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Abstract

Modern multicore architectures have become
popular because of the limitations of deep pipelines
and heating and power concerns. Some of these
multicore architectures such as the Intel Xeon have
the ability to run several threads on a single core.
The OpenMP standard for compiler directive based
shared memory programming allows the developer
an easy path to writing multithreaded programs and
is a natural fit for multicore architectures. The
OpenMP standard uses loop parallelism as a basis
for work division among multiple threads. These
loops usually use arrays in their computation with
different data distributions and access patterns.
The performance of accesses to these arrays may
be dependent on the underlying page size depend-
ing on the frequency and strides of these accesses.
In this paper, we discuss the issues and potential
benefits from using large pages for OpenMP appli-
cations. We design an OpenMP implementation ca-
pable of using large pages and evaluate the impact
of using large page support available in most mod-
ern processors on the performance and scalability
of parallel OpenMP applications. Results show an
improvement in performance of up to 25% for some
applications. It also helps improve the scalability
of these applications.
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0403342and #CNS-0509452;grantsfrom Intel, Mellanox,
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1 Introduction
With deeperprocessorpipelines showing lim-

ited gains and with heatingand power concerns,
modernmicro-processorsarenow moving to multi-
corearchitecturestoextractmoreperformancefrom
availablechip area. As a resultmultithreadedap-
plicationsmay potentially exploit maximumben-
e�t from a multicorearchitecture.OpenMPstan-
dard[2] for sharedmemoryparallelprogramswas
speci�cally designedto allow programmersto eas-
ily write multithreadedprograms.With theadvent
of modern multicore architectures,the OpenMP
programmingparadigmmaypotentiallybecomean
importantmodelfor applicationwriters.

Multicore architecturescanlargely be classi�ed
into different categories dependingon how they
are interconnected,as well as the sharingof the
cachesandtheTLB' s,etc.TheOpteronbasedmul-
ticore processorfor exampleimplementstwo sep-
aratecoresconnectedby separatehypertransport
links andseparateL2 caches.Ontheotherhandthe
Intel Xeon implementsseparatecoreson the same
chip, which in turn sharea commonL2 cache. In
addition,eachcoreis capableof runningup to two
threads.As aresult,thehardwareresourcesof each
corearesharedbetweenthetwo threads.This may
createcontentionfor resourcessuchascachesand
thetranslationlookasidebuffer (TLB).

The OpenMP programming paradigm imple-
mentsloop level parallelism,which is oneoneof
themostbasicavailableunitsof parallelismfor par-
allel OpenMPprograms.Loop-level parallelismal-
lowsanOpenMPimplementationto easilysplit the
work acrossmultiple threads.Scalabilityof loop-
level parallelismmay dependon the division of
workamongdifferentthreads.In addition,for loops
thatdo stridedcomputationon anarrayof data,the
sizeof the strideaswell asthe locality of thedata



mayfurtherlimit thescalabilityof thethreadsin an
OpenMPprogram. Larger stridepatternsnot only
increaseL2 cachemisses,but alsoincreasethedata
TLB misses.

TheTranslationLookasideBuffer in modernpro-
cessorsis implementedto speedthe translationof
virtual to physical addresses. The translationis
usuallyimplementedthroughthemultiple levelsof
pagedirectoriesandtablesstoredin physicalmem-
ory. Sinceaccessingphysicalmemorycantakesev-
eral hundredcyclesdependingon the architecture,
the TLB can provide substantialgainsin applica-
tion performance.However, the TLB is a limited
resource,andmay not provide adequatebene�t in
the faceof poor applicationlocality. While tradi-
tionally, mostpageshave been4K in size,modern
processoralsoprovidesupportfor largepages,upto
2M or bigger. This couldhelpdramaticallyreduce
TLB missesandhaveanimpactontheperformance
of a widevarietyof applications.

Thus it is natural to ask whetherOpenMPap-
plicationswhich exploit loop-level parallelismand
which perform strided accessto several arrays,
wherethestridesizeis greaterthanasingle4K page
canpotentiallybene�t from largepages.Thisbene-
�t wouldpotentiallycomeaboutfrom thereduction
in TLB missesanda decreasein processorpipeline
stalls.

