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Abstract

Usingmultiple independenhetworks (alsoknown asrails) is anemeping tech-
nigue to overcomebandwidthlimitations and enhancefault toleranceof current
high-performancegarallelcomputers.in this paperwe presenandanalyzevarious
algorithmsto allocatemultiple communicatiorrails, including staticand dynamic
allocationschemesAn analyticallower boundon the numberof rails requiredfor
staticrail allocationis shavn. We alsopresentan extensie experimentalcompar
ison of the behaior of variousalgorithmsin termsof bandwidthandlatengy. We
shav that striping messagesver multiple rails can substantiallyreducenetwork
lateng, dependingon averagemessageize, network load, andallocationscheme.
The comparednethodsincludea staticrail allocation,a basicround-robinrail al-
location, a local-dynamicallocationbasedon local knowvledge,anda dynamicrail
allocationthat resenes both communicatiorendpointsof a messagéeforesend-
ing it. Thelastmethodis shavn to performbetterthanthe othersat higherloads:
up to 49% betterthanlocal-knavledgeallocationand 37% betterthanthe round-
robin allocation. This allocationschemealso shaws lower lateny andit saturates
at higherloads(for messagetong enough).Most importantly this proposedallo-
cationschemescaleswell with the numberof rails andmessageizes. In addition
we proposea hybrid algorithmthat combineshe benefitsof the local-dynamicfor
shortmessagewith thoseof the dynamicalgorithmfor largemessages.

Keywords: CommunicatiorProtocolsHigh-PerformancénterconnectiomNetworks,
Performancé&valuation,Routing,Communicatioriibraries,ParallelArchitectures.

*A shorterversionof this paperandresultsfor the staticrail allocationcanbefoundin [3] and[2].
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1 Introduction

System-interconnectiometworkshave becomea critical componenbf computingtech-
nology, with a directimpacton the design,architectureand useof high-performance
parallelcomputersindeed,not only the sheercomputationaspeeddistinguisheshigh-
performancecomputersdrom desktopsystemsput alsothe efficient integrationof the
computingnodesntotightly coupledmultiprocessosystemsNetwork adaptersswitches,
device-drivers and communicationlibraries are increasinglybecomingperformance-
critical componentsn modernsupercomputers.

Oneapproacho building large-scalesupercomputersyith asmary asthousand®f
processords to usesharednemorymultiprocessor§SMPs)asbuilding blocks.In such
machinesit is very importantto keepthe ratio betweencomputingpower andcommu-
nicationcapability properlybalanced.Onesolutionto the issuesof limited bandwidth
availability in network connectionsandof fault tolerancejs the useof multiple paral-
lel networks or "rails". This techniqueimpliesthe utilization of several network inter-
facesper SMP node,attachedo independent/O buses.To the bestof our knowledge,
verylittle attentionhasthus-far beengivenin theliteratureto studiesof communication
protocols, performancecharacteristicsfault tolerance,and implementationof system
softwareandlibrariesfor multiple rails.

Aside from beinga challengingscientificendeaor, the analysisof multirailed net-
works hasdirect practicalimplicationsaswell. The Pittshurgh Supercomputingenter
(PSCY, the mostpowerful supercomputein the world for unclassifiedresearchat this
time, is interconnectedvith two distinct network rails. Los Alamos National Labo-
ratory and Compagare currently developing an extreme-scale multirailed cluster of
SMPs,the 30TopsASCI Q machiné. Both the PSCandthe Q-machineare basedon
the Quadricsnetwork (QsNet¥, which consistsof two building blocks,a 64bit/66MHz
PCI cardwith a programmablenetwork interface called Elan [10] and a low-lateng
high-bandwidthcommunicatiorswitch called Elite [11]. Elites canbe interconnected
in afat-treetopology[6]. A recentperformancesvaluationof the QsNetshows thatthe
network performances seriouslylimited by the PCl bus[8]. In fact, the network can
deliveralmost340 MB/secatuserlevel (400 MB/secof raw bandwidth) but the PClim-
plementatiorcansustainonly 300 MB/sec,usingthe mostefficient PCI chipseton the
market. The presencef bidirectionaltraffic further degradegerformancelimiting the
aggreyatecommunicatiorbandwidthto 80% of the unidirectionalbandwidthon most
PCI chipsety(Intel 840, Senerworks He and LE, CompaqgWildfire). Thoughthe next
generatiorof the PClinterface calledPCI-X, will doublethe nominalperformancethe
new generatiorof QsNetwill alsodoubleits performancesothisissuewill notdisap-
pear The sameproblemis alsolik ely to appeamwith Infiniband,wherehigh bandwidth
betweemodescanbe achieved by groupingtogetherseveral communicatiorchannels
[1]. For example,the first implementation®f Infinibandwith the McKinley processor
will bebasednthelntel 870chipset.This chipsetprovidesa4X Infinibandconnection
at1GB/seawhichis equalizedo the bandwidthof thel/O busin a singledirection.

In this paperwe presenthe basicpropertiesof a multirailed network andanalyze
four approachet multirail communicationTheseapproachesy to minimize,or elim-

Ihttp://wwpsc.edu.
2http://Iwww5.compag.com/alphaser/nevs/sugraompute_0822.html
Shttp://Iwwwquadrics.com



inate,two distincttypesof congestion.

1. Conflictsat the destinationnode Multiple messagegan be sentto the same
destinationfrom differentsourcesat the sametime. For example,if we split a
messageén two equally sizedchunksand we sendthosechunkson two distinct
rails, we expectto cut in half the delivery time of the whole message.But, if
anothermessages sentto the samedestinationon one of the rails at the same
time, thenthereis no performanceadvantagen usingmultiple rails.

2. Conflictsonthel/O bus Therecipientof a messageanpotentiallyusethe same
network interfaceto sendanothemmessagén the otherdirection. Again, this can
causea substantiaperformancelegradatiort .

