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Abstract [16], but a majority of clustersprefer the switched net-

Multiple copperbased commodity Gigabit Ether
net (GigE) interconnects(adaptes) on a single host can
lead to Linux clustes with mesh/torusconnectionswith-
out usingexpensiveswitchesand high speedchetworkinter-
connectgNICs).Howevertraditional messge passingsys-
temsbasedon TCP for GigE will not performwell for this
type of clustes becauseof the overheadof TCP for mul-
tiple GIigE links. In this paper we presenttwo os-bypass
messge passing systemsthat are based on a modi-
ed M-VIA (an implementationof VIA speci cation) for
two production GigE meshclustes: one is constructed
as a 4x8x8 (256 nodes)torus and has beenin produc-
tion usefor a year; theotheris constructechsa 6x8x8(384
nodes)torus and was deployedrecently One of the mes-
sage passing systemstargets to a speci ¢ application
domainandis called QMP and the otheris an implemen-
tation of MPI speci cation1.1. TheGigE meskclustes us-
ing thesetwo messge passingsystemschieve about18.5

s half-way round trip latency and 400MB/stotal band-
width, which compae reasonablywell to systemsusing
specializedhigh speedadaptes in a switched architec-
ture at mud lower costs.

1. Intr oduction

During the pastdecadeclustersrunning the Linux op-
erating system(OS) using Intel X86 CPUs offer attrac-
tive platformsfor thosewho seekparallel computingsys-
temswith high performance-to-costtios.Lik e traditional
massie parallel processor§MPP), theseclustershave to
be organizedwith network interconnectgNICs) to allow
messagepassingamongall nodes.The choiceof the net-
work topology or architecturefor a clusterhassomein-
uence on the scalability and performanceof the cluster
Thereareseveral commonlyusednetwork topologiessuch
asswitchednetworks, meshegtori), treesand hypercubes

work topologywhich offersa fully connectedetwork. De-
ploying the switchedtopologyrequiresexpensve network
switchesin additionto specialized\ICs that provide high
bandwidthand low lateng. However, for certain parallel
applicationghatrequirecommunication®ccurringmostly
betweemearesneighborsthe mesh(torus)topology may
offer a better performance-to-costatio in comparisonto
a switchedarchitecturebecauseof the removal of expen-
sive switches.A single Gigabit Ethernet(GigE) [23] link
may not provide asmuchbandwidthasa high performance
NIC suchasMyrinet [5], but multiple GigE links in amesh
could provide comparabldotal bandwidthandadequatda-
teng. Fortunately recentprogressn performancecoupled
with a declinein price for copperbasedGigE intercon-
nects(adaptersinakesthemideal candidate$or construct-
ing Linux clusterswith meshconnections.

Currently thereare a few TCP basedmessaggassing
systems[1P for Linux clusterswith GigE meshnetwork
topology The portableMPI [31] implementationMPICH
[14] over TCP (MPICH-P4)actually canwork for a mesh
topologywith careful setupsof routing tables,hostnames
andhostrankseventhoughit is designecandimplemented
for a switchednetwork ervironment.

TCP basedmessagepassingsystemsrarely approach
the GIigE raw hardware performancebecauseof the over-
headof kernelinvolvementandmultiple copiesduringdata
transfers[18]. To reducethis type of overheadan indus-
try standaraalledVirtual InterfaceArchitecture(VIA) [21]
stemmedrom atechniquedubbed‘userlevel networking”
or ULN [27], which removesthe kernelfrom the critical
pathsof sendingandreceving messages)asbeenin place
for several years.Thereare a few VIA implementations
amongwhich the M-VIA [32] is the only onethatis ap-
propriatefor GigE adaptersThereis indeedanimplemen-
tation of MPI over M-VIA calledMVICH [33] but it does
notwork for meshtopology

Therearesereralmessageassingystemghatarebased
on the ULN approachfor GigE adaptershput they are ei-



ther not working for meshtopologyor notimplementedas
hardware independentFor instance thereare EMP [24],
GAMMA [7], andPM/Ethernet-kRMA[25]. The rst one
is atruly zero-coly OS-bypassnessagpassingsystembput
it hasbeenimplementedonly for a setof GigE adapters
whicharenotinexpensve. Thesecontneusescustomized
linux network device driversto deliverlow lateng/ andhigh
bandwidthputit is designedxplicitly for aswitchedtopol-
ogy. Thelastoneactuallyusesmultiple GigE adaptersilong
with evenmoreGigE switchesto achiese high bandwidth.

