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Abstract

Network-on-tip (NoC) hasbeenproposedas a solution
for the communicatiorchallenges of System-on+tip (SoC)
designin thenanoscaleegime SoCdesignofferstheoppor
tunity for incorporating customNoC architectures that are
mote suitablefor a particular application,and do not nec-
essarilyconformto regular topologies. This paper presents
novel linear programmingbasedtechniquesfor synthesisf
customNoC architectures. In the nanoscaleregime low
power consumptiorwould continueto be an importantde-
sign goal. W first discussan optimal mixed integer lin-
ear programming(MILP) formulationthat synthesizea low
power NoC architectue subjectto the performancecon-
straints. TheMILP formulationis limited by large run times.
We next presentheuristictechniquesthat exploit clustering
and 0-1 constrint relaxationto reducethe run timesof the
formulation. Thetechniquesminimizepowerasthe primary
goal, and minimizethe numberof routers (area) as a sec-
ondary goal. We presentan analysisof the quality of the
resultsand the solution times of the proposedtecniques
by extensiveexperimentatiorwith the realistic bendimarks.
Theclusteringbasecdheuristicgeneatesresultsvhosepower
consumptionis within 11 % of theMILP solutionsandits av-
erageruntimeis 171.1secondsTheaverage run timeof the
relaxationandroundingbasedtechniquesis lessthan 2 sec-
onds,andthe powerconsumptiorof their solutionsis within
58 % of the MILP result.

1 Intr oduction

Network-on-Chip(NoC) hasbeenproposedasa solution
for the communicationchallengesn the nanoscaleegime
[1] [2]. Packet switchingsupportsasynchronousransferof
information. It providesextremely high bandwidthby dis-
tributing the propagatiordelayacrosanultiple switches and
thus pipelining the signaltransmission.In the right half of
Figure 1, an SoC architecturewith an NoC is depicted. In
thefigure,thevarious*P/M” blocksdenoteprocessingDSR
ASIC, FPGA) coresor storageelements(Cache, SRAM,
CAM), and“R” denotegherouternodes.Thelinesbetween
variousblocksrepresenthe network links. The“R” blocks
alongwith the physicallinks form the NoC.

The computeraideddesignof an NoC basedapplication
specific SoC architectureis an openproblem. Automated
designneedgo solve two key problems:(i) computatiorar-

chitecturesynthesisand mapping(that hasbeenaddressed
widely in the system-lgel synthesiscommunity), and (ii)
communicatiorarchitecturesynthesisndmapping.SoCde-
signoffersthe opportunityfor incorporatingcustomNoC ar-
chitectureghataremoresuitablefor a particularapplication,
and do not necessarilyconformto regular topologies. Ap-
plication specificcommunicatiorarchitecture synthesisand
mappingis thefocusof this paper

Communicationarchitecturesynthesisis shovn in Fig-
ure 1. The input to the communicationarchitecturesyn-
thesisproblemis the computatiorarchitecturespecification,
characterizedhterconnectiometwork elementsandperfor
manceconstraints. The computationarchitecturespecifica-
tion consistsof processingand memoryelementsshavn by
rectangularblocks labeled“P/M” in the top left corner of
the figure. The directededgesbetweentwo blocks repre-
sentthe communicationtraces. The communicationtraces
areannotatecas“Cm(B,L)” where'm” representshe trace
number “B” representshe bandwidthrequirementand“L”
is thelateng constraint.Theinterconnectiomouterarchitec-
ture specificationis showvn on the top right handsidecorner
of the figure. The routerspecificationconsistsof i) number
of ports, i) maximumbandwidththat can be supportedat
ary oneport,iii) lateng, andiv) powerconsumptiorfor data
forwarding. The outputof the communicationarchitecture
synthesigproblemis atopologyof thenetwork, andmapping
or staticrouting of the communicatiortraceson the network
suchthat the performanceconstraintsare satisfied,and the
power consumptioris minimized. The topology of the net-
work specifieghe numberof routers,andtheir interconnec-
tions. The staticrouting of a communicatiortraceis shovn
by theannotatiorof physicallinks in the bottomhalf of Fig-
urel. For example, C2begginsfrom “P/M1”, passeshrough
“R1” and“R2", andendsat“P/M3”". After theNoC architec-
ture hasbeensynthesizedeliminationof possibledeadlocks
betweenthe communicationtracescan be achieved by in-
troductionof additionalvirtual channelsn the routersasa
post-processingtep[3]. Thesystem-lgel designalongwith
theNoC architectures theninputto afloorplanningtool that
generateghefinal layout.

