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Abstract

Padket processingn the TCP/IP stadk at multi-Gigabitdatarates
occupiesa signi cant portion of the systenoverhead. Thoughthere
are several techniquesto reducethe padet processingoverheadon
thesenderside thereceiversidecontinuedo remainasa bottlene&.
I/O Accelention Technolagy (I/OAT), developedby Intel, is a setof
featuesparticularly designedo reducethereceiversidepadet pro-
cessingoverhead. This paperstudiesthe bene ts of the I/OAT tech-
nology by extensiveevaluationsthrough micro-bentéimarksas well
as evaluationson two different application domains: (1) A multi-
tier data-centerervironmentand (2) A Parallel Virtual File System
(PVFS).Our micro-benbimark evaluationsshowthat I/OAT results
in 38% lower overall CPU utilizationin comparisorwith traditional
communicationDueto this reducedCPU utilization, I/OAT delivers
better performanceand increasednetworkbandwidth. Our experi-
mentalresultswith data-centes and le systemgeveal that I/OAT
canimprove the total numberof transactiongprocessedy 14% and
throughputby 12%, respectively In addition, I/OAT can sustaina
large numberof concurent threads(up to a factor of four as com-
paredto non-1/QAT) in data-centerenvironmentsthusincreasingthe
scalability of the serves.

1 Intr oduction

Overthepastfew yearstherehasbeenanincrediblegrowth
of highly data-intensie applicationsin various elds suchas
medicalinformatics,genomicsg-commerceglatamining and
satelliteweatherimageanalysis. With technologytrends,the
ability to storeandsharethe datasetgeneratedby theseappli-
cationsis alsoincreasingallowing scientistsandinstitutions
to createlarge datasetepositoriesand makingthemavailable
for useby others. On the other hand, clustersconsistingof
commodity off-the-shelfhardware componenthave become
increasinglyattractive asplatformsfor high-performanceom-
putationandscalableseners. Basedon thesetwo trends,re-
searcherhave proposedhefeasibilityandpotentialof cluster
basedseners[14, 10, 18, 19.

Several clients requestthese seners for either the raw
or some kind of processeddata simultaneously How-
ever, existing senersarebecomingincreasinglyincapableof
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meeting such sky-rocketing processingdemandswith high-

performanceand scalability Thesesenersrely on TCP/IP
for data communicationand typically use Gigabit Ethernet
networks for cost-efective designs. The host-based CP/IP
protocolson such networks have high CPU utilization and
low bandwidth,therebylimiting the maximum capacity (in

termsof requestshey canhandleperunit time). Alternatively,

mary senersusemultiple Gigabit Ethernetnetworksto cope
with the network traf c. However, at multi-Gigabitdatarates,
paclet processingn the TCP/IP stackoccupiesa signi cant

portionof thesystemoverhead.

Packet processing12, 13] usually involves manipulating
the headersand moving the datathroughthe TCP/IP stack.
Though this does not require signi cant computation, pro-
cessortime getswasteddue to delayscausedby lateny of
memory accessesnd data movementoperations. To over
cometheseoverheadsiesearcherkave proposedereraltech-
niques [9] such as transport sggmentationof oad (TSO),
jumbo frames, zero-coy datatransfer(send le()), interrupt
coalescinggtc. Unfortunately mary of thesetechniquesare
applicableonly onthesendeiside,while therecever sidecon-
tinuesto remainasa bottleneckin several casesthusresult-
ing in a hugeperformancaeyapbetweerthe CPU overheadof
sendingandreceving paclets.

Intel's1/O AccelerationTechnology(l/OAT) [1, 3, 2, 15 is
asetof featuresvhich attemptdo alleviatetherecever paclet
processingverheadslt hasthreeadditionalfeaturesnamely:
(i) split headers(ii) DMA copy of oad engineand(iii) multi-
plereceie queues.

At this point, thefollowing openquestionsarise:

What kind of bene ts canbe expectedfrom the current
I/OAT architecture?

How doesthis bene t translateto applications?

In this paper we focus on the above questions. We rst
analyzethe performanceof I/OAT basedon a detailedsuite
of micro-benchmarks.Next, we evaluateit on two different
applicationdomains:

A multi-tier Data-Centeervironment
A ParallelVirtual File System(PVFS)

Ourmicro-benchmarkvaluationshow thatl/OAT reduceghe
overall CPU utilization signi cantly, up to 38%,ascompared



to traditionalcommunicatior{(non-I/QAT). Dueto thisreduced
CPU utilization, I/OAT delivers better performanceand in-
creasednetwork bandwidth. Our experimentalresultswith
data-centerand le systemsreveal that I/OAT canimprove
the total numberof transactiongprocessedy 14% and the
throughputby 12%, respectiely. Also, our resultsshow that
I/OAT can sustaina large numberof concurrentthreads(up
to a factorof four ascomparedo non-I/OAT) in data-center
ervironmentsthusincreasinghe scalabilityof the seners.

The remainingpart of the paperis organizedas follows:
Section2 providesa brief backgroundn soclet optimizations
and I/OAT architecture. In Section3, we discussthe soft-
ware infrastructuresused;in particularthe Multi-Tier Data-
CenterervironmentsandParallel Virtual File System(PVFS).
Section4 addressemicro-benchmarlevaluationgo studythe
idealcasebene tsof I/OAT overthenative kernelimplementa-
tion. Sectionsb and 6 presenthebene tsof I/OAT in adata-
centerandPVFSenvironmentrespectiely. Section7 presents
the advantagesandthe disadwantageof I/OAT. We conclude
thepaperin Section8.

