Quantifying the Impact of Ar chitectural Scalingon Communication

Taliver Heath,SamianKaur, RichardP. Martin, Thu D. Nguyen
{taliver,rmartin,tdngugn} @cs.rutgrs.ed, samian@-caip.rutgers.edu

TechnicalReportDCS-TR-418
Departmentf ComputerScience
RutgersUniversity, Piscatavay, NJ 08854-8019

Appeasin Proceeding®f the High PerformanceComputerArchitectuie Confeence(HPCA),January2001.

Abstract

Thiswork quantifieshow persistentincreasesn proces-
sor speedcompaedto 1/0 speedreducethe performance
gap betweerspecializedhigh performancemessging lay-
ers and geneal purposeprotocols sud as TCP/IP and
UDP/IP. Thecomparisonis importantbecausespecialized
layers sacrifice consideable systemconnectivityand ro-
bustnesgo obtain increasedperformance We first quan-
tify the scalingeffectson small messgesby measuringhe
LogP performanceof two Active Messae Il layers, one
running over a specializedVIA layer and the other over
stok UDP aswe scalethe CPU and I/O components\We
thenpredictfuture LogP performanceéby mappingtheLogP
models network parametes, particularly overhead,into
architectural components.Our projectionsshowthat the
performancebenefitafforded by specializednessging for
smallmessgeswill erodeto afactorof2in thenext5years.
Our modelsfurther showthat the performancedifferential
betweerthe two approaceswill continueto erodewithout
a radical restructuringof the I/0 system. For long mes-
sages, we quantify the variable per-page instruction bud-
get that a zeo-copymessging approad hasfor page ta-
ble manipulationsif it is to outperforma single-copyap-
proach. Finally, we concludewith an examinationof future
I/O advanceshatwouldresultin substantiaimprovements
to messging performance

1. Intr oduction

This work considersthe impact of expectedarchitec-
tural trendson messagingoerformance. In recentyears,
much researchhasfocusedon the designand implemen-
tation of specializednessagingystemg6, 36, 42, 45], re-
ducingthe fixed costof sendingandreceving message®
tensof instructionsand a handful of bus operations. In-
creasedberformancehowever, is typically gainedonly by
tradingoff connectvity — the varietyandnumberof poten-
tial entitiesa given messagingystemcansendto andre-

ceivefrom—androbustnessThistrade-of is easyto under
standin the context of parallelprogramming:connectvity
and protocolrobustnessare secondanto performancebe-
cause(i) the performanceof mary fine to medium-grained
parallelprogramsds highly sensitve to communicatiorper
formance43], (ii) high connectvity is superfluoudecause
processesf a parallelprogramonly needto communicate
with their peersrunningon the samesystem,and(iii) par
allel programsandmachinesarecarefully designedso that
messagearelostonly veryrarely[7, 22]; amessagéossis
typically treatedasa catastrophievent—eithertheprogram
or the systemwill crashandneedto berestarted Theneed
for atransportayeris thuseliminatedby the programmers
faultmodelandtheapplicationrequirements.

For the emeging classof large-scaleistributedseners
(e.g.,webservices) however, robustnessandhigh connec-
tivity areat leastasimportantas performance.Threefac-
torsmalke protocolrobustnesgritical: (i) thesesenershave
very high availability requirementge.g., minutesof down-
time peryear),implying thatevenoccasionamessagdoss
cannotbe catastrophic(ii) intra-senercommunicatiorde-
pendson external client servicedemands,making it ex-
tremely difficult to exert enoughcontrol over the system
“by design”to avoid messagéoss;and(ii) mary commod-
ity LANs donotimplementsufficienthardwareflow control
to always preventlossinside the network underarbitrarily
adwersecommunicatiorpatterns.

High connectvity is also importantbecausedt allows
systemarchitectsto selectfrom a wide variety of hard-
wareandsoftware componentsespeciallyassuchcompo-
nentsevolve over time. It alsoallows designerdo hedge
technologyrisk, which is oftenignoredin a researchset-
ting, but is critical in anindustrialcontext. For example,a
messagindayer employing TCP/IP over Ethernethasex-
tremely high connectyity, allowing the underlyingcluster
to bebuilt usingoperatingsystemsnetwork interfacegqNI),
and switchesfrom multiple vendors. On the other hand,
a specializednessagingystemthat dependsn a particu-
lar LAN with customcards,switches,and protocolsdoes
not provide suchhigh connectvity andso a site usingthis



technologyis dependendnthesetechnologieso lastalong

time andperhapdor a singlevendorto be successfuin the

long run. While recentstandardsuchasVIA [18] provide

connectvity atthe sourcecodelevel, thisis afar cry from

the massie connectvity provided by the drivers, busses,
mediaaccesscontrol, and physicallayers of generalpur-

posenetworking. An exampleof the low connectvity of

specializednessagin@ppearsvhentrying to useVIA fora

distributedJava-basedsener. The out-of-the-boxJava run-

time cannot take advantageof this SAN layer without ei-

therbuilding speciakoftwareconnectorer runninggeneral
purposemessagingverit.

In this paper we argue that currenttechnologytrends
arebringingthe performancef generapurposecommuni-
cationsystemscloseenoughto that of specializedsystems
suchthat designerof large-scaleseners shouldseriously
considerwhetherthe tradeoff of connectvity androbust-
nessjustifiesthe addedperformance Note thatwe arenot
adwocatingthe abandonmendf specializednessagingys-
tems. Rather we believe that the choicebetweenspecial-
ized andgeneralpurposeneedsto be considerectarefully
onacase-by-caskasis.We breakour analysigor thisargu-
mentinto two parts:onefor smallmessageandthesecond
for largemessages.

