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Abstract

Network-on-chip (NoC) hasbeenproposedas a solution
for the communicationchallengesof System-on-chip (SoC)
designin thenanoscaleregime. SoCdesignoffers theoppor-
tunity for incorporating customNoC architectures that are
more suitablefor a particular application,and do not nec-
essarilyconformto regular topologies. Thispaperpresents
novel linear programmingbasedtechniquesfor synthesisof
customNoC architectures. In the nanoscaleregime, low
powerconsumptionwould continueto be an importantde-
sign goal. We first discussan optimal mixed integer lin-
earprogramming(MILP) formulationthat synthesizesa low
power NoC architecture subject to the performancecon-
straints.TheMILP formulationis limitedby largerun times.
We next presentheuristictechniquesthat exploit clustering,
and0-1 constraint relaxationto reducethe run timesof the
formulation.Thetechniquesminimizepowerastheprimary
goal, and minimizethe numberof routers (area) as a sec-
ondary goal. We presentan analysisof the quality of the
resultsand the solution times of the proposedtechniques
by extensiveexperimentationwith the realistic benchmarks.
Theclusteringbasedheuristicgeneratesresultswhosepower
consumptionis within 11% of theMILP solutionsandits av-
eragerun timeis 171.1seconds.Theaveragerun timeof the
relaxationandroundingbasedtechniquesis lessthan2 sec-
onds,andthepowerconsumptionof their solutionsis within
58% of theMILP result.

1 Intr oduction
Network-on-Chip(NoC) hasbeenproposedasa solution

for the communicationchallengesin the nanoscaleregime
[1] [2]. Packet switchingsupportsasynchronoustransferof
information. It providesextremelyhigh bandwidthby dis-
tributing thepropagationdelayacrossmultipleswitches,and
thuspipelining the signal transmission.In the right half of
Figure1, an SoCarchitecturewith an NoC is depicted. In
thefigure,thevarious“P/M” blocksdenoteprocessing(DSP,
ASIC, FPGA) coresor storageelements(Cache,SRAM,
CAM), and“R” denotestherouternodes.Thelinesbetween
variousblocksrepresentthe network links. The “R” blocks
alongwith thephysicallinks form theNoC.

The computer-aideddesignof an NoC basedapplication
specificSoC architectureis an openproblem. Automated
designneedsto solve two key problems:(i) computationar-

chitecturesynthesisand mapping(that hasbeenaddressed
widely in the system-level synthesiscommunity), and (ii)
communicationarchitecturesynthesisandmapping.SoCde-
signofferstheopportunityfor incorporatingcustomNoCar-
chitecturesthataremoresuitablefor aparticularapplication,
anddo not necessarilyconform to regular topologies. Ap-
plication specificcommunicationarchitecture synthesisand
mappingis thefocusof thispaper.

Communicationarchitecturesynthesisis shown in Fig-
ure 1. The input to the communicationarchitecturesyn-
thesisproblemis thecomputationarchitecturespecification,
characterizedinterconnectionnetwork elements,andperfor-
manceconstraints.The computationarchitecturespecifica-
tion consistsof processingandmemoryelementsshown by
rectangularblocks labeled“P/M” in the top left cornerof
the figure. The directededgesbetweentwo blocks repre-
sentthe communicationtraces. The communicationtraces
areannotatedas“Cm(B,L)” where‘m” representsthe trace
number, “B” representsthebandwidthrequirement,and“L”
is thelatency constraint.Theinterconnectionrouterarchitec-
turespecificationis shown on thetop right handsidecorner
of the figure. The routerspecificationconsistsof i) number
of ports, ii) maximumbandwidththat can be supportedat
any oneport, iii) latency, andiv) powerconsumptionfor data
forwarding. The outputof the communicationarchitecture
synthesisproblemis atopologyof thenetwork, andmapping
or staticroutingof thecommunicationtraceson thenetwork
suchthat the performanceconstraintsaresatisfied,and the
power consumptionis minimized. The topologyof the net-
work specifiesthenumberof routers,andtheir interconnec-
tions. Thestaticroutingof a communicationtraceis shown
by theannotationof physicallinks in thebottomhalf of Fig-
ure1. For example, C2beginsfrom “P/M1”, passesthrough
“R1” and“R2”, andendsat “P/M3”. After theNoCarchitec-
turehasbeensynthesized,eliminationof possibledeadlocks
betweenthe communicationtracescan be achieved by in-
troductionof additionalvirtual channelsin the routersasa
post-processingstep[3]. Thesystem-level designalongwith
theNoCarchitectureis theninput to afloorplanningtool that
generatesthefinal layout.

