POF/33/2541 wei;s. qassm sefising

\

2

\\

i
v
0

o
%
1

o s o 4
3'183111'35]8’11‘14]‘1]@73\{‘1&1,3&

[ 2 = ¥ ot g/ |
M3oonuuUInswedems lagmsnarsan Inssainen lsnuegua

Communication Network Design with the Consideration of Existing Network

lag gas5® JaNTAND

®

B 2544




Yoyeyuaui PDF/33/2541

= a s o
F1HIUAGR LA ﬂ’u‘lﬁm

' 3 o rodg W L
myoenuuu Insstodeds TaemsworsanInssnenleanuegual

Communication Network Design with the Consideration of Existing Network

I35 {aNsAna
aw3vIangsu Wi ao1uma TuTaturunddsuss

URINGITUFTTUFITAS

atfuayulae dninaunesnumivayunyidy



unaasa

Project Code: PDF/33/2541
Project Title: m3ganuuulanpFesslasmiReianlassieflfnuegud

Investigator: (j3rumanT91d a3, gavIow PAsANG
i danIn Wi sontiunaluladvw s d&Furs yninososiinemand

Emalil Address: suwan@siit.tu.ac.th
Project Period: 2 11 10 tdaw (1 NINg1AY 2541 — 30 WINEU 2544)

- - oot L -~ -r -l
Objectives: 1mqﬂnmﬁwﬂnmmmmﬂum!aLﬁ‘tt'lﬂﬂﬂﬁ:ﬁﬂﬁﬂﬂﬂ;ﬁﬁﬂﬂ:ﬂanuuuTﬂW
1 - ¥ o y [ s
Prufems 2 vmnanfie lanthenssiadngutays waslasonng ATM laelviinng
- L e . '
Avvmnananiznuyedlantefldnueguda

. 'Y .
Methodology: ilgwintisanuuulasdisfamituduszgnulaliagluglvasiom
L4 1 ] » b [ A A
mmildmnzige  wazninmisiieredesilinnugusnifivesdmeufitninsige
1 A’ J e ] Y o e 1
voslgwunai Jaashldgdanaifudmivmandiigninmsesnuuulasatae

Results: danaifiudminmsuitigwimzasnuuulasmhensaledngudeys uazlas

' i - . o e
21 ATM L3 awm?m't'[ﬂﬂmumlmwagum

- L - A Lo d z )
Discussion Conclusion: aﬂnmﬁun‘lﬂmnmsﬁnmﬁqmﬂuﬂ'ﬁnﬁmnmlmmlmqm
2 o el E - 7
mwrasdiasuuasrpzIm iwnId e aniudaminzdmiuldlumsudilgvimsesn
wunlassriseiy

- - -~ - Ai' .r [
Suggestions: AdIMIFnvuSsufisuguauifvasdaneifufldnnnsdnmit A

L) A 1 - " 0]
19849 LEwITN19 metaheuristics

1] J q d‘ B 1 1 L3 13
Keywords: misanuuulassiwiems, lassdwilinuagus, lasaumsaiatngy

doyw, lassthy ATM, danatity



Abstract

Project Code: PDF/33/2541
Project Title: Communication Network Design with the Consideration of Existing

Network

Investigator: Asst.Prof.Dr.Suwan Runggeratigul, Electrical Engineering Program,
Sirindhorn international Institute of Technology, Thammasat University

Email Address: suwan@siit.tu.ac.th
Project Period: 2 years 10 months (1 July 1998 — 30 April 2001)

Objectives: The main objective of this project is to study the communication network
design problems under the consideration of existing network facilities in packet-switched

networks and ATM networks.

Methodology: The network design problems are formulated as optimization problems,
which are analyzed to obtain the characteristics of optimal solutions. Based on these

solution characteristics, heuristic algorithms are proposed to solve the problems.

Results: Two heuristic design algorithms are obtained for solving communication
network design problems taking into consideration existing network facilities, where

each of which is for packet-switched networks and ATM networks, respectively.

Discussion Conclusion: The proposed algorithms have very good performances in
both the quality of solution and the computation time, and thus they are applicable to

practical network design problems.

Suggestions: The performances of the proposed design should be compared with

other design algorithms, e.g., algorithms based on metaheuristics.

