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Abstract

Generally, TCP is reputedto be too slow and bloated
to be useful in high performancecomputing. However, it
has very definiteadvantagesover proprietary or special-
izedprotocolsandcouldpotentiallybe veryusefulin high
performancecomputing. Weresearcheddifferentimplemen-
tationsof MPI over TCPto distinguishbetweenthe limita-
tionsof TCPandthelimitationsof implementationsof MPI
over TCP. Next, we describea new approach to address-
ing the limitations of TCP: splintering. In contrast to OS
bypass,theprinciple of splinteringisn’t that theoperating
systemshouldn’t be used,but that it shouldbe usedeffec-
tively. Finally, we describethe approach we will take in
splinteringprocessingfor TCPpackets.

1 Introduction

Clustersbuilt from commodityhardware and software
haveseveraladvantagesovermoretraditionalsupercomput-
ers. Commodityclustersarecheapandubiquitous. They
are easierto design,programandmaintain. However, as
high-speednetworksreach10Gb/sandprocessorsreach2–
3GHz, new commodityclustersare unableto harnessin-
creasesin power.

It is generallyperceivedthat commodityprotocols,like
TCP, arethemselvesinefficient for usein largehigh-speed
clusters.However, currentimplementationinefficienciesat
higherlevelmessagepassinglayersor in theprotocolstacks
themselveshideany theoreticalbottlenecksof theprotocol.
WetestedseveralMPI implementationsandfoundthatnone
of theperceiveddifficultieswith theTCPprotocolwereev-
identat theMPI layer.

Nonetheless,there are inefficienciesin the implemen-
tation of TCP that needto be addressedbeforeTCP can
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be considereda good wire-level or end-to-endmessaging
layer for high-performancecomputing. Namely, we must
addressthememorycopy from kernelto userspace,thein-
terruptandschedulingof thekernelandthestatenecessary
for maintenanceof connectionsbeforewecanconsiderTCP
aviablesolution.

One of the most effective tools for increasingthe effi-
ciency of high-performancecomputinghasbeentheuseof
programmableNetwork InterfaceCards(NICs). Offloading
work to aprogrammableNIC hasbeenanimportanttool in
facilitating OS bypass.Improvementsin networking tech-
nology have revealedthe OS asa significantbottleneckin
ourability to deliver low latency andhighbandwidthto ap-
plications.Thegoalof OSbypassis to removetheOSfrom
the communicationpath,thuseliminatingcostly interrupts
anddatacopiesbetweenkernelspaceanduserspace.Ul-
timately, the OS mustbe involved in communication.As
a minimum,theOSneedsto be involvedwith thememory
usedfor communication,e.g.,validatingtheuseof memory
andmakingsurethatpagesare“pinned.”

Insteadof usingbypassasawaytodisengagetheOS,our
approachis to determinewhichfunctionalityin thecommu-
nicationprotocolstackpresentsthemostbenefitswhenof-
floaded.As we will illustratelater in thepaper, somefunc-
tions, like fragmentationanddefragmentationor IP check-
sum,canbeoffloadedwith positive results.However, other
functions, like error handling, gain little from offloading
andconsumevaluableNIC resources.We describeourpro-
posalto splinter TCP, a commodityprotocolstack. Splin-
tering is the processof determiningwhich functionality to
extractfrom theprotocolstackanddistributing it. Bysplin-
tering the functionalityof the TCP/IP stack, we expectto
retaintheadvantagesof commodityprotocolsandgain the
performanceefficienciesof appropriateoffloading.

Most importantly, splinteringthe communicationstack
meansthat communicationrarely increasesoperatingsys-
tem activity. In other words, the act of communication
doesn’t causethe operatingsystemto be invoked. First,
we will discusstheadvantagesof commoditycomponents.
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Second,we will discussoperatingsystembypassand its
successesand disadvantages. Third, we will introduce
splinteringandfinally, we will proposea methodfor splin-
teringtheTCPstack.

2 Advantages of Commodity Components

Commodity-basedhardware and software, including
communication protocols, provide several advantages.
They have beenextensively developedandtested,they are
highly interoperable,andthey representinexpensive alter-
natives to specializedsolutions. The cost advantagesfor
thecommodityapproachreachesfarbeyondthesavingsre-
alized at time of purchase. Often codehasalreadybeen
createdin the communityso thereis little to no develop-
mentcost. In the remainderof this section,we discussthe
advantagesof commodity-basedhardwareandcommunica-
tion protocols.

