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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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1 Introduction

With deeperprocessormpipelines shaving lim-
ited gains and with heatingand power concerns,
modernmicro-processorarenow moving to multi-
corearchitectureso extractmoreperformancdrom
available chip area. As a resultmultithreadedap-
plications may potentially exploit maximum ben-
et from a multicore architecture. OpenMPstan-
dard[2] for sharedmemoryparallelprogramswvas
speci cally designedo allow programmergo eas-
ily write multithreadedorograms.With the adwent
of modern multicore architectures,the OpenMP
programmingparadignmmay potentiallybecomean
importantmodelfor applicationwriters.

Multicore architecturexanlargely be classi ed
into different cateyories dependingon how they
are interconnectedas well as the sharingof the
cachesandthe TLB's, etc. The Opteronbasedmul-
ticore processoffor exampleimplementstwo sep-
arate coresconnectedby separatenypertransport
links andseparaté.2 cachesOntheotherhandthe
Intel Xeonimplementsseparateoreson the same
chip, which in turn sharea commonL2 cache.In
addition,eachcoreis capableof runningup to two
threads As aresult,thehardwareresourcesf each
corearesharedetweerthetwo threads.This may
createcontentionfor resourcesuchascachesand
thetranslationookasidebuffer (TLB).

The OpenMP programming paradigm imple-
mentsloop level parallelism,which is one one of
themostbasicavailableunitsof parallelismfor par
allel OpenMPprogramsLoop-level parallelismal-
lows anOpenMPimplementatiorto easilysplit the
work acrossmultiple threads. Scalability of loop-
level parallelismmay dependon the division of
work amongdifferentthreadsln addition,for loops
thatdo stridedcomputatioron anarrayof data,the
sizeof the strideaswell asthe locality of the data



may furtherlimit the scalabilityof thethreadsn an
OpenMPprogram. Larger stride patternsnot only
increasd.2 cachemisseshut alsoincreasdhedata
TLB misses.

TheTranslatiorLookasideBufferin modernpro-
cessorgs implementedo speedthe translationof
virtual to physical addresses. The translationis
usuallyimplementedhroughthe multiple levels of
pagedirectoriesandtablesstoredin physicalmem-
ory. Sinceaccessinghysicalmemorycantake sev-
eralhundredcyclesdependingon the architecture,
the TLB can provide substantialgainsin applica-
tion performance.However, the TLB is a limited
resource and may not provide adequatéene t in
the faceof poor applicationlocality. While tradi-
tionally, mostpageshave beendK in size,modern
processoalsoprovide supportfor largepagesupto
2M or bigger This could help dramaticallyreduce
TLB missesandhave animpactontheperformance
of awide variety of applications.

Thus it is naturalto ask whetherOpenMP ap-
plicationswhich exploit loop-level parallelismand
which perform strided accessto several arrays,
wherethestridesizeis greatethanasingle4K page
canpotentiallybene t from largepages.This bene-
t would potentiallycomeaboutfrom thereduction
in TLB missesanda decreasén processopipeline
stalls.

In addition,to stridedaccessthe TLB is shared
acrossmultiple threadsrunning on the samecore
for architecturesvhich implementSMT (Simulta-
neousMulti-threading).An exampleof suchanar-
chitectures the Intel Xeonprocessowhich imple-
mentshyperthreading.Becauseof the sharedna-
ture of the TLB, dependingon the accesgatterns
andlocality of the application,the numberof en-
triesin the TLB may be potentiallyhalved. Large
pagesmay potentiallyprovide additionalbene t in
this caseandmayalsohave animpactonthe scala-
bility of themultithreadedapplication.

In this paper we discussthe issuesand poten-
tial bene tsfrom usinglarge pagesupportfor par
allel OpenMPapplications We designan OpenMP
implementationwhich cantake advantageof large
pages. We evaluatethis implementationacrossa
rangeof applicationsand multicore architectures.
Theseevaluationsshaw that thereis an improve-
mentin parallelperformancef 25%for CG.In ad-
dition, theapplicationsscalebetter We alsousein-
strumentatiortools to betterunderstanchow large
pagesupportimpactsthe TLB cachemissesThese
resultsshav a substantiateductionin TLB misses.

