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ABSTRACT An approach to building a large ATM switch is
to simply set up a regularly-structured network in which smaller
switch modules are interconnected. Routing is an issue if there
are multiple paths from any input to any output in such a net-
work. We focus on the 3-stage Clos network. An optimal and a
heuristic algorithms have been designed and tested. Our results
show that the heuristic algorithm can find multicast routes that
are close to optimal within a response time that is significantly
lower than that of the optimal algorithm. Further analysis of the
experimental data suggests a hybrid implementation in which the
optimal and heuristic algorithms are run in parallel with a set time
limit. The algorithms and the discussion here also apply to other
networks, including wide-area communications networks, with a
two-hop structure.

I. Introduction

Asynchronous Transfer Mode (ATM) has emerged as a very
promising transport technique for supporting services of diverse
bit-rate and performance requirements in future broadband net-
works [1]. High-speed packet switches are essential elements for
successful implementation of ATM networks. If ‘a significant
population of network users are potential broadband-service sub-
scribers, high-capacity packet switches with a large number of in-
put and output ports will be indispensable.

Two basic philosophies in large packet switch designs emerge
as a result of recent research activities. Both approaches con-
centrate on scalable designs that construct a large switch using
smaller switch modules. The first approach strives to avoid internal
buffering of packets in order to simplify traffic management. Ex-
amples in this category are the Modular switch [2], the generalized
Knockout switch [3], and the 3-stage generalized dilated-banyan
switch [4] (with no buffering at the center stage). The second ap-
proach attempts to build a large switch by simply interconnecting
switch modules as nodes in a regularly-structured network, with
each switch module having its own buffer for temporary storage
of packets. A notable example in this category is the proposal by
[5, 6, 7} (Fig. 1(a)) in which output-buffered switch modules are
connected together as in the 3-stage Clos circuit-switch architec-
tures [8]. Typically, a packet must pass through several queues
before reaching its desired output in these switch architectures.

Because of the simplicity of switches in the second category, they
have been the focus of several potential switch vendors [5, 6, 7].
However, these switches necessitate more complicated network con-
trol mechanisms, since more queues must then be managed. In
addition, for the Clos architecture, routing within the switching
network becomes an issue because there are multiple paths from
any input port to any output port (see Fig. 1(b)). Things become
even more complicated if multicast (point-to-multipoint) connec-
tions, an important class of future broadband services, are to be

supported. For communications networks that use these switching
networks for switching in their nodes, each node should be treated
as a “micronetwork” rather than an abstract entity with queues at
the output links only [9], as is done traditionally.

An open question is to what extent the internal buffers in the
micronetwork would complicate traffic management and whether
routing algorithms for call setups would require unacceptably long
execution times. To answer this question, this paper investigates
the general problem of multicast routing in the 3-stage Clos switch-
ing network, with point-to-point routing as a special case. We will
assume all switch modules in the micronetwork to have multicast
capability. Before proceeding further, it is worth comparing our
multicast routing problem with the multicast routirg problem in
a general network [10]. Three features associated with routing in
the Clos network come into mind immediately:

1. Necessity for a very fast setup algorithm;
2. Large numbers of switch modules and links;

3. Regularity and symmetry of the network topology.

It is necessary to have an algorithm that is faster and more
efficient than those used in a general network because the Clos
switching network is only a subnetwork within an overall commu-
nications network. Irom the viewpoint of the overall network, the
algorithm performed at each Clos switching network is only part
of the whole routing algorithm. Adding to the complexity is the
highly connected structure of the Clos network, which dictates the
examination of a large number of different routing alternatives. In
fact, the Clos network is stage-wise fully connected in that each
switch module is connected to all other switch modules at the ad-
Jacent stage. As an example, for a modest Clos network with 1024
input and output ports made of 32 inputs x 32 outputs switch
modules (with n = 32,m = 32,p = 32 in Fig. 1(a)), the numbers
of nodes and links are 96 and 3072, respectively. Thus, algorithms
tailored for a general network [10] are likely to run longer than the
allotted call-setup time. Both features 1 and 2 above argue for the
need for a more efficient algorithm, and feature 3, regularity of the
network topology, may lend itself to such an algorithm. To address
these issues, this paper investigates the extent to which specialized
algorithms can expedite the call setup process.