The primary missionof two productionLinux clusters
with GigE mesh connectionsdeployed at Jeferson Lab
(Jlab),which is a nationallaboratory is to carry out Lat-
tice QuantumChromodynamicgL QCD) [28] calculations
which describeghe stronginteractionamongquarks.An
LQCD calculationis carriedout in a 4-dimensional4-D)
box of points,which approximates portion of the space-
time continuum.Speci cally, eachnodein a clusteroper
ateson a regular 4-D sub-lattice,calculatingdeterminants
andinversesof 3x3 complex matricesand communicating
3-dimensional3-D) hypersurfacedatato adjacentodes,
i.e.,utilizing nearest-neighba@ommunicationin eachiter-
ative stepafterwhichaglobalreductiononetypeof collec-
tive communicationsis carriedout. However, theseclus-
ters may also be usedfor other scienti ¢ calculationsre-
quiring more complex communicationpatterns.Therefore
two messagegassingsystemshave beenimplementedor
the clusters:oneis QMP (QCD messaggassing)[34] fo-
cusingontheLQCD applicationstheotheroneis animple-
mentationof MPI speci cation1.1 offering wider capabili-
tiesto otherapplicationsBoth systemsarederived from a
commoncorethatis basedbnamodi ed M-VIA communi-
cationsoftware.Consequentlywo systemsshouldperform
similarly.

In this paperwe rst give a brief overview of VIA and
describethe hardware and software ervironmentfor our
work. We thenpoint out whatmodi cations we have made
to the original M-VIA, andevaluateand comparethe per
formanceof TCP andthe modi ed M-VIA for Linux clus-
ters of meshtopology using GigE adaptersSubsequently
we presentour designand implementationof our mes-
sagepassingsystemswith emphasion both point-to-point
and collective communicationsFurthermore,an applica-
tion benchmarkresultsfor a GigE meshand a Myrinet
switchedcluster are given to demonstratahat our GigE
meshclustersareindeedcosteffective platformsat leastfor
LQCD calculationsFinally we concludeour work anddis-
cussfutureresearch.

2. Virtual Interface Architecture (VIA)

TheVirtual Interface(VI) architecturesliminatesheop-
eratingsystemoverheadby providing eachprocesswith a

protecteddirectly accessiblénterfaceto the network hard-
ware- a Virtual Interface.EachVI representsa communi-
cationendpoint,andpairsof suchVlIs canbe connectedo
form a communicatiorchannelfor bi-directionalpoint-to-
point datatransfers The operatingsystemis only involved
in settingup and tearingdown VI communicationchan-
nelsandpinning databuffersfrom which interconnectgan
safelyDMA data,but it is nolongerin the way of the crit-
ical pathsof datatransfersFigure1l shavs anorganization
view of the VI architecturehat consistsof severalcompo-
nentssuchas VI, CompletionQueues Send/RecvQueues
andsoon.
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Figure 1: The VI Architectural Model

Currently VIA supportsthreelevels of communication
reliability at the NIC level: Unreliable Delivery, Reliable
DeliveryandReliableReceptionln addition,VIA alsosup-
portstwo differentstylesof communicationssend/receie,
andremotememoryaccesgRMA).

