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Abstract

In thistaper, we gresent and compare two quasi-static minimax Open Shortest
Path First (OSPF) routing algorithms in networks supporting the SMDS
service (which we refer to as the SMDS networks). In OSPF routing, the
network is modeled as a graph and each link is associated with a nonnegative
arc weight (referred to as the link set metric). A shortest path spanning tree is
calculated for each origin to carry both the individually addressed and the
group addressed (multicast) traffic. The OSPF routing protocol is adopted as a
major part of the default Inter-Switching System Interface (ISSI) routing
algorithm for SMDS networks where arc weights are inversely proportional to
the aggregate link set capacities. We consider the problem of choosing a set of
link set metrics so that tﬂc maximum link utilization factor is minimized in an
SMDS network. The problem is formulated as a nonli mixed integer
programming problem.

The emphasis of this paper is (i) to consider a quasi-static ISSI routing scheme
and present a formal problem formulation and (ii) to develop an efficient and
effective algorithm to solve the problem. A dual (based upon Lagrangean
relaxation) and a primal approach are taken to solve the minimax OSPF
routing problem. In computational experiments, the primal algorithm performs
better for most of the test cases. However, it is suggested that the primal and
the dual a};:{:roach be applied in a joint fashion to achieve better performance.
The joint algorithm determines good primal solutions for networks with up to
26 nodes in minutes of CPU time of a RISC-based file server. Compared with
the default ISSI routing scheme, the minimax routing algorithm results in a
13.67% to 133.33% improvement in the maximum link utilization factor for 8
test networks.

1. Introduction

The SMDS (Switched Multi-megabit Data Service)l'! @I B service is a public,
high speed, connectionless (datagram), packet switched data service that the
Regional Bell rating Companies (RBOCs) have offered®’. SMDS provides
performance and features over a wide area similar to those found in local area
networks, and it is regarded as the first phase of the Broadband Integrated
Services Digital Networks (B-ISDNs). It will fumish subscribers with high
speed access (1.5 Mbps and 45 Mbps in current specifications and SONET
rates in the future) as well as multipoint connection (instead of point-to-point
connection by today’s private line facilities). Subscribers would access the
service via a dedicated interface (Subscriber Network Interface (SNI)). The
SMDS Interface Protocol gSIP)m, which is based on the DQDB (Distributed
Queue Dual Bus) protocol®™), running over SNIs is used to transport variable
length user packets between the network (a set of Switching Systems (SSs)
with SMDS interface capability) and the Customer Premises Equipment
(CPE).

SIP only defines the protocol between CPE and the network (switching)
equipment. SSs in the network are connected across the Inter-Switching
System Interface (ISSI) using the ISSI protocol (ISSIP)®. The ISSIP
encapsulates SIP level 3 packets into ISSIP Level 3 Data Transport Protocol
Data Units (L3_DTPDUs), and segments them into 53-byte cells at level 2.
However, level 2 of the ISSIP can also be based on the B-ISDN Network-Node
Interface. Level 1 of the ISSIP currently supports both DS3 and SONET rates
for an ISSI link set. An ISSI link set -consists of all ISSI links directly
connecting two SSs.

The ISSIP provides, among other features, the necessary features to route a
packet from its source SS to its destination SS. This routing procedure is
defined in the Routing Management Protocol (RMP) of the ISSIP. The RMP is
derived from Version 2 of the Open Shortest Path First (OSPF) specification
(). The main features of the RMP are as follows:
o The Routing Management Entity (RME) in every SS have identical routing
databases;

o Each RME’s database describes the complete topology of the RME’s
domain;
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o Each RME uses its database and the Shortest Path First (SPF) algorithm to
derive the set of shortest paths to all destinations from which it builds its
routing table.

