DesigningEf cient AsynchronousMemory Operations Using Hardware Copy
Engine: A CaseStudy with I/OAT

K. Vaidyanathan

W. Huang

L. Chai D. K. Panda

ComputerScienceandEngineering,
The Ohio StateUniversity,
f vaidyanahuanweichail, pandg@@cse.ohio-state.edu

Abstract

Memorycopiesfor bulk datatransportincur large over
headsdueto CPU stalling, small registersizedata move-
ment, etc. Intel's /O Acceleation Technology offers an
asyntironousmemaorycopy enginein kernel spacewhich
alleviatessuc overheadsIn this paper we proposea setof
designdor asynd&ironousmemoryopeiationsin userspace
for bothsingleprocesqasanof oaded memcyy()) andIPC
using the copy engine We analyzeour designbasedon
overlap efciency, performanceand cache utilization. Our
microbentimarkresultsshowthatusingthecopyenginefor
performingmemorycopiescan achieve closeto 87% over
lap with computation. Further, the copy engineimproves
the copylatencyof bulk memorydatatransfes by 50%and
avoidscache pollution effects.With theemegenceof multi-
core architectures, the supportfor asyntironousmemory
opermationsholdsa lot of promisein reducingthe gap be-
tweenthe memoryand processoperformance

1 Intr oduction

Severalapplicationsn the elds of biomedicainformat-
ics, satelliteweatherimageanalysis,engineeringand sci-
encesnot only demandfor large numberof computecy-
clesbut alsofor highermemoryandnetwork performance.
To addresshe computecycle requirementlarge numberof
processoraregettingaddedio current-generatiorystems.
Emeging new technologiesuchasMulti-Core Processors
(also known as Chip-level Multiprocessingor CMP) pro-
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vide several coreson a single node. Currently dual-core
architecturegtwo coresperdie) arewidely availablefrom
variousindustry leadersincluding Intel, AMD, Sun (with
upto 8 cores)andIBM. Similarly, network performancénas
alsobeenincreasingatatremendousatewith theintroduc-
tion of high-performancaetworks suchasin niBand [1],
10 Gigabit Ethernet(10 GigE) [7], etc. Today severalin-
dustriesare taking the next stepin high-speechetworking
with multi ten-gigabitnetworks suchasthe Mellanox 20-
GigabitIBA DDR adapters|IBM 30-GigabitIBA adapters,
etc.

On the other hand, memoryperformancehasnot been
improving at a signi cant paceresultingin a hugegapbe-
tweenthe processoandmemoryperformanceThelimited
memorybandwidthis often addresse@dsthe major perfor
mancedegradationfactorfor mary scienti ¢ applications.
Several memoryblock operationssuchas copy, compare,
move, etc.,areperformedby thehostCPUleadingto anin-
ef cient useof the hostcomputecycles. In addition,such
operationsalso affect the cachinghierarchysincethe host
CPU fetchesthe dataonto cache,thereby evicting some
othervaluableresourcesn cache. The problemgetseven
worsewith theintroductionof multi-coresystemsinceser-
eral corescan concurrentlyaccesgshe memoryleadingto
memorycontentionissuesCPU stallingissuesgtc. Dueto
severalof theissueamentionedabove, the ability to overlap
computationand memoryoperationas a memorylateng-
hiding mechanisnibecomesritical for maskingthegapbe-
tweenprocessoandmemoryperformance.

Direct Memory Access(DMA) has beentraditionally
usedto transferthe datadirectly from the hostmemoryto
ary input/outputdevice without the hostCPU intervention.
Several networks suchasIn niBand and Myrinet provide
azero-coy datatransfersupport.However, suchsolutions
aremainly usedfor transferringdatafrom onenodeto an-
other Researcherm the pasthave attemptedo useDMA
enginesto acceleratebulk datamovementwithin a node.
Many of theseapproachebfiave not entirely succeededue
to hugeDMA startupcosts,completionnoti cation costs



andotherperformance-relateidsues.Recently Intel's I/O
AccelerationTechnology(l/OAT) [6, 9, 11] introducedan
Asynchronou®MA Copy Engine(ADCE) in kernelspace
that hasdirect accesgo main memoryto improve perfor
manceandreducethe overheadsnentionedabove.