3. Hardware and Software Environment

Therearetwo productionGigE meshLinux clustersat
Jlah Onethathasbeenin productionusefor ayearcontain-
ing 256nodess arrangedseithera4d 8 8ora4 4 16
3-D meshwith wraparoundinks (torus).Eachnodehasa
single Pentium4 Xeon 2.67 GHz processomwith 256 MB
of memoryandis connectedo its six neighborsby three
dualport Intel Pro/1000MTGigE adapterg30] situatedon
three PCI-X slots (133/100MHz64bit). The other cluster
thatwasdeployedrecentlycontaining384 nodesis con g-
uredasa6 8 235-Dmeshthatcanbeprojectedo differ-
ent3-D meshcon gurationswith wraparoundinks (torus).
EachnodehasasinglePentium4 Xeon3.00GHz processor
with 512 MB of memoryandis connectedo its six neigh-
borsby threesameype of adapterslongwith anadditional
on-boardGigE adapterof the sametype.(Fromnow onwe
usemeshto referto a meshwith wraparoundinks unless
otherwisespeci ed.)All performancealatapresentedh this
paperare collectedon the rst cluster Performancelata
in Section6 for Myrinet networks are collectedon a 128-
nodeclusterof 2.0GHzPentium4 Xeonconnectedhrough
Myrinet LaNai9 adaptersand a Myrinet 2000 switch that



hasa full-bisection Clos [8] topology EachGigE adapter
costs$140, with a total expenditureof $420for network-
ing componentn a single node,which is muchlessex-
pensve 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 1.2andthe M-VIA driver
for Intel Pro/1000MTadapterss developediocally [6] and
is basedon the Intel e1000driver version5.2. The M-VIA
GigEdriveris loadedwith optionsof 2048transmissiorde-
scriptorsand2048receving descriptordo enhancehe ca-
pability of pipeliningandto reducepossiblenetwork con-
tentions Furthermorethe GigE driveris tunedto utilize in-
terruptcoalescingof the Intel adapterdy selectingappro-
priate valuesfor somedriver parametersuchasinterrupt
delay

4. M-VIA andTCP

In orderto understandhe bene ts of usingM-VIA asa
low-level communicatiorsoftwareonwhich MPI andQMP
arebasedseveralkey performancéenchmark$or M-VIA
andTCParepresentedThebenchmarlkesultsillustratethe
pointthatM-VIA is far superiorin termsof performanceo
that of TCP, anddelivershigh bandwidthand adequatda-
teng for multiple GigE adaptersn meshtopology

Themodi ed M-VIA hastwo majorchangesnadeto the
existing M-VIA 1.2in additionto afew bug x es.The rst
is to allow hardware/softvarechecksunto beperformedon
eachEthernepaclet. Theseconds to enablegpacletswitch-
ing sothatnon-nearesteighborcommunicationgrepossi-
ble. The Intel e1000M-VIA driver developedat Jlabtakes
adwantageof Intel Pro/1000MThardware checksumcapa-
bility to checksumeachpaclet without degradingperfor
mance.Themeshgeometryinformationis injectedinto the
M-VIA driversothatpacketroutingis possible.

4.1. Point-to-Point Latency and Bandwidth

Latenyy and bandwidth are the two most impor-
tant benchmarksto describea communication system
[10]. A latengy value describeshow long it takes a sin-
gle paclet to travel from one nodeto anothernode and
it comprises several componentssuch as host send-
ing/receving overheadand NIC processingtime [9]. By
studying this benchmarkclosely improvementsmay be
madeto reducethe hostoverheadf a communicatiorsys-
tem. The lateny performancedataare obtainedas usual
by taking half the averageround-triptime for variousmes-
sagesizes.