The rest of this paper is organized as follows. Section II pro-
vides some background materials and discusses our specific prob-
lem formulation and definition with respect to other possibilities.
Section III presents our designs of an optimal and a lieuristic al-
gorithms. Section IV discusses computation results which show
that the heuristic algorithm can have much faster response time
than the optimal algorithm while achieving near-optimal routing.
Implications of our results for actual real-time implementation of
the routing schemes in switching networks are also discussed. TFi-
nally, we summarize the main results and conclusions of this work
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Figure 1: (a) 3-stage Clos switching network; (b) Clos

switches as micronetworks within communications network.

in Section V.

II. Background and Assumptions

To put things in the proper context, we now discuss some issues
relevant to the Clos network. Melen and Turner derived in their re-
cent work [11] the relationship between various switch parameters
that guarantee an ATM Clos network to be nonblocking. In the
ATM setting, each input and output link in a switch contains traffic
originating from different connections with varying bandwidth re-
quirements. An ATM switch is said to be nonblocking if a connec-
tion request can find a path from its input to its targeted output as
long as the bandwidth required by the connection does not exceed
the remaining bandwidths on both the input and output. What
was not addressed in [11] is the issue of routing. Even though the
switch used may be nonblocking as defined, a connection may still
suffer unacceptable performance in terms of delay and packet loss
if the wrong path is chosen. This is due to contention among pack-
ets for common routes in the ATM setting where packet arrivals on
different inputs are not coordinated. Consequently, regardless of
whether the switch is nonblocking, some routes will be preferable
because they are less congested. The choice of routes is the focus
of this paper.

Routing in any network of switch modules can be posed as a
graph problem in which the switch modules correspond to nodes
and the links correspond to directed arcs [9] in the graph. A weight
is assigned to each arc, and its value corresponds to the congestion
level on the associated link. For instance, the weight assigned
could be traffic load, packet mean delay, packet loss rate, mean
buffer occupancy, or other traffic measures. Alternatively, it could
be a weighted function of all these parameters. In either case, the
weight of an arc corresponds to the “andesirability” of choosing the
arc as part of the overall route. One may argue that more than
one parameter is needed to capture thie traffic characteristics on
each link. Although such “multiobjective optimization” problem
is beyond the scope of this paper, our treatment here provides a
basis for extension along this line.

This paper also assumes that the undesirability of a route is the
sum of all the weights of the arcs in the route. For instance, if the
weights are taken to be the mean delays of the links, this approach
aims to minimize the mean delay of the overall route. As far as
point-to-point connections are concerned, the routing problem in
this formulation becomes a shortest-path routing problem [9]. It
is well known that there are good algorithms that can solve this
problem within a short time [9, 12].

The situation is not as clear-cut in multicast routing, which in-
volves multiple paths from one source to several destinations. 1f we
alm to optimize the local performance or grade-of-service perceived
by each path, then the shortest-path formulation is still valid, sim-
ply because this approach assigns the least congested path to each
input-output pair. On the other hand, if we aim to minimize the
global congestion level (e.g., the total buffer occupancies of all
queues) of the overall switching network, then we are faced with a
Steiner-tree problem [10, 13}, in which the sum-total of the weights
of all the arcs in the multicast connection is to be optimized.

The global viewpoint has the advantage that it can accommo-
date more connection requests and that it reserves more capacity
for future connection requests. So, this paper will focus on this ap-
proach. Unfortunately, the general Steiner tree problem is a hard
problem without a known fast algorithm [10, 13]. It can be shown
that the two-hop structure of the Clos Network allows us to pose
the multicast routing problem as a warehouse location problem
[14]. Althongh this problem is simpler than the Steiner-tree prob-
lem, it is still a hard problem if one aims for the optimal solution.
Therefore, a heuristic algorithm that finds a close-to-optimal solu-
tion within a short time is desirable. The next section considers
optimal as well as heuristic routing algorithms.

III. Multicast Routing Algorithms for Clos Networks

Let the three sets of nodes in stage 1, stage 2, and stage 3 of the
Clos network be I, J, and K, respectively. Furthermore, denote
the weight of the arc from node ¢ € I to node j € J by ¢ij, and
that from node j§ € J to node k € K by djx. Suppose that we
want to multicast from input link p of switch module 7 to the set
of output links @ (see Fig. 2) of switch modules K'. Then, the
problem is basically to select a set of second-stage switch modules
J' to be included in the multicast tree. If we only knew the second-
stage nodes J' that are used in the optimal multicast tree, then
the links in the tree can be easily found using the minimal-link
selection process below:

Minimal-link Selection Process based on Node Set J'

1. Certainly, the links from node i to all § € J' will be included.
2. In addition to these links, for each third-stage node k € K,
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Figure 2: Multicast connection to be considered.

we choose the minimal link (j&, k) for connection from from
the second stage to node k; i.e., the second-stage node j
chosen for the connection is such that jx € J' and d;, x < djx
forall j € J'.