2.1 Hardware

Fast Ethernetis a great exampleof the trade-offs be-
tweeninexpensive commodityhardwareandmoreexpen-
sive specializedsolutions. While FastEthernetis very in-
expensive, 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
offeredbandwidththatwascomparableto Myrinet, but the
costfor switchesandNICswashigh. In thelastsix months,
thepriceof GigabitEthernetNICshasdroppedfrom around
$1000/NICto $200/NIC[3, 5]. This is thetrueadvantageof
commodity-basedhardware. While Myrinet hasout-paced
Gigabit Ethernetin performance,it doesnot promisenear
the reductionsin coststhat we seewhencomponentsbe-
comea truecommodity.

2.2 Network Layer Protocol

Internet Protocol (IP) is the ubiquitousnetwork layer
protocol. IP routing is absolutelynecessaryto remainin-
teroperablein wide areanetworks. Additionally, IP routers
remainthe mostcost-effective hardwarechoiceandthe IP
routingmechanismis well-tested.

Therearedisadvantagesto IP aswell. IP is anold pro-
tocolandsomeof its assumptionsareno longervalid. Gen-
erally, IP’s hierarchical,dynamicrouting is inefficient al-
thoughLANs canmaintainroutetableinformationandal-
leviatethis weakness.Additionally, IP checksumsresidein
the headerratherthanat the endof the packet so comput-
ing the checksumrequiresmaintainingadditionalstate[9].
Also, headersareof varioussize requiringa checkof the
lengthfield of eachheader.

Despitethesedifficulties,it is unlikely thatany protocol
(with thepossibleexceptionof IPv6) will replaceIP asthe
commoditynetwork layerprotocol.

2.3 Transport Layer Protocols

TCP and its unreliablecousinUserDatagramProtocol
(UDP)arethemostcommontransportlayerprotocolsused
today. TCPgivesall of theadvantagesof acommoditypro-
tocol. Specifically, TCPis transparentto thelayerabove it,
in thiscasetheapplicationlayer. Thousandsof applications
arewritten basedon the TCPprotocolandinteroperability
wouldbeseverelylimited withoutsupportfor TCP.

Ontheotherhand,TCPcontainsa largeamountof com-
municationprocessingoverheadto administerflow control,
errordiscoveryandcorrection,andto maintainconnections.
Many of theseservicesareunnecessaryto 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 messages.Congestioncontrol is maintainedby the ap-
plicationsoits existencein thetransportlayeris redundant.

Morespecifically, theperceivedproblemsof TCParethe
advertisedflow controlwindow andtheslow startandthree-
way handshake associatedwith connectionstartup. How-
ever, currently, the implementationof high performance
communicationlibraries hide any potentialbottlenecksat
thetransportprotocollayer.

We testedping-ponglatency over 100Mb/sEthernetbe-
tweentwo 933Mhz Intel PentiumsusingLinux 2.4.2 and
a warmed cache. We tested the MPICH 1-2.3 imple-
mentationover TCP, theLAM implementationusingUDP
againsta raw ping-pongtest with TCP sockets with the
TCP NODELAY optionset.

TheMPICH-1.23implementationof MPI overTCPuses
abstractdevice interfacesto allow for variousunderlying
transportprotocol layers. This makes the MPICH library
very portable. TCP connectionsareestablishedasneeded
meaningthat thereis a large variancein latency between
thefirst messagepassedbetweentwo nodesandthesecond
seenin Figure1.

LAM MPI employs a user-level multi-processdaemon
that providesmessage-passingoutsideof the kernelat the
userlevel usinga UDP-basedprotocol. Becausemessage-
passingoccursat theuserlevel, thedaemonmustbesched-
uled andschedulingvariancewill createlatency variance.
Figures2 and 3 bothshow this latency variance.

Finally, thepotentialbottlenecksof TCParenot visible
in Figures 2 and 3. Here,MPICH, LAM andTCPall have
establishedconnectionsbetweenthetwo nodes.Thediffer-
encein latency betweenthe first andsecondmessagesex-
hibitedby MPICH is probablydueto the library procuring
kernelbuffers.Ontheotherhand,thedifferencesin latency
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Figure 1. Ping-pong latenc y for MPICH, LAM
and TCP on 50 byte messa ges

in LAM is probablydueto schedulingof theLAM daemon.
Ourresearchdoesnotincludecreatingmoreefficientim-

plementationsof MPI. In fact, if the gap in performance
is dueto MPI matching,the MPI protocol itself may cre-
atethe resultingperformancedeficit. In additionto need-
ing moreefficient implementationsof message-passingli-
braries,however, theresearchcommunityalsoneedsa bet-
ter implementationof theTCPprotocolitself. As wedesign
a new implementationof TCP, we musttake into consider-
ation the variousneedsof applications. The designmust
allow for hooksinto theprotocolstackso thatapplications
andmessage-passinglibrariescan tailor the TCP stackin
accordanceto their particularperformanceneeds.

