Design and Configuration of Reconfigurable
ATM Networks with Unreliable Links

This paper considers a problem of configuring both physi-
cal backbone and logical virtual path (VP) networks in a re-
configurable asynchronous transfer mode (ATM) network
where links are subject to failures. The objective is to deter-
mine jointly the VP assignment, the capacity assignment of
physical links and the bandwidth allocation of VPs, and the
routing assignment of traffic demand at least cost. The net-
work cost includes backbone link capacity expansion cost
and penalty cost for not satisfying the maximum throughput
of the traffic due to link failures or insufficient link capacities.
The problem is formulated as a zero-one non-linear mixed
integer programming problem, for which an effective solu-
tion procedure is developed by using a Lagrangean relaxa-
tion technique for finding a lower bound and a heuristic
method exploited for improving the upper bound of any in-
termediate solution. The solution procedure is tested for its
effectiveness with various numerical examples.
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I. INTRODUCTION

Broadband integrated services digital network (B-ISDN) has
been intensively studied [4], [6], [10], [15]-[17], [19], [20],
[23], and it is expected that it will dominate data networking
activities in the future due to its capability to serve a wide variety
of traffic such as video, voice and data. Among different trans-
port techniques proposed to implement B-ISDN, ATM is con-
sidered to be the most promising one due to its efficiency and
flexibility.

ATM is a switching and multiplexing technique developed
for B-ISDN that makes it possible to achieve the multiplexing
of different kinds of traffic while keeping individual quality of
service required for each traffic type [13], [14], [22]. The Inter-
national Telecommunications Union (ITU) standard for the
ATM interface defines two types of connections: virtual chan-
nel (VC) connections and virtual path (VP) connections [14],
[22]. The concept of a VC is similar to that of a virtual circuit in
traditional networks, namely, a logical unidirectional associa-
tion that defines a connection between an origin and its desti-
nation. To establish a VC, the source node sends a request that
propagates through intermediate nodes to the destination re-
questing allocation of the required bandwidth. Because of the
propagation delay (an important issue in this high speed era)
and the processing delay at each node of the network, such a
VC establishment may be too slow and unacceptable for real-
time needs, particularly when connections are established on a
per-burst basis. In ATM networks, VPs can solve such problems
by providing a pre-defined route with a pre-defined bandwidth
between an origin-destination (O-D) pair. A VP is commonly
defined as a bundle of virtual channels delimited by two VP
terminators. Multiple VCs, conveying different amounts of band-
width each, may exist simultaneously within a VP between a
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given O-D pair. VCs are allowed to share the bandwidth pre-
allocated to the VP which they belong to. The VP concept
provides several advantages such as allowing simpler network
architectures, eliminating the need for call-by-call routing and
allowing easier implementation of dynamic bandwidth alloca-
tion schemes [5], [20], [21]. Each VP provides a logical link
with a fixed bandwidth for a certain service for an O-D pair,
and the VCs in the same VP are statistically multiplexed on
that VP. For easy management and network control, VPs may
be defined for dissimilar traffic types and can be deterministi-
cally multiplexed. The deterministic multiplexing of different
'VPs allocates a fixed bandwidth to each VP, which can use the
resource as it has traffic to send. It is likely to result in require-
ments of more network capacity than any statistical multiplex-
ing. However, dynamic bandwidth control and VP rearrange-
ment can be provided by using the VP concept with a less
complex admission control scheme. Thus, we consider here the
deterministic multiplexing of various paths along with dynamic
bandwidth control and VP reconfiguration.

Once a VP is set up with a specified bandwidth, the origin
node must decide on each call request whether or not that call
can be carried by the VP. In doing so, it is useful to refer to the
term “‘equivalent capacity” (or equivalent bandwidth) which is
the amount of bandwidth necessary to accommodate the aggre-
gate traffic of a set of bursty sources while complying with a
specific quality of service (QoS) [1], [2], [9]. The concept of
the equivalent capacity will be discussed in detail in the later
section.

An ATM network can be considered a reconfigurable net-
work where effective topology and capacities can be adapted
dynamically to changes in the traffic requirements or to
changes in the physical network due to failures. Figure 1 shows
the concept of a reconfigurable ATM network. There are six
VPs, from VP, to VPs, shown in the figure. VP is a virtual
path between nodes Nz and Nia. Node N is a transit node of
VP,. VP cross-connect systems located at the nodes provide
the capability of concatenating VCs in the same VP. For exam-
ple, a VP cross-connect system at node N enables the concate-
nation of VCs in each of physical links (N4, N1) and (N1, N») to
form a logical link, VP», between node N4 and No.

The idea of changing the topology and capacity of a network
by setting up or releasing cross-connections was proposed in
the early 70’s [24], [25]. Since then, the problem of configuring
logical networks in such a reconfigurable network has been
extensively studied in the past decade [26]-{34]. In those studies,
it was assumed that the capacities of the backbone links were
fixed. However, no attention was paid to the issue of trade-off
between backbone link capacity expansion cost and inferior
network performance penalty in a situation where the associat-
ed networks were subject to failures. Moreover, they have not
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Fig. 1. A Reconfigurable ATM Network.

analytically treated the network reliability issue for any logical
network design. This provides us with the motivation of con-
sidering a problem of configuring both backbone and logical
networks in a reconfigurable network with link failures allowed.