2 Background

In this section,we presensomeof the soclet optimization
technologie$n detail. Later, we provide a brief backgroundf
thel/OAT architectureandits features.

2.1 Socket Optimizations

As mentionedin Sectionl, dueto technologicaldevelop-
ments, signi cant performancegapsexist betweenthe CPU
overheadf sendingandreceving paclets.In particular there
aretwo techniqueshatmalkethe CPUusageonthesendesside
farlessthanthe CPU usageonthereceverside.

The rst technique, TCP sggmentationof oad (TSO), al-
lows the kernelto senda large buffer, which is morethanthe
maximumtransmissiorunit (MTU), to thenetwork controllet
Thenetwork controllersggmentghebufferinto individual Eth-
ernetframesandsendsit on the wire. In the absenceof this
techniquethe hostCPU is expectedto breakthe large buffer
into small framesand sendthe small framesto the network
controller This operationis moreCPU intensie. Thesecond
techniquesend le() optimization,allowsthekernelto perform
zero-cofy operation.Usingthis techniquethe kerneldoesnot
copy theuserbuffer to thenetwork buffer. Insteadjt pointsthe
pinnedpageof theuserbuffer asthedatasourcefor transmis-
sion.

However, neitherof thesetechniquesare applicableto the
recever side. On the recever side,interruptcoalescingech-
niguehelpsto reducethe numberof interruptsgeneratedh the
hostsystem.This techniquegeneratesneinterruptfor multi-
ple pacletsratherthan oneinterruptfor every single paclet.
However, this optimization improves the performanceonly
whenthenetwork is heavily loaded.

2.2 1/0 Acceleration Technology(I/OAT) Overview

I/OAT [15] attemptgo alleviate the bottleneckamentioned
in Sectionl by providing a setof featuresnamely: (i) Split

headers(ii) Asynchronousopy usingDMA engineand (iii)
Multiple Receve Queues.

2.2.1 Split-headers

As shown in Figure 1, the optimized TCP/IP stackof I/OAT
hasthe split headerfeatureimplemented. In TCP/IP-based
communicatiorfor transmissiorof applicationdata, headers
suchas TCP headey IP headerand Ethernetheaderare at-
tachedalongwith the applicationdata. Typically, the network
controllertransferghe headerandthe applicationdataontoa
singlebuffer. However, with the split-headefeature the con-
troller partitionsthe network datainto headersandapplication
dataand copiestheminto two separateébuffers. This allows
the headerand datato be optimally aligned. Sincethe head-
ers are frequently accessedluring network processingthis
featurealso resultsin bettercacheutilization by not pollut-
ing the CPU's cachewith ary applicationdatawhile access-
ing the headersthusincreasingthe locality of the incoming
headers.For moreinformationregardingthis featureandits
bene tspleaseeferto [15, 16].
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Figure 1. Intel's I/O Acceleration Technology
(Courtesy Intel)

2.2.2 Asynchronouscopy using DMA engine

Most of the receve paclket processingime [15] is spentin
copying thedatafrom kernelbuffer to userbuffer. In particular
theratio of usefulwork doneby the CPUto useles®verheads
suchasCPUstallingfor memoryacces®r datamovementde-
creasesswe go from 1 Gbpslinks to 10 Gbpslinks [17]. Es-
peciallyfor datamovementoperationsratherthanwaiting for
amemorycopy to nish, thehostCPUcanprocesstherpend-
ing packetswhile the copy is still in progress./OAT of oads
this copy operationwith an additionalDMA engine. This is
a dedicateddevice which can performmemorycopies. As a
result,while the DMA is performingthe datacopy, the CPU
becomesdreeto processtherpendingpaclets. For morede-
tails regardingthis featureandits implementatiorpleaserefer
to [15, 17, 16].
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Figure 2. Application Domains:
System (PVFS) Environment

2.2.3 Multiple Receve Queues

Processinglarge paclets is generally not CPU-intensie,
whereasprocessingsmall pacletscanfully occupy the CPU.
Even on a multi-CPU system,processingoccurson a single
CPU (the CPUwhich handleghe controller'sinterrupt). Mul-

tiple receive queuefeaturehelpsin distributing the paclets
amongdifferentreceve queuesandallows multiple CPUsto

acton differentpacletsat the sametime. For moredetailsre-
gardingthis featurepleasereferto [15, 16]. Unfortunately
thisfeatureis currentlydisabledn theLinux platform.Hence,
we could not measurehe performanceampactof this feature
in our evaluation.

3 Software Infrastructur e

We have carriedout the evaluationof I/OAT on two dif-
ferent software infrastructures:Multi-Tier Data Centerervi-
ronmentandthe Parallel Virtual File System(PVFS).In this
sectionwe discusseachof thesein moredetail.

3.1 Multi-T ier Data Center ervir onment

More andmorepeopleareusingwebinterfacesfor a wide
rangeof services Scalabilityof thesesystemss averyimpor-
tantrequirement.Upgradinga sener to a single, more pow-
erful sener is no longer a feasiblemethod. In recentyears,
clustersconsistingof low-costcommodityoff-the-shelfhard-
warecomponentfiave becomeancreasinglyattractve for host-
ing web services.Clusterarchitecturegre characterizedy a
low setupandmaintenanceost. In addition, clustersprovide
greater e xibility in reallocatingresourceamongthe tiers of
a data-centeto accommodateauctuating load.