For smallmessageghe performancef generapurpose
messagingystemshasbeensteadilyincreasingwhile that
of specializedayershasnot. Figurel shovsthe LogP per
formancefor small messagesf four Active Messagday-
ersfrom 1992to 2000,spanningour processogenerations
[11, 41, 43]. All thesdayersprovideroughlythesameanter-
face,andeachoneprovidesisolationof messagebetween
users. CMAM [43] ran on an MPPR, while the othersran
on workstationor PC hardware. Note that absoluteperfor-
mancehaschangedittle since1992eventhoughprocessor
speechasroughlydoubledeachgenerationgoingfrom 33,
to 60,167,andfinally 400MHz.

Intuitively, thereductionin theperformancegapbetween
generapurposeandspecializednessagingystemss easy
to understandthe high costof generalpurposemessaging
arisesfrom the large numberof protocolinstructions[28].
As processospeedncreasesthe costof executinginstruc-
tions dropscorrespondingly Critically, however, 1/0O de-
viceshavenot kept pacewith processorspeed! Consider
thatin 1992,atypical processoandl/O bus(e.g.,aSFARC
2) bothranat 33 MHz. At thesespeedsthe costof exe-
cuting 2500instructionsdwarfs the costof a few accesses
overthel/O bus. Currently ona550MHz Pentiumlll ma-
chine, this same2500instructionscan be executedin less
thantwice thetime requiredfor samefew I/O accessesAr-
chitecturaltrendsimply thatwe canexpectthis speeddif-
ferentialto be growing with time: processoperformance
doublesroughly every 2 yearswhile 1/0O performancelou-
blesevery 4-7 years. Thus, Amdahl’'s law implies that the
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Figure 1. LogP performance of 4 Active Message
Layers. Thefigure shavs the LogPperformancef 4 spe-
cializedmessagéayersusingthe Active Messagenterface.
The hardware spans4 processogenerationsThe software
layersare CMAM(1992), SSAM(1994),AMI1(1997) and
AMVIA(2000).

relative improvementgainedby messagingystemswhich
simply reduceinstructions,asopposedo usingmoreradi-
cal architecturalnnovations,will diminishwith time.

In Section3.1, we characterizehe costsof sendingand
receving smallmessagefor two messagingystemsausing
the LogGP model[3, 12]. Both systemsexport the AM-
Il interface[30]; oneimplementsAM over a VIA LAN,
the secondmplementsAM on UDP/IP over Ethernetgiv-
ing thetwo layerssignificantlydifferentlevelsof connecty-
ity. We restrictoursehesto the AM-1I interfacebecauset
containsmary featuresneededby applicationsdemanding
morethanjust performancethreadsupport blocking prim-
itives,anderrorhandling.We deriveasimplecostmodelfor
mappingthe LogGP parameterso two stockarchitectural
componentsgheprocessoandthel/O interconnectyealso
derive scalingrulesfor thesecomponentsWe thenuseour
model to study the effects of scalingon messagingosts
overfour speedof Pentium-base®Cs(233MHz Pentium
Il to 550 MHz Pentiumill). Next, we usethe modelto pre-
dict future communicatiorcosts.

Our resultsshawv that the performancedifferential be-
tweenspecializedand generalpurposemessagingystems
hasbeendecreasingteadilyandwill continueto decrease
becaus®f mismatchingrendsin processoandl/O speeds.
Our projectionsshav that a specializedmessagingystem
will maintaina 2x performanceadvantageover general-
purposemessagingHowever, this is significantlylessthan
the performancalifferentialof 10x only six yearsago[31].

In Section4, we considerthe costof sendingand re-
ceving large messages.In particular we considerarchi-



tectural scaling effects on three messagingarchitectures:
single-copy, zero-copy, and shared-memorcommunica-
tion. Single-coyy is the simpleststratgy andmostcurrent
implementation®f TCP and UDP usethis approach.The
secondapproach zero-coly, manipulatesghe kernel page
tablesto allow sharingof user pageswith the NI while
maintainingnormal copy semanticsvia copy-on-write. In
shared-memorycommunication,the senderand recever
agreeto transparentlhgharea block of memory who’s map-
pingis supportedy reversepagetablemanipulation®nthe
NI.

Zero-copy is attractve comparedto single-coly when
the variable overheadof page-tablemanipulationis less
thanthe perpagecopy cost[40]. We refer to this cross-
over point asthe OS page budget. To examinethe effects
of architecturakcaling,we estimatethe numberof instruc-
tions neededto setupa zero-copy transmissiorand com-
parethis costagainstcopy costsas CPU speedand mem-
ory bandwidthscalethroughtime. Our resultsshowv that
copy reductionvia softwareandarchitecturabnhancements
(e.g. checksumregisters)remainsimportantto obtaining
high bandwidth. However, interestingly our modelshavs
thatthe OS pagebudgetwill scaleonly slowly with time.

2. Methodology

In this section,we first describethe LogGP modelwe
useto characterizenetwork performance.We then docu-
mentour experimentalapparatusnddescribehow we map
LogGPparametermto architecturabvents suchasinstruc-
tion count. We alsodocumenthow we hadto modify the
interpretatiorof our microbenchmarkesultsto fit our pro-
tocolsinto the LogGPframawork.

2.1 The LogGP Model

When investigatingcommunicationarchitecturesijt is
importantto recognizehatthecostof eachoperatiorbreaks
down into portionsthatinvolve differentresourcesthepro-
cessorthe memory 1/0 bussesthe network interface,and
the actual network switches. However, it is also impor-
tant that the communicationcost model not be specificto
particularhardware/softvareimplementations We usethe
LogGPmodel[3, 12] becausét providesa middle ground
by characterizinghe performancenf the key resourcedut
nottheir structure.