Figure2 depictstheplotsof theaveragenetwork latency
(on left handsidey-axis) andpower consumption(on right
handsidey-axis)versusthebandwidth(or injection rate)of
a 4x4 meshbasedNoC architecturein

���������
technology.
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Figure 1. NoC Synthesis
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Figure 2. Power and latenc y variation

The plots were obtainedby utilizing a performanceevalu-
ator [4]. As can be seenfrom the plots, increasein band-
width of thenetwork resultsin a proportionalincreasein the
power consumption.The power consumptioncontinuesto
increasetill the network getssaturatedor congested.Net-
work congestionis markedby asharpincreasein thelatency.
Networkcongestioncanbeavoidedbymappingcommunica-
tion tracessuch that peakbandwidthis not violatedon any
routerport in thenetwork.Our synthesistechniqueprevents
network congestionby static routing of the communication
tracessubjectto thepeakbandwidthconstrainton therouter
ports.Thepower consumptionin theun-congestedregion is
givenby 	�
�	�
�� �����

, where	 is thetotalpower, 	�
 is
thestatic(or leakage)powerconsumptionof therouterin the
absenceof traffic,

�
is theslope,and

�
is thebandwidth.	�


is a constantfor a givenrouterarchitecture.Thenetwork la-
tency alsoremains(moreor less)constantuntil thenetwork
is congested.Since,the network is alwaysoperatedin the
un-congestedmode,we canrepresentthenetwork latency in
termsof routerhops(suchas1 or 2) insteadof an absolute
number(suchas20 cycles). In thefollowing sectionwe de-
fine theperformanceconstrainedNoCsynthesisproblem.

1.1 ProblemDefinition

Given:

� A directedcommunicationtracegraph ���������� , where
each !#"%$&� denoteseithera processingelementor a
memoryunit (henceforthcalleda node),andthe direct
edge')(*
&+�! " �,!.-#/*$0� denotesacommunicationtrace
from ! " to !.- .

� For every ' ( 
1+.!#",��! - /2$3� ,
� �4' (  denotestheband-

width requirementin bitspersecond,and 56��')(# denotes
thelatency constraintin hops.

� A router architecture,where 7 denotesthe numberof
input/outputportsof therouter, and 8 denotesthepeak
bandwidth(in the un-congestedmode)that the router
cansupporton any oneport. Sincea node !9$:� is
attachedto a port of a router, thecumulativebandwidth
to andfrom any nodeis lessthan 8 .

� A constant;=<?>A@ thatrefersto themaximumnumberof
routersthatcanbeutilized undertheareaconstraintsof
theNoCfloorplan.

Let ; denotethesetof routersutilized in thesynthesizedar-
chitecture,�CB representthesetof links betweentwo routers,
and �CD representthesetof links betweenroutersandnodes.
The objective of the NoC synthesisproblemis to obtain a
network topology E��F;G�H����� B ��� D  suchthat:
�9I ; IKJ ; <?>A@ ,
� For every ')(L
 �4! " ��!.-M 1$N� , there exists a pathO 
�+P�4! " ��Q "  A�R�4Q " �,QS-. A�UT�TUT.�FQ.(V�,!.-. A/ in E that satisfies� �4')() , and 56�4')(# , and

� Thetotal powerconsumptionis minimized.

The NoC synthesisproblem is a variation of the general-
izedsteinerforestproblemthat is known to beNP hard[5].
Asmentionedearlier, thepowerconsumptionof the NoC in
the un-congestedmodevarieslinearly with the traffic flow-
ing throughthenetwork.Therefore,thepower consumption
of theNoC canbeminimizedby minimizing thecumulative
traffic flowing throughtheportsof all routers.In this paper,
we presentlinear programmingbasedtechniquesfor solv-
ing theaboveproblem. We discussanoptimalmixedinteger
linearprogramming(MILP) formulationfor NoC synthesis.
TheMILP formulationis constrainedby largesolutiontimes.
Wealsopresentheuristictechniquesfor alleviating this limi-
tation. Thefirst heuristictechniqueexploits clusteringto re-
ducetheindividualMILP problemsize.Thesecondheuristic
relaxesthe0-1 constraintsin theMILP problemto generate
a linear programming(LP) relaxation. The fractionalopti-
mal solutionof theLP relaxationis utilized to generatevalid
NoCarchitecturesby deterministicandrandomizedrounding
basedtechniques.

The paperis organizedas follows: Section2 discusses
thepreviouswork, Section3 presentstheMILP formulation,
Section4 presentsthe clusteringbasedapproach,Section5
presentsthe relaxationandroundingbasedheuristics,Sec-
tion 6 presentstheexperimentalresults,andfinally Section7
concludesthepaper.

2 Previouswork

Theexistingwork onNoCdesignhaschieflyconcentrated
onperformanceevaluation[4] [6] [7], routerarchitecturede-
sign [8] [9], designerspecifiednetwork instantiation[10],
anderror control [11] [12]. In contrast,our work addresses
theautomatedsynthesisof customNoCtopologiesandmap-
ping of thecommunicationtraceson thearchitecture.Pinto



et. al [13] presenteda techniquefor constraintdrivencom-
municationarchitecturesynthesisof point to point links by
utilizing deterministicheuristicbasedk-way merging. Their
techniqueresultsin network topologiesthat have only two
routersbetweeneachsourceand sink. Hence,their prob-
lem formulationdoesnot addressrouting. Hu et. al. [14]
presentedaheuristictechniquefor computationandcommu-
nication mappingin a regular tile basedNoC architecture.
They assumethat theNoC architecturealreadyexists,andit
hasa regularmeshtopology. We differ from theabovemen-
tioned work in a fundamentalaspect. Our work addresses
designof anapplicationspecificNoC, anddoesnot assume
anexistinginterconnectionnetwork architecture.Wesynthe-
sizea customNoC architecture,andmap (route) the com-
municationtraceson thetopologysuchthattheperformance
constraintsaresatisfiedandthe communicationpower con-
sumptionis minimized. To thebestof our knowledge, auto-
matedlow powersynthesisof applicationNoCarchitectures
hasnot beenaddressedbefore.

