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Abstract

Multiple copper-based commodity Gigabit Ether-
net (GigE) interconnects(adapters) on a single host can
lead to Linux clusters with mesh/torusconnectionswith-
outusingexpensiveswitchesandhighspeednetworkinter-
connects(NICs).However traditionalmessagepassingsys-
temsbasedon TCPfor GigE will not performwell for this
typeof clusters becauseof the overheadof TCP for mul-
tiple GigE links. In this paper, we presenttwo os-bypass
message passing systemsthat are based on a modi-
�ed M-VIA (an implementationof VIA speci�cation) for
two production GigE meshclusters: one is constructed
as a 4x8x8 (256 nodes)torus and has been in produc-
tion usefor a year; theotheris constructedasa 6x8x8(384
nodes)torus and was deployedrecently. One of the mes-
sage passing systemstargets to a speci�c application
domainand is called QMP and the other is an implemen-
tationof MPI speci�cation1.1.TheGigE meshclusters us-
ing thesetwo message passingsystemsachieveabout18.5
� s half-way round trip latencyand 400MB/stotal band-
width, which compare reasonablywell to systemsusing
specializedhigh speedadapters in a switched architec-
tureat much lowercosts.

1. Intr oduction

During the pastdecadeclustersrunning the Linux op-
erating system(OS) using Intel X86 CPUs offer attrac-
tive platformsfor thosewho seekparallelcomputingsys-
temswith high performance-to-costratios.Like traditional
massive parallel processors(MPP), theseclustershave to
be organizedwith network interconnects(NICs) to allow
messagepassingamongall nodes.The choiceof the net-
work topology or architecturefor a clusterhassomein-
�uence on the scalability and performanceof the cluster.
Thereareseveralcommonlyusednetwork topologiessuch
asswitchednetworks,meshes(tori), treesandhypercubes

[16], but a majority of clustersprefer the switchednet-
work topologywhichoffersa fully connectednetwork. De-
ploying the switchedtopologyrequiresexpensive network
switchesin additionto specializedNICs that provide high
bandwidthand low latency. However, for certainparallel
applicationsthatrequirecommunicationsoccurringmostly
betweennearestneighbors,themesh(torus)topologymay
offer a betterperformance-to-costratio in comparisonto
a switchedarchitecturebecauseof the removal of expen-
sive switches.A single Gigabit Ethernet(GigE) [23] link
maynotprovideasmuchbandwidthasa high performance
NIC suchasMyrinet [5], but multipleGigE links in amesh
couldprovidecomparabletotalbandwidthandadequatela-
tency. Fortunately, recentprogressin performancecoupled
with a decline in price for copper-basedGigE intercon-
nects(adapters)makesthemidealcandidatesfor construct-
ing Linux clusterswith meshconnections.

Currently, therearea few TCP basedmessagepassing
systems[12] for Linux clusterswith GigE meshnetwork
topology. The portableMPI [31] implementationMPICH
[14] over TCP (MPICH-P4)actuallycanwork for a mesh
topologywith carefulsetupsof routing tables,hostnames
andhostrankseventhoughit is designedandimplemented
for a switchednetwork environment.

TCP basedmessagepassingsystemsrarely approach
the GigE raw hardwareperformancebecauseof the over-
headof kernelinvolvementandmultiplecopiesduringdata
transfers[18]. To reducethis type of overhead,an indus-
try standardcalledVirtual InterfaceArchitecture(VIA) [21]
stemmedfrom a techniquedubbed“user-level networking”
or ULN [27], which removes the kernel from the critical
pathsof sendingandreceiving messages,hasbeenin place
for several years.There are a few VIA implementations
amongwhich the M-VIA [32] is the only one that is ap-
propriatefor GigE adapters.Thereis indeedan implemen-
tationof MPI over M-VIA calledMVICH [33] but it does
notwork for meshtopology.