LogGPcharacterizea communicatiorsystemusingfive
parametergFigure?):

L: the latency or delay incurred in communicatinga
messageontaininga small numberof wordsfrom its
sourceprocessor/memonyoduleto its target. ThelLa-
teng includesthetime spentin the network interfaces
andfabric,but notin the processar

o. theoverhead definedasthelengthof time thata pro-
cessoris engagedn the transmissioror receptionof
eachmessageduring this time, the processorcannot
performotheroperations.

g: the gap, definedas the minimum time interval be-
tweenconsecutie messagdransmissionr consec-
utive messageeceptionsat a module;this is the time
it takesfor a messageo crossthroughthe bandwidth
bottleneckin the system.

G: the Gap, or time-perbytefor long messagesThein-
verseof G is the peakbandwidth.This parametewas
added3] becausenary platformshave specialaccel-
erationfor long messagee.g. DMA).

P: thenumberof processomodules.
2.2 Experimental Setup

We study two communicationsystems,AM-VIA and
AM-UDP. Both systemsexport the AM-II API [30]. Fig-
ure3 shovstheLogGPparametersf thetwo systemsBoth
AM layersimplementa three-way request/replyprimitive
for robustnesswhich UDP-AM alsousesfor correcthan-
dling of lostmessagewithout requiringpernodebuffering
thatgrows with thenumberof processor§l 1, 31, 41]. Both
AM layersimplementflow control to avoid buffer over
flows.

We measurd_.ogGP parametergor AM-VIA and AM-
UDP on four “generations”of PCs,including a 233 MHz
Pentiumll, a 300 MHz Pentiumll, a 400 MHz Celeron,
anda 550 MHz Pentiumlll. The 233-400MHz machines
have 66 MHz systembuseswhile the 550 MHz machine
hasa 100 MHz systembus. All machineshave 33 MHz
PClI buses.For the AM-VIA measurementsye usea pair
of GiganetcLan cardsconnectedack-to-backrunningthe
clan-1.0.1driver. For the AM-UDP measurementsye use
apair of Kingston100Mb/s ethernetards(DEC DC21140
chips),runningthetulip driveroveraswitchednetwork. All
experimentsyvererunonLinux 2.2.12.

2.3 Characterizing Performance

After casting our communication systemsinto the
LogGP model,we breakdown the LogGP parameterinto
their architecturatosts.Our approachs to usethe proces-
sor’s hardware eventcounterg24] to chage varioushard-
wareeventsto eachparameteof the LogGPmodel. Specif-
ically, we measureahe following events:

e Thenumberof instructionsdecoded.
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Figure 3. Protocolsof 3 Active Messagd_ayers. Theinternalprotocolsusedby the “generic”layersin previouswork and
ourtwo AM layers. Thethree-vay protocolsof ourlayersresultsin complex derivationsof the LogGPparametersWe computethe
sendoverheadps, by directmeasuremeni/e derive the receve overheadp,, by subtracting, from a steady-statsequenceWe

cancomputeL by computingthe critical pathof a roundtrip andsubtractings ando, .

e Thenumberof externalbusacceseso memoryspace.

e The numberof external bus accesse$o 1/0O space—
the x86 instructionsetdefinesa 64K I/O spacethatis
separatdrom memory space. Unfortunately not all
I/O operationsareobsenableusingthis countasoper
ationsto memorymappeddevicesappearn memory
spacenotl/O space.

e Thenumberof non-halteccycles.

e Thenumberof interrupts.

We use the ubenchbenchmark[13] to measurethe
LogGPvaluesfor our communicatiorsystemsThis bench-
mark first measureshe sendoverhead,o, by direct mea-

1The memorybusis only critical whenthe cacheis not large enough
to hold themessagebeingtransferred For smallmessageshe cachewas
sufficient, andall memorybustransactionsre consideredo have moved
acrosd/O busasopposedo beingmemoryacceses.

surement. Next, it measuregap, g. From thesetwo pa-
rametersand knowledgeof the protocol, we theninfer the
receve overheadp,. Finally, we canderive thelatengy, L,
by measuringheround-trip-time(RTT) andsubtractingout
theoverheads.

sendoverhead o, is measuredy sendinga small burst
of messageand computingthe averagecostper message.
We chage eventsbasedon the averagenumberof events
permessageneasurediuringthe burst. For example,if we
sendaburstof 4 messageandobsene 32,000instructions,
the instructioncountfor o, would be 800. A numberof
complicationsarosewhenwe took this approachhowever.
The first complicationaroseduring the measuremendf
o, for AM-UDP onthe 550 MHz machine.Whenthetulip
driver initiatesa send,it quickly writesthe sendacrosshe
I/O bus and thenimmediatelyreturnscontrol to the user
processWhenthe cardrecevesthis requestandprocesses



it, it responddo the processomith aninterrupt, at which
time theremaindeof thedriver'swork to sendthemessage
is performed(i.e. cleaningup the sendqueue).A 550 MHz
processois fastenoughhatit oftencompletesasmallburst
without ever gettinganinterrupt. This impliesthatthe eth-
ernetchipsetused,the DEC/Intel 21140, overlapsL with
part of o, reducingthe accurag of our LogGP model; a
moreaccuratanodelwouldaccounfor theinitial overhead,
o', andthecostof theinterruptprocessinge! . Theeffectof
this architectureon our probingbenchmarks thatit lowers
the obsenedo, to o}, yetwe mustcounto! to arrive atan
accuratecostfor o,.

