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A para‖ e!a19orithm fortraffic control prob:ems in multistage interconnection

networks is presented.Since Goke and Lipovski[ll defined the class of Ban―
yan networks in 1973′ mu:tistage interconnection networks have been ex‐

tensively studied and used in rnany applications such as telephone switching

networks,para‖ e:processing connputer networks′ and integrated service dig―

ita!network(lSDN).The multistage interconnection networks have two ad‐
vantages over simple crossbar switches:one is thatthe nunnber of switching

devices increases by O(″ ・10g 17)r inStead of O(η
2)′  aS it dOes in crossbar

switches for η‐input/77‐ Output switching systems.丁 he other advantage is that

the fanout of switching devices is Constant′ as opposed to O(17)in CrOSSbar

switches.A disadvantage′  however′ is that the multistage interconnection

networks not on!y have output b!ocking(whiCh is unavoidab:e in crossbar

switches as we‖ )but also have internal b!ocking′ which degradesthe network

throughput.The goal of the proposed para‖ el a19orithm is to find conf!ict―

free traffic f:owsin orderto realize the maxirnum or near‐ maximunn through‐

put for a given:/(D traffic demand in a given multistage interconnection net―

work.The a19orithm requires η2 prOCessing elements for the traffic control
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372  FUNABIKI AND TAKEFUJl

problem in an 17× η multistage interconnection network.The a19orithm runs

not only on a sequential machine but also on a para‖ e!machine with max―

irna‖ y172 prOCessors.The aigorithm is verified by so!ving 40 problems where

the size of networks is varied from 4 × 4 to 32 × 32 and the traffic demand

density is varied from 40 to 100%.in massive simulation runs,the aigorithm

finds conflict―free traffic fiows in a nearly constant time with η2 prOCessors.

Banyan networks′ multistage interconnection′

integrated service digita!network′ crossbar switch′ traffic control

INTRODUCTION

Sincc Gokc and Lipovski dcfined the class of Banyan nctworks in 1973[11,mul‐

tistagc interconnection networks have becn cxtensivcly studicd and uscd in many

applications such as tclcphonc s、vitching nct、 vorks,paranel prOccssing computcr

nctworks,and integrated scr宙 ce digital nctworks(ISDN)[2-29].ThC multistagc

intcrconncction nctworks have two major advantagcs ovcrsimplc crossbar switchcs

One is that the number of switching dcvices incrcases by O(72・ 10g/2)inStCad Of

O(42)aS it dOCS in crossbar switchcs for 4-input/4-output switching systclns.The

other is that thc fanout of switching de宙 ccs is constant as opposed to O(4)in

crossbar s、 vitchcs.

Thc inultistage intcrconncction nct、 vork considcrcd in this articlc consists of log2

(⇒ Dm9ct cOrElectЮn s餞ヽ

(b)CrOSSed com"cton s餞
"

Figure l. Two states of a 2 × 2 switching element.



Щ

ｌ

２

３

呻

PARALLEL ALGORlttHM FOR TRAFFiC CONTROL PROBLEMS  373

れstagcs of 2 × 2 nonblocking sv/itching clemcnts whcrc rl inputs and rl outputs

are connccted and Pl is the po、 vcr of 2.Thc nct、vork iS CaHcd an 77 × 77 multistage

intcrconnection nctwork.Each stagc is composed of″ /22 × 2 sv/itching clemcnts.

As shown in Figure l,each s、 vitching elcmcnt has t、 vo statcs,a dircct conncction

state and a crossed conncction state.Thc lnultistage intcrconnection nct、 vorks havc

a self―routing function、 vhere each bit ofthe destination addrcss of a packct of data

dccidcs the statc of the corresponding switching clcment[4].ThiS function implics

that one and only one path through thc nct、 vork bct、 veen an input― output exists,

and that thc path is predctcrnlincd. Scvcral variations in the class of multistagc

intcrconncction networks such as data manipulator(mOdified vcrsion)[31,omcga

network[41,■ip nCtWOrk[5],indirect binaryれ ‐cube nctwork[6],regular sW banyan

nctwork(with Spread and fanout of 2),baselinc nctwork,and rcverse basclinc

nctwork[8]have been proposcd.It has been proven that thcy arc topologically

cquivalent[7,8].

