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Abstract

Thiswork quantifieshowpersistentincreasesin proces-
sor speedcompared to I/O speedreducethe performance
gapbetweenspecialized,high performancemessaging lay-
ers and general purposeprotocols such as TCP/IP and
UDP/IP. Thecomparisonis importantbecausespecialized
layers sacrifice considerable systemconnectivityand ro-
bustnessto obtain increasedperformance. We first quan-
tify thescalingeffectson smallmessagesby measuringthe
LogP performanceof two Active Message II layers, one
running over a specializedVIA layer and the other over
stock UDP as we scalethe CPU and I/O components.We
thenpredictfutureLogPperformancebymappingtheLogP
model’s network parameters, particularly overhead,into
architectural components.Our projectionsshowthat the
performancebenefitaffordedby specializedmessaging for
smallmessageswill erodeto a factorof 2 in thenext5 years.
Our modelsfurther showthat the performancedifferential
betweenthetwo approacheswill continueto erodewithout
a radical restructuringof the I/O system. For long mes-
sages,we quantify the variable per-page instruction bud-
get that a zero-copymessaging approach hasfor page ta-
ble manipulationsif it is to outperforma single-copyap-
proach. Finally, weconcludewith an examinationof future
I/O advancesthatwouldresultin substantialimprovements
to messagingperformance.

1. Intr oduction

This work considersthe impact of expectedarchitec-
tural trendson messagingperformance. In recentyears,
much researchhasfocusedon the designand implemen-
tationof specializedmessagingsystems[6, 36, 42, 45], re-
ducingthefixedcostof sendingandreceiving messagesto
tensof instructionsand a handful of bus operations. In-
creasedperformance,however, is typically gainedonly by
tradingoff connectivity – thevarietyandnumberof poten-
tial entitiesa given messagingsystemcansendto andre-

ceivefrom – androbustness.Thistrade-off is easyto under-
standin the context of parallelprogramming:connectivity
andprotocolrobustnessaresecondaryto performancebe-
cause(i) theperformanceof many fine to medium-grained
parallelprogramsis highly sensitive to communicationper-
formance[43], (ii) highconnectivity is superfluousbecause
processesof a parallelprogramonly needto communicate
with their peersrunningon thesamesystem,and(iii) par-
allel programsandmachinesarecarefullydesignedsothat
messagesarelostonly very rarely[7, 22]; amessagelossis
typically treatedasacatastrophicevent– eithertheprogram
or thesystemwill crashandneedto berestarted.Theneed
for a transportlayeris thuseliminatedby theprogrammer’s
faultmodelandtheapplicationrequirements.

For theemerging classof large-scaledistributedservers
(e.g.,webservices),however, robustnessandhigh connec-
tivity areat leastasimportantasperformance.Threefac-
torsmakeprotocolrobustnesscritical: (i) theseservershave
very high availability requirements(e.g.,minutesof down-
time peryear),implying thatevenoccasionalmessageloss
cannotbecatastrophic;(ii) intra-servercommunicationde-
pendson external client servicedemands,making it ex-
tremely difficult to exert enoughcontrol over the system
“by design”to avoid messageloss;and(iii) many commod-
ity LANs donot implementsufficienthardwareflow control
to alwaysprevent lossinsidethe network underarbitrarily
adversecommunicationpatterns.

High connectivity is also important becauseit allows
systemarchitectsto select from a wide variety of hard-
wareandsoftwarecomponents,especiallyassuchcompo-
nentsevolve over time. It alsoallows designersto hedge
technologyrisk, which is often ignoredin a researchset-
ting, but is critical in an industrialcontext. For example,a
messaginglayer employing TCP/IPover Ethernethasex-
tremelyhigh connectivity, allowing the underlyingcluster
to bebuilt usingoperatingsystems,network interfaces(NI),
and switchesfrom multiple vendors. On the other hand,
a specializedmessagingsystemthat dependson a particu-
lar LAN with customcards,switches,andprotocolsdoes
not provide suchhigh connectivity andso a site usingthis
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technologyis dependentonthesetechnologiesto lasta long
timeandperhapsfor a singlevendorto besuccessfulin the
long run. While recentstandardssuchasVIA [18] provide
connectivity at thesourcecodelevel, this is a far cry from
the massive connectivity provided by the drivers, busses,
mediaaccesscontrol, and physical layersof generalpur-
posenetworking. An exampleof the low connectivity of
specializedmessagingappearswhentrying to useVIA for a
distributedJava-basedserver. Theout-of-the-boxJava run-
time cannot take advantageof this SAN layer without ei-
therbuilding specialsoftwareconnectorsor runninggeneral
purposemessagingover it.

In this paper, we argue that current technologytrends
arebringingtheperformanceof generalpurposecommuni-
cationsystemscloseenoughto thatof specializedsystems
suchthat designersof large-scaleserversshouldseriously
considerwhetherthe tradeoff of connectivity androbust-
nessjustifiestheaddedperformance.Note thatwe arenot
advocatingtheabandonmentof specializedmessagingsys-
tems. Rather, we believe that the choicebetweenspecial-
ized andgeneralpurposeneedsto be consideredcarefully
onacase-by-casebasis.Webreakouranalysisfor thisargu-
mentinto two parts:onefor smallmessagesandthesecond
for largemessages.

For smallmessages,theperformanceof generalpurpose
messagingsystemshasbeensteadilyincreasingwhile that
of specializedlayershasnot. Figure1 shows theLogPper-
formancefor small messagesof four Active Messagelay-
ersfrom 1992to 2000,spanningfour processorgenerations
[11, 41, 43]. All theselayersprovideroughlythesameinter-
face,andeachoneprovidesisolationof messagesbetween
users. CMAM [43] ran on an MPP, while the othersran
on workstationor PChardware. Note thatabsoluteperfor-
mancehaschangedlittle since1992eventhoughprocessor
speedhasroughlydoubledeachgeneration,goingfrom 33,
to 60,167,andfinally 400MHz.

