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Abstract

In future multi-cores, large amounts of delay and power
will be spent accessing data in large L2/L3 caches. It has
been recently shown that OS-based page coloring allows a
non-uniform cache architecture (NUCA) to provide low la-
tencies and not be hindered by complex data search mech-
anisms. In this work, we extend that concept with mecha-
nisms that dynamically move data within caches. The key
innovation is the use of a shadow address space to allow
hardware control of data placement in the L2 cache while
being largely transparent to the user application and off-
chip world. These mechanisms allow the hardware and OS
to dynamically manage cache capacity per thread as well
as optimize placement of data shared by multiple threads.
We show an average IPC improvement of 10-20% for multi-
programmed workloads with capacity allocation policies
and an average IPC improvement of 8% for multi-threaded
workloads with policies for shared page placement.

Keywords: page coloring, shadow-memory addresses,
cache capacity allocation, data/page migration, last level
caches, non-uniform cache architectures (NUCA ).

1. Introduction

Future high-performanceprocessorswill implement
hundredsof processingcores. The datarequirementsf
thesemary coreswill be ful lled by mary megabytesof
sharedL2 or L3 caches. Theselarge cacheswill likely
be hearily banked anddistributedon chip: perhapsgach
corewill beassociateavith onebankof thelL2 cachethus
forming atiled architectureasin [37,42]. An on-chipnet-
work connectghe mary coresand cachebanks(or tiles).
Such cachesrepresenta non-uniform cachearchitecture
(NUCA) asthe lateng for eachcacheaccesss a func-
tion of the distancetraveledon the on-chipnetwork. The
designof largelast-lerel cachegontinuegso remainachal-
lengingproblemfor the following reasons{(i) Long wires
androutersin the on-chipnetwork have to be traversedto
accesgacheddata. The on-chip network can contritute
up to 36% of total chip power [23,40] and incur delays
of nearlya hundredcycles[28]. It is thereforecritical for
performanceand power that a core's databe placedin a
physicallynearbycachebank. (ii) On-chipcachespaceis
now sharedby multiple threadsandmultiple applications,
leadingto possiblyhigh (destructve) interference. Poor
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allocationof cachespaceamongthreadscanleadto sub-
optimalcachehit ratesandpoorthroughput.

Both of theabove two problemshave beeractively stud-
ied in recentyears. To improve the proximity of data
andcomputationdynamic-NUCApolicieshave beenpro-
posed[1-3,9,10,18,20,22]. In thesepolicies, the ways
of the cacheare distributed amongthe variousbanksand
adatablockis allowedto migratefrom away in onebank
to anothemway in a differentbankthatis hopefully closer
to the core accessinghis datablock. The problemwith
theseapproachess the needfor a complex searchmecha-
nism. Sincethe block could residein oneof mary possi-
ble ways, the banks(or a comple tag structure)mustbe
systematicallysearchedbeforea cachehit/misscanbe de-
clared.As the numberof coresis scaledup, the numberof
wayswill haveto alsolikely be scaledup, furtherincreas-
ing the power andcomplexity of the searchmechanism.

The problemof cachespaceallocationamongthreads
hasalso beenaddressedby recentpapers19,29,35,38].
Many of thesepapersattemptto distribute waysof acache
amongthreadsby estimatingthe maiginal utility of an
additionalway for eachthread. Again, this way-centric
approachs not scalableasa mary-core architecturewill
have to supporta highly set-associate cacheandits cor
respondingoower overheads.Theseway-partitioningap-
proacheslsoassumeuniform cachearchitecturegUCA)
andarehenceonly applicablefor medium-sizeataches.

Recentwork by ChoandJin[11] putsforth anapproach
thatis inherentlyscalable,applicableto NUCA architec-
tures,andamenabldo several optimizations. Their work
adoptsa static-NUCA architecturewhere all ways of a
cachesetarelocalizedto a singlebank. A given address
thusmapsto a uniquebankanda complex searchmech-
anismis avoided. The placementof a datablock within
the cacheis determinedby the physicalmemoryaddress
assignedo thatblock. Thatwork thereforepropose<0S-
basedragecoloringasthekey mechanisnto dictateplace-
mentof datablockswithin thecache . ChoandJinfocuson
the problemof capacityallocationamongcoresandshov
thatintelligent pagecoloring canallow a coreto placeits
datain neighboringbanksif its own bankis heavily pres-
sured.This softwarecontrol of cacheblock placementas
also beenexploredin otherrecentpapers[25,30]. Note
thatthe page-coloringapproachattemptsto split sets(not
ways)amongcores. It is thereforemore scalableand ap-
pliesseamlesslyo static-NUCAdesigns.

But several issuesstill needto be addressedvith the
pagecoloringapproactdescribedn recentpaperqd11,25,
36]: (i) Non-trivial changedo the OS arerequired. (i) A



pageis appropriatelycoloredon rst touch, but this may
not be re ective of behaior over mary phasesf a long-
runningapplication gspeciallyif threads/programmigrate
betweencoresor if the pageis subsequentiysharedby
mary cores. (iii) If we do decideto migratepagesin re-
sponsdo changingapplicationbehaior, how canef cient

policies and mechanismse designedwhile eliminating
thehigh costof DRAM pagecopies?

This paperattemptgo addressheaboreissuesWe use
the concepiof shadev addresspacedo introduceanother
level of indirectionbeforelooking up the L2 cache. This
allows the hardwareto dynamicallychangepagecolorand
pageplacementvithoutactuallycopying the pagein phys-
ical memoryor impactingthe OS physicalmemoryman-
agemenpolicies. We thendescriberobustmechanismso
implementpagemigrationwith two primary applications:
(i) controlling the cachecapacityassignedo eachthread,
(i) moving a sharedpageto a locationthat optimizesits
averageaccesgime from all cores.

This work thereforebridgesadvancesn severalrelated
areadn recentyears.It attemptgo provide the bene ts of
D-NUCA policieswhile retaininga static-NUCAarchitec-
ture andavoiding complex searcheslt implementscache
partitioningon a scalableNUCA architecturewith limited
associatiity. It emplgys on-chip hardware supportedoy
OS policies for on-chip datamovementto minimize the
impacton physicalmemorymanagemerdandeliminateex-
pensve pagecopiesin DRAM.

Therestof the paperis organizedasfollows. Section2
setsthis work in the context of relatedwork. Section3
describeghe proposedmechanisms.Theseare evaluated
in Sectiond andwe concluden Section5.

