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Abstract

In this paper we presentand validate a new modelde-
signedto captuie the benefitsof protocoloffloadin thecon-
text of high performancecomputingsystemsOthermodels
capture the benefitsof offload or the performanceof paral-
lel applications.However, the extensiblemessge-oriented
offloadmodel(EMO)is thefirstmodelto emphasizéheper-
formanceof the networkprotocol itself and modelsit in a
messge-orientedrather than flow-orientedmanner EMO
allowsusto considerbenefitaassociatedvith thereduction
in messge latencyalong with benefitsassociatedwith re-
ductionin overheadandimprovementgo throughput.

In order to validate EMO, we usethe tool to modela
very commonoffload technique interrupt coalescing We
discusgheassumptionsfour modelandshowthemodeled
offloadandlatencyperformancefinterruptcoalescingand
nointerruptcoalescingWethenpresenpreliminaryresults
to validatethat our modelis accurate

1 Intr oduction

Network speedsareincreasing. Both Ethernetand In-
finibandarecurrentlypromising40 Gb/sperformanceand
Gigabit performancdas now commonplace Offloadingall
or portionsof communicatiorprotocolprocessindo anin-
telligent NIC (Network InterfaceCard)is frequentlyused
to ensurethat benefitsof thesetechnologiesare available
to applications. However, determiningwhat portionsof a
protocol to offload is still more of an art than a science.
Furthermoretherearefew toolsto help protocoldesigners
chooseappropriatgunctionalityto offload.

Currently thereare no modelsthat addresghe specific
concernsof high-performancecomputing. We createa
modelthat exploresoffloadingof commodityprotocolsfor

*Los AlamosComputerSciencdnstitute SCR71700H-29200001

individual messagesvhich allows us to consideroffload-
ing performancedor message-orientedpplicationsand li-
brarieslike MPI.

In this paper we first briefly outline our new model,the
extensiblemessage-orienteaffload model (EMO), thatal-
lows us to evaluateand comparethe performanceof net-
work protocolsin a message-orientedffloaded environ-
ment. [2] providesanin-depthintroductionto EMO, along
with a comparisonof this modelto other popularperfor
mancemodels,LAWS [4] and LogP [1] and a casestudy
for usingthe modelto develop new offloadednetwork pro-
tocols.Secondwe useEMO to modelthelateng/ andover-
headof messagesising no interruptcoalescingusing de-
fault interrupt coalescingand using maximumdefault in-
terruptcoalescing.Third, we discussthe methodsusedto
measurahe actuallatengy andoverheadf variousaspects
of a protocol. Finally, we presentour preliminary results
in validatingthemodelby comparingnodeledatenciedor
interruptcoalescingvith actualresults.

2 Extensible Message-Oriented
Offload Model

We createda performancemodelthatis not specificto
ary oneprotocol,but our choicesvereinformedby our un-
derstandingf MPI over TCP over IP.

Figurel shavs the communicatiorarchitecturaisedfor
EMO. The lateny andoverheadhatis necessaryo com-
municatebetweencomponentsnustincludethe movement
of datawhenappropriate.

Thevariablesfor this modelareasfollows:

e Cy = # cyclesof protocolprocessingpn NIC
¢ Ry = Rateof CPUoNnNIC

e Lyy = Time to move dataand control from NIC to
HostOS
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Figure 1. The Extensib le Message-oriented
Offload Model

Latency = L_w

e C, = # cyclesof protocolprocessingn Host
¢ Ry = Rateof CPUon Host

e Lya = Time to move dataand control from Host to
App

e Lya = Timeto movedataandcontrolfrom NIC to App
e Cp = # cyclesof protocolprocessingt Application

e Ony = # hostcyclesto move dataand control from
NIC to HostOS

e Oya = # hostcyclesto move dataand control from
HostOSto App

e Ona = # host cycles necessaryo communicateand
move datafrom NIC to Application

2.0.1 Extensibility

The model allows for extensibility with respectto pro-
tocol layers. We hope this model can be useful for re-
searchersvorking on offloading parts of the MPI library
(like MPI_MATCH) or partsof the matchingmechanisms
for any languageor API. We constructedhe modelsothat
it cangrow throughlevels of protocols. For example,Our
modelcanby extendedpr telescopedo includeoffloading
portionsof MPI. We simply add Cy,, Lam and Oy, to the
equationdor overheadandlateng.