In thefirst approachcalledstaticrail allocation,eachnetwork interfacecaneithersend
or receve messagesandits directionis determinedat initialization time, thus elimi-
natingall conflictson the I/O bus. Staticallocationposesthe problemof connectvity
betweemodes:we wantto have a directpathin the network betweerary possiblepair
of nodes.Theuseof intermediatenodescouldseriouslydegradethelateng achievedby
zero-copy, userlevel communicatiorprotocols,a key featureof mosthigh-performance
networks. In Section2 we show thataddressinghis problemrequiresa large, possibly
prohibitive numberof rails. Also, the experimentalresultsshav that the performance
obtainedhis way is sub-optimal.

We addresgheseproblemswith local-dynamicallocation In this scheme rails
are allocatedin both directions,using local information available on the senderside.
Messagesaresentoverrailsthatarenotsendingor recevving othermessagegotentially
stripingamessagevermultiplerailswhenpossible Sincethisalgorithmusesonly local
information,thereis no guaranteghatthetraffic will beunidirectional,on bothends.

Thedynamicallocationschemeriesto reserebothendpointdbeforesendingames-
sageandeliminatesbothtypesof conflicts.In its corethereis asophisticatedlistributed
algorithmthatensuresinidirectionakraffic atbothendsandavoidslivelocks potentially
generatedby multiple requestsvith acyclic dependeng Theimplementatiorof this al-
gorithm requiressomeprocessingpower in the network interface card (NIC), which
needdo processncomingcontrol packetsandperformtheresenationprotocolwithout
interferingwith the processorsn the SMP. Fastresponsdime in the NIC is essential
to limit the overheadof this protocolfor the protocol’s overheado bejustified. Thisis
the caseof the QsNet[8], which is equippedwith a threadprocessothatcanreadan
incomingpaclet,do somebasicprocessingndsendareplyin asfew as2us.

Finally anotherdynamicallocationschemes proposedcalledhybrid, which allows
bidirectionality for small messagesthus minimizing the protocol overheadfor fine-
grainedcommunicationln the presencef large messageghe algorithmreseresboth
endpointsmaintainingunidirectionaltransmissioron bothendsasmuchaspossible.

The experimentalresults, obtainedusing a circuit-level simulatorof the network
and network interface, explore the performanceof theseallocationalgorithmsunder
severaltraffic loadsandmessageizes. Theseresultsshednew light into the benefitof
usingmultiple network rails andexposeseveraltrade-ofs in the designof theallocation
algorithms.

4All thealgorithmspresentedh the papercanbe easilygeneralizedo thesimplercasewherebidirectional
traffic canbeefficiently handledby thenetwork interface.



Therestof this paperis organizedasfollows: we startwith the descriptionandfor-
mal analysisof staticrail allocationin Section2. Section3 presentghelocal-dynamic
allocationand Section4 offers a descriptionof the dynamicand hybrid allocationap-
proachesThedetailsof the experimentakvaluationperformedaredescribedn Section
5 andtheresultsobtainedarepresentedn Section6. Finally, we concludein Section?.

2 Static Allocation

In this sectionwe describethe static allocationof network interfaces,in which each
node-to-railconnectioris exclusively atransmitteror arecever. We obtainanalytically
the optimal allocationpatternand constructan algorithmfor generatingt. The terms
network interfaceandrail areusedinterchangeablyhroughouthis section.

2.1 Theoretical bound

The questionwe aretrying to answeris, whatis the maximumnumberof processing
nodesthatwe caninterconnectsinga givennumberof rails, underthe following con-
straints:

1. Eachnodecaneithertransmitor receve on agivenrail but notboth. Thisensures
unidirectionalaccesso thel/O bus.

2. Eachnodecantransmitto every othernodewithout passinghroughintermediate
nodes.

3. Railsareindependentmessagesannotpassfrom onerail to another

Let usrepresena staticallocationusinga binary matrix wherecolumnsrepresenhodes
androwsrepresentails, sothatavalueof '1’ in the 4;; entrymeanghatnodej transmits
onrail i, anda’0’ meanghatnodej recevesonrail i. Figurel depictsstaticallocations
examplesandtheir equivalentallocationmatrices.In theexampleshovn in Figurel(a),
rail 0 canbe usedfor sendingby nodeO andreceving by nodel. Sincethe allocation
is static,onemorerail is requiredto allow communicatiorfrom nodel to node0. As
canbeseenwo rails aresufficientto ensurgull connectvity betweertwo nodes When
consideringour nodesatleastfour rails arerequiredto ensurdull connectvity. Figure
1(b) shawvs onepossibleallocation,and1(d) the correspondingllocationmatrix.

Ourgoalis to maximizethenumberof nodesn thatcanbefully connectedy r rails,
meetingthe requirementdisted above. A simple boundof n > 23, canbe obtained
with the staticallocationdescribedn Algorithm 1. While this allocationis simple,and
clearly satisfiesthe constraints;t is not optimal. The optimality is containedin the
following proposition:

Proposition 1. Givenr networkrails, the numberof nodesn that can be statically
allocatedto theserails with unidirectionalcommunicatiorin the networkinterfacecard
(NIC) andfull nodeconnectivitycannotexceed
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(b) Four rail allocation for four nodes
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(d) Allocation matrix for four nodes

(a) Two rail allocation for two nodes
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(c) Allocation matrix for two nodes
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Figurel: Simplestaticallocationexamplesfor 2 (a) and4 (b) nodes.Rectangleslenote
networks (rails); circlesrepresenhodesandarrons denotethe allocationof eachrail to
eachnodeaseithertransmitteror receiver. The correspondingllocationmatrixesare

shawn, respectiely, in (c) and(d).

