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Abstract

In order to solve traffic unbalancing caused by
up*/down*routingfor irr egular networkstwo-dimensional
directionis introducednto a spanningree,andnovelrout-
ing algorithmsbasedon two-dimensionaturn modelare
proposed.Theproposedalgorithmsimprovetraffic balanc-
ing by selectingprohibitedturnsfor deadlock-feecarefully.
Simulationresultsdemonstratethat proposedalgorithms
improve boththe performanceand stability.

1 Intr oduction

High performancalistributed computingsystemsausing
commoditycomponentssuchaspersonatomputersinter-
connectedvith a high-speedetwork[1],[2],[3] hawe been
widely developedbecauseof their high performanceper
cost.

In suchsystemsswitch-basedrregular networks,such
asMyrinet[1], areoftenrequiredfor high degreeof flexi-
bility andscalabilityof wiring. Irregularity of interconnec-
tion introducegdifficulty on guaranteef connectity and
deadlock-fregpacketransferandspanningreebasedout-
ing algorithms[2]which usethe connectvity andacyclicity
of spanningreesarenoticedaspracticalsolutions.

Up*/down* routing is the most popular spanningtree
basedrouting algorithm[2] and can be easily applied for
both regularandirregularnetworks. By restrictingpacket
transfer direction basedon the turn model[4] on one-
dimensionalayeredstructureof a spanningree,cyclic de-
pendenciebetweenchannelsare remowed, and deadlock
canbe avoided. However, it is difficult to utilize network
bandwidtheffectively, sincetraffic balancingis hardto be
caredby a simpleone-dimensionaiurn model.

In this paper we proposenew routing algorithmswhich
arebasedon two-dimensionaturn model using a specific
spanningreecalledH/V tree.

2 Up*/Down* Routing

Up*/down* routing is the most popular deadlock-free
routingalgorithmfor irregularnetworks.andhasbeenused
in Autonet[2] and Myrinet[1]. It canbe easilyappliedfor
bothregularandirregularnetworksbecausef its simplic-
ity. In orderto guaranteeconnectvity and deadlock-free
for irregularnetworks,it exploits a spanningreebaseddi-
rectedgraphin which up or downdirectionis assignedo
eachnetworkchannel.

Thetraditionalspannindreeusedin Autonetis the BFS
(Breadth-FirstSearch)spanningtree. The MDST (Mini-
mum DepthSpanningTree)[2]is oneof the BFS spanning
tree. In the MDST, topologicaldistanceof eachnodefrom
therootis alwaysminimum.

After building the spanningree,a directedgraphis con-
structedby assigningup or down directionto eachnetwork
channelbasedon one-dimensiondayeredstructureof the
spanningreeasfollows. The“up” endof eachlink is de-
finedas: (1) theendwhoseswitchis closerto therootin the
spanningree;(2) theendwhoseswitchhasthelowerID, if
bothendsareat the switcheswith the sametreelevel.

Up*/down* routing awids the deadlockusingthe turn
model[4]. In this model,all directionsof packetturnsand
their cyclesin the tamget networkare analyzed. Then,just
enoughof theturnsto breakall of thecyclesareprohibited.

Sinceonly one-dimensionatlirection: up or down is in-
cludedin up*/down* directedgraph, only two turns and
onecycle aredetected.Thus,cyclic dependenciebetween
channelsarebrokenbasedon a simplerestriction:a packet
mustbetransferredy usingchannelswith the up direction
(if neededjollowedby channelsvith thedown direction(if
needed)Thisrestrictionpreventsa packetturningfrom the
down directionto theup direction.

Although deadlockis awided with this simple restric-
tion, thereis no flexibility aboutselectingprohibitedturns
in thismethod.Thus,apair of prohibitedturnsbetweertwo
links is alwaysformedasshavn in Figurel. In Figurel,a
pair of prohibitedturnsis formedat nodeB andthreepairs
of prohibitedturnsareformedatnodeA. Thisconcentration
of prohibitedturnsin up*/down* routing may causean un-
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balancedraffic thatdegradegffective networkbandwidth.