In orderto modelos with reasonablgrecisionwithout
expandingthe model,we chage oneinterruptfor eacho,.
To computethe interrupt cost, we measurehe numberof
interruptsrecevedin a burstandfoundthe costof sending
whenoneinterruptwasreceved persendandno messages
hasbeenrecevedby theendof theburst.

A complicationalsoarosefor estimatingthe o, for AM-
VIA. On aslow machinethe acknavledgementshown in
Figure 3 arrives before the burst is over. Thus, the ack
processingime addsto the obsenedo;. For example, Ta-
ble 1 shavs the measurechumberof 1/0O operationsgdrop-
ping with processospeed.However, the sumof o, ando,
remainsconstantin orderto createa modelof o, indepen-
dentof theseeffectswe usethe architecturalevent counts
for os basednthemeasured00 MHz machineresults.

gap For aburstwith only a small numberof sendsthe
averagemessagingost definesthe sendoverheadps. In

burstswith largenumberof messageshecostof eachsend
approacheshe steady-staténitiation interval g. For both
our communicatiorsystemsthe bottleneckis the sendand
recevve overheads Figure 3 shaws thatin both our layers,
an “extra” messageas requiredin the three-way protocol.
Taking into accountthis extra messagey is always equal
to the steady-stateostof the slower side,which, assuming
thato, > o, is o, + 20,.

receve overhead We can computeo, in units of time
by using measuredvaluesof o; andg sinceg = o5 +

20.. To measurehardware events such as instructions
executed,however, we only count eventsthat are occur

ring on the sendingside. Thus, for an event E, for AM-

VIA, Encasureda = FEo, + 2E,,, while for AM-UDP,

Eeasured = 2E,, + E,, (seeFigure3). Sincewe can
measurer,, , we simply solvefor E,, .

Again, we hadto accounffor thetulip driver’s useof in-
terruptprocessingo reduceoverheadon the 550 MHz ma-
chine. Furthermorewe alsohadto considerthatthe driver
is ableto consolidatework by servicingmultiple sendsin
a singleinterrupt. For example,in steadystateoperation
thedriveris ableto servicetwo senderinterrupton aver-

age. Of thetwo measurednterrupts,we chage oneto the
receve andoneto bothsends.

Latency MeasuringL with a 3-way protocol againre-
quirescare.We canseefrom Figure3 thatthereis acritical

pathfor around-tripmessageAssumingthatotherwork is
perfectlyoverlappedye know thecritical pathof anRTT is
composedaf only og, 0, and L. Having measuredhe RTT,

05, andderivedo,, we cancomputeL for bothprotocolsas:
RTT = 305 + 20, + 2L. We only measurel. in units of
time sinceall eventsoccurontheNIC andareunobserable
from the CPU.

Gap To measureG, we sendburstsof large messages,
eachwith afixedsize. We thenderive the bandwidthfrom
the steady-stat@nitiation interval andmessagsize.

3. Small MessageScaling

In this section,we characterizahe performanceof our
two messagingystemgor small messagessingthe LogP
model. We do not considerG asthis parametedealsonly
with sendingandreceving large messages.

3.1 Measured LogP Scaling

Figure6 plotsthe measured ogP parametersf our two
messagingystemsagainstprocessospeed.Clearly, there
are substantiaperformanceadvantagego usinga special-
ized messagingystemwith hardware support,evenwhen
usingafairly complex protocolsuchasAM-II asthetrans-
port layer. Whenwe examinedthe combinedoverheadof
os + o, we foundtheratio betweerthe AM-VIA andthe
AM-UDP droppedrom about4.0onthe233MHzmachine
to 3.3onthe400MHz machine Whenwelook atthissame
ratiofor the550MHz machinejt jumpsbackupto 3.7,due
to theincreaseof the memorybusspeed.

To betterunderstandvhy the performancedifferential
betweenAM-VIA and AM-UDP is decreasingwe break
0, ando,. into theircomponentosts,ncludinginstructions
and|/O operationgor both userandkernelspace.We ig-
noreL becausgreviouswork hasshovn thatmostapplica-
tionscaneffectively overlapL with othercomputatiori13].
Furthermore Figure 6 shows that L is relatively constant
for bothAM-VIA andAM-UDP andsocannotbethecause
of thedecreasingerformancalifferential. Themeasured.
alsosenesasacheckon our methodologyFigure6 shavs
that, as expected, L. staysrelatively constantbecausehe
NIs andswitchesarethe samethroughoutur experiments.

We characterizev; and o, in architecturatermsusing
thefollowing model:

Icpy x CPIcpy
freqopu

II/O X CPII/O

Time =
freqrjo

1)
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Figure 4. Measured and predicted LogP parametersasa function of processorspeed. (a) Measurecandpredicted
LogP valuesfor processospeedsangingfrom 233MHz to 5 GHz; (b) Enlamge versionof the predicted_ogP values.

wherel; o is the numberof I/O operationsexecutedand
CPI; o is the averagenumberof 1/O bus cyclesrequired
to executeeachoperationin I;,o, andI¢ py is thenumber
of non-1/O instructionsexecutedand C Pl py is the av-

eragenumberof processocyclesrequiredto executeeach
instructionin Icpy.

We measurehe componentsn Equationl asfollows.
We usethe Pentiumperformancecountersto measurehe
numberof cycles, instructions,memoryaccessesand /O
operationsaasexplainedin Section2. We assumehateach
I/O operationis generatedoy 1 instructionand CPI; o
equals9 I/0O buscycles(basedn the PCl specifications).