Network bandwidthdescribeshow much data can be
pusheahroughthenetworkin aunittimeandthusis critical
to parallelprogramperformancéecauséigherbandwidth

decrease®ccupanyg and the likelihood of contention.In

contrasto therelative simpleway to obtainlateng values,
bandwidthvaluescanbe obtainedin severaldifferentways
which characterizaifferentcommunicatiorpatterns.Two

typesof bandwidthvaluesareof interestbidirectionalping-
pongbandwidthin which datatravel in both directionsal-

ternatively; bidirectionalsimultaneouwandwidththat sim-
ulatesdatatransfersin both directionsimultaneouslyThe
rst type of bandwidthrevealsan upperboundof the per

formancebecausef noloadedCPUsareinvolved.On the
otherhand,thesecondype of bandwidthcanrevealthe ef-

fectof CPUoverheadn sendingandreceving.
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Figure 2: M-VIA Point-to-P oint Latency and
Band width Values

Figure2 summarize®othlateny andbandwidthresults
for M-VIA and TCP The bandwidthresultsare sending
bandwidthalonenot countingreceving data. The lateng
andbandwidthresultsof M-VIA areconsistenthbetterthan
thoseof TCPfor all thetestdatasizes Thelateng of TCPis
atleast30%higherthantheM-VIA lateng whichis around
18.5 sfor messagesf sizesmallerthan400bytes.Thisil-
lustrateghatM-VIA, whichhasaround6 sof sendingand
receving hostoverhead6] by eliminatingmemorycopies
on sendingandby usingonly onememorycopy onrecev-
ing, canindeeddeliver adequatdateng for parallelappli-
cations.However, the M-VIA doesnot provide lateng val-
uesapproachinghe sub10 srangebecausef onemem-
ory copy on receving andexpensve kernelinterruptsgen-
eratedby GigE adaptersThe simultaneousendbandwidth
of M-VIA is approachind 10MB/sfor not very large mes-
sagesizes.lt is 37% betterthanthatof TCPin comparison
to the maminally betterresultsfor the othertype of band-
width. This is not surprisingsincethis type of testreally
revealshostoverheadandany reductionin sendingandre-
ceiving overheadproducedargerdifferencesn theresults.

4.2. AggregatedBandwidth

Singlelink bandwidthvaluespresentedn the previous
subsectiorannotaddressheissuef aggreyatedor usable
bandwidthwhichis thesumof thesimultaneou®andwidth



of eachGigE link within a singleuserprocesf a nodein

ameshnetwork topology Thereare6 GigE links in a 3-D

meshmeanwhilehereare4 GigE links in a2-D mesh Fig-

ure 3 presentaggregatedsendbandwidthvaluesof a node
for a2-D anda 3-D mesh.
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Figure 3: M-VIA Multi-dimensional
Bandwidth Values

Aggregated

The M-VIA aggregatedbandwidthfor a 2-D meshin-
creasesmoothlyand attens off around400 MB/s, which
is similar to the result obtainedby PM/Ethernet-kRMA
[25], correspondingo roughly 100MB/s along eachlink.
In contrasttheaggreyatedbandwidthfor a 3-D meshpeaks
around550 MB/s and eventuallydropsto 400 MB/s. The
fall off of the M-VIA 3-D bandwidthvaluesin the end of
thetestedegionis dueto theoverheadf onememorycopy
in M-VIA uponreceving datain additionto dif culties of
fully pipeliningthe6 GigE links in asingleprocess.

From the above lateny and bandwidthresults,M-VIA
indeed provides excellent bandwidth and adequatela-
teng for parallel computing. In particulay the aggre-
gatedbandwidthvaluesfor multiple connectionsn a 3-D
meshareon parwith bandwidthvaluesof switchedMyrinet
networks[29 atafractionof thecost.

5. MessagePassingSystems:MPI/QMP

To facilitate parallelmessaggassingon the Jlabmesh
clusters,two messagepassingsystemsare implemented
on top of commoncomponentghat are basedon the cus-
tomizedM-VIA system.Oneis QMP focusingon LQCD
calculationswith a subsetof functionalitiesof MPI. The
otheris animplementatiorof MPI 1.1 speci cation.These
two systemsperformthe sameon key benchmarksthere-
fore from now onwe referthesetwo systemsasMPI/QMP.