3 2D Turn Model BasedRouting Algorithms
3.1 Construction of H/V Graph

Here, we extendthe one-dimensionaldirected graph
usedin up*/down* routing,andintroducetwo-dimensional
directedgraphwhichis calledH/V graph.

H/V graphis constructedbasedon a spanningtree as
follows.

1. Building a BFS spanningtree

First, the BFS spanningtreeis built asthe samemanner
for up*/down* routing,suchasthe MDST. After buildinga
spanningree,depthis assighedo eachnode. The depthis
minimaldistancdrom therootnodein theverticaldirection
andusedto determinethe verticaldirection(up or down) of
eachchannelike up*/down* routing.

For example,Figure 2(a) shows the assignmentf the
depthto a 9-switchirregular network. As shavn in Fig-
ure2(a),the samedepthcanbe assignedo differentnodes.

2. Assignmentof width to eachnode

In orderto constructtwo-dimensionaldirectedgraph, we
assigrnwidth to eachnodefor introducingthe horizontaldi-
rection:left or right.

The width of eachnode is determinedby pre-order
traversalfrom the root node. An ascendingntegeris as-
signedo eachnodein theorderof visiting duringthetraver
sal. After theassignmenof thewidth, two-dimensionato-
ordinatesof eachnodearedetermined.Coordinatesf the
nodeN arerepresentedsCy = (z,y) wherexz andy are
thewidth andthe depthof thenode N respectiely.

For examplethe assignmenof thewidth to the network
in Figure 2(a) is shavn in Figure 2(b). As shawn in the
figure,thewidth of eachnodeis alwaysuniqueby the pre-
ordertraversaland so the two-dimensionakoordinateof
eachnodearealsounique.

Sincetwo or morechildrennodescanbe selectedasthe
next visit nodein the pre-ordertraversal,several selection
rulescanbeapplied.Thus,variousH/V graphscanbebuilt
from the sametargetnetwork.
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Figure 2. Assignment of depth and width

3. Assignmentof directions to eachchannel

Here,the vertical directionandthe horizontaldirectionare
assignedo eachchannebasedn the two-dimensionato-
ordinatesof eachnode.

First, the horizontaldirectionis assignedo eachchan-
nel. The horizontaldirectionfor the channelfrom node A
to nodeB is determinedy thefollowing conditions.When
the coordinateof node A and B areCy = (x4, y4) and
Cp = (xp,yp) respectiely:

1. if x4 > xp, thenleft directionis assignedand
2. if x4 < xp, thenright directionis assigned.

Next, the vertical directionis assignedo eachchannel.
The verticaldirectionfor the channelfrom node A to node
B is determinedy thefollowing conditions:

1. if (ya > y) U ((ya = yp) N (ra > xp)), then
up directionis assignedand

2.if (ya < yp) U ((ya = yB) N (za < zB)), then
downdirectionis assigned.

Finally, one of the four H/V directionsis assignedo
eachchannelbasedon the assignedhorizontaland verti-
cal direction. H/V directionof eachchannelHV (h,v) is
definedwith a pair of horizontaldirection (k) andvertical
direction(v). Thatis, thedirectionof HV (left, up) chan-
nelis calledleft-up(LU) direction. Similarly, the direction
of HV (left, down) channel, HV (right,up) channeland
HYV (right, down) channelarecalledleft-down(LD)direc-
tion, right-up(RJ) direction, and right-down(RD)respec-
tively. In this paper we call a channelwith dir H/V di-
rectionasdir channel. TheseH/V directionsare usedfor
thedefinitionof ourturnmodelbasedoutings.After theas-
signmentof the H/V directionto eachchannelH/V graph
is constructed.

Figure 3 shawvs the H/V graphfor the networkin Fig-
ure 2. The subgraplof H/V graph,which consistsof only
channelsn thespanningree,is calledH/V tree.

