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Abstract

Due to the wire delay constraints in deepsubmicron
technology and increasingdemandfor on-chip bandwidth,
networksarebecomingthepervasiveinterconnectfabric to
connectprocessingelementson chip. With ever-increasing
powerdensityandcoolingcosts,thethermalimpactof on-
chip networksneedsto beurgentlyaddressed.

In this work, we �r st characterizethe thermal pro�le
of the MIT Raw chip. Our studyshowsnetworkshaving
comparablethermalimpactastheprocessingelementsand
contributing signi�cantly to overall chip temperature, thus
motivatingtheneedfor networkthermalmanagement.The
characterizationis basedonanarchitectural thermalmodel
wedevelopedfor on-chip networksthat takesinto account
thethermalcorrelationbetweenroutersacrossthechip and
factorsin thethermalcontributionof on-chip interconnects.
Our thermalmodelis validatedagainst�nite-elementbased
simulators for an actual chip with associatedpowermea-
surements,with anaverageerror of 5.3%.

We next proposeThermalHerd, a distributed, collabo-
rative run-time thermal managementschemefor on-chip
networks that uses distributed throttling and thermal-
correlation basedrouting to tackle thermal emergencies.
Our simulationsshow ThermalHerd effectively ensuring
thermal safetywith little performanceimpact. With Raw
asour platform,wefurther showhowour work canbeex-
tendedto the analysisand managementof entire on-chip
systems,jointly consideringbothprocessors andnetworks.

1 Intr oduction

Chip reliability and performanceare increasinglyim-
pactedby thermalissues.Circuit reliability dependsexpo-
nentially upon operatingtemperature.Thus, temperature
variationsandhotspotsaccountfor over 50%of electronic
failures[29]. Thermalvariationscanalsoleadto signi�cant
timing uncertainty, promptingwider timing margins, and
poorerperformance.Traditionally, cooling systemdesign
is basedon worst-caseanalysis. As heatdensityandsys-
tem complexity scalefurther, worst-casedesignbecomes
increasinglydif�cult andinfeasible.This hasled to recent
processordesigns,suchas the Intel Pentium4-M[1] and
the IBM Power5 [6], moving to average-casethermalde-
signandemploying run-timethermalmanagementschemes
uponoccurrenceof thermalemergencies.

As wemovetowardsapplication-speci�cmultiprocessor
systems-on-a-chip(SoCs)[2, 7, 18] and general-purpose
chip-multiprocessors(CMPs)[16, 26] whereachip is com-
posedof multiple processingelementsinterconnectedwith
anetwork fabric,systemchiptemperaturebecomesanaccu-

mulatedeffectof bothprocessingandcommunicationcom-
ponents.With networksconsuminga signi�cant portionof
thechip power budget[2, 10, 27], andhencehaving a sub-
stantialthermalimpact,understandingthejoint thermalbe-
havior of all on-chipcomponents,bothprocessorsandnet-
works,is thekey to achieving ef�cient thermaldesign.

Researchers[3, 22, 24] have startedaddressingther-
mal issuesin microprocessors.Unlike centralizedmicro-
processors,networks are distributed in nature,which im-
posesuniquerequirementson thermalmodelingandman-
agement.Moreover, multiprocessoron-chipsystemsshare
the distributednatureof on-chipnetworks. Therefore,we
seeaddressingof on-chip network thermal issuesprovid-
ing valuableinsightsfor managingentireon-chipsystems.
For networks,recentstudiesmainly focuson power issues,
including modelingand characterization[10, 15, 28], de-
sign [27], and management[11, 20]. Even though both
power and temperatureare a function of the communica-
tion traf�c, the network thermaland power consumption
pro�les exhibit differentrun-timebehavior. Power-oriented
optimizationtechniquescannotfully addressnetwork ther-
mal issues.Weneedto tacklethethermalimpactof on-chip
networksdirectly.

In this paper, we �rst constructan architecture-level
thermal model for on-chip networks. We then build a
network simulationplatform that enablesrapid evaluation
of network performance,power consumption,andthermal
pro�le within a single run-time environment. Using this
model,we characterizethethermalbehavior of theon-chip
networks in the MIT Raw CMP. We then proposeTher-
malHerd,a distributed run-time mechanismthat dynami-
cally regulatesnetwork temperature.ThermalHerdconsists
of three on-line mechanisms:dynamic traf�c prediction,
distributedtemperature-awaretraf�c throttling, andproac-
tive/reactive thermal-correlationbasedrouting. Theperfor-
manceof ThermalHerdis evaluatedusingon-chipnetwork
traf�c tracesfrom the UT-Austin TRIPS CMP [16]. Our
resultsdemonstratethatThermalHerdcaneffectively regu-
late network temperatureand eliminatethermalemergen-
cies. Furthermore,ThermalHerdproactively adjustsand
balancesthe network thermal pro�le to achieve a lower
junction temperature,thus minimizing the needfor throt-
tling andits impactonnetwork performance.Finally, using
Raw asacasestudy, weextendourwork to addressthether-
mal issuesof on-chipsystems,incorporatingon-chippro-
cessingelements.A brief summaryof our contributionsis
asfollows.

� First work targeting run-time thermal impact of on-
chipnetworks.

� Characterizationof therelativethermalimpactof com-
putationandcommunicationresourcesin Raw.



� An architecturalthermalmodelandintegratedsimula-
tion platformthatfacilitatestrace-drivenperformance,
powerandtemperatureanalysisof networks.

� A run-timethermalmanagementtechniquefor on-chip
networks that effectively regulatestemperaturewith
little performancedegradation.

� Extension of network thermal characterizationand
managementto entireon-chipsystems,jointly consid-
eringbothprocessorsandnetworks.

The restof this paperis organizedas follows. In Sec-
tion 2, we �rst use Raw as a motivating casestudy for
demonstratingthe thermalimpactof on-chipnetworks. In
Section3, we describethe thermalmodelingmethodsfor
on-chipnetworks. In Section4, we give detailsof Ther-
malHerdandevaluateits performancein Section5. In Sec-
tion 6, we discussextendingour work from on-chip net-
works to on-chipsystems.In Section7, we presentprior
relatedwork anddiscussrelatedresearchissues,andSec-
tion 8 concludesthepaper.

2 Moti vating CaseStudy: On-chip Network
Thermal Impact in Raw

We �rst motivatetheneedfor run-timethermalmanage-
mentof on-chipnetworks by studyingthe thermalimpact
of theon-chipnetworksin theMIT Raw CMP.

TheRaw chipaccommodates16tilesconnectedin a4x4
meshtopology, clockedat 425MHzfrequency anda nomi-
nalvoltageof 1.8V. Thediesizeis 18.2x18.2mm 2. In each
4x4mm2 tile, the processoris a single-issueMIPS-style
processingelementconsistingof an eight-stagepipeline
equippedwith 32KB data and 32KB instruction caches.
Tiles are connectedby four 32-bit on-chipnetworks, two
statically-scheduledby thecompilerthrougha64KB switch
instructionmemoryandtwo dynamically-routed.Thechip
is manufacturedusing the IBM CMOS7SFCu6 0.18� m
technology. As shown in Figure1, it usestheIBM ceramic
columngrid array (CCGA) packagewith direct lid attach
(DLA) thermalenhancement.Thethermalperformanceof
thepackagingrangesfrom 9oC=W to 5oC=W underdiffer-
entair-coolingconditions.

In Raw, the thermal impact of the on-chip network is
governedby variousdesignissues. Performancerequire-
mentsgovern the network complexity, andhencethe peak
power consumption. The chip layout affects the ther-
mal interactionbetweenthe network and other computa-
tion/storagetiles. The chip temperatureis alsodirectly af-
fectedby coolingsolutions,which vary underdifferentap-
plicationscenariosandcoolingbudgets.In this section,we
focuson analyzingthe thermalimpactof just the on-chip
network. Completethermalcharacterizationfor the entire
chipwill bediscussedin Section6.