Algorithm 1 : Staticrail allocationwith 2log,, n rails.
procedure log_rail_alloc

begi n
for ¢ =0 to logobn—1 do
begi n )
al l ocate nodes on rail 2¢ in consecutive groups of 2°, alter-
nating
between transnmitters and receivers, starting with the transmt-
ters.
end
for i =0 to logon—1 do
begi n

allocate nodes on rail 2i+
1 in consecutive groups of 2°, alternating
between transmitters and receivers, starting with the re-
ceivers.
end
end




Proof. Eachnodecanuseary givenrail for eithertransmittingor receving, but not
both (unidirectionalrequirement).Let a binary vectorrepresenthe staticallocationof
nodeson arail: the vectorsith entryis O if theith nodereceveson thisrail and1 if it
transmitson it. We canrepresenthe staticallocationof the entire systemasa binary
matrix A with r rows, eachrepresentingnerail, andn columns,eachrepresentingpne
node. Let 4;; denotethe valueat row i andcolumnj of A, thatis, the role allocated
to the jth nodeon theith rail. The problemcanthusbe formalizedasdeterminingthe
maximumnumberof columnsn of a binary matrix with r rows for which thefollowing
propertyholds:

Ve,ye{l.n},z#y: Ipe{l.r} st. App =0, A4, =1 2

For eachmatrix columnj let S; bethesetof indicesi for which A;; = 1:
S; = {1 <i <r|A;; =1}. Notethatthe property(2) of amatrix A is equivalentto the
following property:

Vz,ye{l.n},z#y: S. €S, 3)

The equivalencestemsfrom thefactthatif (3) doesnt hold,i.e.
dz,ye {l.n},z#yst S, CSy

thenfor everyrow p € {1..r} for which A,, = 1 we havealso4,, = 1 so(2) cannot
hold. In theotherdirection,if (3) holdsthenfor everytwo columnse,y € {1..n}, z # y
therewould have to beatleastonerow p € {1..r} forwhich 4,, =0, 4,, = 1, orelse
eitherS, C S, or S, C S,. The maximumnumberof columnsn for a matrix A with
the property(3) is givenby Spernerslemmato be (1). A shortproof of thislemmacan
befoundin[7]. O

2.2 Allocation algorithm

We proposea constructve algorithmto allocater rails to n nodesfor ary givenr andn

thatsatisfieq1). This algorithmis simpleto implementandis optimalin the sensdhat
it canallocaterails for all the nodessvenwhentheboundis tight. Themainideabehind
it is to find n differentbinary vectors(representinghe rail transmit/receie allocation
for asinglenode),eachhaving exactly [5] 1'sin them. The numberof distinctvectors

with this propertyis
r
(i)

sothereis a suficient numberof vectorsto allocatefor n nodes.Also ary two different
vectorscontainingthe samenumberof 1's satisfy condition (3), so by inferencethese
vectorssatisfytherequiremen{2). Any enumeratiorthatproduceghedifferentvectors
can provide thesevectors. For example, stringscan be enumeratedy lexicographic
order(for r = 4 we couldhave 0011,0101,0110,1001,1010,1100). Anothersimple
procedurgo enumeratesuchvectorsis describedn Algorithm 2.

Figure 2 shaws the relationshipbetweenthe numberof nodesand the numberof
rails requiredto supportthemaccordingto our requirementsusingthe two allocation
algorithmsdescribed. An exampleallocationusing Algorithm1 is depictedin Figure
3. We notethata maximumof 8 nodescanbe allocatedusing6 rails. Figure4 is an



Algorithm 2 : Optimalstaticrail allocation.

{ build_rail _vectors is a recursive procedure that
vectors of length r are output (n
the number of rails), each representing an allocation of a single
node. The procedure tries to allocate a 1 and then O for each vector
| ocation, and backtracks whenever a vector is conpleted. It should
be first called fromoutside with the follow ng paraneters:
build_rail _vectors (enpty_vector, r, int(r/2))

runs until n binary
is the nunber of nodes and r is

Procedure build_rail_vectors

I nput: vector being built (current_vector),
rails left to allocate (rails_left),

ones left for this vector (ones_left)

begi n

if n vectors were output then return { Ending condition net -
all ocated for all nodes }
if rails_left <= 0then { No. nore rails to allocate neans that - }
output current_vector { the current vector (node) is conpleted. }
el se

begi n { Still have rails to allocate }
if ones_left > 0 then { Try to allocate a 1 if any left }
buil d_rail _vectors (current_vector appended with 1,

rails_left - 1,
ones_left - 1)
if (rails_left - ones_left) > 0 then { Try to allocate a 0 -
if any left }
build_rail _vectors (current_vector appended with O,
rails_left - 1,
ones_|l eft)
end
end
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T T T T
optimal allocation
2 log?2 allocation ---------

20 | !

rails

4 16 64 256 1024 4096
nodes

Figure2: Requiredrails asa function of the numberof nodesfor both staticallocation
algorithms.
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Figure3: Exampleallocationfor 6 rails and8 nodesusingAlgorithm 1.

111111111100 UO0O0O0O0TUO0TGO
111100O0O0O0O0O0I11111100
1000111000111 00011
01001001101 0O011011
001001010101 010110
00 0100101100101 101

Figure4: Optimalallocationmatrix for 6 rails and20 nodescreatedusingAlgorithm 2.

exampleof anoptimalallocationmatrix createdoy Algorithm 2 for 20 nodeson 6 rails
(20nodesis themaximumfor 6 rails). As it canbeseenthe staticneedsalargenumber
of railsto fully connecta givennumberof nodes.

3 Local Dynamic Allocation

With the dynamicallocationschemesthe directionin which eachNIC is usedby its

nodechangeglependingn the communicatiomequirementsThis allows to overcome
thehighrail requiremenbf the staticallocationpresenteébove andcanmake betteruse
of network resourcesUnlike staticallocation,dynamicallocationdoesnot predefinea

communicatiordirectionfor rails while still takingmeasure$o minimizetheamountof

actualbidirectionaltraffic on alink.

