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Abstract

We presenthe resultsof a detailedstudy of the Virtual In-
terface(VI) paradigmasa communicatiorfoundationfor a
distributedcomputingervironment. Using Active Messages
and the Split-C global memory model, we analyzethe in-
herentcostsof usingVI primitivesto implementthesehigh-
level communicatiorabstractions.We demonstrate mini-
mummappingcost(i.e. the hostprocessingequiredto map
oneabstractiorto a lower abstraction)f 5.4 usecfor both
Active MessageandSplit-C using4-way 550 MHz Pentium
Il SMPsandthe Myrinet network. We breakdown this cost
to useof individual VI primitivesin supportingflow con-
trol, buffer managemenand event processingand identify
the completionqueueasthe sourceof the highestoverhead.
Bulk transfemperformancelateausat44 MB/secfor bothim-
plementationslueto the additionof fragmentatiorrequire-
ments. Basedon this analysis,we presentthe implications
for theVI successoinfiniband.

Index Terms: Active messagesglusterbasednet-
working, Infiniband,network abstractionspetwork I/O,
VI Architecture

1 Intr oduction

In orderto enablethe widespreaddeploymentof high
performance scalablesystemsthere hasbeena con-
certedeffort to develop a standardizealustercommu-
nication architecturefor systemareanetworks (SAN).
This effort yieldedthe Virtual Interface (V1) Architec-
ture[10] in 1998,andis now focusedon the emeging
Infinibandarchitecturg1] which alsoseeksto encom-

passnetwork based/O. The VI Architecturedefinesa
methodologyor userlevel communicatiorbasedndi-

rectmemoryacces{DMA) descriptorprocessing.At

its coreis a setof designprinciplesfor how to imple-
ment userlevel communicationin a mannerthat vir-

tualizesresourcesamongan arbitrary numberof pro-
cesses. It outlines both a hardware architecturefor

the network interface controller (NIC) and a software
interface upon which communicationabstractionsare
implemented.Infiniband incorporatesnuch of the VI

Architecture,with somemodificationsin terminology
andbehaior, andrepresentsheintellectualmeiger of
mary industry efforts in high performancenetworked
I/0. While it doesintroducesomenew conceptsand
componentsits coreis stronglybasedonthe VI Archi-

tectureprimitives. Thus,it is importantto evaluatethe
effectivenessf thecoreVI Architecturemodeof oper

ationin supportof establisheddommunicatiorAPIs.

The VI Architectureexportstwo fundamentaktom-
municationoperations.Oneis a matchedsend-receie
model, in which the recever allocatesand registers
buffersin anticipationof incomingmessagesl heother
is a RemoteDirect Memory Accessmodel, wherethe
senderdeliversor readsdatadirectly to a specifiedre-
gion in the taiget’s addresspace. Several studiesand
VI Architectureimplementorg7, 8,16, 17,25, 38| doc-
umentthe performanceachiezed on the VI primitives.
With experienceand engineeringeffort, this aspectis
improving.

In this paper we focuson the costof mappinguse-
ful communicationsabstractiongo the VI primitives.
We seekto answeltthequestionof how effectively these



primitivessupportcommonusagemodels.

We considertwo distinct models that have been
implementedeffectively on numeroussubstrates:ac-
tive messagesand a simple global memory model.
The active messagef37] paradigmis centeredaround
lightweight RPC. Communication transactionsare
basedntwo-phaseequestndreply messagingrimi-
tivesthatinvoke userlevel handlerswithin thereceving
application. To explore the global memorymodel,we
usethe Split-C parallellanguagd22]. Herethefunda-
mentalprimitivesaresimplememorytransactionssyn-
chronousandasynchronouseadandwrite.! By map-
ping thesetwo modelsto the VI Architecturewe can
evaluatethe relative costsof implementingcommuni-
cationabstractionsvertheVI primitives. We shawv the
inherentcostsof usingthe VI Architecture(regardless
of thespeedf the VI interface),the coststhatarecom-
mon to all communicatiomabstractionsaand thosethat
areuniqueto particularapproaches.

In the next section,we presentrelatedwork upon
which this studybuilds. Section3 explainsthe funda-
mentalsof the VI Architectureandits baselineperfor
mance. In Section4, we review the Active Messages
and Split-C architecturesand,in sections5 and6, dis-
cusstheir implementationn top of the VI Architec-
ture. Section?7 present®ur performanceneasurements
of thesetwo high-level communicatiorlayers. In Sec-
tion 8, we discussthe key lessonswe learnedandthe
implicationsfor Infiniband.

2 RelatedWork

Initial studiesof native VI primitives[8, 16, 38] have
focusedon low-level details and the performanceof
the transportitself. In addition, M-VIA [29] and SC-
Net [30] demonstratehe ability to layer VI primitives
over arbitraryhardvare.

High-performancesorting applications(e.g. Mill-
Sort [7] and a terabytesort [17]) were implemented
over the VI Architectureto demonstratehe feasibility
of the descriptorqueuebasedprimitives. In addition,

!In Split-C terminology synchronousread and write, asyn-
chronous, split-phaseget and put, and anotherform of asyn-
chronoussplit-phasenrite, calledstore.

webtraffic workloadanalysig20] suggestedero-coy
VI primitivescouldassisin reducingsenerload. How-
ever, noneof thesestudiesanalyzethe costsassociated
in therealizationof theseprotocolsor applicationsupon
the VI primitives.

Therehasbeenextensve work in examining proto-
col layercostsover otheruserlevel communicatiorab-
stractiondor high-performanceystemg9, 21, 23, 39],
andfrom thesewe drav muchof our methodology Ad-
ditionally, we drav uponthe lessonsof relatedhigh-
performancenetwork architecture$l15, 31, 32] andthe
benchmarkiechniquesdevelopedby Culler et. al. in
[13, 14] to analyzeourimplementations.

Specificto the VI Architecture,Speightet. al. [34]
conducteda benchmarkstudy of two commercialVI
implementationsand comparedthe resultsto TCP/IP
on gigabit ethernet. Madu et. al [25] demonstrated
thefeasibility of layeringthedistributedcomponenbb-
ject model (DCOM) protocol (essentiallyan extension
of RPC)over VI primitives. The resultsindicatedthat
software overheadswvere several times the underlying
transport.In aneffort to mitigatethis, Forin et. al. [18]
discussea seriesof optimizationso the DCOM proto-
col to minimize the overhead.However, in that study
the costsassociateavith implementingthe DCOM ab-
stractionat userlevel dwarfed the impactof mapping
to the VI architecturgper se. Ourwork extendsthis by
usinga muchlighterweight startingpointto isolatethe
characteristicef VI-basedcommunicatiorthatresultin
anunavoidablecost.