We notethatourassumptiongmply thatmultiple 1/0 op-
erationsarenever overlappedor combinedmakingthe ac-
tual costof I/O potentiallylessthanthe model. We believe
that this error is not a significantcomponentcomparedo
thedivergenceof CPUandl/O speeds.

Tablesl and2 give the measurednstruction,cycle, and
I/O countsfor AM-UDP and AM-VIA respectiely. Fig-
ure 6 plots the percentagéreakdaovn of o; ando,. This
figure shavs thatthe fraction of time spentperformingl/O
operationss increasingln thecaseof the233MHz proces-
sor, we seethatAM-UDP spendsapproximatelyl 1% of its
time on theseoperationsand AM-VIA spends21% of its
time on similar pursuits. Whenwe move to the 550 MHz
platform,we seethatthefractionof time spenton1/O opera-
tionshasgoneto 25%for AM-UDP, and34%for AM-VIA.
Correspondinglytherelative costof executingprotocolin-
structionsvs. I/O operationss decreasing.

3.2 PredictedLogP Scaling

While protocolexecutionstill accountdor a significant
percentagef o, ando, on our fastestmachine,the trend
seemgo suggesthat,unlessotherarchitecturathangesre
made,l/O operationswill eventuallybecomethe dominant
factorin the performancef smallmessagesto follow this
trendinto the future,we derive scalingrulesfor the proces-
sorandl/O busfor the next five yearsasfollows:

processorspeed To predictprocessospeedwe extrapo-
late basedon the past7 yearsof performancedataon x86
processorsExaminingthe clock rateandperformancelata
from [32, 38|, we canobsene a roughrule of thumbof a
40% increaseper yearin clock rate and SPECintratings.
This level of improvementroughly correspondso the “ag-
gressve” predictionsin [2]. At the time of this writing,
1 GHz processorsare available. If processorspeeddou-
blesevery 2 years(i.e., compoundingat 40% year), then
we would expect3 GHz processor$o be availableby sum-
mer2003and5 GHz by 2005. We assumeéhatarchitectural
enhancementsuchaslarger cachesandmicroarchitecture
improvementswill keepCPI for messagingt roughlythe
samedevelsastoday

protocol instructions  Barring a revolution in OS design
or messagingsoftware, the numberof instructionsshould
remainrelatively constant. We do not modelary drop in
the numberof instructions.

I/O busspeed Thegrowthtrendof I/O busspeechasbeen
considerablydifferentfrom thatof CPUspeeddemonstrat-
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asafunctionof processospeed.

ing increasesvery4to 7 years(e.g.,ISA in 1984,EISAin
1988,33Mhz PClin 1993,66 MHz PClin 2000).Onefac-
tor thatdampenghe growth of busspeeds thefactthatthe
numberof slotsavailableperl/O bridgetendsto decreasas
bus speedincreasesincreasingthe costof a fixed number
of I/O slots. For example,at 133MHz, eachPCI bus can
supportatmostonePCl slot, requiringmultiple PCl busses
for moreslots. We thusbelieve thatthe standardus speed
for PCsoverthenext five yearswill remainat 66 MHz.

I/O operations In additionto scalingl/O bus speedwe
must also considerthe CPI of I/O operationsas the bus
width increases.The current33 MHz PCI bus on our ma-
chinesis 32-bitwide andrequire9 cyclesperoperatiorbe-
tweenthe CPUanda PCl card.In thefuture,we expectthe
buswidth to doubleto 64 bits, but the numberof cyclesto
transmita giveninstructionwill remainthesame However,
a driver may batchmultiple I/O operationgo take adwvan-
tageof the wider bus. Suchbatchingwill vary with card
architectureas well asdriver implementation.To account
for this potentialoptimization,we adjustthe numberof bus
clock cyclesperl/O operationfrom 9to 7.

Figure 4 and5 give the predictedscalingof o, ando,
andtheir componentgosts.Figure4 shavs thatthe perfor
mancegap betweenspecializedand generalpurposemes-
sagingsystemswill continueto decreasedropping from
a ratio of 3.30 (for the sumof o; ando,) at 233 MHz to
2.39at 550 MHz to 2.12 at 5 GHZ?. Figure5 shaws that

2|f wetake theoptimisticassumptiorthatbusspeedwill beat133MHz
in five years,the ratio will spike up from 2.25to 2.30 when processor
reaches3 GHz to 2.12 when processospeedreaches GHz. After the
spike, hawever, theratiowill continueto decreasenceagain.

this decreasén the performancegapis dueto the increas-
ing importanceof I/O operations.At processospeedof 5

GHz, I/O operationsaccountfor 53% of the overheadfor

AM-UDP andfor 65% of the overheador AM-VIA.

If thistrendcontinuesheyondour projectionperiodof 5
years,thenonly a differencein the numberof 1/O instruc-
tions(andthecorrespondingPIl) will produceasignificant
differencein performance;the amountof time necessary
to performthe userandkernelinstructionswill becomen-
significant.

4.LargeMessages

In this sectionwe examinethe effects of architectural
scalingon large messagesocusingon the perbyte over
head.In particular we investigatethe architecturakcaling
of the cross-@er point betweerthe costof copying a page
vs. usingmemorymanagemertechniqueso sharethepage
betweerthe userprocessandthe NI.

Broadly speaking,threeapproacheso high bandwidth
messagindpave evolved,two maintainingtheclassicames-
sagingAPIl, wherethe userprocessis free to modify the
messagéuffer oncethe send primitivereturng(e.g.,asin
socletandMPI), while the third exportsa significantlydif-
ferentAPI. Thefirst, andsimplest,is to usea stagingarea
for bothin-boundandout-bounddata,requiringeachmes-
sageto be copiedat leastonce.We call this the single-copy
approactbecausenostimplementationsf generapurpose
messagindpyershave beenableto achieve this lower limit.
Although single-coly approachesandeliver good perfor
mance[15], it increaseshe load on the memorybus and
canalsoincreasethe perbyte overheadover the next two
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approaches.