In Raw, the two static networks containthe following
components:switch instructionmemory, switch pipeline
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Figure 1. MIT Raw CMP with cooling package.

logic, crossbars,FIFOs,andwires. The two dynamicnet-
works arecomposedof crossbars,FIFOs,wires,androut-
ing control logic. We useRaw Beetle,a validatedcycle-
accuratesimulator [26], to capturethe run-time activities
of differentnetwork components.Combiningthe simula-
tion resultswith the capacitancesestimatedusingan IBM
placementtool by Kim [9], we derive network run-time
power consumption. Basedon the chip layout andpack-
aging information, we constructan architecturalthermal
model for the on-chipnetwork using the modeldescribed
in Section3. Thermal characteristics,including thermal
conductivitiesandcapacitances,andgeometricinformation
of the packagematerialsincluding the interfacematerial,
DLA, ceramiccarrier, etc., andair-cooling conditionsare
providedby thepackagingmanual[25]. Theambienttem-
peratureis setto 25oC 1. Figure2 showsthechippeaktem-
peraturecontributedby typical-casenetwork power dissi-
pationunderdifferentair-coolingconditions(linearfeetper
minute,or lfpm), where,asexplainedin [9, 10], thetypical-
casepower assumesthe activity factorof 0.25 in eachof
the four on-chipnetworks. With poor air-cooling, the net-
workpoweralonecanpushthechiptemperatureupto about
90oC. Evenata typicalair coolingof 300lfpm,thenetwork
temperaturealonecanreacha signi�cant 77oC.

Next, we characterizethethermalimpactof theon-chip
network using three classesof benchmarksprovided by
the Raw binary distribution. Detailsof thesebenchmarks
are available in [26]. �r and stream are streambench-
marks.8b 10b enc.and802.11aenc.arebit-level compu-
tation benchmarks. gzip and mpeg are ILP computation
benchmarks.Eachstudyis basedon the typical (300lfpm)
andbest(600lfpm)air-coolingconditions.Detailedbench-
markexplanationandcompletecharacterizationresultsare
given in Section6. As shown in Figure3, the two stream
andtwo bit-level computationsbenchmarksleadto a high
peaktemperature.This is due to the heavy utilization of
staticnetwork resources,which have a highercapacitance
than the dynamicnetwork in Raw asthey areusedas the
primary communicationfabric in the chip. gzip andmpeg
resultin alowerpeaktemperaturedueto two reasons.First,
thelimited parallelismin thesebenchmarksleadsto low re-
sourceutilization. Second,limited by the available com-
piler, thetraf�c is mainly relayedby thedynamicnetworks.

The above studiesdemonstratethat on-chip networks
canhave a signi�cant thermalimpacton overall chip tem-

1Ambient temperaturevariesacrossdifferentsystems.Relative trends
arepreservedfor othertypical settings.
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perature. As will be discussedin Section6, in Raw, the
thermalcontributionsof both processorsandnetworks are
comparable,andcanbesubstantial,dependingon applica-
tion characteristics.Basedonthebenchmarksweusedwith
typicalair-coolingconditions,networksor processorsalone
canreachpeaktemperaturesof 68.6oC and77.9oC, respec-
tively. Whennetworks andprocessorsare jointly consid-
ered,certainstreamandbit-level computationbenchmarks
canpushchip peaktemperatureup to 104.7oC undertyp-
ical air-cooling conditions. Therefore,moresophisticated
cooling solutionsandthermalmanagementtechniquesare
requiredto guaranteesafeon-line operation.On the other
hand,theSPECandMediabenchbenchmarksresultin low
powerandthermalimpactonbothnetworksandprocessors
dueto underutilizedon-chipresources.

3 Thermal Modeling of On-chip Networks

The cooling packageof today's high-performanceon-
chipsystemsis complex dueto highpowerdensityandstrict
coolingrequirements.To facilitatecharacterizationof chip
architectures,we needthermalmodelsthat canaccurately
capturethe characteristicsof thesesophisticatedthermal
packageswith only the limited architecturalinput param-
etersavailableat anearly-stagedesign.

Skadronet al. �rst proposedan architecturalthermal
modelfor microprocessors,HotSpot[22], whichconstructs
amulti-layerlumpedthermalRCnetwork to modeltheheat
dissipationpath from the silicon die throughthe cooling
packageto theambient.In HotSpot,thesilicon die is par-
titioned into functional blocks basedon the �oorplan of
the microprocessor, with a thermalRC network connect-
ing the various blocks. HotSpot can be readily usedto
model on-chip network routers– with eachrouter within
the chip �oorplan modeledas a block, anda thermalRC
network constructedin thesamefashionaswhentheblocks
were functional units within a microprocessor. However,
certain characteristicsof on-chip networks are not accu-
rately capturedby HotSpot. First, lateral thermalcorre-
lation is modeledusing lateral thermal resistorsconnect-
ing adjacentblocks,andsolved usinga closed-formther-
mal equation[23]. This equationwasoriginally proposed
to modelthespreadingthermalresistancefor a largesym-
metric slabarea. As the geometricandthermalboundary
conditionsof a silicondiedonotmatchtheabovescenario,
thermalcorrelationtendsto be underestimated.The tem-
peratureof an on-chiprouter is affectedby its own power
consumption,andthatof its neighborhoodandalsoremote
routers.In on-chipnetworks,thepowerandthermalimpact
of eachindividualrouteris limited. Inter-routerthermalcor-
relationplaysan importantrole in shapingtheoverall chip
temperaturepro�le. Hence,accuratelycharacterizingthe
spatialthermalcorrelationis critical for understandingnet-
work thermalbehavior.

Second,the currentreleaseof HotSpotdoesnot model
thethermalimpactof metalinterconnects.Dueto thehigh
thermal resistanceof the silicon dioxide and low dielec-
tric constant(low-k) materials,thecontributionof theinter-
connectsto overall chip temperatureis of increasingcon-
cern[5] andneedsto beconsidered.

The above issuespromptedus to develop an architec-
tural thermalmodelthathandlesthethermalcharacteristics
of on-chipnetworks – one that aptly capturesinter-router
thermalcorrelationandmodelson-chiplink circuitry.
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router thermal correlation.

3.1 Inter ­router Thermal Corr elation Modeling

Our modelis basedon the notion of the heatspreading
angle– theangleat which heatdissipatesthroughthe dif-
ferentlayersof packaging.In microelectronicpackages,the
heat�o w from the silicon surfaceto the ambientis three-
dimensional– heatdissipatesin the vertical directionand
alsospreadsalonghorizontaldirections,which canbe de-
scribedby Fourier's law. The heatspreadingangleforms
thebasisof calculationsof thermalresistancesandthermal
correlationsof thethermalRC network (that is constructed
in thesamefashionasin HotSpot).
Heat dissipationpath: First, let usanalyzethethermalre-
sistanceof theheatdissipationpathof eachon-chiprouter.
Theheatspreadingangle,� , (seeFigure4) canbeestimated
basedupon the ratio of the thermalconductivities of the
currentpackaginglayer's material,k1, andthe underlying
packaginglayer'smaterial,k2 [13]:

� = tan � 1(k1=k2) (1)

Then,asshown in Figure4, the thermalresistance,R,
of a rectangularheatsourceon a carrier, that includesthe
thermalspreadingeffect is [12]:

R =
1

2k tan � (x � y)
ln

y + 2L tan �
x + 2L tan �

x
y

(2)

wherex andy arethelengthandwidth of theheatsource,L
is theheightof thecarrier, andk is thethermalconductivity.

For eachon-chiprouteri , the thermalresistance,R i , is
the summationof the thermal resistanceof eachthermal
componentalongtheheatdissipationpath,asfollows:

Ri = Ri silicon + Ri spr eader + Ri sink + Ri ambient (3)

whereRi silicon , Ri spr eader , Ri sink , andRi ambient are
thethermalresistanceof theon-chiprouterthroughsilicon
die,heatspreader, heatsinkandambient,respectively.