In addition,to stridedaccess,theTLB is shared
acrossmultiple threadsrunning on the samecore
for architectureswhich implementSMT (Simulta-
neousMulti-threading).An exampleof suchanar-
chitectureis theIntel Xeonprocessorwhich imple-
mentshyperthreading.Becauseof the sharedna-
ture of the TLB, dependingon the accesspatterns
and locality of the application,the numberof en-
tries in the TLB may be potentiallyhalved. Large
pagesmaypotentiallyprovide additionalbene�t in
thiscaseandmayalsohaveanimpacton thescala-
bility of themultithreadedapplication.

In this paper, we discussthe issuesand poten-
tial bene�ts from usinglarge pagesupportfor par-
allel OpenMPapplications.We designanOpenMP
implementationwhich cantake advantageof large
pages. We evaluatethis implementationacrossa
rangeof applicationsand multicore architectures.
Theseevaluationsshow that there is an improve-
mentin parallelperformanceof 25%for CG.In ad-
dition, theapplicationsscalebetter. Wealsousein-
strumentationtools to betterunderstandhow large
pagesupportimpactstheTLB cachemisses.These
resultsshow asubstantialreductionin TLB misses.

Therestof this paperis organizedasfollows. In
section2 welook atbackgroundmaterial.Section3
discussespotentialissuesanddesignchallenges.In

section4, we look at the impactof large pageson
a variety of different applications. Section5 dis-
cussesrelatedwork. Section6 discussesconclu-
sionsandfuturework.

2 Background
In thissectionwediscussmulticorearchitectures

andtheOpenMPprogrammingmodel.

2.1 Multicore Arc hitecture

Multicore architectureshave beenevolving asa
meansto increaseprocessingpower, while reducing
the impact of heatingand power consumption,in
additionto addressingsomeof the limitationsof a
super-scalararchitecture.Multicore processorsim-
plementchip level multithreading(CMT). CMT al-
lows multiple differentthreadsof executionon the
sameprocessor. CMT canpotentiallyimproveper-
formanceof multithreadedworkloads. Multicore
architecturesin generalconsistof several proces-
sorcoreon thesamechip die. Thesecoresusually
sharebusesandcaches.Severaldifferentvariations
of multicore architecturehave beenproposedand
implemented.Webrie�y describesomeof thesear-
chitecturesbelow.
Chip Level MultiPr ocessing(CMP): This tech-
nique implementsseparateprocessingcores for
eachthreadon the die. Eachcorehasan individ-
ualcopy of theprocessorhardware.Theprocessing
coresareusuallyconnectedthroughahardwarebus
for communicationandmayalsoshareacache.Ex-
amplesof implementationsof CMP's aretheAMD
dual-coreOpteronprocessors. The coreson the
Opteronareconnectedby hyper-transportlinks and
haveseparate1MB L2 cacheswhicharekeptcoher-
ent throughsnoopingby the individual processors.
Eachprocessorin turnhasa two level dataTransla-
tion LookasideBuffer (TLB) cache.TheL1 DTLB
has128 entries,while the L2 DTLB has1024en-
tries.
SimultaneousMultithr eading(SMT): Simultane-
ousmultithreading(SMT) enablesa singlecoreto
run one or more threadssimultaneously. SMT is
usuallyachievedthroughtheuseof multiple thread
contexts on thesameprocessor. The threadsshare
different execution units and the processoris re-
sponsiblefor hazarddetectionandmanagementbe-
tweenthedifferentthreads.Dif ferentimplementa-
tions of SMT are possible. One potential imple-
mentationis to �ush the pipelineon a threadstall
andswitch in the otherthread.Hyperthreadingon
theIntel Xeonsis anexampleof animplementation
of SMT. The otherpossibility is to implementdif-
ferentthreadcontexts andallow differentstagesof
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the pipeline to run different threadcontexts. This
potentiallymaximizesthroughput,especiallyin the
faceof loadstalls.TheSunNiagrais anexampleof
this typeof implementation.
CMT+SMT: The combinationof CMT andSMT
allows individual processorcoresto run multiple
threads. The Intel Xeon and Sun Niagra proces-
sors[8] areexamplesof this typeof processor.

2.2 The Op enMP Programming Mo del

The OpenMP speci�cation [2] for multi-
processingis an API which may be usedto direct
multithreaded,sharedmemoryprogramson shared
memorysystems.This is throughtheuseof explicit
compilerdirectives. It is basedon the Fork - Join
modelof parallelexecutionasshown in Figure1.
OpenMPprogramsusually begin execution as a
single processwhich contains a master thread.
The master thread may execute sequentiallytill
a parallel region is encountered,at which point
multiple worker threadsare spawned to process
the parallel region. On completionof the parallel
region, the threads exit and the master thread
completesexecution.