The problem, of course, is that we do not know the second-stage
nodes used in the optimal multicast tree, and finding them is not
SO easy.

Given a subset of second-stage switch modules that is pro-
posed for use as intermediate nodes, not necessarily those used
in the optimal solution, we can easily compute the best solution
based on that proposal using the minimal-link selection process
described above. If number of intermediate nodes, m < |K’|, then
there are 2™ — 1 possible proposals, ranging from those with only
one intermediate module to that with all m intermediate mod-
ules. If m > |K'|, there are Z!‘;{ll (1:') possible proposals, ranging
from those with one intermediate module to those with |K'| in-
termediate modules; proposals with more than |K’| intermediate
modules need not be considered because at most |K’| interme-
diate modules will be used in any multicast tree. Thus, there

are min (2"‘ - 1,2‘:;' (':‘) A brute-force

method for the overall algorithm is to go through all the propos-
als, calculate the best solution associated with each proposal, and
choose the one with the lowest cost. With this exhaustive enumer-
ation method, the run time of the algorithm grows exponentially
with m. Assuming m < |K'| and a modest m value of 32, for
instance, there are more than four billion proposals that must be
considered! Fortunately, there are ways to eliminate some of the
non-optimal alternatives without computing their solutions. Ref-
erence [14] provides one such algorithm. We believe the algorithm
presented in this paper is more efficient because it can eliminate
more non-optimal alternatives at the outset.

) possible proposals.

‘l'o understand our algorithm, for simplicity, let us for the time
being consider all the 2™ subsets of intermediate nodes and at-
tempt to devise a method for enumerating the proposals. The fact
that some of the proposals need not be considered will be taken
into account later to further improve the algorithm. Figure 3 shows
one possible enumeration scheme depicted as a tree in which the
leaf nodes on the right are the 2™ alternative proposals. Each node
in the enumeration tree, whether it is a leaf node or not, is rep-

notation of enumeration nodes: F, G, H

{0...n}, 3, 0
7 (....0-1}, {n}, &
{01}, 8, {2....n}
/ N {0,...,n-2,n}, {n-1}, @
(o). 0, {1...n} {0,...n-2}, {n-1.n}, @
v
- {0}, {1}, {2....n}
6,0, {0,..n} N . .
7 .
{1}, {0}, {2,....n} .
N
g, {0}, {1...n}
AN
@, (0.1}, {2....n} {r-1,n},{0...n-2}, @
{n-1}, {0,...,n-2,n}, &
{n}, {0,...n-1}, @
put node 0 put node 1
inForG inForG 8,{0,...n}, 0
v i — /
intermediate steps during enumeration 2Malternative
proposals

Figure 3: Enumeration tree for listing all alternative solutions.

resented by three disjoint subsets of intermediate switch modules,
F, G, and H. Here, F denote the proposed second-stage switch
modules, G denote the excluded switch modules, and H denote
the switch modules that have neither been proposed nor excluded
so far in the enumeration process. The enumeration process starts
with the root node on the left with all modules being in H origi-
nally. At each node of the enumeration tree, a new module is taken
from H, and the tree branches off in two directions with the chosen
module being assigned to F and G, respectively. After m levels
of branching, we end up with each module either being assigned
to F or G for the 2™ leaf nodes, thus completing the enumeration
process.

The basis of our multicast routing algorithm is as follows: if
we can determine during the enumeration process that the best
solution given by the leaf nodes of one branch is inferior to the
solution given by some leaf node of the other branch, then we need
to branch in the latter direction only, since the formal direction
will not yield the optimal solution anyway. This can potentially
save a lot of computation. In the following, a theorem is adapted
from [14] for such a trimming process.

Let C(F) be the cost of the particular solution with node set F
being the proposed intermediate nodes. Specifically,

C(F) = Z%‘ + Z djpx

JjEF kEK!

(1)

where jx = arg min;cpdjr can be found by the minimal-link se-
lection process described above (i.e., node k in stage 3 will be
connected to node ji in stage 2 via the link that has the smallest
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multicast tree after trim-and-graft operation

Figure 4: Example for illustration of heuristic algorithm.

