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Abstract

In this paper we presentand verify a new
modeldesignedo capture the benefitsof protocol
offload in the contet of high performancecom-
putingsystemsOthermodelscaptute thebenefits
of offloador the performanceof parallel applica-
tions. However, the extensiblemessge-oriented
offloadmodel(EMO) is the first modelto empha-
sizetheperformancef thenetworkprotocolitself
and modelsit in a messge-orientedrather than
flow-orientednanner EMO allowsusto consider
benefitsaassociatedvith thereductionin messge
latencyalongwith benefitsassociatedvith reduc-
tionin overheadandimprovementso throughput.

In order to verify EMO, we use the tool to
model a very commonoffload technique inter-
rupt coalescing We discussthe assumption®f
our modeland showthe modeledoffload and la-
tencyperformanceof interrupt coalescingandno
interruptcoalescing We thenpresenfpreliminary
resultsto verify that our modelis accumate
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1 Intr oduction

Network speedsareincreasing.Both Ethernet
and Infiniband are currently promising 40 Gb/s
performance,and Gigabit performanceis now
commonplaceOffloadingall or portionsof com-
municationprotocol processingo an intelligent
NIC (Network InterfaceCard)is frequentlyused
to ensurethat benefitsof thesetechnologiesare
availableto applications. However, determining
whatportionsof a protocolto offloadis still more
of an art thana science. Furthermorethereare
few tools to help protocol designerschooseap-
propriatefunctionalityto offload.

Currently thereareno modelsthataddresghe
specific concernsof high-performancecomput-
ing. We createa model that explores offload-
ing of commodity protocolsfor individual mes-
sageswhich allows usto consideroffloadingper
formancefor message-orientedpplicationsand
librarieslike MPI.

In this paper we first briefly outline our new
model, the extensible message-orientedffload
model(EMO), thatallows usto evaluateandcom-
parethe performanceof network protocolsin a
message-orienteaffloadedervironment.[2] pro-
vides an in-depth introduction to EMO, along
with a comparisonof this modelto other popu-
lar performancemodels,LAWS [4] andLogP[1]



anda casestudy for usingthe modelto develop
new offloadednetwork protocols.Secondye use
EMO to modelthe latengy andoverheadof mes-
sageausingno interruptcoalescingusingdefault
interruptcoalescingand using maximumdefault
interruptcoalescing.Third, we discusghe meth-
odsusedto measurdhe actuallateny andover-

headof variousaspectsof a protocol. Finally,

we presenbur preliminaryresultsin verifying the
modelby comparingmodeledatenciesfor inter-

ruptcoalescingvith actualresults.

2 Extensible Message-Oriented
Offload Model

We wanteda performancemodel that is not
specificto any oneprotocol,but our choiceswere
informedby our understandingf MPI over TCP
overlP.

Figurel shavsthecommunicatiorarchitecture
usedfor EMO. The lateny andoverheadthatis
necessaryo communicatebetweencomponents
mustinclude the movementof datawhenappro-
priate.

Application

Latency = L_ha

Overhead = O_ha Protocol overhead = C_a

Host OS

Latency = L_na

CPUrate=R_h

Overhead = O_n:
Protocol overhead = C_h -
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Overhead = O_nh NIC
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Protocol overhead = C_n

Figure 1. The Extensib le Message-oriented
Offload Model

Thevariablesfor this modelareasfollows:

e Cy = #cyclesof protocolprocessinggn NIC
e Ry = Rateof CPUonNIC

e Lyy = Time to move dataandcontrol from
NIC to HostOS

e Cy =#cyclesof protocolprocessingnHost
e Ry = Rateof CPUonHost

e Lya = Time to move dataandcontrolfrom
Hostto App

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

e Cp = # cyclesof protocolprocessingt Ap-
plication

e Ony = # hostcyclesto move dataandcon-
trol from NIC to HostOS

e Opya = # hostcyclesto move dataandcon-
trol from HostOSto App

e Ona = # hostcyclesnecessaryo communi-
cateandmove datafrom NIC to Application

2.0.1 Extensibility

The model allows for extensibility with respect
to protocol layers. We hopethis model can be
usefulfor researcheraorking on offloadingparts
of the MPI library (like MPI_MATCH) or parts
of the matchingmechanismsor arny languageor
API. We constructedhemodelsothatit cangrow
through levels of protocols. For example, Our
modelcanby extended or telescopedto include
offloading portions of MPI. We simply add C,,
Lam and Oy to the equationsfor overheadand
lateng.