Figure2 depictsthe plots of the averagenetwork lateng
(on left handside y-axis) and power consumption(on right
handsidey-axis) versusthe bandwidth(or injection rate) of
a 4x4 meshbasedNoC architecturen 180 nm technology
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Figure 1. NoC Synthesis

The plots were obtainedby utilizing a performanceevalu-
ator [4]. As canbe seenfrom the plots, increasein band-
width of the network resultsin a proportionalincreasen the
power consumption. The power consumptioncontinuesto
increasetill the network getssaturatedor congested.Net-
work congestions markedby a sharpincreasen thelateng.
Networkcongestioncanbeavoidedby mappingcommunica-
tion tracessud that peakbandwidthis not violated on any
routerport in the network.Our synthesigechniqueprevents
network congestionby staticrouting of the communication
tracessubjectto the peakbandwidthconstrainton the router
ports. The power consumptiorin the un-congestedegion is
givenby P = Py + m * w, whereP is thetotal power, Py is
thestatic(or leakagepower consumptiorof therouterin the
absencef traffic, m is theslope,andw is thebandwidth. Py
is aconstanfor a givenrouterarchitecture The network la-
teng/ alsoremains(moreor less)constanuntil the network
is congested.Since,the network is always operatedn the
un-congestedhode,we canrepresenthe network lateng in
termsof routerhops(suchas1 or 2) insteadof an absolute
number(suchas20 cycles). In the following sectionwe de-
fine the performanceonstrainedNoC synthesigroblem.

1.1 Problem Definition

Given:

e A directedcommunicatiortracegraphG(V, E), where
eachv; € V denoteseithera processingelementor a
memoryunit (henceforthcalleda node),andthe direct
edgee, = {v;,v;} € E denotesacommunicatiortrace
fromv; to v;.

o Foreverye, = {v;,v;} € E, w(e) denoteghe band-
width requirementin bits persecondando (e, ) denotes
thelateng/ constrainin hops.

e A routerarchitecturewheren denoteshe numberof
input/outputportsof therouter, and(? denoteghe peak
bandwidth(in the un-congestednode)that the router
cansupporton ary oneport. Sinceanodev € V is
attachedo a port of arouter, the cumulatve bandwidth
to andfrom ary nodeis lessthan(2.

e A constanfR,, .. thatrefersto themaximumnumberof
routersthatcanbe utilized underthe areaconstraintof
theNoC floorplan.

Figure 2. Power and latenc y variation

Let R denotethe setof routersutilized in the synthesizedr-

chitecture E,. representhe setof links betweertwo routers,
and E, representhe setof links betweerroutersandnodes.
The objective of the NoC synthesisproblemis to obtaina
network topologyT' (R, V, E,., E,) suchthat:

* R £ Rmaa,

e For every e, = (v;,v;) € E, thereexists a path
p ={(vi,r3), (r5,75),...(rx,v;)} in T that satisfies
w(eg), ando(eg), and

e Thetotal power consumptioris minimized.

The NoC synthesisproblemis a variation of the general-
ized steinerforestproblemthatis known to be NP hard[5].
As mentionecearlier, the powerconsumptiorof the NoCin
the un-congestedmodevarieslinearly with the traffic flow-
ing throughthe network. Therefore the pawer consumption
of the NoC canbe minimizedby minimizing the cumulative
traffic flowing throughthe portsof all routers.In this paper
we presentlinear programmingbasedtechniquesfor solv-
ing theabove problem We discussanoptimal mixedinteger
linear programming(MILP) formulationfor NoC synthesis.
TheMILP formulationis constrainedy largesolutiontimes.
We alsopresentheuristictechniquedor alleviating this limi-
tation. Thefirst heuristictechniqueexploits clusteringto re-
ducetheindividualMILP problemsize.Theseconcheuristic
relaxesthe 0-1 constraintsn the MILP problemto generate
a linear programming(LP) relaxation. The fractional opti-
mal solutionof the LP relaxationis utilized to generatevalid
NoCarchitecturedy deterministiandrandomizedounding
basedechniques.

The paperis organizedas follows: Section2 discusses
thepreviouswork, Section3 presentshe MILP formulation,
Section4 presentghe clusteringbasedapproach Section5
presentshe relaxationand rounding basedheuristics,Sec-
tion 6 presentshe experimentaresults,andfinally Section7
concludeghe paper

2 Previouswork

Theexistingwork onNoC designhaschiefly concentrated
on performancevaluation[4] [6] [7], routerarchitecturele-
sign [8] [9], designerspecifiednetwork instantiation[10],
anderror control[11] [12]. In contrast,our work addresses
theautomatedynthesiof customNoC topologiesandmap-
ping of the communicatiortraceson the architecture.Pinto



et. al [13] presentedx techniquefor constraintdriven com-
municationarchitecturesynthesisof point to point links by
utilizing deterministicheuristicbasedk-way meming. Their
techniqueresultsin network topologiesthat have only two
routersbetweeneachsourceand sink. Hence,their prob-
lem formulation doesnot addresgouting. Hu et. al. [14]
presentea heuristictechniqueor computatiorandcommu-

nication mappingin a regular tile basedNoC architecture.