For example,the interruptinto thekernelandthemem-
ory copy betweenkernelspaceanduserspacethat is em-
ployedby mostimplementationsof TCPmayaddtoomuch
overheadto CPU sensitive applications,whereasthe vari-
ancein latency thatexistsif connectionsaresetupasneeded
may be too much jitter for latency-sensitive applications.
Connectionmanagementimplementationscreatetoo much
maintenanceoverhead,specifically, kernelbuffersattached
to eachopenconnectioncreatedrasticinefficienciesfor ap-
plicationsrunningon extremelylargeclusters.

Our goal is to createa flexible implementationof TCP
thatallows applicationsor subsystemsto tuneTCPso that
its protocolandimplementationbottlenecksareminimized.
Weproposeto dothisby isolatingor splinteringsmallparts
of the functionality of the TCP stackand optimizing the
functionality by offloading it or moving it away from the
kernel.Webegin our look atsplinteringby discussingoper-
atingsystembypassandthencontrastingthis methodwith
splintering. Finally, we proposesplinteringspecificfunc-
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Figure 2. Ping-pong latenc y for MPICH, LAM
and TCP on 5000 byte messa ges

tionality of theTCPstack.

3 Operating System Bypass

Operatingsystembypass(OSbypass)wasdevelopedto
reducelatency by removing the host processorfrom the
commonpathof communication.Additionally, OSbypass
addressesthe bottlenecksassociatedwith memorycopies
and frequentinterrupts. In most instances,OS bypassis
achievedby moving OS policy onto the NIC andprotocol
processinginto userspace.

OS bypassachieveslower latency by eliminatinginter-
rupts and all copying of network data, including the fi-
nal copy from kernelmemoryto usermemory. Although
this techniquehasbeendemonstratedsuccessfullyin some
cases,zero-copy to userspacehasyet to be proven gen-
erally useful in an operatingsystemstandardrelease.The
primaryconcernis that the overheadandspecial-casingin
thepagecachenecessaryto managethetransitionbetween
thetwo addressspacesmayexceedtheoverheadof asingle
memorycopy into auserbuffer.

3.1 VIA

The virtual interface architecture(VIA) is one of the
best-knownOSbypasssolutions.VIA assignsavirtual NIC
in userspace.A virtual interfaceis createdfor eachconnec-
tion (muchlikeasocket)andeachvirtual interfacecontains
a sendqueueanda receive queue.Thereceive queuecon-
tains descriptorswith physicaladdresses.Thesephysical
addressesaretranslatedat initialization time andthemem-
ory pagesarelocked[8].
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Figure 3. Ping-pong latenc y for MPICH, LAM
and TCP on 36000 byte messa ges

VIA decreaseslatency especiallyfor small messages
sincethe overheadinvolved with managingbuffers is not
countedin the latency. If the virtual interface is imple-
mentedin userspace,CPUoverheadassociatedwith com-
municationremainsvery high. If the virtual interfaceis
implementedon the NIC, the CPU overheadsurprisingly
remainshigh sincethe applicationmuststill be invokedto
pull messagesoff of thequeue.

OSbypassis achievedby moving datadirectly from the
NIC to applicationspace.If the NIC knows wheretheap-
plicationexpectsa message,it canDMA datadirectly into
applicationspaceandavoid all memorycopies.Theappli-
cationeitherneedsto tell thekernelwhereit wantsa mes-
sageso thekernelcantranslateaddressesandtell theNIC,
or theapplicationmustaskthekernelfor anaddresstrans-
lationandtell theNIC directly [8, 7].

No matterhow theNIC getsinformationaboutmemory
addresses,boththeapplicationandthekernelareinvolved.
First, theapplicationmustbecomeactive in orderto control
addressingandthis requiresa context switch. Second,the
operatingsystemmustbeactivein orderto performaddress
translationwhich requiresa trap into thekernel. UsingOS
bypass,communicationtraffic still increasesoperatingsys-
temactivity.