2.0.2 Overhead

EMO allows us to explore the fundamentakost
of any protocol,its overhead Overheadccursat
thepermessagandperbytelevel. Ourmodelal-
lows usto estimateandgraphicallyrepresenbur
understandingaboutoverheadfor variouslevels
of protocoloffload.

Overheads modeledas

Overhead= Ony +CH + Opya+Ca+Ona

. However, all methodswill only usesomeof the
communicationpatternsto processthe protocol.
Traditional overhead,for example, will not use
thecommunicatiorpathbetweertheNIC andthe
applicationanddoesno processingttheapplica-
tion.

TraditionalOverhead= OnH +CH + Ona

2.0.3 Gap

Gapis theinterarrival time of messageto anap-
plicationon areceve andthe interdeparturg¢ime
of messagdrom an applicationon a send. It
is a measureof how well-pipelinedthe network
protocol stackis. But gapis alsoa measureof
how well-balancedhe systemis. If the hostpro-
cessoris processingpaclets for a receve very
quickly, buttheNIC cannotkeepup, thehostpro-
cessowill starne andthegapwill increaself the
hostprocessois notableprocesgaclketsquickly
enoughon areceve, the NIC will stane andthe
gapwill increaself thenetwork is slow, boththe
NIC andhostwill stane. Gapis ameasur@f how
well-balancedhesystems. As weminimizegap,
we balancehe system.

Gap= mang—N,;H—H,

O Cu
RN’ Ry’

Lw)

—min( Lw)

2.0.4 Latency

Lateng is modeledas

C C C
Lateny = %+LNH +EH+LHA+ LNA+EA+LW

. However, all methodswill only usesomeof the
communicationpatternsto processthe protocol.
Traditionalnetwork protocols,for example,will

not usethe communicatiorpathbetweerthe NIC
andthe applicationanddoesno processingt the
application.

. Cn Cyq
TraditionalLateny = — + Lny + =— + Lua
Y Ra Rr

3 Interrupt Coalescingusing EMO

Thereareseveraloptionsfor reducinginterrupt
pressureslueto communicationMost consera-
tively, onecancoalescenterrupts.The useof al-
gorithmsto reduce(or coalesce)Xhe numberof
interruptshasbeenwidespread!n this approach,
thereceving NIC only interruptsthe hostaftera
specifiedamountof time or numberof arriving
paclets. We modelthe lateny and overheadof
a messageavhenthereis no interruptcoalescing
occurring,whenanidealinterruptcoalescingat-
ternis occurringandwhenthe specifiednumber
of pacletsto wait beforeaninterruptis very high.

3.1 Overhead

Figure 2 graphically representgshe protocol
processingverheador traditionalUDP usingno
interruptcoalescingandfor UDP usingmaximum
interruptcoalescing.

Recallthattraditionaloverheads modeledas

TraditionalOverhead= OnH +CH + OHa
Interrupt coalescingamortizesthe cost of the

Onn over mary messages.In order to model
adwantagesof interrupt coalescingin EMO, the
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Figure 2. Extensib le Message-Oriented Of-
fload - overhead

overheadis measuredn the limit as Ony ap-
proachegero.

InterruptcoalescingOverhead= Cy + Opya

Interruptcoalescingstill requiresthe copy be-
tweenthe operatingsystemand the application
and so overheadis still linearin the size of the
message.

3.2 Latency

Figure 3 graphicallyrepresentshe lateng of
traditionalUDP, andprovidesarangeof latencies
for UDP messagewith interruptcoalescing.

InterruptCoalescinglecreasetheoverheady
waiting to interruptthe operatingsystemuntil a

numberof messagebave arrivedfor processing.

While this decreasethe amountof protocolpro-
cessingoverhead,it actually increasedateng.
Figure 3 graphicallyrepresentshe bestcasela-
teng for the interrupt coalescingmethodasthe
sameasthelateng of amessag@rocessedising
a traditional UDP stack. Anotherlateng for in-
terruptcoalescings alsorepresentedHere, the
slopeof the line remainsthe samebut the exact
offsetfrom the traditionallatengy will dependon
theamountof time theinterruptcoalescingnech-
anismwaits beforeinterruptingthe host. Thus,

Interrupt Coalescing
(worst case)

Standard UDP

Interrupt Coalescin
(gest c%se) 9

Size of message

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

Lnn will dependon the implementatiorof the in-
terruptcoalescingnechanism.