In this section,a dynamicalgorithmbasedonly on local information (thatavailable
at the sourcenode)is proposed.It canbe appliedto network configurationswith ary
numberof rails. Severaldesirablefeaturesareaddressedamely minimizationof bidi-
rectionattraffic overthenetwork interface lJoadbalancingamongrails,andhighnetwork
utilization. Thelocal-dynamicalgorithmis usedby eachprocesgo senda messagever
the network andis designedo stripe messagesver multiple rails. Furthermorewhen
sendinga messageit only selectsNICs that are available. Thus, a sendtransaction
will notproducebidirectionaltraffic in the sourcebusunlessa messageeceptionstarts
beforethe sendtransactiorcompletes.

Algorithm 3 shaws the local-dynamicscheme.The rail allocationpolicy selectsa
subsetS of the setof freerails F' for sendinga messageAll railsin S arethenused
for sendingthe message The algorithm considersa rail asfreeif it is not sendingor
receving. Thelocal-dynamicalgorithmusesa datastructure(NStatu$ which contains



Algorithm 3 : Local DynamicAllocation

Procedure Local _Dynami c_Al |l ocation
Input: message (M, destination node (dest), striping ratio (str_r)
begi n
repeat
F « {n | Nstatus[n]==FREE}
S +« Select_Tx_NCs(F, str_r)
until (F#£0)
send M to dest using NNCs in S
end

the statusof eachNIC in a specificnode. The stateis updatedby the NICs andcanbe
RESER/ED or FREE.Thesubsebf freeNICswhichis selectedlepend®nthedesired
stripingratio. This parametefixesthenumberof freerailswhichis usedto sendasingle
messagéstripedin the appropriatenumberof fragments).lts valuerangesbetween0)

(only onerail is selectedandl (all the availablerails are chosen). The striping ratio

is handledwith the Select_Tx_NICgunction, which employs a round-robinalgorithm
to ensurefairnessvhenselectinga subsebf the free NICs. The allocationof the NICs

startsatthefirst free NIC just pastthe lastoneallocatedn the previoustransaction.

4 Dynamic Allocation

The dynamicallocationalgorithmcollectslocal- andremote-staténformationfrom the
NICs for every communicatiornoperation. Its main goal is to guaranteahat both the
sendingandthereceving sidearefree beforeinjectinga messageThis ensuresunidi-
rectionaltraffic at bothends.

In thedynamicallocationalgorithm,we usetwo typesof communicatingprocesses.
Thefirst, the PE (processinglementprocessis integratedwith theunderlyingcommu-
nicationlibrary andis run atuserlevel by all the processesf a paralleljob. Thesecond
runson the NIC processoraindhandledocal andremoterequests.lt shouldbe noted
thatthis distributedalgorithmrunson every PEandNIC in thecluster

4.1 PE process

This processshaown in Algorithm 4, runson the PEsandis invoked whena message
is sent. Rail resenationis employed prior to sendingso that the network interfacesat
sourceanddestinatiorarededicatedo unidirectionaltraffic atbothends.Thisresena-
tion is performedby the sendeiin the following way: if local NICs areavailable,each
requests temporarilyassignedo all theavailableNICs. Thena Requesfo Send(RTS)
is sentto the destinationNICs (onedestinationNIC for eachsourceNIC) to checkfor
availability andresenethem.DestinationNICsreply with aClear To Send(CTS)if free
and a Ngyative Acknowledgmen{NACK) otherwise. Oncethe setof available paths
(rails) is known at the senderside, anotherselectionis done (by the Select Tx_NICs
function)in orderto chooseheactualsetof rails for sendingbasednthedesiredstrip-
ing ratio. Railsinitially allocatedthatare not eventuallyusedarefreedby sendingan
ABORT commandWhenthe messagés successfullydelivered thedestinatiorprocess
sendsalocal ACK to its NIC, which on its turn forwardsa remoteACK to the source
NIC. A round-robinalgorithmis usedto guaranteea fair selectionof NICs. Finally



Algorithm 4 : DynamicAllocation (PEprocess)

Procedure Dynam c_Al | ocati on_PE
Input: nessage (M, destination node (dest), striping ra-
tio (str_r)
begi n
r epeat
F « {n | Nstatus[n]==FREE}
send local _RTS to the NICs in F
Wait until all renote NICs reply or a timeout expires
A < {The set of NICs that replied with a CTS}
until (A#£0)
S « Select _Tx_NI Cs(A str_r)
Deal | ocate all NI Cs in A\S, sending an ABORT.
send M to dest using NICs in S
end

| Processor; NICs |  Network | NICs | Processor |
i | |

e

Figure5: DynamicallocationoperatiorwhenselectingmorethanoneNIC.

the messagas striped,if possible,and sentover the selectedsetof NICs. A visual

representationf thealgorithmis depictedn Figure5.

4.2 NIC Process

This processshavn in Algorithm 5 and Table 1, runson the NIC andhandlesthe re-
questdssuedoy localandremoteprocessorsAs in thelocal-dynamicalgorithm,we use
adatastructure(NStatu3 containingthe statusof eachNIC in agivennode.In this case

thestatuswhichis only updatedoy the NICs, canbe oneof thefollowing:

o FREE- theNIC is available.

e RESER/ED - theNIC is resenedby alocalrequestemwhile trying to allocatethe

destinatiorNIC.

10



[ Event\Status ] Free Receving [ Sending Resered [ Receving & Out_RIS |
LocalRTS RemoteRTS LocalNACK LocalNACK LocalNACK LocalNACK
Resered Receving Sending Resered Receving & Out_RT'S
LocalACK RemoteACK RemoteACK
Free Resered
LocalABORT RemoteABORT
Free
RemoteRTS RemoteCTS RemoteNACK RemoteNACK — RemoteNACK
Receving Receving Sending call livelodk_avoidance| Receving & Out RIS
RemoteABORT — -
Free Resered
RemoteCTS LocalCTS RmMtABORT & Lcl NACK LocalCTS
Sending Receving Sending
RemoteACK -
Free
RemoteNACK LocalNACK LocalNACK LocalNACK LocalNACK LocalNACK
Free Receving Sending Free Receving

Tablel: Dynamicallocation- NIC processstatetable. Thefirst row in eachcell repre-
sentshe message(dp besentandthesecondow representshe new state.

| Event\Status || Resered & Livelock |
Local Winner Send:RemoteNACK; c=c-1
Resered
RemoteWinner Send:RemoteCTS;c=c+1
Receving & Out_RT'S

Table2: Livelockavoidancestatetable.

e RECEIVING - theNIC is receving amessage.

e RECEIVINGandOut_RTS- theNIC isreceving amessagandhasanoutstand-
ing RTS message.