Each link set is assigned a nonnegative number in the RMP called the link set
metric. The default link set metric of each link set is inversely proportional to
the aggregate link set capacity. One can then apply standard shortest path
algorithms, e.g. Dijkstra’s algorithm® to calculate a shortest path spanning tree
for every origin. Ties are broken by choosing the switch with the lowest router
ID number. The RMP is used to support two types of traffic - individually
addressed messages and multicast messages. 'E?e individually addressed
message is transmitted from the origin to the destination over the unique path
in the shortest path spanning tree. The multicast message is destined for more
than one destination (may not be for all destinations, which is referred to as
broadcast). However, exactly one copy of the multicast message will be
transmitted over every link in the shortest path spanning tree according to the
ISSIP. A multicast message will be discarded by a leaf (termination) switch in
the shortest path spanning tree if the message is not for any user connected to
the switch.

It can easily be verified that by using the default link set metrics as the arc
weights in the shortest path algorithm, the total link set utilization factors of
the network is minimized. However, one potential drawback of using the
default link set metrics is that there is no embedded mechanism to prevent a
link set from being overloaded. To react to network loads, a minimax
utilization routing algorithm is developed in this paper. The proposed
algorithm can simply be regarded as a way of updating the arc weights used in
the RMP so that the network load can be better balanced. The RMP is still the
underlying routing mechanism. The objective of the minimax utilization
routing algorithm is to find a route between every origin and its multicast
destination(s) in a network so that the maximum link utilization of the network
is minimized.

The major advantages of using the minimum of the maximum link utilization
as the performance objective include:

o The performance measure (utilization) is a linear function of the routing
decision variables, as opposed to a nonlinear function when other
performance measures, e.g. packet delay or blocking probability, are used.

o The routing decisions made by the minimax routing algorithm usually do
very well with respect to other major performance criteria in various
networks such as the call blocking probability in circuit-switched networks,
the packet delay in virtual-circuit based packet networks and the cell loss
probability in B-ISDNs.

o It is clear that an optimal routing assignment (with respect to the minimax
criterion) remains optimal if the traffic requirements grow uniformly.

o The minimax criterion can be treated as a goal from the viewpoint of the
system to provide a balanced and robust operating point.

e A single performance indicator (the maximum link utilization factor) is
provided. This single value can be used to derive upper bounds on other
Ferformance measures, e.g. end-to-end delay, call blocking rate and cell
oss probability.

o For engineering tractability, end-to-end performance objectives are usually
converted into link utilization constraints. The minimax routing then
provides the most efficient utilization of the network capacity and
precludes unnecessary capacity expansion.

Due to the discrete nature of the minimax routing problem where exactly one
spanning tree is used to transmit packets for each root, there is no published
research, to our knowledge, that has been attempted to solve this type of
problems optimally. Tcha and Maruyama® considered the problem of
determining a path for each origin-destination (O-D) pair (the union of the
selected path from a common origin is not necessarily a spanning tree) so as to
minimize the maximum link utilization. In their formulation, no multicast
traffic was considered. They developed a straightforward heuristic scheme,
which is conceptually similar to the simplex method, to solve the minimax
routing problem for connection-oriented networks. They tested the heuristic
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on relatively small test problems with 15 to 95 O-D pairs (the test problems we
considered are with 90 to 650 O-D pairs).

In this paper, the minimax OSPF routing problem is solved by two approaches.
The first approach is based upon the Lagrangean relaxation technique which
has been applied to solve the routing problem for virtual circuit networks"™ 11
{2 o3 T]gg Lagrangean relaxation problem can be decomposed into three
independent and easily solvable subproblems. The second approach is a primal
heunistic which is simple but effective. In computational experiments, the

rimal approach is shown to perform better for most of the test cases.
Elowever, it is suggested that the primal and the dual approach be applied in a
joint fashion to achieve better performance. The joint algorithm determines
good primal solutions for networks with up to 26 nodes in minutes of CPU
time on a file server.

In the next section, we give the notation used in the paper. Section 3 presents a
formal definition of the routing problem addressed in this paper. We then
propose two solution approaches in Section 4. Some computational results are
reported in Section 5.