The original cost associated with the subtree of node v is
Civ +Zwew,, dyw, and the cost associated with attaching the
nodes in W, to other nodesin V is ZwGW,, minjey_ (v} djw.
I cio + 37, cw, dow — Y wew, Mjev_f) dju > 0, then
saving can be achieved; remove v from V and attach nodes
in W, to the other nodes in V.

The 3-step augmentation scheme can be very good if the shortest-
path solution in the first step already yields very good results,
or the intermediate modules used in the shortest-path solution
overlap subtantially with those used in the optimal solution.

IV. Computation Results

The optimal and heuristic algorithms have been coded in C
language and implemented on a SPARC 2 work station, a RISC
(reduced-instruction set computing) machine with 28.5 MIPS (mil-
lion instructions per second) processing power. We will assume in
our discussion that a response time of no more than 0.1 second is
required. From the viewpoint of the end-users, a call setup time of
less than a few seconds is probably desirable. Since our algorithm
resides in only one switching node, and is one of the many func-
tions that must be performed by the overall network, it is a sound
engineering practice to have a more stringent requirement on the

run time. A more conservative approach is also necessary to com-
pensate for the communication overhead between different layers
of functionalities and the computation of other network algorithms
that share the same computing resources.

To test the algorithms, we have conducted experiments in which
we considered the problem of multicasting from node i in stage 1
to d (d < p) nodes in stage 3, assuming there are m stage-2 nodes
in the Clos switching network. The details are as follows.

Experimental Setup

o The arc costs were created with a pseudo-random number
generator which generates numbers uniformly distributed
from 0 to 1. Five sets of random arc costs were generated to
run five independent experiments for each multicast connec-
tion. Based on these data points, we studied the sensitivity
of the algorithms to arc costs.

The run time and the cost of the solution given by each
algorithm were taken. The ratio of the heuristic cost to the
optimal cost was calculated to measure the “goodness” of
the heuristic algorithms.

To compare the heuristic algorithm with the optimal algorithm,
Fig. 5 plots run time (the left y-axis) and heuristic-to-optimal cost
ratio (the right y-axis) versus number of end nodes, d, for four m
values (m = 8,16,32, and 64). Both the individual run times (o
for the optimal algorithm and o for heuristic algorithm) and the
average run time of five data points (solid line) are shown. Only
the average cost ratio is plotted (dashed line). From the graphs, we
can make the following observations and recommendations about
the Clos network.

Observations and Recommendations

e Run time of the optimal algorithm ~ For m < 8, the opti-
mal algorithm satisfies our criterion of 0.1s response time.
The optimal algorithm is very sensitive to the m value. For
m 2> 16, the average run time of the optimal algorithm is not
satisfactory, although individual run times in certain cases
of m = 16 fall within our limit. The run times of different
data points (with different arc costs) of the same multicast
parameter values can differ significantly. For instance, for
m = 16, the difference can be close to three orders of magni-
tude. This is attributed to the solution-trimming process of
our algorithm. Trimming is most effective in the early stage
of enumeration. If the arc costs are such that a larger num-
ber of branches can be eliminated in the beginning, then
a significant fraction of alternative solutions can be elim-
inated from conmsideration. On the other hand, if the arc
costs do not allow for substantial trimming at the outset,
even if many branches are cut later, chances are the algo-
rithm will still take a long time. The graphs also show that
for each m, run time generally increases with the number of
end nodes, d, although it tends to taper off after a certain
point. Overall, the run time is much more sensitive to m
than to d.

Run time of the heuristic algorithm - The run time of the
heuristic algorithm in all cases satisfy our criterion of 0.1
response time. Furthermore, it is much less sensitive to m
than the optimal algorithm is. Consequently, for large m >
16, the run time of the heuristic algorithm can be several
orders of magnitude better than the optimal algorithm. In
addition, the heuristic algorithm is also much less sensitive
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cost among all possible links). Note that the first summation of
C(F) includes all links from node ¢ to nodes in F. However, it
is possible for some nodes in F not to be used, because the arcs
from them to nodes in K' are not minimal. Therefore, C(F) is the
unadjugted cost: the adjusted cost will have c;; deducted from the
unadjusted cost for any node j that is not used. This distinction,
however, is not important if we are considering all 2™ subsets of in-
termediate nodes as candidates for F in our optimization process,
since there is an optimal candidate in which all nodes in F are
used. Therefore, when comparing different solutions in our opti-

mization process, one needs to concentrate only on the unadjusted
cost.