4 Model Verification - Initial Results

We measuredatenciedy creatinga ping-pong
testbetweerHostA andHostB. HostA remains
constantthroughoutthe measurementsHost A
isa933MHz Pentiumlll runninganunmodified
Linux 2.4.25kernelwith the Acenic GigabitEth-
ernetcardsetto default valuesfor interruptcoa-
lescingand transmitratios. HostB is the same
machineconnectedo HostA by cross-eer fiber.
Host B also runs an unmodifiedversion of the
Linux 2.4.25kernel.

We measureaverheady modifying our ping-
pongtest. Host A continuesthe ping-pongtest,
but Host B includesa cycle-soaler that counts
thenumberof cyclesthatcanbecompletedvhile
communications in progress.

4.1 Latency

In order to verify the model for lateng, we
measuredictuallateny and approximatedmea-
surementsor the variouspartsof the sumfor our



equation:

. Cn Cyq
TraditionalLateny = — +Lny + =— + LHa
Y= R Re
Ourmodelis verifiedto the extentthatthe sum
of theaddendspproximateshe actualmeasured
lateng.

4.1.1 Application to Application Latency

In orderto measurehetraditionallateng, we ran
a simple UDP echoserer in userspaceon Host
B. HostA simply measureping-ponglateng for
varioussizemessagesWe measuredhis lateng
from 100 byte messagethrough8900byte mes-
sages. We wantedto remainwithin the jumbo
framesizeto avoid fragmentatiorandreassembly
or multiple paclets,but we wantedto exercisethe
crossingof pageboundaries. The pagesize for
theLinux 2.4.25kernelis 4KB.

We configuredtwo 933 MHz, Linux 2.4.0(re-
lease)senerswith version0.49of JesSorensors
Acenic driver (patchedonly to supporttrace-
dumps). The machineswere connectedby a
cross-werfiber cable(with no switch).

The Acenic driver has four configurablepa-
rameters, the receve-side interrupt threshold,
the send-sideinterrupt threshold, the receve-
sidemaximuminterruptinter-arrival time andthe
send-sidemaximum interrupt inter-arrival time.
The default parametersvere usedfor the default
interrupts. To disableinterrupt coalescing,the
receve-sideinterruptthresholdandthe send-side
interruptthresholdveresetto 0 andthemaximum
interrupt inter-arrival times were setto 0. For
maximuminterruptsthereceve-sideandsender
sideinterruptthresholdsveresetto 1000andthe
maximuminterruptinter-arrival timesweresetto

10Qus.
4.1.2 Application to NIC Latency

In orderto measureapplicationto NIC lateng
we moved the UDP echosener into the Acenic

firmware. This allows usto measurehe lateng
of amessagasit travelsthroughHostA, across
the wire, and to the NIC on Host B. This la-
teng/ shouldnot reflectthe costof the interrupt
on Host B, the cost of moving throughthe ker-
nel receve or sendpathson Host B, nor the cost
of the copy of datainto userspaceon Host B.
The UDP echoserer exercisesall of the codein
thetraditional UDP receve andsendpathsin the
Acenicfirmwarewith the exceptionof the DMA
to thehost.Becausef thestructureof the Acenic
firmware,we hadto includea bcopy (byte copy)
of the entire messagdrom the receve buffer to
a transmitbuffer. This copy is performedat the
speedof the Acenic processon88 MHz). We
assumethatthe applicationto NIC lateny mea-
surementincludesboth the copy of entire mes-
sageandthe %N portion of the lateng calcula-
tion. It is importantto notethatthe startuptime
for the DMA engineon the Acenic cardsis ap-
proximately5mus. This will be accountedor in
theLny portionof the calculation.