¢ SENDING- theNIC is sendingamessage.

WhenaremoteRTS s recevedandtheNIC is free,theNIC is assignedo therequester
anda CTSisissued.Therequestecaneitherusetheresenedpathto senda messager
abortit. If theNIC is notfree,aNACK is sentto therequester

With regardto thelocal requestsif alocal RTS is recevedandtheNIC is free, it is
assignedo thelocal requesteandaremoteRTS s sentto thedestinatiorNIC. If aCTS
is recevedfrom theremoteNIC (the pathhasbeengranted)alocal ACK is sentto the
local requestethat decideswhetherto usethe resened path(sendinga messagedr to
dismissit (sendingan ABORT). Thatdepend®on the appliedstriping ratio asstatedin
4.1.

This procedurecanlivelockif acyclic dependengis establishedetweerdifferent
NICs. As anexample,let us supposahateachNIC in Figure 6(a) sendsa requesto
anotherNIC sothata cycle of dependencies generated.In this scenariogachNIC
recevvesa requestwhile having an outgoingrequestending. Consequentlyusingthe
algorithmdescribedabove, every NIC sendsa NACK (the NICs arebusy asthey have
outgoingpendingrequestsandthenall threeNICs retry the connection.This leadsto a
livelockif no othermechanisms implemented.

In orderto dealwith this problem,a livelock-asoidancemechanisnhasbeendevel-
opedandincludedin Algorithm 6. For the sale of clarity, this mechanismis shovn in

11



Algorithm 5 : DynamicAllocation (NIC process)

Procedure Dynam c_All ocation_N C
begi n
NStatus[i] <« FREE
counter «+ O {for livelock avoi dance}
while TRUE { repeat forever }
case event of
| ocal _RTS:
if (NStatus[i]==FREE) then
NStatus[i] <« RESERVED
send RTS to renote node
el se
send NACK to | ocal process

renote_CTS:
if ((NStatus[i]==RESERVED) OR (NStatus[i]==FREE)) then
NStatus[i] <« SENDI NG
send CTS to | ocal process
else if (NStatus[i]==RECElIVING) then
send NACK to | ocal process
send ABORT to renpte node

renote_RTS:

if (NStatus[i]==FREE) then
NStatus[i] <« RECEI VI NG
send CTS to renote requester

else if (NStatus[i]==RESERVED) then
call livel ock_avoi dance

el se
send NACK to renpte requester

| ocal _ACK:
if (NStatus[i]==RECEIVING) then
NStatus[i] <« FREE
else if (NStatus[i]==RECEIVING AND Cut st and-
i ng_RTS) then
NStatus[i] <« RESERVED
send ACK to renpote requester

renot e_ACK:
if (NStatus[i]==SENDI NG) then
NStatus[i] <« FREE
r enot e_NACK:
i f (NStatus[i]==RESERVED) then
NStatus[i] <« FREE
send NACK to | ocal process
el se

send NACK to | ocal process

| ocal _ABORT:
if (NStatus[i]==SENDI NG) then
NStatus[i] <« FREE

send ABORT to renote requester

r enot e_ABORT:
i f (NStatus[i]==RECElIVING AND Qut st andi ng_RTS) then
NStatus[i] <« RESERVED
else if (NStatus[i]=RECElIVING) then
NStatus[i] <« FREE
end

12
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NACK
No Path Reserved

NACK
(a)
e
‘ \ Path Reservec
NACK

‘ Iccalfprlcza‘ local_prio=3

Iocal |_prio=2 Iocal
remote pno— remote pno—

(b)

Figure6: Livelockexample.

Algorithm 6 : Livelockavoidanceprocedure

Procedure |ivel ock_avoi dance
begi n
if ((local _counter>renpte_counter) OR
((l ocal _counter==renote_counter) AND
(1 ocal _node_i d>renmpte_node_id))) then { local re-
quest receives priority: }
counter <« counter - 1
send NACK to renote requester
NSt atus[i] <« RESERVED
el se { rempte receives priority }
counter <« counter + 1
send CTS to renpte requester
NSt atus[i] <« RECElIVING & OUTSTANDI NG _RTS

end

13



aseparat@rocedurgAlgorithm 6 andTable?2). This priority-basedalgorithmis run by

eachNIC wheneer a livelockis possible,which is every time anincomingrequests

receved while an outgoingrequests pending. At initialization time, every NIC is as-
signeda default priority level. Eachtime a potentiallivelockis detectedhe priorities of

theremoteNIC (incomingrequestandthelocal NIC (outgoingrequestarecompared.
The requestwith lower priority is aborted.If the priorities areidentical, the identifiers
of thelocal andremotenodeare usedinstead.Finally, in orderto ensurefairnessthe

local priority is updatedn thefollowing way: if thelocalrequestvins,thelocal priority

is decrementedytherwiseit is incremented.

An exampleis shavn in Figure6(b). In this example the potentiallivelockedsitua-
tion appearsvheneachnodesendsan outgoingrequestandwhile this is still pending,
it recevesanincomingone. NIC-i andNIC-j have lower priority thanthe sourceNIC
of theirincomingrequest{NIC-k andNIC-i, respectiely), sothey senda CTSto the
requesteNICs. On the otherhand,NIC-k hasa higher priority thanits requesteNIC
(NIC-j), soit sendst a NACK. Eventually every NIC recevesareply. NIC-i recevesa
CTSandrejectsit sinceit hasgranteda connectiorto the higherpriority NIC-k. NIC-j
receivesa NACK for its requestandignoresit sinceit hasbeenpreviously granteda
pathto NIC-i. NIC-k recevesa CTSwhich grantsit the pathfor therequestedending.
Finally, NIC-j recevesan ABORT from NIC-i and becomedree again. NIC priori-
tiesareupdatedasstatedabore, NIC-i andNIC-j incrementtheir priorities,andNIC-k
decrementgts one.All thepossiblestatesandtransitionsaredepictedn Tablesl and?2.