Intuitively, thereductionin theperformancegapbetween
generalpurposeandspecializedmessagingsystemsis easy
to understand:thehigh costof generalpurposemessaging
arisesfrom the largenumberof protocolinstructions[28].
As processorspeedincreases,thecostof executinginstruc-
tions dropscorrespondingly. Critically, however, I/O de-
viceshavenot kept pacewith processorspeed! Consider
thatin 1992,a typicalprocessorandI/O bus(e.g.,aSPARC
2) both ran at 33 MHz. At thesespeeds,the costof exe-
cuting 2500instructionsdwarfs the costof a few accesses
over theI/O bus.Currently, on a 550MHz PentiumIII ma-
chine,this same2500instructionscanbe executedin less
thantwice thetimerequiredfor samefew I/O accesses.Ar-
chitecturaltrendsimply that we canexpectthis speeddif-
ferential to be growing with time: processorperformance
doublesroughlyevery 2 yearswhile I/O performancedou-
blesevery 4-7 years.Thus,Amdahl’s law implies that the
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Figure 1. LogP performanceof 4 Active Message
Layers. Thefigureshows theLogPperformanceof 4 spe-
cializedmessagelayersusingtheActiveMessageinterface.
Thehardwarespans4 processorgenerations.Thesoftware
layersare CMAM(1992), SSAM(1994),AMII(1997) and
AMVIA(2000).

relative improvementgainedby messagingsystemswhich
simply reduceinstructions,asopposedto usingmoreradi-
calarchitecturalinnovations,will diminishwith time.

In Section3.1,we characterizethecostsof sendingand
receiving smallmessagesfor two messagingsystemsusing
the LogGPmodel [3, 12]. Both systemsexport the AM-
II interface[30]; one implementsAM over a VIA LAN,
thesecondimplementsAM on UDP/IPover Ethernet,giv-
ing thetwo layerssignificantlydifferentlevelsof connectiv-
ity. We restrictourselvesto theAM-II interfacebecauseit
containsmany featuresneededby applicationsdemanding
morethanjustperformance:threadsupport,blockingprim-
itives,anderrorhandling.Wederiveasimplecostmodelfor
mappingthe LogGPparametersto two stockarchitectural
components,theprocessorandtheI/O interconnect;wealso
derivescalingrulesfor thesecomponents.We thenuseour
model to study the effects of scalingon messagingcosts
over four speedsof Pentium-basedPCs(233MHz Pentium
II to 550MHz PentiumIII). Next, weusethemodelto pre-
dict futurecommunicationcosts.

Our resultsshow that the performancedifferential be-
tweenspecializedandgeneralpurposemessagingsystems
hasbeendecreasingsteadilyandwill continueto decrease
becauseof mismatchingtrendsin processorandI/O speeds.
Our projectionsshow that a specializedmessagingsystem
will maintain a 2x performanceadvantageover general-
purposemessaging.However, this is significantlylessthan
theperformancedifferentialof 10xonly six yearsago[31].

In Section4, we considerthe cost of sendingand re-
ceiving large messages.In particular, we considerarchi-
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tectural scaling effects on three messagingarchitectures:
single-copy, zero-copy, and shared-memorycommunica-
tion. Single-copy is thesimpleststrategy andmostcurrent
implementationsof TCP andUDP usethis approach.The
secondapproach,zero-copy, manipulatesthe kernel page
tablesto allow sharingof user pageswith the NI while
maintainingnormalcopy semanticsvia copy-on-write. In
shared-memorycommunication,the senderand receiver
agreeto transparentlyshareablockof memory, who’smap-
pingis supportedby reversepagetablemanipulationsonthe
NI.

Zero-copy is attractive comparedto single-copy when
the variable overheadof page-tablemanipulationis less
than the per-pagecopy cost [40]. We refer to this cross-
over point asthe OSpage budget. To examinethe effects
of architecturalscaling,we estimatethenumberof instruc-
tions neededto setupa zero-copy transmissionand com-
parethis costagainstcopy costsasCPU speedandmem-
ory bandwidthscalethroughtime. Our resultsshow that
copy reductionvia softwareandarchitecturalenhancements
(e.g. checksumregisters)remainsimportantto obtaining
high bandwidth. However, interestingly, our modelshows
thattheOSpagebudgetwill scaleonly slowly with time.

2. Methodology

In this section,we first describethe LogGP model we
useto characterizenetwork performance.We thendocu-
mentourexperimentalapparatusanddescribehow wemap
LogGPparametersintoarchitecturalevents,suchasinstruc-
tion count. We alsodocumenthow we hadto modify the
interpretationof our microbenchmarkresultsto fit our pro-
tocolsinto theLogGPframework.

2.1. The LogGP Model

When investigatingcommunicationarchitectures,it is
importantto recognizethatthecostof eachoperationbreaks
down into portionsthatinvolvedifferentresources:thepro-
cessor, thememory, I/O busses,thenetwork interface,and
the actualnetwork switches. However, it is also impor-
tant that the communicationcostmodelnot be specificto
particularhardware/softwareimplementations.We usethe
LogGPmodel[3, 12] becauseit providesa middleground
by characterizingtheperformanceof thekey resourcesbut
not their structure.

LogGPcharacterizesacommunicationsystemusingfive
parameters(Figure2):�

: the latency, or delay, incurred in communicatinga
messagecontaininga smallnumberof wordsfrom its
sourceprocessor/memorymoduleto its target.TheLa-
tency includesthetimespentin thenetwork interfaces
andfabric,but not in theprocessor.