4 Splintering

Thephilosophyof splinteringisn’t thattheoperatingsys-
temshouldn’t beused,but thatit shouldbeusedeffectively.
In the caseof communicationoffload, the goal is to min-
imize the overheadassociatedwith invoking the OS while
still enablingtheOSto controlcommunication.

4.1 Splintering IP

TheIP stackhasbeensuccessfullysplinteredin thepast.
A greatexampleof thesplinteringof theIP stackis check-
sumoffloading.Many NICs will computethechecksumof
an IP packet during the DMA of datafrom the NIC to the
hostprocessor.

Wefirst splinteredtheIP stackin anattemptto relievethe
interrupt pressurebottleneckassociatedwith small frame
sizes(1500 bytes)and high-speednetworks (1Gb/s). We
wereable to implementfragmentationandreassemblyon
theNIC to demonstratethat it is possibleto drasticallyim-
pacttheperformanceof a commodityprotocolwithout sig-
nificantly compromisingits advantages[4]. Offloading a
small part of the protocol led to a successfulrelieving of
interruptpressurewhile maintainingbandwidth,flexibility ,
interoperabilityand cost. Importantly, the OS remainsin
control of the communication,but it is only invoked upon
thecompleteassemblyof adatagram.

4.2 Splintering TCP

Wehavesuccessfullysplinteredandoffloadedpartof the
IP stackto reducetheinterruptpressuresandto increasethe
effective utilization of computenodes.Next, we will pro-
poseto splinterandoffloadpartof theTCPstackin orderto
reducethecommunicationcostsassociatedwith theproto-
col. Becausewe wantto allow applicationsto tailor TCPto
fit their needs,we will proposethreeusesof thesplintering
methodto increasethe efficiency of TCP. In addition,we
would like to seehooksor optimizationlevelsthatallow for
higherlayersto choosebetweenspeedandsafetyor speed
andinteroperability.

Figure4 presentsagraphicalillustrationof ourapproach
to splinteringtheprocessingassociatedwith theTCPproto-
col. In thiscaseweonly illustratetheprocessingdonewhile
receiving datagrams.In this illustration,solid linesindicate
thepathstakenby datagrams,while dashedlinesrepresent
controlactivities.

We startby consideringthe control path. In particular,
we assumethat the applicationissuesa socket readbefore
the datahasarrived, i.e., a “pre-posted”read. Eventually,
aftertraversingseverallayersof libraries,this readis trans-
formed into a requestthat is passedto the operatingsys-
tem. TheOScanthenbuild a descriptorfor theapplication
buffer. Thisdescriptorwill includephysicalpageaddresses
for the buffer. Moreover, asthe OS builds this descriptor,
it caneasilyensurethatthesepageswill remainin memory
(i.e., they will bepinned)aslong asthedescriptoris active
in theNIC.

Now, we considerthe handlingof datagrams.Whena
datagramarrives,the NIC first checksto seeif the incom-
ing datagramis associatedwith adescriptorpreviouslypro-
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videdby theOS.If it finds sucha descriptor, theNIC will
DMA the dataportion of the datagramdirectly to the ap-
plication buffer, providing a true zerocopy, andmake the
headeravailable to the OS. If the NIC doesnot find the
neededdescriptor, it will simply make the entiredatagram
availableto theOSfor “normal” processing.

Perhapsmoreinterestingthanthe functionality that we
intendto put on the NIC is the functionality that we plan
to leave in the OS. As we have described,we will leave
memorymanagementin the OS andonly provide the NIC
with the mappinginformation that it needsto move data
betweenthe network andthe application. We alsoplan to
leaveall failuredetectionandrecovery in theOS.

High-performanceapplicationsemploy variouscommu-
nication patterns. Generally, threetypesof messagesare
likely to be sent. Very large messagesare usedfor bulk
datatransfer, small messagesareusedfor communicating
progressor upcomingdatatransfers,andvery small mes-
sageswith no (useful) dataare usedfor synchronization.
ApplicationsusingsplinteredTCPcantunethestackto de-
creasetheCPUoverheadfor bulk datatransfers,drastically
decreasethe latency of synchronizationmessages,or de-
creasethekernelresourcesnecessaryto maintaina connec-
tion allowing for applicationsto scaleto morenodesregard-
lessof thetypesof messagesthey send.

4.2.1 Decreasing CPU Overhead

Applicationsoftenperformerrorcheckingon dataandcan
handlecorruptionof messages(eithershortor long)through
resendsattheapplicationlevel,but wantto avoid extraCPU
overhead.Applicationswith theseneedscanconsiderTCP
in whichcongestioncontrolis splinteredandoffloadedonto
aNIC.

