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Abstract

Memorycopiesfor bulk datatransportincur large over-
headsdueto CPU stalling, small register-sizedata move-
ment, etc. Intel's I/O Acceleration Technology offers an
asynchronousmemorycopyenginein kernel spacewhich
alleviatessuch overheads.In thispaper, weproposea setof
designsfor asynchronousmemoryoperationsin userspace
for bothsingleprocess(asanof�oadedmemcpy()) andIPC
using the copy engine. We analyzeour designbasedon
overlapef�ciency, performanceandcacheutilization. Our
microbenchmarkresultsshowthatusingthecopyenginefor
performingmemorycopiescanachievecloseto 87%over-
lap with computation. Further, the copyengineimproves
thecopylatencyof bulk memorydatatransfersby50%and
avoidscachepollutioneffects.With theemergenceof multi-
core architectures, the support for asynchronousmemory
operationsholdsa lot of promisein reducingthe gap be-
tweenthememoryandprocessorperformance.

1 Intr oduction

Severalapplicationsin the�elds of biomedicalinformat-
ics, satelliteweatherimageanalysis,engineeringandsci-
encesnot only demandfor large numberof computecy-
clesbut alsofor highermemoryandnetwork performance.
To addressthecomputecycle requirement,largenumberof
processorsaregettingaddedto current-generationsystems.
Emerging new technologiessuchasMulti-Core Processors
(also known as Chip-level Multiprocessingor CMP) pro-
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vide several coreson a single node. Currently dual-core
architectures(two coresperdie) arewidely availablefrom
variousindustry leadersincluding Intel, AMD, Sun (with
upto 8 cores)andIBM. Similarly, networkperformancehas
alsobeenincreasingata tremendousratewith theintroduc-
tion of high-performancenetworkssuchasIn�niBand [1],
10 Gigabit Ethernet(10 GigE) [7], etc. Today, several in-
dustriesaretaking the next stepin high-speednetworking
with multi ten-gigabitnetworks suchas the Mellanox 20-
GigabitIBA DDR adapters,IBM 30-GigabitIBA adapters,
etc.

On the otherhand,memoryperformancehasnot been
improving at a signi�cant paceresultingin a hugegapbe-
tweentheprocessorandmemoryperformance.Thelimited
memorybandwidthis oftenaddressedasthemajorperfor-
mancedegradationfactorfor many scienti�c applications.
Several memoryblock operationssuchascopy, compare,
move,etc.,areperformedby thehostCPUleadingto anin-
ef�cient useof thehostcomputecycles. In addition,such
operationsalsoaffect the cachinghierarchysincethe host
CPU fetchesthe dataonto cache,thereby, evicting some
othervaluableresourcesin cache.The problemgetseven
worsewith theintroductionof multi-coresystemssincesev-
eral corescanconcurrentlyaccessthe memoryleadingto
memorycontentionissues,CPUstallingissues,etc.Dueto
severalof theissuesmentionedabove,theability to overlap
computationandmemoryoperationasa memorylatency-
hidingmechanismbecomescritical for maskingthegapbe-
tweenprocessorandmemoryperformance.

Direct Memory Access(DMA) has beentraditionally
usedto transferthe datadirectly from thehostmemoryto
any input/outputdevice without thehostCPUintervention.
Several networks suchas In�niBand andMyrinet provide
a zero-copy datatransfersupport.However, suchsolutions
aremainly usedfor transferringdatafrom onenodeto an-
other. Researchersin thepasthave attemptedto useDMA
enginesto acceleratebulk datamovementwithin a node.
Many of theseapproacheshave not entirelysucceededdue
to hugeDMA startupcosts,completionnoti�cation costs



andotherperformance-relatedissues.Recently, Intel's I/O
AccelerationTechnology(I/OAT) [6, 9, 11] introducedan
AsynchronousDMA Copy Engine(ADCE) in kernelspace
that hasdirect accessto main memoryto improve perfor-
manceandreducetheoverheadsmentionedabove.

In this paper, we proposea set of designsfor asyn-
chronousmemoryoperationsin userspacefor both single
process(asanof�oadedmemcpy()) andInter-ProcessCom-
munication(IPC)usingthecopy engine.In orderto achieve
this, we designand implementa kernel modulethat pro-
videsa setof interfacesfor userspaceapplications.In our
design,weef�ciently handleIPCsynchronization,memory
alignment,schedulingacrossDMA channelsandavoiding
userbuffer pinningcosts.We analyzeour designbasedon
overlapef�ciency, performanceandcacheutilization.

