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Abstract

SystemArea Networks(SANSs) which usuallyacceptir -
regular topologies, have beenusedto connectnodesin
PC/W&lustersor high-performancestoragesystemsSince
wormholeor virtual cut-throughtransferis usedfor low la-
tencycommunicationdeadlo&-freeroutingsare essential
in SANSs. In this paper we proposea novel deadlo&-free
deterministicrouting called descendindayers (DL) rout-
ing for SANSs. In order to reduceboth non-minimalpath-
s and traffic congestionthe networkis divided into lay-
ers of sub-networkswith the sametopology using virtual
channelsanda large numberof pathsacrossmultiple sub-
networksare established.The DL routing is implemented
onareal PCclustercalledRHINETF2, andexecutionmesults
showthat its throughputis improved up to 33% compaed
with that of up*/down* routing Its executiontime of a
barrier synchonizationis also improved 29% compaed
with that of up*/down* routing Simulationresultsof var-
ious sizesand topologiesalso showthat the DL routing
achievesup to 266%improvemenbn throughputcompaed
with up*/down* routing

Keywords Deterministicrouting SystenfAreaNetwork-
s,deadlo& avoidanceRHINET, irr egular topologiesyirtu-
al channelsjnterconnectiometworks PC clusters

1 Intr oduction

Network-basedparallel processingusing commodity
componentssuchas personalcomputershasreceved at-
tentionasanimportantparallel-computingrnvironment16]
[21][5] [17]. SystemAreaNetwork(SAN), which consists
of switchesconnectedvith point-to-pointlinks, is oneof the
crucialcomponent®f suchan ervironment. Unlike Local
AreaNetworks(LANSs), wormholeor virtual cut-throughis

usedn SANsfor low-lateng direct-communicationWhen
suchmethodsareused deadlock-fre@outingsarerequired.
Ontheotherhand,unlike interconnectiometworksusedin
massvely parallelcomputersSANsusuallyacceptrregular
topologiespecauseonnectiorflexibility androbustnessire
preferredover the uniformity of interconnectiometworks.
The irregularity of interconnectionntroduceddifficulty on
guarante®f connectvity anddeadlock-fregacketransfer

Thus,spannindree-basedoutings[11]6] [12] [2] which
usethe connectity and acyclicity of tree structurehawe
beenreceved attentionas practicalsolutions. Up*/down*
routing usedin both Autonet[11] and Myrinet[16] is the
mostpopularandfundamentatechniquein suchspanning
tree-basedoutings. It allocateghedirection(up or down)
to eachchannelandprohibitspacketransferfrom thedown
directionto theup directionin orderto guaranteeleadlock-
free.

Although up*/down* routing is simpleandeasyto im-
plement,it hastwo major problems: (1) it mustaccepta
numberof non-minimalpathsin mostcasesand(2) it tend-
s to unbalancenetworklinks. To addressheseproblems,
improved routing methodsmostof which makethe useof
additionalvirtual channelsor buffers, have beenrecently
proposed[18]19] [9] [7] [13]. In the backgroundof ap-
pearingsuchrouting strategiesswitchingfabricsin recent
SANSs[20][5] [17] have asufficientamountof hardwareor
a limited numberof virtual channels[3pr extrabuffersfor
packets.

On the contrary even in recentswitching fabrics, de-
terministicroutingsarepreferredover adaptve routingsbe-
causefthefollowingadvantages(1) deterministicoutings
guaranteen-order packetdelivery; (2) high-speedswitch-
ing fabrics canbe implementedbecausgacketcontrol is
simple;(3) routingerrorsof packetscanbe easilydetected.

In this paper we proposea deadlock-freadeterministic
routing called descendindayers(DL) routing, which can



be appliedto networkswith a limited numberof virtual
channels.In orderto reduceboth non-minimalpathsand
traffic congestionthe networkis dividedinto layersof sub-
networkswith thesameopologyusingvirtual channelsand
a large numberof pathsacrossmultiple sub-networksare
establishedlt isimplementednarealPCcluster RHINET-
2 (Real World ComputingPartnershipHigh Performance
Network)[21], anda prototypewith 64 hostsis availableat
Keio University

Thefollowing sectionsareorganizedasfollows. In Sec-
tion 2, up*/down* routingis introducedwith its problems.
In Section3, the DL routingsis proposedandimplementa-
tion andevaluationon the RHINET-2 clusteraredescribed
in Section4. In Section5, evaluationresultswith a flit
level simulatorareshawvn. In Section6, advancedrelated
work is describedand comparedwith the DL routing, and
in Section7, the conclusionis presented.

2 Up*/Down* Routing

Up*/down* routingis basedon an assignmenbf direc-
tion to networkchannels[11]As a basisof theassignment,
aspanningreewhosenode(alsocalledvertex) corresponds
toaswitchin thenetworkis built. A traditionalalgorithmto
build it isthebreadth-firssearc BFS)usedn Autonet[11].