3 MILP formulation

In this section,we presentour MILP formulationfor the
NoC synthesisproblem. As discussedin Section1.1, the
NoC power consumptioncanbe minimizedby minimizing
the total traffic flowing throughthe routers. Therefore,we
formulatetheMILP problemwith anobjective functionthat
minimizesthe cumulative traffic flow throughthe ports of
the routers,subjectto performanceconstraints. In Section
3.1wedefinethevariablesof theformulation,in Section3.2
westatetheobjectivefunction,andfinally in Section3.3,we
presenttheconstraints.

3.1 Variables

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

� Numberof routers: Let Q " $0;G� � J�W�JYX <�>S@ denote
arouter. Eachrouterin theNoCarchitectureis identical
with thesamenumberof ports“ 7 ”, andpeakbandwidth
“ 8 ” perport. All portsarebidirectional.

� Ports of the router: Let O "FZ - , � J&[]\ 7 , representthe[_^4` port of routera Q " $a; .

� Node-to-portmappingvariables: For eachnode !�(b$
� , let cd;a( Z "FZ - bea + 0,1/ variablethatis 1 if node!�( is
mappedto port O "FZ - of router Q " $a; , otherwise0.

� Port-to-port mappingvariables: For eachport O "4Z - of
router Q " $e; , let ;�; "FZ - Z ( Z f bea + 0,1/ variablethatis 1
if port O "FZ - of router Q " $e; is linkedto port O ( Z f ( gih
 W )
of router Q.(j$=; , otherwise0.

� Variable denotingflow of traffic out of a port: For each
edge +.!#"k�,! - /0$d� , let lm"4Z - Z ( Z f be a + 0,1/ variablethat
is 1 if traffic from node ! " to node !.- flows out of portO ( Z f , otherwise0.

� Variable denotingflow of traffic into a port: For each
edge+.! " ��!.-#/n$e� , let o "FZ - Z ( Z f bea + 0,1/ variablethatis
1 if traffic from node !#" to node ! - flows into port O ( Z f ,
otherwise0.

Variablesl and o areutilized for modelingandsatisfying
the bandwidthand latency constraintson the variouscom-
municationtraces.

DerivedVariables:We definethe following derivedvari-
ables.

� Variable denotingthetotal traffic flowingout of a port:
Let pCl*( Z f be a variablethat representsthe total traffic
flowing out of port O ( Z f . pCl canbederivedasfollows.

pCl ( Z fq
9r�s#tvu6wyx DHz Z D�{H|S}�~ � �4'M<� � lm"FZ - Z ( Z f
� Variable denotingthe total traffic flowing into a port:

Let p�oq( Z f be a variablethat representsthe total traffic
flowing into port O ( Z f . p�o canbederivedasfollows.

p�oq( Z f 
9r�s#t u wyx D zvZ D { |S}�~ � �4' <  � o "FZ - Z ( Z f
� Total bandwidthusage of a port: Let p�"FZ - representthe

total bandwidthusageof port O "4Z - . Thetotal bandwidth
usageof aport is thesumof thetraffic enteringtheport
andtraffic leaving thatport. Therefore,p�"FZ - canberep-
resentedas

p "4Z -�
�p�o "FZ -��bp?l "4Z -
3.2 ObjectiveFunction

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
beexpressedmathematicallyasfollows:

� W � W � Wv� 'Cr s B z }#� r sU� zF� {Ap�"4Z -
3.3 Constraints

Thefollowing constraintsareformulated.

� Port capacityconstraint: Thebandwidthusageof aport
shouldnot exceedits capacity. Therefore,

� W $=;G� � O "FZ - �,p�"4Z - J 8
� Port-to-portmappingconstraint: A port canbemapped

to onenode,or to any oneportthatbelongsto adifferent
router:
� O "FZ -#��r s B,��}#� Z (��w " r sU� � � � ;�;a( Z f�Z "4Z -���r s D u }P��cd; <�Z "FZ - J �� O "4Z -#� � QM(j$=;G��gGh
 W �k;�;a( Z fFZ "FZ -�
d;�; "4Z - Z ( Z f
The first constraintabove is an inequalitybecauseit is
possiblethataportmaynotbemappedto any otherport
or node.Thesecondequationmodelsthesymmetryof
thevariable;�; .



� Node-to-portmappingconstraint: A node should be
mappedexactly to oneport. Therefore,

� ! " $0���Ar s B,�M}#��r sU� � � � cd; "4Z ( Z f 
 �
� Traffic routing constraints: The traffic routing con-

straintsdiscussedbelow ensurethat for every 'M(�

�F! " �,!.-. �$ � , there exists a path O 
�+P�4! " �,Q "  S�
�FQ " ��QA-. A��TUT�T��FQM(K��!.-. �/ in E .