Our experimentalresults show that using ADCE for
memorycopiescanachievecloseto 87%overlapwith com-
putation. Further, it improvesthe latency of largememory
datatransfersby 50%andincreasestheIPC bandwidthfor
largemessagesizesby a factorof two. Also, thecopy en-
gine assistsin avoiding 30% performancedegradationdue
to cachepollutioneffects.

2 Background

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

2.1 Motiv ations for Cop y O�oad Engine

Figure1 illustratesthebasicarchitectureof a copy exe-
cutionusinga CPUvs usinga DMA copy engine.As men-
tionedin [12], utilizing acopy enginefor bulk datatransfer
offersseveralbene�ts:

1. Reductionin CPUResourcesandBetterPerformance:
Memorycopiesareusuallyimplementedasa seriesof load
andstoreinstructionsthroughregisters.Datais fetchedonto
the cacheandthenonto the registers. Typically, the CPU
performsthecopy by registersizewhichis 32or64bit long.
Ontheotherhand,usingacopy engine,memorycopiescan
bedoneatafasterrate(closeto blocksizes)sinceit directly
operateswith mainmemory. Further, theloadandstorein-
structionsusedin CPU-basedcopiesmayendupoccupying
theCPUresources,limiting theCPUto not look far ahead
in theinstructionwindow. Copy enginescanhelpin freeing
up CPU resourcesso that otheruseful instructionscanbe
executed.

2. Computation-MemoryCopy Overlap: Since the
memory-to-memorycopy operationcanbeperformedwith-
out hostCPUinterventionusinganasynchronouscopy en-
gine, we can achieve betteroverlapwith memorycopies.
This is similar to DMA operationwheredatais transfered

directly betweenthe memory and device which is com-
monlyusedby networkssuchasIn�niBand, Quadrics,etc.

3. Avoiding Cache Pollution Effects: Large memory
copiescanpollutethecachesigni�cantly. Unlessthesource
or destinationbuffersareneededby theapplication,allocat-
ing thisbuffer in thecachemayresultin pollutingthecache
as it can evict other valuableresourcesin the cache. As
mentionedin [12], clusterapplicationssuchaswebservers
donottouchthedataimmediatelyevenaftercompletingthe
memorycopy. Using a copy enginein this case,resultsin
avoiding any cachepollution asit candirectly performthe
copy without gettingthedataontothecache.
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Figure 1. Copy execution on CPU vs Copy En-
gines [12]

2.2 I/O AT Cop y Engine Arc hitecture

I/OAT [6] of�oads the data copy operationfrom the
CPUwith theadditionof anasynchronousDMA copy en-
gine(ADCE). ADCE is implementedasa PCI-enumerated
device in the chipsetandhasmultiple independentDMA
channelswith directaccessto mainmemory. Whenthepro-
cessorrequestsa block memoryoperationfrom theengine,
it can thenasynchronouslyperformthe datatransferwith
nohostprocessorintervention.Whentheenginecompletes
acopy, it canoptionallygenerateaninterrupt.

ThoughADCE offersseveralbene�ts, the following is-
suesneedto be taken care of. The memory controller
usesphysicaladdresses,so a single transfercannotspan
discontinuousphysicalpages.Hence,memoryoperations
shouldbe broken up into individual pagetransfers. Sec-
ondly, memorycopieswhosesourceanddestinationoverlap
shouldbecarefullyhandled.Applicationsneedto schedule
suchoperationsin anappropriateordersoasto preservethe
semanticsof the operation. Lastly, the copy enginemust
maintaincachecoherenceimmediatelyafter datatransfer.
Datamovementperformedby thememorycontrollershould
notignorethedatastoredin theprocessorcache,potentially
requiringacachecoherencetransactionon thebus.



3 ProposedDesign

In this section,we describeour proposeddesignin sup-
porting asynchronousmemoryoperationfor userspaceap-
plications. We �rst describethe designfor singleprocess
andIPC.Later, wediscusshow ef�ciently wehandleissues
such as synchronization,memory alignment,user buffer
pinning,etc.