Therestof this paperis organizedasfollows. In
section2 we look atbackgroundnaterial.Section3
discussepotentialissuesanddesignchallengesin

section4, we look at the impactof large pageson
a variety of differentapplications. Section5 dis-
cussegelatedwork. Section6 discussesonclu-
sionsandfuturework.

2 Background

In this sectionwe discusamulticorearchitectures
andthe OpenMPprogrammingmnodel.
2.1 Multicore Arc hitecture

Multicore architecturedhave beenevolving asa
meando increasgrocessingower, while reducing
the impact of heatingand power consumption;in
additionto addressinggomeof the limitations of a
superscalararchitecture Multicore processorém-
plementchip level multithreading(CMT). CMT al-
lows multiple differentthreadsof executionon the
sameprocessarCMT canpotentiallyimprove per
formanceof multithreadedworkloads. Multicore
architecturesn generalconsistof several proces-
sor coreon the samechip die. Thesecoresusually
sharebusesandcachesSeveraldifferentvariations
of multicore architecturehave beenproposedand
implementedWe brie y describesomeof thesear
chitectureselow.
Chip Level MultiPr ocessing(CMP): This tech-
nique implements separateprocessingcores for
eachthreadon the die. Eachcore hasanindivid-
ual copy of theprocessohardware. Theprocessing
coresareusuallyconnectedhroughahardwarebus
for communicatiorandmayalsoshareacache Ex-
amplesof implementation®f CMP's arethe AMD
dual-coreOpteronprocessors. The coreson the
Opteronareconnectedy hypertransporiinks and
have separatd MB L2 cachesvhicharekeptcoher
entthroughsnoopingby the individual processors.
Eachprocessom turnhasatwo level dataTransla-
tion LookasideBuffer (TLB) cache.TheL1 DTLB
has128 entries,while the L2 DTLB has1024en-
tries.
SimultaneousMultithr eading(SMT): Simultane-
ousmultithreading(SMT) enablesa single coreto
run one or more threadssimultaneously SMT is
usuallyachiezedthroughthe useof multiple thread
contexts on the sameprocessar The threadsshare
different execution units and the processolis re-
sponsiblefor hazarddetectiorandmanagemertie-
tweenthe differentthreads.Differentimplementa-
tions of SMT are possible. One potentialimple-
mentationis to ush the pipeline on a threadstall
andswitchin the otherthread. Hyperthreadingon
thelntel Xeonsis anexampleof animplementation
of SMT. The otherpossibilityis to implementdif-
ferentthreadcontets andallow differentstagesof



the pipelineto run differentthreadcontexts. This

potentiallymaximizesthroughputespeciallyin the
faceof loadstalls. The SunNiagrais anexampleof

thistypeof implementation.

CMT+SMT: The combinationof CMT and SMT

allows individual processorcoresto run multiple

threads. The Intel Xeon and Sun Niagra proces-
sors[8] areexamplesof this type of processar

2.2 The OpenMP Programming Mo del

The OpenMP specication [2] for multi-
processings an APl which may be usedto direct
multithreadedsharednemoryprogramson shared
memorysystemsThisis throughtheuseof explicit
compilerdirectives. It is basedon the Fork - Join
model of parallelexecutionasshownn in Figure 1.
OpenMP programsusually begin execution as a
single processwhich containsa master thread.
The masterthread may execute sequentiallytill
a parallel region is encounteredat which point
multiple worker threadsare spavned to process
the parallelregion. On completionof the parallel
region, the threadsexit and the master thread
completesxecution.