1. If a nodeis mappedto a port of a router, all traf-
fic emanatingfrom that node has to enter that
port. Similarly, all traffic terminatingat thatnode
shouldleave from thatport. Thus,for eachrouter
QM( , � O ( Z f , and

� �F! " �,!.-. �$�� , we require

o�"4Z - Z ( Z f��]cd;="FZ ( Z f,��lm"4Z - Z ( Z f��3cd; - Z ( Z f
2. If a nodeis mappedto a port of a router, no traffic

from any othernodecaneitherenteror leave that
port. Thus,

� +�! " ��!.-#/�$0��� � ! < $G��� � h
 W � � h
[ � � O ( Z f��
cd;=<�Z ( Z fV��o�"4Z - Z ( Z f J � ��cd;=<RZ ( Z fK�bl*"FZ - Z ( Z f J �

3. If a traffic entersa port of therouter, it shouldnot
enterfrom any otherport of thatrouter. Similarly,
if a traffic leavesa port of a router, it shouldnot
leave from any otherport of thatrouter. This con-
straint ensuresthat the traffic doesnot get split
acrossmultiple ports. Thus, for eachrouter Q ( ,
and

� �F!#",�,! -  �$�� ,

r s�� � � � o�"4Z - Z ( Z f J � ��r s�� � � � lm"FZ - Z ( Z f J �
4. If a traffic entersa port of a router, it hasto leave

from exactly oneof theotherportsof that router.
In the sameway, if a traffic leaves a port of a
router, it must have enteredfrom exactly oneof
the otherportsof that router. This constrainten-
suresthe conservation of flow of traffic. Hence,
for eachrouter QM( , � O ( Z f , and

� �F! " �,!.-. �$0� ,

r s�� � � u Z < �w f l "4Z - Z ( Z < �]o "4Z - Z ( Z f
r s�� � � u Z < �w f o "FZ - Z ( Z < ��l "4Z - Z ( Z f

5. If two portsof differentroutersareconnected,traf-
fic leaving from oneport shouldenterthe other,
andvice versa.For example,if O ( Z f and O <RZ � are
connected,;�;a( Z f�Z <�Z � will be1. Therefore,a traf-
fic � "4Z - Z <�Z � leaving port

�
of router Q < shoulden-

ter port � of router Q.( . Therefore,� "FZ - Z ( Z f shouldbe
setto 1. Similarly, if � "4Z - Z ( Z f 
 �

, � "FZ - Z <RZ � should
be set to 1. Therefore,for eachpair of routers
+.Q ( ��Q�<j/ , g:h
 �

,
� O ( Z fv� � O <�Z � and,

� �4!#"k�,! -  e$
� ,

;�; ( Z f�Z <�Z ���io�"FZ - Z ( Z f���l*"FZ - Z <RZ �%� � J �
;�; ( Z f�Z <�Z ����o�"FZ - Z ( Z f���l*"FZ - Z <RZ �%� � J �

6. If two portsof different routersareconnected,a
traffic canleaveexactlyoneof thetwo ports.Sim-
ilarly, a traffic canenteronly oneof thetwo ports.
For example,if O ( Z f and O <�Z � areconnected,for
any traffic �4!#",��! -  2$�� , �S"FZ - Z <�Z � and �S"4Z - Z ( Z f can-
not be simultaneously1. Similarly, ��"4Z - Z <�Z � and
��"FZ - Z ( Z f cannotbe simultaneously1. Thus, for
eachpair of routers +.Q.(���Q < / , g3h
 � ,

� �F! " ��!.-. C$
��� � O ( Z f � � O <�Z �
;�;a( Z fFZ <RZ � �io "4Z - Z ( Z f �io "FZ - Z <�Z � ��  J �
;�; ( Z f�Z <�Z �n�dlm"FZ - Z ( Z f¡�dlm"FZ - Z <�Z ����  J �

7. If a traffic entersa port of a router, thatport must
be mappedto a nodeor to a port of a different
router. Therefore,if o "4Z - Z ( Z f is 1 for sometraffic
�4! " ��!.-M �$3� , somecd; "4Z ( Z f shouldbe1 or, some
;�; <�Z ��Z ( Z f shouldbe 1 whereO <�Z � exists. Simi-
larly, if a traffic leavesa port of a router, thatport
mustbe mappedto a node,or to a port of a dif-
ferent router. Therefore,if lR- Z "4Z ( Z f is 1 for some
traffic +.!.-#�,! " /n$e� , somecd; "4Z ( Z f shouldbe1 or,
some ;�;=<�Z ��Z ( Z f shouldbe 1 where O <�Z � exists.
The constraintscan be modeledas follows. For
eachrouter Q ( , � O ( Z f , and

� +.! - �,!#",/m$0�
cd;�- Z ( Z f �dr s B u }#��r sU�Uu � ¢P;�;a( Z fFZ <RZ � �3o¡- Z "4Z ( Z f
cd; "4Z ( Z f �dr s B u }#�mr sU�Uu � ¢P;�;a( Z f�Z <�Z � �£l�- Z "4Z ( Z f

� Latencyconstraint: Thelatency constraintrefersto the
maximumnumberof hopsthat is allowed to routethe
traffic from a sourcenodeto a sink node.For example,
a latency of 2 meansthat thetraffic canpassthroughat
mosttwo routers.The latency constraintis modeledas
follows:

� 'M(m
&+.! " ��!.-#/n$e�2��r s B,����r s�� � � � l "FZ - Z ( Z f J 5 t �
Latency constraintof 1 is a specialcasein which no
routerto routerconnectionsareallowed. Therefore,for
latency constraintof 1, all previousconstraintspertain-
ing to routerto routerconnectionscanberemoved.