3.1 Basic Design for User-Space Applica-
tions

Currently, Intel supportsseveral interfaces in kernel
spacefor copying datafrom a sourcepage/buffer to a des-
tinationpage/buffer. Theseinterfacesareasynchronousand
thecopy is not guaranteedto becompletedwhenthefunc-
tion returns.Theseinterfacesreturna non-negativecookie
valueon success,which is usedto checkfor completionof
a particularmemoryoperation. It is necessaryto wait on
anotherfunctionto wait for thecopiesto complete.

A memory copy operation typically involves three
operands:(i) a sourceaddress,(ii) a destinationaddress
and(iii) numberof bytesto be copied. For user-spaceap-
plications,the sourceanddestinationaddressesarevirtual
addresses.However, asmentionedin Section2, the DMA
copy enginecanonly understandphysicaladdresses.The
�rst stepin performingthe copy is to translatethe virtual
addressto physicaladdresses.For variousreasonsrelated
to securityandprotection,this is doneat thekernelspace.
Oncewe get the physicaladdress,we also needto make
surethatthephysicalpagesthataremappedto theuserap-
plicationdoesnotgetswappedontothediskwhile thecopy
engineperformsthedatatransfer. Hence,we needto lock
thepagesin memorybeforeinitiating theDMA andunlock
thepagesafter thecompletionof thecopy operation,if re-
quired. We usetheget userpages()function in thekernel
spaceto lock theuserpages.

Table 1. Basic ADCE Interface
Operation Description
admacopy(src,dst,len) Blockingcopy routine
admaicopy(src,dst,len) Non-blockingcopy routine
admacheckcopy(cookie) (Non-blocking)checkfor

completion
admawait copy(cookie) (Blocking)wait for

completion

In order for the userspaceapplicationsto usethe copy
engine,weproposetheadditionof thefollowing interfaces,
asshown in Table1. Theadmaicopyoperationhelpsin ini-
tiatingthecopy andreturnsacookiewhichcanbeusedlater

to checkfor completionwhile theadmacopycheck opera-
tion helpsin checkingif the correspondingmemoryoper-
ationhascompleted.Theadmacopywait operationwaits
for the correspondingmemoryoperationto completeand
the admacopyoperationis a blocking versionwhich uses
thecopy engineanddoesnot returnuntil thecopy �nishes.

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

In additionto of�oadedmemoryoperationswithin asin-
gle process,applicationsalsorequiresupportfor exchang-
ing messagesacrossdifferent processesin a single node.
Typically, parallelapplicationswhich run on differentpro-
cessorsusesuchmechanismsfor interprocesscommunica-
tion. As shown in Figure2, therearemany waysof per-
forming inter processcommunication.The mostcommon
way followed is the userspacesharedmemorybasedap-
proach.In thisapproach,processesA andB createashared
memoryregion. ProcessA copiesthesourcedataonto the
sharedmemoryandprocessB copiesthis sharedmemory
segmentto its destination.Clearly, this approachinvolves
an extra copy. Several MPI implementationsusethis ap-
proach[4]. As mentionedin Section2, this approachalso
occupiessomeCPU resources. Another approachis the
NIC-basedloopbackapproachwhereinnetwork devicecan
DMA thedatafrom thesourceto thedestination.Thethird
approach[8] is to mapthe userbuffer in kernelspaceand
usethestandardcopy operationin kernelto avoid anextra
copy incurredby userspacesharedmemoryapproach.In
this paper, we proposea fourth approach,which is utiliz-
ing the DMA copy engineto perform the copy. Suchan
approachdoesnot incur any extra copies,not touchmany
CPUcritical resourcesandalsoavoidsany cachepollution
effects.
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Figure 2. Diff erent IPC Mechanisms

We supportthefollowing userinterface,asshown in Ta-
ble 2, for applicationsto exchangemessagesacrossdiffer-
ent processes.The admareadandadmawrite operations



readand write dataonto anotherprocessand admairead
andadmaiwrite operationsinitiate thedatatransfer. How-
ever, due to the presenceof two differentprocesses,syn-
chronizationbecomesa bottleneckfor performance.Data
transfercannotbe initiated unlessboth the processeshave
postedtheir buffersfor datatransfer. We describethechal-
lengesin handling thesescenariosin Section3.3. The
admaicheck operationcheckswhetherthe memoryoper-
ationhascompletedandtheadmawait operationwaits till
thememoryoperationcompletes.