0| master thread

fork for parallel section

n nested parallelisn

farm of

threads no ny n2

join

implicit barrier

Fig. 1. OpenMP fork-join model

3 Challenges, Design and Implementa-
tion Issues

In this section,we look at the potentialissuesn
usinglargepagesupportor parallelOpenMPappli-
cation.Section3.1discussethepotentialimpactof
large pagesupporton loop parallelismin OpenMP
applications.Section3.2 looks at the potentialim-
pactof the pagetablesand TLB sizeson parallel
applicationperformanceFinally, section3.3looks
atsomedesignandimplementatiorissues.

3.1 Loop Level Parallelism in OpenMP

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

substantiabainsby dividing the work availablein

a loop amongthe differentthreadsor processe

an application. Algorithm 3.1 showns a simple ex-

ampleof an OpenMPloop which sumsthe values
of anarray 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 accesshe
arraydata.Usingalargerpagesizehasthepotential
to substantiallyreducethe numberof TLB misses
for all threads,andhelp improve performance.In

addition,morecomplicatedarrayaccessemay oc-

cur in programs,suchas stridedaccesses.These
typically occur in codesfor some algorithms of

the FastFourier Transform[3]. Dependingon the
stridesize, TLB missesmight be a substantiaper

formancepenalty We now discussthe issuesand
challengesnvolvedin usinglarge pageswith paral-
lel applications.

Algorithm 3.1: SUM(S)

#pragma omp parallel

for private(i)
for(i=0;1<S;i++)
sum+ = arrayli);

3.2 Page Tables and the Instruction and

Data TLB's

Modernarchitecturesupportup 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-
cessorsupportthe translationof virtual addresses
to physicaladdressesThesetranslationsare sup-
portedthroughsegmentationand paging. The vir-
tual addressspaceof the operatingsystemandap-
plicationsis mappedthrougha seriesof tablesto
the actualphysicaladdress.Thesetablesare usu-
ally managedy the operatingsystem.An example
of a pagetable architectures shavn in Figure 2.
Figure 2 shows a threelevel pagetable architec-
ture. Eachprocesson amodernLinux systemcon-
tainsa Page Global Directory (PGD). The PGDis
the rst level pagetable. It containspointersto the
middle level pagetable calledthe Page Middle Di-
rectory (PMD). The entriesin eachPMD in turn
point to individual pageframewhich containpage
table entries (PTE). TheLinux kerneldoesnotim-
plementPMD for thex86_64 architectureandonly



supportsPGD's. On Linux, PGD's point to page
framescontainingPTE's. Thevirtual addresss di-

videdinto threecomponentsThe leftmostbits are
usedto index into the PGD, the middle setof bits
are usedto index into the pageframescontaining
the PTE's andthe rightmostsetof bits areusedas
an offsetto the locationin the physicalpage. The
processof translatinga virtual addresdo a physi-
cal addresdy traversingthe PGD andpageframes
containingPTE'sis calledthe pagewalk. ThePGD
andpageframescontainingthe PTE's arestoredin

mainmemory As aresult,translatinga virtual ad-
dressto an actualphysicaladdresss an expensve
operationfequiringaminimumof two memoryac-
cesses. To speedthis process most modernpro-
cessorsmplementa TranslationLookasideBuffer
Cache(TLB). The TLB is usuallysplit into anin-

structionTLB (ITLB) andaDataTLB (DTLB). De-
pendingon thearchitecturethe TLB maybeatwo

level architectureasin thecaseof the Opteronpro-
cesso(L1DTLB andL2DTLB).

Linear address
Offset within Offset within
PMD Page Frame PTE Page Frame

Offset within

Process PGD Offset within data frame

pte_offset ™ pte_t
pmd_offset™} pmd ‘

pte_t Page Frame

pgd_offset |-~ pgd_{ Page
pmd_t Page Frame
Frame

pgd_index

mm_struct->pgd Only 1

pgd_t
Page
Frame Other

unrelated

Other Data

unrelated Other Frames

PMD Page unrelated

Frames

PTE Page
Frames

Fig. 2. Page table architecture, courtesy Gor-

man [6]

TLB Sizesand Memory Coverage: Both the In-
tel andOpteronprocessorsiave separateachefor

dataandinstructionpageanddirectorytranslations.