SplinteredTCP provides true zero copy for any pre-
postedreceives. This allows an applicationto receive and
processdatawithoutunnecessarilyinterruptingtheOS.The

lessoftentheOSis interrupted,thelowertheCPUoverhead
associatedwith communication.

However, with splinteringit is still necessaryto invoke
theOSto processtheTCPheaders,acknowledgements,and
“unexpected”datagramsthathavebeenqueuedby theNIC.
Traditionally, theOSis invokedby theNIC, usinganinter-
rupt,for everydatagram.Thisis neededto ensurethetimely
processingof datagrams.To avoid overrunningtheproces-
sor with interrupts,many high-performancenetworks coa-
lesceinterrupts.Thatis, they wait until annumberof pack-
etshavearrivedor until a timerexpiresbeforethey generate
an interrupt. Becausedataexpectedby the applicationis
beingdeliveredin atimely manner, wecanemploy coalesc-
ing of interruptswithoutaddingvarianceof latency to these
messages.

Successfuloffloadingof congestioncontrol alongwith
truezero-copy shouldsubstantiallydecreasetheamountof
CPU overheadassociatedwith communication.Addition-
ally, splinteringallowstheoperatingsystemto maintainap-
propriatecontroloverresourcemanagementof thehostpro-
cessorandtheNIC.

4.2.2 Decreasing Latency

Some applicationsare more concernedwith the latency
of synchronizationmessagewhereasthe accuracy of data
passedis lessimportant(or not importantat all asthesend-
ing of themessageis thesynchronizationevent). Applica-
tionswith theseneedscanconsiderTCPin whichacknowl-
edgementgeneration,in addition to congestioncontrol is
splinteredandoffloadedontotheNIC.

In additionto moving datato theapplicationandmain-
taining congestioninformation,the NIC will generateand
send an acknowledgement, including the neededflow-
control information,for a datagramassociatedwith a pre-
postedreceive. The TCP headersarestill madeavailable
to theOS,but becausetheNIC generatestheacknowledge-
mentandmovesthedata,latency is veryshort.

If, on theotherhand,anapplicationwantsTCPto bean
end-to-endmessaginglayer (as opposedto a wire layer),
then the OS will calculateand validatechecksumswhen
processingtheTCPheaders.Acknowledgmentswill not be
sentuntil afterthechecksumis completed,andtheapplica-
tion will nothaveaccessto thedatauntil thechecksumming
is completed.Theprice to pay for end-to-endreliability is
anincreasein latency.

4.2.3 Decreasing OS Resource Usage

Applicationsthatrequirecommunicationbetweenhundreds
of thousandsof nodesandaresensitive to latency variance
cannotusecurrent implementationof TCP becausethere
arenot enoughOS resources(specificallybuffers) to open
n2 connections.Applicationswith theseneedscanconsider
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TCP whereconnectionmaintenanceis splinteredand ac-
tive connectionsare offloadedonto the NIC. The control
schemais very similar to the control schemapresentedin
thesectionsabove. In fact,splinteringto relieve overhead,
splinteringto decreaselatency andsplinteringto decrease
OSresourceusagecanbeusedin conjunction.

All connectionswill be openedat the beginning of the
application.However, connectionswill only beassignedre-
sourcesif theOSreceiveseithera messageor a pre-posted
receive. The OS only needsto keepa pointer to conges-
tion control information and a sequencenumberfor each
inactive connection. As connectionsbecomeactive, they
will beassignedbuffers(eitherusermemoryin thecaseof
pre-postedreceives,or OS buffers)andcongestioncontrol
windows.Becausewecantakeadvantageof thehomogene-
ity of theSAN, we needonly cacheequivalenceclassesof
congestioncontrol informationratherthankeepindividual
congestioninformationfor eachconnection.

5 Related Work

SplinteredTCPis similar to theEMPprotocol[7] in that
both pushdescriptorsonto the NIC andachieve true zero-
copy. EMP is differentin thatit’s purposeis OSbypassfor
MPI whereasourwork usestheTCPprotocol.Additionally,
EMP includeserrorhandlingon theNIC which potentially
pushestoo muchprocessingonto the slower processoron
theNIC. In our view, errorhandlingshouldbetreatedasa
specialcaseandshouldnot consumethe limited resources
thatwe would like to dedicatefor high-performanceactivi-
ties.

