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A parallel heuristic algorithm for traffic control problems in
three-stage connecting networks is presented in this paper. A
three-stage connecting network consists of an input crossbar
switching stage, an intermediate crossbar switching stage, and an
output crossbar switching stage. The goal of our algorithm is to
quickly and efficiently find a conflict-free switching assignment for
communication demands through the network. The algorithm re-
quires n?> X m processing elements for the network composed of n
input/output switches and m intermediate switches, where it runs
not only on a sequential machine, but also on a parallel machine
with maximally n? X m processors. The algorithm was verified by
1100 simulation runs with the network size from 10> x 7 to 50% x
27. The simulation results show that the algorithm can find a
solution in nearly constant time with n?> X m processors. © 1994

Academic Press, Inc.

1. INTRODUCTION

Since Clos introduced in 1953 the three-stage connect-
ing network shown in Fig. 1, it has been extensively stud-
ied and used in digital switching systems such as com-
puter network systems, telephone network systems, and
satellite network systems [1, 2, §, 6, 12-14, 17-19, 26,
27]. The input switching stage in Fig. 1 is composed of n
s X m crossbar switches, where each of s input channels
in an input crossbar switch can be connected with one of
m intermediate crossbar switches. The intermediate
switching stage is composed of m n X n crossbar
switches, where each input crossbar switch can be con-
nected with any output crossbar switch. The output
switching stage is composed of n m X s crossbar
switches, where each of m intermediate crossbar
switches is connected with one of s output channels in an
output crossbar switch. By assigning one of the m inter-
mediate crossbar switches, each input channel can be
connected with an output channel.
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Point-to-point connections are considered in this paper
where one input channel is connected with one output
channel. The constraints in the network are that two or
more input channels in an input crossbar switch cannot
be connected with the same intermediate crossbar switch
simultaneously, and that two or more output channels in
an output crossbar switch cannot be connected with the
same intermediate crossbar switch simultaneousiy. A
pattern of communication demands is described by an
n X n traffic matrix T where each element ¢; represents
the number of input channels in the ith input crossbar
switch to be connected with output channels in the jth
output crossbar switch. The traffic control problem is to
assign the intermediate crossbar switch for each traffic
matrix element.

Several sequential polynomial time algorithms for traf-
fic control problems in three-stage connecting networks
have been proposed. In 1962, Paull formalized the prob-
lem and proposed an ad hoc algorithm [18]. In 1968,
Waksman proposed an algorithm based on a matrix de-
composition procedure [27]. In 1974, Tsao-Wu modified
the algorithm to improve the convergence speed [26]. In
1979, Ackroyd proposed a ‘‘call repacking’’ algorithm
where existing connections are moved to the busiest part
of the network [1]. In 1980, Jajszczyk and Rajski pro-
posed four kinds of simple heuristic aigorithms and com-
pared their performance [13]. In 1990, Colombo et al.
proposed an asynchronous control algorithm [6]. In 1981,
Lev et al. proposed an O((log s X n)*) time paralle] algo-
rithm on s X n processors, where s X n is the number of
input and output channels [14]. Lev’s algorithm assumed
that s is equal to m, which is the optimum condition to
guarantee the rearrangeability of the network. They
showed neither any empirical result nor any example.

This paper proposes an efficient, parallel, heuristic al-
gorithm based on the artificial neural network model,
which uses n? X m simple processing elements (neurons)
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FIG. 1. A three-stage connecting network.

for n input/output crossbar switches and m intermediate
crossbar switches. In 1989, Marrakchi and Troudet pro-
posed a Hopfield neural network model {11] for traffic
control problems in single crossbar switches [15]. In
1989, Brown proposed a Hopfield neural network model
in multistage switches {3]. In 1990, Brown and Liu also
proposed a Hopfield neural network model in Banyan
networks [4]. However, these models use the decay
term, which has been proven to be harmful for the system
convergence [25]. They discussed neither the time com-
plexity nor the system convergence, which are always
controversial in neural network research.

In order to improve the convergence, the McCulloch-
Pitts neural network model [16] has been used to solve
optimization problems {7-10, 20-25]. Although the Mc-
Culloch—Pitts model sometimes introduces undesirable
oscillatory behavior, it has been empirically shown that
the hysteresis McCulloch—Pitts model suppresses it [24].
The output V,; of the ijkth processing element in a three-
dimensional neural network model based on the hystere-
sis McCulloch—Pitts model is

Viu. = 1 if Uy > UTP (Upper Trip Point)
0 if Uy < LTP (Lower Trip Point),

unchanged otherwise, (1)

where Uy, is the input of the jjkth processing element.
The change of Uy is given by the partial derivatives of
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the computational energy E(V;;, ..., V) with respect
to Vi, which is called a motion equation. Note that E is
given by considering the necessary and sufficient con-
straints in the problem. It has been proven that the mo-
tion equation forces the state of the system to converge
to the local minimum [23, 25]. The neural network archi-
tecture was described in [10, 25].