Keywords: communication network design, existing network, packet-switched networks,

ATM networks, algorithms,
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Executive Summary

In the conventional communication network design, the concept of existing network is
rarely taken into account. The main reason is that existing network facilities are treated
as parts of network that are ready to be used in the constructior of new network. Almost
of the previous research works considered that the existing parts of network can be used
without any cost. However, it is clear that the above idea is not applicable in practical
cases. For example, although they are promptly to be used, there is cost of using the
existing network facilities such as operating or maintenance cost.

In this research, we investigate the effect of existing network facilities to the design of
communication network by introducing the cost difference between the existing network
facilities and newly installed facilities. We focus on two communication network design
problems, namely the link capacity assignment problem (CA problem) in packet-switched
networks, and the virtual path routing problem (VPR problem) in asynchronous transfer
mode networks (ATM networks).

For the CA problem in packet-switched networks, we investigate the case of long-term
design by applying a piecewise linear concave link cost function, where the per-unit cost
of existing link capacity is greater than that of newly installed capacity. By mathematical
analysis, it is shown that there is no link whose capacity is equal to its existing capacity in
the optimal solution of the problem. Based on this characteristic, the non-differentiable
cost function can be treated as a differentiable function, and a design algorithm derived
from the Lagrange multiplier method is then proposed.

For the VPR problem in ATM networks, we consider the cases of both short-term
and long-term design by considering piecewise linear convex and concave link cost func-
tion, respectively. It is shown that the VPR problem has similar properties to shortest
path problems. Accordingly, we propose a design algorithm derived from shortest path
algorithm to solve the problem.

By numerical results, it is shown that the proposed design algorithms have very good
performance in both the view of quality of solutions and computation time. This means
that they are applicable to solve practical communication network design problems, es-
pecially for the case of large-scale networks.

The numerical results also show that how existing network affects the design of new
network. In the case of short-term design, it is necessary to utilize the existing network
facilities in a full range before installing new facilities to the network. This reflects the
properties of existing network facilities in the short-term design. That is the existing parts
of the network are promptly to be used in the construction of new network, and cannot be
changed within a short period of time. Consequently, using existing facilities effectwely
before introducing new facilities is a very important design concept in this case.

vii



On the other hand, it is shown in the case of long-term design that the above concept
can be neglected when designing a new network. This result ocbviously reflects the prop-
erties of economy of scale in communication network resource for the case of long-term
design. Hence, it is possible to augment new network facilities to the existing network
where there are needs, while some parts of existing facilities can be left unused.

viii



Chapter 1

Introduction

Many people stated that the current age is the information age [9][58][77][96]. With
the advance of information-oriented society, communication networks play a key role as
major means for transferring information between humans. Thus, networks that provide
communication services to users efficiently, reliably, and economically are essentially re-
quired [102]. To construct such kind of networks, high-performance design method that
considers several design factors is needed, where the method must be capable to give
optimal solution (or near-optimal solution with high accuracy) in an acceptable running
time.

The work in this research project is related to the study on communication network
design that focuses on how the existing network facilities affects the design of a new
network. This chapter briefly describes the statement of the problem, and gives the scope
and objectives of the study.

1.1 General

Let’s consider the graph given in Figure 1.1. This graph is a mathematical representa-
tion of a communication network, where each vertex or node represents a comrnunication
point, and each edge or link is equivalent to a communication channel connecting two
communication points {2]{10][50].

As an example of network design problem, we focus on the following case. When design
parameters including the user traffic demand (forecasted value) are given, the capacity of
each link in the network is determined such that all conditions of the design constraint
are satisfied. One feasible solution to this problem is that we can set each link capacity
to infinity. However, it is obvious that this is not an effective solution, i.e., the cost of
implementing the network is also infinite. Consequently, we need one more requirement
in the design, that is the cost of network implementation must be minimized. With this
requirement, each link capacity will then be set to an optimal value. We call this design
problem as the capacity assignment problem [10][52).



user traffic

\ user traffic

user traffic user traffic

Figure 1.1: Design of a communication network.

The phase after the network design is the network implementation. After that, it will
be the phase of network operation, where actual user traffic demand is applied to the
network. However, after a period of running the network, the need of network redesign
occurs [10][103]). The reasons that a network is needed to be rebuilt or redesigned can be
listed as follows [103].