In this paper we proposea set of designsfor asyn-
chronousmemoryoperationsn userspacefor both single
procesgasanof oaded memcpy()andinter-Proces€om-
munication(IPC) usingthecopy engine.In orderto achieve
this, we designand implementa kernel modulethat pro-
videsa setof interfacesfor userspaceapplications.In our
designwe ef ciently handlelPC synchronizationnemory
alignment,schedulingacrossDMA channelsandavoiding
userbuffer pinning costs. We analyzeour designbasedon
overlapef ciency, performancendcacheutilization.

Our experimentalresults shav that using ADCE for
memorycopiescanachieve closeto 87%overlapwith com-
putation. Further it improvesthe lateng of large memory
datatransfersoy 50% andincreaseshe IPC bandwidthfor
large messageizesby a factorof two. Also, the copy en-
gine assistdn avoiding 30% performancedegradationdue
to cachepollution effects.

2 Background

In this sectionwe provide a brief motivation for using
copy enginesin bulk datatransfersanddescribethe archi-
tectureof I/OAT Copy Engine.

2.1 Motiv ations for Copy Ooad Engine

Figurel illustratesthe basicarchitectureof a copy exe-
cutionusinga CPUvs usinga DMA copy engine.As men-
tionedin [12], utilizing acopy enginefor bulk datatransfer
offersseveralbene ts:

1. Reductiorin CPUResoucesandBetterPerformance:
Memory copiesareusuallyimplementecdhsa seriesof load
andstoreinstructionghroughregisters.Datais fetchedonto
the cacheandthen onto the registers. Typically, the CPU
performsthecopy by registersizewhichis 32 or 64 bit long.
Ontheotherhand,usinga copy engine,memorycopiescan
bedoneatafasterate(closeto block sizes)sinceit directly
operatesvith mainmemory Further theloadandstorein-
structionsusedin CPU-basedopiesmayendup occupying
the CPU resourceslimiting the CPUto not look far ahead
in theinstructionwindow. Copy enginesanhelpin freeing
up CPU resourceso that otherusefulinstructionscan be
executed.

2. Computation-MemoryCopy Overlap: Since the
memory-to-memorgopy operatiorcanbe performedwith-
out hostCPU interventionusinganasynchronousopy en-
gine, we can achieve betteroverlapwith memorycopies.
This is similar to DMA operationwheredatais transfered

directly betweenthe memory and device which is com-
monly usedby networkssuchaslin niBand, Quadricsetc.

3. Avoiding Cache Pollution Effects: Large memory
copiescanpollutethecachesigni cantly. Unlessthesource
or destinatiorbuffersareneededy theapplication allocat-
ing thisbuffer in thecachemayresultin pollutingthecache
asit canevict othervaluableresourcesn the cache. As
mentionedn [12], clusterapplicationssuchaswebseners
donottouchthedataimmediatelyevenaftercompletingthe
memorycopy. Usinga copy enginein this case resultsin
avoiding ary cachepollution asit candirectly performthe
copy without gettingthe dataontothecache.
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Figure 1. Copy execution on CPU vs Copy En-
gines [12]

2.2 1/O0 AT Copy Engine Arc hitecture

I/OAT [6] of oads the data copy operationfrom the
CPU with the additionof anasynchronou®MA copy en-
gine (ADCE). ADCE is implementecasa PCl-enumerated
device in the chipsetand has multiple independenDMA
channelwith directaccesso mainmemory Whenthepro-
cessorrequests block memoryoperationfrom theengine,
it canthenasynchronouslyperformthe datatransferwith
no hostprocessoimtervention.Whenthe enginecompletes
acopy, it canoptionallygenerataninterrupt.