2. Related Work

In recentyearsalargebodyof work hasbeendedicated
to intelligently managingsharedcachesn CMPs, both at
ner (cacheline, e.g., [2,3,7,18,22]) and coarser(page
based..g., [11,13,25,30]) granularities. Given the vast
body of literature,we focusour discussiorbelow to only
themostrelatedpiecesof work.

Cachepartitioninghasbeenwidely studiedof late [19,
29,35,38]. Almostall of thesemechanism$ocusonway-

partitioning, which we believe is inherentlynon-scalable.

Thesemechanismareprimarily restrictedo UCA caches.
The useof way-partitioningin a NUCA cachewould re-
quire waysto be distributed amongbanks(to allow low-
latengy accesdsor eachcore's privatedata),thusrequiring
a complex searchmechanism. This work focuseson set
partitioningwith pagecoloringandallows lower comple-
ity and ne-grainedcapacityallocation.

A numberof papersattemptto guide dataplacement
within a collectionof privatecacheq7, 14,34]. Thiswork
focuseson a sharedcacheandrelieson completelydiffer-
entmechanismgpagecoloring,shadev addressestc.) to
handlecapacityandsharing. It is worth noting thata pri-
vatecacheorganizations a specialcaseof a sharedcache

augmentedvith intelligent pagecoloring (that placesall
privatedatain thelocal cacheslice).

A numberof papersproposedatablock maovementin
a dynamic-NUCAcache[1-3,9,10,18,20,22]. Most of
thesemechanismsequirecomplec searcho locatedata[1,
3,18,20,22] or percoreprivatetagarrayshatmustbekept
coherent9, 10]. We eliminatethesecomplexities by em-
ploying a static-NUCAarchitectureandallowing blocksto
move betweersets,not ways. Further we managedataat
thegranularityof pagesnotblocks.Ourpoliciesattempto
migratea pagecloseto the centerof gravity of its requests
from variouscores:thisis anapproacthorrovedfrom the
dynamic-NUCApolicy for block movementin [3].

The most related body of work is that by Cho and
Jin[11], wherethey proposethe useof pagecoloringasa
meando dictateblock placemenin a static-NUCAarchi-
tecture. Thatwork shows resultsfor a multi-programmed
workloadandevaluateghe effect of allowing a singlepro-
gramto borronv cachespacefrom its neighboringcores
if its own cachebankis pressured.Cho and Jin employ
staticthresholdgo determinethe fraction of the working
setsizethatspills into neighboringcores. They alsocolor
a pageonceat rst touchanddo not attemptpagemigra-
tion (the copying of pagesin DRAM physicalmemory),
whichis clearly an expensve operation.They alsodo not
attemptintelligent placementof pageswithin the banks
sharedby a single multi-threadedapplication. Concurrent
to ourwork, Chaudhur{8] alsoevaluategage-grainmove-
mentof pagesn aNUCA cache.Thatwork adwocateghat
pagegranularityis superiorto block granularitybecause
of highlocality in mostapplications. Amongotherthings,
our work differsin the mechanisnfor pagemigrationand
in our focuson capacityallocationamongthreads.

Lin etal. [25] extendthe proposaldy ChoandJin and
apply it to a real system. The Linux kernelis modi ed
to implementpagecoloring and partition cachespacebe-
tweentwo competingthreads. A re-mappecdhagesufers
from the costof copying pagesin DRAM physicalmem-
ory. Lin etal. acknavledgethattheir policiesincur high
overheadsndthefocusof thatwork is notto reducethese
overheadshut understantgheimpactof dynamicOS-based
cachepartitioningon a real system.In a simulation-based
studysuchasours,we areatliberty to introducenew hard-
wareto supportbettercachepartitioningmechanismshat
do not suffer from the above overheadsndthatdo not re-
quire signi cant OS alterations. We also considermove-
mentof sharedpagesor multi-threadedapplications.

Ding et al. [13] employ pagere-coloringto decrease
con ict missedn thelastlevel cacheby remappingpages
from frequently usedcolors to leastusedcolors. Their
work dealsexclusively with reducingcon icts for a single
threadin a single-coreUCA cacheervironment. Ra que
etal. [30] leverageOS supportto specifycachespacequo-
tasfor eachthreadin aneffort to maximizethroughputand
fairness.Thatwork doesnot take advantageof pagecolor-
ing andultimately resortsto way-partitioningat the block



level while meetingthe quotarestrictions.

A key innovationin our work is the useof shadev ad-
dressspacesandanothedevel of indirectionwithin the L2
cacheto managepagere-mappingat low overheads.This
is not a featureof ary of the relatedwork listed thusfar.
Shadev addresspacesiave beenpreviously employedin
thelmpulsememorycontroller[5] to ef ciently implement
superpageand scattergatheroperations. The useof an-
otherlevel of indirectionbeforeaccessinghe L2 hasbeen
previouslyemployedby Min andHu [27] to reducecon ict
missedor asingle-threadJCA cacheplatform.

Pagecoloring for dataplacementvithin the cachewas
extensvely studiedby KesslerandHill [21]. Severalcom-
mercialsystemdave implementedagemigrationfor dis-
tributed memorysystemsmostnotably SGI's implemen-
tation of page-migratiormechanismsn their IRIX oper
ating system[12]. LaRowe et al. [24,31,32] devisedOS
supportmechanismgo allow pageplacementpoliciesin
NUMA systems. Another body of work [6, 39] explored
the problemfrom multiprocessocomputesener perspec-
tive anddealtwith similar mechanismasLaRowve etal. to
scheduleandmigratepagesto improve datalocality in cc-
NUMA machines.The basicideasin this paperalsobear
somesimilaritiesto S-COMA [33] andits derivatives(R-
NUMA [15] andWild re [16]). But notethatthereareno
replicatedpageswithin our L2 cache(andhenceno intra-
L2 cachecoherence).Key differencesbetweenour work
andthecc-NUMA work is our useof shadev addresse®
renamepageselegantly, the needto be cognizantof bank
capacitiesandthe focuson spaceallocationamongcom-
petingthreads.Therearealsoseveral differencedetween
theplatformsof the 90sandmulti-coresof thefuture(sizes
of cacheslatenciespower constraintspn-chipbandwidth,
transistorgor hardwaremechanismsgtc.).

In summarywhile we clearly standon the shouldersof
mary, thekey novel contributionsof thiswork are:

* We introducea hardware-centricmechanisnthat is
basedon shadev addresseanda level of indirection
within the L2 cacheto allow pagesto migrateat low
overheadsvithin a static-NUCAcache.

» Thepresencef alow-overheagagemigrationmech-
anismallows us to devise dynamic OS policies for
pagemovement.Pagesarenot merelycoloredat rst
touchandour schemeganadaptto varying program
behaior or evenprocess/threanhigration.