Given the above definition, we have the following theorem [14]
relating the unadjusted costs of four alternative proposals:

Theorem 1 Consider two subsets of the second-stage nodes S and
T, where S C T, and a node h ¢ T. Then, C(S) — C(SU{h}) >
C(T) - C(TU{r}).

Comment: It is not difficult to see the plausibility of the theorem
in simple and intuitive terms. The cost savings due to the inclusion
of node k in node set S and node set T are C(S5)~ C(SU{h}) and
C(T) — C(T'U {h}), respectively. Since § C T, as far as the costs
of the arcs from stage 2 to stage 3 are concerned, the solution with
S as the proposed nodes is less optimized than the solution with
T as the proposed nodes. Therefore, adding node k to S is likely
to achieve more cost saving than adding it to T.

Proof: The left-hand side of the inequality is

C(S)— C(SU{RY) = —cin + Y _ (dur — dur),

1334

)

where jr = arg min;ccd;jr and (2)* = max(0,z). Similarly, the
right hand side of the inequality is

C(T)-C(TU{h})=—cin+ Z (dij - dhk)+y

keK!

®)

where j; = arg min;erdjr.  Clearly, dj;‘k < dj.x since S C T.
Hence (2) > (3).

]

We now use the above theorem as the basis of our solution-
trimming process.

Optimal Algorithm: Enumeration-tree Trimming Scheme

Consider an arbitrary node in the enumeration tree in Fig. 3
where the switch modules are distributed into the three sets F,
G, H defined above. A module will be selected from H and
put into F and G, and the enumeration process will branch off
in two different directions. In the figure, the particular mod-
ule in H that will be selected is fixed at each level. For in-
stance, the figure considers module 0 and 1 at the first and sec-
ond level, respectively. We will modify the enumeration process
slightly by letting the module chosen be a variable. The follow-
ing test, which will be explained shortly, can be used to deter-
mine whether given the current status of F and G, we can elimi-
nate one of the two branches without missing the optimal solution.

Tests for Trimming Enumeration Tree

I. Choose each module k € H successively until all modules in
H have been considered. For each k, compute C(FUH) and
C(FUH —~{h}). HC(FUH - {h}) > C(FUH), move h
from H to F; we will not miss the optimal solution by not
considering the branch with & in G.

2. Choose each module in h € H successively until all modules
in H have been considered. For each h, compute C(F') and
C(FuU{R}). X C(FU{R}) > C(F), move h from H to G;
we will not miss the optimal solution by not considering the
branch with A in F.

If both the tests above do not succeed in moving any module from
H to F or G, then trimming is not possible, and we must branch

off in two directions by moving a module from H to both F and
G.

To see how the first test works, substitute T in Theorem 1 with
FuH-{h} UC(FUH-{Rh})—-C(FUH) = C(T)-C(TU{R}) > 0,
then C(S)—C(SU{R}) > 0 forall § C T according to Theorem 1.
We can interpret S as the proposed modules of an arbitrary leaf
node belonging to the branch of the enumeration node where k is
put into G. The above result says that there is a leaf node in the
other branch which achieves lower cost by having k in addition to
S as the proposed nodes. Thus, given the current status of F, G,
and H, we will not miss enumerating the optimal solution if we
only branch in the direction where & is in F. Similar reasoning
applies to the second test by substituting S in Theorem 1 with F.

Finally, recall that if |K'| < m (i.e., there are fewer than m
stage-3 switch modules in the multicast connection), at most |K’|
stage-2 switch modules will be used. We can incorporate another
test at each node of the enumeration tree: if F = |K'|, branch no
more; this node will be taken as one of the proposals to be exam-

ined. This test can substantially reduce the computation needed
if |K'| « m.

Heuristic Algorithm: 3-step Augmentation Scheme

The run time of the optimal algorithm can be excessive in the
worst case. We now consider a heuristic algorithm that attempts to
find a solution that is close to optimal but within a shorter time. It
consists of three procedures running in sequence, each improving
on the solution given by the previous procedure. Figure 4 is a
simple example for illustration of the algorithm. Also, since we
are not considering all 2™ subsets of intermediate nodes in our
optimization process here, we will be concentrating on the adjusted
cost when comparing different solutions.

3-step Augmentation Algorithm

1. Find the shortest-path solution. That is, for each node k €
K', find jx = arg min;¢cij + djx, and make links (3, jz),
(7k, k) and node jx part of the multicast tree.

2. Find a new multicast tree as follows. Denote the interme-
diate switch modules used in the shortest-path solution by
V. Find the set of minimal links from node set V" to node
set K' using the minimal-link selection process based on V.
That is, for each k € K', find jr = arg min; ¢y djx, and
make links (1, k), (jk, k) and node ji part of the multicast
tree. Remove nodes from V that are not part of the resulting
multicast tree.