2.0.2 Overhead

EMO allows usto explorethefundamentatostof ary pro-
tocolimplementationits overhead Overheadbccursat the
permessagend perbyte level. Our model allows us to
estimateandgraphicallyrepresenbur understandingbout
overheador variouslevelsof protocoloffload.

Overheads modeledas

Overhead= OnH + CH + Ona+Ca+ Ona

. However, all methodswill only usesomeof the commu-
nication patternsto procesghe protocol. Traditional over-
head for example,will notusethecommunicatiorpathbe-
tweenthe NIC andthe applicationanddoesno processing
attheapplication.

TraditionalOverhead= OnH +CH + OHa

2.0.3 Gap

Gapis the interarrival time of message$o an application
onareceve andtheinterdeparturéime of messagérom an
applicationonasend.lt is ameasuref how well-pipelined
the network protocolstackis. But gapis alsoa measuref
how well-balancedhe systemis. If the hostprocessolis
processingpacletsfor a receve very quickly, but the NIC
cannotkeepup, the hostprocessomwill starne andthe gap
will increaself thehostprocessors notableprocesgpack-
etsquickly enoughonareceie,theNIC will stane andthe
gapwill increaself the network is slow, boththe NIC and
hostwill stane. Gapis ameasuref how well-balancedhe
systemis. As we minimize gap,we balancehe system.

2.0.4 Latency

Lateng is modeledas

Lateny = ;N—N +LnH + % +Lua+Lnat+ % +Lw
. However, all methodswill only usesomeof thecommuni-
cationpatterngo procesgheprotocol. Traditionalnetwork
protocolsfor example will notusethecommunicatiorpath
betweertheNIC andtheapplicationanddoesnoprocessing
attheapplication.

- C C
TraditionalLatengy = % +LnH + EH +Lua



3 Interrupt Coalescingusing EMO

Therearesereraloptionsfor reducingnterruptpressures
dueto communication.Most conseratively, one cancoa-
lesceinterrupts. The useof algorithmsto reduce(or coa-
lesce)the numberof interruptshasbeenwidespreadin this
approachthereceving NIC only interruptsthe hostaftera
specifiedamountof time or numberof arriving paclets.We
modelthe latengy and overheadof a messagavhenthere
is nointerruptcoalescingccurring,whenanidealinterrupt
coalescingpatternis occurringandwhenthespecifiechum-
berof pacletsto wait beforeaninterruptis very high.

3.1 Overhead

Figure 2 graphicallyrepresentshe protocol processing
overheador traditional UDP usingno interruptcoalescing
andfor UDP usingmaximuminterruptcoalescing.

Standard UDP
O_nh+C_h+0_h:

Interrupt coalescit
C_h+0_ha

Overhead in cycles

Size of message

Figure 2. Extensib le Message-Oriented Of-
fload - overhead

Recallthattraditionaloverheads modeledas
TraditionalOverhead= OnH +CH + OHA

Interruptcoalescingamortizesthe costof the Oyy over
mary messagesln orderto modeladvantage®f interrupt
coalescingn EMO, theoverheads measuredh thelimit as
Onn approachegero.

InterruptcoalescingOverhead= Cy + Oya

Interrupt coalescingstill requiresthe copy betweenthe
operatingsystemandtheapplicationandsooverheads still
linearin thesizeof themessage.

3.2 Latency

Figure3 graphicallyrepresentshelateng of traditional
UDP, andprovidesa rangeof latenciesfor UDP messages
with interruptcoalescing.

Interrupt Coalescing
(worst case)

Standard UDP

Interrupt Coalescin
(Best c%se) g

Size of message

Figure 3. Extensib le Message-Oriented Of-
fload - Latency

Interrupt Coalescingdecreasethe overheadby waiting
to interrupt the operatingsystemuntil a numberof mes-
sageshave arrived for processing. While this decreases
the amountof protocolprocessingverheadjt actuallyin-
creasedateng. Figure 3 graphicallyrepresentghe best
casdateng for theinterruptcoalescingnethodasthesame
asthe lateny of a messagerocessedising a traditional
UDP stack.Anotherlateng for interruptcoalescings also
representedHere, the slopeof the line remainsthe same
but the exact offsetfrom thetraditionallateng will depend
on the amountof time the interruptcoalescingnechanism
waitsbeforeinterruptingthe host. Thus,L, will depencbn
theimplementatiorof theinterruptcoalescingnechanism.