After building the BFS spanningtree, the “up” end of
eachchanneis definedasfollows: (1) theendwhosenode
is closerto therootin the spanningree; (2) the endwhose
node hasthe lower unique identifier (UID), if both ends
are at the nodesin the sametree level. The restriction
onup*/down* routingis simple: alegal pathmusttraverse
zeroor morechannelsn theupdirectionfollowedby zeroor
morechannelsn the down direction. Thus,the up*/down*
rule prohibitsary packettransferfrom the down direction
totheupdirection.

Sinceno cyclesareformedamongpathswith the abowe
restriction it guaranteedeadlock-fre@outingwhile still al-
lowing all hoststo bereached However, up*/down* routing
usesa numberof non-minimalpathswhich consumemore
network resourceghan minimal paths,thus degradeghe
throughput.

\

=—» Up direction

------ » Prohibited turn

Figure 1. Pairs of prohibited packet turns in
up*/do wn* routing

Furthermore up*/down* routing tendsto causean un-
balancedraffic becauseeachprohibitedturn always pairs
with the oppositeonein two links. Forexampleasshovn
in Figure 1, a pair of prohibitedturnsis formed at switch
B andthreepairsareformedat switch A. Suchprohibited
turnsleadpacketgo therootdirection,andthe heavy traffic
aroundherootcausescongestiowhichdegradehetotal
throughput.

3 DescendingLayers (DL) Routing

In this section,we proposea novel deterministicrouting
calleddescendindayers(DL) for usingvirtual channelgo
increasaninimal pathsandrelaxthetraffic congestion.

TheDL routingis composedf thefollowing steps.

1. Divide the target networkinto layersof sub-networks
with the sametopology

2. Imposeconditionsto avoid deadlocks.

3. Selectdeterministigpaths.
3.1 Dividing the Network into Sub-networks

Thetargetnetworkis dividedinto layersof sub-networks
with the sametopology numbered0 to (n — 1) by using
virtual channelswheren is the numberof virtual channels
perphysicalchannel. The sub-networkis a virtual network
whosetopologyis the sameasthat of the targetnetwork.

V//}sub-network 0

— + HElsub-network 1
[ Jsub-network 2

=== Virtual channel 0

Virtual channel 1
----- Virtual channel 2

Figure 2. An example of the sub-network
structure

Figure2 shavs anexampleof thelayersof sub-networks
whenusingthreevirtual channels. Sincevirtual channel-
s with different numbersare assignednto different sub-
networksno virtual channelsaresharedvith differentsub-
networks.

3.2 Avoiding Deadlocks

First, restrictionsof routingin eachsub-networkarede-
cidedenougtto satisfydeadlock-freaslongaseverypacket



isroutedinsidethesub-networkIn addition,routingrestric-
tionsin the sub-network) are decidedunderthe condition
to keepthe connectvity of the sub-networlO betweereach
pair of switches.

In orderto imposethe routing restrictionsin eachsub-
network, variousdeadlock-freeoutings[11][6] [12] [2] or
conditionscan be used. Here, simple algorithmsbased
on the up*/down* routing and L-turn routing[12] [2] are
selectedasrestrictionsn sub-networks.

(UD)* Thesimplestalgorithm—(UD)*— usesup*/dowvn*
routing as long as a packetis routed inside a sub-
network. Thus,a packetmustnot be transferredrom
a down channelto an up channelwithout switching
sub-netvarks.

(UD-DU)* In an even-numberedsub-network,a packet
must not be transferredfrom a down channelto an
up channelwithout switching sub-networks. On the
otherhand,in anodd-numberedub-networka packet
mustnot be transferredrom anup channelto a down
channelwithout switchingsub-networks.

UD-(DU)* In the sub-networkO, a packetmust not be
transferredrom a down channeto anup channelike
up*/down* routing. On the otherhand,in the other
sub-netvarks, a packetmustnot be transferredfrom
an up channelto a down channelwithout switching
sub-netvorks.

(L-tur n)* (L-turn)* isthesameasthe(UD)* exceptthatL-
turnroutingis usedfor packettransferwithout switch-
ing sub-networks. L-turn routing is a deadlock-free
adaptve routing by identifying and analyzingcycles
on a two-dimensionabraph,and achieves betterper
formancecomparedvith up*/down* routing[12][2].

Noticethatpacketransfermcrossub-networkss beyond
thescopeof therestrictionshecauséherestrictionsvork for
paclettransferonly within a sub-network.

Second, in order to prevent deadlocksacross sub-
networks, packettransferto a sub-networkwith a larger
numberis prohibited.

3.3 SelectingDeterministic Paths

A singlepathbetweerevery pair of switcheds searched
underthe abowe restrictionsin the targetnetworktopology
Sincetheroutingalgorithmusedin the sub-networlO guar
anteeghe connectity, thereis atleasta pathbetweereach
pair of switchesin ary topology'.