Pazos-Rangel and Gerla [33] investigated a design problem
of express pipe networks (logical packet networks) and for-
mulated a nonlinear optimization problem for finding the best
capacity and routing assignment. Due to the non-convexity of
the associated objective function, their algorithm based on a
steepest descent and flow deviation approach found only a local
optimum. Gerla ef al. [26] have addressed the topological re-
configuration issue of an ATM network embedded into a back-
bone network using digital cross-connect systems (DCSs). They
formulated the problem as a nonlinear mixed integer pro-
gramming problem to minimize a congestion measure based
on the average packet delay, for which they applied the algo-
rithm of the work [33]. Lee and Yee [30] formulated the con-
figuration and routing problems for a logical network as a non-
linear mixed integer programming problem to minimize the
average packet delay. In 1991, they extended the problem to
convert the continuous solution to an integer solution by em-
ploying a partial branch and bound algorithm [31]. They also
investigated a logical network configuration problem in the en-
vironment of ATM networks [32]. Ghosh and Mitra [27] con-
sidered the application of DCSs for packet switched networks
in formulating a zero-one nonlinear integer programming
problem to minimize overall network delay, and presented Lag-
rangean relaxation-based solution procedures for the problem.
Sung and Park [34] addressed the problem of configuring the
embedded networks of a telecommunication network carrying
voice-grade calls at least cost. They formulated the problem as
a mixed zero-one nonlinear programming approach for which
lower bounds were found in a Lagrangean relaxation approach
embedded in a hybrid search procedure for the associated dual
problem. Gopal et al. [28], [29] formulated the problem of de-
termining the capacities of the logical paths as a nonlinear integer
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programming to minimize the average call blocking probability
under the assumption that the set of different paths for each node
pair was predetermined and given as input. They developed a
heuristic algorithm based on the greedy principle, but it was in-
capable of establishing any lower bounds on the solution.

For traditional networks having no configuration capability,
there have been some research works incorporating reliability
considerations in design procedure. For example, the subject of
designing circuit-switching networks under reliability con-
straints was studied by Gavish et al. [35], where the problem of
establishing node and link capacities to satisfy traffic demand
under a failure-allowing environment was formulated as a
mixed integer programming problem but only partially solved.
Sanso et al. [36] considered a methodology to adjust link ca-
pacities in circuit-switched networks by taking into account
both a routing policy and reliability theory. They formulated
the problem by use of two subproblems, a routing subproblem
and a link capacity adjustment subproblem, and developed a
cyclic decomposition algorithm alternating between two sub-
problems. They extended the basic concept which considers
reliability as a measure of network performance in the event of
failures into the packet-switched network [43] and broadband
ATM network [44]. The problem of finding a reliable routing
in packet-switched networks has been investigated by Gavish
and Neuman [37] under the assumption that more than one link
could not fail at the same time. For this problem, Lagrangean
relaxation and subgradient optimization techniques have been
used to attain heuristic solutions.

Recently, Sung and Lee [38], [39] addressed the problem of
configuring both backbone and logical networks in a recon-
figurable circuit-switched network or packet-switched network
where links are subject to failures. These problems were for-
mulated as a zero-one non-linear mixed integer program, for
which solution procedures were developed by use of Lagran-
gean relaxation techniques and heuristic methods exploited for
improving the lower and upper bounds of any intermediate
solution.

In this paper, we investigate the problem of configuring both
backbone and logical VP networks in ATM networks with un-
reliable links. In this problem, two issues (reliability and
economic trade-off issues) are explicitly incorporated. The net-
work reliability issue, as well as the capacity expansion issue, is
analytically treated to take into account routing and rerouting
polices desired at each link failure occurrence. Moreover, this
paper considers the issue of economic trade-off between back-
bone link capacity expansion cost and inferior network perfor-
mance penalty in a situation where the associated networks are
subject to failures. Incorporating these two issues, we investigate
the problem of determining jointly the VP assignment, the
capacity assignment of physical links and the bandwidth allo-
cation of VPs, and the routing assignments of traffic demands
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to minimize the total network cost in a reconfigurable ATM
network subject to link failures. Such link failures dynamically
reflect the network operation conditions which are described by
a set of network states each representing a subnetwork of the
original network with every failed link excluded. This problem
is an extension of the previous works for a reconfigurable circuit
or packet-switched networks [38], [39].

The proposed problem is modeled as a zero-one nonlinear
mixed integer programming problem in Section II. In Section
I, a solution procedure is derived based on the Lagrangean
relaxation method and a subgradient method. A heuristic pro-
cedure is developed for finding a better feasible solution of the
problem. Computation experiments on test networks are pre-
sented in Section I'V. This paper is summarized in Section V.

II. ANETWORK DESIGN MODEL

The ATM backbone network is represented by a graph
G, = (N,B) where N is the set of nodes and B is the set of

backbone links. The associated logical (VP) network is repre-
sented by a graph G, = (N, L) with the node set N and the set

of logical links L. Both G, and G, have the common node

set N. A logical link and a VP will be used interchangeably as
having the same meaning throughout this paper.

The backbone network is assumed to be subject to failures
such that only link failures are considered, each link being in
either failed or operating state, and these failures are indepen-
dent of one another. It follows that the network with 7 links has
2’ possible states, so that for any real sized network it may not
be practical to consider every possible state. In this paper, we
consider a network state space K= {0, 1, 2,..., e—1}, implying
that K would consist of the e most probable states [36], [45].
Each network state k£ 0K can then be characterized by use of
the sets of B(k) and its associated L(k) representing the sets of

available backbone links and logical links at network state &, res-
pectively, where B(k) U B and L(k) U L. All backbone links
are initially assumed to be in the operating state (network state
0),ie, B=B(0)and L =L(0).

