionsuch
that,whenT'C' M terminatesthe mappingfunction M containsa
nodeto routermappingfor all nodesin theoriginal graphG.

Figure7 presentghe differentstagesof slicing tree basedmap-
ping of the nodesconstitutingthe CTG. The emptycirclesin the
figure denotethe m additionalnodes.Theblackcirclesdenotethe
dummynodes.In Figure7(B), tracesA-D, andA-E arecaptured
by thedummynodeonthetop half plane,andtraceC-Eis captured
by the dummynodeon the bottomhalf plane.

3.2 TEMPO Routing Technique

The TEMPOrouting technique(TRT) is shawvn in Figure9 and
Figure10 givesanexampleof thealgorithmexecutionon the map-
ping shavn in Figure 7(D). In the figure the black squaresepre-
senttherouters the solid linesrepresenthelinks, andthelabeled
circlesrepresenthe coresfrom Figure6. TRT is a hovel routing
techniquehatoperate®ntheslicing treeto generataroutefor all
traffic traces. TRT operatesn two phasesnamely TRT minimal
router(T RTir), andTRT shortespathrouter(T'RTsp).

3.2.1 TRT Minimal Router

The TRT minimal router attemptsto find a minimal pathfrom
the sourceto the destinatiorfor eachtraffic trace. Theinputto the
T RT,.;» functionis asub-planeP, andadirectionof cutdir_cut.
Thefunctionis calledby passingheoriginal X-Y planethatconsti-
tutesthemeshZ(V, L), andaverticalcutto it. Notethatsimilarto
theslp function,thereis nolossof generalityin passinghevertical
cut. TRT,,;» returnsasetof ordereduplesR, whereeachr; € R
denotesa routefor a uniquetraffic trace. T RT ;. alsoreturnsa
list of traffic tracesthat could not be routedwithout violating the
bandwidthor lateng constraints.

Initially, T RT):» checksf thesub-plangpassedo it is apoint.
If yes,the function returnsasno routing is necessarylf the sub-

TRT ()

TRTh;er(Pv_cut)

T RT,p(tbd_trace list)
end

TRTmin (P, dir_cut)
if (z1 = z2 AND y; = y2) return() endif
if (dir_cut = v_cut)
Py=[(e1, 1), (M52 F L yo)l P2 = (121572, 1), (22, 92)]
Cy = (21;—‘12 ayl)v Ca = (21;—‘12 s y2)
else/* dir_cut = h_cut */
P1 = [(@1,91), (o2, [AF5¥2 - 1], P2 = [(21, [15221), (22, y2)]
Cy = (=1, y1;y2 ), Ca = (z2, y1;—y2
endif
trace.list = get_traces(C1, C2) /*list of traces*/
for t € trace.list
(n1, ne) = get_routers(t, Py, Ps)
update_routers(t, n1, n2, R)
if (mapping_fail(t))
remove(t, R) /* Remove trace from route */
add(t, tbd_tracelist) /* Add trace to list for next phase */
endif
endfor
if (dir_cut = v_cut) next_cut = h_cut elsenext_cut = v_cut end if
T RTpmin(P1, Next_cut)
T RT 'y in (P2, next_cut)
return()
end
TRT;p(thd-trace_list)
for t € thd_trace.list
for e L /* For all physical linksin I */
if (w(e) + w(t) > Q) /* BW\violation */
edge_weight(e) = oo elseedge_weight(e) = 1
endif
endfor
shortest_path(¢, I, R)
end for
end

Figure9: TEMPO router

planeis nota point, T RT .. performsthefollowing steps.First,
it partitionsthe given sub-planeanto sub-planes?; and P» asde-
scribedin Section3.1.2. Thecutis denotedvy (C1, C2), whereCt
andC- aretheendpointsof thecut. Thenext stepis thedetermina-
tion of traffic tracego berouted.Any traffic tracethatis requiredto
crossthecut(C1, C2) to completdts routein R, is addedo thelist
of tracesto berouted(trace_list). Thenext stepis the routing of
thetracesin trace_list on theroutersadjacento the cut. Clearly,
thisis aknapsackproblemandis known to be NP-Complete.