0 master thread

fork for parallel section

0 1 2 n

n n n0 1 2

join implicit barrier
0

farm of
threads

nested parallelism

Fig. 1. OpenMP fork-join model

3 Challenges, Design and Implementa-
tion Issues

In this section,we look at thepotentialissuesin
usinglargepagesupportfor parallelOpenMPappli-
cation.Section3.1discussesthepotentialimpactof
largepagesupporton loop parallelismin OpenMP
applications.Section3.2 looksat thepotentialim-
pactof the pagetablesand TLB sizeson parallel
applicationperformance.Finally, section3.3 looks
atsomedesignandimplementationissues.

3.1 Lo op Lev el Parallelism in Op enMP

OpenMPoffers a numberof differentdirectives
for loop-level parallelism. It is possibleto extract

substantialgainsby dividing the work availablein
a loop amongthe differentthreadsor processesin
an application. Algorithm 3.1 shows a simpleex-
ampleof an OpenMPloop which sumsthe values
of an array. If the arrayis very large, it might oc-
cupy several 4K pagesin physicalmemory. As a
result, all the threadsin the parallelizationphase
may experienceseveral TLB missesto accessthe
arraydata.Usingalargerpagesizehasthepotential
to substantiallyreducethe numberof TLB misses
for all threads,andhelp improve performance.In
addition,morecomplicatedarrayaccessesmayoc-
cur in programs,suchas stridedaccesses.These
typically occur in codesfor some algorithms of
the FastFourier Transform[3]. Dependingon the
stridesize,TLB missesmight bea substantialper-
formancepenalty. We now discussthe issuesand
challengesinvolvedin usinglargepageswith paral-
lel applications.

Algorithm 3.1: SUM(S)

#pragma omp parallel

for private(i)
for(i = 0; i < S; i + +)
sum+ = array[i];

3.2 Page Tables and the Instruction and
Data TLB's

Modernarchitecturessupportup to 64-bit mem-
ory addressspaces.This allows for a total virtual
memoryareamuch larger thanthe physicalmem-
ory of mostmoderncomputers.Sincemostappli-
cationsin reality are likely to useonly a fraction
of their actualphysicalmemory, mostmodernpro-
cessorssupportthe translationof virtual addresses
to physicaladdresses.Thesetranslationsaresup-
portedthroughsegmentationandpaging. The vir-
tual addressspaceof theoperatingsystemandap-
plicationsis mappedthrougha seriesof tablesto
the actualphysicaladdress.Thesetablesareusu-
ally managedby theoperatingsystem.An example
of a pagetablearchitectureis shown in Figure 2.
Figure 2 shows a three level pagetable architec-
ture. Eachprocesson a modernLinux systemcon-
tainsa Page Global Directory (PGD). ThePGDis
the�rst level pagetable. It containspointersto the
middle level pagetablecalledthePage Middle Di-
rectory (PMD). The entriesin eachPMD in turn
point to individual pageframewhich containpage
table entries (PTE). TheLinux kerneldoesnot im-
plementPMD for thex86 64architecture,andonly
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supportsPGD's. On Linux, PGD's point to page
framescontainingPTE's. Thevirtual addressis di-
vided into threecomponents.The leftmostbits are
usedto index into the PGD, the middle setof bits
areusedto index into the pageframescontaining
thePTE's andthe rightmostsetof bits areusedas
an offset to the locationin the physicalpage. The
processof translatinga virtual addressto a physi-
cal addressby traversingthePGDandpageframes
containingPTE's is calledthepagewalk. ThePGD
andpageframescontainingthePTE's arestoredin
mainmemory. As a result,translatinga virtual ad-
dressto an actualphysicaladdressis anexpensive
operation,requiringaminimumof two memoryac-
cesses.To speedthis process,most modernpro-
cessorsimplementa TranslationLookasideBuffer
Cache(TLB). The TLB is usuallysplit into an in-
structionTLB (ITLB) andaDataTLB (DTLB). De-
pendingon thearchitecture,theTLB maybea two
level architecture,asin thecaseof theOpteronpro-
cessor(L1DTLB andL2DTLB).

