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Abstract

Geneally, TCP is reputedto be too slow and bloated
to be usefulin high performancecomputing However, it
has very definite advantayes over proprietary or special-
ized protocolsand could potentiallybe very usefulin high
performanceomputing Wereseacheddifferentimplemen-
tationsof MPI over TCPto distinguishbetweerthe limita-
tionsof TCP andthelimitations of implementationsf MPI
over TCP. Next, we describea new appmoacd to address-
ing the limitations of TCP: splintering In contrastto OS
bypassthe principle of splinteringisn’t that the operating
systenmshouldnt be used,but that it shouldbe usedeffec-
tively. Finally, we describethe approacdc we will take in
splinteringprocessindgor TCP padkets.

1 Introduction

Clustersbuilt from commodity hardware and software
have severaladvantagesver moretraditionalsupercomput-
ers. Commodityclustersare cheapand ubiquitous. They
are easierto design,programand maintain. However, as
high-speedetworksreach10Gb/sandprocessorseach2—
3GHz, new commodity clustersare unableto harnessn-
crease$n power.

It is generallypercevedthatcommodityprotocols,like
TCR arethemselesinefficient for usein large high-speed
clusters.However, currentimplementatiorinefficienciesat
higherlevel messag@assindayersor in theprotocolstacks
themseleshideany theoreticabottleneckf the protocol.
WetestedsereralMPl implementationandfoundthatnone
of theperceveddifficultieswith the TCP protocolwereev-
identatthe MPI layer.

Nonethelessthere are inefficienciesin the implemen-
tation of TCP that needto be addressedefore TCP can
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be considereda good wire-level or end-to-endmessaging
layer for high-performance&eomputing. Namely we must
addresshe memorycopy from kernelto userspacethein-
terruptandschedulingof the kernelandthe statenecessary
for maintenancef connectiondeforewe canconsideTCP
aviablesolution.

One of the most effective tools for increasingthe effi-
cieng of high-performanceomputinghasbeenthe useof
programmabl&letwork InterfaceCards(NICs). Offloading
work to aprogrammabléNIC hasbeenanimportanttool in
facilitating OS bypass.Improvementsn networking tech-
nology have revealedthe OS asa significantbottleneckin
our ability to deliverlow lateng andhigh bandwidthto ap-
plications.Thegoalof OSbypassds to remavethe OSfrom
the communicatiorpath, thuseliminating costly interrupts
anddatacopiesbetweenkernel spaceand userspace. Ul-
timately, the OS mustbe involved in communication.As
aminimum, the OS needgo be involvedwith the memory
usedfor communicatione.g.,validatingthe useof memory
andmakingsurethatpagesare“pinned’

Insteadof usingbypasssawayto disengagéheOS,our
approachs to determinaewhich functionalityin thecommu-
nicationprotocolstackpresentgshe mostbenefitsvhenof-
floaded.As we will illustratelaterin the paper somefunc-
tions, like fragmentatiorand defragmentatioror IP check-
sum,canbe offloadedwith positive results.However, other
functions, like error handling, gain little from offloading
andconsumevaluableNIC resourcesWe describeour pro-
posalto splinter TCR a commodityprotocolstack. Splin-
teringis the processof determiningwhich functionality to
extractfrom the protocolstackanddistributingit. By splin-
tering the functionality of the TCP/IP stak, we expectto
retainthe advantayesof commodityprotocolsand gain the
performanceefiicienciesof appropriate offloading

Most importantly splinteringthe communicatiorstack
meansthat communicatiorrarely increaseperatingsys-
tem activity. In other words, the act of communication
doesnt causethe operatingsystemto be invoked. First,
we will discusshe advantage®f commoditycomponents.



Second,we will discussoperatingsystembypassand its
successeand disadwantages. Third, we will introduce
splinteringandfinally, we will proposea methodfor splin-
teringthe TCP stack.

2 Advantages of Commodity Components

Commodity-basedhardware and software, including

communication protocols, provide several adwantages.