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) Blocking readroutine
admawrite(fd, addr, len) Blockingwrite routine
admacheck(cookie) (Non-blocking)checkfor

read/writecompletion
admawait(cookie) (Blocking)Wait for

read/writecompletion

Figure 3 shows the mechanismby which we support
IPCs. Our designcan be easily integratedwith the pipe
or socket semantics.Currently, we supportthe socket se-
manticsfor establishingthe connectionbetweendifferent
processes.Oncetheconnectionis made,processescanuse
thesetof interfacesmentionedabove for utilizing thecopy
engine. Let us considertwo connectedprocesses(A and
B). If processA needsto senddatato processB, processA
makesa requestto thekernel(Step1). In step2, thekernel
lockstheuserpageandaddstheentryto alist of cachedvir-
tual to physicalmappings.Thekernelthenmakesanentry
to a list of pendingreadandwrite requests.At this time, if
processB postsits readbuffer (Step4), thekernellocksthe
userpageandcachesthepagemapping(Step5). Thekernel
searchesthelist to �nd thematchingwrite request(Step6).
Sincethewrite buffer is alreadyposted,it initiatestheDMA
copy (Step7). ProcessA waitsfor thecompletionof oper-
ation(Step8) by issuinga requestto thekernel.Thekernel
�rst makessurethat the correspondingbuffers areposted
by waiting on a semaphore(Step9a). This semaphoreis
initially in a locked stateandreleasedwhenboth the read
andwrite buffers match. Steps10-11aresimilar to Steps
8-9.

3.3 Handling IPC Synchronization

Sincewe have two differentprocessesperformingcom-
munication using the copy engine, synchronizationbe-
comesa critical issuebeforeinitiating the DMA transac-
tion. For example,considerprocessesA andB wantingto
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Figure 3. IPC using DMA cop y engine

communicatea buffer of size1 KB. We needto handlethe
following casesmakingsurethatlatency, progressandCPU
utilizationdonotgetaffectedsigni�cantly. Case1: Process
A poststhewrite buffer andwaits for theoperationto �n-
ish. ThenprocessB postsan admaireadoperation.Case
2: ProcessB poststhereadbuffer andwaits for theopera-
tion to �nish. ThenprocessA postsanadmaiwrite opera-
tion. Case3: Both processesA andB posttheir respective
buffers beforeperformingthe wait operation. To address
thesecases,we usea binarysemaphorein our implementa-
tion. For Case1, we queuethe requestpostedby Process
A duringthewrite requestandwe allow theprocessto wait
on thesemaphoreduringthewait operation.WhenProcess
B postsareadbuffer, theDMA is initiatedandimmediately
processA is wokenupby releasingthesemaphore.Process
A then waits on the DMA copy to �nish and the control
is given back to the userprocess. For Case2, a similar
approachis followedexceptthatProcessA wakesup pro-
cessB afterprocessA poststhecorrespondingwrite buffer.
In Case3, bothprocessesA andB seea matchingrequest
postedandthusdo not wait on any semaphoreanddirectly
checkfor DMA completion. All threecasesavoid unnec-
essarypolling andthecontrol is releasedimmediatelyafter
thebuffersarepostedso thatDMA completionis checked
immediatelyleadingto betternoti�cation.

3.4 Handling Memory Alignmen t

Another issueis the memoryalignmentproblemasso-
ciatedwith sourceanddestinationbuffers. Sincethecopy
engineoperateswith mainmemory, theperformanceof the
copy operationcan be enhancedif the memory is page-
aligned.For example,letssaythatthesourceaddressstarts
at offset0 andthedestinationaddressat 2K. If we assume
thepagesizeto be4 KB, thenwecanonly scheduleamax-
imum of 2 KB copy sincethecopy lengthis requiredto be
within thepage-boundary, leading2000suchoperationsif
we assumea 4 MB datatransfer. On theotherhand,if the
addresseswerepage-aligned,we only need1000suchop-



erations.In theworst case,we may endup issuingcopies
for verysmallmessages(< 100bytes)for severaliterations.
Clearly, by makingtheaddressespage-aligned,wecansave
on the numberof copy operationsand more importantly
avoid issuingvery small datatransfersusingthe copy en-
gine.