Thereareseveralmessagepassingsystemsthatarebased
on the ULN approachfor GigE adapters,but they are ei-



thernot working for meshtopologyor not implementedas
hardware independent.For instance,thereare EMP [24],
GAMMA [7], andPM/Ethernet-kRMA[25]. The �rst one
is atruly zero-copy OS-bypassmessagepassingsystem,but
it hasbeenimplementedonly for a set of GigE adapters
whicharenot inexpensive.Thesecondoneusescustomized
linux network devicedriversto deliver low latency andhigh
bandwidth,but it is designedexplicitly for aswitchedtopol-
ogy. ThelastoneactuallyusesmultipleGigEadaptersalong
with evenmoreGigEswitchesto achievehigh bandwidth.

The primary missionof two productionLinux clusters
with GigE mesh connectionsdeployed at Jefferson Lab
(Jlab),which is a nationallaboratory, is to carry out Lat-
tice QuantumChromodynamics(LQCD) [28] calculations
which describesthe stronginteractionamongquarks.An
LQCD calculationis carriedout in a 4-dimensional(4-D)
box of points,which approximatesa portion of the space-
time continuum.Speci�cally, eachnodein a clusteroper-
ateson a regular 4-D sub-lattice,calculatingdeterminants
andinversesof 3x3 complex matricesandcommunicating
3-dimensional(3-D) hyper-surfacedatato adjacentnodes,
i.e.,utilizing nearest-neighborcommunication,in eachiter-
ativestepafterwhichaglobalreduction,onetypeof collec-
tive communications,is carriedout. However, theseclus-
ters may also be usedfor other scienti�c calculationsre-
quiring morecomplex communicationpatterns.Therefore
two messagepassingsystemshave beenimplementedfor
the clusters:oneis QMP (QCD messagepassing)[34] fo-
cusingontheLQCD applications;theotheroneis animple-
mentationof MPI speci�cation1.1offeringwider capabili-
ties to otherapplications.Both systemsarederivedfrom a
commoncorethatis basedonamodi�ed M-VIA communi-
cationsoftware.Consequentlytwo systemsshouldperform
similarly.

In this paper, we �rst give a brief overview of VIA and
describethe hardware and software environment for our
work. We thenpoint out whatmodi�cationswe have made
to the original M-VIA, andevaluateandcomparethe per-
formanceof TCPandthemodi�ed M-VIA for Linux clus-
tersof meshtopology usingGigE adapters.Subsequently
we presentour design and implementationof our mes-
sagepassingsystemswith emphasison bothpoint-to-point
and collective communications.Furthermore,an applica-
tion benchmarkresults for a GigE meshand a Myrinet
switchedcluster are given to demonstratethat our GigE
meshclustersareindeedcosteffectiveplatformsat leastfor
LQCD calculations.Finally we concludeour work anddis-
cussfutureresearch.

2. Virtual Interface Ar chitecture (VIA)

TheVirtual Interface(VI) architectureeliminatestheop-
eratingsystemoverheadby providing eachprocesswith a

protected,directly accessibleinterfaceto thenetwork hard-
ware- a Virtual Interface.EachVI representsa communi-
cationendpoint,andpairsof suchVIs canbeconnectedto
form a communicationchannelfor bi-directionalpoint-to-
point datatransfers.Theoperatingsystemis only involved
in settingup and tearingdown VI communicationchan-
nelsandpinningdatabuffersfrom which interconnectscan
safelyDMA data,but it is no longerin theway of thecrit-
ical pathsof datatransfers.Figure1 shows anorganization
view of theVI architecturethatconsistsof severalcompo-
nentssuchasVI, CompletionQueues,Send/RecvQueues
andsoon.
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Figure 1: The VI Architectural Model

Currently VIA supportsthreelevels of communication
reliability at the NIC level: UnreliableDelivery, Reliable
DeliveryandReliableReception.In addition,VIA alsosup-
portstwo differentstylesof communications:send/receive,
andremotememoryaccess(RMA).