� : theoverhead, definedasthe lengthof time thata pro-
cessoris engagedin the transmissionor receptionof
eachmessage;during this time, the processorcannot
performotheroperations.

� : the gap, definedas the minimum time interval be-
tweenconsecutive messagetransmissionsor consec-
utive messagereceptionsat a module;this is the time
it takesfor a messageto crossthroughthe bandwidth
bottleneckin thesystem.

�
: the Gap, or time-per-byte for long messages.The in-

verseof
�

is thepeakbandwidth.This parameterwas
added[3] becausemany platformshave specialaccel-
erationfor longmessages(e.g.DMA).

�
: thenumberof processormodules.

2.2. Experimental Setup

We study two communicationsystems,AM-VIA and
AM-UDP. Both systemsexport the AM-II API [30]. Fig-
ure3 showstheLogGPparametersof thetwo systems.Both
AM layersimplementa three-way request/replyprimitive
for robustness,which UDP-AM alsousesfor correcthan-
dling of lostmessageswithout requiringper-nodebuffering
thatgrowswith thenumberof processors[11, 31, 41]. Both
AM layers implementflow control to avoid buffer over-
flows.

We measureLogGPparametersfor AM-VIA andAM-
UDP on four “generations”of PCs,including a 233 MHz
PentiumII, a 300 MHz PentiumII, a 400 MHz Celeron,
anda 550 MHz PentiumIII. The 233–400MHz machines
have 66 MHz systembuseswhile the 550 MHz machine
hasa 100 MHz systembus. All machineshave 33 MHz
PCI buses.For the AM-VIA measurements,we usea pair
of GiganetcLancardsconnectedback-to-back,runningthe
clan-1.0.1driver. For theAM-UDP measurements,we use
apairof Kingston100Mb/sethernetcards(DECDC21140
chips),runningthetulip driveroveraswitchednetwork. All
experimentswererun onLinux 2.2.12.

2.3. Characterizing Performance

After casting our communication systems into the
LogGPmodel,we breakdown the LogGPparametersinto
their architecturalcosts.Our approachis to usetheproces-
sor’s hardwareeventcounters[24] to chargevarioushard-
wareeventsto eachparameterof theLogGPmodel.Specif-
ically, we measurethefollowing events:

� Thenumberof instructionsdecoded.
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Figure 3. Protocolsof 3 ActiveMessageLayers. Theinternalprotocolsusedby the“generic” layersin previouswork and
our two AM layers.Thethree-wayprotocolsof our layersresultsin complex derivationsof theLogGPparameters.Wecomputethe
sendoverhead,	
� , by directmeasurement.We derive thereceive overhead,	�� , by subtracting	
� from a steady-statesequence.We
cancompute� by computingthecritical pathof a roundtrip andsubtracting	�� and 	
� .

� Thenumberof externalbusaccesesto memoryspace1.

� The numberof external bus accessesto I/O space–
thex86 instructionsetdefinesa 64K I/O spacethat is
separatefrom memoryspace. Unfortunately, not all
I/O operationsareobservableusingthiscountasoper-
ationsto memorymappeddevicesappearin memory
space,not I/O space.

� Thenumberof non-haltedcycles.

� Thenumberof interrupts.

We use the ubench benchmark[13] to measurethe
LogGPvaluesfor ourcommunicationsystems.Thisbench-
mark first measuresthe sendoverhead,��� by direct mea-

1The memorybus is only critical whenthe cacheis not large enough
to hold themessagesbeingtransferred.For smallmessages,thecachewas
sufficient, andall memorybustransactionsareconsideredto have moved
acrossI/O busasopposedto beingmemoryacceses.

surement.Next, it measuresgap, � . From thesetwo pa-
rametersandknowledgeof the protocol,we theninfer the
receive overhead,��� . Finally, we canderive thelatency,

�
,

by measuringtheround-trip-time(RTT) andsubtractingout
theoverheads.

sendoverhead � � is measuredby sendinga small burst
of messagesandcomputingthe averagecostper message.
We charge eventsbasedon the averagenumberof events
permessagemeasuredduringtheburst.For example,if we
sendaburstof 4 messagesandobserve32,000instructions,
the instructioncount for ��� would be 800. A numberof
complicationsarosewhenwe took this approach,however.

Thefirst complicationaroseduring themeasurementof� � for AM-UDP on the550MHz machine.Whenthetulip
driver initiatesa send,it quickly writes thesendacrossthe
I/O bus and then immediatelyreturnscontrol to the user
process.Whenthecardreceivesthis requestandprocesses
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it, it respondsto the processorwith an interrupt,at which
timetheremainderof thedriver’swork to sendthemessage
is performed(i.e. cleaningup thesendqueue).A 550MHz
processoris fastenoughthatit oftencompletesasmallburst
without ever gettinganinterrupt.This impliesthat theeth-
ernetchipsetused,the DEC/Intel 21140,overlaps

�
with

part of � � , reducingthe accuracy of our LogGPmodel; a
moreaccuratemodelwouldaccountfor theinitial overhead,���� , andthecostof theinterruptprocessing,��� �� . Theeffectof
this architectureon our probingbenchmarkis thatit lowers
theobserved ��� to ���� , yet we mustcount ��� �� to arrive at an
accuratecostfor ��� .

In order to model ��� with reasonableprecisionwithout
expandingthe model,we chargeoneinterruptfor each��� .
To computethe interruptcost,we measurethe numberof
interruptsreceivedin a burstandfoundthecostof sending
whenoneinterruptwasreceivedpersendandno messages
hasbeenreceivedby theendof theburst.