4.1.3 Application to Kernel Latency

For ourinitial resultswe choseto measurehela-
teng/ betweenan applicationon Host A andthe
kernelon HostB usingthe UDP echosener util-
ity alreadyprovided by the inetd daemon. This
should give a reasonableapproximationof the
lateny betweenthe applicationand the kernel.
While the UDP echomessageloesnot travel the
exactcodepathasa UDP messagén the kernel,
it doesexercisethe samelP pathandvery similar
codeat the level above IP. The UDP echosener
doesnot performacopy of datato userspaceand
doesnot performaroutelookup.
Theapplicatiorto kernellatengy wasmeasured

with anunmodifiedHost A with defaultinterrupt
coalescingand with Host B with default inter-
ruptcoalescingnointerruptcoalescingandmax-
imuminterruptcoalescingWe expectthatthedif-
ferencesbetweeninterruptcoalescingandno in-
terruptcoalescinghouldbe presentatthis level.



4.1.4 Results

We wantto verify EMO in two ways. First, we
wantto shav thatthe assumptionsve have made
aboutthevariablesn ourlateny equationareac-
curate. Secondwe wantto verify that our com-
parisonof interruptcoalescingschemess accu-
rate.

Figure 4 representsour verification that the
overall lateng is reflectedin the variablesof its
equationandshaws the minimum lateng of var-
ious partsof the protocolusingdefault interrupts
on bothHost A andHostB. The ToNIC lateny
includesthebcopy of datafrom thereceve buffer
on the Acenic to the transmitbuffer. The pro-
jected ToNIC lateng is calculatedby determin-
ing the approximateusecrequiredto performthe
bcopy and subtractingthat from the actual la-
teng/. We assumedhe numberof cyclesneeded
perbyteto performthe copy was4.

800

' To Nlé E—
To App -~

To Kernel ---:----
700 Projected To NI(‘\//\Jf

600 /\

Min latency in usec
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Size of message (bytes)

Figure 4. Latency with Default Coalescing

The lateny representedn the resultscan be
modeledthroughEMO as:

C C
X+%+LNH+$+LHA

whereX is thelateng of themessagasit trav-
elsthe protocolstackduringsendandreceve on
HostA andasit travelsthe wire. The projected
ToNIC lateny includesboth the processingon

theNIC, %N andthetime onHostA andthewire,

X. The differencebetweenthe projectedToNIC

lateny andthe the ToKernellateng is Lyy and
% andthe differencebetweenthe ToKernella-

teng/ andthe ToApp lateng is Lya. As we ex-

pectedthe slopeof the TONIC andToKernelare
the samesincewe expectthe interruptlateng to

beconstantAlso aswe expectedtheslopeof the
ToApp lateny increasesnorequickly asit is de-

pendanton the messagesize during the crossing
of the wire X which is reflectedin the ToKernel
slopeandon the copy from kernelto userspace
Lua. The model,andthe assumptionsve made
aboutthevariablesareverifiedby theresults.

Figure 5 representsour verification that the
comparisorof offloadschemesisingEMO is ac-
curate.Theexpectations thattheaveragdatency
will be generallysmallerwhenthereis no inter-
rupt coalescing.This is shavn in our model. In-
terrupt coalescingcan be seenas a move to de-
creasdheoverheaceffect of theinterruptOyy at
the cost of the time that an interruptwill reach
the host. This meanswe expectthat Ly is the
variableaffected. Figure 5 shaws that generally
lateng is slightly lowerwhenHostB disablesn-
terruptcoalescingandthelateng for messages
higherwhenthe maximuminterruptcoalescings
enabled.

Moreover, Figure 6 further isolatesthis phe-
nomenonby measuringthe ping-pongmeasure-
ment without the final move from kernelto ap-
plication space.If we let X be the lateng of all
communicatioron HostA, the wire andthe NIC
onHostB, thenFigure6 represents.comparison
between:

Ch
X+LNH+ =—
RA

andtheinterruptcoalescindatencgy
Ch

X+L\H+ =
NH Ry

4.2 Overhead

In orderto verify the modelfor overheadwe
measure@ctualoverheadandapproximateanea-
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Figure 6. Application to Kernel Latency

surementsor the variouspartsof the sumfor our
equation:

TraditionalOverhead= OnH +CH + OHa

Our modelis verifiedto the extentthatthe sum
of theaddendspproximateshe actualmeasured
overhead.

4.2.1 Application to Application Overhead

We measuretheamounif cycle-soakwvork Host
B cando without any communicationoccurring.
Thenwe measuredheamouniof cycle-soakwvork
Host B can do with standardping-pong com-
municationof varioussized messagesccurring

betweenan applicationon Host A and a UDP

echoserer on Host B. The differencebetween
theseto amountsof work is the overheadassoci-
atedwith thecommunicationlt is thethenumber
of cyclesbeingtakenaway from calculation.