Both Ri silicon and Ri spr eader can be obtainedusing
Equations(1) and (2). For R i silicon , the area of the
heatsourceis equalto the sizeof the on-chip router, and
the heat spreadingangle in the silicon die can be deter-
minedby the thermalconductivity ratio of the silicon die
and the heatspreader2. For Ri spr eader , the areaof the
heatsourceis theoriginal routerareaplus the areaexpan-
sion dueto heatspreadingin thesilicon die, which equals
(x + 2L silicon tan � silicon )(y + 2L silicon tan � silicon ). The
heatspreadingangleis affectedby thethermalconductivity

2If an interfacematerialis used,the heatspreadinganglecanbe de-
terminedsimilarly, andEquation(3) shouldalsotake thermalresistancein
theinterfacematerialinto account.



ratio of the heatspreaderandheatsink. For R i sink , the
othersideof theheatsink is attachedto a cooling fan,and
the heatdissipationis basedon heatconvection. Previous
work hasproposeda closed-formthermalequationto ad-
dressthe heatspreadingissuein heatsinks. The thermal
resistanceof aheatsinkcanbedeterminedby thefollowing
equation[23]:

Ri sink =
1

� ka
(�� + (1 � � )

tanh( �� ) + �
B i

1 + �
B i

tanh( �� )
) (4)

wherek is thethermalconductivity of theheatsink,a is the
sourceradius,� , � , � aredimensionlessparametersde�ned
in [23], andB i is a Biot number.

The thermal resistancealong the heatconvection path
canbeestimatedasfollows[17]:

Ri ambient =
1

hcAs
(5)

wherehc is theconvectionheattransfercoef�cient andAs
is theeffectivesurfacearea.
Inter -block thermal correlation: In general,the steady-
statetemperatureof eachlocationacrossthesilicondie is a
function of the power consumptionof all the on-chipheat
sources:

T(x; y) =
NX

k=1

Ci Pi (6)

whereT(x; y) is the temperatureat location(x; y) on the
silicon die, N is the total numberof on-chipheatsources,
Pi is the power consumptionof heatsourcei , and Ci is
the thermalcorrelation(thermal resistance)betweenheat
sourcei andlocation(x; y).

Thethermalcorrelationamongon-chipblocks(routers)
canbecharacterizedbasedonthecoolingstructure,theheat
spreadinganglein eachcoolingpackagelayer, andtheinter-
routerdistance.Thereexists a duality betweenheattrans-
fer andelectricalphenomena.Thelinearizedsuperposition
principle in electricalcircuits can be extendedto thermal
circuitsto analyzetheinter-routerthermaleffect. As shown
in Figure4, Q1 andQ2 denotethe power consumptionof
two on-chip routers. The correspondingheatdissipation
pathsof thesetwo routersareinitially separatebut will �-
nally merge into onepathdueto theheatspreadingeffect.
Then,usingthelinearizedsuperpositionprinciple,for these
two routers,the heatdissipationpathscanbe divided into
two partsfrom themergedpoint– beforethispoint,theheat
dissipationpathscanbemodeledwith two separatethermal
resistors,R1 andR2. After this point, theheatdissipation
pathsaremodeledwith a sharedthermalresistorR3. The
thermalcorrelationbetweentwo heatsourcesis determined
by the valueof R3, which is the thermalresistanceof the
sharedheatdissipationpathfrom the point wherethe two
heatdissipationpathsare mergedtogetherto the ambient
environment.Thepositionof themergedpoint canbeesti-
matedbasedon theheatspreadinganglein eachpackaging
materialand the inter-router distance. The junction tem-
peratureof eachrouter, T1 andT2, including inter-router
thermalcorrelation,canthenbeestimatedusingthermalsu-
perposition:

T1 = Q1R1 + (Q1 + Q2)R3
T2 = Q2R2 + (Q1 + Q2)R3 (7)
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Figure 5. Thermal model validation against
FEMLAB.
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Figure 6. Thermal model validation against
IBM in­house �nite­element based sim ulator .

3.1.1 Validation

In thissection,wediscussvalidationof ourthermalmodels.
FEMLAB, a �nite-element basedsimulator: To evalu-
atetheaccuracy of our thermalmodel,we �rst usea com-
mercial�nite-elementbasedsimulator, FEMLAB [8]. We
assumethe silicon die's dimensionis 18mm � 18mm �
0.6mm, the thermalconductivity is 100W=mK , the heat
spreader's dimensionis 30mm � 30mm � 1mm, andthe
heatsink's dimensionis 60mm � 60mm � 6.8mm. Both
theheatspreaderandheatsink areassumedto bemadeof
copper, whosethermalconductivity is 400W=mK . Thesil-
icon die is partitionedinto 9 � 9 blocksevenly. We setthe
ambienttemperatureto 25oC.

In the�rst scenario,we assumethecentralblock, (5,5),
is theonly heatsourceandhasa2.5Wpowerconsumption.
We usethis setupto evaluatethe accuracy of modelinga
singleheatsource.Usingourmodel,thetemperaturedistri-
butionon thesiliconsurfacevariesfrom 32.6oC to 28.2oC.
Block (5,5)is thehottestspot,andthefour boundaryblocks
have thelowesttemperature.Figure5(a)shows themodel-
ing error of our thermalmodelagainstFEMLAB. The er-
ror is consistentlylessthan5% (the averagebeing2.9%).
To evaluatethe accuracy of our model in capturinginter-
router thermalcorrelation,we assumethreeheatsources
situatedat (5,5), (3,5) and (7,5), eachwith a power con-
sumptionof 2.5W. Usingourmodel,thetemperaturevaries
from 39.8oC to 34.7oC. Theestimationerrorof our thermal
modelagainstFEMLAB is shown in Figure5(b),wherethe
maximumerroris lessthan5%(theaveragebeing1.0%).
Actual chip with power measurements: Next, we evalu-
ateour thermalmodelagainstan actualchip designfrom
IBM [4]. In this design,a 13mm � 13mm � 0.625mm
chip is solderedto amultilayerceramiccarrier. Thischip is
attachedto aheatsinkandplacedinsideawind tunnel.The
powerconsumptionpro�le acrossthesilicondieis basedon
physicalmeasurements.We useour thermalmodelto eval-
uatethetemperaturepro�le of this IBM design.Figure6(a)



shows the temperaturesimulationresultusingour thermal
model. Comparingit againstan in-house�nite-element
basedthermalsimulatorat IBM, Figure6(b) shows thees-
timationerrorsin theon-chipthermalpro�le. As shown in
this �gure, themaximumerroris lessthan10%,andtheav-
erageerror is 5.3%. Usingour thermalmodel,thejunction
temperatureof thesilicon die varieswithin [70.2,85.4]oC.
TheIBM thermalsimulatorshowsthejunctiontemperature
varyingwithin [73.2,87.8]oC.

Both validation studiesdemonstratethe importanceof
accuratelymodeling the spatial varianceof temperature
acrossthesilicon surface. While our modelandthe �nite-
elementbasedsimulatorsshow thespatialthermalvariance
to bearound15oC, HotSpot[22] reportsonly 8oC.

3.2 Thermal Modeling of Links

Thepowerconsumedin theon-chiplink circuitry affects
thetemperatureof bothsiliconandmetallayers.As on-chip
links aretypically fairly long,buffersareinsertedto reduce
signalpropagationdelay. The insertedbuffersnot only af-
fectnetwork performanceandpowerconsumption,but also
its temperature.Buffers split on-chip links into multiple
segments,with eachsegmentconnectedto silicon through
two vias. In copperprocesses,viashave muchbetterther-
mal conductivity thanthe dielectricsandthusserve asef-
�cient heatdissipationpaths. To modelon-chiplink tem-
peratureeffectively, buffer insertioneffectsneedto becon-
sidered.Previousresearchwork hascalculatedtheoptimal
lengthof interconnectat which to insertrepeatersas[14]:

lopt = const

r
r0(c0 + cp)

r c
(8)

wherer0 andc0 arethe effective driver resistanceandin-
putcapacitancefor aminimum-sizeddriver, cp is theoutput
parasiticcapacitance,andr andc aretheinterconnectresis-
tanceandcapacitanceperunit length.