They have beenextensiely developedandtestedthey are
highly interoperableandthey representnexpensve alter

nativesto specializedsolutions. The cost advantagedor

thecommodityapproachreachegarbeyondthe savingsre-

alized at time of purchase. Often code hasalreadybeen
createdin the communityso thereis little to no develop-
mentcost. In the remainderof this section,we discusshe
adwantage®f commodity-basetlardwareandcommunica-
tion protocols.

2.1 Hardware

Fast Ethernetis a greatexample of the trade-ofs be-
tweeninexpensve commodity hardware and more expen-
sive specializedsolutions. While FastEthernetis very in-
expensve, it is capableof only 1/10th the bandwidthof
Myrinet[1]. Ethernetis, additionally saddledwith a very
small transmissionunit (1500 bytes) which is becoming
more and more of a problem. In 1999, Gigabit Ethernet
offeredbandwidththatwascomparablé¢o Myrinet, but the
costfor switchesandNICswashigh. In thelastsix months,
thepriceof GigabitEtherneNICs hasdroppedrom around
$1000/NICto $200/NId3, 5]. Thisis thetrueadvantageof
commodity-basedtiardware. While Myrinet hasout-paced
Gigabit Ethernetin performanceijt doesnot promisenear
the reductionsin coststhat we seewhen componentde-
comeatruecommodity

2.2 Network Layer Protocol

Internet Protocol (IP) is the ubiquitous network layer
protocol. IP routing is absolutelynecessaryo remainin-
teroperablén wide areanetworks. Additionally, IP routers
remainthe mostcost-efective hardware choiceandthe IP
routingmechanisms well-tested.

Therearedisadwantagego IP aswell. IP is anold pro-
tocolandsomeof its assumptionarenolongervalid. Gen-
erally, IP’s hierarchical,dynamicrouting is inefficient al-
thoughLANs canmaintainroutetableinformationandal-
leviate this weaknessAdditionally, IP checksumsesidein
the headeratherthanat the end of the paclket so comput-
ing the checksunrequiresmaintainingadditionalstate[9.
Also, headersare of varioussize requiringa checkof the
lengthfield of eachheader

Despitethesedifficulties, it is unlikely thatany protocol
(with the possibleexceptionof IPv6) will replacelP asthe
commaoditynetwork layer protocol.

2.3 Transport Layer Protocols

TCP andits unreliablecousinUser DatagramProtocol
(UDP) arethe mostcommontransportayer protocolsused
today TCPgivesall of theadvantage®f acommaoditypro-
tocol. Specifically TCPis transparento thelayerabove it,
in this casetheapplicationlayer Thousand®f applications
arewritten basedon the TCP protocolandinteroperability
would be severelylimited without supportfor TCP.

Ontheotherhand, TCP containsalargeamountof com-
municationprocessingverheado administerflow control,
errordiscoveryandcorrection andto maintainconnections.
Many of theseservicesare unnecessaryo the high-speed
network application. Thesenetworks are highly reliable
with little to no errorsso the error detectionandrecovery
would be lessintrusive if it werenot on the main pathfor
all messagesCongestiorcontrolis maintainedby the ap-
plicationsoits existencein thetransportayeris redundant.

More specifically thepercevedproblemsof TCParethe
adwertisedflow controlwindow andtheslow startandthree-
way handshak associatedvith connectionstartup. How-
ever, currently the implementationof high performance
communicationlibraries hide ary potentialbottlenecksat
thetransporfprotocollayer.

We testedping-ponglateng over 100Mb/sEthernetbe-
tweentwo 933Mhz Intel Pentiumsusing Linux 2.4.2and
a warmed cache. We testedthe MPICH 1-2.3 imple-
mentationover TCE, the LAM implementatiorusingUDP
againsta raw ping-pongtest with TCP soclets with the
TCP.NODELAY optionset.