The MPI/QMP implementationover M-VIA in mesh
topology aims to maximize performanceby utilizing M-
VIA communicatiorsupportto eliminateoverheadandto
overlapcommunicatiorandcomputationlt providesalow-
cost point-to-pointand collective communicationsystem.
Thebasicdesignprinciplesof MPI/QMP arelistedbelow:

high performancexploitationof M-VIA communica-
tion supportsuchasremotememoryaccesgRMA);

low-lateng and high-bandwidthpoint-to-pointcom-
municationwith recever-side messagenatchingand
zero-coly communicatiorusingRMA; and

efcient collectve communication algorithms for
meshnetwork topology

5.1. Point-to-Point Communication

The designof MPI/QMP point-to-pointcommunication
is stronglyin uenced by capabilitiesof the underlyingM-
VIA software.To achieve high bandwidthandlow lateng,
severalimportantdesignchoiceshave to be made.The fol-
lowing highlightsour decisions.

First, eachnode createsand maintainsé VIA connec-
tions to its nearestneighbors.Each connectionhas pre-
postedVIA sendingand receving descriptorsalong with
memorybuffers usedfor copying applications'small mes-
sagesiuringdatatransfers.

Secondeachconnectiomaintainsalist of tokensto reg-
ulatedata o w ontheconnectionsinceM-VIA hasnobuilt-
in ow control mechanismThe numberof tokensrepre-
sentsthenumberof VIA receving bufferscurrentlyposted
on the receving endof a connection.This numberis con-
stantlyupdatedo the sendeby eithera piggybacledappli-
cationmessager anexplicit controlmessage.

Third, different communicationschemesare used for
smallandlarge messagesThe RMA capability of M-VIA
enablesVIPI/QMP to implementzero-coly datatransfers.
However, usingthe RMA capabilityof M-VIA in sending
andreceving implies synchronousr rendezeuscommu-
nicationsemanticghat meansa sendcall is not completed
unlessthe correspondingeceie call is issued.Therefore
RMA techniquecannotbe usedfor messagesf smallsizes
sincesynchronousommunicationsncreasepplicationla-
teng. For message®f small sizes(< 16K bytes),a so-
called eager protocol is used such that a sendingmes-
sagesrecopiedinto pre-posteanemorybufferswhichthen
areDMAed into GigE adaptersandreceived messageare
DMAed from GigE adapterso pre-postedbufferswhichare
copiedto userreceving bufferswhenready For messages
of large sizes,bandwidthand reducinghost overheadare
more important. A remotememorywrite and sendesside
matchingtechniqug?26] is thereforeused.

Finally, communicatiorto non-nearesheighborss en-
abled by kernel-level paclet switching provided by
the modied M-VIA. The routing algorithm is a sim-
ple Shortest-Direction-Firstalgorithm which chooses
the direction that has the smallest number of remain-
ing stepdfor a paclet.

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



point-to-pointhalf-way round trip lateny valuesthat are
around18.5 sfor small messagesyhich illustratessmall
implementationoverheadof MPI/QMP. The 2-D and 3-
D aggrgatedbandwidthresultsof MPI/QMP are clearly
lessthanthat of M-VIA, which is partly dueto ow con-
trol andsynchronoufRMA controlmessages\Nonetheless
MPI/QMP still exhibits around400MB/s total bandwidth
for 3-D mesh.Thesudderjumpin bandwidthvaluesaround
16000bytesis adirectresultof switchingfrom usingmem-
ory copiesto RMA in MPI/QMP implementation.
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Figure 4: MPI/QMP Point-to-point Performance
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The paclet switching for non-nearesheighborss han-
dled at kernelinterruptlevel without copying datato and
from user space.This effectively removes some of the
M-VIA sending and receving overheadsand leads to
a 12.5 s node-to-noderouting lateng. Therefore the
point-to-point latengy betweenary non-nearest-neighbor
is 125 s (n 1) + 185 s, where n is the num-
ber of stepsbetweenthe nodes.Theswitching throughput
is dictatedby the aggreyatedbandwidth,which is around
500MB/s, of 6 GigE adaptersHowever 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