3.2 Definition of 2D Turn Model BasedRouting
Algorithms

Deadlock-freerouting algorithmsare definedby apply-
ing the two-dimensionalturn modelto the H/V graphas
follows.
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Figure 3. H/V Graph
1. Identifying all possibletur ns

First, we representn packetturn from a direction prewv to
anothedirectionnext asTyrey, neat:

Sincethereare four H/V directionsin H/V graph,the
numberof possibleturnsis twelve as shavn in Figure 4.
Figure4 shavsall possibleturnsfrom oneH/V directionto
anothet/V directionin H/V graph.In Figure4, thereexist
eight90-degredurnsandfour 180-degredurns.
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Figure 4. All possible turns in H/V Graph

2. ldentifying all possiblecyclesand choosingthe pro-
hibited turns

Weidentify all possiblecyclesformedby theturnsshavnin
Figure4, andprohibitonly turnsenoughto breakall cycles.
For bettertraffic balancing prohibitedturnsare chosenso
asto avoid the concentratiorof prohibitedturnsaspossible.

Here, a dependeng from turn 7} to 7 is represented
asDep(T;, T;) if T; canbeformedafter T;. Forexample,
Dep(Tup,downs Taown,up) 1S formedin up*/down* routing.
Assumethat a setof turns{To, T1, ..., Tn—1}, Wheren is
thenumberof turns,formsacyclein H/V graph.Thecycle
{Dep(T;,T;) | j = (i + 1) mod n,i = 0,1,...,n — 1} is
representeds L (7o, T4, ..., Tn—1)-

First,we identify four simplecyclesin H/V graph.Since
every pair of nodess connectedhroughlinks belongto the
spanningreein H/V tree,if onelink which doesnt belong
to H/V tree (“other link”) connectssometwo nodes,then
two cyclesthroughthe two nodesandtheir ancestomode

arealwaysformedby the“otherlink” andthespanningree
links.
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Figure 5. Four possible cycles in subgraphs
of H/V graph

Figure 5(a),(b) shov two simple subgraphswhich in-
troduce such two cycles. In Figure 5(a),(b), node B
and C are connectedwith a link which does not be-
long to the spanningtree, and node A is their ances-
tor node. The differencebetweenthe two subgraphss
the relative position of node B and C. As shown in the
figures, there exist two cycles in each subgraph. The
cycles in Figure 5(&) are La (TLU,RDa TRD,RUa TRU,LU)
and LQ(TLU,RDaTRD,LDa TLD,LU)- On the other hand,
the onesin Figure 5(b) are Ly(Trv,rp, Trp,cv) and
Ly(Tru,rp, Trp, ). SinceL, andL; arelogically equiv-
alent,only L, wili be considered.

In orderto breakthe four cycles, one of the turnsin
eachcycle is prohibitedbasedon the following two poli-
cies: (1) Tty rp must not be prohibited to guarantee
the connectiity, becauselr.i; rp canbe formedwhena
packettransfershetweenspanningtree channels. (2) Se-
lectedprohibitedturnsshouldnot form the concentratioras
shavn in Figure1 aspossible.Consideringthesepolicies,
{Tep,Lv.Tru, v} Of {Trp,ru, Trp,Lp} a@rechosenas
prohibitedturnsto breakZ, andL/,.
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Figure 6. Prohibited turns for H/V graph

As shavn in Figure6(a)and(b), the distribution of pro-
hibited turnsis achieved. However, in orderto break L,
we are obligedto prohibit Trp 7, which introducesthe
concentratiorof prohibitedturnsasshaown in Figure 6(c),
becausd.yy rp cant beprohibited.

Eventualiy oneof thefollowing two turn sets,P; or Ps,
canbechoserfor breakingthefour cycles.

Py = {Tup,rv.Tru,iv,TrD, LU}
P =

Next, we identify the remainingcycleswhich don' in-
cludethe abo\e prohibitedturns. Here, it is assumedhat
P, is choserasprohibitedturnsin thefollowing discussion.

Althoughthreeturnsin P; areprohibited,the othernine
turnsin Figure 4 canform cycles. The nine turnscanbe
classifiedinto Q1 = {Try,; | i # LU,i € H} and@Q, =
{T;; |1 # LU,j # LU,i # j, i,j € H} whereH =
{LU,LD, RU, RD}.