2. SYSTEM REPRESENTATION AND
SIMULATION RESULTS

Figure 2a shows the problem of a 4 x 4 traffic matrix
and a network with n = 4, m = 3, and s = 2. Figure 2b
shows the system representation for the problem. Three
processing elements are used to assign a demand of the
traffic matrix to one of three intermediate crossbar
switches, where a total of 48 (= 4 x 4 X 3) processing
elements are required in this problem. Generally, n> X m
processing elements are used to solve the traffic control
problem with an n X # traffic matrix 7 and m intermediate
crossbar switches. Among m processing elements repre-
senting the intermediate switch assignment for an ele-
ment ¢;; of T, a total of 1 processing elements should have
nonzero output. For example, as shown in Fig. 2b, two
processing elements among three for ¢, should have non-
zero output. The black square and the white square indi-
cate the nonzero output (Vi = 1) and the zero output
(Vi = 0) respectively. The nonzero output means that
the demand is assigned on the corresponding intermedi-
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FIG. 2. System representation for a traffic control problem.
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FIG. 3. The traffic matrix for Problem #10 and a solution.

ate switch. Figure 2b shows that demands ¢, and 143 are
assigned on the first and second intermediate switch, and
demands ¢4, t23, and f3; are on the third intermediate
switch.

The constraints in the three-stage connecting network
are assumed to be that at most one demand per row and
column elements of the traffic matrix can be simulta-
neously assigned on an intermediate crossbar switch. If
other demands of the ith row and/or the jth column in the
traffic matrix have been assigned to the 4th intermediate
crossbar switch, the ijth demand of the traffic matrix
must not be assigned to the kth intermediate crossbar

switch. These constraints are given by

Z, Vi + Z Vigk- )
p= 9=

p#i g%
The constraints are nonzero, if other elements in the ith
row and/or in the jth column are assigned to the kth inter-
mediate crossbar switch.

The motion equation of the ijkth processing element
which represents the assignment of the jth traffic de-
mand to the kth intermediate crossbar switch is given by
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dt
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The A-term forces the output of ¢; processing elements
among m processing elements to be nonzero, where the
ijth traffic demand is assigned. The B-term represents the
constraints. The C-term provides the hill-climbing which
allows the state of the system to escape from the local
minimum and increases the frequency to converge to the
global minimum. The C-term encourages the output of
the ijkth processing element to be nonzero, if the number
of nonzero output processing elements for the ijth traffic
demand is less than r;. The function A(x) is 1 if x <0, 0
otherwise.

The simulator has been developed based on the parallel
procedure in {7-10] with the motion equation of Eq. (3),
where the datasetof A =B =1,C =5, UTP = 5, and
LTP = -5 is used. Eleven problems in Table I were
examined, where Problem #1 was taken from [6] and
Problems #2-#11 were newly created. Figure 3 shows
Problem #10 and one of the global minimum solutions.
The algorithm found several solutions from different ini-
tial values of U, (2) for the same problem. Table I shows
the average number of iteration steps required to con-
verge to solutions, where for each problem, 100 simula-
tion runs were performed from randomly generated initial
values. Note that when the system did not converge to
the global minimum within 500 steps, a new simulation
run was performed from different random values, and the
total number of iteration steps was used to calculate the
average. The simulation results show that the average
number of iteration steps does not depend on the problem

TABLE I
Summary of Simulation Results

Size of Number of Average number

traffic intermediate of iteration steps
Problem no. matrix crossbar switches to solutions
Problem #1 12 x 12 7 55.2
Problem #2 10 x 10 7 77.6
Problem #3 12 x 12 8 175.5
Problem #4 14 x 14 9 82.6
Problem #5 16 x 16 10 118.6
Problem #6 18 x 18 11 128.0
Problem #7 20 x 20 12 98.5
Problem #8 22 x 22 13 133.5
Problem #9 24 x 24 14 108.5
Problem #10 26 x 26 15 88.9
Problem #11 50 x 50 27 103.8
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size. Although the algorithm does not guarantee the
global minimum solution, it can find a solution for a traf-
fic problem with n X n traffic matrices and m intermedi-
ate switches in nearly constant time with n? X m proces-
sors. Similar behavior has been observed in other
problems [7-10, 20-25], where more than 10,000 exam-
ples have been examined.

3. CONCLUSION

The proposed parallel heuristic algorithm requires n? X
m processing elements for three-stage connecting net-
works with n x n traffic matrices and m intermediate
crossbar switches. The simulation results show that the
algorithm can find a solution in nearly constant time with
n? X m processors. We conclude that the primary goal of
finding the conflict-free traffic demand assignment in par-
allel processing was successfully achieved in terms of the
computation time and the solution quality.
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