The secondapproachgcalled zeo-copymessging, ma-
nipulatesthe kernel pagetablesto allow sharingof user
pageswith the NI while maintainingthe samesemantics
as single-copy throughcopy-on-write. Although this ap-
proachhasbeenstudiedextensiely [8, 9, 29, it hasnot
beenmappedinto architecturalparameters.In particular
pagetable manipulationthe fundamentamechanisnused
in zero-coyp, is complex. Thus, zero-copy only becomes
attractve comparedo single-coy whenthe perpageover-
headof page-tablanmanipulationds lessthanthe perpage
copy cost[40]. We call this cross-wer point the OS page
budget

Thefinal approachs shaed-memorgommunicatiot6,
11, 20, 34]. The basicidea behindthis approachis that
the senderandthe recever agreeto transparentlysharea
block of memory Communicatiorthenoccursvia writes,
DMA, or sometimegeads,into the sharedregion. While
shared-memorgpproachesleliver excellentperformance,
they have severaldrawbacks.The primary drawbackis that
classicalmessaginde.g., socletsand MPI) doesnot map
well into a pure shared-memorapproach;constructinga
scalableN-to-1 queueis difficult without hardware mem-
ory coherencer specializedsupportsuchasfetch-and-add
registers.A moresubtleproblemwith shared-memorgom-
municationis the considerabléossof connectvity because
of the “commonality” requiredbetweenthe OS and NI of
boththesendemlndrecever.

A secondcost of shared-memorgommunicationover
zero-copy isthecostof mappingsharegagetableshetween
theNI andCPU. Thesepagetablesrequireadditionalcom-
municationbetweenthe NI and CPU thatis not presentin

azero-copy system.While mary studieshave documented
messagingerformancenceall thesharedmappingsarein
place,few have reportedtheseset-upcosts. The amortiza-
tion of themappingslepend®ntheapplicationandhigher
level libraries,whichwe do not pursuen thiswork.

4.1 Implementing Single-Copy

Figure 8 shows the perbyte costof our two messaging
systemsas measurecn the 400 MHz Celeronmachines.
Fromthis data,we computethatAM-VIA requiresapprox-
imately 1.65 cycles per byte to sendlarge messages.In-
terestingly the perbyte costfor AM-UDP is muchhigher
thanthatfor AM-VIA. To understandvhy, we breakdevn
the AM-UDP perbyte costinto its userlevel and kernel-
level components. This breakdevn shavs that AM-UDP
is making two copies, one at the userlevel (in the AM
layer)andonein thekernel(in the UDP/IP protocolstack).
We attributethe slightly higherkernel-level perbyte costto
checksumming.

Thefactthattwo copiesarerequiredin AM-UDP points
toadeficieny in its architectureBecausé¢he AM andUDP
layersarenot “aware” of eachother eachmakesa copy in-
dependently This is a well-known problemwith layering
(e.g.,[17]) but, in this context, pointsto the potentialper
formancedisadwantageof splittingamessagindayeracross
the userkernel boundarywherethereis significantfunc-
tionality on bothsides.
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4.2 PageTable Operations

While zero-coly and shared-memorycommunication
canavoid datacopying, a known performancebottleneck,
therequiredpagetablemanipulationsarecomplex. For ex-

6.
7.

Un-pinthepagesncel/O is complete.

Changeheaccespermissiorof eachpagebackto the
original permission.

ample,onthesendside,the OS musttypically:

1.
2.
3.

Checkthattheregionto sendis valid.
Faultin any paged-oupages.

Pin the pages,i.e, markingthem as un-swappable f
theregionis swappable.

. Changethe accespermissionof eachpageto read-

only.

. Translatethe page-addressésto the correctphysical

or busaddresseseededy the NI.

Note that this sequencedoesnot implementcopy-on-
write, but allows for it on a write-fault. To actuallyimple-
mentthis would requireevenmorecomplexity.

Thereceve sideis someavhat easierthanthe send-side.
Herethe OSmust:

1. Un-pin the pagesj.e, markingthemas swappable jf
theusersregionin notpinned.

2. Changaheaccespermissiorof eachpageto writable
if required.

3. Changeheusers page-tablentriesfor thereceve re-
gionto pointto therecevedpages.



CPUMHz | BurstSize | Instructions Cycles I/O Space | Memory Space
233 4 630+6 895+11 | 8.01+0.02 | 0.0+0.0
128 5326 +8 6277+21 | 29.7+0.05 | 0.0+0.0
550 4 630 +2 920+4 | 2.25+0.013| 0.0+0.0
128 5401+12 6933+17 | 36+0.5 0.0+0.0

Table 1. Measured messagingcostsin AM-VIA. Measurechumberof userinstructions kernelinstructionscycles,andl/O
operationsfor AM-VIA. The averagenumberof operationsare shavn for a shortburst size of 4 messageanda long burst size
of 128 messagesThe reportedevent countsdo not includeary of the adjustmentsiescribedn Section2. The 300and400 MHz

machineresultshave beenomitteddueto spaceconstraints.