2. Notation

We model a network supporting the SMDS service as a graph G (V, L) where
the switches are represented by nodes and the communication channels are
represented by links. We have the following notation:
o V={1,2, -+, N }: the set of nodes in the graph (network).
o L: the set of links in the graph (network).
o W: the set of O-D pairs (with individuvally addressed traffic demand) in the
network.
o ¥, (packets/sec): the mean arrival rate of new traffic for each O-D pair
we W.
o o, (packets/sec): the mean arrival rate of multicast traffic for each multicast
rootr e V.

o P, the set of all possible simple directed paths from the origin to the
destination for O-D pair w. (All the traffic for O-D pair w is transmitted
over exactly one path in the set P,,.)

o P: the set of all simple directed paths in the network, that is, P = U, wPy.
e O, the origin of O-D pair w.
« T,: the set of all possible spanning trees rooted at r for multicast root r.

(The multicast traffic from 7 is transmitted over exactly one spanning tree
inthe set T,.)

o T: the set of all spanning trees in the network, that is, T =, vT,.
o C; (packets per second): the capacity of link / € L.
o a;: the link set metric for link / € L (a decision variable).

o x,: the routing decision variable which is 1 if path p is used to transmit the
packets for O-D pair w and 0 otherwise.

o 8,1 the indicator function which is 1 if link / is on path p and 0 otherwise.

 y,: the routing decision variable which is 1 if tree t € T, is used to transmit
the multicast traffic originated at root r and 0 otherwise.

o Oy: the indicator function which is 1 if link / is on tree f and 0 otherwise.

Since all of the packets for an O-D pair are transmitted over exactly one path
from the origin to the destination in OSPF routing, we have 3 PP = 1 and

x, =0 or 1. The SMDS SSs are assumed to have the capability of duplicating
multicast traffic for multiple downstream branches in a spanning tree. When a
packet is multicasted from the root to the destinations using spanning tree ¢, it
is assumed that exactly one copy of the packet is transmitted over each link in
spanning tree f. Therefore, similar to the single-destination case, we have
ﬁle']‘yr:l andy,=0orl.

3. Problem Formulation

Based on the notation given in the previous section, the problem of
determining a set of nonnegative link set metrics (and thus a spanning tree for
each origin to transmit individually addressed and group addressed traffic) so
as to minimize the maximum link utilization in the network can be formulated
as the following nonlinear mixed integer programming problem:

E Z prw8p1+Z Z)’:(’-rcu
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The objective function represents the minimax link utilization in the network.
Terms in the left hand side of Constraint (1) denote the aggregate flow of
packets over link /. Constraint (1) requires that the aggregate flow not exceed
the capacity of each link. Constraints (2) and (4) require that all of the
individually addressed traffic for an O-D pair be transmitted over exactly one
path. Similarly, Constraints (3) and (5) require that all of the multicast traffic
from one multicast root be transmitted over exactly one spanning tree. The left
hand side of Constraint (6) (together with (2) and (4)) is the number of selected
paths (for individually addressed traffic) that are rooted at origin r and pass
through link /, while the right hand side of Constraint (6) (together with (3) and
(5)) is equal to N — 1 if link / is used in the spanning tree for root r to multicast
messages and 0 otherwise. Recall that N —1 is the maximum number of
selected paths originated at node r and passing through link /. Therefore,
Constraint (6) requires that the union of selected paths from one origin to all
the destinations ?or individually addressed traffic be the same spanning tree
rooted at the origin to carry multicast traffic. (Note that this constraint implies
that the selected paths from one origin to carry individually addressed traffic
form a spanning tree.) The left hand side of (7) (together with (2) and (4)) is
the routing cost for O-D pair w (for one unit of flow on the selected path). The
right hand side of (7) is the cost of path p € P,,. Constraint (7) requires that
for each O-D I-ﬁmir a shortest path be used to carry the individually addressed
traffic where the link set metric of link /is @;. Constraint (8) requires that the
link set metrics be nonnegative.
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An equivalent formulation of IP’ is
Zip =min s (IP)
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Constraints (11)-(17) are the same as Constraints (2)-(8). Constraints (9) and
(10) require that the utilization of each link not exceed s (and unity).
Constraint (1) is therefore redundant and eliminated.

