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Multicast Routing in 3-Stage Clos ATM
Switching Networks

Soung C. Liew, Senior Member, I[EEE

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 is-
sue if there are multiple paths from any input {o any output
in such a network. We focus on the 3-stage Clos network,
not only because it is the architecture of choice for several
potential switch manufacturers, but also because its high
connectivity poses a stringent test on routing algorithms.
One optimal and two heuristic algorithms have been de-
signed and tested. Our results show that the heuristic al-
gorithms 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 experi-
mental data suggests a hybrid implementation in which the
optimal and heuristic algorithms are run in parallel with
a set time limit. Finally, although this paper is motivated
by the Clos switching network, the algorithms and the dis-
cussion here also apply to 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 networks [1]. High-speed packet switches are es-
sential elements for successful implementation of ATM net-
works. If a significant population of network users are po-
tential broadband-service subscribers, high-capacity packet
switches with a large number of input and cutput ports will
be indispensable. v

There are basically two philosophies for building large,
scalable packet switches out of smaller switch modules.
The first approach strives to avoid internal buffering of
packets in order to simplify traffic management. Switches
in this category include the Modular switch [2], the gen-
eralized Knockout switch [3], and the 3-stage generalized
dilated-banyan switch [4] (with no buffering at the center
stage). The second approach 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 ar-
chitecture [8]. A packet must pass through several queues
before reaching its desired output in this architecture.
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Fig. 1. (a) 3-stage Clos switching network; (b) Clos switches as

micronetworks within communications network.

Because of the simplicity of switches in the second cate-
gory, they have been the focus of several potential switch
vendors [5, 6, 7). However, these switches necessitate more
complicated network control mechanisms, since more queues
must then be managed. In addition, for the Clos archi-
tecture, routing within the switching network becomes an
1ssue because there are multiple paths from any input port
to any output port (seé Fig. 1(b)). Things become even
more complicated if multicast (point-to-multipoint) con-
nections, an important class of future broadband services,
are to be supported. For communications networks that
employ these switching networks in their nodes, each node
should be treated as a “micronetwork” rather than an ab-
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stract 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 re-
quire unacceptably long execution times. To answer this
question, this paper investigates the general problem of
multicast routing in the 3-stage Clos switching network,
with point-to-point routing as a special case. We will as-
sume all switch modules in the micronetwork to have mul-
ticast capability. Before proceeding further, it is worth
comparing our multicast routing problem with the mul-
ticast routing 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
the overall communications network. From 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 con-
nected structure of the Clos network, which dictates the
examination of a large number of different routing alter-
natives. In fact, the Clos network is stage-wise fully con-
nected in the sense that each switch module is connected
to all other switch modules at the adjacent stage. As an
example, for a modest Clos network with 1024 input and
output ports made of 32 inputs x 32 outputs switch mod-
ules (with n = 32, m = 32,p = 32 in Fig. 1(a)), the num-
bers 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 al-
gorithm, and feature 3, regularity of the network topology,
may lend itself to such an algorithm. To address these is-
sues, 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
Il provides some background material and discusses our
problem formulation. Appendix A formulates the multi-
cast routing problem in terms of the so-called warehouse
location problem [11]., thus showing that it is unlikely that
~ an efficient optimal algorithm can be found for our routing
problem, since the warehouse location problem is known to
be a hard problem. Section III presents our designs of an
optimal and two heuristic algorithms, with the details of
the recursive optimal algorithm given in Appendix B. Sec-
tion IV discusses computation results which show that the
heuristic algorithms 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 net-
works are also discussed. Finally, we summarize the main
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results and conclusions of this work 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 recent work [12] the relationship between
various switch parameters that guarantee an ATM Clos
network to be nonblocking. In the ATM setting, each in-
put and output link in a switch contains traffic originating
from different connections with varying bandwidth require-
ments. An ATM switch is said to be nonblocking if a con-
nection 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 in-
put and output. What was not addressed in [12] is the issue
of routing. Even though the switch used may be nonblock-
ing 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 packets for
common routes in the ATM setting where packet arrivals
on different inputs are not coordinated. Consequently, re-
gardless 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 corre-
spond 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 associ-
ated link. For instance, the weight assigned could be traffic
load, packet mean delay, packet loss rate, mean buffer oc-
cupancy, 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 “undesirabil-
ity” of choosing the arc as part of the overall route. One
may argue that more than one parameter is needed to cap-
ture the traffic characteristics on each link. Although such
“multiobjective optimization” problem is beyond the scope
of this paper, our treatment here provides a basis for ex-
tension 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 be-
comes 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, 13].