They assumehatthe NoC architecturealreadyexists, andit
hasaregularmeshtopology. We differ from the abose men-

tionedwork in a fundamentalaspect. Our work addresses
designof an applicationspecificNoC, anddoesnot assume

anexisting interconnectiometwork architecture We synthe-
size a customNoC architecture,and map (route) the com-

municationtraceson thetopologysuchthatthe performance

constraintsare satisfiedandthe communicatiorpower con-
sumptionis minimized. To the bestof our knowledg, auto-
matedlow powersynthesiof applicationNoC architectues
hasnotbeenaddressedefore.

3 MILP formulation

In this section,we presentour MILP formulationfor the
NoC synthesisproblem. As discussedn Sectionl.1, the
NoC power consumptioncan be minimized by minimizing
the total traffic flowing throughthe routers. Therefore,we
formulatethe MILP problemwith anobjective functionthat
minimizesthe cumulatve traffic flow throughthe ports of
the routers,subjectto performanceconstraints. In Section
3.1we definethevariablesof the formulation,in Section3.2
we statethe objective function,andfinally in Section3.3,we
presenthe constraints.

3.1 Variables

BaseVariables:We definethe following base(indepen-
dent)variables.

e Numberof routers: Letr; € R, 0 < i < R4, denote
arouter Eachrouterin theNoC architecturas identical
with thesamenumberof ports“n”, andpeakbandwidth

“Q" perport. All portsarebidirectional.

o Ports of therouter: Letp; ;, 0 < j < n, representhe
jt* portof routerar; € R.

e Node-to-portmappingvariables: For eachnodewv;, €
G, let N Ry ;,; bea{0,1} variablethatis 1 if nodeuvy, is
mappedo portp; ; of routerr; € R, otherwise0.

o Port-to-port mappingvariables: For eachport p; ; of
routerr; € R, let RR; ;1 bea{0,1} variablethatis 1
if portp; ; of routerr; € R islinkedto portpy; (k # 4)
of routerr;, € R, otherwise.

e Variable denotingflow of traffic out of a port: For each
edge{v;,v;} € E, let O, ;, bea{0,1} variablethat
is 1if traffic from nodew; to nodew; flows out of port
Dk,1» OtherwiseD.

e Variable denotingflow of traffic into a port: For each
edge{v;,v;} € E, letZ; ; ,, bea{0,1} variablethatis
1if traffic from nodew; to nodew; flowsinto port py;,
otherwise0.

VariablesO andZ are utilized for modelingand satisfying
the bandwidthand lateng constraintson the variouscom-
municationtraces.

DerivedVariables:We definethe following derived vari-
ables.

e \Variable denotingthetotal traffic flowingout of a port:
Let BO;,; be avariablethat representshe total traffic
flowing out of portpy, ;. BO canbederivedasfollows.

BOk1 = Zve,. = {vi,v;}eEW(€m) * O4 j k1

e Variable denotingthe total traffic flowinginto a port:
Let BZ;,; be a variablethat representshe total traffic
flowing into portpy, ;. BZ canbederivedasfollows.

BIky = Sve,={vi,0;}eEw(€m) * Lij k1

» Total bandwidthusege of a port: Let B; ; representhe
total bandwidthusageof port p; ;. Thetotal bandwidth
usageof a portis thesumof thetraffic enteringthe port
andtraffic leaving thatport. Therefore B; ; canberep-
resentedhs

Bi’j = BI,'J' + BOi,j

3.2 Objective Function

The objective is to minimize the power consumption
of the NoC by minimizing the cumulative traffic flowing
throughportsof all the routers. The objective function can
be expressednathematicallyasfollows:

Minimize Yyr;erZvp; ; Bi,j

3.3 Constraints
Thefollowing constraintareformulated.

e Port capacityconstrint: Thebandwidthusageof aport
shouldnot exceedits capacity Therefore,

Vi € R,Vp;;,Bi; <Q

e Port-to-portmappingconstaint: A portcanbemapped
toonenode,or to ary oneportthatbelonggo adifferent
router:

VDijs BvreR ki 2Vpi RRE LG + Evo e VN Rmij < 1
Vpi i, Vrr € R,k # i, RRi1i5 = RRijk,

Thefirst constraintabove is aninequalitybecauset is
possiblethataportmaynotbemappedo ary otherport
or node. The secondequationmodelsthe symmetryof
thevariableRR.



e Node-to-portmapping constaint: A node should be

mappedxactly to oneport. Therefore,

Yv; €V, ZVrkE'REVPk,lNRLkJ =1

¢ Traffic routing constaints: The traffic routing con-
straints discussedbelon ensurethat for every e, =
(vi,v;) € E, there exists a path p ={(v;,r;),
(ri;r5),... (re,v5)}inT.