4 Model Verification - Initial Results

We measuredatenciesby creatinga ping-pongtestbe-
tweenHostA andHostB. HostA remainsconstanthrough-
out the measurementsHost A is a 933 MHz Pentiumlll
runninganunmodifiedLinux 2.4.25kernelwith the Acenic
GigabitEthernetcardsetto default valuesfor interruptco-
alescingandtransmitratios. Host B is the samemachine
connectedo HostA by cross-wer fiber. HostB alsoruns
anunmodifiedversionof the Linux 2.4.25kernel.

We measuredverheady modifying our ping-pongtest.
HostA continueghe ping-pongtest,but HostB includesa
cycle-soaler that countsthe numberof cyclesthat canbe
completedvhile communicatioris in progress.



4.1 Latency

In orderto validatethe modelfor lateng, we measured
actuallateny andapproximatedneasurement®r the var-
ious partsof the sumfor our equation:

. C C
TraditionalLatengy = % +Lne + EH +LHa
Our modelis verified to the extent that the sumof the
addendsipproximateshe actualmeasuredateng.

4.1.1 Application to Application Latency

In orderto measurehe traditional lateng, we ran a sim-
ple UDP echosererin userspaceon HostB. HostA sim-
ply measureping-ponglateng for varioussize messages.
We measuredhis lateng/ from 100 byte messagethrough
8900 byte messagesWe remainwithin the jumbo frame
size to avoid fragmentationand reassemblyor multiple
paclets,but exercisethe crossingof pageboundaries.The
pagesizefor theLinux 2.4.25kernelis 4KB.

We configured two 933 MHz, Linux 2.4.0(release)
senerswith version0.49 of JesSorensors Acenic driver
(patchedonly to supporttracedumps).The machineswvere
connectedy across-werfiber cable(with no switch).

The Acenic driver has four configurableparameters,
the receve-side interrupt threshold, the send-sideinter-
rupt threshold,the receve-sidemaximum interruptinter-
arrival time and the send-sidemaximum interrupt inter-
arrival time. The default parametersvere usedfor the de-
faultinterrupts.To disableinterruptcoalescingthereceve-
sideinterruptthresholdandthe send-sidanterruptthresh-
old were setto 0 and the maximuminterruptinter-arrival
timesweresetto 0. For maximuminterrupts,the recevve-
side and sendessideinterruptthresholdswvere setto 1000
andthe maximuminterruptinter-arrival timeswere setto

100us.

4.1.2 Application to NIC Latency

In orderto measureapplicationto NIC latengy we moved
the UDP echosenerinto the Acenicfirmware. This allows
usto measurdhelateng of amessagasit travelsthrough
HostA, acrosghewire, andto the NIC onHostB. This la-
teng/ shouldnotreflectthe costof theinterrupton HostB,
the costof moving throughthe kernelreceve or sendpaths
on HostB, nor the costof the copy of datainto userspace
on Host B. The UDP echoserer exercisesall of the code
in thetraditional UDP receie andsendpathsin the Acenic
firmwarewith the exceptionof the DMA to the host. Be-
causeof the structureof the Acenic firmware, we had to
includeabcopy (byte copy) of theentiremessagdrom the
receve buffer to a transmitbuffer. This copy is performed

atthe speedf the Acenicprocesso(88 MHz). We assume
that the applicationto NIC latengy measuremenincludes
both the copy of entire messagandthe gN—N portion of the

lateng calculation. It is importantto notethat the startup
time for the DMA engineon the Acenic cardsis approxi-

mately5mus. Thiswill beaccountedor in theL Lyy portion

of thecalculation.