The situation is not as clear-cut in multicast routing,
which involves multiple paths from one source to several
destinations. If we aim to optimize the local performance
or grade-of-service perceived by each path, then the
shortest-path formulation is still valid, simply 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 occupan-
cies of all queues) of the overall switching network, then
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shortest-path solution
(costs of individual paths to end nodes are minimized)

total cost
=1.3

Steiner-tree solution
(sum of all arc costs in muiticast tree is minimized)

Fig. 2. Example for illustrating shortest-path solution and Steiner-

tree solution to multicast routing.

we are faced with a Steiner-tree problem [10, 14], in which
the sum-total of the weights of all the arcs in the multi-
cast connection is to be optimized. The solutions given by
taking these two different perspectives are different, as is
shown in the example of Fig. 2, where we consider multi-
cast routing from node ¢ at the first stage to nodes 0, 1,
and 2 at the third stage.

The global viewpoint has the advantage that it can ac-
commodate more connection requests and that it reserves
more capacity for future connection requests. So, this pa-
per will focus on this approach. Unfortunately, the general
Steiner tree problem is a hard problem without a known
fast algorithm [10, 14]. In Appendix A, we show that the
two-hop structure of the Clos Network allows us to pose the
multicast routing problem as a warehouse location problem
(11]. Although this problem is simpler than the Steiner-tree
problem, it is still a hard problem if one aims for the opti-
mal solution. Therefore, a heuristic algorithm that finds a
close-to-optimal solution within a short time is desirable.
The next section considers optimal as well as heurlstlc rout-
ing algorithms.
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Fig. 3. Multicast connection to be considered.

I1I. ALGORITHMS FOR MULTICAST ROUTING

IN THE CLos NETWORK

Let the three sets of nodes in stage 1, stage 2, and stage
3 of the Clos network be I, J, and Ix, respectlvely. Fur-
thermore, denote the weight of the arc from node ¢ € T
to node j € J by ¢;;, and that from node j € J to node
k € K by djr. Suppose that we want to multicast from
input link p of switch module 7 to the set of output links @
(see Fig. 3) of switch modules KX/ C K. Then, the problem
is essentially to select a subset of the second-stage switch
modules J' C J to be included in the multicast tree. This
is because once the second-stage nodes J’ in the optimal
multicast tree are known, 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 ¢ to all j € J' will be
included.

2. In addition to these links, for each thlrd-stage node k €
K', we choose the rnmlrnal link (jx, 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 djx < djx for all j € J'.

The crux of the problem, of course; is that we do not know
a priori the second-stage nodes in the optimal multlcast
tree, and finding them is not so easy.

Given a subset of the second-stage switch modules that
is proposed for use as intermediate nodes, not necessar-
ily those used in the optimal solution, we can easily com-
pute 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 inter-
mediate module to that with all m intermediate modules.
If m > |K'|, there are Zgll () possible proposals, rang-
ing from those with one intermediate module to those with
| K'| intermediate modules; proposals with more than |K’|
intermediate modules need not be considered because at
most |K’| intermediate modules will be used in any mul-

ticast tree. Thus, there are min (2"‘ -1 Z‘K ! (T)) pos-
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Fig. 4. Enumeration tree for listing all alternative solutions.

sible proposals. A brute-force method for the overall al-
gorithm is to go through all the proposals, calculate the
best solution associated with each proposal, and choose
the one with the lowest cost. With this exhaustive enu-
meration method, the run time of the algorithm grows ex-
ponentially with m. Assuming m < |K’| and a modest
m value of 32, for instance, there are more than four bil-
lion proposals that must be considered! Fortunately, there
are ways to eliminate some of the non-optimal alternatives
without computing their solutions. Reference [11] 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.