1. If anodeis mappedo a port of arouter, all traf-
fic emanatingfrom that node hasto enter that
port. Similarly, all traffic terminatingat thatnode
shouldleave from thatport. Thus,for eachrouter
Tk, Vpr 1, andv(v;, v;) € E, werequire

Zijka > NRikas Oigka > N Rk

2. If anodeis mappedo aportof arouter, no traffic
from ary othernodecaneitherenteror leave that
port. Thus,V{v;,v;} € E,Yv, € V,m #i,m #
J> Dk,

NRupga +ZLijrg <1, NRipga+ Oijrg <1

3. If atraffic entersa port of therouter, it shouldnot
enterfrom ary otherportof thatrouter Similarly,
if atraffic leavesa port of arouter, it shouldnot
leave from ary otherportof thatrouter This con-
straint ensuresthat the traffic doesnot get split
acrossmultiple ports. Thus, for eachrouterry,
andV(v;,v;) € E,

EvpiiLijked <1, Bp, , Os g < 1

4. If atraffic entersa port of arouter, it hasto leave
from exactly oneof the otherportsof thatrouter
In the sameway, if a traffic leaves a port of a
router, it musthave enteredfrom exactly one of
the otherports of thatrouter This constrainten-
suresthe conseration of flow of traffic. Hence,
for eachrouterry, Vpy 1, andv(v;,v;) € E,

Epnsm m# OQikm 2> Lij bl
Evp,mm# Lism 2 Ok

5. If two portsof differentroutersareconnectediraf-
fic leaving from one port shouldenterthe other,
andvice versa. For example,if p;; andp,, , are
connectedR Ry i,m,» Will bel. Thereforeatraf-
fic O;,j,m,» leaving portn of routerr,, shoulden-
ter port! of routerr,. Therefore[; ; x,; shouldbe
setto 1. Similarly, if I; ;x; = 1, O j,m,» Should
be setto 1. Therefore,for eachpair of routers
{restm}, k # m, YDr i, YDm,n and,V(v;,v;) €
E,

RRipmmn +ZLijkt — Oijmn —1 <0
RRiammn — ZLijkt + Oijmmn —1 <0

6. If two portsof differentroutersare connecteda
traffic canleave exactly oneof thetwo ports. Sim-
ilarly, atraffic canenteronly oneof thetwo ports.
For example,if py; andp,, , areconnectedfor
ary traffic (v;,v;) € E, I; jm.n and; jx; can-
not be simultaneouslyl. Similarly, O; j m,» and
O;,j,k,; Ccannotbe simultaneouslyl. Thus, for
eachpair of routers{ry,r, }, k # m, ¥(v;,v;) €
E7 VPk,hVPm,n

RRkpmn + ZLijkt + Lisjmn —2 <0

RRk,l,m,n + Oz’,j,k,l + Oz’,j,m,n -2 S 0

7. If atraffic entersa port of a router, thatport must
be mappedto a nodeor to a port of a different
routet Therefore,if Z; ;1 is 1 for sometraffic
(vi,v;) € E, someNR; ;,; shouldbe 1 or, some
RRm,n,k,; Shouldbe 1 wherep,, ., exists. Simi-
larly, if atraffic leavesa port of arouter, thatport
mustbe mappedto a node,or to a port of a dif-
ferentrouter Therefore,if O;;, is 1 for some
traffic {v;,v;} € E, someNR; ;, shouldbel or,
SOMERR,,n,k, Shouldbe 1 wherep,, , exists.
The constraintscan be modeledas follows. For
eachrouterry, Vpy,, andv{v;,v;} € E

NRjkg + Evrm eREVpm .o RR1Lm,n > Lk,
NRikg + EvrmeREVpm o RRELmn > Ojiki

e Latencyconstrint: Thelateng constraintrefersto the

maximumnumberof hopsthatis allowed to routethe
traffic from a sourcenodeto a sink node. For example,
alateny of 2 meanghatthetraffic canpassthroughat
mosttwo routers. The lateng constraintis modeledas
follows:

Ver = {vi, v} € E, Zvr,rZvp,, Oijiki < e,

Lateng constraintof 1 is a specialcasein which no
routerto routerconnectionsreallowed. Therefore for
lateng constraintof 1, all previous constraintgertain-
ing to routerto routerconnectionganberemoved.