Other 
unrelated
PMD Page
Frames

Offset within 
Process PGD PMD Page Frame

Offset within Offset within 

PTE Page Frame Offset within data frame

Linear address

pgd_offset pgd_t

mm_struct->pgd Only 1
pgd_t
Page
Frame

pmd_offset pmd_t

pte_offset

pte_t 

Frame
Page

pte_t

Other 
unrelated

Frames
PTE Page

unrelated

Frames

Other 

Data

Page Frame
With User Data

pgd_index

pmd_t Page
Frame

Fig. 2. Page table architecture, courtesy Gor-
man [6]

TLB Sizesand Memory Coverage: Both the In-
tel andOpteronprocessorshave separatecachefor
dataandinstructionpageanddirectorytranslations.
Table1 shows someof theTLB Sizesandmemory
coveragefor theIntelXeonandOpteronprocessors.
ThesesizesweremeasuredthroughtheCPUID in-
struction. Most modernprocessorsalso support
large2MB pagesin additionto thetraditional4KB
pages.TheITLB andDTLB usuallyalsohavespe-
ci�c entriesto supportlargepages.Sincetheentries
for largepagesmaybedifferent,theTLB' s usually
supportasmallernumberof entriesfor largepages.

Thisis illustratedin Table1. TheIntelXeonproces-
sorhas128entriesfor 4K pagesand32 entriesfor
2M pages.Similarly, theOpteronprocessorhas32
entriesfor 4K pagesin L1DTLB and8 entriesfor
2M pagesin D1TLB. The D2TLB in the Opteron
doesnot have any entriesfor large pages. While
the relative sizesof the pagesandcoverageis dif-
ferent,thelargedifferencein TLB sizecanhavean
importantimpacton applicationperformance,par-
ticularly for applicationswith poorlocality.

Table 1. Processor TLB Sizes and Coverage

Xeon Opteron
ITLB (4K) Size 128 32
L1DTLB (4K) Size 128 32
L1DTLB (2M) Size 32 8
L2DTLB (4K) Size – 512
L2DTLB (2M) Size – –
L2DTLB (4K) Coverage 512K 128K
L2DTLB (2M) Coverage 64M 16M

Application Locality and Lar ge Pages: Though,
thememoryfootprint is muchhigherin thecaseof
2MB pages,thesmallersizeof theDTLB for large
pagesmightbealimitation in thecasewheretheap-
plicationmakesmultiple non-contiguousstrideac-
cesseswith astrideaccessof largerthan2MB. With
applicationswritten in this way with lower spatial
locality, the higher capacityof the DTLB for 4K
pagesmight yield improvedperformance.This is-
suealsooccursontheOpteronprocessorwhichhas
anL2DTLB sizeof 1024for 4K pagesandnonefor
2M pages. Applicationswith stride accesslarger
than 2MB on the Opteronsmight in fact bene�t
morebecauseof thelargerL2DTLB.
SMT and the shared DTLB: In an SMT based
processor system, the hardware resourcesare
shared. This includesthe DTLB. Parallel shared
memoryOpenMPprogramsmaypotentiallyexploit
the multiple potentialprocessorcontexts available
for improvedperformance.Thissharingmaypoten-
tially resultin two or morethreadbeingscheduled
onthesameprocessorcore.As thethreadssharethe
DTLB, dependingon theaccesspatternsof theap-
plication,theeffectivenumberof TLB entriescould
potentiallybe halved. For applicationswith good
datalocality andaccessingmorethan2MB sequen-
tially, theimpactof L2DTLB missesmightbemore
severe.Usinglarge2MB pagesmayhelpreducethe
frequency andimpactof thesemisses.
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SMT DTLB Context Switching Time: Large
pagesmaypotentiallyimprove theperformanceof
a multithreadedapplication on an SMT system.
However, the limited numberof DTLB entriesfor
large pagesin theprocessorcachemaypotentially
becomea bottleneckand reduceperformance.In
addition, memory load stalls typically evict the
threadcontext. Dependingon the designof the
processorarchitecture,this context switch might
dominatethe applicationexecutiontime. As a re-
sult, the potentialperformanceimprovementfrom
reducedDTLB missesmight not translateinto im-
provedperformanceat theapplicationlevel.