1Fromtheviewpointof pathestablishmentariouspartitioningof sub-
networksthathawe differenttopologiesarealsopossible.However, using
sub-netverks of the sametopologyis advantageoufor easyimplementa-
tion andpathdistributionamongvirtual channels.Thus,in this paper we
focusontheway usingonly sub-network®f the sametopology

Sincenon-minimalpathsconsumdargeramountof net-
work resourceghan minimal paths,minimal pathsshould
beselectedspossible.Thus,theonly shortespathsamong
alternative pathsareusedin the DL routing. Moreover, in
orderto avoid redundanthange®f sub-networksthe path
goesacrosssub-networksonly when the output direction
doesnt satisfytherestrictiongo remainin thesub-network.
A procedureof theshortest-patlsearchis asfollows, where
n is the numberof sub-networksand v is initialized to
(n—1).

1. Searchpathsbetweeneachpair of switchesunderthe
rulesof theDL routing,whenthesub-network isused
atthe source.Then,pathsacrossall sub-networksre
availablein thesearch.

2. Searchthepathsof whichthesamdengthasthe paths
in Stepl, undertherulesof the DL routing, whenthe
sub-networkv — 1) is usedatthe source.

3. RepeatStep2 with v < (v — 1) until no legal paths
arefoundin Step2 or until the search that usesthe
sub-networl0 atthe sourcejs done.

4. Selectasinglepathby acertainpolicy[6] [14] 2, when
multiple shortestpathsare found betweena pair of
switches.

In this paper sucha policy, which chooses pathamong
alternatve pathsbetweeneachpair of switches,is called
“path selectionalgorithm”. A path selectionalgorithmis
commonlyrequiredwhenanadaptve routingis implement-
edasadeterministiacouting. Forexamplepp*/down* rout-
ing originally proposedas an adaptve routing is changed
into a deterministicrouting in Myrinet[16] [6]. A path
selectionalgorithminfluencesperformancepecausavell-
distributedpathscanremove the congestioraroundthe hot
spot[14].

The simplestpath selectionalgorithmis the randoms-
election. Another simple one selectsa path for the port
with the smallerport-ID whenmorethantwo channelsare
availablein a switch. In this paper this policy is called
“low-port first”. However, the abowe path selectionalgo-
rithms possibly selecta pathto congestionpoints even if
thereexistalternatve pathswhich canavoid it. To mitigate
this problem, Sanchoet al. proposethe algorithm using
a staticanalysisof routing paths[6]. However, it doesnot
consideron virtual channelssinceits targetis up*/down*
routing for Myrinet without virtual channels.Considering
theinfluenceof virtual channelswe proposedour paths-
electionalgorithmsbasedon suchstaticanalysisof routing
paths[14]. Consequentlyin orderto determinepaths,we
selectone of variouspath selectionalgorithmsin the DL
routing,andits impactis describedn Section5.

2Randomselection]ow portfirst, or methodsusinga staticanalysisof
pathshawe beendeeloped.Accordingto aimplementatiorpolicy, oneof
themis used.



3.4 Propertiesof the DL Routing

Theorem 1 TheDL routingis deadlo&-free

Proof:

1. No cyclic dependeng is formed within each sub-
network because packetmustfollow the restriction-
s for deadlock-freeas long as transferredin a sub-
network.

2. No cyclic dependencys formedacrosssub-networks
becausa packetis passedetweersub-networkonly
in thedescendingrder

Thereforethe DL routingis deadlock-free. ]
The DL routing hasthefollowing advantagesompared
with deterministicup*/down* routing.

TheLength of Paths Up*/down* routingmustuseanum-
berof non-minimalpathssoasnotto createcyclesamong
physical channelsin most cases. On the other hand, by
switching sub-networksthe DL routing breakscycles a-
mongvirtual channelandallows somecyclesamongphys-
ical channelsThus,theDL routingtakesshortempathsthan
up*/down* routing.

wai UJp* /[dOWN* routing

""" The DL with the (UD)* using two sub-networks
= The DL with the (UD)* using three sub-network

Figure 3. The routing examples of the DL rout-
ing with the (UD)* and up*/do wn* routing

Figure 3 is the example of deterministic routings
from h to 0. As showvn in Figure 3, up*/down*
routing requires seven hops for the packet to reach
the destination(h—e—b—a—d—g —k—0). Where-
as the DL routing that uses the (UD)* with two
sub-netwarks handles the same routing in five hop-
s (h—(1)-»m—(0)—j—(0)—g—(0)—k— (0)—0). The
parenthesizedumberindicatesthe sub-networkin which

the packetis being transferred. Moreower with three
sub-networks,the path is further reducedto four hop-
s (h—(2)—m—(1) —j—(1)—»n—(0)—0). The example
shavs the effectivenessof the DL routing to use sub-
networksfor shorteninghe path.

Traffic Balance In up*/down* routing,thetraffic tendsto

concentrataroundtheroot, sinceit relieson theconnectv-

ity andacyclicity of a spanningree.Ontheotherhand,the
DL routingallows morefreedomin pathselection.In effect,

thetraffic is distributedby usingan efficient pathselection
algorithm.