ThoughADCE offers several bene ts, the following is-
suesneedto be taken care of. The memory controller
usesphysicaladdressesso a single transfercannotspan
discontinuougphysicalpages. Hence,memoryoperations
shouldbe broken up into individual pagetransfers. Sec-
ondly, memorycopiesvhosesourceanddestinatioroverlap
shouldbe carefully handled.Applicationsneedto schedule
suchoperationsn anappropriaterdersoasto preserethe
semanticof the operation. Lastly, the copy enginemust
maintaincachecoherencémmediatelyafter datatransfer
Datamovemeniperformeddy thememorycontrollershould
notignorethedatastoredin theprocessocache potentially
requiringa cachecoherencéransactioron thebus.



3 ProposedDesign

In this section we describeour proposediesignin sup-
porting asynchronousnemoryoperationfor userspacep-
plications. We rst describethe designfor single process
andIPC. Later, we discusshow ef ciently we handleissues
such as synchronization,memory alignment, user buffer
pinning, etc.

3.1 Basic Design for User-Space Applica-
tions

Currently Intel supportsseveral interfacesin kernel
spacefor copying datafrom a sourcepage/lnffer to a des-
tinationpage/liffer. Thesenterfacesareasynchronouand
the copy is not guaranteedo be completedvhenthe func-
tion returns. Theseinterfacesreturna non-neyative cookie
valueon successwhich is usedto checkfor completionof
a particularmemoryoperation. It is necessaryo wait on
anotherfunctionto wait for the copiesto complete.

A memory copy operation typically involves three
operands: (i) a sourceaddress(ii) a destinationaddress
and (iii) numberof bytesto be copied. For userspaceap-
plications,the sourceand destinationaddressearevirtual
addressesHowever, asmentionedn Section2, the DMA
copy enginecanonly understanghysicaladdressesThe

rst stepin performingthe copy is to translatethe virtual

addresdo physicaladdressesFor variousreasongelated
to securityand protection,this is doneat the kernelspace.
Oncewe get the physicaladdresswe also needto make

surethatthe physicalpageghataremappedo the userap-

plicationdoesnot getswappedontothedisk while the copy

engineperformsthe datatransfer Hence,we needto lock

thepagesn memorybeforeinitiating the DMA andunlock
the pagesafterthe completionof the copy operation,if re-

quired. We usethe get.userpages()functionin the kernel
spaceo lock theuserpages.

Table 1. Basic ADCE Interface
Operation Description
admacopy(src,dst,len) Blocking copy routine
admaicopy(src,dst,len) | Non-blockingcopy routine

admacheckcopy(cookie) | (Non-blocking)checkfor
completion

admawait_copy(cookie) | (Blocking)wait for
completion

In orderfor the userspacapplicationsto usethe copy
engine we proposeheadditionof thefollowing interfaces,
asshavnin Tablel. Theadmaicopyoperatiorhelpsin ini-
tiatingthecopy andreturnsacookiewhich canbeusedater

to checkfor completionwhile theadmacopy.ched opera-
tion helpsin checkingif the correspondingnemoryoper
ation hascompleted.The admacopy wait operationwaits
for the correspondingnemory operationto completeand
the admacopy operationis a blocking versionwhich uses
thecopy engineanddoesnotreturnuntil thecopy nishes.