Theimpositionof lateng constraintaffectsthefeasibil-
ity of anNoC architecturesLateng andthe numberof
portsin therouterarchitecturearerelatedby thefollow-
ing lemma.

Lemma: If therouterarchitecturénasn portsperrouter,
ando is the maximumlateng constrainton ary edge,
(i.eVer € E,o(ex) < o), anNoC topologyis not pos-
sibleif for any node thetotal numberof edgesentering
andleaving thenodeis morethan(n — 1)°.

4 Clustering basedheuristic technique

TheMILP formulationis constrainedby exponentiallyin-

creasingsolutiontimesfor communicatiortracegraphswith
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large numberof edges. This sectionpresentsa clustering
basedheuristic techniquefor reducingthe solution times.
Theoverallapproactis shavn in Figure3.

The first stageis to form clustersof nodes. The sizes
of the clustersare constraineddy the maximumnumberof
communicatiortracesor edgesn theclusters.Thisinforma-
tion is specifiedby the designer We utilize analgorithmby
Johnsoretal. [15] to form our clusters.The clusteringalgo-
rithm treatsthe lateng constraintasa distancemetric. Two
communicatingiodeghathavelow lateng andthereforeare
closeto eachother (distancemetric) are placedin the same
cluster

Oncethe clustershave beenformed,for every communi-
cationtracethatis cutacrossaclusterboundarytwo dummy
nodesareaddedo therespectie clusters.If two edgeshare
eitherasourceor sink node thenonly two dummynodesare
introducedinsteadof four. For example,in Figure 3 thetop
two edgeghatarecutshareacommonsourcen theleft hand
sidecluster Hence,only two dummynodeg(thatarelabeled
“A” in thefigure) areintroduced. The lateng constrainton
the original communicationtraceis split in half acrossthe
edgesattachedo the pair of dummynodes.The bandwidth
constrainis duplicatedontheedges The MILP formulation
is thenutilized to generatehe partial solutionfor eachclus-
ter. In thefigure,we assumehatthe routershave four ports
thatareonthefour sidesof therectangle Thefull topologyis
generatedrom the partial solutionby addingphysicallinks
betweerportsof routersthatarein neighboringclustersand
areattachedo identically nameddummynodes.For exam-
ple,in Figure3, routersR1 andR3thatarein differentclus-
tersareattachedogetherwith physicallink sincethey both
have adummynodenamed‘A” assignedo a port.

Finally, the topologyis compactedy comparingneigh-
boring routersthat are acrossclusters. The traffic routed
throughtwo neighboringroutersthatareacrossclusterscan
be compactedr collapsedn a singlerouterif;

o thetotal numberof utilized ports (U) on onerouteris
lessthan or equalto the numberof free ports on the
neighboringrouter(F) plustwo (U < F + 2), and

e the bandwidthconstraintson all the ports of the com-
pactedrouteraresatisfied.

For example,in thebottomright handsideof Figure3 router
R1has3 portsthatareutilized,androuterR3has2 freeports,
andthey arecompactednto one. In the figure, we have as-
sumedthat the bandwidthconstraintson the portsare satis-
fied.

5 Relaxation and rounding based heuristic
techniques

The linear programming(LP) formulationis obtainedby
relaxingall theinteger constraintdn the MILP formulation.
(We alsoremove someof the traffic routing constraintsbe-
causedhey areredundanin thelinearrelaxation.)An optimal
solutionto ary linearprogramcanbegeneratedh time poly-
nomialin the numberof variablesand constraintd16]. We
obtainvalid solutionsby the applicationof roundingbased
heuristic techniquesthat replacethe fractional values as-
signedto variousvariablesby integervalues.In thefollowing
sectionwe first discussthe LP relaxation,andthen present
deterministicandrandomizatiorbasedoundingheuristics.