The MPICH-1.23implementatiorof MPI over TCPuses
abstractdevice interfacesto allow for variousunderlying
transportprotocol layers. This makesthe MPICH library
very portable. TCP connectionsare establisheds needed
meaningthat thereis a large variancein lateng between
thefirst messagpassedetweerntwo nodesandthesecond
seenin Figurel.

LAM MPI employs a userlevel multi-processdaemon
that provides message-passirmutsideof the kernelat the
userlevel usinga UDP-basedbrotocol. Becauseanessage-
passingpccursattheuserlevel, the daemomustbe sched-
uled and schedulingvariancewill createlateng variance.
Figures2 and 3 bothshaw this lateng variance.

Finally, the potentialbottlenecksf TCP arenot visible
in Figures 2 and 3. Here,MPICH, LAM andTCPall have
established¢onnectionbetweerthetwo nodes.Thediffer-
encein lateny betweerthe first and secondmessagesx-
hibited by MPICH is probablydueto thelibrary procuring
kernelbuffers. Ontheotherhandthedifferencesn lateng
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Figure 1. Ping-pong latency for MPICH, LAM
and TCP on 50 byte messages

in LAM is probablydueto schedulingof theLAM daemon.

Ourresearcldoesnotincludecreatingmoreefficientim-
plementationsof MPI. In fact, if the gapin performance
is dueto MPI matching,the MPI protocolitself may cre-
atethe resultingperformanceleficit. In additionto need-
ing more efficient implementation®f message-passirlg
braries,however, theresearcttommunityalsoneedsa bet-
terimplementatiorof the TCPprotocolitself. As we design
a new implementatiorof TCP, we musttake into consider
ation the variousneedsof applications. The designmust
allow for hooksinto the protocolstackso thatapplications
and message-passinipraries cantailor the TCP stackin
accordancto their particularperformanceneeds.

For example,the interruptinto the kernelandthe mem-
ory copy betweenkernelspaceanduserspacethatis em-
ployedby mostimplementation®f TCP mayaddtoo much
overheadto CPU sensite applicationswhereaghe vari-
ancein lateng thatexistsif connectiongresetupasneeded
may be too much jitter for lateng/-sensitve applications.
Connectiormanagemenimplementationgreatetoo much
maintenanceverheadspecifically kernelbuffers attached
to eachopenconnectiorcreatedrasticinefficienciesfor ap-
plicationsrunningon extremelylarge clusters.

Our goalis to createa flexible implementatiorof TCP
thatallows applicationsor subsystemso tune TCP so that
its protocolandimplementatiorbottlenecksareminimized.
We proposéo dothis by isolatingor splinteringsmallparts
of the functionality of the TCP stack and optimizing the
functionality by offloadingit or moving it away from the
kernel.We begin ourlook at splinteringby discussingper
ating systembypassandthencontrastingthis methodwith
splintering. Finally, we proposesplinteringspecificfunc-
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Figure 2. Ping-pong latency for MPICH, LAM
and TCP on 5000 byte messages

tionality of the TCP stack.

3 Operating System Bypass

OperatingsystembypasqOS bypass)wasdevelopedto
reducelateny by removing the host processorfrom the
commonpathof communication.Additionally, OS bypass
addresseshe bottlenecksassociatedvith memorycopies
and frequentinterrupts. In mostinstancesOS bypassis
achieved by moving OS policy ontothe NIC and protocol
processingnto userspace.

OS bypassachiereslower lateng by eliminatinginter-
rupts and all copying of network data, including the fi-
nal copy from kernelmemoryto usermemory Although
this techniquehasbeendemonstrateguccessfullyin some
cases,zero-copy to userspacehasyet to be proven gen-
erally usefulin an operatingsystemstandardelease.The
primary concernis thatthe overheadand special-casingn
the pagecachenecessaryo managehetransitionbetween
thetwo addresspacesnay exceedthe overheadf asingle
memorycopy into a userbuffer.