Collectve communication[11] involves global data
movementand global control amongall nodesin a clus-
ter and hasreceved a lot of attentionin parallelcommu-
nity in the pastfew decade$22], but mostalgorithmshave
beendesignedor the MPPswith meshtopologyusingded-
icatedroutersor switcheson eachnode[1][4]. Fortunately
some of the fundamentalalgorithms can still be ap-
plied to a Linux clusterwith 3-D GigE meshconnections
sinceeachLinux nodecanbehae asa store-and-fonard
switching nodewith six full-duplex communicationchan-
nels, and has multi-port capability which meansat ary
time eachnode can communicatewith someof its neigh-
bors simultaneouslyTo simplify our discussionsye will

name a nodei in the meshwith its coordinates,e.g.,
(Xi;¥i; zi) in the3-D caseandusexdim, ydim, andzdim

as sizesof the meshin dimensionsx, y, and z respec-
tively.

A broadcasts implementedvia a simplealgorithmthat
a broadcastmessagéravelsalonga x axis rst, thencross
an xy planeand nally throughall yz planes.A reduc-
tion beharesvery muchlik e areverseof abroadcasexcept
thateachnodecarriesout somereductionoperationssuch
as sum, beforeforwarding the reducedvalueto its neigh-
bors.The numberof communicatiorstepsof the broadcast
andreductionalgorithmsareroughlyxdim=2+ ydim=2+
zdim=2.

A basicschemeof global combiningalgorithm[20] is
basedon rst reducingall message$o a nodewhich then
broadcastthereducedvalueto all the othernodes.This al-
gorithmtakesroughly twice asmary communicatiorsteps
asthe broadcastlgorithmdoes.A barriersynchronization
is implementedasglobalcombiningwith a null reduction.

Figure5 presentsiming resultsof broadcasandglobal
sumof integersfor differentmessagsizesona4 8 8
mesh.Thebroadcastor messagesf smallsizestakesabout
200 s for 10 communicationsteps,i.e., 20 s per step,
whichis in line with the MPI/QMP lateng valueof 18.5 s.
Thelinearincreaseof the broadcastiming resultsis direct
relatedto the linear increaseof point-to-pointlateng re-
sults. Thetiming resultsof globalsumareroughlytwice as
largeasthoseof broadcastsyhich con rms whattheglobal
sumalgorithmsuggestén the previous paragraph.
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Figure 5: Broadcast and global sum performance
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 the root to the nodes
wherethey belongto. This is actually the one-to-allper
sonalizedcommunicatiorn(scatter)problem[11][2][3][17].
On average,a typical LQCD calculationinvolves sending



messagegsmall-sizedata)from the root to the messages'
correspondinglestinationsat least 250,000times. This
malesit necessargndbene cial to designoptimalor near
optimalrouting algorithmsto handlethe scattercommuni-
cationproblem.Moreover the algorithmfor all-to-oneper
sonalized(gather)communicatioris simply the reverseof
the scatteralgorithm.

The goal of the scatterproblemis to dispatch,in the
store-and-fonard (paclet-switching)manneyall messages
from therootto their correspondinglestinationgn the min-
imum numberof steps(hops).In general an algorithmfor
the problemmustcontaintwo componentsThe rst com-
ponentis the selectionof message$o sendfor eachtime
step.Whenthe numberof messagesesidingat a nodeis
more thanthe numberof ports of the node,a messager
a setof messagebasto be selectedo be sentin the next
time step.The secondcomponents the actualrouting. Af-
teramessagés selectedadirection(amongfour in the2-D
caseandsix in the3-D caseheeddo be choserto sendthe
messagén the next time step.