To understand our algorithm, for simplicity, let us for
the time being consider all the 2™ subsets of intermedi-
ate nodes and attempt 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 fur-
ther improve the algorithm. Figure 4 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 represented by three disjoint subsets of intermedi-
ate switch modules, F, G, and H. Here, F denote the
proposed second-stage switch modules, G denote the ex-
cluded 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 direc-
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tions 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 essence of our multicast routing algorithm is as fol-
lows: 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 compu-
tation. In the following, a theorem is adapted from [11] 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)=) cij+ D diuk (1)
JEF keK'
where ji = arg min;¢pd;z can be found by the minimal-
link selection 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 cost among all possible links). Note that
the first summation of C(F) includes all links from node
i 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 unadjusted
cost: the adjusted cost will have c;; deducted from the
unadjusted cost for any node j that is not used. This dis-
tinction, however, is not important if we are considering
all 2™ subsets of intermediate nodes as candidates for F'
in our optimization process, since there is an optimal can-
didate in which all nodes in F are used. Therefore, when
comparing different solutions in our optimization process,
one needs to concentrate only on the unadjusted cost.
Given the above definition, we have the following theo-
rem [11] relating the unadjusted costs of four alternative
proposals:

Theorem 1 Consider two subsels of the second-stage nodes
S and T, where S C T, and a node h ¢ T. Then, C(S) —
C(SU{r}) > 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 % in node set S and node set T’
are C(S)—C(SU{h}) and C(T)—C(TU{h}), respectively.
Since S 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{h}) = —can + Y (djur — dn)™,

kEK'

(2)

where jp = arg min;¢sdjz and (z)t = max(0,z). Simi-
larly, the right hand side of the inequality is

C(T) - CTUhY = —cn+ 3 (djgx —dm)*,  (3)
keK'
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where j} = arg min; cpd;jx. Clearly, dj;‘k < dj; since S C
T. Hence (2) > (3).

]

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

A. Optimal Algorithm: Enumeration-tree Trimming Scheme

Consider an arbitrary node in the enumeration tree in
Fig.'4 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 module in H that will be selected is fixed at each
level. For instance, the figure considers module 0 and 1 at
the first and second level, respectively. We will modify the
enumeration process slightly by letting the chosen module
be variable. The following test, which will be explained
shortly, can be used to determine whether given the current
status of F' and GG, we can eliminate one of the two branches
without missing the optimal solution.

Tests for Trimming Enumeration Tree

1. Choose each module h € H successively until all mod-
ules in H have been considered. For each h, compute
C(FUH)and C(FUH —{h}). U C(FUH - {h}) >
C(F U H), move h from H to F'; we will not miss the
optimal solution by not considering the branch with A
in G.

2. Choose each module in h € H successively until all
modiiles in H have been considered. For each h, com-
pute C(F) and C(F U {h}). If C(F U {h}) > C(F),
move h from H to G; we will not miss the optimal
solution by not considering the branch with h in F.

If both the tests above do not succeed in moving any mod-
ule 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 7 in Theorem
1 with FUH — {h}. IfC(FUH {h}) -C(FUH) =

C(T)~ C(TU{h}) > 0, then C(S)—C(SU{hR}) > 0for all
S 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 % is put into G.
The above result says that there is a leaf node in the other
branch which achieves lower cost by having % in addition
to S as the proposed nodes. Thus, given the current status
of F', G, and H, we will not Imiss enumerating the optimal
solutlon if we only branch in the direction where h is in F.
Similar reasoning applies to the second test by substltutmg
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 examined. This test can
substantially reduce the computation needed if |K’| < m.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 42, NO. 2/3/4, FEBRUARY/MARCH/APRIL 1994

muiticast tree after trim-and-graft operation

Fig. 5. Example for illustration of heuristic algorithm.

For readers who are interested in more details, Appendix
B outlines an algorithm that makes use of the above tests
in a recursive and efficient way in Pidgin Algol [13].

B. Heuristic Algorithm‘l: 3-step Augmeniaiion ch‘heme

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 5 is a simple example
for illustration of the algorithm. Also, since we are not
considering all 2™ subsets of intermediate nodes in our op-
timization process here, we will be concentrating on the
adjusted cost when comparing different solutions.

3-step Augmeniatwn Algorithm

1. Find the shortest-path solution. That is, for each node
ke K', find ji = arg mmJEJc,J + dj%, and make links
(i, jr), (Jk, k) and node i part of the multicast tree.