A VP provides a logical direct link between VP terminators.
Using VPs, an ATM network can be better managed by grouping
VCs into bundles. Using VPs, flexibility in traffic management is
possible due to separation of the logical transport network from
the physical transmission network. In this paper, it is assumed
that the VCs having similar traffic characteristics and QoS
requirements are statistically multiplexed on a VP. This traffic
will be referred to as a service class. Different VPs for each
different service class are deterministically multiplexed on a
physical link. Note that more than one service class may be
preferable between an O-D pair for traffic having significantly
different traffic characteristics and requirements.
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To state the problem more precisely, the following notation is
introduced:

w set of communicating O-D pairs,
S set of service classes,
qn stimated bandwidth requirement for the offered traffic

in Erlangs for service class sUOS and O-D pair
wUOW (we will discuss later how the quantity ¢,, can
be estimated),

a,, minimum acceptable amount of bandwidth to be
carried for traffic type sUOS and O-D pair wOW
(obtained simply by adding the average rate of each
source for s 0S and O-D pair wOW),

P(k) setofall possible VPs at network state & UK,

P)(k) set of VPs for service class sS connecting O-D

pair wOW atnetwork state kK,

b cost of adding one unit of capacity to backbone link
bUB,

t penalty cost per unit of the ratio, [estimated bandwidth
requirement - actual flow]/actual flow,

D, capacity already allocated for backbone link b,
U, capacity expansion limit for backbone link & (to be de-

fined in Section III),
g fixed bandwidth capacity of a transmission path (e.g.,
155 Mbits/sec),
O if backbonelink bison VP pOP(k
540 By sunern pHPE
otherwise,

Pr(k) state probability at network state AOK (ie.,
Pr(0) 2 Pr(l) 2 -+ 2 Pr(e ~ 1) in the case of |K|=e).

The decision variables are also introduced as

n, number of transmission paths in backbone link
b0OB,

F) (k) flow amount on VP p chosen to carry the service class

sOS§ ofits associated O-D pair wOW at network
state kK,

1 if VP p OP(k) is chosen to carry the service
class s [1S of its associated O-D pair w LW

X, (k) at network state k1K

0 otherwise

The following model, to be referred to as Problem IP, can be
used for multi-state, multi-service type network configuration
of a dynamically reconfigurable ATM network. The problem is
formulated as the following optimization problem.
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Problem IP:

B 5 9 _%

ZIP = Minb;% (Vlb _Db) +tképr(k)%&zsm 1%

[popy k)
)]
subject to
> Xy (k) =1, OsOS,0w0W,0k0K )
pOPy (k)

xs(yofo,1}, OpOP(k),0sOS,0kOK 3)

Fi)<q Xk, OpOP(k.OsOS,0kOK @)
2, (zan,  gogs owow,0k0K )
pOPy (k)

;V gs D;(gpb(k)F;(k)Sgnb, Db 0BK), kDK (6)
w pOP;

n, 2 D, and integer, Ob0B @)

F)(k)=0, OpOP;(k),0sOS,O0wOW,0k0K (8)

In Problem IP, the objective function (1) is to minimize the
entire system cost composed of the cost of adding transmission
paths to backbone link » and the penalty cost for not satisfying
the maximum throughput of the traffic due to link failure or
insufficient capacity. The first term in the objective function (1)
is the capacity expansion cost of the physical links in the
backbone network. We consider a public ATM backbone
network as a major application field of this backbone network.
In the public ATM backbone networks, optical links including
optical interfaces with a fixed bandwidth (for example, OC-3,
OC-12, or OC-48 etc.) are usually installed in the ATM
switching system. OC-3 (155 Mbps) interface is most popular
in the ATM backbone network. In this problem IP, »; can be
changed according to g (i.e., the unit capacity of the transmission
path). In the mean time, the capacity of a VP p is a real value
represented by F; (k) - In the last term in the objective

> F, (k) carrying the traffic

pOPy (k)

function (1), if the flow amount

for each service class s and O-D pair w at network state &
equals the required flow ¢, , then the penalty cost is not

imposed. In this paper, we use the ratio of the estimated band-
width requirement and the actual flow as a measure of network
performance because this ratio increases as the actual flow de-
creases. Constraint sets (2) and (3) require only one VP for a
service class and an O-D pair at each network state; in this
problem, one out of several possible VPs is chosen. Constraint
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set (4) specifies that the bandwidth flow amount, F, (k),ona
VP, if chosen, should not be more than the required flow g, ;
otherwise, these constraints force the flow to be zero for the
paths not chosen. Constraint set (5) requires that the total traffic
flow should be no less than a minimum amount to satisfy
pairwise minimum QoS parameters for each service class.
Constraint set (6) is for the bound on link flow for all different
traffic streams that use the link. It states that the total aggregate
flow on VPs using a backbone link » must not exceed the ca-
pacity of the backbone link. Constraint set (7) expresses the
condition that the capacity of backbone link 0B cannot be
less than the capacity allocated already. If there are no pre-
allocated links, then D, =0, forall b.