Other efforts to layer protocolsover VI primitives
include the MessagePassinginterface[5, 2] and TCP
soclets[33, 35, 11], but nodetailedanalysisof themap-
ping costshasbeenpresented Banikazemiet. al. de-
tailedVI implementatiordesigntradeofs andanalyzed
low-level costsfor the IBM SP[4, 3]. However, these
analyseslid notincludehardwaredoorbellsupportand
mary of the architecturatradeofs werebasedon opti-
mizing NIC performance.Using the hardware support
of theLANai 7, our studyinvestigateshe hostprocess-
ing costorthogonalko NIC computationaload.

Liu et. al. [24] describesa software-basedault in-
jectionmechanisnior networkedsystemghatwasbuilt
ontop of acommercialVI implementation While this
work investigatedault-tolerancef the architectureits



contrikution is largely separatérom this effort.

3 VI Architecture/ Infiniband

In this section,we outline the VI Architectureandits
basic descriptorqueue messagingprimitives that are
carriedforwardto Infiniband. A baselineperformance
summaryis includedfor referencen therestof the pa-
per

3.1 VI Overview

The Virtual Interface is an abstractionfor a pro-
tecteddirectchanneto thenetwork interfacecontroller
(NIC). Communications achiezedthroughmemory-to-
memorytransfersbetweena pair of connectedvirtual
interfaces(VIs). Key conceptausedin the VI architec-
tureinclude:

e RegisteredMemory — A portion of a users vir-
tual addresspacehathasbeenpinnedinto phys-
ical memoryandmadeknown to aVI NIC. Regis-
teredmemoryfunctionsasthe principalcommuni-
cationsbuffer for network operations.Associated
with eachregion is a Memory Handle (a unique
identifier)whichis usedin conjunctionwith auser
virtual addresgo access buffer.

e Descriptor— A dataobjectrecognizedby the VI
NIC thatdescribesnetwork transferrequesto be
performed.Descriptorsresidein registeredmem-
ory andprovide controlinformationand a list of
pointersto databuffers.

e Work Queue— A FIFO list of Descriptorsto be
processedby aVI NIC.

e Doorbell- A mechanisnior a userprocesgo no-
tify the VI NIC that outstandingdescriptorshave
beenpostedto an associatedvork queue. Each
doorbellis a protectedresourcetypically mapped
into a users addressspace which is uniqueto a
particularVl/userpair.

EachVI consistof asendandareceve work queue,
their associatedloorbellresourcesandthe users reg-
isteredmemoryregions. ConnectiondetweenVis are
explicitly one-to-one.

Therearetwo classe®f messagéransactionssend-
receve andremoteDMA (RDMA). To initiate a net-
work datatransfer the user processconstructsa de-
scriptor and postsit into appropriatework queueby
placinga tokenin the queues associatedloorbell. In
the send-recee paradigm the taiget pre-postseceve
descriptorsinto the receve work queuein order to
identify memoryregions whereincoming datawill be
placed. The sourcepostsa senddescriptorthat identi-
fies memoryregions of datato send. Eachsendoper
ation consumes receve descriptoron the tamget. The
recever mustkeeppre-postediescriptoronthereceve
gueueo ensureancomingmessagearenotdropped.n
this scheme eachapplicationmanagests own buffer
spaceand neither has explicit information aboutthe
peers registeredouffers.

In contrastwith RDMA messagetheinitiator iden-
tifies both the sourceand destinationbuffers. Data
can be directly written to or readfrom a remotead-
dressspacewithout involving the target process. To
conductan RDMA operationonly the senderneed
prepareand queuea descriptor However, both pro-
cessesnustexchangeinformationregardingtheir reg-
isteredbuffers usingsomeout-of-bandmechanisn(ei-
ther send-recee or anothernetwork). One exception
to the one-sidedhatureof RDMA operationds thata
small (4 byte) messagegr immediatevalue,canbe be
piggybacled on an RDMA write operation. This data
word is deliveredto thetargetin a specialfield of are-
ceive descriptor Thus,this form of RDMA write with
animmediatevalueconsumegadescriptolonthetamget,
while standardRDMA writesdo not.

Completionson an individual VI are monitoredei-
therthroughpolling or by waiting on a signalfrom an
individual V1. However, in mostparallelcomputingen-
vironments,each processcommunicatesvith several
othersusingdistinct VIs. Managinga groupof VIs is
simplifiedthroughtheuseof acompletionqueue . Com-
pletionsof ary of the associated/Is are postedto the
completionqueueand detectedhroughpolling or sig-
nals.

3.2 Infiniband

To betterunderstandhe implicationsof the VI archi-



tecturefor Infiniband, we presenta brief overview the
Infiniband network architecturg36]. Infinibandis the
logical memger of several industry efforts (i.e., Next
Generationl/O and Futurel/O) in network basedl/O
architecturesHere,thel/O devicesareeffectively sep-
aratedrom thehostCPU(s)by a switchednetwork fab-
ric (Figure1). The hostchanneladapter(HCA) con-
nectsdirectly to the memorycontrollerandis theinter
faceto the network. Thetamgetchanneladapte(TCA)
is the network interfacefor the individual I/O devices
(e.g. disksand WAN adapters). The TCA is similar
to the HCA, but canbe simplified accordingto the re-
quirementof theattacheddevice(s). To provide differ-
entiatedserviceandrobust network managementjata
traffic is multiplexedontomultiple independenstreams
calledVirtual Lanes(VLs). Infinibandsupportsl6 VLs
— 15for dataandonefor managemenfunctions.

Host

EIRIEIE

Mem Cntlr

HCA

Figurel: Infiniband network architecture.

Thefundamentatransporinterfacesupportedy the
HCA/TCA is thework queuepair (QP)whichis equi-
alentto andexportsthe samemessagingrimitives(i.e.
descriptorbasedsend-receie, RDMA) asVIs. Data
exchangebetweenQPsis still sourced/singd to reg-
isteredmemoryregionsestablishedy the application.
However, Infiniband provides message-iee! flow con-
trol schemedasednreceve creditsandNAK' s.

RTT/2 (usec) | ThroughputMB/s) |

LANai 4 VI 33.1 62.8
LANai 7 VI 30.2 68.3
GiganetcLan[34] 24 70

CompagSenerNetll [19] || 7.4 180

Table 1: Performance base of our VI implementa-
tion and comparison commercial implementations.
ServerNet Il numbers are based on simulations.