3.5 Handling User Bu�er Lo cking

As mentionedin Section2, the copy enginedealswith
physical addressesas it directly operateson main mem-
ory. To avoid swappingof userpagesto the disk during
a copy operation,it is mandatorythat the kernel locks the
userbuffers beforeinitiating the DMA copy. Usually this
locking cost is quite large, in the orderof � s contributing
signi�cantly to the total time requiredfor datatransfer. To
reducethis cost,we lock thebuffersinitially anddo not re-
leasethe locked buffers even after the completionof data
transfer. For subsequentdata transfers,if the sameuser
buffer is reused,wecanavoid thelockingcostsanddirectly
usethe physicaladdressthat mapsto the virtual address.
However, if the applicationusesmalloc() and free()calls,
the kernelmoduleneedsto be awareof suchchangesand
appropriatelyreleasethesebuffers.

3.6 Handling Scheduling across DMA
channels

Several applicationscanusethe DMA enginesimulta-
neously. Hence,it is possiblethat a small memoryopera-
tion is queuedbehindseverallargememoryoperations.Due
to thefactthatwe have severalDMA channels,scheduling
thesememoryoperationson appropriatechannelsbecomes
a challengingtask.Currently, we usea simpleapproachof
using the channelsin a round-robinmannerandschedule
the memoryoperations. We plan to extend this work on
usingdedicatedchannelsandadaptiveschemesin future.

4 Experimental Results

We ran our experiments on a dual dual-core Intel
3.46 GHz processorsand 2 MB L2 cachesystemwith
SuperMicroX7DB8+ motherboardswhich include 64-bit
133MHz PCI-X interfaces.Themachineis connectedwith
anIntel PRO 1000Mbitadapter. WeusedtheLinux RedHat
AS 4 operatingsystemandkernelversion2.6.9-30.

4.1 Latency and Bandwidth Performance

Figure4ashows theperformanceof copy latency using
CPU and ADCE for small messagesizes. In this experi-
ment,both sourceanddestinationbuffers �t in the cache.
For CPU-basedcopy operation,we measurethe memcpy

operationof libc library andaverageit over several itera-
tions. This is indicatedas libc memcpy(CPU-based)line
in the�gure. For ADCE, we usetheadmaicopyoperation
followedby theadmawait operationandmeasurethetime
to �nish boththeoperations.

As shown in Figure4a,weseethatCPU-basedapproach
performswell for all messagesizes.This is mainly dueto
the cachesizewhich is 2 MB. Sinceboth sourceanddes-
tination buffers can �t in the cache,CPU-basedapproach
performsbetter. Figure4b show the performanceof copy
latency for small messageswhen sourceand destination
buffersarenot in thecache.In this experiment,we usetwo
64 MB buffersassourceanddestination.After every copy
operation,we move thesourceanddestinationpointersby
messagesize, so that memorycopy always usesdifferent
buffers. We repeatthis for a largenumberof iterationsand
ensurethatthebuffersarenot in thecache.As observedin
the�gure, we seethatADCE usingfour channelsperforms
betterfrom 16 KB. As mentionedearlier, sincewe areus-
ing buffers that are not in the cache,for ADCE, we also
incurpenaltieswith hugepinningcostsfor everycopy oper-
ation.As aresult,weseethattheperformanceis little worse
comparedto thepreviousexperimentwherethebuffersare
in the cache. Also, the performanceof ADCE with one
channelgetsbetterafter256KB messagesize.However, as
shown in Figure4c,we seethat theperformanceof ADCE
for largemessagesizesis signi�cantly betterthantheCPU-
basedapproach.For 4 MB messagesize,we observe that
ADCE with four channelsresultsin 50% improvementin
latency ascomparedto theCPU-basedapproach.Also, we
observe thatADCE usingfour channelsachievesbetterla-
tency comparedto ADCE with onechannel.

Thebandwidthperformanceof copy operationis shown
in Figure 5. In this experiment, we post a window of
admaicopyoperations(128in our case)andwait for these
memoryoperationsto �nish. We repeatthis experiment
for several iterationsandreportthe bandwidth. For CPU-
basedapproach,we use the libc memcpyinsteadof the
admaicopyoperation.As shown in Figure5, for message
sizestill 1 MB, the CPU-basedapproachyields a maxi-
mum bandwidthof 9189MB/s. This is mainly dueto the
cachingeffect sincethecopy happensinsidethecache.For
messagesizesgreaterthan1 MB, we observe a hugedrop
in bandwidthfor CPU-basedapproachachieving closeto
1443MB/s. However, ADCE with four channelsachieves
a peakbandwidthof 2912MB/s, almostdoublethe band-
width achieved by CPU-basedapproach.ADCE with one
channelachievesclose2048MB/s.