The objective function (1) can be simplified by eliminating
the two terms, gbeb and tIWIISlgPr(k), that do not
bUB kUK

intervene in the minimization. Note that || stands for the
number of O-D pairs and |S| for the number of service-classes

in the network. Therewith, Problem IP is re-formulated as

Problem P:

L
9
F(k)D ©
0

PDP» (k)

Mmgybnb +t gPr(k)D%m )

subject to (2)(8).

Then, the objective function value of Problem IP, Z is
calculatedas Z, =Z, — Zbeb /41N ;Pr(k) .
bUB k

In the above Problem P, it is assumed that the bandwidth
estimate ¢, for service class s and different O-D pairs is avail-

able. For the purpose of the rest of the work here, we consider a
service class to have homogeneous traffic with identical QoS
requirements. It should be noted that although each concei-
vable traffic type can be a service class by itself, in practice this
would generate too many classes to operate and manage the
network. Classifying various traffic types under a single service
class or putting them into different service classes is itself a
complex problem [18]. We now discuss about how the quantity
¢, can be estimated. As the first step to estimate ¢, the maxi-

mum number of connections to be allowed in the network
satisfying the connection level grade of service (GoS) should
be estimated.

To consider the connection level GoS (i.e., call blocking
probability), we assume that requests for connection of service
class s for O-D pair w arrive according to a Poisson process
with rate A}, , and the holding time is exponentially distributed
with a parameter [, . Then, the offered traffic in Erlangs is
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Ai‘/’ . .
A, % e Efor O-D pair w. Given the GoS, B, , we can use the

inverse Erlang-blocking formula [12] E~'(4;,B,), to estimate

the maximum number of VCs that need to be connected for
Ny = N(43,B,) = [E7 (4, B,)L,
where [J]denotes the smallest integer bigger than or equal to

this service class s, i.e.,

x. This puts a limit on the maximum number of connections to
be allowed.

On the other hand, if the traffic model for a service class s
used in the formulation is characterized by an ON-OFF model,
the traffic parameter in this case can be given by {RS > Ps> ms} ,
where R, = peak bit rate, O, = utilization, and m, = mean of
the burst period.

We now consider the problem of estimating the bandwidth
requirement ¢;, of a VP for service classes for O-D pair w

with buffer size r;, to achieve a desired buffer overflow
probability, €, ,when N, connections are multiplexed on this

VP. This estimated bandwidth is called the equivalent capacity
(or equivalent bandwidth) [1], [9] denoted by ¢,,(N;,) . Based

on the fluid flow and the Gaussian approximation, Guerin et al.
[9] propose an analytic form for ¢, as follows :

q, :min{NMm +a'o, chw} s (10)
where 0 =N.m (R, =m,), a'=+/-2Ing} —In2m,
_oaum(-p)R, —r,
“ = 2aim,(1-p,)
im a-p)r, -} +araimp,a-p)r,

>

2a,m (1= py)

and a, = ln@%sﬁ and ¢, is the equivalent capacity

associated with a single connection in isolation.

It should be noted that if a more detailed traffic descriptor
than the on-off model suits some emerging service, then an
appropriate bandwidth estimation procedure has to be used
instead of the above procedure. This requires only a new
module for bandwidth estimation for this emerging service
without any change in Problem P.

III. SOLUTION APPROACHES

Problem P is a large-scale mixed integer program which is
NP-hard. A problem with 1BI=42, IWI=65, ISI=2, IKI=
15, |P: (k)| = 20, for example, involves approximately 78,000

variables and 82,000 constraints. Therefore, solving Problem P
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by using any commercially available integer programming
software would be prohibitively time consuming. Thus,
efficient solution algorithms are needed. We first develop a
primal heuristic to find a good feasible solution to Problem P,
and then relax a complicating constraint set in Problem P to
construct a Lagrangean relaxation, and solve the Lagrangean
dual of Problem P. By solving the Lagrangean dual we obtain a
lower bound on the optimal value of Problem P.

In general, a Lagrangean relaxation is obtained by identifying
from the primal problem a set of complicating constraints whose
removal will make it easier to solve the primal problem. Each
of the complicating constraints is multiplied by a multiplier and
added to the objective function. This mechanism is referred to
as that of dualizing the complicating constraints. As seen from
the literature, the Lagrangean relaxation approach has been
applied to obtain excellent heuristic solutions and tight lower
bounds for various NP-hard problems such as the traveling
salesman problem [40], the concentrator location problem [41],
and a topological design problem in centralized computer
networks [42].

We first need to add an artificial bound U,, b0B on the
variables 7. This will be used later in solving the dual problem.
In Problem P, constraint set (6) is complex because it couples
the bandwidth flow variables £, (k) with the backbone link
capacity variables. If constraint set (6) is relaxed and
incorporated into the objective function with Lagrange
multipliers, the resulting Lagrangean problem is derived as
follows:

Problem L:

H o f
Zo(@)=Min’s ym, +1 5 Pr(k) Dg %E

prtM)

+ g{m B(k)a,, (k)%n,, Em ZSPDPZ(%;, () F,; (k) E(ll)

subject to (2)+5) and (7)«(8), where a is a vector of

Lagrange multipliers a,(k), b0 B(k), kOK.