4.1.3 Application to Kernel Latency

For ourinitial results,we choseto measurehe lateng be-
tweenan applicationon Host A andthe kernelon Host B
usingthe UDP echosener utility alreadyprovided by the
inetddaemon This shouldgive areasonabl@approximation
of thelateng betweertheapplicationandthekernel. While
the UDP echomessageloesnot travel the exact codepath
asaUDP messag@ thekernel,it doesexercisethesameP
pathandvery similar codeat the level above IP. The UDP
echosener doesnot performa copy of datato userspace
anddoesnot performa routelookup.

The applicationto kernellatengy wasmeasuredvith an
unmodifiedHost A with default interrupt coalescingand
with Host B with default interruptcoalescingno interrupt
coalescingand maximuminterruptcoalescing.We expect
thatthe differencedetweerinterruptcoalescingandnoin-
terruptcoalescinghouldbe presentat thislevel.

4.1.4 Results

We validateEMO in two ways. First, we show thatthe as-
sumptionave have madeaboutthe variablesin our lateng
equationareaccurate Secondyve validatethatour compar
isonof interruptcoalescingschemess accurate.

Figure 4 representour verificationthat the overall la-
teng is reflectedin the variablesof its equationandshavs
the minimum lateng of variouspartsof the protocolusing
default interruptson both Host A andHost B. The ToNIC
lateng includesthe bcopy of datafrom the receve buffer
on the Acenicto thetransmitbuffer. The projectedToNIC
lateng is calculatedby determiningthe approximateusec
requiredto performthebcopy andsubtractinghatfrom the
actuallatengy. We assumedhe numberof cycles needed
perbyteto performthe copy was4.

The lateng representedn the resultscan be modeled
throughEMO as:

X+%+LNH+%+LHA
where X is the lateny of the messagesit travels the
protocol stackduring sendand receive on Host A and as
it travelsthe wire. The projectedToNIC lateng includes
both the processingn the NIC, & andthe time on Host
A andthe wire, X. The differencebetweenthe projected

ToNIC latengy andthethe ToKernellateng is Lyy and(FiH—H
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Figure 4. Latency with Default Coalescing

and the differencebetweenthe ToKernel lateny and the
ToApp lateng is Lya. As we expected,the slopeof the
projectedloNIC andToKernelarethesamesincewe expect
the interruptlateng to be constant. Also aswe expected,
the slopeof the ToApp lateng increasesnorequickly asit

is dependanbn the messagsizeduringthe crossingof the
wire X whichis reflectedin the ToKernelslopeandon the
copy from kernelto userspacelLya. The model, andthe
assumptionsve madeaboutthe variables,are verified by
theresults.

Figure5 representsur verificationthat the comparison
of offloadschemesisingEMO is accurateTheexpectation
is that the averagelateng will be generallysmallerwhen
thereis nointerruptcoalescingThisis shovnin ourmodel.
Interruptcoalescingcanbe seenasa move to decreasehe
overheacdeffect of theinterruptOnn atthe costof thetime
thataninterruptwill reachthe host. This meanswe expect
thatLny is thevariableaffected.Figure5 shovsthatgener
ally lateng is slightly lowerwhenHostB disablesnterrupt
coalescingandthelateng for messages higherwhenthe
maximuminterruptcoalescings enabled.

Moreover, Figure6 furtherisolatesthis phenomenotby
measuringthe ping-pong measurementvithout the final
movefrom kernelto applicationspaceIf welet X bethela-
teng of all communicatioron HostA, thewire andtheNIC
onHostB, thenFigure6 representa comparisorbetween:

CH
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NA TR,

andtheinterruptcoalescindateng
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Figure 5. Application to Application Latency
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Figure 6. Application to Kernel Latency

4.2 Overhead

In orderto validate the model for overhead,we mea-
suredactualoverheadandapproximatedneasurementfor
thevariouspartsof the sumfor our equation:

TraditionalOverhead= OnH +CH + OHa

Our modelis verified to the extent that the sum of the
addendspproximatesheactualmeasureaverhead.

4.2.1 Application to Application Overhead

We measuredhe amountof cycle-soakwork Host B can
do without any communicationoccurring. Thenwe mea-
suredthe amountof cycle-soakwork Host B cando with
standardping-pongcommunicationof varioussizedmes-
sagesoccurring betweenan applicationon Host A and a
UDP echosereronHostB. Thedifferencebetweertheseto
amountsof work is the overheadassociatedvith the com-



munication.lt is thethe numberof cyclesbeingtakenaway
from calculation.