Theimpositionof latency constraintaffectsthefeasibil-
ity of anNoC architectures.Latency andthenumberof
portsin therouterarchitecturearerelatedby thefollow-
ing lemma.
Lemma: If therouterarchitecturehas7 portsperrouter,
and 5 is the maximumlatency constrainton any edge,
(i.e

� ')(�$i�2��56�4')(# J 5 ), anNoC topologyis not pos-
sibleif for any node,thetotalnumberof edgesentering
andleaving thenodeis morethan �F7%� �  k¤ .

4 Clustering basedheuristic technique

TheMILP formulationis constrainedby exponentiallyin-
creasingsolutiontimesfor communicationtracegraphswith
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large numberof edges. This sectionpresentsa clustering
basedheuristic techniquefor reducingthe solution times.
Theoverallapproachis shown in Figure3.

The first stageis to form clustersof nodes. The sizes
of the clustersareconstrainedby the maximumnumberof
communicationtracesor edgesin theclusters.This informa-
tion is specifiedby thedesigner. We utilize analgorithmby
Johnsonet al. [15] to form our clusters.Theclusteringalgo-
rithm treatsthe latency constraintasa distancemetric. Two
communicatingnodesthathavelow latency andthereforeare
closeto eachother(distancemetric) areplacedin the same
cluster.

Oncetheclustershave beenformed,for every communi-
cationtracethatis cutacrossaclusterboundary, two dummy
nodesareaddedto therespectiveclusters.If two edgesshare
eitherasourceor sinknode,thenonly two dummynodesare
introducedinsteadof four. For example,in Figure3 thetop
two edgesthatarecutshareacommonsourcein theleft hand
sidecluster. Hence,only two dummynodes(thatarelabeled
“A” in the figure) areintroduced.The latency constrainton
the original communicationtraceis split in half acrossthe
edgesattachedto thepair of dummynodes.Thebandwidth
constraintis duplicatedon theedges.TheMILP formulation
is thenutilized to generatethepartialsolutionfor eachclus-
ter. In thefigure,we assumethat theroutershave four ports
thatareonthefoursidesof therectangle.Thefull topologyis
generatedfrom thepartial solutionby addingphysicallinks
betweenportsof routersthatarein neighboringclusters,and
areattachedto identicallynameddummynodes.For exam-
ple, in Figure3, routersR1 andR3 thatarein differentclus-
tersareattachedtogetherwith physicallink sincethey both
havea dummynodenamed“A” assignedto a port.

Finally, the topology is compactedby comparingneigh-
boring routersthat are acrossclusters. The traffic routed
throughtwo neighboringroutersthatareacrossclusters,can
becompactedor collapsedon a singlerouterif:� the total numberof utilized ports( ¥ ) on onerouter is

lessthan or equal to the numberof free ports on the
neighboringrouter( ¦ ) plustwo ( ¥ J ¦���  ), and� the bandwidthconstraintson all the portsof the com-
pactedrouteraresatisfied.

For example,in thebottomright handsideof Figure3 router
R1has3 portsthatareutilized,androuterR3has2 freeports,
andthey arecompactedinto one. In thefigure,we have as-
sumedthat the bandwidthconstraintson the portsaresatis-
fied.

5 Relaxation and rounding based heuristic
techniques

The linearprogramming(LP) formulationis obtainedby
relaxingall the integerconstraintsin theMILP formulation.
(We alsoremove someof the traffic routing constraintsbe-
causethey areredundantin thelinearrelaxation.)An optimal
solutionto any linearprogramcanbegeneratedin timepoly-
nomial in the numberof variablesandconstraints[16]. We
obtainvalid solutionsby the applicationof roundingbased
heuristic techniquesthat replacethe fractional valuesas-
signedtovariousvariablesby integervalues.In thefollowing
sectionwe first discussthe LP relaxation,andthenpresent
deterministicandrandomizationbasedroundingheuristics.

5.1 LP formulation

Thesolutionto theLP formulationassignsrealvaluesto
all thevariables.In this situationit is not possibleto prevent
the splitting of communicationtracesacrossmultiple ports.
Dueto this, severalof thetraffic routingconstraintsbecome
redundantin the linear relaxationandwe remove them. For
example,the LP solutionmay have a communicationtrace
exiting a port of a router, and“0.5” of thetraceenteringportO�§ Z § of router Q § , “0.25” of the traceenteringport O�§ Z ¨ of
router Q ¨ , and“0.25” of thetraceenteringport O § Z © of router
Q © . Thus,theLP solutionpermitsthesplittingandjoining of
thetraffic betweenports.TheLP constraintsaresummarized
below. In the interestof space,we do not discussthe con-
straintsthatwerepresentedearlierin theMILP formulation.