We measuredheoverheadf applicationto ap-
plication communicationwith default interrupts
on HostA andwith defaultinterruptson HostB,
nointerruptcoalescingon HostB, andmaximum
interruptcoalescingpn HostB. We expectthatthe
overheadof applicationto applicationcommuni-
cationwhenHostB is usinginterruptcoalescing
will belowerthanwhenHostB is notusinginter-
ruptcoalescing.

4.2.2 Kernelto Application Overhead

In orderto measurehe overheador kernelto ap-
plicationcommunicationHostA rana pingflood
onHostB andHostB ranthecycle-soakwvork cal-
culation. We expectthatinterruptcoalescingill
still make a differenceat this level of communi-
cationsothatHostB with nointerruptcoalescing
will have higheroverheadthan Host B with de-
fault interrupt coalescing. However, we do not
expectthe size of the messagdo make asmuch
of adifferencein the communicatioroverheacdat
this level asit doesat the applicationto applica-
tion communicatiorievel.

4.2.3 NIC to Application Overhead

In order to measurethe overheadfor applica-
tion to NIC communicationHost B is run with

the modified Acenic firmware with the UDP

echosererattheNIC level. HostA runstheUDP

ping-pongtest and Host B runs the cycle-soak
work calculation. We expectquite low overhead
onHostB asthereis no hostinvolvementwith the

communicatiorand thereforeno communication
overhead.



4.2.4 Results

As expected,therewasno communicationover
headwhenthe UDP echoserer runsat the NIC
level.
We expectedthatthe overheador communiction
would be lower whenHostB employedinterrupt
coalescing.Figure 7 shows thatthe differenceis
negligible at best,but this reflectsgeneralresults
regardinginterrupt coalescingandits efficagy in
loweringoverhead[3].Moreover, Figure7 shavs
that this effect occursat thekernelto application
communicationpath as expectedsincethe inter-
rupt is still presentin this path. As the size of
the messagepproache9000 bytes,the number
of interruptsdecreaseandsotheoverallcommu-
nicationprocessingverheadlsodecreaseslhis
is truefor all scheme$ut the maximuminterrupt
coalescingschemewhich utilizes large delaysin
processingnterruptsto flatten out the overhead
cune.
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000
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Figure 7. Kernel to Application Overheads

Figure8 shavsthe gapthatrepresent®Ona in-
creasesas the size of the messagencreasesas
expected. This verifies the assumptionsn our
EMO model. However, the overall overheadfor
applicationto applicationmessagesemainscon-
stant.We expectthatasmessagebecomdarger,
theincreasecostof overheadassociateavith the
copy of datato theapplication(Oya) is just offset
by the decreaseostof overheadassociateavith

This verified our modeledexpectations.

fewer interrupts(Onn ). Measurementfor much
larger messageshouldreveal applicationto ap-
plicationoverheadshatbegin to slopeup with the
size of the messageespeciallysincethe savings
in interruptsin maximizedat 9000 bytes. These
resultsshouldalsobringamoreclearunderstand-
ing of therole of thememorysubsystenn EMO.
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Figure 8. Overhead with Default Interrupt Co-
alescing

5 Conclusionsand Future Work

Theextensiblemessage-orientanffloadmodel
(EMO) allows us to explore the spaceof net-
work protocolimplementationfrom the applica-
tion messagindayersthroughto the NIC on a
messagdy messageasis. This new language
givesus a fresh understandingf the role of of-
floadingin termsof overheadJateny andgapin
high-performancsystems.

The preliminary work begins to verify the
EMO modelandits assumptionsGenerally both
the latengy andthe overheadequationsare veri-
fied by actualmeasurementsAlso, the compari-
sonbetweenvariousinterruptcoalescingschemes
further verifies EMO. Futurework will include
verificationthroughgapmeasurementandover
headmeasurement®r large messages.



EMO asa languagefor exploring offload de-
sign is already being used. We plan on us-
ing EMO to boundthe resourcaequirementsgor
NICs or TCP offload enginesat 10Gb/sand 40
Gb/sspeedsWe planalsoto extendEMO to in-
clude memory managementonsiderationsuch
ascaching.
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