3.3 PerformanceBaseline

For our first study we developedimplementationof
the VI Architecture for the Myrinet [6] SAN using
the LANai 4 and LANai 7 interfaces. Theseinter-
faceshostan on-boardgeneralpurposeprocessqron-
boardSRAM (1-2MB) anda setof DMA enginegnet-
work sendandreceve andhost-NICDMA). TheLANai
7 interface includes an extra host-DMA engine and
hardware-basedoorbellsupport.TheVI softwarebase
includesa kernel driver, a Virtual Interface Provider
userLibrary (VIPL), andfirmwarefor theNIC thatem-
ulatesa VI-compliant device. On the LANai 4, the
firmware emulatesdoorbells,and requiresthe hostto
wait for aprevioustokento beprocessedThehardware
doorbellof theLANai 7 eliminateghis synchronization
requirement. Supportednessagingperationsnclude
send-receie andRDMA write with Myrinet hardware-
basedelivery guarantees.

Tablel presents performancesummaryof thesem-
plementatiorsin comparisorwith commerciallyavail-
abledirecthardwareimplementationsHalf round-trip-
time (RTT/2) measureghe application-to-apjitation
lateny for a single message.Throughputis the max-
imum achiezable bandwidthof the implementatiorfor
a given I/O architecture.The performanceof this em-
ulation is lessthan commercialvendorsimplementing
native VI hardware(e.g. GiganetcLAN). However, the
featuresof the LANai interface provide adequateper
formancecharacteristicaith the addedbenefitsof a
flexible, instrumentablesystem.Moreover, our goalis
to analyzethe cost of mappingcommoncommunica-

2LANai 4 performancewas measuredising 2-Way 400 MHz
Pentium-IISMPswith a 33 MHz, 32-bit PCl bus. LANai 7 perfor
mancewasmeasurewn 4-way, 550 MHz Pentium-111 Xeon SMPs
with a33 MHz, 64-bit PCl bus.



tion down to the Host-NICboundarynot analyzeinter
faceimplementatioroptimizations.TheLANai 7 inter
facehassuflicenthardwaresupportto provide aninter
facethatcanbereasonablyexpectedto mirror a native
implementation.The combinationof the LANai 4 and
LANai 7 in this paperpermitsan investigationof how
usefulcertainhardwarefeaturesof adevice are.

4 Active Messagesand Split-C

In this section,we briefly discussthe Active Messages
and Split-C communicationmodelsthat we have im-
plementedover the VI Architectureasthe basisfor our
study The emphasidereis the semantiogapbetween
thesemodelsandthe descriptorqueuemodelof the VI
Architecture.

4.1 Active Messages

Active MessagefAM) is asimple,extensibleparadigm
for message-basesbmmunicationin parallelanddis-
tributed computingsystemg40, 12]. While conceptu-
ally closeto VI, AM exposesnoneof the detailedde-
scriptor processingand memoryregistrationto the de-
veloper Moreover, it establishes higherlevel disci-
pline for messageeceptionand handlingwith theim-
plementationresponsiblefor achieving the necessary
buffer managemenftjow controlandeventprocessing.
The Active Messagemechanisnmay be viewed as
essentiallya lightweight remoteprocedurecall. Each
messageontainsthe nameof a userlevel handlerto
invoke on atamgetnodeanda datapayloadto passin as
aguments. The handlerfunction senesthe high-level
purposeof extractingthemessagérom thenetwork and
eitherintegratingthe datainto the computatioror send-
ing aresponsenessagelUnderAM, aprocesgnayis-
suea seriesof messagemto the network andcontinue
its computatiorwhile themessagepropagateThis dif-
fersfrom othercommunicatiorschemeshatuseblock-
ing protocolsor specialsend/receie buffers. To prevent
network congestiorand ensureadequateerformance,
messagédandlersmustbe ableto executequickly and
asynchronously As an additionalrequiremento pre-
vent deadlock,a handlerthat generatesa reply mes-
sagemust not be preventedfrom receving incoming

messagegegardlessof the stateof the outgoingchan-
nel. From a programmes perspectie, AM handlers
aresimilar to interruptserviceroutinesusedin OSker-
nelsanddevice drivers.

Active Messagedhas beenimplementedon a vir-
tual network schemewhich supportsprotectedmulti-
programmingcommunication[26]. The architecture
consistsof two principal components:endpointsand
bundles.The AM endpoint is the abstractiorfor a pro-
cess’connectionto the network. A collectionof end-
pointsamongseparatgrocessess connectedo form
a protectedvirtual network. Endpointsimplementa
two-phaseequest/reply27] schemen whicharequest
messagés pairedwith asubsequeneplymessageThe
endpointlogically includesof a pair of buffer pools
(sendandrecevie), a virtual-memorysegment,a trans-
lation table, a handlertable and a protectiontag, but
theinternalstructureis opaqueo theapplication.End-
pointsalso usea credit basedflow-control schemefor
requestso preventnetwork congestiorandbuffer over
flow.

To provide flexibility for differentapplicationsthree
different messagesizesare supported: shorts (< 32
bytes), mediums(< 4 Kbytes) and bulk transfers(<
network MTU). To initiate amessagéransferaprocess
calls AM _Request()or AM Reply() to insert a mes-
sageinto an endpointsendpool for delivery to a re-
motereceie pool. For shortmessageghe aguments
in the data payload are passeddirectly to the func-
tion. Medium message#nclude a pointerto a buffer
containingdatain additionto the regular aguments.
Bulk transfersdeliver the data payloadto a sender
specifiedoffset in the endpoints virtual-memoryseg-
mentandtheninvoke the handlerwith the specifiedar
guments. To hide network addressingletails, remote
end-pointsarereferencedhroughanintegerindex into
the translationtable that containsthe network address
of all endpointsin the virtual network. Endpointad-
dressesireinsertednto thistablethroughseparatealls
to AM_Map(). A procesancreateseveral endpoints,
eachof which represents connectiorto a separatevir-
tual network.

The AM bundle abstraction permits userlevel
polling of anarbitrarycollectionof endpoints.Thebun-
dle abstractiongroupstogetherrelatedendpointsand



servicesthem as a single unit. Polling of the bundle
is doneexplicitly througha call to AM _Poll() andim-
plicitly wheneer a processssuesarequesbr reply.

Next, we talk aboutour otherhigh-level communica-
tion abstractionSplit-C.