« The proposednovel dynamic policies can allocate
cachespaceat a ne granularity and move shared
pagesto the centerof gravity of its accesseswhile
beingcognizanof cachebankpressuredistancesn a
NUCA cacheandtime-varying requirement®f pro-
grams.Thepoliciesdonotrely ona-prioriknowledge
of theprogram but rely on hardwarecounters.

* The proposeddesignhaslow compleity, high per
formance,low power, and policy e xibility. It rep-
resentsthe state-of-the-artn large sharedcachede-
sign, providing the desirablefeaturesof static-NUCA
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3. Proposed Mechanisms

We rst describethe mechanismsequiredto support
efcient pagemigration. We avoid DRAM pagecopies
andsimply changethe physicaladdresghatis usedinter-
nally within the processofor that page. We thendiscuss
the policiesto implementcapacityallocationandsharing.
Thediscussiorbelow pertaingo amulti-coresystemwhere
eachcorehasprivateL1-D/I cachesandalargeshared.2.
EachL2 block maintainsa directoryto keeptrack of L1
cachedcopiesandimplementa MESI coherencerotocol.

3.1 PageRe-Coloring

BaselineDesign

In a corventionalcachehierarchy the CPU providesa
virtual addresghatis usedto index into the L1 cacheand
TLB. TheTLB corwvertsthevirtual page number (VPN) to
aphysical page number (PPN). Most L1 cachesrevirtu-
ally indexed and physically taggedand the output of the
TLB is requiredbeforeperformingthetagcomparison.

The top of Figure 1 shaws the structureof a typical
physicaladdress. The intersectionof the physical page
numberbits andthe cache index bits are often referredto
asthe page color bits. Thesearethe bits thatthe OS has
control over, therebyalso exercising control over where
the block getsplacedin cache. Without loss of general-
ity, we focuson a subsebf thesehits thatwill bemodi ed
by our mechanismso alter wherethe pagegetsplacedin
L2 cache.This subse®f bitsis referredto asthe Original
Page Color (OPC) bitsin Figurel.

Modernhardwareusuallyassume$4-bitwide memory
addressedyut in practiceonly employs a subsetof these
64 bits. For example, SUN's UltraSRARC-III architec-
ture[17] has64-bit wide memoryaddressebut usesonly



44 and41 bits for virtual and physicaladdresses:espec-
tively. The mostsigni cant 23 bits thatareunusedarere-
ferredto asShadow Bits (SB). Sincethesebits areunused
throughoutthe system,they canbe usedfor internal ma-
nipulationswithin the processar
PageRe-Naming

The goal of our pagemigration mechanisms to pre-
senetheoriginal locationof the pagein physicalmemory
but referto it by a new namewithin the processarWhen
thevirtual addresgV A) indexesinto the TLB, insteadof
producingheoriginaltruephysicaladdres¢P A), the TLB
producesa new physicaladdresgP A’). This new address
is usedto index into the L1 andL2 caches.If thereis an
L2 cachemiss and the requestmusttravel off-chip, PA’
is corvertedbackto P A beforeleaving the processar In
orderfor thesetranslationgo happenef ciently andcor
rectly, we mustmalke surethat (i) complex tablelook-ups
arenotrequiredand(ii) thenew nameP A’ doesnot over-
write anotherexisting valid physicaladdressThisis where
theshadav bits canbeleveraged.
Unique Addr esses

Whena pageis migrated(renamedwithin the proces-
sor), we changethe OPC bits of the original addresgo a
setof New Page Color (NPC) bits to generatea new ad-
dress.We thenplacethe OPCbits into the mostsigni cant
shadev bits of this new address.We are thus creatinga
new and unique addressas every other existing physical
addresshasits shadav bits setto zero. The addresscan
alsonot matchan existing migratedaddressif two PA’s
areequalthecorresponding Asmustalsobeequal.If the
original P A is swappedout of physicalmemory the TLB
entriesfor P A’ areinvalidated(moreon TLB organization
shortly);soit is notpossiblefor thenameP A’ to represent
two distinct pagesthat wereboth assignedo addres$ A
in physicalmemoryat differenttimes.
TLB Modi cations

To effect the namechange the TLBs of every coreon
chipmustbeupdatedsimilarto thewell-known procesof
TLB shootdevn). EachTLB entrynow hasanew eld that
storesthe NPC bits if that pagehasundegonemigration.
Thisis arelatively minor changeto the TLB structure Es-
timateswith CACTI 6.0[28] shaw thatthe additionof six
bitsto eachentryof a128-entryTLB doesnotaffectaccess
time andslightly increasedts enegy peraccessrom 5:74
to 5:99 pJ (at 65 nm technology). It is thereforestraight-
forwardto producethe new address.
Off-Chip Access

If the requestmusttravel off-chip, PA’ mustbe con-
vertedbackto P A. This processs trivial asit simply re-
quiresthatthe NPC bits in PA’ be replacedoy the OPC
bits currentlyresidingin shadev spaceandthe shadav bits
are all reset(seeFigure 1). Thus, no table look-upsare
requiredfor thiscommoncase.
Translation Table (TT)

In additionto updatingTLB entries.every pagere-color
mustalsobetrackedin aseparatstructurgco-locatedvith

the L2 cachecontroller)referredto asthe Translation Ta-

ble (TT). This structureis requiredin casea TLB entry
is evicted, but the correspondingblocks still residewith

their new namein L1 or L2. This structurekeepstrack of

process-idVPN, PPN,andNPC.It mustbe lookedup on

aTLB missbeforelooking up pagetables.It mustalsobe

lookedupwhentheprocessorecevesacoherenceequest
from off-chip asthe off-chip nameP A mustbetranslated
totheon-chipnameP A’. Thisstructurenustbesomevhat
large asit hasto keeptrackof every recentpagemigration
thatmay still have blocksin cache.If anentryis evicted

from this structurejt mustinvalidatearny cachecdlocksfor

thatentryandits instancesn variousTLBs.

Our simulationsassumea fully-associatve LRU struc-
ture with 10K entriesandthis leadsto minimal evictions.
We believe that set-associate implementationswill also
work well, although,we haven't yet focusedon optimiz-
ing the designof the TT. Sucha structurehasa storage
requirementof roughly 160KB, which may representa
minor overheador today’s billion-transistorarchitectures.
TheTT is admittedlythe biggestoverheadf the proposed
mechanismsbut it is accessedelatively infrequently In
fact,it senesasasecond-lgellarge TLB andmaybemore
ef cient to accesshanwalkingthroughthe pagetablesthat
may not be cache-residenit maythereforebe a structure
worth consideringeven for a corventional processorde-
sign. Theinef ciency of this structurewill be a problem
if the processoiis inundatedwith external coherencee-
guests(not a consideratiorin our simulations). One way
to resole this problemis to not move individual pageshput
entirecoloredregionsat a time, i.e., all pagescoloredred
arere-coloredo yellow.