Giventhelengthof link segments,thetemperaturealong
eachsegmentcanbe calculatedusingthe following equa-
tion [5]:

T (x) = T0 +
j 2�L 2

H

kM
(1 �

cosh( x
L H

)

cosh( L
2L H

)
) (9)

whereT0 is theunderlyinglayer temperature,j is thecur-
rentdensitythroughthelink segment,and� , L andkM are
the resistivity, lengthand thermalconductivity of the link
segment,respectively. L H denotesthethermalcharacteris-
tic length.

Basedonouranalysis,themajorthermalcontributionof
thelink circuitry liesin thesilicon(buffers).Dueto thelim-
itedself-heatingpower, whenthesecondaryheatdissipation
pathfrom top silicon dioxide andlow-k materiallayersto
theprintedcircuit boardis considered,thermalhotspotsare
locatedin thesilicon layerinsteadof themetallayers.

3.3 Sirius: Network Thermal Simulation Envir on­
ment

The thermalmodeldescribedabove is built into a net-
work simulationenvironment,calledSirius, whichprovides
an architecture-level platform for rapid explorationof the
performance,power consumption,and thermalpro�le of
on-chipnetworks.

Network model: We use a �it-le vel on-chip network
model, which speci�es the topology and resourcecon�g-
urationof thenetwork. Currently, two-dimensionaldirect-
network topologiesaresupported.Eachrouteris speci�ed
with a pipelinemodel. Variousroutingschemes,including
deterministic,oblivious,adaptive,etc.,areintegrated.
Power model: This modelis adaptedfrom Orion [28], an
architecture-levelnetworkpower(dynamic/leakage)model.
Network power consumptionis determinedby thenetwork
architecture,implementationtechnology, and traf�c activ-
ity. The �rst two parametersare de�ned in the network
model.Thelastis capturedduringrun-timesimulation.
Thermal model: This is the modelpresentedin this sec-
tion. It is created,basedon the network architectureand
coolingstructure,duringcompilation.
Timing-dri vensimulator: This is built on topof a timing-
drivensimulationengine.Duringon-linesimulation,traf�c
activitiesaregatheredandfed into thepowermodelto esti-
matenetwork powerconsumption.This is thenfed into the
thermalmodelperiodicallyto estimatethenetwork temper-
aturepro�le. Timing informationis alsogatheredto moni-
tor network latency andthroughput.

4 ThermalHerd: Distrib uted, Collaborative
Run-time Thermal Management

The thermalbehavior of on-chipnetworks is inherently
distributedin nature.Thermalemergenciescanoccurin dif-
ferent locationsandchangedynamically. In addition,on-
chip networks are heavily performance-driven. Here, we
explore run-timemanagementof network temperature,us-
ing ThermalHerd,a distributedschemewhererouterscol-
laboratively regulate the network temperaturepro�le and
work towardsavertingthermalemergencieswhile minimiz-
ing performanceimpact.

4.1 ThermalHerd: Overall Ar chitecture

The microachitectureof a ThermalHerdrouterconsists
of � vekey components:

� Temperature monitoring: At run-time, temperature
monitors,suchas thermalsensorsor on-line thermal
models,periodically report the local temperatureto
eachrouter, triggeringan emergency modewhenthe
local temperatureexceedsa thermalthreshold.

� Traf�c monitoring and prediction: ThermalHerd's
throttlingandroutingrelieson traf�c activity counters
embeddedin eachrouter that facilitatespredictionof
futurenetwork workload.

� Distributedthrottling: Upona thermalemergency, the
routersat the hotspotwill throttle incomingtraf�c in
a distributedway, reducingpower consumptionin the
region,thuscoolingthehotspot.

� Reactiverouting: In addition, eachrouter reactsby
adaptingtheroutingpolicy to direct traf�c away from
thehotspots,relying on the thermalcorrelationinfor-
mationthatis exchangedbetweenroutersperiodically.

� Proactiverouting: During normal operation,routers
will proactively shapetheirroutingdecisionsto reduce
traf�c to potentialthermalhotspots,basedon thermal
correlationinformation.



4.2 Run­time Thermal Monitoring

Therearetwo differentmechanismsthatcanbeusedto
monitornetwork temperature:thermalsensorsandon-line
thermalestimation.Thermalsensorshavebeenwidely used
in high-performancesystems. For instance,Power5 [6]
employs 24 digital temperaturesensorsto obtain the chip
temperaturepro�le. Anotherapproachis dynamicthermal
modelingandestimation.In [22], anarchitecture-level ther-
mal modelis usedto estimateandmonitor thetemperature
pro�le of microprocessors.Since thermal transitionsare
fairly slow, thecomputationoverheadintroducedby on-line
thermalestimationis tolerable.

In thiswork,wefocusondynamicthermalmanagement.
Eitherof theabove temperaturemonitoringtechniquescan
beused.For thermalsensors,if onesensorperrouteris not
affordablefor large on-chipnetworks, the network canbe
partitionedinto regionsandmultipleadjacentrouterswithin
a region couldsharethesamesensor. For theon-line ther-
mal modelingbasedapproach,on-linepower andtempera-
ture modelsarerequired. An ef�cient on-line power esti-
mationmechanismfor networks is proposedin [20]. This
canthenbefedinto thermalmodelsimplementedwith dedi-
catedhardwareor executedonon-chipprocessingelements
for temperatureestimation.

4.3 Dynamic Traf�c Estimation and Prediction

In ThermalHerd,eachrouter is equippedwith two sets
of traf�c countersto dynamicallyestimatethetraf�c work-
load. Traf�c counter, cnt local , is integratedwith the in-
jection buffer to monitor locally-generatedtraf�c. Traf�c
counter, cntneig hbor , is usedto monitor the traf�c arriving
from the neighborhood.Two other counters,cnthis local
andcnthis neig hbor , areusedfor traf�c bookkeeping.Both
traf�c and bookkeepingcountersare updatedbasedon a
prede�ned timing window, Ttr af f . Within eachTtr af f ,
traf�c counters,cnt local and cntneig hbor , count the total
amountof incoming�its from theinjectionandinputports,
respectively. At theendof eachTtr af f , thetraf�c informa-
tion in the traf�c andbookkeepingcountersarecombined
usingweightedaverage�ltering to eliminatetransienttraf-
�c �uctuations.

4.4 Distrib uted Traf�c Thr ottling

Thekey challengesfacedin designinga distributedtraf-
�c throttlingmechanismis thatit hasto effectively regulate
overallnetwork temperature,avertingthermalemergencies,
while minimizingperformanceimpact.
Exploring the designspacefor distributed thr ottling: As
shown in Equation(6), thetemperaturecontributedby each
heatsourceis affectedby thethermalcorrelation,which is
determinedby the cooling structureanddistance. Neigh-
boring heat sourceshave more thermal impact than re-
moteones. Therefore,to effectively alleviate the thermal
emergency, traf�c throttling aroundthe hotspotlocations
requireslessthroughputreduction,andhencelessperfor-
mancepenalty.

Traf�c throttling within a routeralsoaffects the power
consumptionof neighboringrouters– throttling the router
injection port decreasesthe traf�c through neighboring
routers; throttling the router input and output ports de-
creasesthe available network bandwidth. We study the
powerthrottlingeffectona9� 9 on-chipnetwork usinguni-
form randomtraf�c. RouterR4;4 is chosento be the only
traf�c regulationpoint. Figure7 showsthepowersavingsof
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routerR4;4 andthewhole network asrouterR4;4 throttles
an increasingpercentageof incoming traf�c (we call this
the traf�c throttling ratio). The black andgray barsshow
thepowersavingsof routerR4;4 andthewholenetwork, re-
spectively. Theline shows theratioof thepowersavingsof
routerR4;4 to thatof thetotal network. It shows thatwhen
R4;4 is throttlingonly asmallpercentageof its arriving traf-
�c, mostof the power reductioncomesfrom the throttled
router, andthepower reductionin theremainingpartof the
network is negligible. As R4;4 throttlesmoreandmoreof
its arriving traf�c, thepower savingsof the local routerin-
creases,while at thesametime,thethrottlingeffectspreads
from the local routerto its neighborhood,muchlike traf�c
congestionon a local streetspreadingbeyond its initial lo-
cationto otherroadsfeedinginto this street. Thus,power
reductionatotherroutersalsoincreasesandbeginsto dom-
inatethetotal powersavings,with neighboringrouterssee-
ing asharperpower reductionthanremoteones.
Distrib uted thr ottling in ThermalHerd: Basedon the
above observations,we proposethe following distributed
throttlingmechanismin ThermalHerd.