31 VIA

The virtual interface architecture(VIA) is one of the
best-knevn OSbypasssolutions.VIA assignsavirtual NIC
in userspaceA virtual interfaceis createdor eachconnec-
tion (muchlik e a soclet) andeachvirtual interfacecontains
a sendqueueanda receve queue.Thereceve queuecon-
tains descriptorswith physicaladdresses.Thesephysical
addressearetranslatedatinitialization time andthe mem-
ory pagesarelocked[§.
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Figure 3. Ping-pong latency for MPICH, LAM
and TCP on 36000 byte messages

VIA decreasedateny especiallyfor small messages
sincethe overheadinvolved with managingbuffers is not
countedin the lateng. If the virtual interfaceis imple-
mentedin userspace CPU overheadassociatedavith com-
municationremainsvery high. If the virtual interfaceis
implementedon the NIC, the CPU overheadsurprisingly
remainshigh sincethe applicationmuststill be invokedto
pull messagesff of thequeue.

OS bypasss achieved by moving datadirectly from the
NIC to applicationspace.If the NIC knows wherethe ap-
plication expectsa messageit canDMA datadirectly into
applicationspaceandavoid all memorycopies. The appli-
cationeitherneeddo tell the kernelwhereit wantsa mes-
sagesothekernelcantranslateaddresseandtell the NIC,
or the applicationmustaskthe kernelfor anaddresgrans-
lation andtell the NIC directly[8, 7].

No matterhow the NIC getsinformationaboutmemory
addressedyoththe applicationandthe kernelareinvolved.
First,theapplicationmustbecomeactive in orderto control
addressin@ndthis requiresa contet switch. Secondthe
operatingsystenmustbeactive in orderto performaddress
translationwhich requiresa trap into the kernel. Using OS
bypasscommunicationraffic still increase®peratingsys-
temactiity.

4 Splintering

Thephilosophyof splinteringisn’t thattheoperatingsys-
temshouldnt beused but thatit shouldbe usedeffectively.
In the caseof communicationoffload, the goal is to min-
imize the overheadassociatedvith invoking the OS while
still enablingthe OSto controlcommunication.

4.1 Splintering IP

TheIP stackhasbeensuccessfullysplinteredn the past.
A greatexampleof the splinteringof the IP stackis check-
sumoffloading. Many NICswill computethe checksurnof
an IP paclet duringthe DMA of datafrom the NIC to the
hostprocessar

Wefirst splinteredhelP stackin anattempto relievethe
interrupt pressurebottleneckassociatedvith small frame
sizes(1500 bytes)and high-speedhetworks (1Gb/s). We
were able to implementfragmentatiorand reassemblyon
the NIC to demonstrat¢hatit is possibleto drasticallyim-
pactthe performancef a commodityprotocolwithout sig-
nificantly compromisingits advantages[ff Offloading a
small part of the protocolled to a successfutelieving of
interruptpressurevhile maintainingbandwidth flexibility,
interoperabilityand cost. Importantly, the OS remainsin
control of the communicationput it is only invoked upon
the completeassemblyof adatagram.

4.2 Splintering TCP

We have successfullysplinteredandoffloadedpartof the
IP stackto reducetheinterruptpressureandto increaseahe
effective utilization of computenodes. Next, we will pro-
poseto splinterandoffload partof the TCP stackin orderto
reducethe communicatiorcostsassociatedvith the proto-
col. Becausave wantto allow applicationgo tailor TCPto
fit their needswe will proposehreeusesof the splintering
methodto increasethe efficiency of TCP In addition, we
wouldlik e to seehooksor optimizationlevelsthatallow for
higherlayersto choosebetweenspeedandsafetyor speed
andinteroperability

Figure4 presentsgraphicalillustrationof ourapproach
to splinteringtheprocessingssociatewvith the TCPproto-
col. In thiscasewe only illustratethe processinglonewhile
receving datagramsin thisillustration,solid linesindicate
the pathstaken by datagramswhile dashedinesrepresent
controlactvities.