3. Hardwareand Software Envir onment

Therearetwo productionGigE meshLinux clustersat
Jlab. Onethathasbeenin productionusefor ayearcontain-
ing 256nodesis arrangedaseithera4� 8� 8or a4� 4� 16
3-D meshwith wraparoundlinks (torus).Eachnodehasa
singlePentium4 Xeon 2.67GHz processorwith 256 MB
of memoryand is connectedto its six neighborsby three
dualport Intel Pro/1000MTGigE adapters[30] situatedon
threePCI-X slots (133/100MHz64bit). The other cluster
thatwasdeployedrecentlycontaining384nodesis con�g-
uredasa6� 8� 23 5-D meshthatcanbeprojectedto differ-
ent3-D meshcon�gurationswith wraparoundlinks (torus).
EachnodehasasinglePentium4 Xeon3.00GHzprocessor
with 512MB of memoryandis connectedto its six neigh-
borsby threesametypeof adaptersalongwith anadditional
on-boardGigE adapterof thesametype.(Fromnow on we
usemeshto refer to a meshwith wraparoundlinks unless
otherwisespeci�ed.)All performancedatapresentedin this
paperare collectedon the �rst cluster. Performancedata
in Section6 for Myrinet networks arecollectedon a 128-
nodeclusterof 2.0GHzPentium4 Xeonconnectedthrough
Myrinet LaNai9 adaptersand a Myrinet 2000 switch that



hasa full-bisectionClos [8] topology. EachGigE adapter
costs$140,with a total expenditureof $420for network-
ing componentson a singlenode,which is much lessex-
pensive than the price of single port (� $1000)for either
Myrinet or in�niband networks.All nodesarerunningRed-
Hat Linux 9 with kernelversion2.4.26.The modi�ed M-
VIA versionis basedon M-VIA 1.2andtheM-VIA driver
for Intel Pro/1000MTadaptersis developedlocally [6] and
is basedon the Intel e1000driver version5.2.TheM-VIA
GigEdriveris loadedwith optionsof 2048transmissionde-
scriptorsand2048receiving descriptorsto enhancetheca-
pability of pipelining andto reducepossiblenetwork con-
tentions.Furthermore,theGigEdriver is tunedto utilize in-
terruptcoalescingof the Intel adaptersby selectingappro-
priatevaluesfor somedriver parameterssuchas interrupt
delay.

4. M-VIA and TCP

In orderto understandthebene�tsof usingM-VIA asa
low-level communicationsoftwareonwhichMPI andQMP
arebased,severalkey performancebenchmarksfor M-VIA
andTCParepresented.Thebenchmarkresultsillustratethe
point thatM-VIA is farsuperiorin termsof performanceto
thatof TCP, anddelivershigh bandwidthandadequatela-
tency for multiple GigEadaptersin meshtopology.

Themodi�ed M-VIA hastwo majorchangesmadeto the
existingM-VIA 1.2 in additionto a few bug �x es.The�rst
is to allow hardware/softwarechecksumto beperformedon
eachEthernetpacket.Thesecondis to enablepacketswitch-
ing sothatnon-nearestneighborcommunicationsarepossi-
ble. TheIntel e1000M-VIA driver developedat Jlabtakes
advantageof Intel Pro/1000MThardwarechecksumcapa-
bility to checksumeachpacket without degradingperfor-
mance.Themeshgeometryinformationis injectedinto the
M-VIA driversothatpacket routingis possible.

4.1. Point-to-Point Latency and Bandwidth

Latency and bandwidth are the two most impor-
tant benchmarksto describe a communicationsystem
[10]. A latency value describeshow long it takes a sin-
gle packet to travel from one node to anothernode and
it comprises several componentssuch as host send-
ing/receiving overheadand NIC processingtime [9]. By
studying this benchmarkclosely, improvementsmay be
madeto reducethehostoverheadof a communicationsys-
tem. The latency performancedataare obtainedas usual
by takinghalf theaverageround-triptime for variousmes-
sagesizes.

Network bandwidthdescribeshow much data can be
pushedthroughthenetwork in aunit timeandthusis critical
to parallelprogramperformancebecausehigherbandwidth

decreasesoccupancy and the likelihood of contention.In
contrastto therelativesimpleway to obtainlatency values,
bandwidthvaluescanbeobtainedin severaldifferentways
which characterizedifferentcommunicationpatterns.Two
typesof bandwidthvaluesareof interest:bidirectionalping-
pongbandwidthin which datatravel in both directionsal-
ternatively; bidirectionalsimultaneousbandwidththatsim-
ulatesdatatransfersin both directionsimultaneously. The
�rst type of bandwidthrevealsan upperboundof the per-
formancebecauseof no loadedCPUsareinvolved.On the
otherhand,thesecondtypeof bandwidthcanrevealtheef-
fectof CPUoverheadonsendingandreceiving.
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Figure 2: M-VIA Point-to-P oint Latenc y and
Band width Values