A complicationalsoarosefor estimatingthe ��� for AM-
VIA. On a slow machinethe acknowledgement,shown in
Figure 3 arrives before the burst is over. Thus, the ack
processingtime addsto theobserved ��� . For example,Ta-
ble 1 shows the measurednumberof I/O operationsdrop-
ping with processorspeed.However, thesumof � � and � �
remainsconstant.In orderto createa modelof � � indepen-
dentof theseeffectswe usethe architecturalevent counts
for � � basedon themeasured400MHz machineresults.

gap For a burst with only a small numberof sends,the
averagemessagingcostdefinesthe sendoverhead,��� . In
burstswith largenumbersof messages,thecostof eachsend
approachesthe steady-stateinitiation interval � . For both
our communicationsystems,thebottleneckis thesendand
receive overheads.Figure3 shows that in both our layers,
an “extra” messageis requiredin the three-way protocol.
Taking into accountthis extra message,� is alwaysequal
to thesteady-statecostof theslower side,which,assuming
that � ��� � � , is � ����� � � .
receive overhead We can compute ��� in units of time
by using measuredvaluesof ��� and � since ������� �
� ��� . To measurehardware events such as instructions
executed,however, we only count events that are occur-
ring on the sendingside. Thus, for an event � , for AM-
VIA, � �"!$# �&%'� !$( � �*),+ �-� �*)/. , while for AM-UDP,
� �"!$# �&%'� !$( � � �0),+ � �0)/. (seeFigure 3). Sincewe can
measure�*)1+ , wesimply solve for �*)/. .

Again,we hadto accountfor thetulip driver’suseof in-
terruptprocessingto reduceoverheadon the550MHz ma-
chine.Furthermore,we alsohadto considerthat thedriver
is ableto consolidatework by servicingmultiple sendsin
a single interrupt. For example,in steadystateoperation
thedriver is ableto servicetwo sendsperinterrupton aver-

age.Of the two measuredinterrupts,we chargeoneto the
receiveandoneto bothsends.

Latency Measuring
�

with a 3-way protocol again re-
quirescare.Wecanseefrom Figure3 thatthereis acritical
pathfor a round-tripmessage.Assumingthatotherwork is
perfectlyoverlapped,weknow thecritical pathof anRTT is
composedof only ��� , ��� , and

�
. Having measuredtheRTT,��� , andderived ��� , wecancompute

�
for bothprotocolsas:243 3 �657��� �8� ��� �9� � . We only measure

�
in units of

timesinceall eventsoccurontheNIC andareunobservable
from theCPU.

Gap To measure
�

, we sendburstsof large messages,
eachwith a fixedsize. We thenderive thebandwidthfrom
thesteady-stateinitiation interval andmessagesize.

3. Small MessageScaling

In this section,we characterizethe performanceof our
two messagingsystemsfor smallmessagesusingtheLogP
model. We do not considerG asthis parameterdealsonly
with sendingandreceiving largemessages.

3.1. MeasuredLogP Scaling

Figure6 plotsthemeasuredLogPparametersof our two
messagingsystemsagainstprocessorspeed.Clearly, there
aresubstantialperformanceadvantagesto usinga special-
ized messagingsystemwith hardwaresupport,even when
usinga fairly complex protocolsuchasAM-II asthetrans-
port layer. Whenwe examinedthe combinedoverheadof��� � ��� , we found the ratio betweenthe AM-VIA andthe
AM-UDP droppedfrom about4.0on the233MHzmachine
to 3.3onthe400MHz machine.Whenwelook at thissame
ratio for the550MHz machine,it jumpsbackupto 3.7,due
to theincreaseof thememorybusspeed.

To betterunderstandwhy the performancedifferential
betweenAM-VIA and AM-UDP is decreasing,we break��� and ��� into theircomponentcosts,includinginstructions
andI/O operationsfor bothuserandkernelspace.We ig-
nore

�
becausepreviouswork hasshown thatmostapplica-

tionscaneffectively overlap
�

with othercomputation[13].
Furthermore,Figure 6 shows that

�
is relatively constant

for bothAM-VIA andAM-UDP andsocannotbethecause
of thedecreasingperformancedifferential.Themeasured

�
alsoservesasa checkon our methodology. Figure6 shows
that, as expected,

�
staysrelatively constantbecausethe

NIs andswitchesarethesamethroughoutourexperiments.
We characterize��� and ��� in architecturaltermsusing

thefollowing model:

Time ��:<;>=@?BADC � :<;@=@?EGF�H'I ;@=@?
� :<JLK1MNAOC � :<JLK1MEGF'H'I JPK1M (1)
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Figure 4. Measured and predictedLogP parametersasa function of processorspeed.(a) Measuredandpredicted
LogPvaluesfor processorspeedsrangingfrom 233MHz to 5 GHz; (b) Enlargeversionof thepredictedLogPvalues.

where :<JLK1M is the numberof I/O operationsexecutedand

C � :<JLK,M is the averagenumberof I/O bus cyclesrequired
to executeeachoperationin :<JLK1M , and :<;@=@? is thenumber
of non-I/O instructionsexecutedand C � :<;@=@? is the av-
eragenumberof processorcyclesrequiredto executeeach
instructionin : ;>=Q? .

We measurethe componentsin Equation1 as follows.
We usethe Pentiumperformancecountersto measurethe
numberof cycles, instructions,memoryaccesses,andI/O
operationsasexplainedin Section2. We assumethateach
I/O operationis generatedby 1 instruction and C � :<JLK1M
equals9 I/O buscycles(basedon thePCI specifications).