4.2 Ov erlap of Computation and Memory
Op eration

In thissection,weevaluatetheability of ADCE to effec-
tively overlapmemorycopy processandcomputation.To



 0

 50

 100

 150

 200

 250

 300

 256k 64k 16k 4k 1k

La
te

nc
y 

(M
ic

ro
se

co
nd

s)

Message Size (Bytes)

ADCE 4 Channels
ADCE 1 Channel

libc memcpy (CPU-based)

 0

 50

 100

 150

 200

 250

 300

 350

 400

 256k 64k 16k 4k 1k

La
te

nc
y 

(M
ic

ro
se

co
nd

s)

Message Size (Bytes)

ADCE 4 Channels
ADCE 1 Channel

libc memcpy (CPU-based)

 0

 2000

 4000

 6000

 8000

 10000

 12000

16M8M4M2M1M

La
te

nc
y 

(M
ic

ro
se

co
nd

s)

Message Size (Bytes)

ADCE 4 Channels
ADCE 1 Channel

libc memcpy (CPU-based)

Figure 4. Latenc y: (a) small messa ge hot-
cache, (b) small messa ge cold-cac he and (c)
large messa ge cold-cac he

 0

 2000

 4000

 6000

 8000

 10000

 12000

 14000

16M 4M 1M 256k 64k 16k 4k 1k

B
an

dw
id

th
 (

M
B

/s
)

Message Size (Bytes)

ADCE 4 Channels
ADCE 1 Channel

libc memcpy (CPU-based)

Figure 5. Band width

carrythis evaluationwe designanoverlapbenchmark.For
a certainmessagesize, the benchmark�rst estimatesthe
latency of blockingmemorycopy Tcopy (admaicopyoper-
ation immediatelyfollowed by admawait operation). To
testtheoverlapef�ciency, thebenchmarkinitiatesanasyn-
chronousmemorycopy (admaicopy) followedby acertain
amountof computationwhich at leasttakestime Tcompute

> Tcopy , and�nally waits for thecompletion(admawait).
Thetotal time is recordedasTtotal . If thememorycopy is
totally overlappedby computation,weshouldhaveTtotal =
Tcompute . If thememorycopy is notoverlapped,weshould
haveTtotal = Tcopy + Tcompute . Theactualmeasuredvalue
will bein between,andwede�ne overlapas:

Overlap = (Tcopy + Tcompute - Ttotal ) / Tcopy

Basedon theabove de�nition, thevalueof overlapwill
be between0 (non-overlap)and1 (totally overlapped).A
valuecloseto 1 indicatesa higheroverlapef�ciency. Fig-
ure6aillustratestheoverlapef�ciency wemeasured.As we
cansee,CPU-basedcopy usingmemcpyis blocking, thus
we alwaysgetanoverlapef�ciency of 0. By usingADCE
for large size memorycopies,we are able to achieve up
to 0.92(92%) and0.87(87%) overlapusingoneandfour
channels,respectively. For ADCE with four channels,we
checkthe completionacrossfour channelsand thus it re-
sultsin lesseroverlapcomparedto ADCE with onechannel
case.For smallersizes,theoverlapef�ciency is small due
to DMA startupoverheads.We seesimilar trendin overlap
ef�ciency whenthe sourceanddestinationbuffers arenot
in the cacheas shown in Figure 6b. However, the actual
percentagesseenaremuchlower. Weexplainthereasonfor
suchlowerpercentagesin thesectionbelow.