4.3 Hybrid algorithm

The rail resenation protocol employed by the dynamicalgorithm incurs an overhead
for every messagesent. For shortmessageshis overheadcould becomesignificant,
comparedo thetime it takesto sendthe messageWe thereforeimplementeda third,
hybrid approachshawvn in Algorithm 7. The statusof the NIC is not modified when
sendingshortmessageshus, additional messagesight be simultaneouslyreceved.
Moreoveronthenetwork sideof the NIC anincomingshortmessagés alwaysaccepted
evenif the NIC is sendinganothermessage.Thesemessagesmay causebidirectional
traffic duringshortperiodsof time (thetime neededo sendor receive a shortmessage,
in theworstcase).A shortmessagés never striped,sincethe striping overheads not
justifiedin this case.Rather it is senton a singlerail which is chosenin around-robin
fashionto ensurefairness.

Algorithm 7 : Hybrid allocation(PE process)

Procedure Hybrid_Allocation_PE
Input: message (M, destination node (dest), striping ra-
tio (str_r)
begi n
if |M < SHORT_MESSAGE_LENGTH t hen
F « {n| Nstatus[ n] =FREE} { Set of free NICs }
sel ect se€F using round-robin
send M to dest using NIC s
el se
call Dynam c_Allocation_PE (M, dest, str_r)

end
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Thethresholdusedby thealgorithmto distinguishbetweerlong andshortmessages
is animportantparameter This value hasto be carefully selectedo provide the best
performancelf the valueis too small,the dynamicalgorithmcould be appliedto mes-
sagedor which stripingandguaranteednidirectionalbustraffic would notbe effective.
If toolarge,theallocationpolicy approximateshebasicalgorithm. Severalexperiments
have beencarriedout in orderto analyzethe influenceof this parameteion network
performancenddetermindts optimalvalue,andtheresultsareshavn in Section6.

5 Experimental Framework

This sectionoffers detailson our simulationplatform, the workloadsthat were simu-
lated,andthe metricsof interest.

5.1 Simulation model

In the experimentalevaluation,we focusour attentionon a family of fat-treeintercon-
nectionnetworks, rangingfrom 32 to 128 SMPs,with four processorper SMP. Unless
otherwisestated a configurationwith 4 rails is used.Sincethe performancéottleneck
is usuallythe PCI bus, the network topologyis not releventand similar resultsare ex-
pectedfor othertopologies. The simulationmodeltries to capturethe mostimportant
characteristicef the QsNetat the granularityof the clock cycle. The simulatormodels
wormbholeflow-control, with two virtual channelon eachphysicalchannel. The input
buffers on eachvirtual channelcan containup to 128 flits [4], eachconsistingof two
bytes. A flit canbe transmittedover a physicalchanneiin a singleclock cycle, while a
paclet canberoutedthroughan Elite switchin six clock cycles.

Thesimulatoralsomodelsa threadprocessom the NIC, which canprocessncom-
ing control and datapacletsand cansenda reply in a few hundredsof clock cycles.
Anotherimportantcharacteristiés the unidirectionalityof thel/O bus,which cantrans-
mit datain onedirectionat atime. We alsoassumehatthe bus bandwidthis equalized
with theexternalnetwork bandwidth(anoptimisticsetof assumptionggiventhe current
stateof theart).

This modelis evaluatedn the SMART (Simulatorof MultiprocessorARchitectures
andTopologies)ervironment[9]. Implementedn C++, SMART is anobject-oriented,
discrete-gentsimulationtool for evaluatingparallelarchitecturesandhigh performance
interconnectiometworks.

5.2 Communication patterns

In our model eachprocesggeneratepacletsindependentlyusing threerandomvari-
ables:

o themessagsaize,whichis exponentiallydistributedwith a givenmeanvalue,
¢ theinter-arrival time, alsoexponentiallydistributedarounda givenmeanvalue,

e andthe destinationsyhich arerandomlychosenwith equalprobability between
theprocesses.
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We considera setof communicatioralgorithms,including a baselinebasicalgorithm,
andthe dynamicalgorithmsdescribedn Sections3 and4. The basicalgorithmdoes
not useary protocol;whene&era nodeneedso senda messageit sendst on onerail,
choosingit in round-robinfashion. This basecasecanserne to illustratethe effects of
boththe overheadf otherprotocolsandthe penaltiesof bidirectionaltraffic.

5.3 Metrics

The performancef aninterconnectiometwork underdynamicloadis usuallyassessed
by two quantitatve parametersheacceptedandwidth or throughput andthelatency
Acceptedbandwidthis definedasthe sustainedlatadelivery rate given someoffered
bandwidthat the network input. Two importantcharacteristicarethe saturationpoint
andthe sustainedate after saturation. Saturationis definedasthe minimum offered
bandwidthwherethe acceptedandwidthis lower thanthe global paclet creationrate
at the sourcenodes. It is worth noting that, before saturation,offered and accepted
bandwidtharethesame.Thebehaior above saturatioris importantbecaus¢henetwork
and/orthe allocationalgorithmscan becomeunstable Jeadingto a sharpperformance
degradation We usuallyexpecttheacceptedandwidthto remainstableaftersaturation,
for examplein the presencef burst-modeapplicationsthat requirepeakperformance
for ashortperiodof time [5].

The experimentalresultsof eachtraffic arepresentedisingtwo graphs,oneto dis-
playtheacceptedbandwidthandtheotherto displaythenetwork lateng. In bothgraphs,
thex-axiscorrespondto theofferedbandwidthnormalizedwith theunidirectionaband-
width of thelinks connectingheprocessingiodego the network switches.This makes
theanalysisndependentf thelink bandwidthandtheflit size.