� Port capacityconstraint: SameasMILP.

� Node-to-portmappingconstraint: SameasMILP.

� Traffic routingconstraints:

– The total traffic enteringa routershouldbe equal
to thatleaving thatrouter. Therefore,

� Q " $=;G�Ar s -Sª�«)p�o "4Z -�
�r s -Sª¬«)pCl "4Z -)T
– In orderto ensurethe flow of traffic from source

to sink, a traffic leaving a port of a routershould
entersomeport of a different router, or entera
sink node. Similarly, a traffic enteringa port of
a routershouldhave left from someport of a dif-
ferent routeror it shouldhave left from a source
node.Thus,

� �F!#",�,! -  �$0��� � Q ( $e;G� � O ( Z f ,
lm"FZ - Z ( Z f J cd; - Z ( Z f¡�dr sU� u � ¢PZ < �w ( o�"4Z - Z <�Z �
o�"4Z - Z ( Z f J cd;="4Z ( Z f¡��r s�� u � ¢PZ < �w ( lm"4Z - Z <�Z �



– Additionally, traffic routingconstraints1 and4 of
theMILP formulationarealsoincludedin theLP
formulation.

� Latencyconstraint: SameasMILP.

5.2 Rounding basedheuristics

In this section, we shall presenttwo rounding based
heuristicsthat generatevalid solutionsto the NoC synthe-
sis problem. The heuristic techniquesincrementallybuild
the NoC topology from the LP solutionandmapthe com-
municationtraceson thepartialarchitecture.Thetechniques
takeonecommunicationtraceata timeandbuild apathwith
physicallinks and routersfor mappingthe selectedtraffic.
Thus,the topologygenerationandmappingof communica-
tion traceoccurin anintegratedmanner. In thefollowingsec-
tions,wefirst discussthepriority functions,andthenpresent
thetwo roundingbasedheuristictechniques.

5.2.1 Heuristic priority function

Sincethe node-to-portmappingvariableis assigneda frac-
tional value in the LP solution, the first stepis to selecta
node(sourceor sink of a communicationtrace)andassign
it to one port of a router. Further, the constructionof the
topology also involves selectionof a communicationtrace
thatwill be mapped.Theseselectiondecisionsareboth in-
fluencedby the bandwidthandlatency constraints.A com-
municationtracewith a low value for latency, and a high
bandwidthrequirementallows only restricteddesignspace
exploration. On the otherhand,an edgewith a high value
for latency and low bandwidthrequirementpermitsliberal
designspaceexploration. The bandwidthconstraintcanbe
satisfiedby the additionof extra routers. The latency con-
straint on the other hand,cannotbe adheredto by the ad-
dition of routers. Therefore,latency is a moreconstraining
parametercomparedto bandwidth. We proposea heuristic
that combinesboth latency and bandwidthto selectnodes
andcommunicationtracesduring the executionof the tech-
nique. The heuristic for selectinga node ­ is definedas® �F­� �
�r�sP¯±° Z DA²³}�~]´ ¯±° Z DA²¤ ¯±° Z DA²Fµ ��r�s_¯ D Z ° ²³}�~3´

¯ D Z ° ²
¤ ¯ D Z ° ²4µ . Theheuristic

for selectinganedge'*$0� is definedas
® ��') �
 ´ ¯¶t ²¤ ¯¶t ² µ .

5.2.2 Path baseddeterministic heuristic (PDH)

The pseudocode for the path baseddeterministicheuris-
tic is shown in the Figure 4. The inputs to the procedure
are: i) solutionof LP formulation(lp soln), ii) communica-
tion tracegraph( ���·���H�� ), iii) routerarchitectureconstraints
( 7��H8 ), iv) maximumnumberof routers( ;=<?>A@ ), andtopol-
ogy andmappinginformation( E ). Initially, E only includes
therouters. E is updatedasthelinks areaddedandcommu-
nicationtracesaremapped.

Thefirst stepin thealgorithmis to mapthenodes(sources
or sinks)to portsof therouterspresentin thepartialsolution.

PDH (lp soln,G(V,E), ¸ , ¹ , ºn»y¼A½P¾³¿ )
assignnodes()
for (i = 0; ÀÂÁdÃ ÄnÃ ; i++) /* Build topology and map traces*/
e(u,v)= select(E),ÅSÆ = get router(u), ÅSÇ = get router(v)
if ( ÅSÆRÈ]ÅSÇ ) continueÉ Æ = get freeport(Å Æ )
if (É Æ È null ) add relay(Ê¡¾vÅ Æ ¾ É Æ )É Ç = get freeport(Å Ç )
if (É Ç È null ) add relay(Ë�¾vÅ Ç ¾ É Ç )
T = connectmap(É Æ ¾ É Ç ¾kÌ )

endfor
L = sort descending(T)/* Compaction */
while ( ÍÏÎÈ null )Ð

= get head(L),
Ð�Ñ

= max neigh(
Ð

)
while ( Ò�Ó Ð�Ô�Õ×Ö Ó Ð�ÑPÔ�Ø×Ù AND Ú�Û#Ü�Ý)Þ�ÀFÝMßvà á�Û)ß³À�áSâPÀ�ÌAÝKÓ Ô )Ð È]ãHäUå É Û#ã�ßHÓ Ð ¾ Ð�ÑPÔ ¾vÍ0È�Íaæ Ð�Ñ ¾ Ð�Ñ È]å%Û#ç Ü�ÌAÀFè�à¡Ó Ð?Ô
endwhile
L = L -