4.3 Async hronous Memory Cop y Ov er-
heads

In order to understandthe low overlap ef�ciency ob-
served in the previous section, we measurethe split-
up/overheadof ADCE. Figure 7 shows the split-up over-
headof ADCE usingfour channels.In this experiment,we
ranthecopy latency testwith sourceanddestinationbuffers
not in the cacheandmeasurethe overheadof user/kernel
transition,pinning of userbuffer, DMA startupandcom-
pletion. We observe that the pinning costoccupiesa sig-
ni�cant fraction of the total overhead.For small message
sizes,we seethatall four overheadscontributeequallyto-
wardsthe latency andthereis very little roomfor overlap.
For largermessagesizes,we seethat the pinning costand
DMA startupcostoccupies30%and7%,respectively. The
remainingtime is overlappedwith thecomputation(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-wiseaccessof a smallmemory
buffer which can �t in the cache. Figure8 shows the ac-
cesstime for variousmemorysizes. We measurethe ac-
cesstime without thememorycopy andreportit asaccess
w/o copyandfor remainingcases,we performthememory
copy using CPU and ADCE. As shown in �gure, the ac-
cesstime after performingthecopy usingADCE doesnot
changewith thenormalaccesstime. However, CPU-based
approachincreasesthe accesstime by 30% due to cache
eviction. SinceADCE operatesdirectly on main memory,
ADCE avoids cachepollution effects. As a result, the ac-
cesslatency afterusingADCE doesnot change.However,
CPU-basedapproachevictssomeof theentriesin thecache
resultingin anincreasein accesstime latency.

4.5 IPC Latency and Bandwidth

Figure9a shows the IPC latency for ADCE basedcopy
(ADCEC), NIC loopbackbasedcopy (NLBC) andKernel-
assistedmemorymappedbasedcopy (KAMMC). For 4 MB
messagesize,we seethat ADCEC achievescloseto 2954
� s whereasKAMMC and NLBC achieve close to 5803
and 14333� s, respectively. Further, for increasingmes-
sagesizes,theperformanceof ADCEC is muchbetterthan
KAMMC andNLBC, respectively.

Figure 9b shows the IPC bandwidth with ADCEC,
KAMMC andNLBC. Sincethebufferscan�t in thecache,
we observethattheperformanceof KAMMC is betterthan
ADCEC and NLBC till 256 KB messagesize achieving
closeto 8191 MB/s. However, for messagesizesgreater
than 1 MB, we see that ADCEC achieves 2932 MB/s
whereasKAMMC andNLBC achieveonly 1438MB/s and
720MB/s, respectively.
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5 Discussionand RelatedWork

Emerging technologiessuch as multi-core processors
(also known as Chip-level Multiprocess)provide several
coreson a single node. Sinceseveral of thesecoresac-
cessmemoryat the sametime, memorycontentionissues
becomevery commonin suchenvironments.Also, dueto
thegapbetweenmemoryandprocessorperformance,con-
tentionissueswill onlygetworsewith moreandmorecores.
The inability to performusefulcomputationby stallingon
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memory operationsis often consideredthe bottleneckin
many of theseenvironments. ADCE helps in alleviating
this bottleneckby its asynchronousfeature,thusallowing
the coresto performusefulcomputationduring a memory
copy operation.

Researchershave proposedseveral solutionsfor asyn-
chronous memory operations in the past. User-level
DMA [10, 2] dealwith providing asynchronousDMA ex-
plicitly attheuserspace.Zhaoetal [12] talk abouthardware
supportfor handlingbulk datamovement. Calhoun's the-
sis [3] proposesthe needfor dedicatedmemorycontroller
copy engineandcentralizedhandlingof memoryoperations
to improve performance. However, many of thesesolu-
tions are simulation-based.Ciaccio [5] proposedthe use
of self-connectednetwork devices for of�oading memory
copies.Thoughthis approachcanprovideanasynchronous
memorycopy feature,it hasa lot of performance-relatedis-
sues.I/OAT [6] offersanasynchronousDMA copy engine
(ADCE) which improvesthe copy performancewith very
little startupcosts. In this paper, we usethis hardwarefor
supportingasynchronousmemoryoperations.

6 Conclusionsand Future Work

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

atescopy overheadssuchasCPU stalling, small register-
sizedatamovements,etc. In thispaper, weproposedasetof
designsfor asynchronousmemoryoperationsin userspace
for bothsingleprocess(asanof�oaded memcpy()) andIPC
using the copy engine. We analyzedour designbasedon
overlapef�ciency, performanceandcacheutilization. Our
microbenchmarkresultsshowedthatusingthecopy engine
for performingmemorycopiescan achieve closeto 87%
overlapwith computation.Further, thecopy latency of bulk
memorydatatransfersis improvedby 50%.

We plan to analyzethe impactof the copy enginewith
several MPI-basedapplicationsand also other distributed
applicationssuchasweb serversasa part of future work.
We alsoproposeto improveour designsothatapplications
canachievecloseto 100%overlapwith computation.
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