A typical Multi-tier Data-centef20, 8, 21] hasa clusterof
nodescalledthe edgenodesasits rst tier. Thesenodescan
be thoughtof as switches(up to the 7th layer) that provide
servicedik e load balancing,security cachingetc. The main
purposeof this tier is to increasehe performanceof the inner
tiers. Thenext tiersareusuallytheweb-serers. Thesenodes,
apartfrom servingstaticcontent canfetchdynamicdatafrom
othersourcesandsene thatdatain a presentablédorm. The
lasttier of thedata-centeis the databaséer. It is usedto store
persistentdata. This tier is usually /O intensive. Figure 2a
shavs atypical data-centesetup.
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(&) A Multi-Tier Data-Center Environment and (b) Parallel Virtual File

A requestfrom a client is receved by the edgeor proxy
seners. Thisrequesis servicedfrom cacheif possibleother
wiseit is forwardedto the web/applicatiorseners. Staticre-
questsareservicedby thewebsenersby justreturningthere-
questedle totheclientvia theedgesener. This contentmay
be cachedatthe edgesener sothatsubsequentequestdo the
samestaticcontentmaybesenedfrom thecache Theapplica-
tiontier handleglynamiccontent.Any requesthatneedsome
valueto be computed searchedanalyzedor stored,mustuse
thistier at somestage.The applicationsenersmayalsoneed
to spendsometime on corvertingdatato presentabléormats.
Theback-enddatabassenersareresponsibldor storingdata
persistentlyandrespondingo queries. Thesenodesare con-
nectedto a persistenstoragesystem.Queriesto the database
systemganbearything from a simplesearchof requireddata
to performingjoin/aggreyation/selecbperationn the data.

3.2 Parallel Virtual File System(PVFS)

Parallel Virtual File System(PVFS)[7] is oneof thelead-
ing parallel le systemdor Linux clustergoday It is designed
to meettheincreasing/O demand®f parallelapplicationgn
clustersystems Figure 2b demonstratea typical PVFServi-
ronment.As shovnin the gure, agroupof nodesn thecluster
systemcanbe con gured asl/O senersandone of them (ei-
theranl/O sener or adifferentnode)asameta-datananager
It is possiblefor a nodeto hostcomputationwhile servingas
anl/O node.

PVFSachiezeshigh performanceoy striping les acrossa
setof 1/0 senernodedo allow parallelaccesseto thedata.lt
useghenative le systemonthel/O senersto storeindividual

le stripes.An I/O daemorrunsoneachl/O nodeandservices
requestdrom the computenodes,in particularthe readand
write requests. Datais transferreddirectly betweenthe 1/O

senersandthecomputenodes.

A managedaemorrunsonthe meta-datananagenode.lt
handlesmneta-dataperationsnvolving le permissionstrun-
cation, le stripe characteristicsand so on. Meta-datais
also storedon the local le system. The meta-dataman-
agerprovides a clusterwide consistenthamespaceto appli-
cations.In PVFS,the meta-datananagedoesnot participate
in read/writeoperations.

PVFS supportsa set of feature-richinterfaces,including
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supportfor both contiguousand non-contiguousaccesses$o
memoryand les [11]. PVFScanbeusedwith multiple APIs:
anative API, the UNIX/POSIX API, MPI-IO [22], andanar-
ray 1/O interface called the Multi-Dimensional Block Inter-
face(MDBI). Thepresencef multiple popularinterfacescon-
tributesto thewide succes®f PVFSin theindustry

4 1/OAT Micr o-Benchmark Results

In this sectionwe compardaheideal caseperformancéen-
e ts achievable by I/OAT as comparedo the native soclets

implementatior{non-I/QAT) usinga setof micro-benchmarks.

We usetwo testbeddor all of our experiments. Their de-
scriptionsareasfollows:

Testbedl: A systemconsistingof two nodesbuilt around
SuperMicro X7DB8+ motherboardswhich include 64-bit
133 MHz PCI-X interfaces. Eachnodehasa dual dual-core
Intel 3.46 GHz processomwith a 2 MB L2 cache. The ma-
chinesare connectedwith threelntel PRO 1000Mbitadapters
with two portseachthrougha 24-portNetgearGigabit Ether
netswitch. We usethe Linux RedHatAS 4 operatingsystem
andkernelversion2.6.9-30.

Testbed2: A clustersystemconsistingof 44 nodes.Each
nodehasa dual Intel Xeon 2.66 GHz processomwith 512KB
L2 cacheand2GB of mainmemory

For the experimentsmentionedin Sections5, we usethe
nodesin Testbed2 as clients and the nodesin Testbedl as
seners. For all otherexperimentswe only usethe nodesin
Testbedl. Also, for experimentswithin Testbedl, we create
aseparate/LAN for eachnetwork adapteiin onenodeanda
correspondindP addreswithin thesameVLAN ontheother
nodeto ensurean even distribution of network trafc. In all
of our experimentsye de ne thetermrelatve CPUbene t of
I/OAT asfollows: if a is the% CPU utilization of I/OAT andb
isthe% CPUutilizationof non-1/OAT, therelatve CPUbene t
of IOAT isde nedas(b a)=h For example,if I/OAT occu-
pies30% CPUandnon-1/OAT occupies60%CPU,therelative
CPU bene t of I/OAT is 50%, thoughthe absolutedifference
in CPU usagss only 30%.