Weroutetracesntherespectie routersby consideringhetraces
in adecreasingrderof their bandwidthrequirement.The pair of
routersthatare connectedo the physicallinks effectedby the cut
are consideredor routing the trace. The traceis routedthrough
the pair of routersthatis closesto the sourceandcansupportthe
traffic without bandwidthviolation. The selectionof the pair of
routersis performedby get_router() in Figure9. Oncethetraceis
routed,the partial route of the tracein the setR is updated.The
dottedlinesin Figure 10 refer to the successie cut linesthatare
generatediuring the algorithmexecution. We statethe following
theoremregardingthe optimality of TR T i, .

Theorem: T'RT )., findsaminimalpathif bandwidthconstraints
arenotviolated.

Proof: Routing of tracesthroughthe routersadjacentto a cut
take the tracecloserto the sink in the X-direction for vertical cut,
andY-directionfor horizontalcut. Sincethetraceis routedthrough
the routerclosestto the source at ary point, the distancebetween
the routerandthe sourceis minimum. This is Dijkstra’s shortest
pathalgorithm,andthereforethe pathis minimal. Q.E.D

If bandwidthconstraintsareviolated,the techniqueattemptsto
find non-minimalpaths.If atracecannotbe mappedo ary router
in the cut dueto bandwidthviolation, the partialroutefor thetrace



Figure 10: TEMPO Routing

in thesetR is removed,andthetraceis addedo alist of unmapped
traces.TheT RT,,;, functionfinally makesarecursve call on P,
andP;, by settingthedir _cut parameteto becomplementaryo the
correspondingaluefor its call with P. Therecursve call initiates
adepthfirst traversalof thetreesuchthat,whenall instance®f the
functionreturn,eachtracein theedgesetE of theoriginalgraphG
eitherhasaroutein R, or theedgeis presentn thelist of unmapped
tracescalledtbd_trace_list.

3.2.2 TRT Shortest Path Router

The TRT shortestpathrouteris calledfor eachtraffic tracethat
is left unmappedttheendof T'RT,:, phaseT RT, attemptgo
find alternateoutesfor theseraces.For eachtracein tbd_trace_list,
TRT,, sweepshe links L of the meshI(N, L), andassignsan
edgeweightof oo to all links thatwould seea bandwidthviolation
on the portsconstitutingthe links, if the tracewasroutedthrough
thatlink. Theselinks arenot utilized to generatehe routefor the
trace.This stepis followedby calling Dijkstra’s shortespathalgo-
rithm to find aroutefor thetraceon themesh.

The NoC at the endof routingand mappingis shawn in Figure
10(G). As an exampleto the tracesthat are chosento be routed
acrossacut, thesliceintroducedn Figure10(B) mapstracegA,B),
(A,C), and(A,E).

Thesolutionsgeneratethty TEMPOandNMAP couldhave dead-
locks betweenthe variouscommunicatiortraces. However, dead-
locks canbe easilyremoved by a post-processingtepthatintro-
ducesadditionalvirtual channelsat selectedouters[11].

3.3 Complexity Analysis

In this sectionwe presentacompleity analysisof TEMPOand
shaw thatits compleity is lower thanthatof NMAP. We first eval-
uatethe complity of TCM, thenwe evaluatethe compleity of
TRT, andfinally, we prove thatthe compleity of TEMPOis lower
thanNMAP.

Complexity of TCM Letn bethenumberof nodesn thegraph.
Let u be the numberof nodesin the mesh. Let e be the number
of edgesin the graph,and f be the numberof links in the mesh.
TEMPO addsm nodessuchthatn + m = . As explainedin
Section3.1,n+m = u < 4n. Theinitial processingn TCM takes
lineartime. TCM performsat mostu partitions.The FM technique
is alineartime heuristic. Thereforetheoverallcompleity of TCM
is O(u - u) = O(u?).