Figure2 summarizesbothlatency andbandwidthresults
for M-VIA and TCP. The bandwidthresultsare sending
bandwidthalonenot countingreceiving data.The latency
andbandwidthresultsof M-VIA areconsistentlybetterthan
thoseof TCPfor all thetestdatasizes.Thelatency of TCPis
at least30%higherthantheM-VIA latency whichis around
18.5� s for messagesof sizesmallerthan400bytes.This il-
lustratesthatM-VIA, whichhasaround6� sof sendingand
receiving hostoverhead[6] by eliminatingmemorycopies
on sendingandby usingonly onememorycopy on receiv-
ing, canindeeddeliver adequatelatency for parallelappli-
cations.However, theM-VIA doesnotprovide latency val-
uesapproachingthe sub10� s rangebecauseof onemem-
ory copy on receiving andexpensive kernelinterruptsgen-
eratedby GigEadapters.Thesimultaneoussendbandwidth
of M-VIA is approaching110MB/sfor not very largemes-
sagesizes.It is 37%betterthanthatof TCPin comparison
to the marginally betterresultsfor the othertype of band-
width. This is not surprisingsincethis type of test really
revealshostoverheadandany reductionin sendingandre-
ceiving overheadproduceslargerdifferencesin theresults.

4.2. AggregatedBandwidth

Single link bandwidthvaluespresentedin the previous
subsectioncannotaddresstheissuesof aggregatedor usable
bandwidth,whichis thesumof thesimultaneousbandwidth



of eachGigE link within a singleuserprocessof a nodein
a meshnetwork topology. Thereare6 GigE links in a 3-D
meshmeanwhilethereare4 GigE links in a2-D mesh.Fig-
ure3 presentsaggregatedsendbandwidthvaluesof a node
for a 2-D anda 3-D mesh.
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Figure 3: M-VIA Multi-dimensional Aggregated
Band width Values

The M-VIA aggregatedbandwidthfor a 2-D meshin-
creasessmoothlyand�attens off around400MB/s, which
is similar to the result obtainedby PM/Ethernet-kRMA
[25], correspondingto roughly 100MB/s along eachlink.
In contrast,theaggregatedbandwidthfor a3-D meshpeaks
around550 MB/s andeventuallydropsto 400 MB/s. The
fall off of the M-VIA 3-D bandwidthvaluesin the endof
thetestedregionis dueto theoverheadof onememorycopy
in M-VIA uponreceiving datain additionto dif�culties of
fully pipeliningthe6 GigE links in asingleprocess.

From the above latency andbandwidthresults,M-VIA
indeed provides excellent bandwidth and adequatela-
tency for parallel computing. In particular, the aggre-
gatedbandwidthvaluesfor multiple connectionsin a 3-D
meshareonparwith bandwidthvaluesof switchedMyrinet
networks[29] at a fractionof thecost.

5. MessagePassingSystems:MPI/QMP

To facilitateparallelmessagepassingon the Jlabmesh
clusters,two messagepassingsystemsare implemented
on top of commoncomponentsthat arebasedon the cus-
tomizedM-VIA system.One is QMP focusingon LQCD
calculationswith a subsetof functionalitiesof MPI. The
otheris an implementationof MPI 1.1speci�cation.These
two systemsperformthe sameon key benchmarks,there-
fore from now onwe referthesetwo systemsasMPI/QMP.

The MPI/QMP implementationover M-VIA in mesh
topology aims to maximizeperformanceby utilizing M-
VIA communicationsupportto eliminateoverheadandto
overlapcommunicationandcomputation.It providesalow-
cost point-to-pointand collective communicationsystem.
Thebasicdesignprinciplesof MPI/QMP arelistedbelow:

� high performanceexploitationof M-VIA communica-
tion supportsuchasremotememoryaccess(RMA);

� low-latency and high-bandwidthpoint-to-point com-
municationwith receiver-sidemessagematchingand
zero-copy communicationusingRMA; and

� ef�cient collective communication algorithms for
meshnetwork topology.