We startby consideringthe control path. In particular
we assumehat the applicationissuesa soclet readbefore
the datahasarrived, i.e., a “pre-posted’read. Eventually
aftertraversingseverallayersof libraries,thisreadis trans-
formedinto a requestthat is passedo the operatingsys-
tem. The OS canthenbuild a descriptoifor the application
buffer. This descriptowill includephysicalpageaddresses
for the buffer. Moreover, asthe OS builds this descriptor
it caneasilyensurehatthesepageswill remainin memory
(i.e.,they will bepinned)aslong asthe descriptoiis active
in theNIC.

Now, we considerthe handlingof datagrams.Whena
datagramarrives,the NIC first checksto seeif theincom-
ing datagranis associateavith adescriptompreviously pro-
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Figure 4. The Splintered TCP Architecture

vided by the OS. If it finds sucha descriptoythe NIC will
DMA the dataportion of the datagramdirectly to the ap-
plication buffer, providing a true zero copy, and make the
headeravailable to the OS. If the NIC doesnot find the
neededdescriptorit will simply make the entiredatagram
availableto the OSfor “normal” processing.
Perhapamoreinterestingthanthe functionality that we
intendto put on the NIC is the functionality that we plan
to leave in the OS. As we have describedwe will leave
memorymanagemenin the OS andonly provide the NIC
with the mappinginformation that it needsto move data
betweenthe network andthe application. We alsoplanto
leave all failure detectionandrecoveryin the OS.
High-performanceapplicationsemploy variouscommu-
nication patterns. Generally threetypesof messagesare
likely to be sent. Very large messagesire usedfor bulk
datatransfer small messageare usedfor communicating
progressor upcomingdatatransfers,andvery small mes-

sageswith no (useful) dataare usedfor synchronization.

ApplicationsusingsplinteredT CP cantunethe stackto de-
creaseghe CPUoverheador bulk datatransfersdrastically
decreasdhe lateng/ of synchronizatiormessagesor de-
creasdhekernelresourcesecessaryo maintainaconnec-
tion allowing for applicationgo scaleto morenodesegard-
lessof thetypesof messagethey send.

4.21 Decreasing CPU Overhead

Applicationsoften performerror checkingon dataandcan
handlecorruptionof message&ithershortor long) through
resendsittheapplicationlevel, but wantto avoid extraCPU
overhead Applicationswith theseneedscanconsidefTCP
in which congestiorcontrolis splinteredandoffloadedonto
aNIC.

Splintered TCP provides true zero copy for ary pre-
postedreceves. This allows an applicationto receve and
processlatawithoutunnecessarilinterruptingthe 0OS.The

lessoftenthe OSis interruptedthelowerthe CPUoverhead
associateavith communication.

However, with splinteringit is still necessaryo invoke
theOSto processhe TCPheadersacknavledgementsand
“unexpected’datagramshathave beenqueuedy theNIC.
Traditionally, the OSis invokedby the NIC, usinganinter-
rupt,for everydatagramThisis neededo ensurehetimely
processin@f datagramsTo avoid overrunningthe proces-
sorwith interrupts,mary high-performanceetworks coa-
lesceinterrupts.Thatis, they wait until annumberof pack-
etshave arrivedor until atimer expiresbeforethey generate
an interrupt. Becausedataexpectedby the applicationis
beingdeliveredin atimely manneywe canemplgy coalesc-
ing of interruptswithout addingvarianceof lateng to these
messages.

Successfubffloading of congestioncontrol alongwith
true zero-copy shouldsubstantiallydecreas¢éhe amountof
CPU overheadassociatedvith communication.Addition-
ally, splinteringallows the operatingsystento maintainap-
propriatecontroloverresourcenanagemerdaf thehostpro-
cessofandtheNIC.