4.2 Split-C Global Memory

Split-C is a single programmultiple data(SPMD) par

allel extensionof C. Eachprocessn a Split-C program
livesin its own local addresspaceandcanreferto data
in anothemprocesghroughaglobal pointer, acombina-
tion of a processd andalocal address.Thefollowing

operationsanbe performedon a globalpointer:

e Synchronouseadsandwrites.

e Asynchronougqsplit-phaseyeadsand writes (get
andput), with completiondetection.

e Soreswhichareasynchronouwriteswhosecom-
pletioncanonly be detectedn the procesghatis
thetamgetof thestore.

Theseoperationscan be performedon the basicC
primitivetypes(char throughdoubl e), orasbulk op-
erationsof arbitrarysize.

The Split-C compileris basedon a modifiedversion
of the gcc C compilerthat calls specificfunctionsfor
eachof the Split-C memory-memoryoperationsout-
linedabove (read write, get,putandstore).Theseoper
ationsareimplementedn alibrary that providesother
Split-C functions(e.g. barriersynchronizationreduc-
tions, etc.) anddealswith the startupandshutdevn of
the Split-C program. In the restof this paperwe only
discusgheimplementatiorof the memory-memoryp-
erations: read, write, get, put, and store. Split-C ex-
posesnly the ability to transferdatabetweenrarbitrary
regions of partitionedglobal addressspacein a non-
blockingfashionandto detectcompletion.

AM and Split-C provide significantly higherlevel
communicationabstractionghanthe VI Architecture,
onedefiningmessaginglisciplineandoneglobalmem-
ory transfers.Thenext sectionsletailhow thissemantic
gapis bridgedandthe costsof doingso.

5 AM over VIA

In this sectionwe discussthe internalsof our Active

MessagesverVIA (AMVIA) implementationThede-
signof AMVIA underwenthreemajoriterationsin or-

derto explore major avenuesof the mapping. Whatis

presentedhereis thefinal architecturd AMVIA v3) and
how it differs from the older versions. Later, in Sec-
tion 8, we highlightimportantdesigntradeofs between
thethree.

5.1 Components

AMVIA preseres all the APl and messagingseman-
tics of Active MessagesLow-level detailssuchasop-
eratingsystemandnetwork hardwarecallsarereplaced
with VI Architectureprimitive functions. Facilitating
the mappingfrom AM abstractiongo VI abstractions
is a meta-structurealledthe MAP object,a namede-
rived from the AM methodAM Map(). The MAP ob-
ject is essentiallya logical channelbetweentwo AM
endpointsn thevirtual network. EachMAP containsa
VI, registeredsendandreceve regionsfor descriptors
anddata,anda requestcredit counterinitialized to an
implementatiorparameterk. The buffers aresizedto
suppor*k sendsand2*k + 1 receves(theneedfor the
extrareceve is discussedater). A collectionof MAP
objectsin a userprocesdormsan AM endpoint.Each
MAP objectin anendpointis connectedo apeerMAP
objectin every remoteendpointof the virtual network.

TheVI completionqgueuemechanisnis usedto deal
with multiple endpointsand a bundle of endpoints.
Whenabundleis allocated two completionqueuesare
created.onefor monitoringsendsandthe otherfor re-
ceives. VIs are attachedto thesecompletionqueues
whenthey are createdas part of a MAP. The use of
two completionqueuespermits assigningpreferential
servicepriority to receve operations.

5.2 Operations

With the exceptionof wait semaphoresAMVIA im-
plementsall of the AM messagingorimitives. Prior
to conductingcommunicationAM bundles,endpoints
and endpointhandlersare allocatedas in pastimple-
mentationsof AM. When establishinghe virtual net-



work topology eachcall to AM _Map() instantiatesa

nenv MAP objectincludingthe VI, sufiicient registered
memoryspaceor the MAP buffers, a setof pre-posted
receve descriptorsand a small set of statevariables.
The VI is thenconnectedwith its peerendpointVIl on

theremotenode.TheVI connectiorschemaisesa dis-

criminatorvalueto matchconnectionsequestdetween
two VIs.

Sending operationsin AMVIA use two separate
mechanismspne for shortand mediummessageand
the otherfor bulk transfers.For a shortor mediumre-
guest,the function attemptsto obtain a free sendde-
scriptorandarequestredit. If eitherof thetwo arenot
available, the function polls, handlingincomingtraffic
until it can proceed. The datapayloadis then copied
into the appropriatemessageuffer and the sendde-
scriptorpostedto the sendqueue.

For a bulk transfer two separateVl messagesre
used: an RDMA write followed by a matchedsend-
receve. The RDMA write operationdeliversthe data
directly from the application$ addresspaceo thedes-
ignatedoffsetin thetargetVM segment.A send-recee
messagas usedfor notification and to deliver argu-
mentsfor themessagdandler Achieving zero-coy on
the senderis achieved by dynamicallyregisteringthe
necessarpddresspace.A cacheof registeredregions
is maintainedsothatadditionaltransfersdrom the same
memorypage(s)do not causeanotherexpensve regis-
trationoperation(asimilartechniquevasusedin [35]).

Repliesoperatesimilar to requests.gexceptthey do
notwait for arequestcredit. The availability of a buffer
slotin whichto receve thereplyis implicitly contained
with therelatedrequest.

The sequenceof operationsthat take placein an
AMVIA receie areroughly the samefor all message
typesandsizes. All messageare processedby invok-
ing the designateanessagdandlerwith the dataargu-
ments.Shortmessagepasstheir agumentgdirectly to
the handler and have no datapayload. Medium mes-
sages,however, carry a datapayload, but insteadof
copying the messagénto a buffer in the messagénan-
dler, it is simply passed pointerto the mediummes-
sage.Thus,incomingmediummessageareableto ex-
ploit thezero-coy semanticsntendedby the VI archi-
tecture. Bulk receves useRDMA write, sothey may

exploit zero-coy semanticaswell.

Oncethe messagd&andlerreturns,the associatede-
ceie descriptoris clearedandre-postedo the VI’ sre-
ceive queue.Thefactthatthe receve descriptoris not
reg/cled until after the handlercompletesrequiresthe
receve queueto containone extra element. This en-
suresthat a reply sentby a requesthandlerdoesnot
createa new requestfor which thereis no available
buffer. Reg/cling thereceve descriptobeforeinvoking
the handlerwould requireextra datacopiesthatwould
degradeperformance.