5.1 LP formulation

The solutionto the LP formulationassigngeal valuesto
all thevariables.In this situationit is not possibleto prevent
the splitting of communicatiortracesacrossmultiple ports.
Dueto this, several of the traffic routing constraintdoecome
redundanin thelinearrelaxationandwe remove them. For
example,the LP solutionmay have a communicatiortrace
exiting a port of arouter, and“0.5” of thetraceenteringport
p1.1 Of routerry, “0.25” of the traceenteringport p; » of
routerry, and*“0.25” of thetraceenteringportp; 3 of router
r3. Thus,the LP solutionpermitsthe splitting andjoining of
thetraffic betweemorts. The LP constraintaresummarized
belov. In the interestof spacewe do not discussthe con-
straintsthatwerepresente@arlierin the MILP formulation.

e Port capacityconstaint: SameasMILP.
e Node-to-porimappingconstaint: SameasMILP.
e Traffic routingconstaints:

— Thetotal traffic enteringa routershouldbe equal
to thatleaving thatrouter Therefore,

Vr; € R, E\'/jgnBIi,j = EVJ'SWBOLJ"

— In orderto ensurethe flow of traffic from source
to sink, a traffic leaving a port of a routershould
entersomeport of a differentrouter, or entera
sink node. Similarly, a traffic enteringa port of
aroutershouldhave left from someport of a dif-
ferentrouteror it shouldhave left from a source
node.Thus,¥(v;,v;) € E,Vry € R,Vpk,,

Oivjak,l S NRJak,l + Evpm,n ,m;éin,j,m,n
Tijkt < NRikt + Zvpp nmk Oijm,n



— Additionally, traffic routing constraintsl and4 of
the MILP formulationarealsoincludedin the LP
formulation.

e Latencyconstaint; SameasMILP.

5.2 Rounding basedheuristics

In this section, we shall presenttwo rounding based
heuristicsthat generatevalid solutionsto the NoC synthe-
sis problem. The heuristictechniquesncrementallybuild
the NoC topology from the LP solution and mapthe com-
municationtraceson the partialarchitectureThetechniques
take onecommunicatiortraceatatime andbuild a pathwith
physicallinks and routersfor mappingthe selectedtraffic.
Thus,the topology generatiorand mappingof communica-
tion traceoccurin anintegratedmanner In thefollowing sec-
tions,we first discusghe priority functions,andthenpresent
thetwo roundingbasecheuristictechniques.

5.2.1 Heuristic priority function

Sincethe node-to-portmappingvariableis assigned frac-

tional value in the LP solution, the first stepis to selecta
node (sourceor sink of a communicatiortrace)and assign
it to one port of a router Further the constructionof the
topology also involves selectionof a communicationtrace
thatwill be mapped.Theseselectiondecisionsare bothin-

fluencedby the bandwidthandlateng constraints.A com-
municationtracewith a low value for lateng, and a high

bandwidthrequirementallows only restricteddesignspace
exploration. On the otherhand,an edgewith a high value
for latengy andlow bandwidthrequirementpermitsliberal

designspaceexploration. The bandwidthconstraintcanbe
satisfiedby the addition of extra routers. The lateng con-
strainton the other hand, cannotbe adheredto by the ad-
dition of routers. Therefore lateng is a more constraining
parametecomparedo bandwidth. We proposea heuristic
that combinesboth lateny and bandwidthto selectnodes
andcommunicatiortracesduring the executionof the tech-
nigue. The heuristicfor selectinga nodew is definedas

w

H(1) = Sy(uen ook +Sy(uuer ook Theheuristic

for selectinganedgee € E is definedas?{(e) = (‘;’((5)2

5.2.2 Path baseddeterministic heuristic (PDH)

The pseudocode for the path baseddeterministicheuris-
tic is shawvn in the Figure4. The inputsto the procedure
are: i) solutionof LP formulation (Ip_solr), if) communica-
tiontracegraph(G(V, E)), iii) routerarchitectureonstraints
(m, ), iv) maximumnumberof routers(R ,..), andtopol-
ogy andmappinginformation(7’). Initially, 7" only includes
therouters.T is updatedasthelinks areaddedandcommu-
nicationtracesaremapped.

Thefirst stepin thealgorithmis to mapthenodeqsources
or sinks)to portsof therouterspresentn the partialsolution.

PDH (Ip_soln,G(VE),n, @, Rmaz,T)

assignnodes()

for (i=0;¢ < |E[; i++) /* Build topology and map traces*/
e(u,v)= select(E)y, = getrouter(u),r, = getrouter(v)
if (r, = ry) continue
pu = getfreeport(ry)
if (p. = null) add.relayf, v, p.)
p» = getfreeport(ry)
if (p, = null) add.relay@, rv, pv)
T = connectmap.,, pv, €)

endfor

L = sort.descending(T)* Compaction*/

while (L # null)
R = gethead(L),R, = maxneigh®)
while (U(R) < F(R,) + 2 ANDbandwidth_satis fied())

R = compact(R,R,),L = L — R,, R, = maz_neigh(R)

endwhile
L=L-R

endwhile

if (constraint_satisfied(T)) return(T)

return(FAILURE)

end

Figure 4. Path based deterministic heuristic
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In the pseudacodethe functionassignnodes(performsthis
task. A nodeis selectedbasedon the heuristicfunction

definedabove. A nodewith alarger# valueis givenprior-

ity. The selectedhodeis mappedto a port p; ; suchthati)

pi,; is free,andii) V'R, ; ; hasa maximumvalueamongall

freeports.In casenofreeportsarefound,theprocedureadds
arouterto thetopology(T'), andassignsa port of thatrouter
to the node. If the additionof a routerviolatesthe R,z

constraintthe proceduredeclaresfailure. The function as-
sign.nodes(terminatesvhenall nodeshave beenassigned
uniqueport.