Whenathermalhotspotis detectedatthelocalrouterR i ,
this routerbegins to decreasethe local workloadby throt-
tling theinput traf�c. Thepolicy of traf�c throttling is con-
trolled by an exponentialfactork andlocal traf�c estima-
tion, asfollows:

Quotai = k � (Nhis local + Nhis neig hbor ); k � 1 (10)

whereQuotai is the traf�c quotausedto control the to-
tal amountof workload that is allowed to passthrough
this router. At the beginning of eachthermaltiming win-
dow, a new temperatureis reported.If thetemperaturestill
increases,in the next timing window, the traf�c quota is
further multiplied by k, otherwise,the throttling ratio is
kept the same. Thus, the overall traf�c throttling ratio,
K , equalskn , wheren is the numberof thermal timing
windows in which the temperaturecontinuouslyincreases.
This procedurecontinuestill the thermalemergency is re-
moved. Furthermore,eachrouterusesthefollowing policy
to split the quota,Quotai , betweenthe traf�c injectedlo-
cally, Quotalocal , and the traf�c arriving from the neigh-
borhood,Quotaneig hbor .

Quotalocal =
�

Nhis local if Nhis local � Quotai

Quotai if Nhis local > Quotai

Quotaneig hbor =
�

Quotai � Nhis local if > 0
0 if � 0

(11)

Thispolicy is biasedtowardsprovidingenoughtraf�c quota
to thetraf�c generatedlocally. Therationalebehindthepol-
icy is asfollows. Without enoughtraf�c quota,thelocally-
generatedtraf�c will be blocked in the injection buffer,



which increasesnetwork latency. Traf�c from neighbor-
ing nodes,on the other hand, can be redirectedthrough
otherpaths,thusavoiding a performancepenalty. Hence,
the above-mentionedbiastowardslocal traf�c reducesthe
performancepenalty.

4.5 Thermal­Corr elation Based Routing Algo­
rithm

Traf�c throttling achievesa lower junction temperature
by reducingnetwork traf�c andpowerconsumption.While
distributedthrottling is ef�cient, it is not without a perfor-
mancepenalty. Sincenetwork thermalhotspotsare often
a resultof imbalancedtraf�c, thermal-awarerouting algo-
rithmsthatcanredirecttraf�c from throttledroutersto min-
imize performancepenaltyand thenshapenetwork traf�c
patternssuitablywill potentiallybalancethenetwork tem-
peraturepro�le andavoid or reducetraf�c throttling.

Our routing protocolsrely on the thermal information
exchangedwithin thenetwork. At run-time,whenthermal
hotspotsaredetected,routerslocatedat hotspotregionsare
markedashotspots, andsendspecialpacketsacrossthenet-
work. Sincetemperaturetransitionis a very slow process,
a noticeabletemperaturevariation takesat leasthundreds
of microseconds.Thepower consumptionanddelayover-
headintroducedby thesemessagesarethusnegligible. For
instance,in a 4� 4 network, encodingthe locationof each
hotspottakesfour bits. Using a 100� s temperaturereport
interval, the communicationoverheadfor eachhotspotis
about1bits/� s. When no thermalemergency occurs,the
location information with the highestchip temperatureis
relayedthroughthenetwork.

We discussbothproactiveandreactiveroutingprotocols
next.
Proactiverouting protocol: Theproactiveroutingscheme
continuously monitors the network temperaturepro�le.
Whenthemaximumchip temperatureis below thethermal
emergency limit, it dynamicallyadjuststraf�c to balance
thenetwork temperaturepro�le andreducesthepeaktem-
perature.
Reactive routing protocol: Upon receiving the thermal
emergency information, the reactive routing protocol re-
placestheproactiveroutingprotocol.It triesto steerpackets
away from throttled regions to minimize the performance
penaltydueto throttling. In addition,reactive routing tries
to balancethe network temperaturepro�le to reducethe
hotspottemperature,hencetheneedfor throttling.

Both routing schemesuse traf�c reductionto achieve
their goals.Sincenon-minimalpathroutingresultsin more
hopsandlinks beingtraversed,andthushigherpower con-
sumptionand hencepotentially higher junction tempera-
tures,weuseminimal-pathadaptiveroutingfunctions.

For both routing schemes,in order to balancethe net-
work temperaturepro�le, they should choosethe rout-
ing paths which have minimal thermal correlation with
the regionswith the highesttemperature.Sincethe inter-
routerthermaleffect is basedon distance,amongall of the
minimal-pathroutingcandidates,the routingpathwith the
farthestthermaldistanceshouldbe chosen.However, this
approachsigni�cantly reducespath diversity and pushes
traf�c workloadtowardsthecoolestboundaries,which can
result in an unbalancedtraf�c distribution and may also
generatenew thermalhotspotsin thefuture.

Detailedthermalanalysisshowsthatinter-routerthermal
correlation dramatically decreaseswith increasinginter-
routerdistance.Furthermore,the thermalcorrelationwith

remoteroutersis very small. We thususea thermalcorre-
lation threshold,� , to selectroutingcandidates.The ther-
mal correlationof eachrouting candidateis determinedas
in Equation(7). Intuitively, ThermalHerd's routing proto-
col jointly considersthermalcorrelationandtraf�c balanc-
ing. It tries to eliminaterouting pathswith a high thermal
correlationwhile leaving enoughalternative routingcandi-
datesto balancethe network traf�c. It doesso by picking
pathswherethethermalcorrelationbetweenthesourceand
every hop along the path is below the thermalcorrelation
threshold� . Sincewe useminimal-pathrouting, routing
candidatessatisfyingsucha thermalcorrelationthreshold
criterionmaynot beavailable. If so, thecandidaterouting
pathwith theleastthermalcorrelationis chosen.

To strike a goodbalancebetweentemperatureandper-
formance,in our implementation,we usedifferentthermal
correlationthresholdsbetweenproactive andreactive rout-
ing policies. Whenthe maximumnetwork temperatureis
below the thermal emergency limit, to minimize perfor-
mancepenalty, a lessaggressive traf�c redirectionpolicy is
usedfor proactive routing(in this work, we setthethermal
correlationthresholdto beequivalentto 2L , in which L is
thephysicaldistancebetweenneighboringrouters).Whena
thermalemergency occurs,wesetthethresholdto beequiv-
alentto 4L for reactive routing,sinceat thattime, reducing
thechip temperatureis the �rst-order issue,andalsomost
of theperformancepenaltyis dueto traf�c throttling.

5 ThermalHerd Evaluation
In thissection,weevaluatetheperformanceof Thermal-

Herd usingCMP traf�c tracesgeneratedfrom the TRIPS
CMP. We useSiriusasthesimulationplatform,which was
describedin Section3.3. Performanceevaluationfocuses
on thefollowing two majordesignmetrics.
Effectivenessof run-time thermal management: First
andforemost,asan on-line thermalmanagementscheme,
ThermalHerdshouldeffectively alleviatethermalemergen-
ciesandensuresafeon-lineoperation.

Two temperature-relatedparametersareintroducedhere
– network thermalemergency thresholdandnetwork ther-
mal triggerthreshold.Theformeris a hardtemperatureup-
perbound,which is the maximumallowablenetwork tem-
peraturedependingonvariousfactors,suchasthermalbud-
getandcoolingsolutions,andtiming/reliability issues.For
differentsystems,thechiptemperaturetypicallyvariesfrom
60oC to 95oC. In mobileapplicationsor applicationscenar-
ioswith tight coolingbudgetsandspace,thethermalbudget
could reach105oC. In other applications,suchas super-
computing,wherecoolingcostis not critical, andthemean
time to failure of hundredsof parallel computationnodes
needsto bemaximized,thethermalbudgetcouldbe lower
than 60oC. Here, we set the thermalemergency thresh-
old acrossa wide temperaturerange.The latterparameter,
thermaltrigger threshold,is usedto activateThermalHerd.
Whenthe chip peaktemperatureexceedsthe thermaltrig-
gerthreshold,distributedtraf�c throttlingis enabledandthe
proactiveroutingschemeis replacedby thereactiverouting
scheme.We setthethermaltrigger thresholdto 1oC lower
thanthethermalemergency threshold.
Network performance impact: On-chip networks have
very tight performancerequirementsin terms of latency
andthroughput.Hence,theperformanceimpactof thermal
managementshouldbeminimal.