Invoking handlersand regycling descriptorsis ac-
complishedby the AM _Poll() operation. This method
checksthe receve completionqueuesn the bundlefor
incomingmessaged-or eachrecevedrequesttherou-
tine placesthe messag®nto a queue while repliesin-
voke the designatedhandlerdirectly. Requestgrepro-
cessedrom the queueonly whena booleanargument
to the poll routineis true. This demultipling of in-
comingrequestsandrepliesand conditionalexecution
of requestds necessaryor two reasons.First, it pro-
videsthe meansto disableprocessingf incomingre-
guestghatmight resultin deadlockand,secondjt en-
sureghatrequesthandlersaareexecutedatomically The
other purposeof the polling routineis to regycle send
descriptors.The headof the sendcompletionqueueis
checled oncepercall to AM _Poll() andthe completed
senddescriptomarked availablefor reuse.

The architecturedescribedncorporatedessonghat
we learnedfrom our earlierattemptsat AMVIA. The
first version(AMVIA v1) usedthreeVIs perMAP, each
with its own credit counter This permitteda larger
creditallocationfor smallermessagesvhile bounding
thetotal buffer spaceequired.Onesideeffectwasthat
reply messagebadto be of the samesizeasthe asso-
ciatedrequest. Also, this versiondid not make useof
RDMA writesfor largetransfers.

The secondversion (AMVIAv2) useda single VI
per MAP, but was basedcompletelyon RDMA write
transfers. Immediatevalueswere includedwith each
RDMA write in orderto notify the taget of a pending
message.Flow control was achieved througha flexi-
ble buffer managemerdchememanagedy the sender
Theintenthere,asbefore wasto allow moresmallmes-
sagedo fill thenetwork pipe. However, the compleity



of the schemealongwith otherfactors,resultedin an
unstableimplementation. As such,we do not present
ary performanceesultsfor AMVIA v2in thispaper but
ratheruseit asa point of designcomparison.Thefinal
version(AMVIA v3) remoredthe compleity of its pre-
decessoraind, perhapsnot surprisingly demonstrated
the bestperformance.Later, in Section7.1, we com-
parethe performancef AMVIA v1to AMVIA V3.

6 Split-C over VIA

As with AMVIA, the implementationof Split-C over
theVI Architecture(Split-C/VI) mustalsoaddresson-
nectionestablishmentequest/replynessagingfor get
andput), flow controlandbuffer managementut does
soin thecontext of globalmemoryoperationsOurim-

plementatiorassumes VIA implementatiorthat pro-
vides “Reliable Delivery”, i.e., messageand RDMA

operationsredeliveredexactly once,in sendorder We
could not usethe RDMA reador write operationsdi-

rectly to implementthe Split-C get, put or storeprimi-

tivessince:

e The RDMA readoperationin an optionalfeature
accordingto the specification(and is in fact not
availablein our VI implementation).

e Theactualcompletionof the RDMA write opera-
tion cannotbedirectly detectedvith “Reliable De-
livery”. A workaroundinvolvessendinga request
after the write. Completionof the write is guar
anteedwhenthe reply to this requests receved.
This scheméds usedby AMVIA v3, andtheresult-
ing performancels no better than implementing
put usingregularmessageéeeSection7). Wedid
nothave availableanimplementatiorof theVI Ar-
chitectureproviding “Reliable Reception”,which
doesallow detectionof the completionof RDMA
writes.

We thereforeimplementget, put and store using a
credit-basedrequest/replymessagingrotocol similar
to AMVIA. The sendandreceve overheadis smaller
for Split-C becaus@o errorcheckingis necessaryonly
the compilerbuilds messagesandthe dispatchof AM

requestsand repliesthroughindirect function calls is
notrequired.

Split-C/VI usesone VI per connectionto another
Split-C/VI processanda simpler messageayout than
AMVIA. Thesmallermessagsize (24 byteslessthan
AMVIA) reducesthe numberof cachemisseswhen
reading and writing messagegall messagesre ini-
tially un-cachedas their memoryis also accessedy
theNIC).

For bulk puts and gets, we can take adwantageof
the VI Architecture$ supportof sggmentedmessages
to avoid copying thedatato besentinto themessage—
this wasnot possiblefor AM becausehe semanticof
AM allows the datasentin amessagéo be modifiedas
soonasit hasbeensent. However, whenwe receve a
messagén Split-C/VI, we mustcopy thedatafrom the
messag#o its destinatioraddressin AMVIA, wewere
ableto just passa pointerto the datato the message’
handler

Storesdo not needto be acknavledgedin Split-C.
Thus,exceptfor flow-controlpurposesywe canomit the
reply for stores. After we have receved n storeswe
senda specialstore-acknaledge reply that acknavl-
edgeshelastn storesthusastoreonly paysl/n of the
usualreply cost. Obviously, n mustbe smallerthanthe
numberof creditsotherwisethe systemwill deadlock;
we pick n to be equalto a quarterof thatnumber

Theversionof Split-C/VI with the LANai 4 hassev-
eraldifferencedrom the LANai 7: it usestwo VIs, one
for get, putandstoreof primitive types,andanotherfor
bulk get, putandstore.The VI for operationson prim-
itive typeshasmore creditsthan the single VI in our
latestimplementatior?. The bulk operationgio notuse
sgmentednessageandthusincuranextra copy when
bulk datais sent.

7 PerformanceAnalysis

Guided by pastexperimentsof network communica-

3To avoid artificial differencesbetweenSplit-C and AM over
VIA, we usethe samenumberof credits(8) asAMVIA v3 andthe
samemaximummessagesize (4K). This artificially increaseshe
overheadof storesaswe acknavledgeevery otherstore— a pro-
ductionversionof Split-C/VI would increasethe numberof credits
andthe maximummessagsize,but would not affect our analysis.



tion architecturesye ran several benchmarkinguites
to identify fundamentaktharacteristic®f Active Mes-
sagesandSplit-C over VI Architectureprimitives.