4. Solution Procedures

(IP), as formulated in the previous section, is a nonlinear and nonconvex mixed
integer programming problem. Thus it is difficult to solve the problem
optimally. In this section, two quasi-static algorithms to solve (IP) are
proposed. The first approach is to solve (IP) using Lagrangean relaxation. The
second approach is a primal heuristic which is simple but very effective as will
be shown in the computational experiments.



4.1 Approach 1

The first approach to solving the mixed integer programming problem
formulated in the previous section is Lagrangean relaxation. We dualize
Constraints (9) and (15) of (IP) to obtain the following relaxation:
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(LR) can be decomposed into three independent subproblems. The first
subproblem is to determine s. There are two cases to consider:

1. IleeLu/ Ci21,thens=1.
2. IleeLu‘ C;<1,thens=0.

The second subproblem is to determine {x,}. A solution to the second
subproblem is for every O-D pair w (where O,, = r) to route all of the required
traffic over a shortest path where the arc weight of link [ is y,, 4; + b,;. All q;,
I € L are set to be 0 so that Constraint (23) is satisfied and no constraint is
imposed on {xp} by (23). The third subproblem is to determine {y,}. A
solution to the third subproblem is for every root r to route all of the required
multicast traffic over a minimum cost spanning tree where the arc weight of
link / is o, u,—(N -1)b,.

Dual (D):

For any (4,6)20, by the weak Lagrangean duality theorem"¥, the optimal

objective function value of (LR), Zp(u,b), is a lower bound on Z;p. The dual
problem (D) is

M)

Therefore, in order to obtain the greatest lower bound, we solve the dual
problem (D). There are several methods for solving the dual problem (D), of
which the subgradient method"? is the most popular and is employed here. Let
an (|[L|+|V|]L|)tuple vector g be a subgradient of Zp(u,b). Then, in
iteration k of the subgradient optimization procedure, the multiplier vector
A =(u,b) is updated by

Zp = max Zp(u,b).
ub20

;\’kﬂ =2k 4+ ’kgk. (25)
The step size t* is determined by
Zhp - Zpt
*=8 Zir=2p?) 26)

ne“II°
where ZJp is the objective function value for a heuristic solution (upper bound
on Z;p) and 8 is a constant, 0 < § < 2.

The following property is useful for choosing an initial value for 4 and may
improve the lower bounding procedure.
Property 1: If (IP) is feasible, then the following region contains an optimal
solution {; } to (D).
Y u C=1.
lel
Property 1 basically reduces the search region for an optima.l solution to (D).
One application of Property 1 is to choose the initial value of u to be
1/(JL | C;). Another possible application of Property 1 is that an upﬁ.r bound
1/C; can be imposed on #; when the subgradient method is applied. Moreover,
since Property 1 provides a region that guarantees an optimal solution to (D)
and {(u,b)lglE Ry C; =1} is a break point of Zp(u,b) (s is discontinuous at
this point), we employ the following mechanism to find better lower bounds.
First, we temporarily choose the multiplier 4, = u; (E,E L C))* for link / so
that Zl u;C;=1. In addition, temporarily choose the multiplier
b, =by &IsLu’ C;)"! for link / and origin r. Note that using the temporary
set of multipliers («’,b") results in the same choice of paths as using the
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original (u,b). We also note that when all of the arc weights (multipliers) are
multiplied by a positive scalar, the shortest paths found in solving (LR) do not
change. It is only for the purpose of calculating Zp, (1,b), we temporarily use
the multiplier in order to find a higher dual objective function value through a
simple calculation. The original value of the multipliers &; and b, will still be
used in the subgradient method to update the multiplier for the next iteration.
The above procedure is for solving the dual problem and obtaining good lower
bounds on the optimal objective function value. We next describe a procedure
for finding good primal solutions.