We reportthelateng in cyclesratherthanabsolutgime,in orderto make ouranaly-
sisinsensitve to technologicachangesGiventhatthe /O busin the network interface
canonly allow unidirectionaltraffic, themaximumachiezablethroughpuunderuniform
traffic is only 50% of the nominalinjection bandwidth. The intuition behindthis limit
is the following: let us considerfor examplea clusterwith only two SMPsandsingle
network rail; underuniformtraffic, only one SMP cansendto anotheratary giventime,
dueto the unidirectionalityconstraintin the endpoints.

6 Experimental Results

In this section,we try to provide insightinto someimportantaspectf the multirail
allocationalgorithms. We first study the impact of network load, messagesize, and
striping on the basicand dynamicalgorithmsusing4 rails. Then,we analyzehow the
algorithmsperformwhenthe numberof nodesandthe numberof rails are scaledup,
andwe integratetheseresultsin the evaluationof the hybrid algorithm.

6.1 Bandwidth and latency

Thefollowing resultswereobtainedoy simulatingl1 28 SMPs(nodes)four railsandfour
PEsper SMP. Figures7-10 comparethe acceptedandwidthand network latengy asa
function of the offeredbandwidth. Two differentvaluesfor the averagepaclet size,4
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Figure7: Bandwidthfor 4KB averagemessagsize.

and64 KB, arecomparedn the experiments.Thesegraphsshow the performanceor

the basic,local-dynamicanddynamicalgorithms.Giventhatthe messagdatengy goes
to infinity afterthe saturatiorpoint, we only reportthe latengy whenthe network is not
saturated.

We can seethat the basicalgorithm performsrelatively well on short messages,
but its performancedecreaseasthe messagesize increases.The dynamicalgorithm
behaesin the oppositemannerperformingpoorly on shortmessagesndincreasingn
performanceasthe messageizegrows. The local-dynamicalgorithmexhibits similar
performanceo the basicalgorithm (althoughit achieveslower latencieswhenstriping
is used), performing betterthan the basicfor larger messagesand worse for shorter
messagesThis suggestthat we may benefitfrom usingthe hybrid approachwhere
shortmessageare sentusingthe basicprotocolandlong messagessingthe dynamic
protocol.

6.2 Effect of striping

Figures7-10alsodepicttheeffectof messagstripingwhene/erpossiblen thedynamic
andlocaldynamicapproachesrigurellshavsthelateng vs. theaveragemessagsize
for anofferedloadof 0.15. We usedanaggressie approackor striping,usingonly full
striping and no intermediatevalues. Resultsnot shovn hereindicatethatit is always
bestto stripeasmuchaspossible.

Striping doesnot seemto have a significanteffect on ary protocol's acceptedand-
width. However, it doesreducethe lateng of sendingmessagegspeciallyasthe mes-
sagesize grows (which makesthe striping overheadesssignificant)and load dimin-
ishes(which allows a highereffective striping ratio). It canbe seen for example,that
for an averagemessagesize of 64KB anda load of 5% (Figure 10), striping reduces
the dynamicandlocal-dynamidatenciesby approximately65% and72% respectiely.
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The betterlocal-dynamicresultsat low loadsarisefrom the lower overheadassociated
with sendingamessagéthereis no pathresenationin thelocal-dynamicalgorithm). At
higherloads(above 15%)the dynamicapproactoutperformghelocal-dynamidecause
theprotocoloverheads compensatedith thelow lateng providedby theresenedpath.
In bothcasesstripingis usefulwith low loadsthatoffer a high probabilitythatrails will
befree.

FromFigurellit canbeseenrnthatfor shortaveragemessagsizes(belov 16KB) the
bestresultsare obtainedwith the local-dynamicallocationalgorithmwith full striping.
For longer messageshe dynamicallocationalgorithmwith full striping providesthe
bestperformance.

6.3 Node scalability

The effect of increasinghe numberof nodeson the maximumacceptedoad is shovn

in Figure12for anaveragemessagsizeof 32KB. The dynamicalgorithmoutperforms
the basicalgorithmby 36% for 32 nodesand 29% for 128 nodes. Thesealgorithms
scalereasonablywell, with a lossof 7%-12% in maximumacceptedandwidthwhen
thenetwork sizeis quadrupledrom 32 to 128 nodes.

6.4 Rail scalability

In orderto understanthebehaior of thealgorithmsasafunctionof the numberof rails,
wetestedconfigurationf one,two, andfour railswith 32 nodesgachhaving four PEs,
andusingaveragemessagsizesin therangelKB-256KB. Theresultsaredesplayedn
Figurel3.

Forthedynamicallocationwe shaw full stripingonly, sincethemaximumbandwidth
is hardly affectedby striping (dueto the low probability of reservingmorethanonerail
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Scalability comparison: latency vs. rails
70000 T

T T T

T
basic —+—
dynamic w/o striping ---
local dynamic w/o striping ------
60000 dynamic striping &
local dynamic striping -~

X

50000

40000

Latency (cycles)

30000

20000 | = T R J

10000 T

Number of rails

Figure15: Scalabilityanalysisfor lateng with injectionload of 0.15andaveragemes-
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for highinjectionrates).The offeredloadis normalizedby dividing it by the numberof
rails, sothatthe resourcaequirementnatcheghe increasen availableresourcesthus
giving aclearewiew of thenetwork’sscalability Again,we seethedynamicalgorithm’s
performancencreasingwith messageize,for any numberof rails, while the basical-
gorithm’s performancelecreaseghis resultsupportingthe ideaof a hybrid approach.
More importantly we seethatthe maximumbandwidthobtainedusingthe dynamical-
gorithm is almostconstantfor ary numberof rails (and even improveswhen adding
morerails, for messagekrgerthan16KB). This canbeclearlyseenin Figurel4 which
shavsthe maximumacceptedoadvs. numberof rails (up to seven)for anaveragemes-
sagesizeof 32KB. This graphconfirmsthatthe dynamicallocationalgorithmslightly
improvesits bandwidthwhenthe numberof rails is increased.On the otherhand,the
basicalgorithm degradessignificantly when comparedwith the single-rail configura-
tion (2 40% bandwidthreductionin the maximumacceptedoad with sevenrails when
comparedo the single-railtopology). Thereasorfor this is thatasthe numberof rails
grows, sodoesthe averagesendingoad of eachprocessofthe numberof processorss
fixed). The basicapproachusesa round-robinrail selectionmethod,ignoring the state
of theNICs. It thereforebecomesnoreprobablefor the processorso self synchronize
thechoiceof therails, leadingto a performancdoss.