In the next phaseof the technique,the topology of the
NoC is defined,andthe communicatiortracesare mapped.
In this phase,the least constrainingcommunicationtrace
e(u,v) is selectedby invoking select(E)that returnsan un-
mappedtrace with the smallest# value. Hence,the less
constraineccommunicatiortracesare mappedfirst, andthe
mostconstrainedracesaremappedast. Next theroutersof
the source(r,,) andsink nodes(r,) are obtainedby calling
getrouter(). If the source(u) andsink (v) nodeare mapped
to the samerouter, thenthe techniqueskipsthe remaining
portion of the currentiteration. Alternatively, the technique
obtainsa free port on the source(p,,) andsink (p,) routers,
respectiely. If afreeportdoesnotexist on eitherthe source
or sinkrouter, arelayrouteris addedoy invokingthefunction



addrelay(). The relay router addition operationis shavn

in Figure5 for two 4-portrouters. In the figure, the source
routerR,, doesnothave ary freeports.Hence arelayrouter,

R, is addedo thesourcesidethatgeneratefreeports. The
techniguetheninvokesthe connectmap()functionto attach
the free ports by addition of a physicallink, mapthe trace
onthepath,andupdatethetopology'. Since,thetechnique
builds a solution by addition of relay routersit canleadto

increasen latenciesof alreadymappedtraces. Hence,the

leastconstrainingedgeswith looselateng constraint(lower

‘H value)are mappedfirst, and the most constrainingedges
with tight lateng constraintaremappedowardstheend.

After thecompletionof thetopologygeneratiorandmap-
ping phasethe techniqueentersthe compactionphase.The
compactiorphaseis identicalto the oneappliedin the clus-
tering basedheuristic, and is depictedas the last stagein
Figure 3. In contrastto the compactionin the cluster
ing basedheuristic, the path basedheuristic considersary
two neighboringrouters. The compactionheuristicinvokes
sort_descending() to sortthe routersin the descendingr-
derof theirfreeportsandgenerateslist L. TherouterR at
theheadof thelist is selectedirst, andits neighboringrouter
R,, with maximumnumberof free portsis obtainedby call-
ing maz_neigh(). If thecompactiorconditionsaresatisfied
the two routersare collapsednto R, andthe neighborwith
maximumnumberof free portsis selectecagain. Theinner
loop continuedill thetechniquecanfind neighboringouters
thatcanbe compactedTheouterloop endsonceL is empty
Thecompactiorphaseaeducesheareaandpowerconsump-
tion overhead.Further it canalsoleadto possiblereduction
in the lateny of somecommunicatiortraces.At the end of
the compactiorphasethe techniquechecksfor performance
constraintsatisfction, and returnsthe topology if they are
satisfied.

Timecompleity: The maximumnumberof routersthatcan
be generatedor the LP solutionis R,,,,. Thetotal number
of iterationsthatareperformedby thefirst “for” loopareE,
andeachiterationtakesa constantime. Thesortfunctionis
of compleity O(Razl09Rmaz). Thetotalnumberof com-
pactionsthatcanbe performeds O(R,,.. — 1). Hencethe
complexity of the PDH heuristicis O(E + RpazlogRmaz)-

5.2.3 Path basedrandomization heuristic (PRH)

The path basedrandomizatiorheuristic(PRH) differs from
PDH in the nodeto port assignmentfassignnodes(). The
PDH heuristicassignsa nodewu to port p; ; if NRy; ; is
maximum. N'R, ; ; is specifiedby the solution of the LP
formulation. In contrastthe PRH heuristicassignsau to p; ;
with a probability of N'R,,; ;. Theotherstepsareidentical
acrossthe two techniques.Hence,the time complexities of
thetwo techniquesrealsoidentical.