CacheFlushes

Whena pageis migratedwithin the processarthe TLB
entriesareupdatedandthe existing dirty linesof thatpage
in L2 cachemustbe ushed (written back). If the direc-
tory for that L2 cacheline indicatesthat the mostrecent
copy of thatline isin anL1 cachethenthatL1 entrymust
alsobe ushed. All non-dirtylinesin L1 andL2 neednot
beexplicitly ushed. They will never beaccessedgainas
theold tagswill never matchasubsequenequestandthey
will be naturallyreplacedby the LRU replacemenpolicy.
Thus, every pagemigrationwill resultin a numberof L1
andL2 cachemisseghatsene to re-loadthe pageinto its
new locationsin cache. Our resultslater shav thatthese
“compulsory”missesarenot severeif the datais accessed
frequentlyenoughafterits migration. Theseoverheadgan
befurtherreducedf we maintaina smallwritebackbuffer
that canhelp re-loadthe dataon subsequenteadsbefore
it is written backto memory For our simulationswe pes-
simisticallyassumehatevery rst readof ablock afterits
pagemigrationrequiresa re-loadfrom memory The L1
missexcanbepotentiallyavoidedif theL1 cachesontinue
to usetheoriginal addressvhile theL2 cacheuseshenew
addresgnotethatpagemigrationis beingdoneto improve
placementin theL2 anddoesnot helpL1 behaior in any



way). But this would leadto a situationwheredatablocks
residein L1, but do not necessarilyhave a back-upcopy
in L2, thusviolating inclusivity. We do not considerthis
optimizationherein orderto retainstrictinclusivity within
theL1-L2 hierarchy
CacheTagsand Indexing

Most cachetag structuresdo not storethe mostsignif-
icant shadev bits that are always zero. In the proposed
scheme the tag structuresare madelarger as they must
alsoaccommodat¢he OPChbits for a migratedpage. Our
CACTI 6.0 estimatesshow that this resultsin a 5% in-
creasen area/storagey 2.64%increasen accessime,and
a9.3%increasen enegy peraccesgor our 16 KB/4-way
L1 cacheat 65 nm technology(the impactis even lower
onthe L2 cache).We continueto index into the L1 cache
with the virtual addresssothe TLB look-upis not on the
L1 critical pathjust asin the baseline.The color bits that
we modify mustthereforenot be partof the L1 index bits
(asshawn atthetop of Figurel).

3.2 Managing Capacity Allocation and Sharing
In our study we focusour evaluationson 4- and8-core
systemsasshawn in Figure2. ThelL2 cacheis sharedby
all the coresandlocatedcentrallyon chip. The L2 cache
capacityis assumedo be 2 MB for the 4-core caseand
4 MB for the 8-corecase. Our solutionsalsoapply to a
tiled architecturevhereasliceof theshared.2 caches co-
locatedwith eachcore. The L2 caches partitionedinto 16
banksandconnectedo the coreswith anon-chipnetwork
with agrid topology Thel 2 cacheis organizedasa static-
NUCA architectureln our study we use64 colorsfor the
4-corecaseand128colorsfor the 8-corecase.
Whenhandlingmulti-programmedvorkloads,our pro-
posedpolicy attemptsto spreadthe working setof a sin-
gle programacrossmary colorsif it hashigh capacity
needs.Corversely a programwith low working-setneeds
is forcedto shareits colorswith other programs. When
handlingamulti-threadedvorkload,our policiesattempto
move a pagecloserto the centerof-gravity of its accesses,
while beingcognizantof cachecapacityconstraints.The
policies neednot be aware of whetherthe workload is
multi-programmear multi-threadedBoth setsof policies
run simultaneouslytrying to balancecapacityallocations
aswell asproximity of computatiorto data.Eachpolicy is
discussedeparatelyn the next two sub-sections.

3.2.1 Capacity Allocation AcrossCores

Everytime a coretouchesa pagefor the rst time,the OS
mapsthe pageto someregion in physicalmemory We
male no changeto the OS' default memorymanagement
andalterthe pagenumbewithin the processarEvery core
is assigned setof colorsthatit canusefor its pagesand
thisis storedin asmallhardwareregister At start-uptime,
colors are equally distributed amongall coressuchthat
eachcoreis assigneccolorsin closeproximity. Whena
pageis broughtin for the rst time, doesnot have an en-
try in the TT, andhasan original pagecolor (OPC)thatis

notin theassigneaetof colorsfor thatcore,it is migrated
to oneof theassignedolors(in round-robinfashion).Ev-
ery time a pagere-coloringhappensit is tracked in the
TT, every other TLB is informed, and the corresponding
dirty blocksin L2 are ushed. Thelaststepcanbetime-
consumingasthe tagsof a numberof setsin L2 mustbe
examined,but this is not necessarilyon the critical path.
In our simulations,we assumehat every pagere-coloris
accompanietby a 200cycle stall to performthe above op-
erations. A coremustalsostall on every readto a cache
line thatwas ushed. We con rmed thatour resultsarenot
very sensitve to the 200cycle stall penaltyasit is incurred
infrequentlyandmostly duringthe startof the application.

Thereare two key stepsin allocating capacityacross
cores. The rst is to determinethe setof colorsassigned
to eachcoreandthe seconds to move pagesout of banks
that happento be heavily pressured.Both of thesesteps
areperformedperiodicallyby the OS.Every 10 million cy-
cle time interval is referredto asan epoch andat the end
of every epoch,the OS executesa routine that examines
varioushardwarecounters.For eachcolor, thesehardware
countersspecify numberof missesandusage (how mary
uniquelinesyield cachehits in thatepoch).If a color has
a high missrate, it is deemedo bein needof morecache
spaceandreferredto asan “Acceptor”. If acolor haslow
usage,t is deemedo be a “Donor”, i.e., this color can
besharedy moreprogramsNotethata color couldsuffer
from high missrateandlow usagewhichhintsatastream-
ing workload,andthe color is thendeemedo bea Donor.
Forall coreghathave anassigneaolorthatis anAcceptor
we attemptto assignonemore color to that corefrom the
list of Donor colors. For eachcolori in thelist of Donor
colors,we computethe following costfunction:

color_suitabil ity; = A distancej + g5 usage
a and g areweightsthatmodeltherelative importance
of usageandthedistancebetweerthatcolorandthecorein
guestion. The weightswere chosensuchthatthe distance
and usagequantitieswere roughly equalin magnitudein
thecommoncase.Thecolorthatminimizestheabove cost
function is taken out of the list of Donorsand placedin
the setof colorsassignedo thatcore. At this point, that
color is potentiallysharedoy multiple cores. The OSrou-
tine then handlesthe next core. The orderin which we
examinecoresis a function of the numberof Acceptorsin
eachcore's setof colorsand the miss rateswithin those
Acceptors.This mechanisnis referredto asPROPOSED-
COLOR-STEALIn theresultssection.