(x,y) Thepath from switch x to switch y

| Up direction

Up*/down* routing The DL routing with the (UD)*

(alternative paths)

Figure 4. An example of path distrib ution in
the DL routing with the (UD)* and up*/down*
routing

Figure4 compareshetraffic distributionof the DL rout-
ing that usesthe (UD)* with that of up*/down* routing.
In Figure 4, bold arrons shav the pathsfor all pairs of
switchesexceptthe root andthe leaf. Figure4 illustrates
that up*/down* routing concentrateshe pathsaroundthe
root. Ontheotherhand,the DL routingdistributesthe path
more uniformly by selectingpathsrandomlyor usingthe
staticanalysisof routing paths[6][14]. Theexampleshavs
the effectivenes®f the DL routingto usesub-networkgor
relaxingthecongestion.

4 Performance Evaluation Through the
RHINET -2 Cluster

Althoughalargeof routingmethodsor SANshawebeen
proposeda few of themareimplementedandevaluatedon
real systems.However, simulationresultsmay differ from
thatof real PC clusters sincehosts,andnetworkinterfaces
usedin the simulationare usually simplified for achieving
enoughsimulation speed. In this section,the DL routing
andup*/down* routingareimplementedindevaluatedona
realPCclustercalledRHINET-2[20] [10].



4.1 Execution Environment

4.1.1 The RHINET -2 Cluster

RealWorld ComputingPartnershif RWCP) carriedout a
researctprojectcalled RHINET[21] for establishinchigh-
endsystemareanetworkscoordinatewith Hitachi Co. Ltd.
and Keio University RHINET is designednot only for
dedicatedlustersbut alsoparallelcomputingervironments
using personalcomputersdistributed within one or more
floorsof abuilding.

The RHINET-2 clusterwith 64 hosts thatis a prototype
of suchsystemsshowvn in Figure5, consistsof hostswith
speciallydesignednetworkinterfaces(RHINET-2/NI) and
switcheg RHINET-2/SW)connectedvith 8Gbit/seaptical
interconnect$10]. Tablel shavs specification®f the host
consistingof commoditycomponents.

Table 1. Specifications of the host

CPU Intel Pentiumlll 933MHz x 2 (SMP)

Chipset | ServervorksServerSelil HE-SL

Memory | PC133SDRAM 1GByte

PCI 64bit/66MHz

(O] RedHatLinux 7.2 (kernel2.4.18)
RHINET-2/NI A networkinterface, RHINET-2/NI, car

riesanetworkcontrollerchip,Martini, 256 MByte SDRAM,
O/EandE/Ointerfacedgor B00MHz opticalinterconnectsit
is putinto acommonpersonabtomputemwith 64bit/66MHz
PClI bus. Martini is an ASIC chip which managedunda-
mentalzero-copycommunication®nly with a hard-wired
logic including complicatedorocessindor addressornver-
sion and memoryprotection. It also providesa core pro-
cessorcompatibleto MIPS3000for exceptionaprocessing.
Martini is fabricatedby HitachiDevice DevelopmenCenter
using0.14um CMOS embeddedrraytechnology

Martini providestwo typesof communicatiorprimitives.
Oneis aremoteDMA transferfor high-bandwidthcommu-
nication: PUSH (remotewrite)/PULL (remoteread). It is
initiated whena dataitem is written into the kick address.
Theotheris a PIO-basedransferfor low-latengy communi-
cation. Sincelateny of addresconversionor DMA setup
cannotbeignoredfor asmall-sizedMA transferthePIO-
basedransferis suitablefor sendinga small-sizeddata.

RHINET-2/SW A network switch, RHINET-2/SW[20],
provideseightinput/outputportseachof whichis connect-
edto an8Ghit/secopticallink. Thecoreof RHINET-2/SW
is one-chipswitchingfabric with 0.18; CMOS embedded
arraytechnology It provides800Mbit/sec-persignalhigh-
speedow-voltagedifferentialsignaling(LVDS) I/O. Its ag-
gregatethroughputis 64Gbit/sec. Sixteenvirtual channels

at eachport are provided, and eachvirtual channelhasa
4 KByte buffer on a chip sothat Go & Stopflow control
supports200m link length. In the RHINET-2 cluster the
optical interconnectionmoduleshave the order of 10-2°
at bit-errorrate (BER). In addition,the error detectionand
correctionare donewith ECC attachedo eachflit. Thus,
areliablecommunicatiorwith 200m cableis guaranteeth
the RHINET-2 cluster The detail of the RHINET-2 cluster
andits performanceareshovnin [10].

4.1.2 Routing Implementation

RHINET-2/SWoriginally supportonly a simpledeadlock-
free deterministicrouting called the modified structured
channel[20],which is one of algorithmsbasedon struc-
turedbuffer pools[15][8]. In this method,a packetstored
in thevirtual networki is transferredo the virtual network
(7 + 1) whenthe switch providesbranchlinks.

RHINET-2/SW usestable look-up manner in which a
packetfindsits outputchannelby referringa routing table
providedateachswitch. At tablereferencepnly destination
tag is indexed to get output port (physicalchannel). On
the otherhand,the differencebetweena numberof output
andinputvirtual channelsndexeswith bothinput portand
outputport. As mentionedbefore,sixteenvirtual channels
are providedin RHINET-2/SW Eight of them numbered
from 0 to 7 areusedfor data-transfepacketswhile therest
numberedrom 8 to 15 areusedfor systemcontrolpackets.
Both typesof channelsisethe sameroutingtable.