3.3 Design and Implemen tation Issues of
Op enMP implemen tation for large
pages

To measurethe impact of using large pageson
the performanceof parallel applications,we use
a modi�ed version of the Omni/SCASH Cluster
OpenMPimplementation[1]. The Omni compiler
transformsa C or FORTRAN programinto multi-
threadedcode.To enableit to work with theunder-
lying SCASHDSM system,all globalvariabledec-
larationsare madeinto global pointerswhich are
mappedto sharedregions in the processmemory
space.For processeswithin anode(intra-node),the
sharedregion is maintainedvia a memorymapped
�le. For processeson physically separatenodes,
the underlyingSCASH DSM systemis responsi-
ble for maintainingdatacoherency. This is largely
throughtheuseof pagememoryprotectionson the
sharedregionswhich triggera pagehandler, which
is responsiblefor fetchingthe pagefrom a remote
manager. Our interest in using this systemlies
mainlyin theglobaltransformationof globaldatato
a commonmemorymappedregion. Many parallel
OpenMPapplicationsusestaticglobalarrays(stack
allocation)for computation.Omni translatesthese
global arraysto pointers. Thesepointersare then
allocatedmemoryfrom aninternalmemoryalloca-
tor. This memoryallocatorin turn allocatesmem-
ory from thememorymapped�le for processeson
thesamenode.This allows all processesto in turn
sharethesamememoryimage.We do not useany
of clusterOpenMPfeaturesof Omni and instead
only useit onasinglenodewith multipleprocesses
running. The underlyingSCASH software DSM
coherency protocol is alsodisabledandthe native
hardwarevirtual memoryrun-timesystemis used
to managepagecoherency. Webrie�y discusssome
of thedesignchallengesandtradeoffs in designing
anOpenMPimplementationfor largepages.
Lar ge Page Allocation: There are several stud-

ies for allocatinglarge pagesfor applicationson-
demandandbasedon theallocationsize[7]. These
strategiesmaximizethe bene�t of large pagesup-
port when thereare several different applications
running on the system,and competingfor mem-
ory. When running an OpenMPparallel applica-
tion on a node, it is likely to be the only appli-
cation runningat the time. As a resultprealloca-
tion of largepagesis likely to reducethecomplex-
ity of theallocationalgorithmandalsothe latency
of the allocation. This will probablyyield higher
performancefor the application. In addition, the
Omni/SCASHclusterOpenMPimplementational-
locatesbothglobalsharedanddynamicmemoryat
processstartup. This matcheswell with the pre-
allocationof large pages. In our implementation,
we preallocatea setof large pageswhich may be
usedby the processesthrough a specialized�le
systemhugetlbs. We have modi�ed Omni/SCASH
to usethe map�le from the hugetlbfs �le system.
All memoryallocatedin thehugetlbfswill use2M
pages.
Intra-node Communication: Omni/SCASH re-
quires communicationfor the implementationof
certain OpenMP primitives such as barriers, re-
ductions, etc. The original implementationof
Omni/SCASH use the SCore communicationli-
brary [1]. SCoretypically usesMyrinet asthe un-
derlyingcommunicationsubstrate.Weonly usethe
intra-nodeSMP featuresof the Cluster OpenMP
implementationanddonotneedanetwork for inter-
node communication. To avoid having to use a
Myrinet network interface,we implementa simple
sharedmemorymessagepassinginterfacethrougha
�le memorymappedinto eachprocessesspace.The
memorymapped�le usestraditional small pages
(4K) andnotlargepages.Thisimplementationonly
usesasinglememorycopy (from thesourceprocess
to thesharedmemorybuffer). Onthereceiving pro-
cess,the buffer may be directly accessedwithout
the needfor an additionalcopy. Througha setof
�ag, the processesmay signal the availability of a
messagefor theremoteprocessaswell asallowing
a buffer to be freedup. Multiple outstandingmes-
sagesmay be in �ight betweena set of processes
(upto32 in thecurrentimplementation).Sincethe
intra-nodecommunicationare all small messages
(lessthan1K), this implementationis feasible.
Memory Protection: The Omni/SCASHcluster
OpenMPimplementationmemoryprotectspagesas
a mechanismto trappingaccessesto pages. This
allows for coherency mechanismsof the eagerre-
leaseconsistency (ERC) protocolto to take effect.
We only usethe clusterOpenMPimplementation
in intra-nodemode. In this mode,the memoryis
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sharedbetweenthedifferentprocesseson thenode.
The underlyinghardware is responsiblefor main-
tainingmemorycoherency. As aresult,thememory
protectionmechanismis not needed. We disable
this in our versionof the Omni/SCASHOpenMP
implementation.

In the next section,we discussthe performance
evaluationof the largepagesupportwith OpenMP
applications.