In this article, 、vc usc the rcvcrse bascline nctwork as thc bcnchmark in the
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Figure 2. An″ ×″reverse baseline network generated from two″ /2X"/2 baseline
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Figure 3a. A4 × 4 reverse baseline network.

multistage intcrconnection networks bccausc it has the silnplcst、 viring structurc.
The topology of thc revcrsc basclinc net、 vork can bc generated in a recursivc、 vay.
Figurc 2 sho、 vs an/2 × 77 rCvcrsc baselinc nct、vOrk that is gcncratcd froln twO r7/2
×

`/2 rcversc bascline nctworks at up to(10g′
2-1)th Stages and 4/22× 2

switching elemcnts at the(log″ 2)th StagC.Onc input of each switching clemcnt is
wircd、 vith onc of″/2 outputs of an 77/2 × 77/2 net、vork,and anothcr input of thc
s、vitching clemcnt is wircd、 vith one of77/2 outputs ofthc othcr 4/2 × 77/2 net、 vork.
Figurcs 3a and 3b sho、va4 × 4 revcrsc baselinc net、 vork and a 32 × 32 revcrsc
baselinc nctwork,respcctively

Thc nlultistagc intcrconncction nct、 vork including thc revcrse basclinc net、 vOrks
usua‖ y has t、vO kinds of constraints for data transnlission: thc output‐ blocking
constraint and the internal blocking constraint[27]Thc output b10cking constraint

means that mOrc than one input cannot bc cOnnccted with thc same output si―

multancously because it causes data coHision at thc Output.This Output― b10cking
constraintis also unavoidablc in crossbar s、 vitches The internal b10cking constraint
mcans that rnore than onc path from inputs to outputs cannot siinultancously share

thc samc intcrnal、 viring in thc nctwOrk becausc it also causes data conision in the

wiring.In addition to thcse t、 vO cOnStraints,、 vc assume that the net、 ″ork prOvides
only point― to―point conncctions、 vhere one input cannot be cOnnectcd、 vith more
than onc output.In this articlc this is refcrred tO as thc input― blocking constraint.
The point― to―point conncction has a scvercr restriction than thc multipoint cOn―

ncction,、vhich ano、 vs onc input to be cOnnccted、 vith morc than onc Output si―
multaneously. Unless a rcasonablc traffic control schemc is adopted,thcsc threc

constraints dcgradc the nct、 vork throughput.
The rcversc basclinc net、 vork considcrcd hcrc has input buffers fOr switching

configuration,but has no intcrnal buffcrs[17].Thc data in the netwOrk is trans―

lnitted in thc fixcd lcngth packct form. Thc network is also Operated in cycles

synchronizcd by a singlc clock.In thc first stcp of a corllinunicatiOn cycle,conflict―

frcc traffic flows Or packcts are detcrnlined by thc proposcd algorithm. In the

sccond stcp Of the cycle,thc states of an s、vitching elemcnts are selected so that
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output

Figure 3b. A32 × 32 reverse baseline network.

thc packcts can bc transmitted through thc net、vork.In the third stcp of this cycle,

the packets are finaHy translnitted from inputs to outputs.

A rcqucst for the packcttranslnission through an J2 × 77 revcrsc basclinc network

is dcscribed by an rl × 7t traffic matrix T whcreれ inputs are connccted、 vith 77

outputs.In the traffic matrix T,cach clcmcnt r77 represents a rcquest for packcts
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to be transmittcd from theノ th input to thcブ th output;|ァ = O means that thcre is
no packct to bc transmitted,and r77=l means that thcre is at least Onc packet to

bc transmittcd from thcノ th input to thcブ th Output.Thc traffic matrix usually has

a randonl distribution of O-l elcmcnts,bccause thc inconling traffic in the net、 vork
is usuany randonlly gencratcd.In orderto lnaxllnizc the throughput ofthc nct、 vOrk,
we inust find the possiblc cOnflict― free traffic flo、 vs,givcn thc requests in the traffic

matrix.