The network performanceis evaluatedas follows. La-
tency spansthecreationof the�rst �it of thepacket to ejec-
tion of its last�it at thedestinationrouter, includingsource



queuingtime andassumingimmediateejection. Network
throughputis the total numberof packetsrelayedthrough
thenetwork perunit time.

For comparisonpurposes,we alsointroducethefollow-
ing alternativerun-timethermalmanagementtechniques.

� GlobalThermal: When the temperatureexceedsthe
thermal trigger threshold,all the routersthrottle the
samepercentageof incomingtraf�c. GlobalThermal
is an approximationof the chip-level thermal man-
agementtechniquein Pentium4-M[1], in which, as
theprocessortemperaturereachesthetemperaturelim-
its, the thermalcontrol circuit throttlesthe processor
clock.

� DistrThermal: This schemeis equippedwith the
samedistributed traf�c throttling techniqueas Ther-
malHerd. However, the thermal-correlationbased
routing algorithmsare not enabled. This schemeis
usedhereto differentiatethe performanceimpactbe-
tweenthethrottlingandroutingtechniques.Throttling
individual functionalunitshasalsobeenproposedfor
microprocessors– Power5 usesa dual-stagethermal
managementscheme[6], where in its secondstage,
temperaturereductionis achievedby throttlingthepro-
cessorthroughputvia individual functions.

� PowerHerd: It is theonly availablearchitecture-level
run-time power managementschemetargeting net-
work peakpower [20]. Unlike ThermalHerd,Power-
Herd is power-awareinsteadof beingthermal-aware.
It controls network peak power basedon a global
powerbudgetthatmimicsthethermalthreshold.

5.1 Evaluation UsingTRIPS On­chip CMP Traf­
�c Traces

Weevaluatetheperformanceof ThermalHerdusingtraf-
�c tracesextractedfrom the on-chipoperandnetworks of
TRIPS CMP by running a suite of 16 SPECand Media-
benchbenchmarks.Sincethermaltransitionis a slow pro-
cess,to studythe accumulatedimpactof ThermalHerdon
bothperformanceandchip temperature,traf�c tracesgen-
eratedby differentbenchmarksareconcatenatedtogether,
forminga200ms testtrace.

Using Raw [26], TRIPS [16] and the on-chipnetwork
proposedin [7], wede�ne a 5� 5 on-chipmeshnetwork, as
theTRIPSnetwork architectureis currentlyin designstage.
We assumea typical coolingsolutionhere– thesilicon die
uses�ip-chip packagingandis attachedto a15mmx15mm
heatspreaderand a 30mmx30mm heatsink. The ambi-
ent temperatureis 25oC. The initial temperatureis deter-
minedby theaveragenetwork powerconsumptionover the
whole simulationtrace. Figure8 shows the network peak
temperaturewithout any thermalmanagement.As differ-
entbenchmarkshavedifferentnetwork workloadandtraf�c
patterns,we canseethat network peaktemperaturevaries
from 70.1oC to 94.0oC alongthe200ms simulation.
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Figure 8. Network peak temperature using the
TRIPS traf�c trace .

Table 1. Temperature management.
TT (o C) 89 87 85 83 82 79 77 75
TA (o C) 86.2 86.1 84.1 82.5 81.3 78.8 76.5 74.7

To evaluatethe effectivenessof ThermalHerdin main-
tainingthechiptemperaturebelow theemergency point,we
chooseeight thermalemergency thresholds,TT . The sim-
ulation resultsareshown in Table1. In this table,the �rst
row shows theseeight thermalemergency thresholds,the
secondrow showstheactualnetworkpeaktemperature,TA ,
regulatedby ThermalHerd.Comparingthesetwo rows,we
canseethatusingThermalHerd,network run-timetemper-
atureis alwaysbelow thecorrespondingthermalconstraint,
which meansThermalHerdcanguaranteesafeon-line op-
eration.

As shown in Table 1, when TT is at or below 87oC,
thedifferencebetweenTT andTA is alwayslessthan1oC,
which implies that the network peaktemperaturehasex-
ceededthecorrespondingthermaltriggerthreshold.Hence,
bothdistributedthrottling andreactive routingareenabled.
At TT = 89oC, thenetwork peaktemperatureis below the
thermaltriggerthreshold.Therefore,only proactiverouting
isenabledin thiscase.Ascomparedto thepeaktemperature
(94.0oC) whenThermalHerdis disabled,proactive routing
alonecan reducethe peaktemperatureby 7.8oC through
balancingof thechip thermalpro�le.

Figure 9 shows network throughputdegradationintro-
ducedby ThermalHerdunderdifferentthermalconstraints.
Thethroughputdegradation,Thr deg , is de�ned asfollows.

Thr deg(t) = (Thr init (t) � Thr T her mal (t))=Thr init (t)
(12)

whereThr Thermal (t ) andThr init (t ) arenetwork run-time
throughputswith and without ThermalHerd. From this
�gure, we have two observations. First, when the ther-
mal thresholdis higher than84.0oC, throughputdegrada-
tion introducedby ThermalHerdis lessthan 1%. There-
fore,comparedto 94.0oC network peaktemperature,Ther-
malHerdreducesnetwork peaktemperatureby 10oC with
negligible performancepenalty. This signi�cant improve-
ment is achieved by effective proactive and reactive rout-
ing schemesin collaborationwith ef�cient distributedtraf-
�c throttling. Second,asthe thermalthresholddecreases,
throughputdegradationincreases.Thisindicatesthatproac-
tive routing alone cannot suf�ciently avert the need for
throttlingwhich impactsperformance.

As we cansee,theproactiveroutingschemeis aneffec-
tive mechanismto balancethenetwork temperaturepro�le
and reducethe network peaktemperature,which reduces
theneedfor thermally-inducedthrottlingandhencenetwork
throughputdegradation. As discussedin Section4.5, this
routingschemeaffectsnetwork latency. Here,latency over-
head,Lat ovd, is de�ned asfollows.

Lat ovd(t) = (Lat T her mal (t) � Lat init (t))=Lat init (t)
(13)

whereLatThermal (t ) andLatinit (t ) arenetwork run-time
latencieswith andwithout ThermalHerd.

Figure10showstherun-timelatency impactof Thermal-
Herd. It shows that thelatency overheadintroducedby the
proactiveroutingschemeis consistentlylessthan1.2%.

5.2 Comparison of ThermalHerd Against Alter ­
native Thermal ManagementSchemes

Next, weseekto isolatetheimpactof thevariousfeatures
of ThermalHerd– distributed throttling, reactive routing,



andproactive routing. Figure11 shows network through-
put degradationunderdifferent peak thermalconstraints.
We comparefour schemes:GlobalThermal,DistrThermal
(ThermalHerdwith only distributedthrottling), DistrTher-
mal plus reactive routing, and ThermalHerd(Distributed
throttling,reactiveandproactiverouting).Theresultsshow
thatunderthesamepeakthermalconstraints,DistrThermal
is muchmoreef�cient thanGlobalThermalby selectively
reducingthe traf�c with high thermalcontribution to ther-
mal hotspots. With reactive routing on top of distributed
throttling, the temperaturepro�le is further smoothedand
throughputdegradationreducesby morethan2X. Finally,
with proactiverouting,throughputdegradationis negligible
evenata thermalemergency thresholdof 84oC.