4.1 Bandwidth and Bi-dir ectional Bandwidth

Figure3ashovsthebandwidthachiezedby I/OAT andnon-
I/OAT with anincreasingnumberof network ports. We use
the standardtcp benchmari4] for measuringhe bandwidth.
As the numberof portsincreasewe expectthe bandwidthto
increase.As shown in Figure 3a, we seethat the bandwidth
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performancechiezed by I/OAT is similar to the performance
achieved by non-I/QAT with an increasingnumberof ports.
Themaximumbandwidthachiesedis closeto 5635Mbpswith
six network ports. However, we seea differencein perfor
mancewith respecto the CPU utilizationonthereceverside.
We obsenrethatthe CPUutilizationis lowerfor I/OAT ascom-
paredto non-I/QAT usingthreenetwork portsandthis differ-
enceincreasesas we seethe numberof portsincreasefrom
threeto six. For a six port con guration, non-l1/OAT occupies
closeto 37% of the CPU while I/OAT occupiesonly 29% of
theCPU.Therelative bene t achievedby I/OAT in this caseis
closeto 21%.

In the bi-directionalbandwidthtest, we usetwo machines
and 2*N threadson eachmachinewith N threadsactingas
senersandtheotherN threadsasclients. Eachthreadon one
machinehasa connectionto exactly onethreadon the other
machine. The client threadsconnectto the sener threadson
the other machine. Thus, 2*N connectionsare established
betweenthesetwo machines.On eachconnectionthe basic
bandwidthtestis performedusing the ttcp benchmark. The
aggreyatebandwidthachieved by all threadsis calculatedas
thebi-directionalbandwidth asshavn in Figure3b. In our ex-
periments,N is equalto the numberof network ports. We
seethat the maximum bi-directional bandwidthis close to
9600Mbps. Also, we obsenre thatl/OAT showvs animprove-
mentin CPU utilization using only two ports and this im-
provementincreasesvith anincreasinghumberof ports. With
six network ports, non-I/QAT occupiescloseto 90% of CPU
wheread/OAT occupiesonly 70% of the CPU. The relative
CPU bene ts achieved by I/OAT is closeto 22%. This trend
alsosuggestshatwith anadditionof oneor two network ports
tothiscon guration,non-I/OAT maynotgive thebestnetwork
throughputin comparisorwith I/OAT sincenon-1/CAT may
endup occupying 100%CPU.

4.2 Multi-Str eam Bandwidth

The multi-streambandwidthtestis very similar to the bi-
directionalbandwidthtestmentionedabore. However, in this
experiment,only one machineactsasa sener and the other
machineasthe client. We usetwo machinesandN threadson
eachmachine Eachthreadon onemachinehasaconnectiorio
exactly onethreadon the othermachine.On eachconnection,
the basicbandwidthtestis performed. The aggreyateband-
width achievedby all threadds calculatedasthe multi-stream
bandwidth. As shown in Figure 4, we obsere thatthe band-



width achiezedby I/OAT is similar to the bandwidthachiered
by non-1/QAT for anincreasinghumberof threads.However,
whenthe numberof threadsncreaseso 120, we seea degra-
dationin performanceof non-1/OAT; whereas)/OAT consis-
tently shavs no degradationin network bandwidth. Further
the CPU utilization for non-1/OAT alsoincreasesith anin-
creasingnumberof threads.With 120 threadsin the system,
we seethat non-I/OAT occupiescloseto 76% CPU whereas
I/OAT only occupiess2% resultingin 24%absolutebene tin
CPUoutilization. Therelative CPUbene tsachiezedby I/OAT

in this caseis closeto 32%.
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4.3 Bandwidth and Bi-dir ectional Bandwidth with
Soclket Optimizations

As mentionedin Section2, several optimizationson the
sendesideexist to reducethe paclet overheadandalsoto im-
prove the network performance.In this experiment,we con-
sideredthree such existing optimizations: (i) Large Soclet
buffer sizes(100 MB), (ii) SegmentationOf oad (TSO) and
(iif) JumboFrames.In this experiment,we aim to understand
theimpactof eachof theseoptimizationsandobsenre the im-
provement,both in termsof throughputand CPU utilization
on the recever-side. Casel usesthe default soclet options
without any optimization. In Case2, we increasethe soclet
buffer sizeto 100 MB. For Case3, we further improve the
optimizationby enablingsegmentationof oad (TSO) so that
the host CPU is relieved from fragmentinglarge paclets. In
Cased, in additionto the previous optimizationswe increase
the MTU-sizeto 2048bytessothatlarge pacletsaresentover
the network. In additionto the senderside optimizations,in
Caseb, we include the interrupt coalescingfeature. Perfor
mancenumberswith varioussoclet optimizationsare shavn
in Figure5.

In the bandwidthtest, as shovn in Figure 5a, we obsene
two interestingtrends. First, aswe increasethe soclet op-
timizations, we seean increasein the aggreyate bandwidth.
Secondwe obsenre that the performanceof I/OAT is consis-
tently betterthantheperformancef non-I/QAT. Especiallyfor
Caseb, whichincludesall socletoptimizationsthebandwidth
achievedby I/OAT is closeto 5586Mbps,whereasion-1/OAT
achievesonly 5514 Mbps. More importantly we obsene that
thereis a signi cant improvementn termsof CPU utilization.
As showvn in Figure5a, the relative CPU bene t of I/OAT in-
creasess we increasethe soclet optimizations. Especially

in Case4, we obsene thatl/OAT achieves30%relatve CPU
bene tin comparisorwith non-1/OAT.