Ð
endwhile
if ( ãHäUÜ¬áHß·Å�Û#ÀFÜKß áAÛ)ß·À·áSâPÀ4ÌAÝKÓé¿ Ô ) return(T)
return(FAILURE)

end

Figure 4. Path based deterministic heuristic
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Figure 5. Relay router addition

In thepseudocodethefunctionassignnodes()performsthis
task. A nodeis selectedbasedon the heuristicfunction

®
definedabove. A nodewith a larger

®
valueis givenprior-

ity. The selectednodeis mappedto a port O "4Z - suchthat i)O "4Z - is free,andii) cd; ° Z "FZ - hasa maximumvalueamongall
freeports.In casenofreeportsarefound,theprocedureadds
a routerto thetopology( E ), andassignsa port of thatrouter
to the node. If the additionof a routerviolatesthe ; <?>A@
constraint,the proceduredeclaresfailure. The function as-
sign nodes()terminateswhenall nodeshavebeenassigneda
uniqueport.

In the next phaseof the technique,the topology of the
NoC is defined,andthe communicationtracesaremapped.
In this phase,the least constrainingcommunicationtrace
'P�4­y��!� is selectedby invoking select(E)that returnsan un-
mappedtracewith the smallest

®
value. Hence,the less

constrainedcommunicationtracesaremappedfirst, andthe
mostconstrainedtracesaremappedlast. Next theroutersof
the source( Q ° ) andsink nodes( Q D ) areobtainedby calling
get router(). If thesource(u) andsink (v) nodearemapped
to the samerouter, then the techniqueskips the remaining
portionof the currentiteration. Alternatively, the technique
obtainsa freeport on the source(O ° ) andsink (O D ) routers,
respectively. If a freeport doesnot exist on eitherthesource
orsinkrouter, arelayrouteris addedby invokingthefunction



add relay(). The relay router addition operationis shown
in Figure5 for two 4-port routers. In the figure, the source
router X ° doesnothaveany freeports.Hence,arelayrouter,X�ê , is addedto thesourcesidethatgeneratesfreeports.The
techniquetheninvokestheconnectmap()functionto attach
the free portsby additionof a physicallink, mapthe trace
on thepath,andupdatethetopology E . Since,thetechnique
builds a solutionby additionof relay routersit can leadto
increasein latenciesof alreadymappedtraces. Hence,the
leastconstrainingedgeswith looselatency constraint(lower®

value)aremappedfirst, andthe mostconstrainingedges
with tight latency constraintsaremappedtowardstheend.

After thecompletionof thetopologygenerationandmap-
ping phasethe techniqueentersthe compactionphase.The
compactionphaseis identicalto theoneappliedin theclus-
tering basedheuristic, and is depictedas the last stagein
Figure 3. In contrast to the compactionin the cluster-
ing basedheuristic, the path basedheuristicconsidersany
two neighboringrouters. The compactionheuristicinvokesë�ì QMí îP' ë�ï ' � î W ��ð �· to sort the routersin the descendingor-
derof their freeportsandgeneratesa list ñ . Therouter X at
theheadof thelist is selectedfirst, andits neighboringrouterX � with maximumnumberof freeportsis obtainedby call-
ing

��ò_ó � ' W ðVô �� . If thecompactionconditionsaresatisfied
the two routersarecollapsedinto X , andthe neighborwith
maximumnumberof freeportsis selectedagain.The inner
loopcontinuestill thetechniquecanfind neighboringrouters
thatcanbecompacted.Theouterloopendsonceñ is empty.
Thecompactionphasereducestheareaandpowerconsump-
tion overhead.Further, it canalsoleadto possiblereduction
in the latency of somecommunicationtraces.At theendof
thecompactionphasethe techniquechecksfor performance
constraintsatisfaction, and returnsthe topology if they are
satisfied.

Timecomplexity: The maximumnumberof routersthat can
begeneratedfor theLP solutionis X <?>A@ . Thetotal number
of iterationsthatareperformedby thefirst “for” loop are � ,
andeachiterationtakesa constanttime. Thesortfunctionis
of complexity ��� X <�>S@ � ì ð X <?>A@ ). Thetotalnumberof com-
pactionsthatcanbeperformedis ��� X <?>A@ � �  . Hence,the
complexity of thePDH heuristicis �����9� X <?>A@ � ì ð X <?>A@ ).

5.2.3 Path basedrandomization heuristic (PRH)

The pathbasedrandomizationheuristic(PRH) differs from
PDH in the nodeto port assignment(assignnodes()). The
PDH heuristicassignsa node ­ to port O "4Z - if cd; ° Z "4Z - is
maximum. cd; ° Z "FZ - is specifiedby the solution of the LP
formulation. In contrast,thePRHheuristicassigns­ to O "4Z -
with a probabilityof cd; ° Z "4Z - . Theotherstepsareidentical
acrossthe two techniques.Hence,the time complexities of
thetwo techniquesarealsoidentical.