5.1. Point-to-Point Communication

The designof MPI/QMP point-to-pointcommunication
is stronglyin�uenced by capabilitiesof theunderlyingM-
VIA software.To achieve high bandwidthandlow latency,
several importantdesignchoiceshave to bemade.Thefol-
lowing highlightsourdecisions.

First, eachnodecreatesand maintains6 VIA connec-
tions to its nearestneighbors.Each connectionhas pre-
postedVIA sendingand receiving descriptorsalong with
memorybuffersusedfor copying applications'smallmes-
sagesduringdatatransfers.

Second,eachconnectionmaintainsalist of tokensto reg-
ulatedata�o w ontheconnection,sinceM-VIA hasnobuilt-
in �o w control mechanism.The numberof tokensrepre-
sentsthenumberof VIA receiving bufferscurrentlyposted
on the receiving endof a connection.This numberis con-
stantlyupdatedto thesenderby eitherapiggybackedappli-
cationmessageor anexplicit controlmessage.

Third, different communicationschemesare used for
small andlargemessages.TheRMA capabilityof M-VIA
enablesMPI/QMP to implementzero-copy datatransfers.
However, usingthe RMA capabilityof M-VIA in sending
andreceiving implies synchronousor rendezvouscommu-
nicationsemanticsthatmeansa sendcall is not completed
unlessthe correspondingreceive call is issued.Therefore
RMA techniquecannotbeusedfor messagesof smallsizes
sincesynchronouscommunicationsincreaseapplicationla-
tency. For messagesof small sizes(< 16K bytes), a so-
called eager protocol is used such that a sendingmes-
sagesarecopiedinto pre-postedmemorybufferswhichthen
areDMAed into GigE adaptersandreceivedmessagesare
DMAed from GigEadaptersto pre-postedbufferswhichare
copiedto userreceiving bufferswhenready. For messages
of large sizes,bandwidthand reducinghost overheadare
more important.A remotememorywrite and sender-side
matchingtechnique[26] is thereforeused.

Finally, communicationto non-nearestneighborsis en-
abled by kernel-level packet switching provided by
the modi�ed M-VIA. The routing algorithm is a sim-
ple Shortest-Direction-Firstalgorithm which chooses
the direction that has the smallest number of remain-
ing stepsfor a packet.

Figure 4 presentssomeof point-to-point communica-
tion benchmarkresults.The small insert shows the usual



point-to-pointhalf-way round trip latency valuesthat are
around18.5� s for small messages,which illustratessmall
implementationoverheadof MPI/QMP. The 2-D and 3-
D aggregatedbandwidthresultsof MPI/QMP are clearly
lessthanthat of M-VIA, which is partly dueto �o w con-
trol andsynchronousRMA controlmessages.Nonetheless
MPI/QMP still exhibits around400MB/s total bandwidth
for 3-D mesh.Thesuddenjumpin bandwidthvaluesaround
16000bytesis adirectresultof switchingfrom usingmem-
ory copiesto RMA in MPI/QMP implementation.
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Figure 4: MPI/QMP Point-to-point Performance

The packet switchingfor non-nearestneighborsis han-
dled at kernel interrupt level without copying datato and
from user space.This effectively removes some of the
M-VIA sending and receiving overheadsand leads to
a � 12.5� s node-to-noderouting latency. Therefore the
point-to-point latency betweenany non-nearest-neighbor
is 12:5� s � (n � 1) + 18:5� s, where n is the num-
ber of stepsbetweenthe nodes.Theswitching throughput
is dictatedby the aggregatedbandwidth,which is around
500MB/s,of 6 GigE adapters.However the point-to-point
bandwidth of two non-nearestneighborsunder no net-
work contention has the similar results of two nearest
neighbors.

5.2. Collective Communication

Collective communication[11] involves global data
movementand global control amongall nodesin a clus-
ter andhasreceived a lot of attentionin parallel commu-
nity in thepastfew decades[22], but mostalgorithmshave
beendesignedfor theMPPswith meshtopologyusingded-
icatedroutersor switcheson eachnode[1][4]. Fortunately,
some of the fundamental algorithms can still be ap-
plied to a Linux clusterwith 3-D GigE meshconnections
sinceeachLinux nodecanbehave asa store-and-forward
switchingnodewith six full-duplex communicationchan-
nels, and has multi-port capability which meansat any
time eachnodecancommunicatewith someof its neigh-
borssimultaneously. To simplify our discussions,we will

name a node i in the mesh with its coordinates,e.g.,
(x i ; yi ; zi ) in the3-D case,andusexdim , ydim , andzdim
as sizesof the mesh in dimensionsx, y, and z respec-
tively.