3.2 Design for Inter-Pro cess Comm unica-
tion (IPC)

In additionto of oaded memoryoperationswithin a sin-
gle processapplicationsalsorequiresupportfor exchang-
ing messagescrossdifferent processedn a single node.
Typically, parallelapplicationswhich run on differentpro-
cessorsisesuchmechanism$or inter procescommunica-
tion. As shown in Figure 2, thereare mary ways of per
forming inter processcommunication. The mostcommon
way followed is the userspacesharedmemorybasedap-
proach.In thisapproachprocesse# andB createa shared
memoryregion. ProcesA copiesthe sourcedataonto the
sharedmemoryand processB copiesthis sharedmemory
segmentto its destination.Clearly, this approachinvolves
an extra copy. Several MPI implementationsusethis ap-
proach[4]. As mentionedn Section2, this approachalso
occupiessome CPU resources. Another approachis the
NIC-basedoop backapproaclwhereinnetwork device can
DMA thedatafrom thesourceto the destination.The third
approach8] is to mapthe userbuffer in kernelspaceand
usethe standarccopy operationin kernelto avoid an extra
copy incurredby userspacesharedmemoryapproach.In
this paper we proposea fourth approachwhich is utiliz-
ing the DMA copy engineto performthe copy. Suchan
approachdoesnot incur ary extra copies,not touchmary
CPUe critical resourcesndalsoavoids any cachepollution
effects.
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Figure 2. Different IPC Mechanisms
We supportthefollowing userinterface,asshavn in Ta-

ble 2, for applicationsto exchangemessageacrosdiffer-
ent processesThe admareadandadmawrite operations



readand write dataonto anotherprocessand admairead
andadmaiwrite operationsnitiate the datatransfer How-
ever, dueto the presenceof two differentprocessessyn-
chronizationbecomes bottleneckfor performance.Data
transfercannotbe initiated unlessboth the processefave
postedtheir buffersfor datatransfer We describethe chal-
lengesin handling thesescenariosin Section3.3. The
admaiched operationcheckswhetherthe memory oper
ation hascompletedandthe admawait operationwaitstill

the memoryoperationcompletes.

Table 2. ADCE Interface for IPC
Operation Description
admairead(fd,addr len) | Non-blockingreadroutine
admaiwrite(fd, addr, len) | Non-blockingwrite routine
admaread(fd,addr len) | Blockingreadroutine
admawrite(fd, addr, len) | Blockingwrite routine

admacheck(cookie) (Non-blocking)checkfor
read/writecompletion
admawait(cookie) (Blocking) Wait for

read/writecompletion

Figure 3 shavs the mechanismby which we support
IPCs. Our designcan be easily integratedwith the pipe
or soclet semantics.Currently we supportthe soclet se-
manticsfor establishingthe connectionbetweendifferent
processesOncethe connectioris made processesanuse
the setof interfacesmentionedabove for utilizing the copy
engine. Let us considertwo connectedorocessegA and
B). If processA needso senddatato processB, processA
makesarequesto thekernel(Stepl). In step2, the kernel
lockstheuserpageandaddstheentryto alist of cachedrir-
tual to physicalmappings.The kernelthenmalesan entry
to alist of pendingreadandwrite requestsAt thistime, if
proces®B postsits readbuffer (Step4), thekernellocksthe
userpageandcacheghepagemapping(Step5). Thekernel
searcheghelist to nd thematchingwrite reques(Step6).
Sincethewrite buffer is alreadypostedijt initiatesthe DMA
copy (Step7). ProcessA waitsfor the completionof oper
ation (Step8) by issuingarequesto thekernel. Thekernel

rst makes surethat the correspondindpuffers are posted

by waiting on a semaphorgStep9a). This semaphorés
initially in a locked stateandreleasedvhenboththe read
and write buffers match. Steps10-11aresimilar to Steps
8-9.