If agivencoloris sharedoy multiple coresandits miss
rateexceedsa high thresholdfor a seriesof epochsit sig-
nalsthe factthat somepotentially harmful re-coloringde-
cisionshave beenmade. At this point, one of the cores
takesthat color out of its assignedsetand choosego mi-
gratea numberof its pageselsavhereto anotherDonor
color (computedwith the samecostfunctionabore). The
pagesthat are migratedare the onesin the TLB of that
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corewith the offendingcolor. This procesds repeatedor
a seriesof epochsuntil that core hasmigratedmostof its
frequentlyusedpagesrom the offendingcolor to the new
Donorcolor. With this policy included,the mechanisms
referredto asPROPOSED-COLOR-STEAL-MIGRAE.
Minimal hardware overheadis introducedby the pro-
posedpolicies. Eachcorerequiresaregisterto keeptrack
of assignedolors. Cachebanksrequirea few counterso
track missesper color. EachL2 cacheline requiresa bit
to indicateif the line is touchedin this epochandthese
bits must be countedat the end of the epoch(sampling
could alsobe employed, although,we have not evaluated
thatapproximation).The OSroutineis executedonceev-
ery epochandwill incur overhead®f lessthan1% evenif
it executedor asmary as100,000cycles.An updateof the
color setfor eachcoredoesnotincur additionaloverheads,
although,the migration of a core's pagesto a new donor
colorwill incurTLB shootdevnandcacheush overheads.
Fortunately thelatteris exercisednfrequentlyin our sim-
ulations.Also notethatwhile the OSroutineis performing
its operationsa coreis stalledonly if it makesarequesto
apagethatis currentlyin the procesof migrating'.

3.2.2 Migration for Shared Pages

The previous sub-sectiordescribes periodic OS routine
that allocatescachecapacityamongcores. We adopta

similar approacho alsomove pageghataresharedby the

threadsof a multi-threadedapplication. Basedon the ca-

pacity heuristicsjust described pagesof a multi-threaded
applicationareinitially placedwith afocuson minimizing

missrates.Overtime, it maybecomeclearthata pagehap-
pensto be placedfar from the coresthat male the most
frequentaccesseto that page,thusyielding high average
accesgimesfor L2 cachehits. As the accessatternsfor

a pagebecomeclear it is importantto move the pageto

the Center-of-Gravity (CoG) of its requestsn an attempt
to minimize delayson the on-chipnetwork.

Justasin the previous sub-sectionan OS routine exe-
cutesattheendof every epochandexaminesvarioushard-
ware counters. Hardware countersassociatedvith every
TLB entry keeptrack of the numberof accessemadeto

1Thisis indicatedby a bit in the TLB. This bit is setatthe startof the
TLB shootdavn processandresetatthevery endof the migration.

L1 I-cache 16KB 4-way 1-cycle
L1 D-cache 16KB 4-way 1-cycle
PageSize 4KB

Memorylateny
L2 uni ed cache

200cyclesfor the rst block
2MB (4-core)/ 4MB (8-core)8-way

DRAM Size 4GB
NUCA Parameters
Network 4 Agrid || Bankaccesdime | 3cycles
Hop Accessime 2 cycles RouterOverhead | 3 cycles
(Vertical& Horizontal)

Table 1. Simics simulator parameter s.

that pageby thatcore. The OS collectsthesestatisticsfor
the 10 mosthighly-accessegagesin eachTLB. For each
of thesepageswe thencomputethe following costfunc-
tion for eachcolori:

color_suitabil ity; = » total latency;+ g usage

wheretotal _|atency; is thetotal delayon the network ex-
periencedby all coreswhen accessinghis page,assum-
ing the frequeny of accessemeasuredn the lastepoch.
The pageis then moved to the color that minimizesthe
above costfunction, thusattemptingto reducelateng for
this pageand cachepressurén a balancedmanner Page
migrationsgo throughthe sameprocessasbeforeandcan
be relatively time consumingas TLB entriesare updated
anddirty cachelinesare ushed. A core's executionwill
be stalledif it attemptgo access pagethatis undegoing
migration. For our workloads pageaccesgrequenciesre
stableacrosepochsandthebene tsof low-lateng access
overtheentireapplicationexecutionoutweighthe highini-
tial costof moving a pageto its optimallocation.

This policy introduceshardwarecountersor eachTLB
entry in every core. Again, it may be possibleto sam-
ple a fraction of all TLB entriesand arrive at a better
performance-cogtesignpoint. This paperfocuseoneval-
uatingthe performancepotentialof the proposedpolicies
andwe leave suchapproximationgor futurework.

4. Results
4.1 Methodology
Our simulation infrastructureusesVirtutech's Simics

platform[26]. We build our own cacheandnetwork mod-
elsuponSimics' g-cache module. Table1l summarizeshe
con guration of the simulatedsystem. All delaycalcula-
tions are for a 65 nm processand a clock frequeng of



AcceptorApplications

bzip2 , gobmk , hmmer , h264ref , omnetpp, xalancbmk , soplex , mummer, tigr , fasta-dna

DonorApplications

namd , libquantum , sjeng , milc ,povray ,swaptions

Table 2. Workload Characteristics.

5 GHz and a large 16 MB cache. The delay valuesare
calculatedusingCACTI 6.0 [28] andremainthe sameir-

respectie of cachesizebeingmodeled For all of our sim-

ulations we shrinkthecachesize(while retainingthesame
bank and network delays),becauseour simulatedwork-

loadsare being shrunk(in termsof numberof coresand
input size)to accommodatslow simulationspeedsOrdi-

narily, a 16 MB L2 cachewould supportnumerouscores,
but we restrictourselhesto 4 and8 core simulationsand
shrink the cachesizeto offer 512 KB per core (more L2

capacityper corethanmary moderncommercialdesigns).
The cacheandcorelayoutsfor the 4 and8 coreCMP sys-
temsareshavnin Figure2. Mostof ourresultsfocusonthe
4-coresystemandwe shav the mostsalientresultsfor the
8-coresystemasa sensitvity analysis. The NUCA L2 is

arrangecdhsa 4x4 grid with a bankaccesgime of 3 cycles
anda network hop (link plus router)delayof ve cycles.
We accuratelymodelnetwork andbankaccessontention.
An epochlengthof 10 million instructionss employed.