It is well known that the solution of Problem L provides a
lower bound for the original problem, Problem P, if a<0.
The objective function can be rearranged as follows:

zD(a>=MinbgBHyb e zab<k>51

kOKp

where K, (O K) denotes the set of network states at which the
backbone link b is not failed.
The Lagrangean problem can now be written as

Problem D:

Zy = mgox{Zn(O!)}

For a fixed value of the Lagrange multipliers, the objective
function of Z, (ar), (12), is decomposable in n, and F, (k).

This allows us to decompose the problem into two parts. The
first set of subproblem is:

Subproblem L1:

tg ZO{;,(k)Em, (13)

kK

Zoy(@) =Min y %y,,

subjectto (7)and n, <U,, UbUB.

This subproblem can be further decomposed according to each
backbone link variable since it has only bounding constraints
on the backbone link capacity variables, and thus the solution
to Subproblem L1 can be easily obtained by setting:

L +g zab(k%

kOK
n, = % 14
O
W, Ey +g zab(m%<
a k0K
The second set of subproblem is:
Subproblem L2:
O
Zn(@=Miny 55 %P (T
> Iy (k)
PO (k)
O
S dsamoumFmg o
pDP (k) CacfBtn)
D
subject to (2)5) and (8).

Subproblem L2 is further separable according to service

Mclass sUS, each O-D pair and each network state. For each

O
qw
+ ;“;m gp < ZF (k) pDPZ(kE gb(k)éﬁb(k)ar ()0 service class s0OS and each O-D pair wOW at network state

pOPY (k)

(12)
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H kUK, the associated Subproblem L2(k, w, s) is then derived

as

ETRI Journal, Volume 21, Number 4, December 1999



Subproblem L2(k, w, s):

O
o ‘s
Z ok wey (@) =Min 4 Pr(k) ———
o1t (@) = Min ( Pr(k) 0
E PpOPS (k)
O
- 5 Oyaws,mFmE a6
p0Ps (k) LOBTK) O
B
subject to
ZX;(k) =1, (17)
pRT(H)
X, (k) 040, 1}, Up O P (k) (18)
F, (k) < q,X, (k) Up O P (k) (19)
PP (k)
F,(k)z0 Up O P (k) @n

The objective value of Subproblem L2 is obtained as

Zp(@)= kg{gmzzm,w,s) (@).

To solve Subproblem L2(k, w; s), it is desired to find first a
shortest path p” 0P, (k) using the arc weight as —a,(k),

Ob0OB(k) (recall that o <0, so each arc weight is positive).
Then, set X;D(k) =1 and X (k)=0 for pO P (k) and
p# p'. Such a path selection makes the problem simplified as

that of determining a value F.(k) that minimizes a convex

function over a simple bound as follows:

qn s
tPr(k)——— a,(k)F(k
( )F;D(k) mz(k)b( ) (k)

min
aﬁ»SFI:D(k)SqC;»
This problem of finding F.(k) is a problem of minimizing a

convex univariate function on a simple interval. Therefore, the
solution to Subproblem L2 (%, w, 5) can easily be found at

s
w?
s
wo

if 0, (k)>q; and p=pQ

if 0! (k)<a’ and p=p0O

F, (k)=
Lo, (k), ifa,<Q,(k)<gq,and p=pl
O
B), otherwise,
. tPr(k)q,,
where O..(k) = (K

-y a, (k)3
k)

bUB(
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The best bound using the Lagrangean relaxation is derived
by calculating Z,, which is the optimal objective function
value of Problem D. The challenging issue in deriving bounds
using Lagrangean relaxation is the computation of a good set of
multipliers. In practice a good, but not necessarily optimal, set
of multipliers is often located by using either a subgradient
optimization method or various multiplier adjustment methods
known as dual ascent methods [3]. Multiplier adjustment
methods are heuristics for the dual problem which exploit the
special structure of the dual problem in an application.
Erlenkotter’s algorithm [7] for the uncapacitated facility location
problem is a highly successful example of the multiplier
adjustment method. However, the subgradient method is easy
to program and has performed robustly in a wide variety of
applications [8].

In this study we use the subgradient optimization algorithm
to derive bounds by using Problem L. The subgradient method
is an adaptation of the gradient method in which subgradients
replace gradients [11]. Given an initial multiplier vector a’, a

sequence of multipliers is generated by using the following rule :

ai” (k) =aj (k) +1, %’1 22,2000 m%
Wl i p0OP) (k)
Ob0OB(k), kOK

where 7' (= {n, }) and F' (= {F) (k)}) are the optimal solutions
to Problem L with multiplier vector Q' (= {a; (k)}), and ¢ is

a positive scalar step size. It was shown that limsup Z, (")
converges to Zp(@") if # - 0 and Y & — ® [11]. Since
=0

in general these conditions are very difficult to satisfy, this
method is always used as a heuristic. We use the following step
size that has been frequently used in practice:

{(Zv~Zs(@))
z()%né -5y zézb(k)F;"(k)E ’
bOB(k WS pOPS (k)

where Z, is a feasible solution value of Problem Pand {' is

a scalar satisfying 0<{ " <2 . This scalar is set to 2 at the

t, =

beginning of the algorithm and is halved whenever the bound
does not improve in a specified number of consecutive
iterations. The subgradient algorithm is terminated after a fixed
number of iterations (500 in our case) or earlier if the gap
between the dual (lower) bound and the best primal feasible
solution value is within a user specified tolerance.