4 Performance Evaluation
In this section,we discusstheperformanceeval-

uationof parallelOpenMPapplicationswith large
pagesupport. Section4.1 discussesthe hardware
setupusedto evaluatetheapplications.Section4.2
discussessomeof thecharacteristicsof theapplica-
tionsweareusing.Section4.3discussestheimpact
of instructionTLB misseson the performanceof
theapplication.Section4.4discussestheimpactof
largepagesonapplicationdataTLB misses.

4.1 Exp erimen tal Setup

To evaluateour design, we use two hardware
platforms. The �rst hardware platform consists
of an dual, dual-coreOpteron270 processors(4-
cores),with 4GB mainmemoryandrunningSuSE
EnterpriseLinux. The other platform is a dual,
dual-coreIntel Xeon processor(4-cores)with hy-
perthreadingenabled(enablingeachcoreto run up
to 2 threadsfor a totalof 8 threads).TheIntel Xeon
systemhas12GBof mainmemoryandrunsRedhat
AS4. Both systemshave a 2.6.19kernel.org kernel
which is multicore-andhyperthreading-aware.

4.2 Application Characteristics

In thissection,wediscusssomeof thecharacter-
istics of the OpenMPversionof the NAS Parallel
Benchmarks(classB) BT, BG, FT, SPandMG [3]
usedin our evaluationwhich might bene�t from
largepages.BT sequentiallyaccesses5x5blocksof
8-bytearrays. Several of thesemight �t in a sin-
gle large pageand provide bene�t. CG accesses
randomlygeneratedmatrix entries.Thestrideside
might be larger than a 4K pagesandmight bene-
�t from largepagesupport.FT dividestheDFT of
any compositesize N=N1XN2 into many smaller
DFT's of sizeN1 andN2. Several smallerDFT's
might �t in a single2M pages,which might reduce
TLB misses.We would expectSPto performsim-
ilarly to BT becauseof similar dataaccesspatterns
andfootprints. MG workscontinuouslyon a setof
gridsthataremadebetweencoarseand�ne. It tests
bothshortandlongdistancedatamovement.When
the datamovementstestedarelarger than4K, 2M
pagesarelikely to providebene�t.

Table 2. Application Memory Footprint
Instruction Data

BT (B) 1.6M 371M
CG(B) 1.4M 725M
FT (B) 1.4M 2.4G
SP(B) 1.6M 387M
MG (B) 1.4M 884M

4.3 Impact of large pages on Instruction
Misses of Parallel Application

Table2 shows the sizesof the binaryof the dif-
ferentNAS applications.As maybeseenfrom the
table, the binary size is slightly lessthan 2M. As
a result, the binary may potentially �t in a single
large pageof 2M. This may potentially eliminate
ITLB misses.By comparisonthe largersizeof the
ITLB in theIntel andOpteronprocessorsusing4K
pagesmay potentiallycover closeto 1/4 th of this
memoryarea. Sincemostof the time in OpenMP
applicationsare potentially spentin large parallel
loops,we would expectthat the instructiontempo-
ral andspatiallocality to befairly highandthecost
of instructionmissesto be amortizedacrossmany
accesses.Figure3 shows the aggregaterateof in-
structionTLB missesfor theapplicationsBT, CG,
FT, SPandMG running4 threadson a dual dual-
coreOpteronplatform,measuredusingtheOPro�le
tool. MG shows thehighestrateof 0.45instruction
misses/second.With modernprocessorsrunningat
2.0 GHz, assumingan ITLB miss of 200 cycles,
thiscorrespondsto amisspenaltyof approximately
90 cycles/second.Thus,the ITLB missrateis not
likely to be a signi�cant sourceof overhead,and
maypotentiallynot bene�t from largepages.