4.2.2 Decreasing Latency

Some applicationsare more concernedwith the lateng

of synchronizatiormessagavhereasthe accuray of data
passeds lessimportant(or notimportantat all asthe send-
ing of the messagés the synchronizatiorevent). Applica-
tionswith theseneedscanconsiderTCPin which acknawl-

edgemengenerationjn additionto congestioncontrol is

splinteredandoffloadedontothe NIC.

In additionto moving datato the applicationand main-
taining congestiorinformation, the NIC will generateand
send an acknavledgement,including the neededflow-
controlinformation, for a datagramassociateavith a pre-
postedreceve. The TCP headersare still madeavailable
to the OS, but becaus¢he NIC generateshe acknavledge-
mentandmovesthedata,lateng is very short.

If, onthe otherhand,anapplicationwantsTCPto bean
end-to-endmessagindayer (as opposedto a wire layer),
thenthe OS will calculateand validate checksumsavhen
processinghe TCP headersAcknowledgmentswill notbe
sentuntil afterthechecksunis completedandthe applica-
tion will nothave accesso thedatauntil thechecksumming
is completed.The priceto payfor end-to-endeliability is
anincreasen lateng.

4.2.3 Decreasing OS Resource Usage

Applicationsthatrequirecommunicatiorbetweerhundreds
of thousand®f nodesandare sensitve to lateng variance
cannotuse currentimplementationof TCP becausehere
arenot enoughOS resourcegspecificallybuffers) to open
n? connectionsApplicationswith theseneedscanconsider



TCP where connectionmaintenanceas splinteredand ac-
tive connectionsare offloadedonto the NIC. The control
schemais very similar to the control schemapresentedn
the sectionsaborve. In fact, splinteringto relieve overhead,
splinteringto decreasdateng andsplinteringto decrease
OSresourcaisagecanbeusedin conjunction.

All connectionswill be openedat the beginning of the
application.However, connectionsvill only beassignede-
sourcesf the OSreceveseithera messag®r a pre-posted
receve. The OS only needsto keepa pointerto conges-
tion control information and a sequencenumberfor each
inactive connection. As connectionshecomeactive, they
will be assigneduffers (eitherusermemoryin the caseof
pre-postedeceves,or OS buffers) andcongestiorcontrol
windows. Becauseve cantake advantageof thehomogene-
ity of the SAN, we needonly cacheequivalenceclasseof
congestiorcontrolinformationratherthankeepindividual
congestiorinformationfor eachconnection.

5 Redated Work

SplinteredTCPis similarto the EMP protocol[7 in that
both pushdescriptorsonto the NIC andachieve true zero-
copy. EMP s differentin thatit’s purposds OSbypasdor
MPI whereaourwork useshe TCPprotocol. Additionally,
EMP includeserror handlingon the NIC which potentially
pushegoo much processingonto the slower processoion
theNIC. In our view, error handlingshouldbe treatedasa
specialcaseandshouldnot consumethe limited resources
thatwe would like to dedicatefor high-performancactivi-
ties.

Like splinteredTCP, Trapeze[2 separate3§ CP headers
from data. However, Trapezesendshoth dataand headers
throughthe OS and usespageremappingto achieve zero-
copy. SplinteredTCP DMA’s datadirectly to the applica-
tion, therebyachieving a true zerocopy. Also, splintered
TCPavoids costly interruptshy offloadingcongestiorcon-
trol andackgeneratiorto the NIC.

SplinteredTCP is most similar to Wenbin Zhu'’s work
on offloadingpartsof the RTS/CTSprotocolof Portals[§.
While that work addressedhe implementationof a spe-
cialized API, Portals,and a specializedprotocol, reliable
messaggassingprotocol (RMPP), our work addresses
commodityAPI, soclets,anda commodityprotocol, TCP.
Moreover, we intendto extendthe earlierwork, by pushing
descriptorontothe NIC on pre-postedeads.

6 Summary

OS bypasshasbeena popularphilosophyaimedat re-
lieving the performancepressuresassociatedwith high-
performancecommunication. However, OS bypassat-

temptsto fully disengagéheoperatingsystemfromthepro-
cessof communication.This is not possibleto achieve as
the operatingsystemmustmanageresourcedike memory
andscheduling.Also, if work is pushedo the application,
the applicationmustbe invoked, which is no moreefficient
thaninvoking the OS.