Table1 shonvs someof the TLB Sizesandmemory

coveragdor thelntel XeonandOpteronprocessors.

Thesesizesweremeasuredhroughthe CPUID in-

struction. Most modern processorsalso support
large 2MB pagesn additionto thetraditional4KB

pagesThelTLB andDTLB usuallyalsohave spe-
ci ¢ entriesto supporiargepages Sincetheentries
for large pageamaybedifferent,the TLB's usually
supportasmallernumberof entriesfor large pages.

With User Data

Thisisillustratedin Tablel. Thelntel Xeonproces-
sorhasl128entriesfor 4K pagesand32 entriesfor

2M pages.Similarly, the Opteronprocessohas32
entriesfor 4K pagesin LIDTLB and8 entriesfor

2M pagesin D1TLB. The D2TLB in the Opteron
doesnot have ary entriesfor large pages. While

the relative sizesof the pagesandcoverageis dif-

ferent,thelargedifferencein TLB sizecanhave an
importantimpacton applicationperformancepar

ticularly for applicationswith poorlocality.

Table 1. Processor TLB Sizes and Coverage

| | Xeon | Opteron]
ITLB (4K) Size 128 32
L1DTLB (4K) Size 128 32
L1IDTLB (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,
the memoryfootprintis muchhigherin the caseof
2MB pagesthesmallersizeof the DTLB for large
pagesnightbealimitation in thecasewvheretheap-
plication makes multiple non-contiguoustrideac-
cessesvith astrideacces®f largerthan2MB. With
applicationswritten in this way with lower spatial
locality, the higher capacityof the DTLB for 4K
pagesmight yield improved performance.This is-
suealsooccursonthe Opteronprocessowhich has
anL2DTLB sizeof 1024for 4K pagesandnonefor
2M pages. Applicationswith stride accesdarger
than 2MB on the Opteronsmight in fact bene t
morebecaus®f thelarger L2DTLB.

SMT and the shared DTLB: In an SMT based
processor system, the hardware resourcesare
shared. This includesthe DTLB. Parallel shared
memoryOpenMPprogramsmaypotentiallyexploit
the multiple potential processorcontets available
forimprovedperformanceThissharingnaypoten-
tially resultin two or morethreadbeingscheduled
onthesameprocessocore.As thethreadsharethe
DTLB, dependingn the accespatternsof the ap-
plication,theeffective numberof TLB entriescould
potentially be halved. For applicationswith good
datalocality andaccessingnorethan2MB sequen-
tially, theimpactof L2DTLB missesnightbemore
severe.Usinglarge2MB pagesnayhelpreducehe
frequeny andimpactof thesemisses.



SMT DTLB Context Switching Time: Large
pagesmay potentiallyimprove the performanceof

a multithreadedapplicationon an SMT system.
However, the limited numberof DTLB entriesfor

large pagesin the processocachemay potentially
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 potential performancamprovementfrom

reducedDTLB missesmight not translateinto im-

provedperformanceattheapplicationlevel.