Our simulationshave a warm-up period of 25 million
instructions. The capacityallocationpoliciesdescribedn
Section3.2.1 are testedon multi-programmedvorkloads
from SPEC BioBench,andPARSEC(4], describedn Ta-
ble 2. As describedshortly, thesespeci c programswere
selectedo haveagoodmix of smallandlargeworking sets.
SPECandBioBenchprogramsarefastforwardedby 2 bil-
lion instructionsto get pastthe initialization phasewhile
the PARSEC programsare obsened over their de ned re-
gions of interest. After warm-up,the workloadsare run
until eachcoreexecutedor two billion instructions.

The shared-pagenigration policies describedin Sec-
tion 3.2.2 are testedon multi-threadedbenchmarkgrom
SPLASH-2[41] and PARSEC describedn Table5. All
theseapplicationswerefastforwardedto the beginning of
parallelsectionor theregionof interest(for SPLASH-2and
PARSEC, respectiely) and then executedfor 25 million
instructionsto warmup the cachesResultswerecollected
overthenext 1 billion instructionexecution,or, endof par
allel section/rgion-of-interestywhicheveroccurs rst.

Justaswe usethetermsAcceptors and Donors for col-
orsin Section3.2.1, we alsosimilarly dub programsde-
pendingon whetherthey bene t from cachedarger than
512KB. Figure3(a)shavs IPC resultsfor a subsebf pro-
gramsfrom thebenchmarlsuitesaswe provide themwith
varyingsizesof L2 cachewhile keepingtheL2 (UCA) ac-
cesstime x ed at 15 cycles. This experimentgivesus a
goodideaaboutcapacityrequirement®f variousapplica-
tionsandthe 10 applicationson the left of Figure3(a) are
termedAcceptors andthe other6 aretermedDonors.

4.2 BaselineCon gurations
We employ thefollowing baselinecon gurationsto un-
derstandthe roles played by capacity accesgimes, and

- SpecCpu2006, - BioBenc h, ? - PARSEC
Application || PagesMappedto StolenColors | Total PagesTouched
bzip2 200 3140
gobmk 256 4010
hmmer 124 2315
h264ref 189 2272
omnetpp 376 8529
xalancbmk 300 6751
sople 552 9632
mimmer 9073 29261
tigr 6930 17820
fasta-dna 740 1634

Table 3. Behavior of PROPOSED-COLOR-STEAL.

datamappingin S-NUCA caches:

1. BASE-UCA: Eventhoughthe bene ts of NUCA are
well understoodye provide resultsfor a2 MB UCA
baselineaswell for reference.Similar to our NUCA
estimatesthe UCA delay of 15 cyclesis basedon
CACT]I estimatesor a16 MB cache.

2. BASE-SNUCA: This baselinedoesnot emplgy ary
intelligentassignmenof colorsto pagegthey areef-
fectively random).Eachcolor mapsto a uniqguebank
(theleastsigni cant color bitsidentify thebank). The
dataaccessetdy a corein this baselinearesomavhat
uniformly distributedacrossall banks.

3. BASE-PRIVATE: All pagesarecoloredonceon rst
touchandplacedin oneof the four banks(in round-
robin order)closesto the coretouchingthis data.As
aresult,eachof thefour coresis staticallyassigned
guarterof the 2 MB cachespace(resemblinga base-
line that offers a collection of private caches). This
baselinedoesnot allow spilling datainto othercolors
evenif somecoloris heaily pressured.

Thebehaior of thesebaselineswhenhandlinga single
program,is contrastedy thethreeleft barsin Figure3(b).
This gure only shaws resultsfor the Acceptorapplica-
tions. TheUCA caches clearlythemostinferior acrosghe
board.Only two applicationggobmk,hmmer)shav better
performancavith BASE-PRINATE thanBASE-SHARED
—eventhoughtheseprogramshave largeworking sets they
bene t more from having data placednearbythan from
having largercapacity Thisis alsoof coursetrivially true
for all the Donorapplicationgnot shavnin gure).

4.3 Multi-Pr ogrammed Results

Before diving into the multi-programmedresults, we
rst highlight the behaior of our proposedmechanisms
when executing a single program,while the other three
coresremainidle. This is demonstratedby the rightmost
barin Figure 3(b). The proposedmechanismgreferedto
as PROPOSED-COLOR-STEALJnitially color pagesto
placethemin the four banksaroundthe requestingcore.
Over time, as bank pressurebuilds, the OS routine alters
thesetof colorsassignedo eachcore,allowing the coreto
stealcolors(capacity)from nearbybanks. Sincetheseare



4 Cores

2 Acceptors

f gobmktigr, libquantumnamdy™ I, f mummer bzip2, milc, povrayg™ 2, f mummer mummer milc, libquantung™ 2,

f mummer omnetpp swaptions swaptiong™ 4, f soplec, hmmer sjeng,milcgM °, f sople, h264ref swaptions swaptiong™ ©
f bzip2,sople, swaptions povrayg¥ 7, f fasta-dnahmmer swaptions Jibquantung™ &, f hmmer omnetpp swaptions milcgM 9,
f xalancbmkhmmer namd,swaptiong™ 19, f tigr, hmmer povray; libquantung™ 11, f tigr, mummermilc, namayM 12,

f tigr, tigr,povray, sjeng™ 12, f xalancbmkh264ref milc, sjeng™ 14,

3 Acceptors

f h264ref xalancbhmkhmmer sjeng™ ¥, f mummer bzip2,gobmk,milcg™ 18,
f fasta-dnatigr, mummernamdy™ 17, f omnetppxalancbmkfasta-dnapovraygM 18 ,
f gobmk,sople, tigr, swaptiong™ 19, f bzip2,omnetppsople, libquantung

M 20

4 Acceptors

f bzip2,sople, xalancbmkomnetpg™ 21, f fasta-dnagnummer mummer soplexgM 22,
f gobmk,sople, xalanchmkh264regM 23 | f soplex, h264ref,mummeomnetpgM 24,
f bzip2,tigr, xalancbmkmummegM 25

8 -cores

4 Acceptors

f mummerhmmerbzip2,xalancbmk,saptions,namd,sjeng,payg™ 2%,
f omnetpp,h264ref tiggoplex, libquanum,milc, swaptions,namgM 27