Primal Soiutions:

In each iteration of solving (D), a set of multipliers {u,b} is used. A heuristic
for determining the link set metrics is to let a; be u. Dijkstra’s shortest path
algorithm is then applied to determine a shortest path spanning tree for each
origin to deliver both the individually addressed and multicast traffic. The
heuristic solution that results in the lowest maximum link utilization in the
network is reported.

In Approach 1, Constraint (15) is dualized, which introduces |[L|{V |}
multipliers (this dominates the complexity of (LR)) and |V | minimum cost
spanning tree problems in (LR). Since the amount of multicast traffic is
expected to be small compared with the amount of individually addressed
traffic and thus the significance of Constraint (15) is small, a more efficient
solution procedure which is a variation of Approach 1 is introduced below to
reduce the computational complexity.

4.2 A Variation of Approach 1

In this approach, only Constraint (9) is dualized and Constraint (15) is replaced
by a "tree constraint” which states that the selected paths from one root for
individually addressed traffic should form a spanning tree rooted at the root.
(This "tree constraint” can be satisfied in the Lagrangean relaxation if
Dijkstra’s shortest path algorithm is applied.) With this change, the constraint
that requires the spanning trees used to carry both individually addressed and
group addressed traffic from the same root be the same is not considered in the
modified (LR). We denote this modified (LR) problem by (LR’). Note that,
despite the change, the optimal objective function value of (LR’) is still a
legitimate lower bound on Z;p. In addition, it can be easily verified that
Property 1 is still valid for the new dual problem.

Similar to Approach 1, A heuristic for determining the link set metrics is to let
a; be u;. Dijkstra’s shortest path algorithm is then applied to determine a
shortest path spanning tree for each origin to deliver both the individually
addressed and multicast traffic.

As mentioned earlier, this modified solution procedure has significantly lower
complexity than Approach 1 -- |L| multiplers versus |L |+ |L}|V|
multipliers in the respective dual problems and 2 versus 3 subproblems in the
respective Lagrangean relaxation problems. Due to the expected small amount
of multicast traffic, the compromise of primal solution quality with this
modification is minimal. Consequently, this modified solution procedure is
adopted in our computational experiments.

43 Approach 2

We next propose a primal approach to solving the minimax routing problem.
The basic idea is to adjust a; according to the current link flow. More precisely,
if the utilization of link / is the maximum in the network, then we artificially
increase g; in an attempt to reduce the traffic flow of link /. It is clear that the
utilization of link / does not increase when q; is increased (if all the other link
set metrics remain unchanged). However, in the event that three or more links
share the same maximum link utilization, it is possible that the utilization of
one of these most congested links increases after their corresponding link set
metrics are increased simultaneously by the same value.

The overall algorithm is given below.
1. Assign an initial value to each a;. Set the iteration counter & to be 1.
2. If kis greater than a prespecified counter limit, stop.

3. Apply Dijkstra’s shortest path algorithm to calculate a shortest path
spanning tree for each origin.

Calculate the aggregate flow for each link.
Identify the set of link(s) with the highest utilization, denoted by §.
Foreach ! € §, increase g, by a positive value r*.

N, e

Increase k by 1 and go to Step 2.

t* can be chosen by different ways. However, the following two properties of
{t*} are suggested: (izl%:‘”_ 1* approaches infinity and (ii) #* approaches 0 as
k approaches infinity. cHitst property is meant to prevent the algorithm from
being stalled. Whereas, the second property decreases the possibility of
oscillation. If a sequence of ¢* satisfies the first property, then every a; will be
unbounded when?t approaches infinity. To avoid this difficulty, one may
periodically nommalize Fa, }, e.g. to make the sum of all link set metrics to be a
given constant. However, in practice, only a finite number of iterations are
allowed. If the initial value of each g, is properly chosen, overflow will not
oceur.



There are a couple of advantages of the proposed primal heuristic:

1. The algorithm is simple and therefore may allow a larger number of
iterations or shorter computational requirements.

2. Individually addressed traffic and multicast traffic are considered in a
uniform way. More precisely, when one link is identified to be among
the most congested, one simply increase the corresponding link set
metric trying to reduce the amount of link traffic, which may be due to
either traffic type.