2. Find a new multicast tree as follows. Denote the inter-
mediate  switch modules used. in  the
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shortest-path solution by V. Find the set of mini-
mal 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 ji = arg min;¢y dji, and make
links (¢, jx), (jk,k) and node jx 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. The original cost associated
with the subtree of node v is ¢, + EwEW., dyw, and
the cost associated with attaching the nodes in W,
to other nodes in V is EwEW minjev_{v} djuw. If
Civ + szW ZwEW manEV {v} de > 0 t'hen
saving can be achleved 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 substantially with those used in the
optimal solution.

C. Heuristic Algorithm 2: Intermediate-module Limiting
Scheme

Our second heuristic algorithm is based on the observa-
tion that if there were only a few intermediate modules in
the Clos network (i.e., m is small), the optimal algorithm
would terminate within a short run time. Therefore, in
cases where m is large, we can devise a heuristic algorithm
by intentionally remove some intermediate modules from
consideration, as long as we are willing to give up absolute
optimality. That is, we consider only m’ of the m modules
as candidates for use in the multicast tree, and our enumer-
ation process in the optimal algorithm is modified so that
the root enumeration node has only these m’ intermediate
modules in H. Now, there are ("n",) ways of choosing the
m’ modules. By judiciously selecting one of the choices,
we can maximize the probability of finding a good solu-
tion. The algorithm below chooses the m' modules based
on those used in the shortest-path solution.

Intermediate-module Limiting Algorithm

1. Find the shortest-path solution.

2. Denote the intermediate nodes used in the shortest-
path solution by V.
m’ — |V| modules. Select from modules not already in
V those that have the least first-stage link costs ci;’s
If [V]| > m’, we have too many modules. Remove from
V those modules that have the highest link costs c;;’s

3. Start the enumeration-tree trimming algorithm (see
the optimal algorithm) with the m’ chosen modules in
H and F=G=0.

Note that if |V| < m’, this algorithm will yield a solution
that is at least as good as the one given by the 3-step aug-
mentation algorithm. Otherwise, the 3-step augmentation
algorithm may give a better solution.

If V| < m’/, we need another
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IV. CoMPUTATION RESULTS

. The optimal and heuristic algorithms have been coded
in C language and impleinented on a SPARC 2 work sta-
tion, a RISC (reduced-instruction set computing) machine
with 28.5 MIPS (million instructions per second) process-
ing power. We will assume in our discussion that a re-
sponse 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 algo-
rithm resides in only one switching node, and it is one of
the many functions that must be performed by the overall
network, it is a sound engineering practice to have a more
stringent run-time requirement.

To test the algorithms, we have conducted expenments
on the problem of multicasting from node i in stage 1 to d
(d < p) nodes in stage 3, assuming there are altogether m
stage-2 nodes in the Clos switching network.

A. Ezperimental Setup

e Both d and m were varied.

o For each d and m, five sets of random arc costs for
the switching network were obtained with a pseudo-
random number generator which generates numbers
uniformly distributed from 0 to 1. Each algorithm
was executed over the five sets of arc costs to obtain
five independent experimental results. ;

e For each experiment, the run time and the cost of
the 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.

Let us first compare heuristic algorithm 1 with the op-
timal algorithm. Figure 6 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 (e for the optimal
algorithm and o for heuristic algorithm 1) of the exper-
iments and the average run time of the five data points
(solid line) of the same d and m are shown. Only the aver-
age cost ratio is plotted (dashed line). From the graphs, we
can make the following observations and recommendations
about the Clos network.

B. Observations and Recommendations

e Run time of the optimal algorithm — For m < 8§,
the optimal algorithm satisfies our criterion of 0.1s
response time. The optimal algorithm is very sensi:
tive to the m value. For m > 16, the average run
time of the optimal algorithm is not satisfactory, al-
though 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 run-time difference can be close to
three orders of magnitude. This is attributed to the
solution-trimming process of our algorithm. Trimming
is most effective in the early stage of enumeration. If
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Fig. 6. 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. Bullets
and circles are individual data points. Five different set of arc costs are tested and five data points gathered for each m and d. Each solid
line plots the average of the five data points of the same algorithm.
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the arc costs are such that a larger number of branches
can be eliminated in the beginning, then a significant
fraction of alternative solutions can be eliminated from
consideration. 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 heuristic algorithm 1 — The run time of the
heuristic algorithm in all cases satisfy our criterion of
0.1 response time. Furthermore, it is much less sensi-
tive to m than the optimal algorithm is. Consequently,
for large m > 16, the run time of the heuristic algo-
rithm can be several orders of magnitude better than
the optimal algorithm. In addition, the heuristic algo-
rithm is also much less sensitive 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 ra-
tio is very close to 1.0 on the whole, and never exceeds
1.15. What makes heuristic algorithm 1 even more in-
teresting 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.