7.1 Active Messages

Our first setof measurementestthe AM over VI im-
plementationandisolateLogP [13] modelparameters
using the methodologyin [14]. Thesebenchmarksl-
lustrate fundamentalparametersof high-performance
network architectures. Measuredparametergnclude
lateng, hostsendand receve overhead,andthe gap,
which indicatesthe minimumtime betweersuccessie
messagedeing sentinto the network fabric. We per
formedLogPbenchmark$or AMVIA systemsvith our
old hardware setup(Dual P1I-400, LANai 4 Myrinet
NIC, VIA2) andwith our newv hardware setup(Quad
P111-550 Xeon, LANai 7 Myrinet NIC, VIA2). Ourre-
sultsarepresentedn Table2.

| [RTT2]A L [O0s]O-]g |
AMVIA VI (LANai 4) || 53 10945 [2.7]53] 480
AMVIAVI ((ANai 7) || 39.2 | 9.0 | 33.2| 3.2 | 2.8 | 34.7
AMVIAV3 ((ANai 7) || 35.6 | 54 | 296 3.1 | 2.9 | 30.0

Table2: LogP measurements for AM and Split-C.
The first column shows the impact of increased
hardware support. A refers to the increase in
RTT/2 over the native VI transport. All times are in
pusec. Since the minimum AM message size is 16
bytes, we compare with the RTT/2 for a 16 byte VI
message (32 psec) rather than the minimal mes-
sage in Table 1.

Betweenthe LANai 4 and the LANai 7 versions,
thereis animprovementof 11-15usecin RTT/2, La-
teng/ andthe gap. This is principally dueto the hard-
waredoorbellassistfeaturesf thelatterinterface. The
increasein overheadfor the LANai 7 resultsfrom a
slightly morecomplex accesgo this hardwareassist.

The comparisorbetweenAMVIA vl andAMVIA v3
ontheLANai 7 is moreinteresting. Thereis a 4 usec
improvementin RTT/2, lateny andthe gap. This is
attributedto the reductionin VI resourceutilization in
hov AM is implemented. The NIC polls eachactve
VI in around-robinfashionfor outstandingsends. In

AMVIA v1, the multiple VIs increasehis polling over-
head,eventhoughtwo of the VIs have no messageto
send.AMVIA v3 usesonly oneVI andhasthe smallest
VI polling overhead.

The mainthrustof our evaluationis reflectedin the
columnlabeledA which shavsthecostof anAM mes-
sageoverandabovetheraw VI Architecturecost.Hard-
waresupportfor doorbellsandminimizing the number
of VIs, atthe costof registeredmemoryutilization, re-
ducetheraw VI costaswell. However, it remainssub-
stantialat 5.4 usecor 2970hostcycles. The mapping
costis containedwithin the obsered sendandreceve
overhead,indicating that the basedescriptorprocess-
ing accountdor (O;+0,) - 5.4=0.6 usec.We analyze
thesecostsin greaterdetailin Section7.3.

7.2 Split-C

To comparethe performancef the variousSplit-C im-
plementationsywe run a setof microbenchmarksf the
Split-C’'s memory-memonpperationsread,write, get,
put,andstore for primitive C types.Thisis themethod-
ology of [23] which comparedplit-C implementations
on severaldifferenthardwareplatforms.Theresultsfor
boththe currentandold (LANai 4) implementatiorare
presentedn Figure2.

Split-C Single Sender Short Message Times

90

80 -
OLANai 4
@ LANai 7

70 +—

60

e (us)
g
\

£ 4
£ 40
30 +
20 4

10 +—

Read Write Get Put Store
Operation

Figure2: Split-C over VI single-sender short mes-
sage times.

BetweenSplit-C over the LANai 4 and Split-C over
theLANai 7 we seeapproximatelyl2;secof improve-
ment (exceptfor stores). The reasonsarethe sameas



for AMVIA. Theimprovementfor storesis lower be-
causeour implementatiorof Split-C over LANai 7 has
far fewer credits (8 insteadof 64) for operationson
primitive types,soit mustsendfar morerepliesto store
messages.

The comparisonbetweenSplit-C and AMVIA re-
vealsvery similar performancealespitesignificantdif-
ferencesin the mappingto VI primitives. The read
andwrite testsessentiallymeasurenessageoundtrip
time. Theseresultsare slightly fasterthanthe respec-
tive AMVIA numbers(AMVIAv1 over LANai 4 and
AMVIA v3 over LANai 7). Thetime for repeatedyet
or put operations(which do not wait for completion)
reflectthe gap. Again, the Split-C resultsare a slight
improvementover therespectte AMVIA numbersFi-
nally, the storeresultsshav that we get a substantial
improvementwhenwe do not have to acknavledgeev-
ery storeoperation.

As with AM, we seea substantiamappingcostre-
vealedin the synchronousperationsp psectotal (10
usec/ 2), andlittle impacton theasynchronousnes.

[ Categyory || Operation
BaseVI

% of overhead|

32.5%
7.0%
6.1%
7.4%
4.8%
1.7%
2.0%
3.5%
44.2%
22.1%
22.1%
14.4%
5.7%
8.7%
8.9%
6.3%
2.6%

VipSendDone
VipPostSend
VipRecvDone
VipPostRecere

Reg/cle senddescriptor
Regycle receve descriptor
Build senddescriptors

EventNotification

VipCQDone(Send)
VipCQDone(Receve)

Flow Control

Sendbookkeeping
Processeceved message

Semantics

Readdatafrom message
Act onmessage

Table 3: Breakdown of VI operations required in a
AMVIA short request-reply operation.

7.3 Detailed Breakdonn of Map Cost

To betterunderstandhe causef overheadwitnessed
in theabove analysisweinstrumentedur AMVIA and
Split-C/VI implementationgo report a breakdavn of

Catayory || Operation
BaseVI

% of overhead |

36.1%
7.1%
9.4%
8.0%
5.6%

VipSendDone
VipPostSend
VipRecvDone
VipPostRecee
Regycle senddescriptor 1.8%
Regycle receve descriptor | 1.8%
Build senddescriptors 2.4&
46.9%
22.5%
24.4%
11.6%
4.9%
6.7%
5.4%
3.6%
1.8%

EventNotification

VipCQDone(Receve)
VipCQDone(Send)

Flow Control

Sendbookkeeping
Pushmsgonreq/repqueue

Semantics

Readdatafrom message
Act onmessage

Table4: Breakdown of VI operations required in a
Split-C get primitive operation. A get call involves
a request to be sent by the sender to the target
computer, and the matching response by the target
containing the data.

hostoverheador arequest/replypperation.Theresults
are groupedinto four cateories: BaseVI, Event No-
tification, Flow Control and Semantics. The BaseVI
cateyory reflectsthe overheadthat occurswith raw VI
operationsandincludesfundamentatlescriptormanip-
ulation methods. The other groupsare the additional
costsincurred by usablecommunicationabstractions.
EventNotificationgroupsthoseoperationsiecessarjo
monitor for messagdransactionevents (i.e. comple-
tion). Flow Controlarecostsassociateavith managing
buffers anddescriptordo preventoverrunson lossage.
Semanticsare overheadspecificto the higherabstrac-
tion. The resultsare presentedn Tables3 and4 and
summarizedn Figures3 and4.