6 Results

In this section we presentheresultsobtainedby running
our formulation on four benchmarkshiamely i) mp3 audio
encodeiii) mp3audiodecodeiiii) H.263videoencoderand
iv) H.263videodecodemlgorithms.In addition,we obtained
resultsfor six otherbenchmark&y mappingcombinationsf
two applicationsfrom the above mentionedbenchmarksi-
multaneously The benchmarksareshavn in Table1. The
communicationtrace graphsfor the benchmarksvere ob-
tainedfrom the work presentedoy Hu et. al [17]. Video
processingequiresmore bandwidththanaudio processing.
Moreover, sincetheencodingprocessequiresmoreprocess-
ing thanthedecodingprocesstheH.263encodehasamuch
higherbandwidthrequirementcomparedo H.263decoder
Similarly, mp3encodethasmuchhigherbandwidthrequire-
mentcomparedo mp3decoderAmongthefour tracesmp3
decodehastheminimumbandwidthrequirementH.263de-
coderandmp3encodehave comparabldandwidthrequire-
ment, and H.263 encoderhasthe maximumbandwidthre-
guirement.

In our experimentalsetup,we obtainedresultsfor differ-
entrouterarchitecturesvith 5 and4 ports,respectrely. We
assumednaveragepower consumptiorof 0.6 W permbps
for eachport of the router[4]. We utilized the Xpress-MP
optimizer[18] to solve the MILP problems.The MILP for-
mulationwas run with a timeoutat 43200secs(12 hours).
Thebestsolutionfound after runningthe formulationfor 12
hourswasacceptedThe sizesof the clusterwerelimited to
6 edgedor the clusteringbasecheuristic.

The resultsare summarizedn Table2. The power con-
sumptionouterrequirementandruntime (normalizedwith
respecto MILP solution)of the four techniquesare shavn
in Figures6, 7, and8, respectiely. Thex-axisin the 3 plots
refersto the serialnumberof the experiment.In the figures,
resultsl-10and11-20arefor 5-portand4-portrouterarchi-
tecturesrespectiely. Resulthumberl5 in Figures6, and7
is emptysincethe MILP solutionwas unableto generatea
solutionin 12 hours.In Figure8, the MILP runtimeof result
15is assumedo be 12 hours. As canbe seenfrom Table2
andthe plots, the clusteringbasedheuristictechniquegave
bestresults(within 11 % of the MILP solutions)in terms
of power consumptionwhencomparedvith PDH andPRH
techniques.The PRH techniquegave slightly betterresults
thanPDH. In termsof the runtimes,the PDH techniquewas
thefastestfollowedby PRH,andfinally theclusteringbased
technique. The resourcerequiremenf the threeheuristic
techniqueswvere comparableand were within 51 % of the
MILP.

7 Conclusion

In this paper we definedthe applicationspecific NoC
synthesigproblemand proposedinear programmingbased
solutions. We presentedan optimal formulation and sev-
eral heuristicbasedtechniquego overcomethe long solu-



Graph [ GraphlD [ Nodes [ Edges ]|

mp3encoder G1 8 9

mp3decoder G2 S 3 Technique Deviationwrt MILP. Avg runtime

263encoder G3 I 8 Power Routers (seconds)

263decoder G4 9 8 Average | S.D | Average | S.D
263enc263dec G5 16 16 Clustering | L11 | 010 | 151 | 034 711
263encmp3dec | G6 12 11 PDH 158 | 055 | 151 | 049 100
263encmp3enc G7 15 17 - - - - -
263decmp3dec GB 7 T PRH 1.47 0.55 1.51 0.58 1.92
263decmp3enc G9 17 17
mp3encmpadec G10 i3 12 Table 2. Summary of Results

Table 1. Graph Characteristics
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Figure 6.
power cons.

Comparison  of Figure 7. Comparison  of

router resour ces

Figure 8. Comparison of run-
time

tion times of the MILP formulation. We did extensie ex-
perimentatiorwith four benchmarksiamely mp3 decoder
mp3encoderH.263decoderandH.263encodemlgorithms.
Theclusteringbasedheuristicgeneratedesultswhosepower
consumptiorwaswithin 11 % of the MILP solutionsandits
averageruntimewas171.1secondsTheaverageruntime of
therelaxationandroundingbasedechniquesvaslessthan2
secondsandthe power consumptiorof their solutionswas
within 58 % of the MILP result.

Our formulationssynthesizea NoC with homogeneous

routerarchitecture The formulationscanbe easilyextended
to NoC synthesiswith heterogeneousouters. The current
formulationsare aimedat minimizing dynamicpower con-

sumption,and do not addresdeakagepower consumption.

Futurework will include developingdynamicheuristicsfor
leakagepower reduction. Further the currentformulations
addresghe interconnectiometwork designin isolation. In-
tegrationof low powerdesigntechnique$or computatiorar
chitecturewith NoC synthesishave the potentialto resultin
largerpower savings,andwould alsobe explored.
Acknowledgement: We would like to thank Dash Opti-
mization[18] for their donationof the XpressMPsolwer.
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