Sincetheroutingmechanisnin RHINET-2/SWis simple,
it can acceptsvarious topologiesand routing algorithms
by rewriting the routing table. Each switch is equipped
with a simple control processarand the data of routing
tableis loadedfrom the processomat initialization. Since
the RHINET-2 clusterusesoptical cables,it is possibleto
changéts connectiortopologymanually andwetried three
topologiesshawn in Figure5. Four portsof eachswitchare
connectedvith hosts,andremainingportsareconnectedo
otherswitchesf required.

Here,the DL routingwith the (UD)* restrictionthatus-
esthe BFS spanningtree with the root O, is implemented
usingtwo virtual channels® shavn in Figure5. Then, it
takesminimal pathswhentherearetwo virtual channelsn
threetopologiesshavn in Figure5. For bothdistributionof
pathsandeasypacketracing,we usea pathselectionalgo-
rithm that allocatesdifferentpathsto differenthostswhen
multiple pathsare found betweena pair of switches. The
influenceof pathselectioralgorithmsis minutely evaluated
with the simulationandshowvn in Section5. For the com-
parison,a deterministicup*/down* routing with the same

3"the numberof virtual channels'in this evaluationrepresentshatthe
numberof virtual channelsvhichareusedby packetdor datatransmission.
Notice that packetsfor systemcontrol will alsousethe samenumberof
virtual channels.



(a) The RHINET-2 clus

(c) TopologyB (d) Mesh

Figure 5. The RHINET-2 cluster and its three switc hes topologies considered in executions

pathselectionalgorithmis alsoimplemented.

In Topology A and B, up*/down* routing mustaccept
somenon-minimalpaths,while the DL routing takesmin-
imal paths. On the otherhand,both takeminimal pathsin
themeshtopology Othercomplicatedopologiesandlarger
network sizesareevaluatedwith a simulationandshavn in
Sectionb.

4.1.3 Measures

We usethe following measuregor evaluations:latencyof
barriersynchronizatioron 64 hosts,andthe averageband-
width of eachroutingalgorithm,whicharecrucialprimitives
for supportingparallelprocessingTheformeristheaverage
executiontime of NIC-basedbarrier synchronizatiorwith
all hostsusingPIO-basedommunicatioron 100,000trials.
The latter is the averagebandwidthof eachrouting algo-
rithm underthe conditionthat eachhostinjectsrepeatedly
2KByte-datgpacketsisingPUSHprimitive asshortintenal
aspossible.Thus,the bandwidthof eachroutingalgorithm
is equalto its throughput.Thetypical traffic patterns— bit
reversal, matrix transposebutterfly andcomplemeri8]—
areused.

4.2 Execution Results

Table 2. Latency of barrier synchr onization
(usec)

TopologyA | TopologyB | TheMesh
Up*/Down* | 52.32 44.42 39.42
DL 40.50 40.12 39.38

Table2 shavsthe averageexecutiontime of barriersyn-
chronizationof two routing algorithms. In the synchro-
nization, the P1O-basedcommunicationgenerates large
numberof small packetsthat causea network congestion.
As shown in Table 2, the DL routing achiezesup to 29%

improvementon the averageexecutiontime on Topology
A andB, in which the DL routing and up*/down* routing
takedifferentpathhops. Onthe otherhand,on the meshin

which both take minimal paths,the executiontime of DL

routing is closeto that of up*/down* routing. Therefore,
reducingnon-minimalpaths,that consumdarger network
resourcesis a main factor of the latencyimprovementof

theDL routing.

Table3 shavs bandwidthof two routing algorithmsun-
derthetypical traffic patterns.Whendatasizeis 2 KByte,
the RHINET-2 cluster provides206.55MByte maximum
bandwidthbetweentwo hostswithout congestion[10].As
showvn in Table 3, the DL routing achieves up to 137.26
MByte, thatis smallerthanthe abowe bandwidthbecause
of the packetcongestion.Neverthelessthe DL routingim-
provesupto 33%on bandwidthcomparedvith up*/dowvn*
routing. Thus,theDL routingis alsoefficientfor increasing
bandwidthin the RHINET-2 cluster

5 Performance Evaluation Through the Flit
Level Simulator

In orderto analyzetheimpactof the DL routingin com-
plicatedtopologiesandlarge networksizes the DL routing
andup*/down* routingareevaluatedon aflit-level simula-
tion.