3.3 Design and
Op enMP
pages

Implemen tation Issues of
implemen tation for large

To measurehe impact of usinglarge pageson
the performanceof parallel applications,we use
a modi ed version of the Omni/SCASH Cluster
OpenMPimplementatio{1]. The Omni compiler
transformsa C or FORTRAN programinto multi-
threadedcode.To enableit to work with theunder
lying SCASHDSM systemall globalvariabledec-
larationsare madeinto global pointerswhich are
mappedto sharedregionsin the processmemory
space For processewithin anode(intra-node)the
sharedregion is maintainedvia a memorymapped
le. For processe®n physically separatenodes,
the underlying SCASH DSM systemis responsi-
ble for maintainingdatacohereng. Thisis largely
throughthe useof pagememaoryprotectionson the
sharedegionswhich triggera pagehandley which
is responsibldor fetchingthe pagefrom a remote
manager Our interestin using this systemlies
mainlyin theglobaltransformatiorof globaldatato
a commonmemorymappedregion. Many parallel
OpenMPapplicationsusestaticglobalarrays(stack
allocation)for computation.Omni translateghese
global arraysto pointers. Thesepointersare then
allocatedmemoryfrom aninternalmemoryalloca-
tor. This memoryallocatorin turn allocatesmem-
ory from the memorymappedle for processesn
the samenode. This allows all processeso in turn
sharethe samememoryimage. We do not useary
of cluster OpenMPfeaturesof Omni and instead
only useit onasinglenodewith multiple processes
running. The underlying SCASH software DSM
cohereng protocolis alsodisabledandthe native
hardware virtual memoryrun-time systemis used
to manageagecoherenyg. We brie y discussome
of the designchallengesandtradeofs in designing
anOpenMPimplementatiorfor large pages.
Large Page Allocation: There are several stud-

ies for allocatinglarge pagesfor applicationson-
demandandbasedntheallocationsize[7]. These
stratgjies maximizethe bene t of large pagesup-
port when there are several different applications
running on the system,and competingfor mem-
ory. Whenrunning an OpenMP parallel applica-
tion on a node, it is likely to be the only appli-
cationrunning at the time. As a resultprealloca-
tion of large pagess likely to reducethe comple-
ity of the allocationalgorithmandalsothe lateng
of the allocation. This will probablyyield higher
performancefor the application. In addition, the
Omni/SCASHCclusterOpenMPimplementatioral-
locatesboth global sharedanddynamicmemoryat
processstartup. This matcheswell with the pre-
allocationof large pages. In our implementation,
we preallocatea setof large pageswhich may be
used by the processeghrough a specialized le
systemiugetlbs. We have modi ed Omni/SCASH
to usethe map le from the hugetibfs le system.
All memoryallocatedin the hugetlbfswill 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-
derlyingcommunicatiorsubstrateWe only usethe
intra-node SMP featuresof the Cluster OpenMP
implementatioranddo notneedanetwork for inter-
node communication. To avoid having to use a
Myrinet network interface,we implementa simple
sharednemorymessaggassingnterfacethrougha
le memorymappednto eachprocessespace.The
memory mapped le usestraditional small pages
(4K) andnotlarge pages.Thisimplementatioronly
usesasinglememorycopy (from thesourceprocess
to thesharednemorybuffer). Onthereceving pro-
cess,the buffer may be directly accessedavithout
the needfor an additionalcopy. Througha setof
ag, the processesnay signalthe availability of a
messagéor theremoteprocessaswell asallowing
a buffer to be freedup. Multiple outstandingnes-
sagesmay bein ight betweena setof processes
(upto 32 in the currentimplementation).Sincethe
intra-nodecommunicationare all small messages
(lessthan1K), thisimplementations feasible.
Memory Protection: The Omni/SCASH cluster
OpenMPimplementatiormemoryprotectpagesas
a mechanismto trappingaccesse$o pages. This
allows for cohereng mechanism®f the eagerre-
leaseconsisteng (ERC) protocolto to take effect.
We only usethe cluster OpenMPimplementation
in intra-nodemode. In this mode,the memoryis



sharedetweerthedifferentprocessesnthenode.
The underlyinghardware is responsibleor main-
tainingmemorycohereng. 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 large pagesupportwith OpenMP
applications.

4 Performance Evaluation

In this section,we discusghe performanceval-
uationof parallelOpenMPapplicationswith large
pagesupport. Section4.1 discusseshe hardware
setupusedto evaluatethe applications.Section4.2
discussesomeof the characteristicsf theapplica-
tionswe areusing.Sectiord.3discussetheimpact
of instruction TLB misseson the performanceof
theapplication.Section4.4 discussegheimpactof
large pageson applicationdataTLB misses.