A broadcastis implementedvia a simplealgorithmthat
a broadcastmessagetravelsalonga x axis �rst, thencross
an xy plane and �nally through all yz planes.A reduc-
tion behavesverymuchlike a reverseof abroadcastexcept
thateachnodecarriesout somereductionoperations,such
assum,beforeforwardingthe reducedvalue to its neigh-
bors.Thenumberof communicationstepsof thebroadcast
andreductionalgorithmsareroughlyxdim=2+ ydim=2+
zdim=2.

A basicschemeof global combiningalgorithm[20] is
basedon �rst reducingall messagesto a nodewhich then
broadcaststhereducedvalueto all theothernodes.Thisal-
gorithmtakesroughly twice asmany communicationsteps
asthebroadcastalgorithmdoes.A barriersynchronization
is implementedasglobalcombiningwith anull reduction.

Figure5 presentstiming resultsof broadcastandglobal
sumof integersfor differentmessagesizeson a 4 � 8 � 8
mesh.Thebroadcastfor messagesof smallsizestakesabout
200� s for 10 communicationsteps,i.e., 20� s per step,
whichis in line with theMPI/QMPlatency valueof 18.5� s.
Thelinear increaseof thebroadcasttiming resultsis direct
relatedto the linear increaseof point-to-point latency re-
sults.Thetiming resultsof globalsumareroughlytwiceas
largeasthoseof broadcasts,whichcon�rms whattheglobal
sumalgorithmsuggestsin thepreviousparagraph.

0 200 400 600 800 1000
Message Size (Bytes)

0

100

200

300

400

500

600

700

800

900

1000

T
ot

al
 T

im
e 

( 
  s

)

Global Sum
Broadcast

m

Figure 5: Broadcast and global sum perf ormance
results

A typical LQCD calculationneedsit own input data
which areinitially storedat the root node.Beforethe par-
allel calculationbegins at eachnode,a major preparation
stepis to dispatchall input datafrom theroot to thenodes
wherethey belongto. This is actually the one-to-allper-
sonalizedcommunication(scatter)problem[11][2][3][17].
On average,a typical LQCD calculationinvolvessending



messages(small-sizedata)from the root to the messages'
correspondingdestinationsat least � 250,000times. This
makesit necessaryandbene�cial to designoptimalor near-
optimal routingalgorithmsto handlethescattercommuni-
cationproblem.Moreover thealgorithmfor all-to-oneper-
sonalized(gather)communicationis simply the reverseof
thescatteralgorithm.

The goal of the scatterproblem is to dispatch,in the
store-and-forward(packet-switching)manner, all messages
from theroot to theircorrespondingdestinationsin themin-
imum numberof steps(hops).In general,analgorithmfor
theproblemmustcontaintwo components.The �rst com-
ponentis the selectionof messagesto sendfor eachtime
step.When the numberof messagesresidingat a nodeis
more than the numberof portsof the node,a messageor
a setof messageshasto be selectedto be sentin the next
time step.Thesecondcomponentis theactualrouting.Af-
teramessageis selected,adirection(amongfour in the2-D
caseandsix in the3-D case)needsto bechosento sendthe
messagein thenext timestep.

Our �rst algorithm is called Shortest-Direction-First
(SDF).At any time stepwhentherearenodesin themesh
holding messagesthat have not reachedtheir destina-
tions,eachof thesenodesselectsa messageto sendusing
theFirst-Come-First-Serveprincipleandthensendit along
a direction chosenby the Shortest-Direction-Firstprin-
ciple, i.e., the direction in which the messagehas the
smallestnumberof remainingstepswill bechosen.Theal-
gorithm does not dispatch messagesin the shortest
amountof time, thus is not optimal. But its simple de-
signmakestheimplementationrelatively easy.