Splintering, on the other hand, attemptsto more effi-
ciently use the operatingsystemto control communica-
tion. By moving selectfunctionsof communicationonto
the NIC, we candecrease¢he numberof interruptsto the
operatingsystemwhile still allowing the operatingsystem
to manageesources.

Therehaslong beena trendtoward improving the per
formanceof TCP/IPin high-performanceomputingwhile
still maintainingits tremendousdvantages.By creatinga
true zero-copy TCR, we canshow thatwe canreduceover-
headenoughthat TCP/IP becomesa viable protocolin the
world of clustercomputing.Furthermorepy appropriately
offloadingsmall partsof the protocols’functionalityontoa
NIC we have demonstratethe methodsof splinteringthat
will becomemore and more prevalentaswe move into a
distributedcomputingervironment.

Herewe have found that splinteringthe protocol stacks
andoffloadingsomeimplementatioraspect®f TCP/IPwill
offer applicationprogrammersnoreflexibility in determin-
ing whetherthey want to tune the TCP stackto increase
safety or increaseperformanceby lowering communica-
tion overheadowering latengy, or increasingthe number
of connection®r all three.Additionally, thesplinteredTCP
stackprovidesthisincreasen performanceavithoutsacrific-
ing theinteroperabilityandcostadvantage®f the protocol.

References

[1] N.J.Boden,D.CohenR.E.FeldermanA. E. Kulawik, C.L.
Seitz,J. N. Seizavic, andW.-K. Su. Myrinet: A gigabit-per
second_ocal AreaNetwork. IEEE Micro, 15(1):29-36,1995.

[2] J.ChaseA. Gallatin,andK. Yocum. End-systenoptimiza-
tionsfor highspeedlCP. In IEEE Communicationsspecial
issueon TCP Performancein Future Networking Environ-
mentsvolume39, page8, 2000.

[3] S. Elbert, Q. Snell, A. Mikler, G. Helmer C. Csandy
K. StearnsB. MacLeod,M. JohnsonB. Osborn,andl. Veri-
gin. Gigabitethernetandlow costsupercomputingTechni-
cal Report5126,AmesLaboratoryand Packet Engines Inc.,
1997.

[4] P. GilfeatherandT. Underwood. Fragmentatiomndhigh per
formanceip. In Proc. of the 15th International Parallel and
DistributedProcessingSymposiumApril 2001.

[5] P. Hochmuth. Vendorslower gigabit ethernetprice bar
Web: ’http://www.nwfusion.com/arckhie/2001/127651.1-
26-2001.htmI’,2001.

[6] A. MaccabeW. Zhu, J. Otto, andR. Riesen.Experienceof-
floadingprotocolprocessindo a programmableic. Techni-
calReportTR-CS-2002-12Universityof New Mexico, 2002.



(7]

(8]

9]

P. Shivam, P. Wyckoff, andD. Panda. EMP: Zero-coly OS-

bypassNIC-driven Gigabit Ethernetmessagepassing. In

ACM, editor, SC2001: High PerformanceNetworkingand

Computing Dernver, CO, Novemberl0-16,2001, pages??—
?2?,New York, NY 10036,USA and1109SpringStreet Suite
300, Silver Spring,MD 20910,USA, 2001.ACM Pressand
IEEE ComputerSocietyPress.

E. Speight,H. Abdel-Shafi,and J. K. Bennett. Realizing
theperformanceotentialof thevirtual interfacearchitecture.
In Proceedingf the 1999 Confeenceon Supecomputing

ACM SIGARCH, pages184-192,N.Y., June 20-251999.
ACM Press.

W. R. Stevens. TCP/IP lllustrated,Volumel; TheProtocols

AddisonWesle, Reading,1994.