Figurc 4 shows an cxamplc Of a 4 × 4 traffic lllatrix corresponding to thc 4 ×
4 rcversc baseline nct、vork in Figure 3a.The traffic matrix shOws that therc arc a

total of scven packct rcqucsts to bc transnlitted froln inputs tO outputs in this

network.Therc arc packets to be transnlitted froln irst input to first Output,from

first input tO fOurth Output,from sccond input to third output,from sccOnd input

to fourth Output,from third input to sccOnd output,froln fourth input tO sccond

output,and froln fourth input to third output.

The problell1 0f finding contlict― frcc traffic flo、 vs for thc givcn traffic matrix in

thc givcn lnultistagc interconncction net、 vOrks has been rcported in scveral articles.

In 1968,Batchcr prOposcd thc first approach tO this problclll,an approach that is

now called thc Batchcr nctwOrk[2].In thC Batcher nctwOrk,the traffic rcquests

arc sorted bcfOrc transnlission so that thcy can havc cOnflict― frcc paths in thc
nct、vork.Ho、vcver,the Batcher nct、 vork hassomc dra、 vbacks.It nceds rnore switch_
ing elcmcnts than a multistage intcrconnection nct、 vork itsclf,and it cannot avoid
input and output blockings.In 1980,Wu and Feng proposcd a scqucntial algorithm

for thお problcm[8].Thc Wu_Fcng aヒ 0五thm dclctes rcquests that havc thc most

conflicts、 vith Other rcquests until aH remaining requcsts can bc transnlittcd、 vithOut
conflict.Thcir algorithlll,hO、 vevcr,docs nOt guarantee discovery of thc maxilllum

throughput sOlution. In 1983, Agra、 val proposed a scquential algorithln fOr thc

samc problem based on thc graph thcory[12].In 1990,BrOwn and Liu propOsed

a paraHcl algorithlll and a circuit dcsign for thc samc problem in Banyan net、 vOrks
based On thc HOpfield ncural nctwork model[27]Although thcir apprOach is

similar to ours,thcir algonthm has the fo110wing disadvantagcs:(a)they use sigmOid

functiOns that rcsult in a slowcr convergencc timc;and(b)they usc thc dccay tcrm

in thc HOpfield ncural nct、 vork modcl, 、vhich has becn provcn to dccreasc thc
probability Of cOnvergcnce for the systcm[3()];and(C)they dO not discuss thc time

ouっ ut
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Figure 4  A4 × 4 traffic matr:x.
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complexity and thc convergence probability of the systcms,Inatters that are al、
vays

problcmatic in ncural nctwork research.

NEURAL NETWORK APPROACH

biological ncuron. The interconnections bctwcen processing elcmcnts are dcter‐

nlincd by thc motion cquation:

__∂ E(yll,712,一 つ 42)
∂К′

neuron modclis givcn by:

均 =lI%>0

=O othcrwisc

Thc sigmoid ncural netヽ Ⅳork lnodel for solving combinatorial optilnization prob―

lcms was firstintroduccd by Hopficld and Tank[31].ThC input/output function of

thCヴth prOcessing clcmcnt in thc Sigmoid ncuron modclis given by:

けウト+ねn Kλり,

亀
７

(2)
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that arc always problcmatic in ncural nctwOrk research Takcfuii and Lcc proved

that thc decay tcrrll in thc Hopicld neural nct、vork modcl dccreascs thc convcr―
gencc probability of the systcm[30];in OthCr words,undcr somc cOnditions,thc

dccay term hindcrs thc systcnl convcrgcncc.Thercfore,thc decay tcrm is not uscd

in our algorithm.