In thescatterproblem,theroot is thebottleneckfor de-
layssinceall messagesareinitially at the root andhave to
be sentoneby one(in the single-portmode)or groupby
group(in themulti-port mode)towardtheir respective des-
tinations.Our secondalgorithm,OPT, achievesoptimality
in several ways.First, eachmessagewill travel the short-
estdistancepossible.For example,in the3-D case,thedis-
tancethatamessagei with destination(x i ; yi ; zi ) will travel
is distance(i ) = minf x i ; xdim � x i g + minf yi ; ydim �
yi g + minf zi ; zdim � zi g, assumingthat the root nodeis
theorigin of thecoordinationsystemwith zerocoordinates
in all dimensions.Second,messagesareselectedusingthe
Furthest-Distance-Firstprinciple [17]. That is, a message
thatwill travel thefurthestdistanceto reachits destination
will beamongthe�rst to besentfrom eachnode.Third,and
most importantly, the algorithm minimizes potential net-
workcontentionsby apartitioningscheme.Themeshis �rst
partitionedinto roughlyequal-sizeregions,with oneregion
correspondingto onelink leaving theroot,andall nodesin
theregionareaccessiblefrom thelink in thesmallestnum-
ber of stepspossible.Consequently, all messagesarealso
divided into groups,with onegroupcorrespondingto one

regionandwith all messagesof destinationsfalling into the
region beingput in thecorrespondinggroup.Thepartition
establishesthe1-1-1correspondenceamonga link leaving
the root, a region of nodes,and a group of messages.To
spreadout the congestionat the root, messagesin groupi
will be sentvia link i to leave the root to enterregion i .
And from then on, the messagewill stay within region i
andtravel to its destinationwithout any delayin thesmall-
estnumberof steps.

Let k bethenumberof portsatanode.Let p bethenum-
ber of nodesin the mesh.Thenthe root will needat least
(p� 1)=k stepsto sendoutall p� 1 messages.Ouralgorithm
OPTusesexactly (p � 1)=k stepsto sendout all messages
from the root and guaranteesthat oncea messageleaves
theroot, it travelswithin its regionwithout any delayin the
fastestway until reachingthedestination.Furthermore,the
movementof messagesin differentregion is parallelwhile
themovementof messagesin thesameregion is sequential
in a streamlinefashionwithoutcollisionsamongmessages.
Therefore,OPTis optimal.Thetime(measuredby thenum-
ber of steps)neededfor OPT to dispatchall messagesto
theirdestinationsis maxf T1; T2g, whereT1 = (p� 1)=k is
thetimefor theroot to sendoutall messagesto theirregions
andT2 = max1� i � p� 1f distance(i )g+ c is thetimeto dis-
patchthemessagewith thefurthestdistanceto travel plusc,
which is thenumberof additionalmessageswith thesame
distanceto travel in the sameregion. The term c is a very
smallconstant(usually0 andsometimes1), thusmaybeig-
nored.

0 2000 4000 6000 8000
Buffer Size (Bytes)

0

5000

10000

15000

20000

25000

T
ot

al
 T

im
e 

( 
 s

)

4x8x8 SDF
4x8x8 OPT
8x8 SDF
8x8 OPT

m

Figure 6: Personaliz ed one-to-all comm unications

WehaveimplementedbothSDFandOPTalgorithmsfor
an8 � 8 con�gurationanda 4 � 8 � 8 con�gurationof the
meshclustercurrentlydeployed at Jlab. Figure6 presents
the timing resultsof thesetwo algorithms.SDF is easier
to implementandOPTrequiresmoreoverheadcostin ob-
tainingthepartitionbeforehand.However, onaverage,OPT
dispatchesmessagesto their destinationsalmostfour times
fasterthanSDFdoesfor eitherclustercon�gurationacross
all testedmessagesizes.In addition our OPT algorithm



scalesverywell from the8� 8 con�gurationto the4� 8� 8
con�guration for mostpart of testedmessagesizesexcept
for the largesizeswheresimultaneoussendsfrom the root
nodeusingsix links becomedif�cult.

Finally an all-to-all personalizedcommunicationis im-
plementedasa parallel executionof every one-to-allper-
sonalizedcommunicationfrom all nodes.