We seesimilartrendswith thebi-directionalbandwidthtest
asshawn in Figure5h. Further therelative bene ts achieved
by I/OAT is muchhigherthancomparedo the bandwidthex-
periment.In Caset, I/OAT achierescloseto 38%relatve CPU
bene t ascomparedo non-I/CAT.

In summarywe seethatthe micro-benchmarkesultsshov
asigni cant improvementin termsof CPU utilization andnet-
work performanceor I/OAT. Sincel/OAT in Linux hastwo
additionalfeaturesthe split-heademnd DMA copy engine,it
is alsoimportantto understandhe bene ts attributedby each
of thesefeaturesndividually. In thefollowing sectionwe con-
ductseveralexperimentgo shav theindividual bene ts.

4.4 Bene ts of AsynchronousDMA Copy Engine

In thissectionweisolatethe DMA enginefeatureof I/OAT
andshav thebene ts of anasynchronou®MA copy engine.
We comparethe performanceof the copy enginewith that of
traditional CPU-basedopy andshaow its bene tsin termsof
performanceandoverlapefciency. For CPU-basedopy, we
usethe standardnemcpyutility.

Figure6 compareghe costof performinga copy usingthe
CPUandI/OAT's DMA engine. The copy-cate barsdenote
the performanceof CPU-basedopy with the sourceanddes-
tination buffers in the cacheand the copy-nocabe barsde-
note the performancewith the sourceand destinationbuffers
not in the cache. The DMA-copybarsdenotethe total time
takento performthecopy usingthe copy engineandthe DMA-
overheadbarsinclude the startupoverheadin initiating the
copy usingthe DMA engine. The Overlap line denotesthe
percentageof DMA copy time that can be overlappedwith
othercomputationsAs shovn in Figure6, we seethatthe per
formanceof DMA-basedcopy approach(DMA-copy) is bet-
ter thanthe performanceof CPU-basedopy approachcopy-
nocade) for messagsizesgreatethan8 KB. Further we ob-
sene thatthe percentag®f overlapincreasesvith increasing
messagaizesreachingup to 93%for a 64 KB messagsize.
However, if thesourceanddestinatiorbuffersarein thecache,
we obsere that the performanceof the CPU-basectopy is
muchbetterthanthe performancef the DMA-basedcopy ap-
proach. Also, sincethe DMA-basedcopy canbe overlapped
with processingtherpaclets,we incur only the DMA startup
overheads. As obsened in Figure 6, we seethat the DMA
startupoverheadime is muchlessthanthe time taken by the
CPU-basedtopy approach.Thus,the DMA copy enginecan
alsobe usefulevenif the sourceanddestinatiorbuffersarein
cache.

45 Breakdown of IOAT Features

In this section,we breakdown the two featuresof I/OAT
andshaw its bene tsin termsof throughputand CPU utiliza-
tion. We rst measurehe performanceof non-I/OQAT with-
outthe DMA engineandthe split headerfeatures. Next, we
measurehe performanceancluding the DMA enginefeature
(denotedas|/OAT-DMA in Figure7) andcompareit with the
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performancef non-1/OAT. We reportthedifferencen perfor
manceasDMA enginebene ts. Finally, we measurdhe per
formanceincludingboththe split-headefeatureandthe DMA
enginefeature(denotedasl/OAT-SPLIT in Figure7) andcom-
pareit with the performancef I/OAT with DMA engine.We
reportthe differencein performanceassplit-headebene ts.

We designthe experimentin thefollowing way. We usethe
two nodesfrom Testbedl, onenodeasa sener andthe other
asaclient. We usetwo Intel network adapterswith two ports
eachon both the sener andthe client node. Sincewe have
four network portson eachnode,we usefour clientsandper
form a bandwidthtestwith four sener threads.We rst mea-
surethe bandwidthperformancdor small messagesizesfor
all threecasesi.e.,non-I/QAT, I/OAT-DMA andIl/OAT-SPLIT
andreporttherelative CPU bene ts. As shavn in Figure7a,
weobsenethattheDMA enginefeatureachievescloseto 16%
relative CPUbene t comparedo thenon-1/OAT case.Thisim-
provements seerfor all messagsizesfrom 16 KB to 128KB.
However, we do not obsene ary throughputimprovementfor
all messagsizes.Also, thesplit-headefeatureof I/OAT does
notseento improvethe CPUor thethroughpufor all message
sizes.

As mentionedn Section2, thesplit-headefeatureof I/OAT
increaseghe locality of incomingheadersandalsohelpsim-
prove cacheutilization by not polluting the CPU's cachewith
applicationbuffers during network processing. In order to
shav the cachepollution effects, we repeatthe previous ex-
perimentfor large messageizesthatcannott in the system
cache. Figure 7b shaws the throughputbene ts achieved by
I/OAT featuresfor large messagesizes. We obsene that the
split-headefeaturecanachieve up to 26%bene t in through-
putfor transferringl MB of applicationdata. In this case the
sener with I/OAT capabilityrecevesa total of 4 MB of ap-
plication datafrom the four clientsandsincethe cachesizeis
only 2 MB, clearlytheapplicationdatadoesnot t in thesys-
tem cache. We seea hugeimprovementfor the split-header
featurebecaus¢he CPU's cacheis not pollutedwith applica-
tion data.In addition,we seethatthe bene ts achiezedby the
split-headefeaturedecreasefor increasingnessagsizes.