Our rst algorithm is called Shortest-Direction-First
(SDF). At ary time stepwhentherearenodesin the mesh
holding messageghat have not reachedtheir destina-
tions, eachof thesenodesselectsa messageo sendusing
the First-Come-First-Semprinciple andthensendit along
a direction chosenby the Shortest-Direction-Firsprin-
ciple, i.e., the direction in which the messagehas the
smallestnumberof remainingstepswill bechosenTheal-
gorithm does not dispatch messagesin the shortest
amountof time, thus is not optimal. But its simple de-
signmakestheimplementationrelatively easy

In the scatterproblem,theroot is the bottleneckfor de-
lays sinceall messageareinitially attherootandhave to
be sentone by one(in the single-portmode)or group by
group(in the multi-port mode)towardtheir respectie des-
tinations.Our secondalgorithm,OPT, achievesoptimality
in several ways. First, eachmessagewill travel the short-
estdistancepossible For example,in the 3-D casethedis-
tancethatamessagéewith destination(x; ; y;; z;) will travel
is distance(i) = minfx;;xdim  x;g+ minfy;;ydim
yig+ minfz;zdim zg, assuminghattheroot nodeis
theorigin of the coordinationsystemwith zerocoordinates
in all dimensionsSecondmessageareselectedusingthe
Furthest-Distance-Firgtrinciple [17]. Thatis, a message
thatwill travel thefurthestdistanceto reachits destination
will beamongthe rst to besentfrom eachnode.Third, and
most importantly the algorithm minimizes potential net-
work contentiondy apartitioningschemeThemeshis rst
partitionedinto roughly equal-sizeegions,with oneregion
correspondingo onelink leaving theroot, andall nodesin
theregion areaccessiblérom thelink in the smallesthum-
ber of stepspossible.Consequentlyall messageare also
divided into groups,with one group correspondingo one

region andwith all messagesf destinationgalling into the
region beingputin the correspondingyroup. The partition
establisheshe 1-1-1 correspondencamonga link leaving
the root, a region of nodes,and a group of messagesTo
spreadout the congestiorat the root, messagem groupi
will be sentvia link i to leave the root to enterregion i.
And from thenon, the messagewill stay within region i
andtravel to its destinationwithout any delayin the small-
estnumberof steps.

Letk bethenumberof portsatanode.Let p bethenum-
ber of nodesin the mesh.Thenthe root will needat least
(p 1)=kstepgosendoutallp 1message®uralgorithm
OPTusesexactly(p  1)=k stepsto sendout all messages
from the root and guaranteeshat once a messagdeaves
theroot, it travelswithin its region without ary delayin the
fastestvay until reachingthe destinationFurthermorethe
movementof messagem differentregionis parallelwhile
themovementof message the sameregionis sequential
in astreamlingfashionwithout collisionsamongmessages.
ThereforeOPTis optimal.Thetime (measuredhy thenum-
ber of steps)neededfor OPT to dispatchall message$o
theirdestinationgs maxf T1; T.g, whereT; = (p  1)=kis
thetimefor therootto sendoutall messagew theirregions
andT, = maxy1 ; p ifdistance(i)g+ cisthetimeto dis-
patchthemessag®vith thefurthestdistancedo travel plusc,
whichis the numberof additionalmessagewith the same
distanceto travel in the sameregion. Thetermc is a very
smallconstan{usually0 andsometimed), thusmaybeig-
nored.
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Figure 6: Personaliz ed one-to-all comm unications

We haveimplementedoth SDFandOPTalgorithmsfor
an8 8con gurationanda4 8 8con gurationof the
meshclustercurrently deployed at Jlabh Figure 6 presents
the timing resultsof thesetwo algorithms.SDF is easier
to implementand OPT requiresmoreoverheadcostin ob-
tainingthe partitionbeforehandHowever, onaverage OPT
dispatchesnessage® their destinationslmostfour times
fasterthanSDF doesfor eitherclustercon gurationacross
all testedmessagesizes.In addition our OPT algorithm



scalesrerywell fromthe8 8con gurationtothe4 8 8
con guration for mostpart of testedmessagesizesexcept
for the large sizeswheresimultaneousendsrom the root
nodeusingsix links becomddif cult.