5.1 Simulation Environment

5.1.1 Parameter

A flit-level simulator written in C++ was developed for
analysis. Topology network size, and packetlength are
selectedust by changingparameters.Like real switches
with eight ports, suchas, RHINET-2/SW[20] and Myrinet
M3F-SW8/M3F-SW8M[1],a switching fabric is assumed
to provide eight bi-directionalports. Four ports are used



Table 3. Bandwidth of Routing Algorithms(MByte)

TopologyA TopologyB TheMesh
bit rev. | matrix. | butfly | comp. | bitrev. | matrix. | butfly | bitrev. | matrix. | butfly | comp.
Up*/Down* | 95.12 | 101.99 | 90.15 | 87.69 | 91.98 | 110.49| 86.28 | 130.51| 138.09 | 127.43| 112.29
DL 118.38| 121.14 | 120.26| 104.73| 107.56| 110.50 | 108.30| 135.28 | 137.26 | 132.14| 121.81

for hostsandremainingportsareconnectedo otherswitch-
es. Here, a simple model consistingof channelbuffers,
crossbarlink controllerandcontrol circuitsis usedfor the
switchingfabric. Two classe®f networktopologiesjrregu-
lar andregular areusedasfollows. As irregulartopologies,
tendifferentonesarerandomlygeneratedinderthe condi-
tion thatonly onelink is connectedetweentwo different
switches.Two networksizes,small(16 switches)andlarge
(64 switches)areusedin irregulartopologies.Ontheother
hand,64 switchestwo-dimensionatorusis usedasa regu-
lartopology A destinatiorof apacketis determinedy the
traffic patternsuniformor bit-reversal8], andhostsinject
apacketindependentlyf eachother

A headefflit transferrequiresat leastthreeclocks,that
is, onefor routing, onefor transferringa flit from aninput
channelto outputchannelthrougha crossbarandthe rest
for transferringheflit to thenextswitchor host. Themodel
is simple comparedwith the operationin RHINET-2/SW
Neverthelessit is usefulfor largersystemsandcomplicated
topologieshecaus@noreexactmodelingof modernswitch-
ing fabricsconsumes hugesimulationtime.

Otherparameteraresetasshavnin Table4.

Table 4. Simulation parameter s
Simulationtime 1,000,00Cclocks
(ignorethefirst 50,000clocks)
Thenumberof vehs | 3
Pacletlength 128flits
Switchingtech. Virtual cut-through

5.1.2 Deterministic Routings

The DL routing usesthe four typesof restrictions((UD)*,
(UD-DU)*, DU-(UD)*, and (L-turn)*) to investigatethe
impact of deadlock-freealgorithmsin eachsub-network.
Whenmultiple pathsbetweena pair of switchesarefound
in the DL routing or up*/down* routing, a path selec-
tion algorithm—Iaw-portfirst, Sanchas algorithm,or high
physical-channefirst[14]— determine®ne.
Advanceddeterministicroutings[19] [9] [7] arenotin-
cludedin our evaluation,sincethey may requirebuffer at
hosts,morethanthreevirtual channeld¢o completeimple-
mentationon ary irregulartopology or differentnetwork
architecture. They will be qualitatvely comparedn Sec-

tion 6. Adaptive routingsare alsoout of our focus, since
targetsof the DL routing are networkslike RHINET[20]
which do not supportadaptie routings.

In the simulation,up*/down* routing, which originally
doesnot requirevirtual channelspysesthe samenumberof
virtual channelsasthe DL routing asfollows. At interme-
diate switches,up*/down* routing doesn’tchangevirtual
channelsOntheotherhand,atthesourcealternatve paths
with differentvirtual channelsareawailable,andeachpath
selectionalgorithmselectsa singlepathatinitialization.

BoththeDL routingandup*/down* routingneedo build
a spanningtreeto assignthe up or down directionto each
networkchannel. Here,we usethe Autonetalgorithm[11]
to build the spanningtree. In the Autonetalgorithm, the
switch with uniqueidentifier (UID) zero is chosenasthe
root and the order of the BFS is usedto add links into a
tree[11].

5.2 Simulation Results

5.2.1 Preliminaries

In orderto comparesimulation resultswith execution
resultsin the RHINET-2 cluster we preliminarily evaluate
the DL routing and up*/down* routing, that usethe same
set-theBFS spanningtree, two virtual channelsand path
distribution— asonesin Section4, on TopologyA, B, and
the meshshawn in Figure5. Table3 and 5 shav thatthe
DL routing improvesthe throughput/bandwidtitompared
with up*/down* routing.

As shovnin Table3 and 5, theDL routingin thesimula-
tion achieveslargerimprovementhanthatin theRHINET-2
cluster The packetinterval of the RHINET-2 clusterin-
cludesthe processingime (e.g. the DMA transferto mem-
ory andthe generatiornof an acknavledgepacket)at each
host. Thus,we considethattheeffectof routingalgorithms
is enhanceccomparedwith onein the RHINET-2 cluster
The absolutevaluesare different from thosein Table 3,
however, thetendenyg of simulationresultsis similarto the
executionresultsin the RHINET-2 cluster

5.2.2 Irr egular Topologies

Table 6 shavs the averagethroughputin 10 differen-
t irregular topologies, and its standarddeviation (SD).
Throughput, that is the maximum amount of accepted



Table 5. Throughput of Routing Algorithms in Topology A, B and the Mesh (flits/host/cloc k)