Wenotethatourassumptionsimply thatmultipleI/O op-
erationsarenever overlappedor combined,makingtheac-
tual costof I/O potentiallylessthanthemodel.We believe
that this error is not a significantcomponentcomparedto
thedivergenceof CPUandI/O speeds.

Tables1 and2 give themeasuredinstruction,cycle,and
I/O countsfor AM-UDP andAM-VIA respectively. Fig-
ure 6 plots the percentagebreakdown of ��� and ��� . This
figureshows that thefractionof time spentperformingI/O
operationsis increasing.In thecaseof the233MHz proces-
sor, we seethatAM-UDP spendsapproximately11%of its
time on theseoperations,andAM-VIA spends21% of its
time on similar pursuits. Whenwe move to the 550 MHz
platform,weseethatthefractionof timespentonI/O opera-
tionshasgoneto 25%for AM-UDP, and34%for AM-VIA.
Correspondingly, therelative costof executingprotocolin-
structionsvs. I/O operationsis decreasing.

3.2. PredictedLogP Scaling

While protocolexecutionstill accountsfor a significant
percentageof ��� and ��� on our fastestmachine,the trend
seemsto suggestthat,unlessotherarchitecturalchangesare
made,I/O operationswill eventuallybecomethedominant
factorin theperformanceof smallmessages.To follow this
trendinto thefuture,we derivescalingrulesfor theproces-
sorandI/O busfor thenext fiveyearsasfollows:

processorspeed To predictprocessorspeed,we extrapo-
late basedon the past7 yearsof performancedataon x86
processors.Examiningtheclock rateandperformancedata
from [32, 38], we canobserve a roughrule of thumbof a
40% increaseper year in clock rate andSPECintratings.
This level of improvementroughlycorrespondsto the“ag-
gressive” predictionsin [2]. At the time of this writing,
1 GHz processorsare available. If processorspeeddou-
bles every 2 years(i.e., compoundingat 40% year), then
we would expect3 GHz processorsto beavailableby sum-
mer2003and5 GHzby 2005.Weassumethatarchitectural
enhancements,suchaslargercachesandmicroarchitecture
improvements,will keepCPI for messagingat roughly the
samelevelsastoday.

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

I/O busspeed Thegrowth trendof I/O busspeedhasbeen
considerablydifferentfrom thatof CPUspeed,demonstrat-
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Figure 5. Predictedbreakdown of ��� and ��� . Percentagecostof componentsof 	 � and 	 � for (a)AM-VIA and(b) AM-UDP
asa functionof processorspeed.

ing increasesevery4 to 7 years(e.g.,ISA in 1984,EISA in
1988,33Mhz PCI in 1993,66MHz PCI in 2000).Onefac-
tor thatdampensthegrowth of busspeedis thefactthatthe
numberof slotsavailableperI/O bridgetendsto decreaseas
bus speedincreases,increasingthe costof a fixed number
of I/O slots. For example,at 133MHz, eachPCI bus can
supportatmostonePCI slot, requiringmultiplePCIbusses
for moreslots.We thusbelieve that thestandardbusspeed
for PCsover thenext fiveyearswill remainat 66 MHz.

I/O operations In additionto scalingI/O bus speed,we
must also considerthe CPI of I/O operationsas the bus
width increases.The current33 MHz PCI buson our ma-
chinesis 32-bitwideandrequires9 cyclesperoperationbe-
tweentheCPUanda PCI card.In thefuture,we expectthe
buswidth to doubleto 64 bits, but thenumberof cyclesto
transmitagiveninstructionwill remainthesame.However,
a driver may batchmultiple I/O operationsto take advan-
tageof the wider bus. Suchbatchingwill vary with card
architectureaswell asdriver implementation.To account
for this potentialoptimization,we adjustthenumberof bus
clockcyclesperI/O operationfrom 9 to 7.

Figure4 and5 give the predictedscalingof ��� and ���
andtheir componentscosts.Figure4 shows thattheperfor-
mancegapbetweenspecializedandgeneralpurposemes-
sagingsystemswill continueto decrease,dropping from
a ratio of 3.30 (for the sumof � � and � � ) at 233 MHz to
2.39at 550 MHz to 2.12 at 5 GHz2. Figure5 shows that

2If wetaketheoptimisticassumptionthatbusspeedwill beat133MHz
in five years,the ratio will spike up from 2.25 to 2.30 when processor
reaches3 GHz to 2.12 whenprocessorspeedreaches5 GHz. After the
spike,however, theratiowill continueto decreaseonceagain.

this decreasein the performancegapis dueto the increas-
ing importanceof I/O operations.At processorspeedof 5
GHz, I/O operationsaccountfor R 5TS of the overheadfor
AM-UDP andfor UVR S of theoverheadfor AM-VIA.

If this trendcontinuesbeyondour projectionperiodof 5
years,thenonly a differencein the numberof I/O instruc-
tions(andthecorrespondingCPI)will produceasignificant
differencein performance;the amountof time necessary
to performtheuserandkernelinstructionswill becomein-
significant.

4. Lar geMessages

In this sectionwe examinethe effects of architectural
scalingon large messages,focusingon the per-byte over-
head.In particular, we investigatethearchitecturalscaling
of thecross-over point betweenthecostof copying a page
vs. usingmemorymanagementtechniquesto sharethepage
betweentheuserprocessandtheNI.