Thelargestcostis eventnotificationassociatedvith
VipCQDone()for bothsendandreceves. This method
executesa programmed/O readoperationto the NIC-
hostedcompletionqueuesandif a completionhasoc-
curred,aprogrammed/O write to clearit. We elaborate
on the designdecisionto placethe completionqueues
on the NIC in the next section. This event notification
costoccursin ary realusageof the VI Architecture but
is generallynot presenin the publishedraw VI perfor
manceresultsbecausall thatis requiredis completion
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Figure3: AMVIA timing breakdown.
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Figure4: Split-C/VI timing breakdown.

of a seriesof one-to-onemessages.

The next two major cost componentsare the
flow control associatedvith the VipSendDone()and
VipRecvDone()methods. After an event notification,
theapplicationuseshesefunctionsto retrieve thecom-
pleteddescriptoroff the respectre work queue.These
operationsboth involve un-cachedeadsto checkde-
scriptor fields updatedby the interface. The methods
VipPostSend()and VipPostRecv()do a programmed
I/O write to postthe doorbelltokens.In the Flow Con-
trol cateyory, thereis a slight increasein the time to
processa messagdor AMVIA over Split-C dueto the
greatergeneralityof theabstraction.

Finally, we seethatthe costof implementingAM se-
manticg(gettingthepaclet, dispatchinghehandlerjare
indeedl1.5¢ Split-C (gettingthe addressservicingthe
read)but thatthis costis dwarfedby the genericneeds
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of event natification, flow control and buffer manage-
ment.

7.4 Bulk Transfers

As a final measurementwe examine the bulk mes-
sagethroughputattainedby the VI implementation,
AMVIA v3 and Split-C/VI for various messagesizes
from 4 bytesto 32 kilobytes. Theresultsarepresented
in Figure>5.

Streaming Performance

- - VI Architecture
—=— AMVIAV3 o
—&— Split-C over VI

1000 10000 100000

Size (bytes)

Figure 5: Bandwidth (in MB/s) attained by VIA,
AMVIAv3 and Split-C for a bulk send operation.

The VI native testattainsthe highestthroughputbe-
causeit is a one-sidedstreamingbenchmark- there
is no acknavledgmentof messagefrom the recever.
This representghe theoretical maximum bandwidth
achievableby thisinterface.

Below 4 KB, the AM and Split-C implementations
achieve nearlyidenticalthroughputbecausef similar
ities in their underlyingoperations. In AM, sendre-
questsmust be acknavledgedby a reply, and a copy
is performedon the senderfor eachmessageip to 4K
in size. In addition, Split-C requiresa responsdrom
thetargetin orderto maintainSplit-C put semanticsn
whichthesendeis notifiedwhenthetamgethasreceved
themessageSplit-C mustalsoperformamemorycopy
on receipt,sincethe datawill be deliveredto an arbi-
trary locationin thetamget's addresspace.

To betterunderstandhe impactof this behaior on
bandwidth we performatiming breakdevn for a1l KB
message.The averagedifferencein time per message
betweenAM or Split-C andthe natve VI benchmarks



18 usec.A breakdavn of this differenceis in Table5.

| Component | Time (usec) |
Memorycopy 4
Shortnetwork receive || 14.5

[ TOTAL [ 18.5 |

Table 5: Breakdown of per-message time differ-
ence as observed in the bulk performance test.
Memory copy bandwidth was measured using the
Pentium cycle counters.

The short network receve components the neces-
sary cost requiredfor the interfaceto processa short
incoming messagdrom the network. On the LANai-
basedvl implementationthe interfacerequiresafinite
amountof time to processa receie. During this time,
it is unableto procesghe next sendtransaction.In a
steadystate the benchmarks receving oneshortmes-
sagefor every messageaent. To estimatethis time, we
usethe single-sidedtime of the VI-native benchmark
for a 32 byte message2.2 MB/s. Assuminga receve
occupieghesameinterfacetime asa sendthisyieldsa
permessageime of 14.5 usec. A dedicatechardware
interfacethat could alleviate this costwould yield im-
provedthroughput.

Above 4 KB, both implementationsshift to send-
ing multiple messagesalthoughfor differentreasons.
AMVIA v3 useszero-coy RDMA write operationsbut
mustfollow up the RDMA write with a send-recee
transactionin orderto deliver the messagemeta-data.
Split-C sendsmultiple messageslueto fragmentation
abore 4 KB. The effect of the transitionproduceshe
kneein the curve atapproximately44 MB/sec.

8 Discussion

The development and analysis of AMVIA and
Split-C/VI yield several insights. In this section,we
evaluatethedesigntradeofs in AMVIA andSplit-C/VI,
andshav how theseareimpactedby subtledifferences
in the underlyinglayers. We also presentimplications
for Infiniband.
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8.1 Retrospectie

The designiterationsof both AMVIA and Split-C/VI
exploredthe mappingdown to VI primitivesfrom sev-
eralangles.Theresultsof this effort yieldedtwo invari-
ants.

The first invariant was the needfor a flow-control
mechanismto prevent droppedVIl messagegdue to
buffer overrunsand/orack of availablereceve descrip-
tors). In AMVIAv1l, AMVIAv3, and both versions
of Split-C/VI, the flow-control was basedon a credit
scheme AMVIA v2 useda specializeduffer allocation
systentailoredfor RDMA writes.

In both AMVIA v1 andthe first Split-C/VI, the ob-
jective was to permit more small messagesnto the
network (approximately64) with the belief that this
would improve smallmessag@erformanceln reality,
the simple unified credit schemewith a credit alloca-
tion thatbalancedperformancewith requiredbuffering
provedtowork thebest? It usedfewer VI resourcesnd
actuallyexhibited bettersmallmessag@erformances
evidencedoy theL LogP benchmark.