Like splinteredTCP, Trapeze[2] separatesTCP headers
from data. However, Trapezesendsboth dataandheaders
throughthe OS andusespageremappingto achieve zero-
copy. SplinteredTCP DMA’s datadirectly to the applica-
tion, therebyachieving a true zerocopy. Also, splintered
TCPavoidscostly interruptsby offloadingcongestioncon-
trol andackgenerationto theNIC.

SplinteredTCP is most similar to Wenbin Zhu’s work
on offloadingpartsof theRTS/CTSprotocolof Portals[6].
While that work addressedthe implementationof a spe-
cialized API, Portals,and a specializedprotocol, reliable
messagepassingprotocol (RMPP), our work addressesa
commodityAPI, sockets,anda commodityprotocol,TCP.
Moreover, we intendto extendtheearlierwork, by pushing
descriptorsontotheNIC on pre-postedreads.

6 Summary

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

temptsto fully disengagetheoperatingsystemfromthepro-
cessof communication.This is not possibleto achieve as
the operatingsystemmustmanageresourceslike memory
andscheduling.Also, if work is pushedto theapplication,
theapplicationmustbeinvoked,which is no moreefficient
thaninvoking theOS.

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

Therehaslong beena trendtoward improving the per-
formanceof TCP/IPin high-performancecomputingwhile
still maintainingits tremendousadvantages.By creatinga
truezero-copy TCP, we canshow thatwe canreduceover-
headenoughthatTCP/IPbecomesa viableprotocolin the
world of clustercomputing.Furthermore,by appropriately
offloadingsmallpartsof theprotocols’functionalityontoa
NIC we have demonstratedthemethodsof splinteringthat
will becomemoreandmore prevalentaswe move into a
distributedcomputingenvironment.

Herewe have found that splinteringthe protocolstacks
andoffloadingsomeimplementationaspectsof TCP/IPwill
offer applicationprogrammersmoreflexibility in determin-
ing whetherthey want to tune the TCP stackto increase
safety or increaseperformanceby lowering communica-
tion overhead,lowering latency, or increasingthe number
of connectionsor all three.Additionally, thesplinteredTCP
stackprovidesthisincreasein performancewithoutsacrific-
ing theinteroperabilityandcostadvantagesof theprotocol.

References

[1] N. J.Boden,D. Cohen,R.E.Felderman,A. E.Kulawik, C.L.
Seitz,J. N. Seizovic, andW.-K. Su. Myrinet: A gigabit-per-
secondLocalAreaNetwork. IEEEMicro, 15(1):29–36,1995.

[2] J. Chase,A. Gallatin,andK. Yocum. End-systemoptimiza-
tions for highspeedTCP. In IEEE Communications,special
issueon TCP Performancein Future NetworkingEnviron-
ments, volume39,page8, 2000.

[3] S. Elbert, Q. Snell, A. Mikler, G. Helmer, C. Csandy,
K. Stearns,B. MacLeod,M. Johnson,B. Osborn,andI. Veri-
gin. Gigabitethernetandlow costsupercomputing.Techni-
cal Report5126,AmesLaboratoryandPacket Engines,Inc.,
1997.

[4] P. GilfeatherandT. Underwood.Fragmentationandhighper-
formanceip. In Proc. of the15th InternationalParallel and
DistributedProcessingSymposium, April 2001.

[5] P. Hochmuth. Vendors lower gigabit ethernetprice bar.
Web: ’http://www.nwfusion.com/archive/2001/12765111-
26-2001.html’,2001.

[6] A. Maccabe,W. Zhu, J. Otto, andR. Riesen.Experienceof-
floadingprotocolprocessingto a programmablenic. Techni-
calReportTR-CS-2002-12,Universityof New Mexico,2002.

6



[7] P. Shivam,P. Wyckoff, andD. Panda. EMP: Zero-copy OS-
bypassNIC-driven Gigabit Ethernetmessagepassing. In
ACM, editor, SC2001: High PerformanceNetworkingand
Computing. Denver, CO, November10–16,2001, pages??–
??,New York, NY 10036,USA and1109SpringStreet,Suite
300,Silver Spring,MD 20910,USA, 2001.ACM Pressand
IEEEComputerSocietyPress.

[8] E. Speight,H. Abdel-Shafi,and J. K. Bennett. Realizing
theperformancepotentialof thevirtual interfacearchitecture.
In Proceedingsof the 1999Conferenceon Supercomputing,
ACM SIGARCH, pages184–192,N.Y., June 20–251999.
ACM Press.

[9] W. R. Stevens.TCP/IPIllustrated,Volume1; TheProtocols.
AddisonWesley, Reading,1994.

7