{Trp rRU:TRD,L.D, TRD, LU}



Theorem1 Cyclesincludinga turnin @, includesonein
PO

Proof Assumingthatacycle L.(To, T1, ..., Tuy ooe; Tri1)
whichincludesaturn 7,,(x = 0,1...,n — 1) in Q1 but not
theturnin P, canbeformed. SinceT), is formedwhena
paclet transfersfrom LU directionto anotherdirection, a
turn which canbe formed just before7, mustbe the one
in {T; Lv |i # LU,i € H}. However, the turn setis

equialentto P;, andthis contradictdheabowe assumption.

Thereforegyclesincludingaturnin @, includesonein P;.
ad

From Theoreml, thereare no requiremento prohibit
Q1 , sincecyclesinclude®, arebrokenby P;.

As aresult,all possiblecyclesincludingaturn with LU
directionare broken. Thus, the remainingpossiblecycles
areonly onesconsistingof turnsin @2 which include no
LU direction. In order to identify suchcycles,we shaov
TDG(Turn Dependeng Graph)for Q2 as showvn in Fig-
ure?.

...................

cyclic
forming a cycle in
H/V graph

Figure 7. Turn Dependency Graph for @,

In Figure7, eachnoderepresentsneof theturnsin Q-
andeacharrow representa dependenchetweertwo turns.
All possiblecyclesby theturnsin theTDG arebasednone
of thefour cyclesasshawn in Figure7 with dottedcycles.

Thefour cyclesarerepresentedsfollows.

1. Li(Tru,rpsTrD,LD, TLD,RU)
2. Ly
3. Lj

(Trp,rU>TrRU,LD>TLD,RD)
(Tep,rv, TrU,LD)
4. Ly(Trp,rv, Tru,rDs TRD,LD, TLD,RD)

Figure8 showsthesefour cycles.

L7 A G

(aL1 (b)L2 (c)L3 (d)L4
Figure 8. Possib le four cycles formed by turns
in Qo

For breakingthe four cycles,one of the following two
turnsets,P; or P/, is prohibitedbasedn thepoliciesmen-
tionedabo\e.

Pl = {Tipru.Tip.rp}
P = {Tru,p,TrRU,RD}

Finally, aturnset: P, = P, + P{or Py, = P, + P/’ is
choserasprohibitedturns.

Sinceall possiblecycleswith a turn including LU di-
rectionarebrokenby P, andthe otherpossiblecyclesare
brokenby P;] or P/, all possiblecyclesarebroken. In al-
mostthe sameway, theturnsetP} = {Tr.p,rv, Tru,rRU}
or Pé/ = {TRU,LDa TLU,LD} is prOthltedlf P, is chosen
insteadof P;. As aresult,aturnset: P, = P>, + Pj or
Py, = P>, + PJ, is alternatve for breakingall cycles.

Theorem2 Deadlok-free is guaranteedby prohibiting
oneoftheturn sets,P,, Pip, Pog and Pay. O

Proof All possiblecyclesarebrokenby prohibitingoneof
theturn sets.Therefore deadlock-freas guaranteedd

Theorem3 Connectivity between every pair of nodes
is guaranteed when prohibiting one of the turn sets,
P1o, P1p, Paq and Pap. O

Proof The possibleturnin H/V treeis only Ty grp be-

causet includesonly LU or RD channelsSincel.y rp iS

notprohibited,apacketransfetbetweereverypairof nodes
connectedby H/V treeis allowed. Thereforethe connec-
tivity betweerevery pair of nodess guaranteedd

3. Cycle detectionalgorithm

In the following discussion,it is assumedthat P; =
{Trp.rv, Trp,rD} IS choserasprohibitedturns.

We definedfour alternatve setsof prohibitedturns for
breakingall possiblecyclesin H/V graph.However, thetwo
turnsin Py, which are prohibitedfor breakingfour cycles
shown in Figure8, don't alwaysform cycles.Thus,if turns
in P; are prohibited statically someof the turns may be
prohibitedunnecessarily

In orderto alleviate the problem, a traversalsearchon
the H/V graphis performedfor detectingthe abowe four
cycles. By employingthe cycle detection,only the turns
in P/ which form eachdetectectyclein the H/V graphare
prohibited.

Here,thetraversalalgorithmfor cycle detectionis intro-
duced. The traversalstartsfrom all nodeswhich meetone
of thefollowing conditions.