6 Results

In thissection,we presenttheresultsobtainedby running
our formulationon four benchmarksnamely, i) mp3 audio
encoderii) mp3audiodecoderiii) H.263videoencoder, and
iv) H.263videodecoderalgorithms.In addition,weobtained
resultsfor six otherbenchmarksby mappingcombinationsof
two applicationsfrom the above mentionedbenchmarkssi-
multaneously. The benchmarksareshown in Table1. The
communicationtracegraphsfor the benchmarkswere ob-
tainedfrom the work presentedby Hu et. al [17]. Video
processingrequiresmorebandwidththanaudioprocessing.
Moreover, sincetheencodingprocessrequiresmoreprocess-
ing thanthedecodingprocess,theH.263encoderhasamuch
higherbandwidthrequirement,comparedto H.263decoder.
Similarly, mp3encoderhasmuchhigherbandwidthrequire-
mentcomparedto mp3decoder. Amongthefour traces,mp3
decoderhastheminimumbandwidthrequirement,H.263de-
coderandmp3encoderhavecomparablebandwidthrequire-
ment, andH.263 encoderhasthe maximumbandwidthre-
quirement.

In our experimentalsetup,we obtainedresultsfor differ-
ent routerarchitectureswith 5 and4 ports,respectively. We
assumedanaveragepowerconsumptionof

� T õ�öÂ÷ permbps
for eachport of the router [4]. We utilized the Xpress-MP
optimizer[18] to solve theMILP problems.TheMILP for-
mulationwasrun with a timeoutat 43200secs(12 hours).
Thebestsolutionfoundafterrunningtheformulationfor 12
hourswasaccepted.Thesizesof theclusterwerelimited to
6 edgesfor theclusteringbasedheuristic.

The resultsaresummarizedin Table2. The power con-
sumption,routerrequirement,andruntime(normalizedwith
respectto MILP solution)of the four techniquesareshown
in Figures6, 7, and8, respectively. Thex-axis in the3 plots
refersto theserialnumberof theexperiment.In thefigures,
results1-10and11-20arefor 5-portand4-portrouterarchi-
tectures,respectively. Resultnumber15 in Figures6, and7
is emptysincethe MILP solutionwasunableto generatea
solutionin 12hours.In Figure8, theMILP runtimeof result
15 is assumedto be12 hours. As canbeseenfrom Table2
andthe plots, the clusteringbasedheuristictechniquegave
bestresults(within 11 % of the MILP solutions)in terms
of power consumption,whencomparedwith PDH andPRH
techniques.The PRH techniquegave slightly betterresults
thanPDH. In termsof theruntimes,thePDH techniquewas
thefastest,followedby PRH,andfinally theclusteringbased
technique. The resourcerequirementof the threeheuristic
techniqueswerecomparable,andwerewithin 51 % of the
MILP.

7 Conclusion

In this paper, we definedthe applicationspecific NoC
synthesisproblemandproposedlinear programmingbased
solutions. We presentedan optimal formulation and sev-
eral heuristicbasedtechniquesto overcomethe long solu-



Graph GraphID Nodes Edges

mp3encoder G1 8 9
mp3decoder G2 5 3
263encoder G3 7 8
263decoder G4 9 8

263enc263dec G5 16 16
263encmp3dec G6 12 11
263encmp3enc G7 15 17
263decmp3dec G8 14 11
263decmp3enc G9 17 17
mp3encmp3dec G10 13 12

Table 1. Graph Characteristics

Technique Deviationwrt MILP. Avg run time
Power Routers (seconds)

Average S.D Average S.D

Clustering 1.11 0.19 1.51 0.34 171.1
PDH 1.58 0.55 1.51 0.49 1.90
PRH 1.47 0.55 1.51 0.58 1.92

Table 2. Summar y of Results
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tion timesof the MILP formulation. We did extensive ex-
perimentationwith four benchmarksnamely, mp3 decoder,
mp3encoder, H.263decoder, andH.263encoderalgorithms.
Theclusteringbasedheuristicgeneratedresultswhosepower
consumptionwaswithin 11 % of theMILP solutionsandits
averageruntimewas171.1seconds.Theaverageruntimeof
therelaxationandroundingbasedtechniqueswaslessthan2
seconds,andthe power consumptionof their solutionswas
within 58% of theMILP result.

Our formulationssynthesizea NoC with homogeneous
routerarchitecture.Theformulationscanbeeasilyextended
to NoC synthesiswith heterogeneousrouters. The current
formulationsareaimedat minimizing dynamicpower con-
sumption,anddo not addressleakagepower consumption.
Futurework will includedevelopingdynamicheuristicsfor
leakagepower reduction. Further, the currentformulations
addressthe interconnectionnetwork designin isolation. In-
tegrationof low powerdesigntechniquesfor computationar-
chitecturewith NoC synthesishave thepotentialto resultin
largerpowersavings,andwould alsobeexplored.
Acknowledgement : We would like to thank DashOpti-
mization[18] for theirdonationof theXpressMPsolver.
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