Thesecondnvariantwastheneedto usethecomple-
tion mechanism®f the VI library for incoming mes-
sagesAccordingto VI semanticsa hostprocesss no-
tified of anincoming messagenly whena descriptor
is consumedSinceall AM messageandSplit-Creads
and writes requiretarget notification on delivery of a
messagewe found that using the VI Architectures
send-receie model provided the closestfit. RDMA
writes generatenotification only on the delivery of a
4-byteimmediatevalue. In both AM and Split-C, this
immediateis too smallto include the necessaryneta-
datafor the protocollayers(we needat least16 bytes).
We could not appendthe meta-datato the end of the
messagesincethis mightinterferewith applicationdata
structures.For bulk transfersn AMVIA, we choseto
usean RDMA write for the data,but followed it with
ashortVlI messageo carry the meta-data.Split-C/VI
usesacopy onthereceving endof thebulk transfer

A key implication of the completioninvariantis the
requiremento usea completionqueue. Any applica-
tion, especiallyarbitrarycommunicatiorprotocolsthat

“We arbitrarily chosea creditallocationof 8 for thelaterimple-
mentations.



canexpectto createseveral VI-basedconnectionwill

necessarilyusethe completionqueue. Attempting to
individually poll or wait on mary VIs is not efficient.
This differsfrom simplenative VI benchmarkshatuse
only afew VIs andthusdon't needa completionqueue.

As shavn, theeventnotificationhasthe highestover-
headcost, principally dueto the multiple programmed
I/0 operations.n our VI implementationwe choseto
malke the completionqueueNIC-basedbecausaf the
sizeof the eventtoken (4 bytes).Our experienceshavs
thata null DMA transactiorrequires2-3 ysecwith the
LANai hardware. Thusa host-basedjueuerequiringa
NIC-hostDMA wasnot a betteralternatve.

Thereis also a deggree of duplicationin operations
whenusingthe completionqueue. The VipCQDone()
methodonly notifies an applicationthat an event has
occurredon a particularVI. The applicationmustthen
invoke theappropriatdollow-on mechanisnto actually
popadescriptoroff thequeueandservicetheevent.

8.2 Implications for Infiniband

The points discussedabore have implicationsfor In-
finibandandfuturehigh-performancaetwork architec-
tures. We separateheseinto implementationand se-
mantics.

8.2.1 Implementation

The performancebreakdans presentedllustrate the
costassociateavith cachemissesand|/O operationsn
communicatioroverheadn presentardwarearchitec-
tures. Programmed/O andun-cachednemorytrans-
actionsare expensve relative to other software mech-
anisms. The Infiniband HCA conceptmay alleviate
someof this expenseby interfacing directly with the
memory bus and avoiding complex 1/O bus interac-
tions. Still, thereis anissueof cachecohereng be-
tweentheHCA andthe processorsPreviouswork with
coherentnetwork interfaces[28] that enablel/O to be
cachedillustrate performancegainsby allowing direct
readsandwritesof network interfaceregisters/memory
to be cached.For operationssuchascompletionqueue
checking,allowing cachedreadscouldsignificantlyre-
duce overhead,especiallyin the casethat the event
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queueis empty Alternatwely, if the Infiniband mech-
anismusesDMA, the hardware enginesmustbe able
to provide comparablgerformancdo memoryopera-
tions,evenfor smalltransfers.

The flow-control mechanismsof Infiniband offer
somepromiseto alleviate software basedend-to-end
buffer managementosts. The combinationof cred-
its andrecever-not-readyNAK could eliminatethere-
quirementfor flow-control at the upperlayers. Addi-
tionally, Infiniband-complianhardwarewould have the
ability to fragmentlarge messagegshuspreventingup-
per layersfrom having to adaptto network transmis-
sionunits. We believe ourimplementationgould ben-
efit from boththesefeaturesprovidedthe costof using
themdid notadwerselyaffectlateny or gap.

The effect of the virtual lanesin Infinibandis some-
whatlessclear While the independenthannelsould
prevent headof line blocking (e.g. betweenshortand
mediummessagesg limit of 15 lanesmaynotbeable
to fulfill the servicedemand®f all applications.

8.2.2 Semantics

Semanticallythedescriptotbasedqueuef Infiniband
may still imposea costto higherlevel protocolsbe-
causethe hostmustformatanddecodethe descriptors.
Oneaspecivherethisis especiallytrueis in smallmes-
sageperformanceDescriptorghatareasleastaslarge
asasmallmessagavill imposeoverheadsothto build

andmanipulate Althoughusingthe Immediatedatase-
manticsof theVI Architecturecouldhelp,it is notclear
that restrictingthis to a 4 byte value is adequate.We

suggesthattheimmediatebe ableto supportthe preci-
sionof apointer(typically 64 bits for future systems)n

orderto pointto protocol-level metadata.

Another semantic issue with Infiniband regards
memory registration. In the VI Architecture, regis-
teredmemoryis pinnedby the userapplication.In one
sensethis retentionof physicalresourceby the appli-
cationsresultsin a “not-so-virtual” interface. The In-
finibandarchitectureetainsthis samesemantioof pin-
ning physicalmemory As yet, the impactsof this on
thelarge scaleareunknavn. Many hostsandprocesses
could potentially result in several VI's, eachrequir
ing adequatebuffer spacefor transactions.The flow-



controlanddatagranfeaturesof Infinibandmayallevi-
atethis somevhat, but memoryscalabilitymay still be
adwerselyimpacted.

9 Conclusion

The emepgenceof the VI Architectureand Infiniband
asSAN communicatiorstandardprovidesan exciting
opportunityfor widespreadievelopmentof large-scale
clusteredsystems.Indeed the network-based/O con-
ceptin Infinibandrepresents significantarchitectural
revolution for todays systems. However, their estab-
lishmentasthe de facto standardequiresadeepunder
standingof their performanceand processingcost. In
this paperwe have detailedthe inherentcostof map-
ping the descriptorqueuebasedmodel of thesestan-
dardsto two well-knovn communicatiormodels— Ac-
tive Messagesand the global memory model usedin
Split-C. Using thesemodels,we analyzethe necessary
hostprocessotime requiredto maptheseabstractions
to theVI primitives. Theresultsshov a5 psecmapping
coston currenthardware, regardlessof the higherlevel
abstraction. Detailed analysisof this costshaws that
the eventnotificationmechanisnof the VI completion
gueueto have the highestoverheadat 2 ysec. In ad-
dition, we demonstrat¢he sensitvity of bulk message
performanceo key hardware capabilities.

While 5 ysecmayseemsmall,asprocessormove to
64-bit architectureswith sub-nanosecondycle times,
thesecostswill becomelesstolerable. As well, Pro-
grammed/O and cachemissesare unlikely to signif-
icantly improve in relationto processoimperformance.
Theimplicationsof thisfor Infinibandcouldpossiblybe
severe. Our discussiorof theseimplicationshighlights
theareaghatInfinibandimprovesoverits predecessors
andwhereit canstill make progress.
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