6. Performance-to-costRatio

TheJlabLinux clusterswith GigEmeshconnectionsare
indeedlessexpensive thanclustersthatareusingswitched
architecturewith expensive NICs dueto muchlessexpen-
sive adaptersand absenceof switches.However, whether
the clustersoffer better performance-to-costratios needs
to be veri�ed by real applicationsin additionto the band-
width andlatency benchmarks.ThereforeanLQCD bench-
mark applicationis carriedout on a clusterwith Myrinet
switchedconnectionsandthe4 � 8 � 8 GigEmeshcluster.
The benchmarkapplicationis compiledon the GigE clus-
ter usingQMP/MPI andon theMyrinet clusterusingven-
dor suppliedMPI. The benchmarkresultsare normalized
to a single nodefor a fair comparison.The performance-
to-costratio valuesarecalculatedbasedon thecostsat the
time of the GigE clusterinstallation.The resultsaresum-
marizedin table1.

Table 1: Normaliz ed LQCD benc hmark results and
estimated dollar s per M�op values

Latticesize 44 64 84

Myrinet(G�ops) 0.91 1.3 1.3
Myrinet($/M�ops) 3.29 2.3 2.3

GigE(G�ops) 0.73 0.95 1.12
GigE($/M�ops) 2.74 2.10 1.78

TheLQCDbenchmarkcodeperformsalittle betterin the
switchedMyrinet clusterthanit doesin theGigEmeshclus-
ter sincemultiple GigE adapterspostmorehostCPUover-
headsandQMP/MPI hashigherlatency values.The grad-
ual increaseof GigE performancewith respectto the lat-
tice size is clearly an indicationof decreasingin surface-
to-volumeeffect [13]. Most of all, theestimateddollar per
mega-�ops valuesof the GigE meshclusterare certainly
smallerthanthoseof theMyrinet cluster, whichmeansbet-
terperformance-to-costratiosfor theGigEmeshcluster.

7. Conclusions

In this paperwe presentMPI andQMP messagepass-
ing systemsfor JlabproductionLinux clusterswith mesh
connectionsusingGigEadapters.They arebasedonamod-
i�ed M-VIA, which providesexcellentbandwidthandade-

quatelatency for parallelcomputing.Carefuldesignandim-
plementationof MPI/QMPyieldsahighperformancepoint-
to-pointandcollectivecommunicationsystem.Speci�cally,
MPI/QMP delivers an excellent aggregatedbandwidthof
400MB/sfor multiple GigE links in meshtopology, which
isonparwith whatasingleMyrinet link offersin aswitched
network architecture.In addition MPI/QMP provides ad-
equatelatency of 18.5� s. Furthermore,MPI/QMP utilizes
ef�cient broadcast,reduction,andglobal combiningalgo-
rithms and an optimal scatter/gatheralgorithm to deliver
low collective communicationlatency. Most of all, LQCD
calculationsusing MPI/QMP in the Linux clusterswith
GigE meshconnectionsachievebetterperformance-to-cost
ratios than the sameapplicationscan do using vendor-
suppliedMPI implementationwith aMyrinet switchednet-
work architecture.

To further improve the performanceof collective com-
munication,we have beeninvestigatingthe possibility of
applying a techniquecalled NIC-basedor NIC-assisted
globalreduction[19]. SincetheIntel GigEadaptershaveno
on-boardprogrammableprocessorand not enoughRAM,
weareworkingonaschemeof interrupt-levelbasedcollec-
tive communication,in which intermediatecollective com-
munications are carried out in the kernel space.This
methodeliminatesthe overheadof copying data to user
spacefor theintermediatesteps,thereforereducestheover-
all latency. In addition,we areinvestigatinga possiblenew
M-VIA feature,thatis similar to theNAPI [15] appearedin
Linux kernel2.6, to reducethe costof OS-interruptsgen-
eratedby multiple GigE cards.Currently we are actively
integrating new features into the future QMP/MPI re-
leases and are porting M-VIA to Linux kernel 2.6.
The current MPI/QMP implementationcan be found at
ftp://ftp.jlab.org/pub/hpc/QMP/QMP-mvia-mesh.tar.gz.
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