4.1 Exp erimen tal Setup

To evaluate our design, we usetwo hardware
platforms. The rst hardware platform consists
of an dual, dual-coreOpteron270 processorg4-
cores),with 4GB main memoryandrunning SUSE
EnterpriseLinux. The other platform is a dual,
dual-corelntel Xeon processoi(4-cores)with hy-
perthreadingnabled enablingeachcoreto run up
to 2 threaddor atotal of 8 threads) Thelntel Xeon
systemhas12GBof mainmemoryandrunsRedhat
AS4. Both systemdhave a 2.6.19kernel.og kernel
whichis multicore-andhyperthreading\aare.

4.2 Application Characteristics

In this sectionwe discusssomeof thecharacter
istics of the OpenMPversionof the NAS Parallel
BenchmarkgclassB) BT, BG, FT, SPandMG [3]
usedin our evaluation which might bene t from
largepages BT sequentiallyaccesseSx5 blocksof
8-byte arrays. Several of thesemight t in a sin-
gle large pageand provide benet. CG accesses
randomlygeneratednatrix entries. The strideside
might be larger thana 4K pagesand might bene-
t from large pagesupport.FT dividesthe DFT of
ary compositesize N=N1XN2 into mary smaller
DFT's of sizeN1 andN2. Several smallerDFT's
might t in asingle2M pageswhich mightreduce
TLB misses.We would expectSPto performsim-
ilarly to BT becausef similar dataaccesgatterns
andfootprints. MG works continuouslyon a setof
gridsthataremadebetweercoarseand ne. It tests
bothshortandlong distancedatamovement.When
the datamovementgtestedare larger than4K, 2M
pagesarelikely to provide bene 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

Table 2 shows the sizesof the binary of the dif-
ferentNAS applications.As may be seenfrom the
table, the binary size s slightly lessthan2M. As
a result, the binary may potentially t in a single
large pageof 2M. This may potentially eliminate
ITLB misses.By comparisorthe larger size of the
ITLB in theIntel andOpteronprocessorsising4K
pagesmay potentially cover closeto 1/4 th of this
memoryarea. Sincemostof the time in OpenMP
applicationsare potentially spentin large parallel
loops,we would expectthatthe instructiontempo-
ral andspatiallocality to befairly high andthe cost
of instructionmissesto be amortizedacrossmary
accessesFigure 3 shavs the aggreaterate of in-
structionTLB missedor the applicationsBT, CG,
FT, SPandMG running4 threadson a dual dual-
coreOpteronplatform,measuredsingthe OPro le
tool. MG shawsthe highestrateof 0.45instruction
misses/secondVith modernprocessorsunningat
2.0 GHz, assumingan ITLB miss of 200 cycles,
this correspond$o a misspenaltyof approximately
90 cycles/secondThus,the ITLB missrateis not
likely to be a signi cant sourceof overhead,and
may potentiallynot bene t from large pages.

4.4 Impact of large pages on Application
Data Misses

In this section,we discussthe impact of large
pageson applicationdatain the parallel OpenMP
applications. We rst discussthe impacton sys-
temscalability followedby theimpactondataTLB
misses.

SystemScalability: Figure4 shavs theimpactof

small4K pagesandlarge 2M pageson the applica-
tions BT, CG, FT, SPandMG. We evaluatethese
applicationson a dual-coredual-processoDpteron
270systemandon a dual-coredual processointel

Xeon systemwith hyperthreadindSMT) enabled,
allowing usto evaluatethe systemup to 8 SMT's.