In ordcrto enhance the convergencc specd,the McCunoch_Pitts ncural nct、 vOrk
modcl has bccn uscd for finding near― optilnunl solutions of scvcral NP― complete
or optimization prOblcms[30,35-48].HoweVCr,thc McCulloch― Pitts modelsome‐
tilnes introduccs undcsirable oscillatory behavior. A hystercsis McCuHoch― Pitts

neural network model,which was proposed by Takcfuji and Lcc,has becn shOwn

to suppress thc Oscillatory bchavior of neural dynanlics,consequently shortening

the convcrgcncc time[4()].ThC input/output function ofthcヴ th prOccssing clemcnt
in the hystercsis McCuHoch―Pitts ncuron modclis givcn by:

‰ =lI崎 >UTP(Upper THp Point)

=O ifこち<LTP(Lower Trip Point)

unchangcd othcr、visc

whcre UTP is always largcr than LTP and the initial valuc ofレ
1プ

must be assigncd
as l or O.TheOrcn1 2 in thc Appcndix sho、 vs that a discrctc inotion equation bascd
on thc first―ordcr Eulcrrncthod forccs a systcm composed ofthe hystcrcsis McCuHOch_

Pitts ncurons to converge to thc local minimum[41].

Wc verificd our parancl algOrithm by sOlving 40 problcms、 vhcrc thc sizc Of thc
rcvcrse bascline nctworks、 vas varicd fron1 4 × 4 to 32 × 32.Thc traffic matriccs
are randonlly gencrated、 vhcrc the dcnsity of nonzcro elements is also varied from

10 to 100%.Thc silnulation results sho、 vn and discusscd in the fol10wing.

SYSTEⅣI REPRESENTATION

Figurc 5a shows thc t、 vo‐ dilnensional systcnl rcprcsentation for the traffic control

problcm ofthc 4× 4 tra∬ic matrix in Figure 4 A total of 16(=4× 4)procCSSing
clemcnts are uscd to ind conflict― frce traffic flo、 vs in this problem.GcncraHy,a
total of 42 prOCCssing clcments arc required for the traffic cOntrol problen■ in a
71 × 72 inultistagc intcrconnection nct、 vork,including thc revcrsc basclinc net、 vOrk.
Thc statc of thcヴ th prOccssing clcmcnt dcscribcs whcthcr thc rcqucst from thcノ th
input tO thcノ th Output has bccn selcctcd for translnission in a colllinunication cycle

or not.The processing elemcnt has t、vo statesi nonzero output and zcro Output.
A nonzcro Output significs that the corrcsponding traffic rcqucst has bccn sclectcd

for transnlission in thc cycle ハ、zcro output significs that thc traffic rcqucst has

not been sclcctcd for transrllission in thc cyclc and rcmains in the input buffcr.In

Figurc 5b, a black squarc indicatcs the nonzcro output of a proccssing elcmcnt

and a、vhite square indicates thc zcro Output of a processing clemcnt. Figurc 5b

(4)
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(→ 4X4prOcesslng elemenじ for me mfficconω lpЮ blem inFt 3

(b)The cOn鴇
=ence ofl“

4X4processlng elemenむ
"a golu“

n

Figure 5. System representation for the trafric control prob:em in Figure 4.

shows that the four rcqucsts of thC traffic lnatrix elemcnts,′ 11,ら 4,亀2,and r43,are

selectcd for transmission in the currcnt cycle.

んtraffic lnatrix problem is givcn by:
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The condition is zcro if onc proccssing elcment amongれ

the Jth input has nonzcro output in the cycle.

The output―blocking constraint is that each output can

(5)

proccssing elements for

bc silnultaneously con―
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Thc condition is zcro if onc proccssing elcmcnt amongれ processing elcmcnts for
thCノth Output has nonzcro output in this cyclc.

Thc intcrnal blocking constraintisthat mOrc than onc path from inputsto Outputs

cannot share thc samc intcrnal M/iring in thc netwOrk. In othcr words, a traffic

rcqucst inust not bc sclcctcd for transmission in a colninunicatiOn cyclc if another

request sharing the same internal、 virings has bccn sclectcd previOusly in the cyclc.

This condition for thcヴ th prOccssing clement in an 4 × 
“

traffic l■ atrix problem
is givcn by:

Σ Σs″夕ろク              (7)
′■′″≠ノ

whcre s,ρ9is an clemcnt of thc intcrnal blocking matrix S〃 ,which describcs the
internal、 viring sharing statcs Of the path fron■ the″th input tO theノ th Output. If

踏 糀 糧
'fr冨

鼠 基 翼 ‖
麒 Stty乱麒 Ⅷ 緋 瑞

: have nonzero output in the cyclc, the
condition in Equation 7 is nonzero.

deL:場‖ilり響‰爵篤五れn詰:∝

面ned by tte ndwOrk bpdOgI The
lted by thc foHowing two‐ step proccdurc.