We next compareThermalHerdwith PowerHerd. Pow-
erHerdis power-aware insteadof thermal-aware. It con-
trols network power consumptionbasedon a globalpower
budgetthatmimics the thermalthreshold.However, under
the sameglobal power budget,different traf�c can result
in very differentnetwork temperaturepro�les. In orderto
guaranteesafeon-lineoperation,PowerHerdhasto assume
worst-casepower distribution that resultsin the maximum
chip temperature.To obtainsucha worst-casepower dis-
tribution,wepartitiontheTRIPSnetwork traceinto slotsof
10� sandcalculatetheaveragenetwork powerconsumption
for eachtimeslot. With that,wederivetheworst-caseaver-
agepower distribution which resultsin themaximumchip
temperature.Figure 12 shows the maximumtemperature
undertheworst-casepowerdistribution ascomparedto the
actualnetwork peaktemperature.We canseethat worst-
caseestimationoverestimatesnetwork peaktemperatureby
about5oC, which impliesPowerHerdwill begin to throttle
network traf�c whenthenetwork peaktemperatureis 5oC
lower thanthethermaltriggerthreshold.Therefore,by tar-
getingthetemperaturedirectly, ThermalHerdis muchmore
ef�cient thanPowerHerd.

6 From On-chip Networks to Entir e On-chip
Systems

On-chip systems,suchas SoCsand CMPs, consistof
computationand storageelementsinterconnectedby on-
chip networks. Therefore,thechip temperatureis anaccu-
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mulatedeffectof thethermalinteractionsacrossall on-chip
components.Therelativethermalcontributionof thediffer-
ent componentsvariesdependingon the chip architecture
aswell asapplicationscenarios.

Thechip architecturedeterminesthecomplexity of pro-
cessingvs. storagevs. communicationelementsand
thus the peak power consumptionof theseelements. A
chip with complex processingelements(e.g., wide-issue,
multi-threaded)will requirelarger storageelements(e.g.,
large multi-level caches,register �les) as well as sophis-
ticated communicationelements(e.g., multi-level, wide
buses,networkswith wide link channels,deeply-pipelined
routersandsigni�cant routerbuffering). On the otherex-
treme, thereare chip architectureswhereprocessingele-
mentsaresingleALUs servicedby a few registersat ALU
input/outputports,interconnectedwith simplesingle-stage
routerswith little buffering.

Application characteristicsdictate how the above ele-
mentsareused,thusin�uencing thepowerandthermalpro-
�le of thechip. Essentially, theamountof computationand
communicationper databit affectsthe relative power and
thermalcontribution of processing,memoryand network
elements.Here,we usethe MIT Raw chip asa platform
for analyzingthe absoluteand relative thermal impact of
all componentsof a chip. The Raw chip, with its single-
issueprocessingelements,32KB cachesandregistersper
tile, and networks with fairly narrow 32-bit channels,8-
stagepipelines,andlimited routerbufferingsitsin themid-
dle of two possiblearchitecturalextremes– a chip where
processingelementsare fat multi-threadedcoresvs. one
whereprocessingelementsaresingleALUs, suchasTRIPS
cores.

6.1 Thermal Characterization of the Raw Chip

In Raw, thechip temperatureis affectedby bothon-chip
processorsandnetworks. In eachtile, theprocessorpower
is mainly due to instructionanddatacaches,ALU, regis-
ter �le, fetch,andcontrol logic. For eachof thesecompo-
nents,the capacitanceis obtainedfrom theestimatesfrom
anIBM placementtool [9]. Its run-timeactivities arecap-
turedusing the Raw Beetlesimulator. Basedon the chip
layout, we extend our network thermalmodel to on-chip



processorsby representingeachfunctionalcomponentasa
thermalblock andconstructa lumpedthermalRC network
coveringall thepower-consumingcomponentsin theRaw
chip. In Raw, switchmemories,andinstruction/datacaches
are synchronousSRAM modulesthat initiate readopera-
tionseveryclockcycle. Raw proposedapower-awaretech-
niqueallowing individualSRAM linesto bedisabledwhen
not in use. Here,we characterizethe chip temperaturein
boththepower-awareandnon-power-awaremodes.

As shown in Table2, thecurrentRaw binarydistribution
containsthreesetsof benchmarks– SPECandMediabench,
streamcomputations,andbit-level computations.

We choosebenchmarksfrom all thethreecategoriesand
study the thermalbehavior of Raw 3. In order to reveal
the thermalimpactof the run-timeactivities of thebench-
marks themselves, we �rst assumethe power-aware fea-
ture is supported– switch memoriesareonly active when
static networks are used; instructioncachesare only ac-
tive during processorexecution;datacachesare accessed
by both load and storeoperations. Figure 13 shows the
thermalcharacterizationof Raw using thesebenchmarks.
For eachbenchmark,we considerboth typical (300lfpm)
andbest(600lfpm) air-cooling conditions. The chip peak
temperatureis further characterizedunder three different
power dissipationscenarios– processorpower only, net-
workpoweronly, andprocessorplusnetworkpower. These
resultshighlight thefollowing observations:

� First and foremost,the chip temperatureis the joint
contribution of all on-chip components.As we can
see,amongall thebenchmarks,theprocessorsor net-
worksalonemaynottip chiptemperatureoverthether-
malemergency point. However, together, thenetworks
andprocessorscanpushthechip peaktemperatureto
higherthan100oC.

� The chip temperatureis the resultof thermalcorrela-
tions betweenall on-chipcomponents.For eachon-
chipcomponent,its thermalcontributionis affectedby
its own power consumptionaswell asthermalcorre-
lation with othercomponents.Theformervarieswith
architectureandapplications.Thelatteris determined
by thecoolingpackageandphysicaldistance.

� Different benchmarksdemonstratedifferent thermal
behavior. Among the threesetsof benchmarks,both
the streamandbit-level computationbenchmarksex-
hibit excellentscalability– they caneffectively utilize
on-chip parallel computationand communicationre-
sources,leadingto a high chip temperature.Due to
the limitation of theavailablecompiler(rgcc)andthe
available ILP in the programs,the ILP in the SPEC
and Mediabenchbenchmarkscannotbe explored ef-
�ciently . Therefore,thesebenchmarksresult in the
on-chip resourcesbeing underutilized,thus having a
lowerthermalimpact.Thethermalimpactof networks

3As thermalbehavior is similar within a benchmarkgroup,we arbi-
trarily picked just 2-3 benchmarksin eachgroupto highlight differences
acrossgroups.

Table 2. Benc hmarks provided by the Raw bi­
nary distrib ution.

Benchmarkset Descriptionof benchmarks

SPEC& Mediabench Targetsinstruction-level parallelism(ILP)
Stream Targetsreal-timeI/O

Bit-level computations Targetscomparisonswith FPGAsandASICs

vs. processorsalsovariesfor thedifferentbenchmarks.
For instance,in 802.11aenc., 8b 10benc., and�r , due
to the high utilization of the staticnetworks and low
accessrateof on-chipdatacaches,thenetworksalone
resultin a comparableor highertemperaturethanthe
processors.On theotherhand,streamresultsin high
utilizationof its processingresources;fft only usesthe
dynamicnetwork partially. In thesetwo cases,thepro-
cessorthermalimpactis moresigni�cant.

Figure 14 shows the chip peak temperaturewithout
power-awarenessin the SRAM modules. Here, on-chip
memoriesresult in a signi�cant power and thermalover-
head.