5. Computational Results

In the computational experiments, we test the primal and the dual minimax
routing algorithm with respect to their (i) computational efficiency, (ii)
effectiveness in determining good solutions and (ii1) capabilities of reducing
the maximum link utilization (compared with the OSPF routing in conjunction
with the default link set metrics).

The variation of Approach 1 discussed in Section 4.2 and Approach 2
discussed in Section 4.3 were coded in C' and run on a SUN SPARC file
server’. For the first set of experiments, the algorithms were tested on 8
networks., For each of the 8 networks, it was assumed that for each O-D pair
the total individually addressed traffic rate at which packets are generated is 1
packet per second. It was also assumed that for each root the total group
addressed traffic rate at which packets are generated is O (single destination
traffic only) and 0.05 packets per second. The link capacities for each test
network are assumed to be the same (homogeneous networks) with 100
packets per second for each link. Each experiment is run for 6000 iterations,

5.1 Performance of the Variation of Approach 1

For the variation of Approach 1, the subgradient method described in
Section 4.1 was applied to solve (D). In our implementation, Z%p was initially
chosen as 1 and updated to the best possible upper bound found so far in each
iteration. In Equation (26), 8 was initially set to 2 and halved whenever the
objective function value did not improve in 80 iterations. The initial value of
u; was chosen to be 1/(|L| C;). The mechanism (i.e., using temporary
multipliers) described in Section 4.1 to improve the lower bounds were
implemented. The routing assignment (set of paths) associated with the best
heuristic to (IP) was used.

Table 1 summarizes the results of our computational experiments with the
variation of Approach 1. The second column gives the total group addressed
traffic rate at which each root generates. The third column is the largest lower
bound on the optimal objective function value found in 6000 iterations. Note
that this is the best objective function value of the dual problem. In addition to
the mechanism described in Section 4.1 to improve the lower bound, we have
attempted another mechanism based upon the fact that the set of possible
objective function values for (IP) is discrete (equal to the number of O-D pairs
using the most congested link divided by the link cagacity when there is no
group addressed traffic) in the experiments. The fourth column gives the best
objective function value for (IP) in 6000 iterations. The percentage difference (
[upper-bound - lower-bound] X 100 / lower-bound) is an upper bound on how
far the best feasible solution found is from an optimal solution. The sixth
column provides the CPU times which include the time to input the problem
parameters.

Table 1 shows that the variation of Approach 1 is a sensible approach.
However, the gaps between the lower and the upper bounds in some of the test
cases are significant, which indicates that there may be still room to improve
the solutions. Another observation from Table 1 is that the performance of the
algorithm is comparable for the two demands of group addressed traffic.

oreover, the algorithm seems to perform better for larger networks, or more
precisely, for networks with a larger number of active paths (carrying flows)
passing through the most congested link in an optimal solution. For example,
OCT, ARPAR2 and SWIFT have the highest three lower bounds and the
lowest three error bounds. This observation can be explained from a linear
programming point of view. Consider the linear programming relaxation of the
integer programming problem (IP) with no group addressed traffic and without
Constraints (12) and (14)-(17). Note that the constraint x, <1 is implied by
Constraint (11) in the linear programming relaxation and can thus be ignored.
It is clear that at most |[L| + |W| X,'s can be nonzero in an optimal basic
feasible solution to this problem. Next, we consider a Lagrangean relaxation
of this linear programming relaxation problem where Constraint (9) is

1. Approach 2 was originally coded in FORTRAN 77 and converted into a C program using the “f2¢"
autility for the purpose of comparing computational effici with Approach 1. It is exp d that the
computation time reported for Approach 2 should be lower if Approach 2 is coded in C directly.