In thc irst stcp,thc intcrnal wiring number Nk、
i at theたth stagc for thc cOmmu―

nicatiOn path from thc′ th input to thcノ th Output for J = 1,. . . ,れ
,ブ = 1,. . . ,

4,andた =1,.… ,(10g/2-1)is giVCn by:

獅憚ツ彎:]ITE僻封,1彎轟 F」
s″ク=l if″ ″々='7々ρ夕fOrヨた∈{1,_.,(10gれ -1)}and fOr f≠ ′andノ ≠ク

~n「

―

=O othcrwisc

=¨
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F19ure 6. Four of the internal blocking matrices for the 4 × 4 reverse baseiine

network in Figure 3.

Figure 6 shows four of thc 16 matrices,Sll,S12,S13,and S14,fOr thc 4 × 4 reversc

baselinc network in Figurc 3a where a black square indicatcs the nonzcro elemcnt

and a white square indicates thc zero elemcnt.For examplc,sl122 iS l(black squarc)

becausc the path from thc first input to first output shares the first internal wiring

with thc path from the sccond input to thc second output.

The motion equation for thc″ th prOcessing elcment corrcsponding to theヴ th

traffic matrix clcment rly in anん × κ traffic matrix problem is g市 cn by:

=一 И ‰―う ″Σ
［

／

１

１

ヽ

ス
一 /k、 - 1) 一 BA,IS″夕予Ъク

′≠′″≠ノ

(10)

The first terl■ in Equation 10 forces the output of onc processing clemcnt among

κ proccssing clcments for the Jth input to bc nonzcro.The second tcrnl forces thc
output of onc processing elemcnt amongれ proccSsing elements for thcノ th Output

to be nonzero. Thc third tern■ is the inhibitory force,that is,it discourages the

output of the“ h prOCessing clemcnt from bcing nonzcro if the other processing

elcments sharing intcrnal wirings with thc tth prOcessing elcment have nonzero

+C力
(,]乙 )々+C力 (2‰ブ)・
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(⇒ A4x4mffic matix vin 50%dens,

0)SOlutiOn#1

lC)SOlutiOn惚

Figure 7. The problem of a 4 × 4 traff:c matrix with 50%density and tw0 0f its
soiutions.
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(⇒ A4X4nffic matix‖h80%dens,

0)SOlution#l

“

)SOlution 12

Figure 8. The problem of a 4 × 4 traffic matrix with 80・/.density and two of its

solutions.

formcd only for thc proccssing elcments corrcsponding to nonzcro traffic elemcnts

、vherc at lcast onc packet has been requcsted to be translnitted.

1.

set r=0,ス =B=1,C=2,UTP=5,LTP= -5,υ ■max=50,υ _min

= -200,7 maxl=500,and T max2=1000.(υ ■maX and υ_min arc the

constant upper and loWer limits of“ブ(r+ 1),ICSpCCtively;■ max2 is thc

ma対mum numbcr ofiteration stcps.)

組l電li反 LttcLiЪ箭尻ふ1,・ InbtTifオ :TTIlrtttr盟:wT
. . . ,7t arC assigned initial valucs of O.

Usc the motbn cquadon h Equa● on 10 tO computc△ 時(r)fOr j=1,一 .,

4 andノ =1,・ … ,′7.If(′ <■maxl)and[(r mod 10)<5],thcn

0

2.
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(→ An8鶏 mffic matix win 50%dens,

0)SOlutiOn#1

“

)SOlutiOn 12

F:gure 9. The probiem of an 8 × 8 traffic matrix with 50%denslty and two of its
soiutions.
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(→ An 3XB無耐驚matix wih 80%dens,

0)SOlutiOn#1

0)SOlution 12

Figure 10. The probiem cf an 8 X 8 traffic rnatrix with 80° /● density and two ofits

solutions.