Broadly speaking,threeapproachesto high bandwidth
messaginghaveevolved,two maintainingtheclassicalmes-
sagingAPI, wherethe userprocessis free to modify the
messagebuffer oncethe W7X7Y[Z primitivereturns(e.g.,asin
socketandMPI), while thethird exportsa significantlydif-
ferentAPI. Thefirst, andsimplest,is to usea stagingarea
for both in-boundandout-bounddata,requiringeachmes-
sageto becopiedat leastonce.We call this thesingle-copy
approachbecausemostimplementationsof generalpurpose
messaginglayershavebeenableto achievethis lower limit.
Although single-copy approachescandeliver goodperfor-
mance[15], it increasesthe load on the memorybus and
canalso increasethe per-byte overheadover the next two
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Figure 6. MeasuredLogP parametersasa function of processorspeed.LogPvaluesfor (a)AM-VIA and(b) AM-UDP
asa functionof processorspeed.

approaches.

The secondapproach,calledzero-copymessaging, ma-
nipulatesthe kernel pagetablesto allow sharingof user
pageswith the NI while maintainingthe samesemantics
as single-copy throughcopy-on-write. Although this ap-
proachhasbeenstudiedextensively [8, 9, 29], it hasnot
beenmappedinto architecturalparameters.In particular,
pagetablemanipulation,thefundamentalmechanismused
in zero-copy, is complex. Thus, zero-copy only becomes
attractivecomparedto single-copy whentheper-pageover-
headof page-tablemanipulationsis lessthanthe per-page
copy cost [40]. We call this cross-over point the OSpage
budget.

Thefinal approachis shared-memorycommunication[6,
11, 20, 34]. The basic idea behindthis approachis that
the senderand the receiver agreeto transparentlysharea
block of memory. Communicationthenoccursvia writes,
DMA, or sometimesreads,into the sharedregion. While
shared-memoryapproachesdeliver excellentperformance,
they haveseveraldrawbacks.Theprimarydrawbackis that
classicalmessaging(e.g.,socketsandMPI) doesnot map
well into a pure shared-memoryapproach;constructinga
scalable,N-to-1 queueis difficult without hardwaremem-
ory coherenceor specializedsupportsuchasfetch-and-add
registers.A moresubtleproblemwith shared-memorycom-
municationis theconsiderablelossof connectivity because
of the “commonality” requiredbetweenthe OS andNI of
boththesenderandreceiver.

A secondcost of shared-memorycommunicationover
zero-copy is thecostof mappingsharedpagetablesbetween
theNI andCPU.Thesepagetablesrequireadditionalcom-
municationbetweenthe NI andCPU that is not presentin

a zero-copy system.While many studieshave documented
messagingperformanceonceall thesharedmappingsarein
place,few have reportedtheseset-upcosts.Theamortiza-
tion of themappingsdependsontheapplicationandhigher-
level libraries,which wedo not pursuein thiswork.

4.1. Implementing Single-Copy

Figure8 shows the per-byte costof our two messaging
systemsasmeasuredon the 400 MHz Celeronmachines.
Fromthis data,we computethatAM-VIA requiresapprox-
imately 1.65 cycles per byte to sendlarge messages.In-
terestingly, the per-byte cost for AM-UDP is muchhigher
thanthat for AM-VIA. To understandwhy, we breakdown
the AM-UDP per-byte cost into its user-level andkernel-
level components.This breakdown shows that AM-UDP
is making two copies,one at the user level (in the AM
layer)andonein thekernel(in theUDP/IPprotocolstack).
Weattributetheslightly higherkernel-level per-bytecostto
checksumming.

Thefactthattwo copiesarerequiredin AM-UDP points
to adeficiency in its architecture.BecausetheAM 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-
formancedisadvantageof splittingamessaginglayeracross
the user-kernel boundarywhere there is significant func-
tionality on bothsides.
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Figure 8. Per-byte overhead. Cyclecostto senda messagefor (a)AM-VIA and(b) AM-UDP asa functionof messagesize.

4.2. PageTableOperations

While zero-copy and shared-memorycommunication
canavoid datacopying, a known performancebottleneck,
therequiredpagetablemanipulationsarecomplex. For ex-
ample,on thesendside,theOSmusttypically:

1. Checkthattheregion to sendis valid.

2. Fault in any paged-outpages.

3. Pin the pages,i.e, markingthemasun-swappable,if
theregion is swappable.

4. Changethe accesspermissionof eachpageto read-
only.

5. Translatethe page-addressesinto the correctphysical
or busaddressesneededby theNI.

6. Un-pin thepagesonceI/O is complete.

7. Changetheaccesspermissionof eachpagebackto the
originalpermission.

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

The receive sideis somewhateasierthanthe send-side.
HeretheOSmust:

1. Un-pin the pages,i.e, markingthemasswappable,if
theuser’s region in notpinned.

2. Changetheaccesspermissionof eachpageto writable
if required.

3. Changetheuser’spage-tableentriesfor thereceivere-
gion to point to thereceivedpages.
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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. Measuredmessagingcostsin AM-VIA. Measurednumberof userinstructions,kernelinstructions,cycles,andI/O
operationsfor AM-VIA. The averagenumberof operationsareshown for a shortburst sizeof 4 messagesanda long burst size
of 128messages.Thereportedeventcountsdo not includeany of theadjustmentsdescribedin Section2. The300and400MHz
machineresultshave beenomitteddueto spaceconstraints.