Graph GraphlD 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 T RT:» performsrouting over u slices.
Thenumberof links exploredis givenby
1 1
I
5 1= [2log(u)
Tracescanbe sortedduring preprocessingAt eachslice, at most
e edgesare explored. Therefore,the complity of TRT iy, is
givenby O(ef% log(w)). TRTs, callstheshortespathalgorithm
for eachtrace. The shortestpath algorithm hasa compleity of
O(f + u). Hence thecompleity of TRT,, is O(e(f + u)).
From the analysispresentedabove, the overall complity of
TEMPO is given by O(maz(u?, ef% log(u),ef)). In agraph,
e < u?, andin amesh,f = O(u). Hence,the compleity ex-
pressedn termsof « is givenby O(max(ug log(u), u®).
Comparisonwith NMAP We will prove thatthe compleity of
TEMPOis lowerthanthatof NMAP by contradiction.Theauthors

of NMAP computedhecompleity of NMAP tobeO(u3elog(f)).
Thecompleity of NMAP canbelowerthanTEMPO only when

f%+2. +4-

u’elog(f) < u? log(u) or u’elog(f) < u®

Substitutingthe valuesof e and f in theabore equationwe get
u’log(u) < u%log(u) or u’log(u) < u®

whichis a contradictionfor all w > 4 whichis the smallestmesh.

TheT RTi» techniqueoutesmultipletracesogethemndthere-
fore,is ableto generatéigh quality solutionunderlower comple-
ity comparedo finding ashortespathfor eachtrace.Althoughthe
overallcompleity of T'RT is drivenby theshortespathalgorithm
usedby T'RTs,, in practice,sinceit is a postprocessingstep,the
numberof edgeghataremappedby T RT,, is very few.

4. RESULTS

We presentthe resultsobtainedby running our techniqueon
mary multimedia benchmarkapplications. We first discussthe
benchmarkapplications thenwe discussthe experimentalsetup,
andfinally, we presenfanddiscusgheresults.

Benchmark applications. We generateatustomNoC architec-
turesfor six combinationsof four multimediabenchmarksiamely
i) mp3 audioencoderii) mp3 audiodecoderiii) H.263 video en-
coder andiv) H.263videodecoderTheapplicationsvereobtained
from thework presentedby Hu et al. [4]. In addition,we obtained
resultsfor four other benchmarksxamely mpeg4 decoder video
object plane decoder(vopd), multi-window display (mwd), and
DSPfilter application(dsp). The mpeg4 decodervopd, and mwd
applicationswereobtainedfrom the work presentedy Jalabertet
al.[12], andthedspapplicatiorwasobtainedrom NMAP [1]. The
benchmarksreshavn in Tablel.

Experimental setup. We estimatedhe enegy consumptiorfor
the input and outputtraffic of a portin 100 nm technologyto be
2.29pJ/Mbps and2.07pJ/Mbps, respectiely. All resultswere
obtainedon a 950 MHz dual sparcprocessor

Resultsand discussionWe comparedhe topologiesgenerated
by TEMPOagainsthosegeneratethy NMAP, andanoptimalMILP




No. Graph Enegy (n J) Ratio No. Graph Enegy (n J) Ratio Node MPEGA VOPD
MILP | NMAP | TEMPO TEMPOvs TEMPOvs MILP | NMAP | TEMPO TEMPOvs TEMPOvs 0 VU VLD
MILP NMAP MILP NMAP T SDRAM RUN LEN DEC

1 Gl 20.935 20.935 27.109 1.3 1.3 1 Gl 20.935 20.935 27.109 1.29 1.29 2 ADSP INV SCAN
2 G2 21432 | FAIL 2400.2 111 NA 2 G2 19605 | 19605 | 19605 T T 3 AU STRIPEMEM
3 G3 91.6 FAIL 103.13 1.12 NA 3 G3 91.362 91.362 91.738 1.00 1.00 4 UPSP IQUANT

4 G4 22036 | FAIL 2830.0 1.28 NA 4 G4 20186 | 2018.6 | 2018.6 T T 5 MCPU ACDCPRED
5 G5 70.93 FAIL 103.13 1.45 NA 5 G5 64.059 72.453 68.401 1.06 0.94 6 SRAM1 IDCT

6 G6 10.16 FAIL 11.191 1.10 NA 6 G6 9.7440 10.708 10.612 1.08 0.99 7 RAST ARM

7 G7 35.29 FAIL 39.227 111 NA 7 G7 33.862 | 34.345 | 36.178 1.06 1.05 g SRAMZ UPSAMP
8 G8 154.23 FAIL 218.61 1.41 NA 8 G8 152.52 152.52 165.45 1.08 1.08 9 BAB VOPREC
9 G9 2128.9 FAIL 2724.3 1.27 NA 9 G9 2047.8 2366.4 2047.8 1 0.86 10 IDCT PAD

10 G10 2166.4 | FAIL 2378.9 1.09 NA 10 G10 2075.7 | 20756 | 20805 1.00 1.00 1T RISC VOPMEM

Table 2: Comparisonof MILP and TEMPO

Figure 11: MPEG 4 decoder

formulation.?