If(′ <7_maxl)and[(′ mOd 10)≧ 5],then

△鴫 (の =一 ス

(']フ
L(の -1)― ス

(,]ツ
L(の -1)一 BA,IS"9ち ク(0

′≠
'9≠

ブ

+α 帽司 +CCを Lけ (12)
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(⇒ A16×16 nffic matix vih 50%dens,

0)S01ubn#1 C)S01ubnl●

Figure ll. 丁he problem of a 16 x 16 traffic rnatrix wlth 500/。 densitv and tw0 0flts
solutions.

If(′ ≧ ■ maxl)and[(r mOd 10)<5],then

△嶋0=―И
('14々

←)1)一И
(,]‰′(ゆ -1)一 B,1,ls″あ夕(のち0;

′≠′夕≠ノ

(13)

If(′ ≧ ■_maxl)and[(r mOd
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Figure 12. The problem of a 16× 16

solutions.
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(⇒ A16×16面能 mat量 ¬嗜れ80%dens対

“

)S OlutOn l●

traffic rnatrix with 80°/● density and two ofits

3. Computc鴫 (r+1)fOr′ =1,
ordcr Eulcr incthodi

,It andノ =1, ,77 baSCd on thc first―

４

　

　

５

υ″(r+1)=こ/″ (r)+△こ′″(r)

li‖ililili:lI;lilム 1lJIllitll,andブ =1,

(15)

(16)

(17)

,/1:
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(→ A32〉02い
““

matix宙ぬ50%debity

0)S01ubn#1 ←)SOlution 12

Figure 13. The prOblem of a 32 x 32 trafflc rnatrix with 500/。 density and tw0 0f:ts
solutions.〔d)appears on the facing page nunnber 389.

ろ(′
+1)=lr%(′ +1)>UTP

=Oif Oゥ
(′
+1)<LTP

unchangcd Othcrwise
(18)

6.  If all conflicts arc resOlved or′ = r max2,thcn terlninatc this prOcedure;else
increment r by l and rcturn to Step 2.

%アil,Tξ札∬鵠署淵F盟‖譜鷺霞鍵:麗:)総■訊:l通翼

―
」
■
日
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(d)The sⅥじ収 COrlguは

“

n comspoMiЦζわれ SOlutlon ll

F19ure 13.〔 CO″ ri17P″θ」).
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(o A32)02 mffic mat淑 宙h80%dens,

0)SOlutiOn#1                         

“

)S01u“n12

Figure 14. The problem of a 32 X 32 trafric inatrlx with 800/O density and two ofits

so:utions.

minimum[37].Whcn thC dcnsity of thc given traffic matr破 is low,it may happen

that none ofthc processing elcments for somc inputs and/Or none ofthc processing

elcmcnts for some outputs havc nonzero output without conflicts.Thcreforc,after

T maxl iteration steps,this procedure tcrFninatcs in any valid solution,which does

not always g市ca ma対 mum throughput,but which dOcs satisfy thc thrce blocking

constraints. Even though this procedure does not always providc a maxiinunl so―

lution,the average computation tirnc is shorter than that of other llncthods.

The state ofれ
2 prOCCssing elements fOr thc traffic control problcrn in an 4 × 4

revcrsc bascline network Can bc updated synchronously or asynchronously.In the

synchronous paranel systcnl, the states of an prOcessing clements are updated

sirnultaneously. In thc asynchronous parancl syStem,the states of all processing
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Tabie l. Summary of Simulation Results for the 4 × 4
Network Problems

391

mfflc m血
de薦り

A B C D

10% 0% 5033 94%

20% 0% 5056 100%

30% 0,6 5031 100%

40% 556 100% 556 100%

50,6 67 1 100% 67 1 100%

60% 67 1 100% 67 1 100%

7096 545 100,6 545 100,6

80% 464 100% 464 100,6

90% 388 100% 388 100,6

100,6 388 100% 388 100,6

A:me average number ofiteration steps requtted to converge to optimum solutions

31:駆躍Ⅷ』響:I:I鞘Lξ撃器 淵聡vette Ю vttd Юh●ons
E):the probability of convergence to valid solutions

elements arc updatcd randomly.In this articlc the synchronous parancl syStcm is

sirnulatcd on a scquential inachinc where thc synchronous parancl syStcnl can be

performed on inaxirnaHy I12 prOCessors.An outline for thc sequential progran■ for

sirnulating the synchronous parallel systcnl fonows:

Program parallel― s■ mulator― on― a―sequential― machine

initialization of Uij and Vij for i:=l to n and for 」:=l to n;

/・・・  Ma■ n Program キキ=/
while (a set Of COnflicts is not empty)do
begin

/・ == Updating all input values ==姜 /

for i:=l to n
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for j:=l tO n
Uij:=Uij+△ Uij;

/111 End of the first loop ==姜 /

/・・・  Updating all output values Iキ =/
for i:=l tO n
for j:=l tO n

lf Uij>UTP then Vij:=l else if Uijく LTP then Vij:=0;
/1=I End of the second loop キキ■/

end;

/・・・  Main Program end =キ キ/

1t is quitc simplc to simulate such a synchronous palanel inodcl on a sequcntial

machine.In the first loop,all input values oヴ arC Sequentially updated whercas all

Table 2. Sumrnary of S:Inulation Results for the 8 × 8
Net、″ork Problems

mffic matrix
des対 A B C D

10% 0,6 5062 100%

20% 0% 505.9 100%

30% 0,6 503.5 100%

40% 1448 84% 202.2 100%

50% 1299 98% 1376 100%

60% 794 100% 79.4 100%

70% 76.3 100% 763 100%

80% 680 100% 68.0 100%

90% 663 99% 70.7 100%

100% 628 100% 628 100%

業翻畿I翻霧鸞鷲翼棚∬鯛
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Tabie 3. Summary of Simulation Results for the 16 × 16

Network Problems

面 仕 腋 血
de", A B C D

10% 0% 5122 92%

20% 0% 515.8 100%

30% 2386 44% 3890 99%

40% 2075 56% 3405 100%

50% 1753 94% 1952 100%

60% 1438 98% 1510 100%

70% 1297 100% 1297 100%

80% 1074 100% 107.4 100%

90% 973 99% 1013 100%

100% 845 99% 845 99%

業鸞織1響鸞鮮iI督
源:1皿‖

幅

鋭 ::itltel出£『 」胤 aylil温 ふ 1漁明 お lx::.¶VL理 l為ふ 馬

updating siinultancously thc valucs of an inputs and outputs ln a future articlc,

wc hopc to discuss thc usc of an asynchronous parancl systcrll sirnulator on a

scquential inachine.

SIⅣIULATION RESULTS AND DISCUSS10N

Thc silnulator based on thc proposed algorithnl、vas dcvclopcd on a Macintosh

SE/30 and a Macintosh Hfx in order to verify thc algorithm.Wc applicd thc

sirnulator to 40 problcms dcrived by varying thc sizes of revcrsc bascline nctworks

(4 × 4,8 × 8, 16 × 16,and 32 × 32),and by Varying the densitics of nonzero
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Tabie 4. Summary of Simuiation Resu:tsforthe 32 X 32
Network Problems

nfflc mam
de薦, A B C D

10% 0,6 6680 91,6

20% 0% 562.6 97%

30% 2776 18% 473 1 98,6

40% 267 1 73% 3320 100%

50% 2336 88% 2662 100%

60% 1728 100% 1728 100%

70% 1605 96% 174.5 100%

80% 1398 100% 1398 100%

90% 1255 100,6 1255 100%

100% 1142 98% 122 1 100%

舎朧拙猛1;慌:ぶ:審議ざT属:鷲1品:::V∝
ge Ю°

'hum釧
血Ons

=盤
‖艦郡臨:篭鰹∬覇晟諸t黒

∞Ⅳe瑠∝o vttd釧mms

clemcnts in thc traffic matrices froΠ l 10 to 100,b in incrcments of 109ろ for each
nctwork size.Thc inatrix clcmcnts arc randolnly gcneratcd.