6 Acceptors f h264ref,bzip2,tigopmnetpp Astadna,sopix,swaptions,namg™ 28
f mummertigr,fasta-dna,gobmk,hmmbeip2,milgnama™ 2°
8 Acceptors f bzip2,gobmk,hmmeh264ref,omnetpp,soplgnummertigrg™ 30

f fasta-dna,mummgr264ref,sopbe bzip2,omnipp,bzip2,gobmigM 31

Table 4. workload Mixes - 4 and 8 cores. Each workload will be referred to by its super script name.

single-progranresults,the programdoesnot experience
competitionfor spacein ary of the banks. The proposed
mechanismshaow a clearimprovementover all baselines
(anaveragemprovementof 15%over BASE-SNUCAand
21% over BASE-PRINATE). They not only provide high
datalocality by placingmostinitial (andpossiblymostcrit-
ical) datain nearbybanks but alsoallow selectve spillage
into nearbybanksas pressurebuilds. Our statisticsshov
that comparedo BASE-PRINATE, the missrate reduces
by anaverageof 15.8%. The numberof pagesmappedo
stolencolorsis summarizedn Table 3. Not surprisingly
the applicationsthat bene t mostare the onesthat touch
(andspill) alarge numberof pages.

4.3.1 Multicor e Workloads

We next presentour simulation modelsthat executefour
programson the four cores.A numberof workloadmixes
areconstructedqdescribedn Table4). We varythenumber
of acceptorgo evaluatethe effect of greatercompetition
for limited cachespace. In all workloads,we attempted
to maintaina good mix of applicationsnot only from dif-
ferent suites, but also with different runtime behaviors.
For all experimentsthe epochlengthsare assumedo be
10 million instructionsfor PROPOSED-COLOR-STEAL.
Decisionto migratealreadyrecolorechagefPROPOSED-
COLOR-STEAL-MIGRATE) are madeevery 50 million
cycles. Having smallerepochlengthsresultsin frequent
movementof recoloredpbages.

The samecacheorganizationsas describedbeforeare
comparedagain;thereis simply more competitionfor the
spacefrom multiple programs. To demonstratehe im-
pactof migratingpagesaway from over-subscribedolors,
we shaw resultsfor two versionsof our proposednecha-
nism. The rst (PROPOSED-COLOR-STEALhever mi-
gratespagesoncethey have beenassignedaninitial color;
thesecondPROPOSED-COLOR-STEAL-MIGRAE) re-
actsto poor initial decisionsby migrating pages. The
PROPOSED-COLOR-STEAIpolicy, to someextent, ap-
proximatesthe behavior of policiesproposedoy Cho and

Jin[11]. Notethatthereareseveral otherdifferencede-
tweenour approachandtheirs, mostnotably the mecha-
nismby which a pageis re-coloredwithin thehhardware.
To determinethe effectivenessof our policies, we use
weightedsystemthroughputsasthe metric. This is com-
IOme{msmlIOWS\iveighted_thr oughput =

NUM _§ORE S—1
fIPCi=IPCigase_PrRIVATED
i=0

Here,l P C; refersto theapplicationlPC for thatexper
imentandl PC; gaske _pri vaT E refersto thelPC of that
applicationwhenit is assigned quarterof thecachespace
asin the BASE-PRIATE case.The weightedthroughput
of the BASE-PRINATE modelwill thereforebevery close
to 4.0for the 4-coresystem.

The resultsin Figures4 and5 are organizedbasedon
the numberof acceptorprogramsin the workload mix.
For 2, 3, and4 acceptorcasesthe maximum/aerageim-
provementsn weightedthroughputwith the PROPOSED-
COLOR-STEAL-MIGRATE policy, comparedo the best
baseline(BASE-SNUCA) are 25%/20%, 16%/13%, and
14%/10%, respectiely. With only the PROPOSED-
COLOR-STEAL policy, the correspondingmprovements
are21%/14%,314%/10%,and10%/6%. This demonstrates
theimportanceof beingableto adapto changesn working
setbehaiorsandinaccuracie initial pagecoloringdeci-
sions. This is especiallyimportantfor real systemsvhere
programsterminate/sleefand are replacedby other pro-
gramswith potentially differentworking setneeds. The
ability to seamlesslynove pageswith little overheadwith
our proposednechanismss importantin thesereal-world
settings,an artifact that is hardto measurefor simulator
studies. For the 1, 2, 3, and4-acceptorcasesan average
18% reductionin cachemissratesand 21% reductionin
averageaccessimeswereobsened.

Not surprisinglyimprovementsarelowerasthenumber
of acceptorapplicationsncreasedbecausef highercom-
petitionfor availablecolors. Evenfor the 4-acceptorcase,
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Figure 3. (a) Experiments to determine workloads (b) Relative IPC impr ovements of proposed color stealing approach.
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Figure 4. System throughputs. Results for workloads with

non-trivial improvementsareseenover the statichaselines
becausecolors are adaptvely assignedo applicationsto
balanceout missratesfor eachcolor. A maximumslow-
down of 4% was obsenred for ary of the donorapplica-
tions, while much higherimprovementsare obsened for
mary of the co-schedule@cceptompplications.

As asensitvity analysiswe show alimited setof exper
imentsfor the8-coresystem Figure5(b) shovsthebehar-
ior of thetwo baselinesandthetwo proposednechanisms
for afew 4-acceptor6-acceptaorand8-acceptoworkloads.
The average improvementswith PROPOSED-COLOR-
STEAL andPROPOSED-COLOR-STEAL-MIGRAE are
8.8%and12%,respectiely.

4.4 Resultsfor Multi-thr eadedworkloads

In this section, we evaluatethe page migration poli-
cies describedin Section3.2.2. We implementa MESI
directory-basedoherencerotocolatthelL1-L2 boundary
with awritebackL2. The benchmarksndtheir properties
aresummarizedn Table5. We restrictmostof our analy-
sistothe4 SPLASH-2and2 PARSECprogramsn Table5
that have a large percentagef pagesthat are frequently
accessethy multiple cores.Not surprisingly the otherap-
plicationsdonotbene t muchfrom intelligentmigrationof
sharedpagesandarenot discussedn therestof the paper

Since all these benchmarksmust be executed with
smaller working setsto allow for acceptablesimulation
times (for example, PARSEC programscan only be sim-
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b. WeightedThroughpuif systemwith 3 acceptorsaind1 donor

2 acceptor s are shown in (a) and with 3 acceptor s in (b).

ulatedwith large input sets,not the native input sets),we
mustcorrespondinglalsomodelasmallercachesize[41].
If thisis notdone,thereis almostno cachecapacitypres-
sureandit is dif cult to testif pagemigrationis not neg-
atively impactingpressureén somecachebanks. Preserv-
ing the NUCA accesgimesin Table1, we shrinkthetotal
L2 cachesizeto 64 KB. Correspondinglywe usea scaled
down pagesizeof 512B.ThelL1 cachesare2-way 4KB.