3.3 Handling IPC Synchronization

Sincewe have two differentprocesseperformingcom-
munication using the copy engine, synchronizationbe-
comesa critical issuebeforeinitiating the DMA transac-
tion. For example,considemprocesse# andB wantingto

Process A Process B
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7. Initiate DMA copy
S Useruer |

1. Request (ioctl)

:

User 10. Wait
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completion completion
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Figure 3. IPC using DMA copy engine

communicatea buffer of sizel KB. We needto handlethe
following casesnakingsurethatlateng, progresandCPU
utilization do not getaffectedsigni cantly. Casel: Process
A poststhe write buffer andwaits for the operationto n-
ish. ThenprocessB postsan admairead operation. Case
2: ProcessB poststhe readbuffer andwaits for the opera-
tionto nish. ThenprocessA postsanadmaiwrite opera-
tion. Case3: Both processe# andB posttheir respectre
buffers before performingthe wait operation. To address
thesecasesyve usea binary semaphorén ourimplementa-
tion. For Casel, we queuethe requestpostedby Process
A duringthewrite requestandwe allow the procesgo wait
onthesemaphoreluringthewait operation.WhenProcess
B postsareadbuffer, theDMA is initiatedandimmediately
processA is wokenup by releasinghe semaphoreProcess
A thenwaits on the DMA copy to nish andthe control
is given back to the userprocess. For Case2, a similar
approachs followed exceptthat ProcessA wakesup pro-
cessB afterprocessA poststhecorrespondingvrite buffer.
In Case3, bothprocesse#\ andB seea matchingrequest
postedandthusdo notwait on ary semaphoranddirectly
checkfor DMA completion. All threecasesavoid unnec-
essanypolling andthe controlis releasedmmediatelyafter
the buffers are postedsothat DMA completionis checled
immediatelyleadingto betternoti cation.

3.4 Handling Memory Alignmen t

Anotherissueis the memoryalignmentproblemasso-
ciatedwith sourceanddestinationbuffers. Sincethe copy
engineoperatesvith mainmemory the performancef the
copy operationcan be enhancedf the memoryis page-
aligned.For example letssaythatthe sourceaddresstarts
at offset0 andthe destinatioraddresst 2K. If we assume
thepagesizeto be4 KB, thenwe canonly schedulea max-
imum of 2 KB copy sincethe copy lengthis requiredto be
within the page-boundaryleading2000suchoperationdf
we assume 4 MB datatransfer On the otherhand,if the
addressewere page-alignedye only need1000suchop-



erations. In the worst case we may endup issuingcopies
for very smallmessageé< 100bytes)for sevseraliterations.
Clearly by makingtheaddressepage-alignedywe cansave
on the numberof copy operationsand more importantly
avoid issuingvery small datatransfersusingthe copy en-
gine.
3.5 Handling User Buer Locking

As mentionedin Section2, the copy enginedealswith
physical addressess it directly operateson main mem-
ory. To avoid swappingof userpagesto the disk during
a copy operation,it is mandatorythat the kernellocks the
userbuffers beforeinitiating the DMA copy. Usually this
locking costis quite large, in the orderof s contributing
signi cantly to the total time requiredfor datatransfer To
reducethis cost,we lock the buffersinitially anddo notre-
leasethe locked buffers even after the completionof data
transfer For subsequentatatransfers,if the sameuser
buffer is reusedwe canavoid thelocking costsanddirectly
usethe physicaladdresghat mapsto the virtual address.
However, if the applicationusesmalloc() andfree() calls,
the kernelmoduleneedsto be aware of suchchangesand
appropriatelyreleaseghesebuffers.

3.6 Handling
channels

Scheduling across DMA

Several applicationscan usethe DMA enginesimulta-
neously Hence,it is possiblethat a small memoryopera-
tionis queuedehindseverallargememoryoperationsDue
to thefactthatwe have several DMA channelsscheduling
thesememoryoperationson appropriatechanneldecomes
achallengingtask. Currently we usea simpleapproactof
usingthe channelsn a round-robinmannerand schedule
the memoryoperations. We plan to extend this work on
usingdedicatecthannelsandadaptve schemesn future.

4 Experimental Results

We ran our experimentson a dual dual-core Intel
3.46 GHz processorsand 2 MB L2 cachesystemwith
SuperMicroX7DB8+ motherboardsvhich include 64-bit
133MHz PCI-Xinterfaces.Themachines connectedvith
anintel PRO 1000MbitadapterWe usedthe Linux RedHat
AS 4 operatingsystemandkernelversion2.6.9-30.