CPU
MHz

Burst
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

4 806 \ 3.4 1378 \ 18 0 \ 0 0 \ 0User
550 128 3420 \ 25 7273 \ 48 0 \ 0 0 \ 0

4 2781 \ 32 6068 \ 137 11.0 \ 0.1 5.5 \ 0.2
233 128 11574 \ 34 25172 \ 36 30.2 \ 0.1 14.1 \ 0.1

4 1696 \ 73 4456 \ 222 1.0 \ 0.0 4.6 \ 0.2Kernel
550 128 11398 \ 48 28308 \ 185 21.5 \ 0.1 14.4 \ 0.1

4 3555 \ 24 7504 \ 112 11.0 \ 0.1 5.5 \ 0.2
233 128 15243 \ 42 32117 \ 55 29.3 \ 0.1 14.3 \ 0.1

4 2411 \ 46 4764 \ 237 1.0 \ 0.0 4.0 \ 0.1Total
550 128 14611 \ 72 34687 \ 80 22.0 \ 0.2 14.6 \ 0.1

Table 2. Measuredmessagingcostsin AM-UDP. Measurednumberof userinstructions,kernelinstructions,cycles,andI/O
operationsfor AM-UDP. Theaveragenumberof operationsareshown for a shortburstsizeof 4 messagesanda long burstsizeof
128messages.Thereportedeventcountsdo not includeany of theadjustmentsdescribedin Section2. As above, the300and400
MHz machineresultshave beenomitteddueto spaceconstraints.

4. Returntheold pagesbackto thekernelor device.

A careful study of the true cost of theseoperations
crossesfarinto theoperatingsystemsfield andisbeyondthe
scopeof this work. Our contribution insteadis to quantify
how the OS pagebudgetwill scalewith time. To give the
readersomecontext of thecostof theaboveOSoperations,
wemeasuredthecostof theVIA call to registermemoryfor
theGiganetdriver, theapproximatecostof user-level page-
tablemanipulationsvia apairof ]_^T`[a�bdc
e / ]gfhYi^V`ga�bdc
e and
two ]gjlk[`7m[Xga�mdcne , andcopy costvia opa�`7jlqdc
e . Figure9
show theresultson a 400MHz Celeronmachine.

We make two observations. First, it may be lesscostly
to useasingle-copy approachwhenthemessagesizeis one
pageor less3. Second,the cost of VIA memoryregistra-
tion is very close to basicpagetable manipulationcosts
for small buffer sizes(less than 64KB) – about10us for

3Since we’re only estimatingthe cost of zero-copy, we cannotsay
definitively wherethis cross-over point currentlyis.

4K pagesize– but degradesto about3 cyclesperbyte,or
133MB/sfor buffer sizesabove64KBs.Theseresultsimply
thaton-demandpinningandun-pinningof smallregionshas
favorablecosts,but for largemessages,applicationsshould
resortto managingcommunicationwith a fixedcostpinned
buffer. We arecurrentlyinvestigatingtheGiganetdriver to
fully understandwhy registering64K regionsis asfastas
basicpagetablemanipulationsbut approachescopying 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/receiving large messagesvia a single-copy vs. a zero-
copy architecture:

r/s )utnv � wix � H y
z&{VH| H |}� F'~ � xT���7� z � r/� (2)
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Figure 9. Per-byte costof copying,pagetable manipulations, and memory registration. (a) Cyclecostfor copying,
pagetablemanipulations,andmemoryregistrationvs. messagesize;(b) Blow-up of (a) for messagesizesbetween4 and30 KB.

r t<��� � �_� | z � y r F �G� r z � � y A�C � :
w F � � H'y'y � F y w H'H � (3)

where
r/s )&tnv is per-pagecopy time undersingle-copy andr tL��� is theper-pagesetuptime underzero-copy. (Notethat

both
r s )utnv and

r t<��� areper-pagevariablecosts.) The OS
pagebudgetis computedby setting

r s )&tnv equalto
r t<��� and

solving for �_� | z � y r F �p� r z � � y . We assumea CPI of 2.0,
which is consistentwith theCPI’s observedacrossa range
of processorspeedsin Section3.1.

We use the sameprocessorspeedvs. time predic-
tions that we derived in Section3.1. To derive predic-
tions for memorybandwidth,we usedataavailable from
theSTREAMbenchmarksite[32], whichshowsthatmem-
ory bandwidthhasbeenincreasingata rateof roughly35%
peryear. Figure10(a)showstherelationshipof clockspeed
to memorybandwidth. The linearity of the curve may be
surprisingbut is consistentwith thefactthatbothprocessor
speedandmemorybandwidtharegrowing exponentially.

Figure10(b)showstheOSpagebudgetin termsof num-
berof instructionsastheprocessorscalesto 5 GHz. An in-
terestingeffect of our scalingrule is that, if the pagesize
remainsfixed at 4 KB as the processorand memoryget
faster, the OS pagebudgetapproachesan asymptoticlimit
of 10240instructions.Intuitively, becausethecopy costfor
a fixed-sizepagedecreasesasan 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
pagesize increase,it becomesever moreadvantageousto
usea zero-copy approach.

4.4. Zero-copyand Checksumming

Most general-purposeprotocolsrequireor arerun with
higher-level checksumscomparedto specializedprotocols
whichonly runwith a layer-2 checksum.OurOSpagebud-
get computedabove doesnot includea checksumcost. If
checksummingis to be supported,a single-copy approach
becomemoreattractivebecausethecopy andchecksumcan
beamortizedduringthesameoperation.An alternative for
zero-copy approachesis to provide supporton the NI for
computingchecksums.

5. RelatedWork

The last 10 yearshasseentremendousefforts investi-
gatinghigh performancemessaginglayers[6, 36, 42, 43].
In addition, several projectsdescribemethodsof provid-
ing a measureof classicabstractionson top of theselay-
ers[16, 37]. Many of theseprojectshave provideddetailed
analysisor performancemodels[4, 13, 26]. However, these
modelswerealwaysin the context of specializedcommu-
nicationsystems,thusmakingcomparisonsto generalpur-
posesystemsdifficult.

In a more generalnetworking context, muchwork has
beendoneto quantifytheperformanceof existing IP proto-
col stacks[27, 28], or increasetheir performancevia copy
reductiontechniques[8, 9, 15, 29, 40].