Figurcs 7-14 show the traffic inatrices and thcir solutions for cight Of the prob―

lems.Thc algorithln found sevcral solutions for cach problcm.Tables l-4 show

the average number of iteration stcps and the probability of convcrgencc both to

optimum solutions and to any valid solutions;100 simulation runs wcre pcrformcd

for cach of thc 40 problcms.For cach sirnulation run,thc diffcrcnt initial valucs

Of場
(′)WCrc randOmり gcneratcd.ngure 15 showsthc dお t五butbn ofthc numbcr

of iteration stcps requircd to convergc to thc optimunl solutions fOr two of thc

problems.The simulation results show that thc avcragc number of itcration stcps

and thc probability of convergcnce to solutions arc not deterlnincd by the problem

sizc. Bascd on our silnulation results, wc cOncludc that the propOscd algorithm

with κ2 prOCessors finds solutions in a nearly constant time for traffic control

I
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せE nmberofiじntion stps

(⇒ The problem of an 8刈 nffic matix wih 80%deviり

35
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5

0
100      200      500     400

せE nmberofi"ration stps

(b)コ降problem of an 32)02 mffic n田嗜 wi■ 80%desiッ

Figure 15. The distribut:on of the number of iteration steps required to converge

to the optimum soiutions.
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problems in“  × 77 multistagc intcrconnection nctworks,including revcrsc baselinc

nctworks.

CONCLUSION

A parallel algorithm for traffic control problcms in multistage intcrconncction

net、vorks is presentcd in this articlc.Thc reverse basclinc net、 vork is uscd as thc

bcnchmark nct、 vork.Thc proposed paranel algOrithm requircsれ 2 silnple proccssing

elcments for traffic control problems in/1 × 77 1nultistage intcrconnection net、 vorks.

The algorithm runs not only on a sequential machine but also on a paraHel machine

with maxilnany「22 prOCessors ln 40 silnulated problems,the algorithm finds sO‐

lutions in a ncarly constant tilne、 vith 722 prOCCssors.The silnulatiOn rcsults support

thc consistency of thc algorithm.Thcy also sho、 v that the prilnary goal of finding

conflict― free traffic flo、 vsin paraHcl processing can bc successfuHy achicvcd in terms

of thc computation tirne and thc solution quality.Thc algorithm is so flcxible that

it can easily bc modificd and cxtended to solvc traffic control problcms that have

multipoint connections and/or havc othcr typcs of rnultistage connection netwOrks.
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APPENDIX

Theorem l.Thc syゞcm Jways頭isicsゲ ≦O undcrt■7o cond● onま

60nd●On D争 =

(COnditiOn 2)y″ =ノ (こ
/ヶ

)

whcrc E is thc computational Liapunov cnergy function and∫ (υ″)iS a nondc‐
crcasing function.
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Consider the de五vatives of the computational energy E with respect toProof.
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Theorem 2.  The system always satisfiesギ ≦ O under two conditions:

(COnddOn l)全
鴫  △E
△′  △為

(COnditiOn 2)予「ヴ=ノ(υヴ)

whcrc E is the computational Liapunov energy function andノ (しりiS the hystercsis

NIIcCunoch_Pitts binary function:

ノ(υヴ)=l   if Oヴ >υTP

=O  if●ヴ<LTP

unchanged otherwise.

Proof.  Consider the derivatives of the computational energy E with respect to

time r:

〓胡
一廓

Lct A」
ly be

and sufficicnt to consider the fonowing four rcgions:

△″)一 υヴ(′ )・

It is necessary
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Rc」on l: %(′)>UTP and L(′ )=1,
Re」on 2: LTP≦ 場 (′)≦ UTP and L(′ )=1,
Rcgion 3: LTP≦ υヴ(ι)≦ UTP and 7ヶ

(′)=0,and
Rcgion 4: oヴ

(′)<LTP and ttr″(r)=0

In R9gion l,We must considcr four possiblc cascs for υヴ(′
+△′):

(a)●ヴ(r+△ r)>●ヴ(′ ),

(b) LTP≦ υ″(r+△r)<0ヴ (r),

(C) 0ヴ (r+△rl<LTP<●ヴ(r),and
(d)0″ (r+△′)=υヴ(r).

negative number

Silnilarly,in Rcgions 2,3,and 4,

proof.

Q.E.D.

く O is always satisficd.This completes thc
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