TopologyA TopologyB TheMesh
bit rev. | matrix. | butfly | comp.| bitrev. | matrix. | butfly | bitrev. | matrix. | butfly | comp.
Up*/Down* | 0.056 | 0.062 | 0.039| 0.031 | 0.075 | 0.062 | 0.046 | 0.124 | 0.080 | 0.085| 0.049
DL 0.103 | 0.080 | 0.085| 0.065 | 0.096 | 0.087 | 0.053| 0.139 | 0.102 | 0.089 | 0.073
Table 6. Throughput on SANs with irregular topologies (flits/host/c lock)
16 switches 64 switches
Uniform Bit reversal Uniform Bit reversal
Ave. | SD Ave. | SD Ave. | SD Ave. | SD
Up*/Down* (low port) 0.161| 0.032| 0.269| 0.048 | 0.033| 0.004 | 0.052 | 0.010
Up*/Down* (Sanchas one) 0.177 | 0.033| 0.322| 0.056| 0.037| 0.005| 0.059| 0.013
Up*/Down* (high p-chfirst) 0.176 | 0.032| 0.328| 0.053| 0.037| 0.005| 0.062 | 0.013
DL ((UD)*, low port) 0.169| 0.008| 0.277| 0.052| 0.105| 0.002 | 0.123 | 0.012
DL ((UD)*, Sanchasone) 0.289| 0.022| 0.353| 0.038| 0.162| 0.004 | 0.192 | 0.010
DL ((UD)*, high p-chfirst) 0.290| 0.024| 0.350| 0.041| 0.164| 0.006 | 0.188 | 0.010
DL ((UD-DU)*, low port) 0.169| 0.008| 0.277| 0.052| 0.105| 0.002 | 0.120| 0.012
DL ((UD-DU)*, Sanchosone) | 0.286 | 0.023 | 0.354| 0.052| 0.159| 0.004 | 0.199 | 0.010
DL ((UD-DU)*, high p-chfirst) | 0.282 | 0.020| 0.360 | 0.049| 0.158| 0.006 | 0.193 | 0.006
DL (UD-(DU)*, low port) 0.180| 0.016| 0.274| 0.050| 0.109| 0.004 | 0.124 | 0.010
DL (UD-(DU)*, Sanchosone) | 0.295| 0.022 | 0.349| 0.041| 0.169| 0.006 | 0.196 | 0.008
DL (UD-(DU)*, high p-chfirst) | 0.289 | 0.025| 0.358 | 0.048| 0.170| 0.007 | 0.192 | 0.012
DL ((L-turn)*, low port) 0.181| 0.009| 0.284| 0.049| 0.103| 0.003| 0.112| 0.010
DL ((L-turn)*, Sanchos one) 0.292 | 0.020| 0.347| 0.044 | 0.156| 0.007 | 0.186 | 0.005
DL ((L-turn)*, high p-chfirst) 0.283| 0.019| 0.338| 0.042| 0.159| 0.009 | 0.185| 0.009

traffic[8], is the mostimportantmetric of routingalgorithm
in SANs. In Table6, “Up*/Down*(Sanchos one)” repre-
sentsup*/down* routing with the Sanchas algorithm,and
“DL ((UD)*, high p-ch first)” representghe DL routing
with the (UD)* thatselectsa singlepathbetweereachpair
of switchesusingthe policy of high physical-channéeiirst.
Table7 shavs the analysisresultof the averagepathhops.

Table 7. The average hops of packets

16 switches| 64 switches| 2D torus

Uni. | Bit. | Uni. | Bit. | Uni. | Bit.
Up*/Down* | 2.01 | 1.98 | 3.72 | 3.48| 4.36 | 3.80
DL,(UD)* 1.89| 1.94| 3.14| 3.14| 4.02| 3.50
,(UD-DU)* | 1.89| 1.94| 3.15| 3.13| 4.02| 3.50
,UD-(DU)* | 1.89| 1.93| 3.14 | 3.13| 4.02| 3.50
,(L-turn)* 1.88| 1.94| 3.14 | 3.13| 4.02 | 3.50

Table 6 shavs that each DL routing achieves higher
throughputthan up*/down* routing with the samepaths-
electionalgorithm,becauset reduceshe averagehopsof
pacletscomparedvith up*/down* routingasshavn in Ta-
ble 7. Notice that,asshavn in Table 7, the averagehops
of packetsarenotrelatedto the pathselectioralgorithmbe-
causet selectsasinglepathamongalternatve pathswhich
have the samehops.In particulat the DL routingwith San-
cho’s algorithmor high physical-channdiirst increasests

adwantageon throughput. SinceeachDL routing without
a path selectionalgorithm hasthe larger numberof alter
native pathshetweereachpair of switcheshanup*/dowvn*
routing,Sanchas algorithmandhigh physical-channdirst,
which considerthe pathbalancedistribute pathsmoreuni-
formly in the DL routing. Table6 alsoshows thateachDL
routing hasthe higheststability of throughputon irregular
topologiessincethe SD of its throughpufs small. As shavn
in Table6, we canseethatthe deadlock-freealgorithmsin
eachsub-networlgive the smallimpactin the DL routing.