Unlike theanalysisof specializedmessaging,theperfor-
manceof thesegeneralpurposesystemsis rarelydefinedin
termsof architecturalmodels.It is difficult from thesestud-
iesto determinetheeffect of theprocessor, memoryor I/O
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Figure 10. PredictedOS pagebudget. (a) Measuredandpredictedmemorybandwidthasa functionof processorspeed;(b)
MeasuredandpredictedOSpagebudgetasa functionof processorspeed.

systems’impactoncommunicationperformance.Thesame
situationexists for popularmicro-benchmarksfor measur-
ing theperformanceof theselayers[25, 33, 10].

The effect of different network cardorganizationswas
investigatedin [39]. However, that work did not extend
projectionsas to which organizationwould besttrack ar-
chitecturaltrends.

Perhapstheclosestwork to ourown canbefoundin [8].
The linear modelsprovided in the paperwerescaledin a
qualitative way with processorandmemoryspeeds.How-
ever, architecturalcharacteristics,suchasthenumberof in-
structionsor cycles,werenot given.

6. Future I/O Ar chitectures

Current industy efforts to improve I/O architecturefo-
cuseson delivering increasedbandwith. For example,the
Infiniband [23] is a complex specificationthat will likely
increaselatency over a stock PCI bus. However, Infini-
band’s point-to-pointswitchingwill increasetotal deliver-
ablebandwidth. In addition, its complex packet format is
designedto increaseconnectivity by allowing disks,com-
putersandnetwork interfacesto shareacommonfabric.

On theresearchside,many I/O enhancementshavebeen
proposedor prototyped. Most of thesetake the approach
of integrating the messagingunit closer to the processor.
While all theseapproachesreducelatency and increase
bandwidth,they decreasethe overall connectivity, some-
times by substantialamounts. Theseapproachescan be

summarizedas:

� Integratemessaginginto theprocessor[14].

� Integratemessaginginto thecache-controller[1, 21].

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

Thekey challengefor futurehigh-performancenetwork-
ing will be to maintaina high degreeof connectivity while
increasingperformance.This meanseitherworking within
theconfinesof thekernelandI/O bussesor completelyre-
placing the standardswhich form the underlyingcommu-
nication substructure.Recentwork in operatingsystems
[5, 19] hasbeenableto achievehigh-performancenetwork-
ing in akernelcontext by usingexperimentaloperatingsys-
tems.Suchsystems,however, achievetheirperformanceby
reducingsoftwareconnectivity.

Perhapsthe bestexampleof a systemwhich provides
bothhighconnectivity andperformanceis [9]. In thatwork,
a few simplehardwareandsoftwaremodificationsresulted
in a largeincreasein thedeliverablebandwidthin freeBSD.
ThehardwaretechniquesincludedlargeMTUs andcheck-
sum offload. The primary modificationto the OS was to
provide zero-copy sendandreceive. The resultsshowed a
factorof 30%bandwidthimprovementwithoutanapprecia-
ble increasein latency.

In the near future the best way to achieve high-
performanceandconnectivity will befor network standards
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bodiesto adopt large MTUs, for card vendorsto provide
checksumoffloadingand implementlarge MTUs, and for
OS vendorsto incorporatedriver API’s that allow check-
sum offload and zero-copy techniques.Thesetechniques
alonewill allow applicationsto usea substantialportionof
thehardwarebandwidthin thecontext of theoperatingsys-
tem.Latency reductionwill comeasprocessorperformance
outstripsthe restof theI/O system.Theseapproaches,un-
like specializedmessaging,however, requirea commonset
of standardsto be acceptedby four distinct communities:
the operatingsystem,network interface,switch andmoth-
erboardvendors.Thespeedandadoptionof new standards
maybecomethe limiting factorfor I/O performancerather
thanany technologicalhurdles.

In the longerterm, the real challengewill be to reduce
generalpurposemessagingoverheads. On the hardware
side, betterintegration into the memorysystemand tech-
niquessuchascacheablecontrol registers[44], may result
in systemswhichcaneliminatetheI/O bus.

ReducingtheLogGPlatency, asdistinct from overhead,
will remaindifficult however. As technologyscales,thecost
of moving datathrougheachchipwill continueto drop,but
as long assystemsarecomprisedof discretecomponents,
therewill be significant latency costs. Programmersand
OS designersshouldthuscontinueto focuson algorithms
which toleratelatency.

7. Conclusions

For smallmessages,wehaveshown how therelative im-
provementsin the processorand I/O bus result in an ero-
sionin theperformancedifferentialbetweenspecializedand
generalpurposemessagingsystems.We have observed a
reductionof this differencefrom a factorof 10 four years
ago to a factor of 4 today. The reasonfor this reduction
is that I/O busspeedshave not kept up with processorim-
provements.While processorperformancedoublesevery 2
years,I/O bussesonly increasein performanceevery 4-7
years.

Extendingourmodelsout five years,we predictspecial-
ized layersto have softwareoverheadsof 2-3 timesbetter
thangeneralpurposesystems.This shouldgive systemde-
signerspauseasto whethersuchperformanceincreasesare
worth the loss of connectivity with its attendantrisks of
technologyabandonment.

For longmessages,wequantifiedthatthebreakpointbe-
tweencopying andzero-copy pagepinningwill beapprox-
imately 10,000instructionsper 4KB pageanddoublethat
for 8KB pages.Thiswill giveOSdesignersacleartargetfor
implementingzero-copy protocolsin the future. Measur-
ing thecostof basicpagemanipulationsin theLinux kernel
showedthatthesecostsarenotunreasonable.However, suf-
ficient hardwaresupport,suchaschecksumregisters,will

berequiredto makezero-copy protocolstacksviable.
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