We presentresultsbelow, rst for a 4-core CMP, and
nally for an8-coreCMP asa sensitvity analysis.We ex-
perimentedvith two schemedor migratingsharedpages.
Proposed-Co@igrategpagedo their CoG,withoutregard
for thedestinatiorbankpressureProposed-CoG-Pressure,
on the other hand, also incorporatesbank pressureinto
the cost metric while decidingthe destinationbank. We
also evaluatetwo other schemego compareour results.
First, we implementedcan Oracleplacemenschemenhich
directly placesthe pagesat their CoG (with and without
consideratiorfor bank pressure- called Oracle-CoGand
Oracle-CoG-Pressureespectiely). Theseoptimal loca-
tions are determinedbasedon a previous identical simu-
lation of the baselinecase. Second,we shrink the page
sizeto merely64 bytes. Sucha migrationpolicy attempts
to mimic the state-of-the-arin D-NUCA ne-grain migra-
tion policiesthatmove a singleblock atatime to its CoG.
Comparisoragainstthis baselinegivesus con dencethat
we arenot severely degradingperformanceby performing
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Figure 5. Normaliz ed system throughputs as compared to BASE-PRIVATE. Results for workloads with 4 Cores/4 acceptor s
are shown in (a) and all 8 Core mixes in (b).

[ Application [ Percentagef RW-sharedpbages || Application | Percentagef RW-sharedpages |
fft(ref) 62.4% waternsq(ref) 22%
cholesk(ref) 30.6% waterspa(ref) 22.2%
fmm(ref) 31% blackscholes(simlge) 24.5%
barnes(ref) 67.7% freqmine(simlage) 16%
lu-nonc(ref) 61% bodytrack(simlage) 19.7%
lu-cont(ref) 62% swaptions(simlage) 20%
ocean-cont(ref) 50.3% streamcluster(simlige) 10.5%
ocean-nonc(ref) 67.2% x264(simlage) 30%
radix(ref) 40.5%

Table 5. SPLASH-2 and PARSEC programs with their inputs and percentage of RW-shared pages.
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migrationsatthecoarsegranularityof apage.Thebaseline
in all theseexperimentss BASE-SNUCA.

Figure 6(a) presentsthe percentageamprovementin
throughpufor thesix modelsrelative to thebaseline The
Proposed-CoG-Pressumdeloutperformghe Proposed-
CoG modelby 3.1%on averageanddemonstratetheim-
portanceof taking bank pressurento accountduring mi-
gration. This featurewas notably absentfrom prior D-
NUCA policies(andis admittedlylessimportantif capac-
ity pressuresre non-eistent). By taking bank pressure
into accountthenumberof L2 misseds reducedy 5.31%
on averageyelative to Proposed-CoGThe proposednod-
els also perform within 2.5% and 5.2%, on average,of
the correspondingraclescheme.lt is dif cult to bridge
this gapbecausehe simulationstake fairly long to deter
mine the optimal location andreact. This gapwill natu-
rally shrinkif thesimulationsareallowedto executemuch
longerandamortizetheinitial inef ciencies. Our policies
arewithin 1% on averageto the modelthat migrates64B
pages. While a larger pagesize may make sub-optimal
CoGdecisiondor eachblock, it doeshelpprefetchanum-
berof datablocksinto a close-to-optimalocation.

To interpretthe performancémprovementswe plot the
percentag®f requestsarriving at L2 for datain migrated
pages.Figure 6(b) overlaysthis percentagavith percent-
ageimprovemenin throughput.TheY-axisrepresentper
centageémprovementin throughputand percentagef ac-
cessedo movedpages.The curvesplot acceseso moved
pagesandthe barsshav improvementin throughput. As
canbe seenthe curvescloselytrack the improvementsas
expectedexceptfor barnes. Thisis clari ed by Figure7(a)
that shavs that moving pagestowards centralbankscan
leadto highernetwork contentionin somecasegbarnes),
andslightly negatethe performanceémprovementsBy re-
ducing capacitypressure®n a bank, the Proposed-CoG-
Pressuralsohasthe side effect of lowering network con-
tention. At the outset,it might appeathatmigratingpages
to centrallocationsmay increasenetwork contention. In
mostcasehowever, network contentionis loweredasnet-
work messagebave to travel shorterdistance®n average,
thusreducingnetwork utilization.

Figure 7(b) plots the numberof lines ushed due to
migration decisions. The amountof data ushed is rela-
tively smallfor nearly 1 billion or longerinstructionexe-
cutions. barnes againis anoutlier with highestamountof
data ushed. Thisalsocontributesto its lower performance
improvement.Thereasorfor thishighamounwof data ush
is thatthe sharingpatternexhibitedby barnes is not uni-
form. Theaccesseby coresto RW-shareddatakeepsvary-
ing (dueto possiblyvariableproducerconsumerelation-
ship) amongexecutingthreads. This leadsto continuous
correctionan CoG which furtherleadsto large amountof
data ushes.

As a sensitvity analysisof our schemefor an 8-core
CMP we only presenpercentagémprovementn through-
put in Figure8. The proposedpolicies shav an average
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Figure 8. Throughput improvement for 8-core CMP.

improvementof 6.4%.

5. Conclusions

In this paper we attemptto combinethe desirablefea-
tures of a numberof state-of-the-arfproposalsin large
cachedesign. We show that hardware mechanism$ased
on shadev addresshits are effective in migrating pages
within the processoat low cost. This allows usto design
policiesto allocatecachespaceamongcompetingthreads
andmigratesharedpagego optimallocations.The result-
ing architectureallows for high cachehit rates,low cache
accesdatencieson average,and yields overall improve-
mentsof 10-20%with capacityallocation, and 8% with
sharedpagemigration. The designalsoentailslow com-
plexity for themostpart,for example by eliminatingcom-
plex searchmechanismshat are commonlyseenin way-
partitionedNUCA designs. The primary compleity in-
troducedby the proposedschemes the TranslationTable
(TT) andits managementAddressinghis problemis im-
portantfuturework. We alsoplanto leveragethe pagecol-
oring techniquegroposecdereto designmechanismgor
pagereplicationwhile beingcognizaniof bankpressures.
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