(a). One or more output RU channelsand one or more
outputRD channelsare connected(forming’z p, rp

in Py)

(b). Two or more output RU channelsare connected
(forming T p,re in P)

The procedureof the traversalconsistsof the following
two steps.



STEP1: Traversal from the node meetingthe condition

(@)

First,thetraversalproceswisitsanadjacentodewhichcan
be reachedhroughan outputRD channelfrom the target
node.Onceachanneis usedfor visit, it is markedsoasnot
to be usedagain. Then,if thereexists an available output
channel,adjacentnodesare recursvely visited in the way
of the depth-firstsearch.A channelis availableif it meets
thebelow conditions:

1. nottheLU channel(doesnform aturnin P; ),
2. notmarked,and

3. doesnt form aturn which wasprohibitedby the pre-
vioustraversal.

If thereare no available output channelsthe traversal
procesgeturnsto the previousvisitednode. The targetcy-
cle is detectedf the traversalprocesgeturnsto the target
nodethroughanoutputLD channelfrom anadjacennode.
ThentheturnTr,p gp fromthelLD channeto thefirstused
RD channelis prohibited. The traversalprocesscontinues
until thereareno availableoutputchannels.

The abowe procedures performedfor eachoutputRD
channebf thetargetnodein turn.

STEP2: Traversal fr om the node meetingthe condition
(b)

This traversalis performedin almostthe sameway except
for thefollowing conditions:

1. achanneusedfor thefirst visit is anoutputRU chan-
nel,

2. whenacycleis detectedtheturn T p gy is prohib-
ited.

In almostthe sameway, the traversalalgorithmcanbe
emploedfor P/, P;, Py, respectiely.

s - detected cycle

Otarget node for the
traversal algorithm

Figure 9. A detected cycle by the traversal
algorithm

Figure 9 showns an exampleof a detectedcycle by the
traversalalgorithm.In Figure9, thereexisttwo targetnodes
for the algorithmandthreeturnsin P;. As shawn in the
figure, only oneturnin P is prohibitedbecausehe other
turnsform no cycle.

Thecomputatiorcostfor thealgorithmis O(In?), where

n is the numberof nodesand! is the numberof links per
node.

4. Definition of routing algorithms

Here,we definefour routingalgorithmsbasedn theabowe
four prohibitedturn sets.

The routing algorithmsbasedon the prohibitedturn set
P, arecalledL-turn routing(Left-up first turn routing).
Sinceall turnsto the LU directionare prohibitedin L-turn
routing, a packetmuststartoutin thatdirectionin orderto
reachthe destinatiomnodein LU direction. Especially the
routingalgorithmwhich prohibitsturnsin P; staticallyand
onesin P{(P]") dynamicallybasedon the cycle detection
algorithmis calledL-turn/ a(L-tur n/f3).

Similarly, the routing algorithmsbasedon the prohib-
itedturnsetP, arecalledR-turn routing(Right-down last
turn routing). Especiallytheroutingalgorithmwhich pro-
hibits turnsin P, statically and onesin Pj(P;’) dynami-
cally basedon the cycle detectionalgorithmis called R-
turn/ a(R-tur n/g).

Sincea packetcantravel on any pathwithout a prohib-
ited turn, nonminimalpathsareavailable. However, a hot-
spotis morelikely to be formed when nonminimal paths
areallowedin irregularnetworks.Thus,only minimal paths
amongall possiblegpathsshouldbeavailablein theproposed
routingalgorithms.

4 Performanceevaluation

In this section,performanceof the proposedouting al-
gorithmsis evaluatedby computersimulation, and com-
paredwith the BFS basedup*/down* routing. A flit-level
simulatorwrittenin C++wasusedfor the simulation.

4.1 Network model

We evaluate each routing algorithms on both irregu-
lar and regular networks. Irregular networksinclude 64
switches,and 10 differenttopologiesare randomlygener-
ated. For eachtopology the spanningtreewhich provides
minimumcrossingpathsis built. In caseof tie, thespanning
tree which providesthe smalleraveragedistanceis used.
Crossingpathsare the maximumnumberof routing paths
crossinghroughanynetworkchannelandaveragedistance
is the averagenumberof hopsin minimal routing pathsbe-
tweenall pairsof switches.