5 Data-Center Performance Evaluation

In this sectionwe analyzethe performancef a 2-tier data-
centerervironmentwith I/OAT andcompareits performance
with non-1/OAT. For all experimentsn this sectionwe usethe
nodesin Testbedl (describedn Sectiond) for thedata-center
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Figure 6. Copy Performance: CPU vs DMA

tiers. For the client nodes,we usethe nodesin Testbed? for
mostof the experiments.We notify the readersat appropriate
pointsin the remainingsectionsvhenothernodesareusedas
clients.

5.1 Evaluation Methodology

As mentionedin Section2, I/OAT is a sener architec-
ture gearedto improve the recever-side performance. In
otherwords,|/OAT canbe deployedin a data-centeerviron-
mentandclient requestzomingover the Wide Area Network
(WAN) canseamlesslyake advantageof I/OAT andgetser
viced much faster Further the communicatiorbetweenthe
tiersinsidethe data-centersuchasproxy tier andapplication
tier, canbe greatlyenhancedisingl/OAT, thusimproving the
overall data-centeperformanceindscalability

We setup a two-tier data-centetestbedto determinethe
performancecharacteristicof using I/OAT and non-1/OAT.
The rst tier consistof thefront-endproxies.For this, we used
the proxy moduleof Apache2.2.0. Thesecondier consistof
thewebsener moduleof Apachein orderto servicestaticre-
quests. The two tiers in the data-centeresideon 1 Gigabit
Ethernethetwork; the clientsare connectedo the data-center
usinga 1 GigabitEthernetconnection.

Typical data-centeworkloadshave awide rangeof charac-
teristics. Someworkloadsmay vary from high to low tem-
poral locality, following a Zipf-lik e distribution [6]. Simi-
larly workloadsvary from smalldocumentge.g.,on-linebook
stores,browsing sites, etc.) to large documentge.g., down-
load sites, etc.). Further workloadsmay containrequestgor
simplecacheabletaticor time invariantcontentor morecom-
plex dynamicor time variantcontentvia CGI, PHR andJava
servletswith a back-enddatabaseDue to thesevarying char
acteristicsof workloads,we classifythe workloadsinto three
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broadcatagories:(i) Single- le Micro workloads(ii) Zipf-like
workloadsand (iii) Dynamiccontentworkloads.However, in
this paperwe focusour analysisonthe rst two cateyories.

Single-File Micr o workloads: Theseworkloadscontain
only asingle le. Severalclientsrequesthesamele multiple
times. Theseworkloadsare usedto study the basic perfor
manceachiezableby the data-centeernvironmentwithout be-
ing diluted by otherinteractionsin more complex workloads.
We useworkloadsrangingfrom 2 KB to 10KB le sizessince
this is consideredhe average le sizefor mostdocumentsn
thelnternet.

Zipf-lik eWorkloads: It hasbeenwell acknavledgedn the
communitythatmostworkloadsfor data-centerhostingstatic
content,follow a Zipf-lik e distribution [6]. Accordingto Zipf
law, therelative accesprobabilityof arequesfor thei' th most
populardocuments proportionalto 1=i , where determines
therandomnessf le accessesln our experimentswe vary

from 0.95to 0.5, rangingfrom high temporallocality for
documentgo low temporallocality.

We alsoevaluatethe performancechiezedinsidethe data-
centerwith proxy seners acting as clients and web-serers
with I/OAT capability For example,within a data-centerthe
proxy seners forward dynamic contentrequeststo the ap-
plication seners. The applicationseners are known to be
CPU-intensie dueto processingf scriptssuchasPHR CGl,
servletsetc. If theapplicationsenershave I/OAT capability
the senerscannot only acceptmore numberof requestdut
canalso procesghe pendingrequestsat a fasterrate, dueto
reducedCPU utilization.

For both of the scenariosye usea testbedwith oneproxy
at the rst tier and one web-serer at the secondtier. Each
client res onerequesatatime andsendsanotherequesafter
gettingareply from thesener.

5.2 Experimental Results

In this sectionwe separat@uranalysignto two cateyories.
First, we analyzethe performancébene ts of I/OAT with the
two workloads.As mentionedabore, we useTestbed? to re
requestgo the proxy sener. Due to the I/OAT capabilityon
the sener nodeswe expectthe performanceof the senersto
improve.

5.2.1 Analysiswith SingleFile Traces

In thisexperimentweuse vedifferenttraceswith varying le
sizerequestsTracel usesanaveragele sizeof 2 KB while
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Traces2, 3,4 and5 use4 KB, 6 KB, 8 KB and10KB, respec-
tively. Eachclienthasa 10,000requessubsebf different les
andreportsthe TPS (Transaction$er Second)achieved after
getting the responsdrom the senersfor all of the requests.
TPSis de ned asthetotal numberof transactionservicedper
secondas seenby the client. Higher TPSvaluesattribute to
bettersener performance.

Figure8ashownstheperformancef adata-centewith vary-
ing trace les rangingfrom 2 KB to 10 KB. As shawvnin Fig-
ure8a,we seethatthethroughputeportedby I/OAT is consis-
tently betterthanthe throughputreportedby non-1/OAT. It is
alsoto benotedthatfor Trace2, with averagele sizeof 4 KB,
we seeasigni cant throughpuimprovementfor I/OAT. I/OAT
reportsa TPSwhich is closeto 9,754whereamon-I/OAT re-
portsonly 8,569TPSresultingin a 14% overallimprovement.
For othertraceswe seearound5-8% TPSimprovementwith
I/OAT.