A heuristic solution procedure for Problem P is developed in
conjunction with the Lagrangean relaxation presented in this
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section. This procedure attempts to generate a good feasible
solution after every iteration of the subgradient optimization
algorithm. The best solution is retained when the subgradient
algorithm is terminated. The remainder of this section describes
the heuristic solution procedure:

Step 1

Compute the left hand side of (6) in Section II using the values
{F,; (k)} derived from the solution to Subproblem L2 and set

{n,} at their largest value. Thus,
g s
ny = fdnax EEW %6P*b (k)Fp*(k)% foreach b0 B,
where p''is the path index associated with X (k) =1.

Step 2
In each k0K, compute FE;, (s,w)= min {gn, —

bOBS, (k) waw

gdpub (k)F;u(k)} for each service class s and O-D pair w,
sUS

where B, (k) is the set of backbone links selected to transmit
the traffic of s and w. If E,;, (s,w) is positive, then add
min{Ey;, (s,w), g, ~Fn(k)} to  F (k) the
condition F, (k)< g, from (4)in Section Il. When the {n,}

are fixed, the objective function can be decreased by increasing
the flow F;:(k) if possible. Because in Step 1, we set n, at

respecting

the largest value of the left hand side of (6) in Section II for
each B, we may have a chance to find a path satisfying
E. .. (s,w) >0 forsome .

Step 3

If a decrement in the penalty cost of the shortage throughput
incurred by increasing the bandwidth flow F (k) by

min{g,q, —F a(k)} is greater than the increment in the

capacity cost of the backbone links incurred due to the increase
of n,, then add min {g, g, - F.(k)} to the bandwidth flow

F (k) and its associated backbone links. Return Step 2. If no

service class and O-D pair have the total network cost
decreased by increment of the bandwidth flow of any service
class and O-D pair and its associated backbone links, then stop.

IV. COMPUTATIONAL RESULTS

We have a numerical example solved with our algorithm. An
artificial backbone network with 4 nodes and 5 links is shown
in Fig. 2. In this example, we consider two service classes:
POTS-voice and NTSC-quality-video. POTS and NTSC are
the abbreviations of Plain Old Telephone Service and National
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Fig. 2. 4-node backbone network.

Television System Committee, respectively. The equivalent
bandwidth calculated from the given traffic demand of each O-D
pair is assumed as follows:

Service Classes O-D pairs Equivalent Bandwidth
14 40 Mbits/sec
POTS 23 40 Mbits/sec
354 40 Mbits/sec
1 3 100 Mbits/sec
NTSC-video 14 100 Mbits/sec
2 -4 100 Mbits/sec

For simplicity, we assumed that the VPs transmit the required
traffic symmetrically for each O-D pair. It is also assumed that
the most probable network states are K = {0, 1, 2}. The prob-
ability of network state 0 (all backbone links are in the operat-
ing state) is set to 0.95. Network states 1 and 2 mean that the
links ‘c’ and ‘a’ are failed in the backbone network, respec-
tively, and each of these network state probabilities is set to
0.02. In this example, the capacity expansion cost, the perfor-
mance penalty cost, and the capacity unit of a backbone link
are fixed at 20, 2,000, and 155 Mbit/sec, respectively. The back-
bone link capacities already allocated are 1 unit (155 Mbits/sec)
for all links. For the given example problem, we obtained a
solution in Fig. 3 through our algorithm.

Figure 3(a) shows the resulting backbone network, where
each backbone link is labeled with its capacity expressed in the
number of transmission paths. Figures 3(b)-3(d) show VP con-
figurations for each network state 0, 1 and 2. In these figures,
VPs to transmit POTS and NTSC-video service classes between
the given O-D pairs are represented by solid arrow lines and
dotted arrow lines, respectively. In this example, the total mini-
mum cost of the problem P, Z;, 12,000 and its lower bound is
11,983 so that the duality gap is 0.14 %.
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(d)

Fig. 3. Final backbone and VP networks: (a) backbone network; (b) VP network at state 0; (c) VP network at state 1; (d) VP network at state 2.

Table 1. Traffic parameters for service classes.

Table 2. Topological Information for Networks.

For our various computational tests, we use service classes,
each with one homogeneous traffic type. Different on-off traffic
descriptor values and QoS requirements of each class are given
in Tables 1 and 7. These values are used in computing band-
width requirement with (10) in Section II. The number of the
connections of service-classes 1 and 2 is assumed to be fixed at
1,000 and 50, respectively. The proposed algorithm was tested
for networks which were used in other works [15], [17].

ETRI Journal, Volume 21, Number 4, December 1999

Traffic parameters POTS-voice | NTSC-quality-video Test Number of Number of Number of
P service class 1 service class 2 Networks Nodes Backbone links O-D pairs

peak rate: R, (Mbits/sec) 0.064 45 DCS-5 5 14 10
utilization: P, 0.6563 02 USA-DCS 10 28 45
mean of burst period: m; (sec) 0.352 0.029 TRANSPAC 12 42 65

— N - m TELENET 18 44 153
buffer overflow probability: &, 10 10
buffer size: 7, (Mbits/sec) 1 1

Topological information for these networks is given in Table 2
and Figs. 4-7.