As can be seenfrom the Figure 4, the Intel and
Opteronsystemsperform similarly on all ve ap-
plicationsup to 4 threads.At 8 threadsthe Xeon
platftormdoesnotscalewell. A similar obsenation



wasmadeby Chapmanet.al[4]. We attribute this
to the implementationof SMT on the Intel Xeons
which ush the entire pipelineon a threadcontext
switch. This hasconsiderablémpacton the perfor
manceof theapplications We canmalke thefollow-
ing obsenationsfrom Figure4. Large pagesupport
hasan impacton the performanceof the applica-
tionsCG, SPandMG. For CG, onthe Opteron270
basedsystemat4 threadsthereis animprovement
of approximately25%. On Opteron270,SPshavs
a performanceimprovementof 20% at 4 threads
with 2M pagesver 4K pagesOnthelntel Xeon's,
SP shaws a performanceamprovementof 13% at
eight threadswith 2M pages. In addition, while
theSMT implementatioronthe Xeon's preventsSP
from scalingfrom 4 to 8 threads2M pageshelpim-
prove scalabilityfrom 2 to 4 threads.For MG, on
Opteron270, thereis a performancamprovement
of approximatelyl7% at 4 threadswith 2M pages.
Large pagesnableCG, MG andSPto scalebetter
onboththe OpteronandXeonplatforms.For appli-
cationsBT andFT thereis no signi cant improve-
mentin performancevhenusing2M pagesnstead
of 4K pages.We will nowv examinethe impactof
DataTLB misseson the performanceof the appli-
cations.

Data TLB Misses: The OPro le tool allows useto
measurea numberof differentprocessostatistics.
Using OPro le, we measuredhe numberof DTLB
missesonthe Opteronplatformfor thedifferentap-
plications. Figure5 shows the DTLB misseswith
4K and 2M pagesat four threads. The 4K and
2M misseswverenormalizedwith respecto the 4K
missedor eachof the applications.From Figure5
we can seethat for applicationsCG, SP and MG
thenumberof DTLB misseds reducedoy approxi-
matelyafactorof 10 or morewhenusing2M pages
over 4K pages.CG, SPandMG in turn show the
mostbene t whenusing2M pagesasdiscussedn
Section4.4. Sincethe performanceof an applica-
tion dependson mary factorssuchaslocality and
caching, the reductionin DTLB missesdoesnot
corresponaxactly with theimprovementn perfor
mance.For the applicationsBT andFT thereduc-
tion in DTLB missesis lower, correspondingo a
factorof 2-3. Correspondinglytheimprovementin
performances lower.

5 Related Work

Coxet.al.proposedransparenbperatingsystem
supportfor applicationmemory using large page
support[7]. Our approachdiffers from theirsin
that we allocateall the applicationdatain large
2M pagesat startup. There have beensomere-
centinvestigationsnto evaluatingthe performance

ITLB Misses/second

BT CG FT SP MG
Application

Fig. 3. Aggregate Instruction TLB misses per
second of application run time with the appli-
cation binary placed in 4K pages.

of OpenMPprimitivesandapplicationgarallelized
with OpenMPonmulticorearchitecture§, 5]. Our
work differsfrom their work in thatwe have eval-
uatedtheimpactof large pageson the performance
andscalabilityof NAS Parallel (NPB) 3.0on CMP
andSMT systems.

6 Conclusions and Future Work

In this paperwe have studiedtheimpactof large
pagesupportavailablein modernprocessorsnthe
performanceof the OpenMP Parallel applications
on a multicore Opteronand Intel Xeon platforms
(with hyperthreading)We discusshe potentialis-
suesdesignandevaluateanOpenMPsystemwhich
usedarge pages.Our evaluationsshav thatthe ap-
plicationsCG, MG and SP shov an improvement
of up to 25% at four threadson the Opteronplat-
form using 2M pagesinsteadof 4K pages.In ad-
dition, pro ling toolsshaw thatthe numberof data
TLB missess dramaticallyreducedor theseappli-
cations. In addition, the scalability of theseappli-
cationsis improved. 2M pagesalso help improve
the performancen the Intel Xeonplatform. Scala-
bility on the Intel Xeon platformis alsoimproved.
However, becauseof the pipeline flush implemen-
tationof SMT on the Intel Xeons,the applications
scalepoorly whengoingfrom four threadgo eight
threads. In future, we would like to evaluatethe
bene t of large pageson the performanceof other
programmingparadigmssuchasMPI.
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