CPU | Burst
MHz | Size | Instructions Cycles I/O Space| Memory Space
4 829 +37 1460 £12 0 £0 0 +0
233 [ 128 | 3409+18 6963 £33 0 £0 0 +0
User 4 806 £3.4 | 1378+18 0 0 00
550 128 | 3420+25 7273148 0 £0 0 £0
4 2781+32 6068+137 | 11.0+0.1 | 5.5+0.2
233 | 128 | 11574+34 | 25172436 | 30.2+0.1 | 14.1+0.1
Kernel 4 1696+73 | 4456+222| 1.0+0.0 | 4.6+0.2
550 | 128 | 11398+48 | 28308+185| 21.5+0.1 | 14.4+0.1
4 3555124 7504+112 | 11.0+0.1 | 55+0.2
233 | 128 | 15243142 | 32117455 | 29.3+0.1 | 14.3+0.1
Total 4 2411+46 | 4764+237| 1.0+£0.0| 4.0+0.1
550 | 128 | 14611+72 | 34687+80 | 22.0+0.2 | 14.6+0.1

Table 2. Measured messagingcostsin AM-UDP. Measurediumberof userinstructionskernelinstructionscycles,andl/O
operationdor AM-UDP. The averagenumberof operationsareshawn for a shortburstsize of 4 messageanda long burstsize of
128 messagesThe reportedevent countsdo notincludeary of the adjustmentslescribedn Section2. As above, the 300 and400
MHZz machineresultshave beenomitteddueto spaceconstraints.

4. Returnthe old pagedackto the kernelor device.

A careful study of the true cost of theseoperations
crossesarinto theoperatingsystemdield andis beyondthe
scopeof this work. Our contribution insteadis to quantify
how the OS pagebudgetwill scalewith time. To give the
readersomecontext of the costof theabove OSoperations,
we measuredhecostof theVIA call to registermemoryfor
the Giganetdriver, the approximatecostof userlevel page-
tablemanipulationwia apair of mlock()/munlock() and
two mprotect() , andcopy costvia bcopy(). Figure9
show theresultson a400MHz Celeronmachine.

We make two obsenations. First, it may be lesscostly
to useasingle-copy approactwhenthemessagsizeis one
pageor less. Secondthe costof VIA memoryregistra-
tion is very closeto basic pagetable manipulationcosts
for small buffer sizes(lessthan 64KB) — about 10usfor

3Since we're only estimatingthe cost of zero-coy, we cannotsay
definitively wherethis cross-@er point currentlyis.

4K pagesize— but degradegto about3 cyclesperbyte, or
133MB/sfor buffer sizesabore 64KBs. Theseresultsmply
thaton-demangbinningandun-pinningof smallregionshas
favorablecosts but for large messagespplicationsshould
resortto managingcommunicatiorwith afixedcostpinned
buffer. We arecurrentlyinvestigatingthe Giganetdriverto
fully understandvhy registering64K regionsis asfastas
basicpagetablemanipulationdut approachesopying cost
for largerregions.

4.3 Predicting the OS pagebudget

We use the following simple model to examine how
memory and processorscaling affects the cost of send-
ing/receving large messagesia a single-copy vs. a zero-
copy architecture:

page_size

(2)

teopy = -
PV memory_bandwidth
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num_instructions x CPI

3)

tptm = processor_speed
wheret..,, is perpagecopy time undersingle-coy and
tpotm IS the perpagesetuptime underzero-copy. (Notethat
both t.py andt,, areperpagevariablecosts.) The OS
pagebudgetis computedoy settingt.,p, equalto t,, and
solving for num_instructions. We assumea CPI of 2.0,
which is consistentvith the CPI's obsenedacrossarange
of processospeedsn Section3.1.

We use the same processorspeedvs. time predic-
tions that we derived in Section3.1. To derive predic-
tions for memorybandwidth,we use dataavailable from
the STREAM benchmarlsite[32], which shovsthatmem-
ory bandwidthhasbeenincreasingat arateof roughly 35%
peryear Figure10(a)shavstherelationshipof clock speed
to memorybandwidth. The linearity of the curve may be
surprisingbut is consistentvith the factthatboth processor
speedandmemorybandwidtharegrowing exponentially

Figure10(b)shavsthe OSpagebudgetin termsof num-
berof instructionsasthe processoscaleso 5 GHz. An in-
terestingeffect of our scalingrule is that, if the pagesize
remainsfixed at 4 KB as the processorand memory get
faster the OS pagebudgetapproachesan asymptoticlimit
of 10240instructions.Intuitively, because¢he copy costfor
a fixed-sizepagedecreaseasan exponentialfunction, the
limit of the exponentialdecayresultsin a fixed pagebud-
get. This asymptoticlimit is directly relatedto the page
size; doubling the pagesize doublesthis limit. Thus, as
pagesizeincreasejt becomesver more advantageouso
useazero-copy approach.
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4.4. Zero-copyand Checksumming

Most general-purposprotocolsrequireor arerun with
higherlevel checksumsomparedo specializedprotocols
whichonly runwith alayer2 checksumOur OS pagebud-
get computedabove doesnot include a checksuncost. If
checksummings to be supporteda single-coly approach
becomamoreattractive becaus¢hecopy andchecksuntan
be amortizedduring the sameoperation.An alternatve for
zero-copy approachess to provide supporton the NI for
computingchecksums.

5. Related Work

The last 10 yearshas seentremendousfforts investi-
gating high performancenessagindayers[6, 36, 42, 43].
In addition, several projectsdescribemethodsof provid-
ing a measureof classicabstractionson top of theselay-
ers[16, 37]. Many of theseprojectshave provideddetailed
analysisor performancenodelg[4, 13, 26]. However, these
modelswere alwaysin the contet of specializedccommu-
nicationsystemsthusmakingcomparisonso generalpur-
posesystemdifficult.

In a more generalnetworking context, muchwork has
beendoneto quantifythe performancef existing IP proto-
col stacks[27, 28], or increaseheir performancevia copy
reductiontechniqueg8, 9, 15, 29, 4Q].