5.2.2 Analysiswith Zipf File Traces

Next, we evaluatethe performancef the data-centewith the
zipf-trace. As mentionedearlier we vary the valuesfrom

0.95to0 0.5rangingfrom hightemporalocality to low temporal
locality. As shavn in Figure8b, I/OAT consistentlyperforms
equalto or betterthannon-I/OAT. Further we notethat non-
I/OAT achievescloseto 1,989 TPS whereasl/OAT achieves
closeto 2,212TPS,i.e., I/OAT achiesesupto 11%throughput
bene tascomparedo non-1/OAT. Also, we measurethe CPU

utilizationfor theseexperimentsut theimprovementvasneg-

ligible. However, thethroughpuimprovessincethesenercan
acceptmorerequestgi.e., reductionin CPU overheadsesult
in greaterCPU ef ciency).

5.2.3 Analysiswith Emulated Clients

Next, we evaluatethe performanceof I/OAT within a data-
centerwhenboth the proxy andthe web seners have I/OAT
capability In this experimentthe proxy seneractsasa client
in sendingthe requestdo the web seners. We useonly the
nodesn Testbedl. Dueto reducedCPUusagen proxy nodes
using I/OAT, we expectthe clientsto re requestsata much
fasterrate,resultingin higherthroughput.Figure9 shows the
performancewith I/OAT capability for increasingnumberof
clientthreadsln thisexperimentwe x the le sizeto 16 KB
and varied the numberof client threadsfrom 1 to 256. As
shavn in Figure 9, we notethatthe performanceof I/OAT is
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similarto non-I/CAT from oneto sixteenthreads As thenum-
berof threadsring therequestsncreasesrom 32to 256, we
obsenetwo interestingrends.First, /OAT throughputperfor
manceincreasewith anincreasingnumberof client threads.
With 256 client threads |/OAT achievescloseto 14,996 TPS
whereasmon-1/OAT achievesonly around12,928,i.e., I/OAT
achievescloseto 16% throughputimprovementas compared
to non-1/QAT. It is alsoto be notedthatthe CPU utilization of
I/OAT is consistentlylower thanthe CPU utilization of non-
I/OAT. In this experiment,we only reportthe CPU utilization
ontheclientnode,sinceour focusis to capturethe client-side
bene tswhenclientshave I/OAT capability We obsere that
the CPU utilization saturatesvith non-1/OAT with 64 threads
andthusthethroughputdoesnot improve ary furtherwith an
increasen theclientthreadsafter 64. With I/OAT, we seethat
the CPU utilization saturate®nly with 256 clientthreadsre-
sultingin superiorperformancel/OAT notonly improvesthe
performancedy 16%, but canalsosupporta large numberof
threadqupto afactorof four ascomparedo non-I/QAT).
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Figure 9. Clients with I/OAT capability using a
16 KB le trace

6 PVFSPerformanceEvaluation

In this section,we comparethe PVFS performanceover
non-lI/OAT and I/OAT with the original PVFS implementa-
tion [7]. All experimentsin this sectionwere performedon
TestbedL.

6.1 Evaluation Methodology

It is to benotedthatdueto thewide differencebetweerthe
network andthedisk speedsthe effective throughputachieved
by PVFScould be limited by that of the disk. However, data
usedby applicationds frequentlyin sener memory e.g.,due
to le cachingandread-aheathechanismsThus,applications
canstill bene t from fastnetworksin suchcases.Hence,we

designedur experimentdasednamemory-residente sys-
tem,ramfs Thesetestsaredesignedo stresghenetwork data
transferindependenof ary disk activity.

6.2 Experimental Results

We split our evaluationinto two categories. First, we de-
sign an experimentthat measureshe PVFS concurrentread
andwrite bandwidth. Next, we evaluatethe le systemper
formancein the presenceof multiple streamsperformingthe
bandwidthtest.

6.2.1 PVFSConcurrent Readand Write on ramfs

The test programusedfor concurrentread and write perfor
manceis pvfs-testwhichisincludedin thePVFSreleaseack-
age.We followedthe sametestmethodasdescribedn [7]. In
all tests,eachcomputenodesimultaneouslyeadsor writes a
singlecontiguougegion of size2N MB, whereN is thenum-
ber of 1/0 nodesin use. For example,if the numberof I/O
nodesis four, the requestsizeis then8 MB. Eachcompute
nodewill acces® MB of datafrom eachl/O node. It is to
be notedthat sincel/OAT is a recever-side optimization,we
reportthe averageCPU utilization at the client-sidewhile per
forming areadoperationandreportthe CPU utilization at the
sener-sidewhile performingthe write operation.

Figure 10a shows the PVFS read bandwidthperformance
with I/OAT and non-I/QAT with six I/O seners. With non-
I/OAT, the bandwidthincreasegrom 361 MB/s to 649 MB/s
with an increasingnumberof computenodes. With I/OAT,
the bandwidthincreasedrom 360 MB/s to 731 MB/s with
anincreasingnumberof computenodes,i.e., I/OAT achieves
12% increasein throughputas comparedto non-I/QAT with
six computenodes. Further the resultsare consistentwith
the micro-benchmarlevaluationsseenin Section4. In terms
of CPU utilization, we seethat I/OAT achievescloseto 15%
improvementas comparedto non-I/OAT using six compute
nodes. We seesimilar trendswhenwe decrease¢he number
of I/O senersto veasshowvnin Figurel0h However, theim-
provementseenbothin termsof throughputand CPU utiliza-
tion aremuchlessthanwhencomparedo the six I/O sener
con guration.