4.1 Latency and Bandwidth Performance

Figure 4ashaws the performanceof copy lateng using
CPU and ADCE for small messagesizes. In this experi-
ment, both sourceand destinationbuffers t in the cache.
For CPU-basecdcopy operation,we measurethe memcpy

operationof libc library and averageit over several itera-
tions. This is indicatedaslibc memcpyCPU-based)ine
in the gure. For ADCE, we usethe admaicopyoperation
followedby theadmawait operationrandmeasurehetime
to nish boththeoperations.

As shovnin Figureda,we seethat CPU-base@pproach
performswell for all messagsizes. This is mainly dueto
the cachesizewhich is 2 MB. Sinceboth sourceanddes-
tination buffers can t in the cache,CPU-basedpproach
performsbetter Figure4b shav the performanceof copy
latengy for small messagesvhen sourceand destination
buffersarenotin the cache.In this experimentwe usetwo
64 MB buffersassourceanddestination.After every copy
operationwe move the sourceand destinationpointersby
messagesize, so that memorycopy always usesdifferent
buffers. We repeathis for a large numberof iterationsand
ensurethatthe buffersarenotin the cache.As obsenedin
the gure, we seethat ADCE usingfour channelgperforms
betterfrom 16 KB. As mentionedearlier sincewe areus-
ing buffers that are not in the cache,for ADCE, we also
incur penaltiesvith hugepinningcostsfor every copy oper
ation. As aresult,we seethattheperformancss little worse
comparedo the previous experimentwherethe buffersare
in the cache. Also, the performanceof ADCE with one
channebetsbetterafter256 KB messagsize.However, as
shawvn in Figure4c, we seethatthe performanceof ADCE
for largemessagsizesis signi cantly betterthanthe CPU-
basedapproach.For 4 MB messageize,we obsene that
ADCE with four channelgresultsin 50% improvementin
latengy ascomparedo the CPU-base@pproach Also, we
obsene that ADCE usingfour channelsachiezesbetterla-
tengy comparedo ADCE with onechannel.

The bandwidthperformancenf copy operationis shavn
in Figure 5. In this experiment, we post a window of
admaicopy operationg128in our case)andwait for these
memory operationsto nish. We repeatthis experiment
for several iterationsand reportthe bandwidth. For CPU-
basedapproach,we use the libc memcpyinsteadof the
admaicopy operation.As shovn in Figure5, for message
sizestill 1 MB, the CPU-basedapproachyields a maxi-
mum bandwidthof 9189 MB/s. This is mainly dueto the
cachingeffect sincethe copy happensnsidethe cache.For
messageizesgreaterthan1 MB, we obsene a hugedrop
in bandwidthfor CPU-basedapproachachieving closeto
1443 MB/s. However, ADCE with four channelsachieves
a peakbandwidthof 2912 MB/s, almostdoublethe band-
width achieved by CPU-basedpproach.ADCE with one
channelchiezesclose2048MB/s.

4.2 Overlap of Computation
Op eration

and Memory

In this sectionwe evaluatetheability of ADCE to effec-
tively overlapmemorycopy processand computation.To
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carrythis evaluationwe designan overlapbenchmark For
a certainmessagesize, the benchmarkrst estimateshe
lateng of blockingmemorycopy Tcopy (admaicopyoper
ation immediatelyfollowed by admawait operation). To
testthe overlapef ciency, thebenchmarknitiatesanasyn-
chronousnemorycopy (admaicopy) followedby acertain
amountof computatiorwhich at leasttakestime Tcompute
> Teopy, and nally waitsfor the completion(admawait).
Thetotal time is recordedas Tioty - If the memorycopy is
totally overlappedy computationywe shouldhave Tigy =
Teompute - If thememorycopy is notoverlappedwe should
have Tiotal = Tcopy + Tcompute - Theactualmeasuredalue
will bein betweenandwe de ne overlapas:

Overlap = (Teopy + Tcompute - Ttotal ) / Teopy

Basedon the above de nition, the valueof overlapwill
be between0 (non-overlap)andl (totally overlapped).A
valuecloseto 1 indicatesa higheroverlapef ciency. Fig-
ure6aillustratestheoverlapef ciency we measuredAs we
cansee,CPU-basedopy usingmemcpyis blocking, thus
we alwaysgetan overlapefciency of 0. By usingADCE
for large size memory copies,we are able to achieve up
to 0.92(92%) and 0.87 (87%) overlap using one and four
channelsyrespectiely. For ADCE with four channelswe
checkthe completionacrossfour channelsandthusit re-
sultsin lesseroverlapcomparedo ADCE with onechannel
case.For smallersizes,the overlapef ciency is smalldue
to DMA startupoverheadsWe seesimilar trendin overlap
efciency whenthe sourceand destinationbuffers are not
in the cacheas showvn in Figure 6b. However, the actual
percentageseeraremuchlower. We explainthereasorfor
suchlower percentages the sectionbelow.

4.3 Async hronous Memory Copy Over-
heads

In order to understandhe low overlap ef ciency ob-
sened in the previous section, we measurethe split-
up/overheadof ADCE. Figure 7 shavs the split-up over
headof ADCE usingfour channelsin this experimentwe
ranthecopy lateng testwith sourceanddestinatiorbuffers
not in the cacheand measurethe overheadof user/lernel
transition, pinning of userbuffer, DMA startupand com-
pletion. We obsene that the pinning costoccupiesa sig-
ni cant fraction of the total overhead. For small message
sizes,we seethatall four overheadsontribute equallyto-
wardsthe lateng andthereis very little roomfor overlap.
For larger messagesizes,we seethat the pinning costand
DMA startupcostoccupies30%and7%, respectiely. The
remainingtime is overlappedvith the computation(62%).

4.4 Cache Pollution E ects

In this section,we measurethe effect of cachepollu-
tion with applications. We designthe experimentin the
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following way. We perform a large memorycopy opera-
tion andperforma column-wiseacces®f a smallmemory
buffer which can t in the cache. Figure 8 shows the ac-
cesstime for variousmemorysizes. We measurethe ac-
cesstime without the memorycopy andreportit asaccess
w/o copyandfor remainingcasesye performthe memory
copy using CPU and ADCE. As showvn in gure, the ac-
cesstime after performingthe copy using ADCE doesnot
changewith the normalaccesgime. However, CPU-based
approachincreaseghe accesgime by 30% dueto cache
eviction. SinceADCE operateglirectly on main memory
ADCE avoids cachepollution effects. As a result,the ac-
cesslateng afterusing ADCE doesnot change.However,
CPU-base@pproactevicts someof theentriesin thecache
resultingin anincreasean accesgime lateng.

45 IPC Latency and Bandwidth

Figure9a shows the IPC lateng for ADCE basedcopy
(ADCEC), NIC loopbackbasedcopy (NLBC) andKernel-
assisteanemorymappedasedopy (KAMMC). For4 MB
messagsize, we seethat ADCEC achievescloseto 2954

s whereasKkAMMC and NLBC achiese closeto 5803
and 14333 s, respectiely. Further for increasingmes-
sagesizes the performancef ADCEC is muchbetterthan
KAMMC andNLBC, respectiely.

Figure 9b shavs the IPC bandwidth with ADCEC,
KAMMC andNLBC. Sincethebufferscan t in thecache,
we obsene thatthe performanceof KAMMC is betterthan
ADCEC and NLBC till 256 KB messagesize achieving
closeto 8191 MB/s. However, for messagesizesgreater
than 1 MB, we seethat ADCEC achieves 2932 MB/s
whereaskk AMMC andNLBC achiere only 1438MB/s and
720MB/s, respectiely.