Finally an all-to-all personalizeccommunicatioris im-
plementedas a parallel executionof every one-to-allper
sonalizeccommunicatiorfrom all nodes.

6. Performance-to-costRatio

TheJlabLinux clusterswith GigE meshconnectionsre
indeedlessexpensve thanclustersthat areusingswitched
architecturewith expensve NICs dueto muchlessexpen-
sive adaptersand absenceof switches.However, whether
the clustersoffer better performance-to-costatios needs
to be veri ed by real applicationsin additionto the band-
width andlatengy benchmarksThereforeanLQCD bench-
mark applicationis carriedout on a clusterwith Myrinet
switchedconnection@ndthe4 8 8 GigE meshcluster
The benchmarkapplicationis compiledon the GigE clus-
ter usingQMP/MPI andon the Myrinet clusterusingven-
dor suppliedMPI. The benchmarkresultsare normalized
to a single nodefor a fair comparison.The performance-
to-costratio valuesare calculatedbasedon the costsat the
time of the GigE clusterinstallation.The resultsare sum-
marizedin tablel.

Table 1: Normaliz ed LQCD benchmark results and
estimated dollar s per M op values

Latticesize 47 6* | 8
Myrinet(Gops) | 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(®Mops) | 2.74 | 2.10| 1.78

TheLQCD benchmarkcodeperformsalittle betterin the
switchedMyrinet clusterthanit doesin theGige meshclus-
ter sincemultiple GigE adapterpostmorehostCPU over-
headsand QMP/MPI hashigherlateny values.The grad-
ual increaseof GigE performancewith respectto the lat-
tice sizeis clearly an indication of decreasingn surface-
to-volumeeffect [13]. Most of all, the estimateddollar per
mega- ops valuesof the Gige meshclusterare certainly
smallerthanthoseof the Myrinet cluster which meandet-
ter performance-to-costtiosfor the Gige meshcluster

7. Conclusions

In this paperwe presentMPI and QMP messageass-
ing systemdor Jlab productionLinux clusterswith mesh
connectionsisingGigE adaptersThey arebasecdbnamod-
ied M-VIA, which providesexcellentbandwidthandade-

guatelateng for parallelcomputing Carefuldesignandim-
plementatiorof MPI/QMPYyieldsahighperformanceoint-
to-pointandcollective communicatiorsystem Speci cally,
MPI/QMP delivers an excellent aggregatedbandwidthof
400MB/sfor multiple GigE links in meshtopology which
isonparwith whatasingleMyrinetlink offersin aswitched
network architectureln addition MPI/QMP provides ad-
equatelateny of 18.5 s. Furthermore MPI/QMP utilizes
ef cient broadcastreduction,and global combiningalgo-
rithms and an optimal scatter/gatherlgorithm to deliver
low collective communicationateng. Most of all, LQCD
calculationsusing MPI/QMP in the Linux clusterswith
GigE meshconnectionschiese betterperformance-to-cost
ratios than the same applicationscan do using vendor
suppliedMPI implementatiorwith a Myrinet switchednet-
work architecture.

To furtherimprove the performanceof collective com-
munication,we have beeninvestigatingthe possibility of
applying a techniquecalled NIC-basedor NIC-assisted
globalreduction19]. Sincethelntel GigE adapterhiave no
on-boardprogrammablerocessoand not enoughRAM,
we areworking ona schemeof interrupt-level basecollec-
tive communicationin which intermediatecollective com-
munications are carried out in the kernel space. This
method eliminatesthe overheadof copying datato user
spacdor theintermediatestepsthereforereducegheover-
all lateng. In addition,we areinvestigatinga possiblenew
M-VIA featurethatis similarto the NAPI [15] appearedh
Linux kernel2.6, to reducethe costof OS-interruptsgen-
eratedby multiple GigE cards.Currently we are actively
integrating new featuresinto 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/hg/QMP/QMP-nvia-meshtargz
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