Table 2 presentghe resultsof the comparisonin enegy con-
sumptionof thetopologieggeneratetby MILP, NMAP, andTEMPO
for traceswith latengy constraint. In the figure, the first column
gives the serial number the secondcolumn identifies the graph
type, the third columnpresentghe enegy consumptiorof MILP,
the fourth columnpresentshe enegy consumptiorof NMAP, the
fifth columnpresentsheenegy consumptiorof TEMPO,thesixth
column presentghe ratio of the enegy consumptionof TEMPO
and MILP, andthe seventh column presentgatio of enegy con-
sumptionof TEMPO andNMAP. SinceNMAP doesnot consider
lateny constraint,the topologiesproducedby the techniquevio-
lated lateng constraintson mosttest cases. On the other hand,
TEMPO was able to generatetopologiessatisfying lateny con-
straintsfor all testcases. On average,the enegy consumption
of TEMPO was within 22 % of MILP. Solution time of MILP
grows exponentiallywith inputsizeunlessP = N P. While MILP
timed out for mostinput cases,TEMPO was ableto generatae-
sultswithin 0.01secs. We have alreadyshawvn thatthe complexity
of TEMPOis lower thanthatof NMAP.

Table3 presentshecomparisorof TEMPOwith MILP andNMAP
for theinputtraceswithoutlateng constraintsTheorganizatiorof
thetableis similar to thatof 2. As is evidentfrom the table,both
NMAP and TEMPO performedaswell as MILP in mary cases.
On average,TEMPO performedwithin 6 % of the solutiongener
atedby MILP. Theoverallvariationof TEMPOagainsNMAP was
negligible.

Figures11, and 12 presenttrace graphsfor MPEG4 decoder
and VOPD, respectiely. The labelsof nodesin the figuresare
explainedin Table4. The labelsof the edgesdenotebandwidth
requirementn Mbps,andlateng constrainin routerhops,respec-
tively. Figures13, and 14 presentthe meshtopology generated
by TEMPO for the lateny constrainedandlateng unconstrained
caserespectiely, for MPEG4decoder The correspondingopolo-
giesfor VOPD are shavn in Figures15, and16. SinceTEMPO
giveshigherpriority to lateng, traceswith tight lateng arerouted
throughminimum hops. For example,in the caseof MPEG4de-
coder trace(1,2)is routedin only two hopsdueto its tight latengy
(2 hops).Notethat,whenlateng is notaconstraintthesametrace
is routedin threehopsdueto its low bandwidthrequirement.

Figure12: VOPD

5. CONCLUSION

In this paper we proposeda novel techniquecalled TEMPO for

Zreferenceomittedfor anorymousreview

Table 3: Comparisonof MILP and TEMPO

Table 4: Nodedesc

Figure15: VOPD: Latency  Figure 16: VOPD: No Lat.
low enegy mappingandroutingin a meshbasedNoC. We com-
paredTEMPO againstan existing techniquecalledNMAP [1]. In
this paper we provedthatthe compleity of TEMPOis lower than
thatof NMAP. Our experimentsdemonstratéhatthe quality of re-
sultsof TEMPO andNMAP are comparablevhenlateng is not
a constraint. TEMPO takes lateng constrainton the edgesinto
considerationandis ableto generatevalid topologiesundertight
lateng constraints.On the otherhand,NMAP doesnot consider
lateng constraintandthereforefailsfor mary lateng constrained
benchmarksWe alsocomparedTEMPO againstan MILP formu-
lationthatproduceoptimalsolutions.Overall, TEMPOcouldpro-
ducesolutionsthat were within 14 % of the optimal. While the
compleity of MILP is known to be exponentialin the numberof
inputsunlessP = NP, TEMPO s a polynomialtime heuristic
technigue.Thetechniqueis aimedat minimizing dynamicenegy
consumptionand doesnot addresdeakageenegy consumption.
Futurework will include developing dynamicheuristicsfor leak-
ageenepy reduction.
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