In Figure 15 we canobsene the effect of the numberof rails on lateng. The data
wereobtainedrom experimentswith aninjectionloadof 0.15, using32 nodegfour PEs
pernode)andanaveragemessagasizeof 32KB. The basicalgorithm’s lateng actually
increasesvith the numberof rails, dueto theinefficiency of the round-robinmethod,
asdiscussedbove. This is confirmedin the simulationtracesthat shav the injection
lateng to bethe sourceof thelateng growth. As expectedstripingreduceghelatencg
whenthe numberof rails is increasedor the dynamicalgorithms,with an advantage
to the local-dynamicalgorithm. It is interestingto notethatevenwith no striping, both
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Algorithm comparison: Saturation point as function of message size
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Figure16: Saturatiorpointasa functionof messagsize.

dynamicalgorithmsscalewell with the numberof rails.

6.5 Effect of message size on saturation point

Anotherimportantfeatureof theallocationalgorithmss thesaturatiorpointfor different
messageaizes. The experimentaldatasetthatwasusedto obtainthe saturationpoints
for eachmessagsizeis thesameasin 6.1. Theresultsareshavn in Figure16.

We can seethat the dynamicalgorithm’s saturationpoint increaseswith the mes-
sagesize,while thebasicandlocal-dynamicalgorithmsretainanearconstansaturation
point. Theseresultssuggesthatthe dynamicalgorithmscalesbetterwith the message
sizethando the othertwo. One possibleexplanationfor this is thatthe dynamicalgo-
rithm ensureghatno conflictswill occuronary rail. Theseconflictsaremorelikely as
themessagsizeincreasesndrails areunavailablefor longerperiodsof time.

6.6 Hybrid approach

The resultsobsened in 6.1 and 6.5 indicate that the basicalgorithm performsbetter
on shortermessagesyhile the dynamicalgorithmperformsbetteron longermessages.
It may thereforebe usefulto try a hybrid approachthat usesthe basicalgorithm for
messageshorterthana given threshold,andthe dynamicalgorithm otherwise. (This
thresholds implementedn Algorithm 7 asSHORT _MESSAGE _LENGTH).

Several short messagesize thresholdswere testedand comparedin the dynamic
andbasicalgorithms. We used128 nodesof four PEseachwith four rails, an average
messageize of 32KB, and shortmessagssize thresholdsof 1, 4, 8, 16, and 32 KB.
Figures17-20show thebandwidthandlateng obtainedwith andwithout striping.

It canbe clearly seenfrom theseresultsthatthe hybrid approactoutperformsboth
thedynamicandthebasicapproaches termsof bandwidthfor almostall thethresholds
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hybrid algorithm comparison: bandwidth w/o striping
0.3 T T T T T T T T

0.25

02 |

Accepted load

01 basic —+— -

dynamic ---x--—-

hybrid 1KB threshold ---*:---
hybrid 4KB threshold &

hybrid 16KB threshold ---=--

1hybrid 32|§B threshol? --0-

0.05 1 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Offered load

Figure17: Hybrid bandwidthwithout striping.

chosenyegardlessof striping. With the exceptionthat at a thresholdof 32KB, hybrid

performssomevhat worsethandynamicfor low injection rateswhenstriping is used,
hybrid otherwiseoutperformsboth the dynamicand basicapproachegor lateng, re-

gardlessf striping, similar to the obsenationfor bandwidth. This may stemfrom the

factthatmessageshorterthanthe thresholdare sentwith no striping (asin basic),so

thelateng for relatively large messagesanbelower if stripingis used(Figure20). On

theotherhand whenno stripingis used thedynamicalgorithmperformsworsethanthe

hybrid methoddor low injectionrates andalmostthe sameor betterfor higherinjection

rates.This canbeexplainedby thefactthatthedynamicapproacthasalargersaturation
pointfor averagemessagsizeof 32KB thanthebasicapproact{see6.5),andthehybrid

approachuseghebasicalgorithmfor shortmessagsizes.

7 Conclusions

Oneof the novel methodghatcanbe usedto increasecommunicatiorperformanceand
enhanceault tolerancein a clusterof workstationsis to useparallelindependennhet-
works (rails). In this paper we exploredvariousaspect®f multirail interconnectand
presentedseveral rail allocationalgorithmsfor efficient usageof the rails. We have
shavn thatthedynamicalgorithmcanperformrelatively well in termsof bandwidthfor
sufficiently large messagsizes,andcanhandlearelatively high loadbeforesaturating.
Furthermorejt hasbeenshowvn that this algorithmis scalabledueto its adaptve na-
ture - increasinghe numberof rails from oneto sevenincreaseshe maximumrelative
bandwidthin alinearmanner Superlinearityis achievedfor messagekargerthan8KB.
Furthermorethe bandwidthincreasessthe messagasizeincreasesynlike the casefor
otherapproachesncorporatingprotocol-freeshortmessagéandlingwasshowvn to in-
creasghe maximumbandwidthby up to 7.5% morethanthe puredynamicalgorithm,
andupto 36.6% and48.7% morethanthe basicandlocal-dynamicapproachesespec-
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hybrid algorithm comparison: latency with striping
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Figure20: Hybrid lateng with striping.

tively. We have also shawn that striping a messagever several rails can be usedto
obtaina significantreductionof latengy whenloadis low.
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