In all the cases, each undirected link represents two directed
links oriented in opposite directions to each other. In these exam-
ples, the capacity expansion cost, Vs , and the capacity unit, g, of
a backbone link are fixed at 20 and 150 Mbits/sec, respectively.
The results of the computational experiments are summarized in
Tables 3-6. The solutions generated by the algorithm are de-
scribed in terms of the upper bound value of the objective
function corresponding to the best feasible solution and the
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Table 3. Computational results for different network conditions

Table 5. Computational results for different network conditions

(DCS-5). (TRANSPAC).
MLET #of Performance Lower Upper Gap MLFT #of | Performance Lower Upper Gap
States | Penalty Cost Bound Bound (%) States | Penalty Cost Bound Bound (%)
2,000 41,397 41,610 [ 0.51 2,000 268,458 | 274,704| 2.33
5,000 100,245 100,423 | 0.18 5,000 642,275 | 646,113| 0.60
30 3 10,000 198,274 198,452 | 0.09 30 8 10,000 1,262,757 11,266,264 | 0.28
30,000 590,145 590,638 | 0.08 30,000 3,740,561 |3,744,927| 0.12
50,000 981,918 982,700 | 0.08 50,000 6,215,790 6,221,966 | 0.10
2,000 41,386 41,684 | 0.72 2,000 260,186 | 281,903| 8.35
5,000 100,216 100,517 | 0.30 5,000 637,375 | 662,124| 3.88
50 5 10,000 198,180 198,530 | 0.18 50 15 10,000 1,260,141 | 1,288,721 2.27
30,000 589,258 590,780 | 0.26 30,000 3,748,094 13,777,250 | 0.78
50,000 979,903 980,880 | 0.10 50,000 6,236,034 16,265,190 | 0.47
2,000 41,615 41,946 | 0.79 2,000 226,039 | 285,108]26.13
5,000 100,549 101,132 | 0.58 5,000 598,757 | 662,432 10.63
100 7 10,000 198,254 198,744 | 0.25 100 19 10,000 1,216,168 | 1,280,760 | 5.31
30,000 588,454 589,000 | 0.09 30,000 3,685,648 13,750,240 | 1.75
50,000 978,535 979,340 | 0.08 50,000 6,155,128 16,219,720 | 1.05

Table 4. Computational results for different network conditions

Table 6. Computational results for different network conditions

(USA-DCS). (TELENET).
MLET #of Performance Lower Upper Gap MLFT #of Performance Lower Upper Gap
States Penalty Cost Bound Bound (%) States Penalty Cost Bound Bound (%)
2,000 187,908 188,092 0.10 2,000 657,122 680,849 3.61
5,000 445,177 | 445,510 0.07 5,000 1,539,856 | 1,556,371| 1.07
30 1 10,000 873,747 874,540| 0.09 30 8 10,000 3,002,198 | 3,015,194| 0.43
30,000 2,588,573 |2,590,920| 0.09 30,000 8,832,693 | 8,843,562 0.12
50,000 4,304,693 | 4,307,040 0.05 50,000 14,653,209 | 14,668,366 0.10
2,000 187,474 190,121| 1.41 2,000 633,822 697,572 | 10.06
5,000 446,524 | 448,545| 0.45 5,000 1,531,187 | 1,587,398 | 3.67
50 7 10,000 877,239 879,765| 0.29 50 15 10,000 2,996,695 [ 3,060,457 2.13
30,000 2,594,689 | 2,598,518| 0.15 30,000 8,824,637 | 8,900,480| 0.86
50,000 4,310,166 | 4,314,350 0.10 50,000 14,650,877 | 14,726,720 0.52
2,000 188,417 191,856 1.83 2,000 557,719 718,329 | 28.80
5,000 447,087 | 452,515| 1.21 5,000 1,471,648 | 1,612,966| 9.60
100 11 10,000 874,810 881,904 | 0.81 100 20 10,000 2,929,906 | 3,082,365| 5.20
30,000 2,584,273 |2,591,590| 0.28 30,000 8,750,065 | 8,904,200 1.76
50,000 4,293,733 | 4,301,030 0.17 50,000 14,570,185 | 14,724,320 1.06

lower bound value provided by the associated best Lagrangean
value. The tolerance measures the duality gap between the upper
and lower bounds, and is computed by (upper bound—Iower
bound) * 100/lower bound. In Tables 3-6, the number of the
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most probable network states are calculated by use of the mean
link failure time (MLFT) to cover 95% of the network state
probability. MLFT is the average link down time throughout
one year in hours per year and can be translated into the link
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Fig. 4. Topology for the DCS-5 network.

Fig. 6. Topology for the TELENET 1973.

Fig. 5. Topology for the USA-DCS network.

failure probability. Therefore, the number of network states is

the smallest value K that satisfies » Pr(k) 2 0.95. The penalty
k=0

cost is occurred for not satisfying the maximum throughput of
the traffic due to link failure or insufficient capacity.

The heuristic algorithm based on the Lagrangean relaxation
appears to provide reasonable results in most cases as the toler-
ance is bounded by much less than 10 % for the objective
function value for Problem P. The tolerance is also reduced
mostly as the performance penalty cost increases and the num-
ber of network states decreases due to the reduction of the
problem uncertainty. The Fig. 8 summarizes the results of Tables
3—6 and shows the impact of different network topologies and
different network states on the duality gap. Table 8 shows the
computational results for the varying number of service classes
described in Tables 1 and 7. In Table 8, we can show that though
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Fig. 7. Topology for the TRANSPAC network.

Table 7. Traffic parameters for additional service classes.