Table6 showvs thateachroutingalgorithmin bit reversal
traffic achieveshigherthroughputhanonein uniform traf-
fic. Thiscomedrom that,in uniformtraffic, packetasvhose
sourcehostsaredifferenthave possibilityto collide atacon-
sumptionchannelon the destinationhost. Suchcollisions
drastically degradethe performanceespeciallyin smaller
network sizes. On the other hand, in bit reversaltraffic,
suchcollisionson thedestinatiorhostarenot occurred.

Figure 6 shawvs the latencyon irregular topologies,in
which the improvementratio of the DL routing with high
physical-channelirst againstup*/down* routing with one
is theawverageshavn in Table6. Latencyis the secondm-
portantmetric of routingalgorithmin SANs. As shavn in
Figure6, everyDL routingdecreasethelatency Thisis be-
causeeachDL routingdecreasethepackethopsandrelaxes
packettongestiorby distributing paths.Consequentlyeach
DL routingimprovesboththroughputandlatencyin SANs
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Figure 6. Accepted traffic versus latency on typical irregular topologies (uniform traffic)

with irregulartopologies.

5.2.3 Two-DimensionalTorus (8 x8)

Figure 7 shaws the relation betweenthe averagelaten-
cy andthe acceptedraffic of ten algorithmson 8x 8 two-
dimensionatorus. As shavn in Figure7, eachDL routing
achievesupto 266%improvementonthroughpucompared
with up*/down* routing with the samepathselectionalgo-
rithm, andit alsoreduceshe latency Table 7 shaws the
analysigesultof theaveragepathhopson two-dimensional
torus. Like irregulartopologiesegachDL routinghasthes-
mallestvalueof pathhops,whichinfluenceghethroughput.

The evaluationon regulartopologiesis important,since
topologiesof most SANs are not completelyirregular but
have someregularityin practice.At two-dimensionatorus,
the performanceof up*/down* routingis quite poor, while
eachDL routing achieves high performanceaswell as at
mostcasef irregulartopologies.

6 RelatedWork

As mentionedn Secton 2, the commonproblemswith
up*/down* routing are that (1) it must acceptsa number
of non-minimalpathsin mostcasesand(2) it tendsto un-
balancenetworklinks. To aggreyatethe problemsdifferent
approachebave beeninvestigatedswell astheDL routing.

Layeredshortespath(LASH) routingproposedy Skeie
etal. guaranteeminimal pathsby dividing thephysicalnet-
work into asetof virtual layers. Thevirtual layeris avirtual
network like the sub-networkn the DL routing. The LASH
routing is safefrom deadlocksby making acyclic virtual
layers[19] however, it needghenumberof virtual channels

enoughto guarantedothminimal pathsanddeadlock-free.

A minimal routing proposecdby Sanchcet al.[7] for Infini-
Bandis similar to the LASH routing. It adoptsup*/down*
routing to makeagyclic virtual networks(layers). On the
other hand, an adaptie escape-pathouting proposedby

Silla and Duato doesnt always guaranteeminimal paths,
however, it guaranteesleadlock-fregouting while still al-
lowing cycles[18].Sinceeachpacketin channelout of es-
capepathis forwardedalongaminimalpath,mostof packets
takeminimal pathsin the Silla’s routing. It is difficult to be
implementedcasa deterministicrouting usinga pathselec-
tion algorithm. Thisis becausét guaranteegeadlock-free
throughdynamicallyselectinga path betweenthe original
channel(escapepath) and the new channel(fully adaptve
path). The otherapproachhatusesbuffersat intermediate
hostss proposedA trueminimalroutingproposedy Flich
etal. is intendedto be asourceroutingin Myrinet[9]. The
true minimal routing breaksall cyclesby storingandlater
re-injectingpacketsat someintermediatehosts.
Consequently they hawe different conditions —
adaptve/deterministicoutings,the requirednumberof vir-
tualchannelsandtheuseof buffersonintermediatéosts—
to applyin SANs,thatis, theirtargetnetworksaredifferent.

7 Conclusion

A novel deadlock-freedeterministicrouting called de-
scendinglayers(DL) is proposedor SANs with irregular
topologiesand implementedon the real PC clustercalled
RHINET-2. It dividesthe networkinto sub-networkawith
the sametopology consistingof layersof virtual channel-
s, and it establishes large numberof pathsacrosssub-
networksin orderto reducethe pathlengthand pathcon-
gestion. Throughthe evaluationof the RHINET-2 cluster
its throughputis improved up to 33% comparedwith that
of up*/down* routing. Its executiontime of a barriersyn-
chronizationis alsoimproved 29% comparedwith that of
up*/down* routing. The performancef the DL routingin
larger network sizesand varioustopologiesare evaluated
with theflit level simulation,andit achiezesupto 266%im-
provementon throughputcomparedwith up*/down* rout-
ing. Simulationresultsalsoshow that,the choiceof a path
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Figure 7. Accepted traffic versus latency on 8 x 8 2D torus

selectioralgorithmhasalargeinfluenceonthe DL routing,
while deadlock-freealgorithmsto remaina packetin the
sub-netvark have smallimpact.

We areplanningto evaluatethe DL routingthroughvar
iousbenchmark®n the RHINET-2 clusterwith SCoresys-
temsoftware[4].
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