As aregularnetwork,8x8 2D torusis used. Eachnet-
work switch has8 ports. 4 portsare usedfor connecting
otherswitches andthe restareconnectedo processingl-
ements.

4.2 Simulation parameters

Simulationparameterareasfollows.

Eachsimulationis performedn 1, 000, 000 clockcycles
andthefirst 50, 000 clock cyclesareignoredfor theevalua-
tion. Pacletlengthis 128flits andthetraffic patternis uni-
form. For switchingtechniqueyirtual cut-throughis used.
In the switch, flit transferrequires3 clocks,thatis, onefor
routing, onefor transferringa flit from aninput channelto
outputchannethrougha crossbarandthe restfor transfer
ring theflit to the next node.Eachroutingalgorithmselects
only minimal pathsamongall possiblepaths.



4.3 Irr egular networks
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Figure 10. Throughput of 5routing algorithms
on 10 irregular networks with 64 switc hes

Figure 10 shavs the throughputof 5 routing algorithms
on 10 differentirregular networkswith 64 switches. As
shawvn in Figure 10, two L-turn routings achieve higher
throughputapproximatel\27%in averagethanup*/down*
routing in eachtopology On the otherhand,two R-turn
routingsachiese only a smallimprovement,approximately
4%, comparedvith up*/down* routing.

Table 1. The average value of the perfor-
mance metrics, Throughput, PT(the number
of prohibited turns), SDPTthe standar d devi-
ation of the number of prohibited turns per
node), AD(average distance) on 10 irregular
netw orks with 64 switc hes

Routing Throughput SDPT| AD
algorithm
Up*/Down* 0.04518 | 193.2] 3.669 | 3.844
L-turn/a 0.05763 | 184.0| 2.225| 3.793
L-turn/g 0.05717 | 185.4| 2.269 | 3.789
R-turniy 0.04684 | 177.0| 2.006 | 3.703
R-turn/s 0.04705 | 184.5| 2.310| 3.731

Tablel shovstheaveragevalueof theperformancenet-
rics for eachrouting algorithm on 10 topologies. SDPT
shaws how uniformly the prohibitedturns are distributed.
Sincetheturn modelbasedoutingsprovide smallerSDPT
thanup*/down* routingasshown in Tablel, it canbe said
thatthe turn modelbasedroutingsdistribute the prohibited
turnsmoreuniformly. Theturn modelbasedroutingsalso
provide smallervalue aboutPT and AD than up*/down*
routing. However, thethroughputof eachR-turnroutingis
poorcomparedvith eachL-turn routingalthoughthey pro-
vide almostequalvalueaboutthe otherthreemetrics. The
reasoncanbe explainedasfollows. R-turnroutingsallow
all turnstoward LU directionexceptTrp, v, which leads
paclet toward the root node. On the otherhand,they also
prohibitall turnsfrom RD direction,which restrainpacket
transfertowardtheleafnodes.Thus,traffic tendsto concen-
tratearoundthe root nodeanddegradeshe performance.

4.4 8 x 82Dtorus

Figure 11 shows the relation betweenaveragelateng
andacceptedraffic of 5 routing algorithmson 8x8 torus.
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Figure 11.Latency versus accepted traffic for
8x8 2D torus

As shown in Figure 11, two L-turn routingsachievze much
higherthroughputhanthe otherrouting algorithms.Espe-
cially, L-turn/a. achievesapproximately70% improvement
comparedvith up*/down* routing. Theperformancef two

R-turnroutingsis still poorcomparedvith L-turn routings.

5 Conclusion

Fourrouting algorithmsbasedon two-dimensionaturn
modelusingspecificspanningreecalledH/V treearepro-
posedandevaluated.

The concepbf the proposedoutingalgorithmsis to dis-
tribute the prohibitedturnsfor bettertraffic balancing. In
orderto avoid prohibitingturnsunnecessarilthe cycle de-
tectionalgorithmis alsoproposed.

Result of simulations shavs that proposed routing
algorithms achiere better performancethan traditional
up*/down* routingbothonirregularandregulartopologies.
Especially L-turn routingsoffer much betterperformance
thanotherones.
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