Copy Engine Splitup Overhead
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Figure 7. Async hronous Copy Overhead

20 T T T T T T T
ADCE —+— xr

18 libc memcpy (CPU-based) - Kemee

access w/o copy B

% 16t
2
o 14t
Q
b 12t
<]
5 10l
=3
=~ 8¢
2
L 6
8 41
0 Eﬁ“”“‘%ﬂﬂ ‘ ‘ : L L
1k 4k 16k 64k by .

Message Size (Bytes)

Figure 8. Cache Pollution Effects

5 Discussionand Related Work

Emeging technologiessuch as multi-core processors
(also known as Chip-level Multiprocess)provide several
coreson a single node. Since several of thesecoresac-
cessmemoryat the sametime, memorycontentionissues
becomevery commonin suchervironments. Also, dueto
the gapbetweermemoryand processoperformancecon-
tentionissueswill only getworsewith moreandmorecores.
The inability to performusefulcomputationby stallingon



12000 7
ADCEC —+—
KAMMC —>-—
_. 10000 r NLBC - §
E ,9
S H
S 8000 - H
a ]
a {
e /
K] 6000
=3
>
2 4000 r
Q
5
2000 r
0 KKKk =t . . .
1k 4k 16k 64k 256k 1M 4M  16M
Message Size (Bytes)
9000 T
ADCEC —+—
8000 - X KAMMC -3¢
x7 % NLBC -
7000 AN
— « \
@ 6000 | \
=3 }
= 5000 r % !
2 4
5 4000 >‘<.
c X
< 3000 [ >
m /
2000 ) L ,
1000 1
AT P S

1k 4k 16k 64k 256k 1M 4M  16M
Message Size (Bytes)

Figure 9. Inter Process Communication: (a)
Latency and (b) Band width

memory operationsis often consideredthe bottleneckin
mary of theseenvironments. ADCE helpsin alleviating
this bottleneckby its asynchronougeature,thus allowing
the coresto performusefulcomputationduringa memory
copy operation.

Researchertave proposedseveral solutionsfor asyn-
chronous memory operationsin the past. Userlevel
DMA [10, 2] dealwith providing asynchronou®MA ex-
plicitly attheuserspace Zhaoetal [12] talk abouthardware
supportfor handlingbulk datamovement. Calhouns the-
sis [3] proposeghe needfor dedicatednemorycontroller
copy engineandcentralizechandlingof memoryoperations
to improve performance. However, mary of thesesolu-
tions are simulation-based.Ciaccio [5] proposedthe use
of self-connectedhetwork devicesfor of oading memory
copies.Thoughthis approacttanprovide anasynchronous
memorycopy feature it hasalot of performance-relateig-
sues.l/OAT [6] offersanasynchronou®MA copy engine
(ADCE) which improvesthe copy performancewith very
little startupcosts. In this paper we usethis hardwarefor
supportingasynchronousmemoryoperations.

6 Conclusionsand Future Work

Intel's 1/0O Acceleration Technology offers an asyn-
chronousmemorycopy enginein kernelspacethat allevi-

atescopy overheadssuchas CPU stalling, small register
sizedatamovementsetc. In thispaperwe proposedsetof
designdor asynchronousmemoryoperationsn userspace
for bothsingleprocesgasanof oaded memcpy()andIPC
usingthe copy engine. We analyzedour designbasedon
overlapef ciency, performanceandcacheutilization. Our
microbenchmarkesultsshovedthatusingthe copy engine
for performingmemory copiescan achieve closeto 87%
overlapwith computationFurther the copy lateng of bulk
memorydatatransferds improvedby 50%.

We planto analyzethe impactof the copy enginewith
several MPI-basedapplicationsand also other distributed
applicationssuchasweb senersasa part of future work.
We alsoproposeo improve our designsothatapplications
canachieve closeto 100%overlapwith computation.
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