Traffic parameters service service service
class 3 class 4 class 5
peak rate: R, (Mbits/sec) 10 0.5 20
utilization: PO 0.4 0.8 0.1
mean of burst period: m; (sec) 0.8 0.1 0.5
buffer overflow probability: &, 10° 10° 10°
buffer size: 7 (Mbits/sec) 2 0.5 1

the number of service classes is increased, the accuracy of the
problem is maintained within a small gap percentage. Finally,
Table 9 shows the comparison results of the varying case
(n, 2 Dy) against the fixed case (7, =D,) of the backbone
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Table 8. Computational results for varying number of service
classes (USA-DCS Network, MLFT = 50 hours/year).

Femss || o | by |
1 231,414 233,812 1.03
2 187,414 190,410 | 1.57
2,000 3 287,376 292,271 1.67
4 374,817 379,551 1.23
5 467,683 473,405 121
1 231,414 233,812 1.03
2 446,476 448,631 0.48
5,000 3 676,421 680,683 | 0.63
4 892,711 897,149 | 0.49
5 1115218 | 1,120,798 |  0.50
1 447,660 450208 | 0.57
2 877,239 879,765 |  0.33
10,000 3 1,323,216 | 1,328,044 | 036
4 1,754,073 | 1,759,197 |  0.29
5 2,191,873 | 2,198,359 | 030
1 1,307,136 | 1,311,284 | 0.32
2 2,594,620 | 2,598,930 | 0.17
30,000 3 3,899,810 | 3,906,824 | 0.18
4 5,188,302 | 5,196,135 | 0.15
5 6,484,003 | 6,493,114 | 0.14
1 2,164,957 | 2,168,955 | 0.18
2 4310,110 | 4,314,530 | 0.10
50,000 3 6,473,092 | 6,480,565 | 0.12
4 8,619,067 | 8,627,340 | 0.10
5 10,772,788 | 10,783,535 |  0.10

link capacities in terms of the total cost representing the objec-
tive function value of the best feasible solution. Specifically, we
found that, for the test problems, the total cost can be reduced
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—e—DSC-5, 3 states
—=—DCS-5, 5 states
—a—DCS-5, 7 states
USA-DCS, 1 state
—x— USA-DCS, 7 states
—e— USA-DCS, 11 states
—+— TRANSPAC, 8 states
—=—TRANSPAC, 15 states
—=—TRANSPAC, 19 states
—a— TELENET, 8 states
TELENET, 15 states
—a— TELENET, 20 states

Gap (%)

Performance Penalty Cost

Fig. 8. Gap percentage variations over various network situations.

by considering the expansion of the backbone link capacities in
comparison with the fixed case.

V. CONCLUSIONS

In this paper, we presented an approach for determining
jointly the VP topology, the capacity assignment of physical
backbone links and the bandwidth allocation of VPs and the
routing assignments of traffic demand in a reconfigurable ATM
network subject to link failures. A mixed integer programming
model was developed to minimize the cost of adding capacities
to backbone links and the penalty cost of the throughput shortage
due to link failure or insufficient capacity. A Lagrangean
relaxation of the model was developed to derive tight lower
bounds on the optimal solution value, and then to develop a
procedure for generating feasible solutions.

Table 9. Cost savings by backbone link capacity consideration (Netw

ork = USA-DCS with 10 nodes, D, =48, MLFT = 50 hours/year,

Y =20).
Performance Best Cost when 71, = D Best Cost when n, =D,
Saving Ratio
Penalty Cost Backbone Penalty c Backbone Penalty c (%)
(unit penalty cost ¢) Link Cost Cost Total Cost Link Cost Cost Total Cost

10 13,440.0 1,137.8 14,577.8 13,440.0 1,152.7 14,592.7 0.1
100 14,400.0 9,773.4 24,1734 13,440.0 13,075.6 26,515.6 8.8
1,000 17,220.0 87,284.1 104,504.1 13,440.0 109,008.0 122,448.0 14.7
2,000 17,300.0 172,665.2 189,965.2 13,440.0 250,948.7 264,388.7 28.1
5,000 17,600.0 431,089.0 448,689.0 13,440.0 645,248.3 658,688.3 319
10,000 18,960.0 860,643.5 879,603.5 13,440.0 1,290,253.6 1,303,693.6 32.5
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The experimental results were reported. The solution proce-
dure developed is found to be effective, with relatively small gaps
between feasible solution values and lower bounds (generally
within 10 %). Furthermore, it is shown that considering the
backbone link capacities as decision variables can save signifi-
cant network cost in comparison with the case where the back-
bone link capacities are fixed.

This work may be immediately extended to considering traffic
demand uncertainty. Furthermore, it may be desirable to consider
design and configuration of multichannel multihop lightwave
networks. In facts, telecommunication networks using light-
wave technology become very attractive because of the large
bandwidth potential of the optical fiber. One of the promising
architectures is the multihop lightwave network based on the
Wavelength Division Multiplexing (WDM). Because of tech-
nical limitation on the number of transmitters and receivers at
each node, it is not feasible to have any direct channel between
every node pair. This implies that any information arrived at a
node may reach its destination by a mechanism of hopping
through a sequence of intermediate nodes. Separate channels
created by assigning different wavelengths to various receiver-
transmitter pairs define their respective logical connectivity.
This logical topology is independent of the underlying physical
topology and can be changed by a different wavelength as-
signment. The design of a reconfigurable lightwave network
will appear as a practical issue in the near future, which is
another interesting subject for further study.
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