2. Belicore does not recommend or endorse products or vendors. Any mention of a product or vendor in

this paper is to indicate the puti i for the putational experiments d dorto
provide an example of a technology for illustrative purposes; it is not intended to be a
recommendation or endorsement of any product or vendor. Neither the inclusion of a product or a
vendor in a computing environment or in this paper, nor the omission of a product or vendor, should
be interpreted as indicating a position or opinion of that product or vendor on the part of the authors or
of Bellcore.
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dualized. It can be shown that in this case there exist an optimal solution to the
primal problem (the linear programming relaxation roglem) where routing
assignments are determined by finding a shortest path for each O-D pair where
the arc weight is the optimal Lagrangean multiplier. Our heuristic is to use the
multipliers to determine a set of routing assignments and thus exactly |W |
x,’s are 1 (and all the others are 0). Therefore, at most |L | O-D pairs out of
the |W| O-D pairs can have multiple shortest paths. We thus can use
IL|/|W] as a measure to roughly predict the performance of the dual
approach. The smaller the ratio is (and usually the larger the network is), the
algorithm is expected to perform better. In our experiments, OCT, ARPA2 and
SWIFT, on which the best results are obtained, are indeed the networks with
the three lowest |L|/|{W| ratios. Consequently, the dual approach is
recommended for large networks (with low |L | to |[W | ratios).

5.2 Comparison of the Variation of Approach 1 and the Default ISSI
Routing

Next, we compare the variation of Approach 1 and the OSPF routing with the
default link set metrics. For the purpose of illustration, we use the maximal
aggregate link flow instead of the maximal link utilization factor as the
performance measure (these two measures are equivalent for homogeneous
networks). The traffic demands are assume to be the same as those considered
in Table 1. The results are summarized in Table 2. The second column gives
the total group addressed traffic rate at which each root generates. The third
column reports Z4s, the best primal objective function value found by the
proposed algorithm. The fourth column reports Z/55 which is the objective
function value found by applying the default ISSI routing algorithm. The fifth
column gives the percentage improvement of the variation of Approach 1 over
the default ISSI routing algorithm. Table 2 shows that using the variation of
Approach 1 results in an improvement in the maximum link utilization. The
range of improvements is from 7% to 53.42%.

5.3 Performance of Approach 2

We next repeat the computational experiments performed in Tables 1 and 2
using Approach 2. The initial values of the link set metrics are chosen to be 1.
The increase of link set metric for the link set(s) with the highest utilization in
iteration £ is 1/k. This choice satisfies the two properties discussed in Section
4.3. Table 3 summarizes the results of our computational experiments with
Approach 2. The columns are organized the same way as in Table 1.

Table 3 shows that Approach 2 is, in general, efficient and effective in finding
a good set of link set metrics. From a comparison of Tables 1 and 3, Approach
2 1s in general superior in terms of computation time and quality of solutions.
However, for the cases corresponding to the SWIFT network where Approach
2 does not provide satisfactory solutions, the variation of Approach 1 solves
the problem optimally (when the group addressed traffic demand is 0). This
observation suggests that the dual and the primal approaches be applied in a
joint fashion to achieve better performance. Note that, a side product of the
dual approach is to provide lower bounds to evaluate the quality of the
heuristic solutions.

Another observation from Table 3 is that the performance of Approach 2 is, in
general, also comparable for the two demands of group addressed traffic. An
interesting finding is that for the OCT network, a better set of link set metrics
is found when the group addressed traffic demand for each root is 0.05
packet/sec (higher total network load but lower link utilization). On the other
hand, for the SITA network, a better set of link set metrics is found when only
single-destination traffic exists (in fact, an optimal solution is found in this
case). If this set of link set metrics is used in the case where the multicast
traffic demand is 0.05, the upper bound would become at most 0.0315.

5.4 Comparison of Approach 2 and the Default ISSI Routing

We also investigate the relative performance of Approach 2 and the OSPF
routing with the default link set metrics. The performance measure is the
maximum link utilization in the network. The results are summarized in Table
4. The traffic demands are assume to be the same as those considered in
Tables 1 to 3. The columns are organized the same way as in Table 2. The
results in Table 4 show that using Aggroach 2 results in an improvement in the
maximum link utilization for up to 133%.
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