Figure 11ashows the PVFSwrite bandwidthperformance
with I/OAT and non-I/QAT. Again, we seesimilar trendsas
seenwith the PVFSreadperformance.With non-I/QAT, the
write bandwidth performanceincreasesfrom 464 MB/s to
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Figure 11. PVFS Concurrent Write Performance: (a) Six I/O Servers and(b) Five I/O Servers

697 MB/s. With I/OAT, the write bandwidthperformancen-
creasefrom 460MB/s to 750MB/s with anincreasinghumber
of computenodesj.e., I/OAT achiezes8% throughputbene t
ascomparedo non-I/QAT. Further I/OAT achievescloseto
5% CPUbene t ascomparedo non-I/QAT usingsix compute
nodes.We seesimilar trendswhenwe decreas¢he numberof
I/0 senersasshovnin Figurellh

6.2.2 PVFSreadperformancewith multiple streams

In this experiment, we emulatea scenariowhere multiple
clients accessthe le system. We increasethe number of
clientsfrom 1 to 64 andstudythe behavior of concurrentead
performancen PVFS.As shavn in Figure12,we obsenethat
the performancef I/OAT is eitherequalto or greaterthanthe
performanceachiezedby non-1/OAT. It is to be notedthatwe
reporttheCPUutilization numbersmeasuredntheclient-side
which alsohasthe I/OAT capability Due to the factthatthe
client with I/OAT canreceve the dataat a muchfasterrate,
theclientscanalso re PVFSreadrequestatafasteratethan
comparedo non-I/OAT. As aresult,we obsene thatthe CPU
utilization on the client-sideis around10-12%higherthanthe
non-1/QCAT case.

In summaryPVFSwith I/OAT hasa 12%improvementfor
concurrentreadsand 8% improvementfor concurrentwrites
ascomparedo PVFSwith non-I/QAT. In termsof CPU uti-
lization, PVFSwith I/OAT achieves 15% bene t for concur
rentreadsand7% bene t for concurrentritesascomparedo
PVFSwith non-I/CAT.

7 Discussion

As mentioneckarlier I/OAT helpsin improvingthenetwork
performancendreducingthe CPU utilization throughits fea-
turessuchastheasynchronousopy engine split-headersetc.
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Figure 12. Multi-Stream PVFS Read Perfor-
mance

Theasynchronousopy enginecanalsobe usedby userappli-
cationsto improve the performancesf memoryoperationsand
alsoto improve the communicatiorperformancédetweertwo
processesvithin the samenode. Sincethe copy enginecan
operatén parallelwith thehostCPU,applicationsanachiere
signi cant bene ts by overlappinguseful computationswith
memoryoperationsWith theintroductionof chip-level multi-
processindCMP), percorememorybandwidthreduceddras-
tically, thusincreasinghe needfor suchasynchronousnem-
ory operationsas a memory-lateng hiding mechanism.Mo-
hit, et. al., have proposedsoft-timertechniquego reducethe
receversideprocessings]. I/OAT canco-exist with thistech-
nology to further reducethe recever-side overheadsandim-
provetheperformance.

Ontheotherhand,l/OAT requiresspecialnetwork adapters
to supportthe split-headerandthe multiple receve queuefea-
ture. In addition, the host systemshould have an in-built
copy engineto supportthe asynchronousopy feature. Also,
the memorycontrollerusesphysicaladdresseandhence the
pagesannotbe swappedduringacopy operation.As aresult,
thephysicalpageseedto be pinnedbeforeinitiating the copy



operation. Due to the page-pinningrequirementthe useful-
nessof the copy enginebecomegjuestionablef the pinning
costexceedghe copy cost.

8 Concluding Remarks and Future Work

I/0 Accelerationtechnology(I/OAT) developedby Intel is
asetof featuregarticularlydesignedo reducethe pacletpro-
cessingoverhead®on therecever-side. This paperstudiesthe
bene tsof I/OAT technologythroughextensie evaluationsof
micro-benchmarkaswell asevaluationson two differentap-
plication domains: (1) A multi-tier Data-Centeervironment
and (2) A Parallel Virtual File System(PVFS). Our micro-
benchmarkesultsshawv thatl/OAT resultsin 38%lower over-
all CPU utilization in comparisorwith traditional communi-
cation. Due to this reducedCPU utilization, I/OAT delivers
betterperformanceandincreasedetwork bandwidth.Our ex-
perimentalesultswith data-centerand le systemsevealthat
I/OAT canimprove thetotal numberof transactiongrocessed
by 14% and throughputby 12%, respectiely. In addition,
I/OAT can sustaina large numberof concurrentthreads(up
to a factorof four ascomparedo non-I/QAT) in data-center
ernvironmentsthusincreasinghe scalabilityof the seners.

We arecurrentlyworking ontwo broadaspectsvith respect
to I/OAT. First, we arelooking at modifying the applications
to realizethe true bene ts of I/OAT capability Second,we
aretrying to provide anasynchronousemorycopy operation
to userapplications. Thoughthis involves someamountof
overhead(suchas context switches,userpagelocking, etc),
asynchronoumemorycopy canhelpapplicationsn usingthe
CPUcyclesintelligently.
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