Unlike theanalysisof specializednessagingthe perfor-
manceof thesegenerapurposesystemss rarelydefinedin
termsof architecturamodels.lt is difficult from thesestud-
iesto determinethe effect of the processgrmemoryor /0
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systemsimpacton communicatiorperformanceThesame
situationexists for popularmicro-benchmark$or measur
ing the performancef thesdayers[25, 33, 10].

The effect of differentnetwork card organizationswvas
investigatedin [39]. However, that work did not extend
projectionsasto which organizationwould besttrack ar
chitecturaltrends.

Perhapshe closestwork to our own canbefoundin [8].
The linear modelsprovided in the paperwere scaledin a
gualitatve way with processoandmemoryspeeds.How-
ever, architecturatharacteristicssuchasthe numberof in-
structionsor cycles,werenot given.

6. Future I/O Architectures

Currentindusty efforts to improve 1/O architecturefo-
cuseson delivering increasecbandwith. For example,the
Infiniband [23] is a complex specificationthat will likely
increaselateng over a stock PCI bus. However, Infini-
bands point-to-pointswitchingwill increasetotal deliver-
able bandwidth. In addition, its complex paclet formatis
designedo increaseconnectvity by allowing disks,com-
putersandnetwork interfacesto sharea commonfabric.

Ontheresearctside,mary I/O enhancementsave been
proposedor prototyped. Most of thesetake the approach
of integrating the messagingunit closerto the processar
While all theseapproachegeducelateny and increase
bandwidth,they decreasehe overall connectvity, some-
times by substantialamounts. Theseapproachesan be
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summarizeds:
e Integratemessagingnto the processof14].
¢ Integratemessagingnto thecache-controllefl, 21].

e Integrate the messagingunit into the memory sys-
tem [35]. A more radical approachintegratesit into
the DRAM slots[34].

Thekey challengdor future high-performancaetwork-
ing will beto maintaina high degreeof connectvity while
increasingperformance This meanseitherworking within
the confinesof the kerneland!/O bussesor completelyre-
placing the standardsvhich form the underlyingcommu-
nication substructure. Recentwork in operatingsystems
[5, 19] hasbeenableto achieve high-performancaetwork-
ing in akernelcontet by usingexperimentabperatingsys-
tems.Suchsystemshowever, achieve their performancey
reducingsoftwareconnectvity.

Perhapsthe bestexample of a systemwhich provides
bothhigh connectvity andperformances [9]. In thatwork,
afew simplehardwareandsoftware modificationsresulted
in alargeincreasan the deliverablebandwidthin freeBSD.
The hardwaretechniquesncludedlarge MTUs andcheck-
sum offload. The primary modificationto the OS wasto
provide zero-coly sendandreceve. Theresultsshoved a
factorof 30%bandwidthimprovementwithoutanapprecia-
bleincreasén lateng.

In the near future the best way to achieve high-
performancendconnectvity will befor network standards



bodiesto adoptlarge MTUs, for card vendorsto provide
checksunoffloading andimplementlarge MTUs, and for
OS vendorsto incorporatedriver API's that allow check-
sum offload and zero-copy techniques. Thesetechniques
alonewill allow applicationgo usea substantiaportion of
thehardwarebandwidthin the context of the operatingsys-
tem. Lateng reductionwill comeasprocessoperformance
outstripsthe restof the /O system.Theseapproachesyn-
like specializednessaginghowever, requirea commonset
of standardgo be acceptedy four distinct communities:
the operatingsystem,network interface,switch and moth-
erboardvendors.The speedandadoptionof new standards
may becomethe limiting factorfor I/O performanceather
thanary technologicahurdles.

In the longerterm, the real challengewill be to reduce
generalpurposemessagingoverheads. On the hardware
side, betterintegrationinto the memory systemand tech-
niguessuchascacheableontrol registers[44], may result
in systemswhich caneliminatethel/O bus.

Reducingthe LogGPlateng, asdistinctfrom overhead,
will remaindifficult however. Astechnologyscalesthecost
of moving datathrougheachchipwill continueto drop, but
aslong as systemsare comprisedof discretecomponents,
therewill be significantlateng costs. Programmersand
OS designersshouldthus continueto focus on algorithms
whichtoleratelateng.

7. Conclusions

For smallmessagesye have shavn how therelativeim-
provementsin the processoiand I/O bus resultin an ero-
sionin theperformancalifferentialbetweerspecializednd
generalpurposemessagingystems. We have obsered a
reductionof this differencefrom a factorof 10 four years
agoto a factorof 4 today The reasonfor this reduction
is that /0O bus speedshave not keptup with processoim-
provements While processoperformancaloublesevery 2
years,l/O bussesonly increasein performanceavery 4-7
years.

Extendingour modelsout five years we predictspecial-
ized layersto have software overheadf 2-3 timesbetter
thangeneralpurposesystems.This shouldgive systemde-
signerspauseasto whethersuchperformancencreasesire
worth the loss of connectvity with its attendantrisks of
technologyabandonment.

For long messagesye quantifiedthatthe breakpoinbe-
tweencopying andzero-copy pagepinningwill be approx-
imately 10,000instructionsper 4KB pageanddoublethat
for 8KB pagesThiswill giveOSdesignerscleartargetfor
implementingzero-copy protocolsin the future. Measur
ing the costof basicpagemanipulationsn theLinux kernel
shavedthatthesecostsarenotunreasonabledowever, suf-
ficient hardware support,suchas checksunregisters,will
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berequiredto make zero-copy protocolstacksviable.
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