4.4 Impact of large pages on Application
Data Misses

In this section,we discussthe impact of large
pageson applicationdatain the parallelOpenMP
applications. We �rst discussthe impact on sys-
temscalability, followedby theimpactondataTLB
misses.
SystemScalability: Figure4 shows the impactof
small4K pagesandlarge2M pageson theapplica-
tions BT, CG, FT, SPandMG. We evaluatethese
applicationson a dual-coredual-processorOpteron
270systemandon a dual-coredualprocessorIntel
Xeon systemwith hyperthreading(SMT) enabled,
allowing us to evaluatethe systemup to 8 SMT's.
As can be seenfrom the Figure 4, the Intel and
Opteronsystemsperformsimilarly on all � ve ap-
plicationsup to 4 threads.At 8 threads,the Xeon
platformdoesnot scalewell. A similar observation
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wasmadeby Chapman,et.al [4]. We attribute this
to the implementationof SMT on the Intel Xeons
which �ush the entirepipelineon a threadcontext
switch.Thishasconsiderableimpacton theperfor-
manceof theapplications.Wecanmakethefollow-
ing observationsfrom Figure4. Largepagesupport
hasan impact on the performanceof the applica-
tionsCG,SPandMG. For CG,on theOpteron270
basedsystem,at4 threads,thereis animprovement
of approximately25%. On Opteron270,SPshows
a performanceimprovementof 20% at 4 threads
with 2M pagesover4K pages.OntheIntel Xeon's,
SP shows a performanceimprovementof 13% at
eight threadswith 2M pages. In addition, while
theSMT implementationontheXeon'spreventsSP
from scalingfrom 4 to 8 threads,2M pageshelpim-
prove scalabilityfrom 2 to 4 threads.For MG, on
Opteron270, thereis a performanceimprovement
of approximately17%at 4 threadswith 2M pages.
LargepagesenableCG,MG andSPto scalebetter
onboththeOpteronandXeonplatforms.For appli-
cationsBT andFT thereis no signi�cant improve-
mentin performancewhenusing2M pagesinstead
of 4K pages.We will now examinethe impactof
DataTLB misseson theperformanceof theappli-
cations.
Data TLB Misses:TheOPro�le tool allowsuseto
measurea numberof differentprocessorstatistics.
UsingOPro�le, we measuredthenumberof DTLB
missesontheOpteronplatformfor thedifferentap-
plications. Figure5 shows the DTLB misseswith
4K and 2M pagesat four threads. The 4K and
2M misseswerenormalizedwith respectto the4K
missesfor eachof theapplications.FromFigure5
we can seethat for applicationsCG, SP and MG
thenumberof DTLB missesis reducedby approxi-
matelya factorof 10or morewhenusing2M pages
over 4K pages.CG, SPandMG in turn show the
mostbene�t whenusing2M pagesasdiscussedin
Section4.4. Sincethe performanceof an applica-
tion dependson many factorssuchaslocality and
caching,the reductionin DTLB missesdoesnot
correspondexactlywith theimprovementin perfor-
mance.For theapplicationsBT andFT the reduc-
tion in DTLB missesis lower, correspondingto a
factorof 2-3. Correspondingly, theimprovementin
performanceis lower.

5 Related Work
Coxet.al.proposedtransparentoperatingsystem

supportfor applicationmemoryusing large page
support[7]. Our approachdiffers from theirs in
that we allocateall the applicationdata in large
2M pagesat startup. There have beensomere-
centinvestigationsinto evaluatingtheperformance
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Fig. 3. Aggregate Instruction TLB misses per
second of application run time with the appli-
cation binary placed in 4K pages.

of OpenMPprimitivesandapplicationsparallelized
with OpenMPonmulticorearchitectures[4, 5]. Our
work differs from their work in thatwe have eval-
uatedtheimpactof largepageson theperformance
andscalabilityof NAS Parallel (NPB) 3.0on CMP
andSMT systems.

6 Conclusions and Future Work
In thispaper, wehavestudiedtheimpactof large

pagesupportavailablein modernprocessorson the
performanceof the OpenMPParallel applications
on a multicore Opteronand Intel Xeon platforms
(with hyperthreading).We discussthepotentialis-
sues,designandevaluateanOpenMPsystemwhich
useslargepages.Our evaluationsshow thattheap-
plicationsCG, MG andSP show an improvement
of up to 25% at four threadson the Opteronplat-
form using2M pagesinsteadof 4K pages.In ad-
dition, pro�ling toolsshow thatthenumberof data
TLB missesis dramaticallyreducedfor theseappli-
cations. In addition,the scalabilityof theseappli-
cationsis improved. 2M pagesalsohelp improve
theperformanceon theIntel Xeonplatform.Scala-
bility on the Intel Xeonplatform is alsoimproved.
However, becauseof the pipeline flush implemen-
tationof SMT on the Intel Xeons,theapplications
scalepoorly whengoingfrom four threadsto eight
threads. In future, we would like to evaluatethe
bene�t of large pageson the performanceof other
programmingparadigmssuchasMPI.
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