3. For each node v € V, denote the set of third-stage nodes
attached to it in the multicast tree by W,. See if these nodes
can be attached to other nodes in V at a net cost saving.
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Figure 5: Run time (left y-axis) and heuristic-to-optimal
cost ratio (right y-axis) versus number of end nodes for

m = 8,16,32 and 64.

to the arc costs, and it is highly dependable as far as meeting
the response-time limit is concerned.

Cost ratio — The average heuristic-to-optimal cost ratio is
very close to 1.0 on the whole, and never exceeds 1.15. What
makes the heuristic algorithm even more interesting is that
for large m, when the run time of the optimal algorithm is
long, the average cost ratio quite timely becomes closer to
1.0.

Implication of parallel computing — Our optimal algorithm
can be parallelized quite easily. Each time the enumeration
process branches off in two directions, computation on each
branch can be assigned to a separate processor. Neverthe-
less, even with 100 processors, the reduction in run time is
at most two orders of magnitude. From Fig. 5, although
parallel computing may help when m is small, it will not
solve the problem for m > 64.

Implication of time-limit interrupts — The optimal algorithm
can easily be modified to store the best solution computed

so far. With this change, the algorithm can be interrupted
when the time limit of 0.1s is reached. This gives us a feasi-
ble, albeit possibly non-optimal, solution.

Implementation strategy — For small networks (say networks
with less than 32 intermediate nodes) the response time of
the optimal algorithm in some cases is no more than an order
of magnitude larger than that of the heuristic algorithm.
The use of the optimal algorithm should be considered for
these cases. We can adopt a strategy in which the optimal
and heuristic algorithms are run in parallel with a set time
limit. When time is up, the better solution offered by the
two algorithms is chosen.

Based on our further experimentation, we found that the opti-
mal algorithm can usually meet the response time limit if m < 12.

V.

Conclusions

This paper has investigated multicast routing in 3-stage Clos
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networks to find out if routing will be a bottleneck to call setup.
An optimal and a heuristic algorithms for multicast routing have
been designed and tested. The optimal algorithm is centered on
a procedure which eliminates a large number of non-optimal solu-
tions from consideration without computing them, thereby achiev-
ing a substantial reduction in run time. The heuristic algorithm
is based on a three-step optimization process in which each step
attempts to improve on the solutions found by the previous steps.
Major observations and implications of the work are summarized
below.

1. Computation experiments show that the heuristic algorithm
can find multicast routes that are close to optimal within
an average response time that is several orders of magnitude
lower than that of the optimal algorithm. Compared with
the optimal algorithm, the response time of the heuristic
algorithm does not increase as much with the network size.
In addition, the response time of the heuristic algorithm is
also relatively insensitive to the values of arc costs.

2. For large networks (say networks with more than 32 nodes at
stage 2) the response time of the optimal algorithm can ex-
ceed the targeted 0.1s by several orders of magnitude. Even
with a more powerful processor (say 100 MIPS) than the
one used in our experiments, the response time will still not
be satisfactory. For small networks (say networks with less
than 32 intermediate nodes) the run time of the optimal al-
gorithm in some cases is no more than an order of magnitude
larger than that of the heuristic algorithm. The use of the
optimal algorithm should be considered in these cases.

3. By modifying the optimal algorithm to store the best so-
lution computed so far, we can have a hybrid strategy in
which the optimal and heuristic algorithms are run in par-
allel. When a set time limit is reached, the better solution
offered by the algorithms is chosen.

4. The need for sophisticated routing procedure in itself does
not rule out Clos network as a viable choice for a switch
architecture. If the network can also be designed to meet
other requirements, such as grade-of-service and fault tol-
erance requirements, without complex control mechanisms,
then it is a serious candidate for a future broadband switch.

As a final note, although this paper is motivated by the Clos
switching network, the algorithms and the discussion here also ap-
ply to large-scale communications networks with a two-hop struc-
ture. It is likely that facility cross-connects will be used to config-
ure future ATM networks into very simple logical network struc-
tures in order to facilitate control and increase reliability. It is
undesirable from a control standpoint to have too many stages of
queues between two nodes. This work is especially relevent tb logi-
cal networks in which two nodes are directly connected via a set of
logical paths, and indirectly connected via another set of two-hop
logical paths, with each involving only one intermediate switching
node.
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