We measuredhe overheacbf applicationto application
communicatiorwith defaultinterruptson HostA andwith
defaultinterruptsonHostB, nointerruptcoalescingpn Host
B, andmaximuminterruptcoalescingpn HostB. We expect
thatthe overheadf applicationto applicationcommunica-
tion whenHostB is usinginterruptcoalescingvill belower
thanwhenHostB is not usinginterruptcoalescing.

4.2.2 Kernelto Application Overhead

In orderto measureahe overheadfor kernelto application
communicationHostA ranapingfloodonHostB andHost
B ranthe cycle-soakwork calculation. We expectthatin-
terruptcoalescingyill still make adifferenceatthislevel of
communicatiorsothatHostB with no interruptcoalescing
will have higheroverheadthan Host B with default inter-
rupt coalescing However, we do not expectthe sizeof the
messageo make asmuchof a differencein the communi-
cationoverheadat this level asit doesat the applicationto
applicationcommunicatiorievel.

4.2.3 NIC to Application Overhead

In orderto measurethe overheadfor applicationto NIC

communication,Host B is run with the modified Acenic
firmwarewith the UDP echosererattheNIC level. HostA

runstheUDP ping-pongtestandHostB runsthecycle-soak
work calculation.We expectquite low overheacon HostB

asthereis no hostinvolvementwith the communicatiorand
thereforeno communicatioroverhead.

4.2.4 Results

As expected therewas no communicatioroverheadwhen
theUDP echosererrunsatthe NIC level. Thisverifiedour
modeledexpectations.We expectedthat the overheadfor
communictionwould be lower whenHost B employedin-
terruptcoalescingFigure7 shavsthatthedifferences neg-
ligible at best,but this reflectsgeneralresultsregardingin-
terruptcoalescingandits efficacy in lowering overhead[}
Moreover, Figure7 shavsthatthis effectoccursatthekernel
to applicationcommunicatiorpathasexpectedsincethein-
terruptis still presentn this path. As thesizeof themessage
approache8000bytes,the numberof interruptsdecreases
andsotheoverallcommunicatiorprocessingverheadlso
decreasesThis is true for all schemesut the maximum
interrupt coalescingschemewhich utilizes large delaysin
processingnterruptsto flattenout the overheaccurve.
Figure8 shavsthegapthatrepresent®ua increasesas
the sizeof the messagéncreasesasexpected.This verifies
the assumptionsn our EMO model. However, the overall
overheadfor applicationto applicationmessagesemains
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Figure 7. Kernel to Application Overheads

constantWe expectthatasmessagebecomdarger, thein-
creasecostof overheadassociatedavith the copy of datato
the application(Oy,) is just offsetby the decreaseostof
overheadassociatedavith fewerinterrupts(Onn ). Measure-
mentsfor muchlarger messageshouldreveal application
to applicationoverheadshatbegin to slopeup with thesize
of the messagegspeciallysincethe savzingsin interruptsin
maximizedat 9000bytes. Theseresultsshouldalsobring a
moreclearunderstandingf therole of thememorysubsys-
temin EMO.
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Figure 8. Overhead with Default Interrupt Co-
alescing

5 Conclusionsand Future Work

The extensiblemessage-orientedffload model (EMO)
allows usto explore the spaceof network protocolimple-
mentatiorfrom the applicationmessagindayersthroughto
the NIC on a messagédy messagédasis. This new model



givesus a fresh understandingf the role of offloadingin
terms of overhead,lateny and gap in high-performance
systems.

Thepreliminarywork beginsto validatethe EMO model
and its assumptions.Generally both the lateng and the
overheadequationsare verified by actual measurements.
Also, the comparisonbetweenvarious interrupt coalesc-
ing schemedgurtherverifiesEMO. Futurework will include
verificationthroughgap measurementand overheadmea-
surementgor largemessages.

EMO asa modelfor exploring offload designis already
beingused.We planon usingEMO to boundthe resource
requirementgor NICs or TCP offload enginesat 10Gb/s
and40 Gb/sspeedsWe planalsoto extendEMO to include
memorymanagementonsiderationsuchascaching.
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