o Implication of parallel computing — Our optimal al-
gorithm can be parallelized quite easily. Each time
the enumeration process branches off in two directions,
computation on each branch can be assigned to a sep-
arate processor. Nevertheless, even with 100 proces-
sors, the reduction in run time is at most two orders
of magnitude. From Fig. 6, although parallel comput-
ing may help when m is small, it will not solve the
problem for m > 64.

¢ Implication of time-limit interrupts ~ The optimal al-
gorithm can easily be modified to store the best so-
lution computed so far. With this change, the algo-
rithm can be interrupted when the time limit of 0.1s
is reached. This gives us a feasible, albeit possibly
non-optimal, solution.

o Implementation strategy — For small networks (say
networks with less than 32 intermediate nodes) the
response time of the optimal algorithm in some cases
1s no more than an order of magnitude larger than
that of the heuristic algorithm. The use of the op-
timal algorithm should be considered for these cases.
We can adopt a strategy in which both the optimal

and heuristic algorithms are run in parallel with a set

time limit. When the time limit is reached, the better
solution is chosen.

Based on our further experimentation, we found that the
optimal algorithm can usually meet the response time limit
if m € 12. We then tested the second heuristic algorithm
assuming m’ = 8. Consequently, its run time is comparable
to the optimal algorithm’s run time with m = 8, since it
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is founded on a modification of the optimal algorithm in
which the number of intermediate nodes being considered is
limited to m/ (see the previous section). However, whereas
the optimal algorithm’s run time grows with m value, the
heuristic algorithm’s run time does not. To compare the
two heuristic algorithms, Fig. 7 plots heuristic-to-optimal
cost ratio versus number of end nodes for both algorithms.
Both the individual cost ratios (o for heuristic algorithm 1
and e for heuristic algorithm 2) and the average cost ratios
of five data points (dashed line for heuristics algorithm 1
and solid line for heuristic algorithm 2) are shown. We
have the following observations and recommendations.

C. More Observations and Recommendations

¢ Effects of m and d — Heuristics algorithm 2 is better
than heuristic algorithm 1 for m < 16. For m = 32,
heuristic algorithm 2 is still better on the average when
the number of end nodes, d, is less than 16; otherwise,
heuristic algorithm 1 is better. For m = 64, heuris-
tic algorithm 1 is better. These observations are at-
tributed to the fact that the number of intermediate
modules used in the shortest-path tree solution is less
than m’ = 8 when m and d are small, and larger than
m' = 8 when m and d are large (see discussion on the
previous section).

¢ Implementation strategy — Combining the observations
here with the previous observations, the following strat-
egy is suggested. For m < 32, run the optimal al-
gorithm, heuristic algorithm 2 with m’ = 10, and
heuristic algorithm 1 in parallel with a set time limit.
For higher m values, run heuristic algorithm 2 with
m’ = 12 and heuristics algorithm 1 in parallel with a
set time limit. It should be emphasized this quantita-
tive recommendations assume a particular computing
environment and a particular response time require-
ment. Perhaps the more important observation is the
qualitative fact that each of the algorithm has its own
regime of operation, and which one or which combi-
nation to use depends largely on the switch parame-
ters, the response time requirement, and the comput-
ing power available.

V. CONCLUSIONS

One of the approaches to building a large ATM switch -
is to simply set up a regularly-structured network in which
smaller switch modules are interconnected. To meet the
grade-of-service and reliability requirements, there are typ-
ically many alternative paths from any input to any output
in such a switching network. Route selection is therefore
an issue. This paper has investigated multicast routing
in 3-stage Clos networks to find out if routing will be a
bottleneck to call setup.

We have shown that the multicast routing problem can
be formulated as a warehouse-location problem. This for-
mulation achieves global optimality as opposed to local
optimality obtained with the shortest-path tree formula-
tion. One optimal and two heuristic algorithms have been
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designed and tested. The optimal algorithm is centered
on a procedure which eliminates a large number of non-
optimal solutions from consideration without computing

them, thereby achieving a substantial reduction in run time.