6.2 ExtendingThermalHerd to Thermal Manage­
ment of Entir e On­Chip Systems

Theobservationsfrom theprevioussectionhighlightthat
coordinatingandregulatingthebehavior of all on-chipcom-
ponentsis the key to achieving effective thermalmanage-
ment for the entire chip. Sinceon-chip systemsare dis-
tributed in nature,the distributed, collaborative natureof
ThermalHerdlendsreadily to the thermalmanagementof
the entire chip. We discussthe extensionof the two key
featuresof ThermalHerdnext – distributed throttling and
thermal-correlationbasedrouting.
Distrib uted joint thr ottling: For Raw, effective thermal
regulation requiresjointly consideringboth the networks
andprocessors.We extendthedistributedtraf�c throttling
mechanismin ThermalHerdto distributedjoint throttlingof
processing,storageandnetworkelementsin Raw. Whenthe
temperaturemonitors�ag athermalemergency, thehotspot
tile begins to throttle both the processor(processingand
memoryelements)andthenetwork by controllingthegrant
signalof crossbar, instructionissuelogic, andmemorydis-
ablesignals.
Thermal-corr elation based placement: Thermal emer-
genciesareoftenaresultof anunbalancedtemperaturepro-
�le. Therefore,workload migration can potentially bal-
ancethe temperaturepro�le and reducethe peaktemper-
ature. The thermal-correlationbasedrouting schemepro-
posedin Section4.5 targetsnetwork traf�c migration. For
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Figure 13. Thermal characterization of Raw.
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processors,previous work has explored computationmi-
gration in CMPs to improve the performancewith a mi-
grationinterval in the rangeof tensof microseconds[21],
whichmatchesthethermaltimeconstantof on-chipthermal
hotspots.Therefore,computationmigrationcanbeusedto
track and balancerun-time thermalvariationsfor on-chip
computationresources– scheduler/OSdispatchescomputa-
tion jobsbasedonthethermalcorrelationmatrixof process-
ing elementsto balancetherun-timechip thermalpro�le.
Preliminary investigations:Concurrenttasksrunningona
parallelarchitecture,suchasRaw, aremoreor lesslogically
correlated.The inter-tile programcorrelationhasa signif-
icant impacton run-timethermalmanagement.First, dis-
tributed throttling minimizesperformancedegradationby
only throttling thosetiles thathave thehighestthermalim-
pact locally. However, the inter-tile programcorrelation
spreadsthelocalizedthrottlingeffect to othertiles, thusde-
gradingthe throttling ef�ciency and overall performance.
Second,to balancethechip thermalpro�le, taskplacement
needsto avoid adjacenttiles to minimizetheinter-tile ther-
mal impact.This increasesnotonly thelatency but alsothe
powerandthermaloverheadfor supportingdatacommuni-
cationamongcorrelatedtasks.

We explore theadvantagesandlimitationsof theabove
thermal managementtechniques. We design synthetic
benchmarksto emulatetwo typicalCMPapplications:

� BenchmarkI: Tasksrunningondifferenttilesareinde-
pendent,which emulatesserver-like workloads– on-
chip resourcessupportmultiple independentapplica-
tionsfor differentusers.

� Benchmark II: All tiles form a tightly coupledcom-
putationpipelinestream,which emulatesmultimedia
streamingapplications.

As we can see,thesetwo benchmarksare the two ex-
tremecasesin termsof inter-tile programcorrelation.

First, we evaluatethe performanceof distributed joint
throttling(DJT).Wecompareit with globalthrottling(GT),
in whichwhena thermalemergency occurs,all thetilesare
throttledin thesamefashion.Figure15 shows the perfor-
mancedegradationfor thesetwo techniques.For GT, each
tile throttles5% to 30%of systemthroughput,which is de-
�ned as the overall �nished workload. The x-axis shows
the correspondingchip peak temperaturereduction. As
shown in the �gure, for BenchmarkI, to achieve thesame
temperaturereduction,DJT resultsin much lower perfor-
mancedegradationby moreef�ciently throttling traf�c on
thosetiles that have a higher thermal impact on thermal
hotspots.As the requiredtemperaturereductionincreases
further, moretiles needto be throttledin order to achieve
enoughtemperaturereduction.Hence,thegainof DJT re-
duces.For BenchmarkII, sinceall thetiles aretightly cor-
related,throttlingany individual tile resultsin thesameper-
formanceimpacton all theothertiles. Therefore,DJT has
thesameperformanceimpactasGT.

To evaluate the impact of thermal-correlationbased
placementoninter-tile programcorrelation,for eachbench-
mark, we reducethe numberof parallel tasksto four. As
shown in Figure 16, for both benchmarks,initially, four
tasksare placedin the four centertiles in Raw. To bal-
ancethe thermalpro�le, thesefour tasksaremoved to the
cornertiles. For BenchmarkI, taskreallocationeffectively
balancesthechip thermalpro�le andreducesthechip peak
temperatureby 13.8%.For BenchmarkII, taskreallocation
also reducesthe chip thermalgradient. However, the ex-
tracommunicationpower resultsin a signi�cant powerand
thermaloverhead,andincreasesthe overall chip tempera-
ture. As a result, the chip peaktemperatureincreasesby

6.9%.In thiscase,placingthetasksasin Figure16achieves
a temperaturereductionof 3.5%by reducingthe inter-task
thermalcorrelationandavoiding the extra communication
overhead.

7 Discussionand RelatedWork

We next presentdiscussionsandrelatedwork.
Inter connection networks: Substantialresearchhas ex-
plored power consumptionissuesin interconnectionnet-
works. Patel et al. [15] �rst developedpower modeling
techniquesfor routersand links. Wang et al. [28] devel-
opedan architecture-level power model, calledOrion, for
interconnectionnetworks. In our work, we have integrated
Orion into our network evaluationplatform.For designop-
timization, most prior works usedcircuit-level techniques
to improve the power ef�ciency of the link circuitry, such
aslow-swing on-chip links. Recently, power-ef�cient on-
chip network designhas also beenaddressedat the mi-
croarchitecturelevel [27]. Power-awaretechniques,suchas
dynamicvoltagescalinganddynamicpower management,
have beenproposed[11, 19] to minimize the power con-
sumptionin thelink circuitry. All theabovetechniquestar-
getaveragepower, notpeakpower.

Recently, a dynamicpower managementscheme,called
PowerHerd [20], has beenproposedto addressnetwork
peakpower issues. However, PowerHerdis power-aware
insteadof being thermal-aware. Even thoughpower and
temperaturearecorrelated,they arestill fundamentallydif-
ferentin nature.Thus,asdemonstratedin theexperimental
resultssection,PowerHerdcannotaddressnetwork thermal
issuesef�ciently .
Micr oprocessors: Power and thermal concernsin mod-
ern processorshave led to signi�cant researchefforts in
power-aware and temperature-aware computing. Brooks
et al. [3] �rst proposeda dynamic thermal management
scheme. Skadronet al. [22] further explored control-
theoretictechniquesfor this purpose.They alsodeveloped
an architecture-level thermal model, called HotSpot. In
our work, we constructeda thermalmodelfor on-chipnet-
works, which is an improvementover HotSpot. Recently,
Srinivasanet al. [24] useda predictive dynamic thermal
managementschemetargetingmultimediaapplications.
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8 Conclusions

Power andcoolingcostsarecritical constraintsin high-
performanceon-chipsystems.With networksreplacingon-
chipbusesandbecomingthepervasiveon-chipinterconnec-
tion fabricin SoCsandCMPs,weneedto seriouslyaddress
network thermalissuesto guideon-chipnetworkdesignand
improveits thermalef�ciency.

In this work, we built an architecture-level thermal
model, and constructedan architecture-level platform for
jointly evaluating the network performance,power, and
thermal pro�le. We then characterizedthe computation
andcommunicationthermalimpactin the MIT Raw CMP
andrevealedtheimportanceof jointly consideringbothnet-
works and processorsfor ef�cient thermal designof on-
chipsystems.To overcomethede�cienciesof designingfor
theworst-casethermalsignature,weproposedadistributed
on-line thermalmanagementscheme,calledThermalHerd,
which can dynamically regulate the network temperature
pro�le and guaranteesafeon-line operation. Finally, us-
ing Raw asa testbed,we exploredextensionsof our work
to addressthethermalissuesfor entireon-chipsystems.

This work is the �rst study addressingthermal issues
in on-chip networks. We hope this work will lead to
thermal-ef�cient network design,enablingnetwork design-
ers to build temperature-awarehigh-performancenetwork
microarchitectures.In this paper, we also illustratedhow
the distributed, collaborative natureof on-chip networks
leadsto distinct similarities with distributed on-chip sys-
temsandshowedhow thermalmanagementof on-chipnet-
works canbe extendedto entireon-chipsystems.We see
this work forming the foundationfor studiesof complete
networkedon-chipprocessingsystemsin thefuture.
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