The first heuristic algorithm is based on a three-step opti-
mization process in which each step attempts to improve
on the solutions found by the previous steps. The sec-
ond heuristic algorithm is founded on a modification of the
optimal algorithm in which the second-stage switch mod-
ules being considered for use in the multicast connection is
limited to a subset of all the available second-stage switch
modules. Major observations and implications of the work
are summarized below.

1. Computation experiments show that the heuristic al-
gorithms can find near-optimal multicast routes within
an average response time several orders of magnitude
lower than that of the optimal algorithm. Compared
with the optimal algorithm, the response times of the
heuristic algorithms do not increase as much with the
network size. In addition, the response time of the
first 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 al-
gorithm can exceed 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 inter-
mediate nodes) the run time of the optimal algorithm
in some cases is no more than an order of magnitude
larger than that of the first heuristic algorithm. The
use of the optimal algorithm should be considered in
these cases.

3. By modifying the optimal algorithm to store the best
solution computed so far, we can have a hybrid strat-
egy in which the optimal and heuristic algorithms are
run in parallel. 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 de-
signed to meet other requirements, such as grade-of-
service and fault tolerance requirements, without com-
plex 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 apply to large-scale communications networks
with a two-hop structure. It is likely that facility cross-
connects will be used to configure future ATM networks
into very simple logical network structures in order to facil-
itate control and increase reliability. It is undesirable from
a control standpoint to have too many stages of queues be-
tween two nodes. This work is especially relevant to logical
networks in which two nodes are directly connected via a
set of logical paths, and indirectly connected via another
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set of two-hop logical paths, with each involving only one
intermediate switching node.

APPENDIX A
WAREHOUSE LocCATION PROBLEM FORMULATION

Let the three sets of nodes at stage 1, stage 2, and stage
3 be I, J, and K, respectively. Furthermore, denote the
weight of the arc from node 7 € I to node j € J by ¢;j, and
that from node j € J to node k£ € K by dji. Suppose that
we want to multicast from node ¢ € I to nodes in K’ C K.
Then, the problem can be cast as

minz (c,-ja:;j + Z djkyjk) (A.1)

jed kEK

subject to Zyj" = 1 forallke K’

jed
zij > yix foralljeJ ke K’
(A.2)
zij,y;x = Oorl forall je JkeK'
(A.3)

where z;; (or y;z) is 1 if arc (¢,5) (or arc (4, %)) is part
of the multicast tree and 0 otherwise. This is known as
the warehouse location problem in the Operations Research
community. The idea is to select the optimal warehouse lo-
cations (corresponding to the selected second-stage nodes)
for the delivery of some commodity to a set of destinations
{corresponding to the third-stage end nodes).

APPENDIX B
ALGORITHM FOR EXACT SOLUTION TO
MvurticasT ROUTING

main (E)
begin
F =0
H=E;

expandF(F, H);

expandFG (F, H, 2);

enumerate(F, H);
end

function enumerate(F, H)
begin
(comment:

next level.)
if H#for [F|< |K'| do

the following enumerates solutions at the

begin
choose an element 2 from H;
H :=H- {h};
F':=FU{h};
H:=H;

(comment: note that the memory space for F’ and H' is
allocated locally, whereas the memory space for F and H
is allocated from the calling routine although the content
of H is modified by this function; each invocation of the
function “enumerate” gets a fresh set of F/ and H'.)
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expandFG(F', H', 2); enumerate(F’, H')
expandFG(F, H, 1); enumerate(F, H);

(comment: branch off in two directions, one with & in
F, one with & in G.)

end
end

function expandFG(F, H flag)
begin
while flag # 0 and H # 0 do
begin
if lag = 1 do flag := expandF(F, H)
else flag := expandG(F, H);
end
end

function expandG(F, H)
begin
(comment: the following attempts to expand G by mov-
ing elements from H to G.)
C = cost(F);
flag := 0;
for all h € H do
begin
D := cost(F U {h});
if D> C do
begin
H:=H-{h};
flag := 1;
end
end
return flag;
end

function expandF(F, H)
begin
(comment: the following attempts to expand F by mov-

ing elements from H to F.)
C := cost(F U H);

flag:= 0;
for all h € H do
begin
D = cost(FUH — {h});
if D>C do
begin
F:=FuU{h};
H:=H - {h};
flag := 2;
end
end

return flag;
end
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