¢ There is a substantial increase in the number of users in the network.

e A substantial change occurs in the computation power of users’ workstation ma-
chines.

e New applications emerge and demand more or different network services.

Clearly, the events in the above reasons result in the change of the user traffic demand
to the network. With this new traffic demand, it is necessary to redesign the existing
network as in Figure 1.2. -

Besides the new user traffic demand, many design parameters and factors must be
considered in the network redesign problem. New design constraint such as better quality
of service (QoS) may be needed according to the new class of services introduced to the
- network. However, one of the most important design factors is the network facilities that
are already implemented in the network. Although there are a lot of works that study
the communication design/redesign problems in the literature [10][50][104], the concept
of existing network, however, is rarely taken into account.

The main reason that the effect of existing network is usually neglected in the con-
ventional study on communication network design is that existing network facilities are
assumed as parts of network that are ready to be used in the construction of new network.
Almost of the previous research works consider that the existing parts of network can be
used without any cost, or can be treated in the same way as new facilities needed to be
installed to the network [10|[104]. However, it is clear that this idea is not generally true
in practical cases. For example, although the existing network facilities are promptly to
be ‘used, there is cost of using them such as operating or maintenance cost. Moreover,
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Figure 1.2: Redesign of a communication network.

the cost of using the existing network facilities needs not be the same as that of newly
installed facilities. :

Although most of the studies on communication network design/redesign do not in-
clude the concept of existing network in the design of new network, there are a few research
works that study this major design factor as well as its effect to network design problem.
These works are briefly described below.

Firstly, Shinchara studies the circuit dimensioning problem in circuit-switched net-
works in [92][93], where the design problem is formulated and solved under the condition
that the number of circuits in the existing network is not zero. To include this design
condition in the problem, a link cost function shown in Figurz 1.3 is introduced to be
applied to the design problem.

Link cost
F

dli

dﬂi

Link capacity

existing
link capacity

Figure 1.3: Link cost function taking into consideration an existing network: a piecewise
linear convex function.

‘The cost function in Figure 1.3 is a piecewise linear convex function, where dp; and
dy; are the per-unit cost of existing capacity and newly installed capacity on link 1, re-
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spectively. The value of dy; and d;; are both non-negative. Shinchara examines the case
that :
do; < dy, {1.1)

that is the per-unit cost of existing capacity is less than that of the newly installed
capacity. This case is generally valid in network construction, especially in the case of
short-term design. By taking the cost difference between the two types of link capacity
(i.e., the existing part and the newly implemented part), the circuit dimensioning problem
is solved to determine the number of circuits in all network links such that the total
network cost is minimum, and the effect of the existing network to the network design
can be investigated.

The other research work in the literature that takes into account the concept of existing
network in network design problem is the work by Runggeratigul et. al. [80][81], where
the link capacity assignment problem in packet-switched networks (shori-term case) is
studied. This work also applies the idea of the cost difference between existing capacity
and new capacity to the packet-switched network design problem, and the capacity cost
function as shown in Figure 1.3 is adopted. The main result of this study is that, the
proposed design algorithm can give a solution in the way that the existing network facilities
are utilized effectively, and new facilities are augmented to the existing network only in
the places that there are needs. -

Clearly, the cost function of Figure 1.3 used in the conventional research works is very
useful in communication network design when the effect of existing network facilities is
needed to consider. Moreover, this type of cost function is also applicable to other works
on network design where the concept of existing network is omitted.

Firstly, when the cost of using existing network facilities is zero, we can set the value
of do,; as

doi =0, (1.2)

and the cost function as shown in Figure 1.4 is obtained.

Link cost

1

dos =0 Link capacity

existing
link capacity

Figure 1.4: Cost function when there is no cost in using existing network facilities.

Secondly, when existing and new network facilities are treated in the same way, we
can set the values of dy; and dy; as follows. '



do, = ds, (1.3)

Obviously, the cases in Eq.(1.2) and Eq.(1.3) are special cases both included in Eq.(1.1).
This means that the research works using cost function of Eq.(1.1) is a more general case
of the previous works.

Although there are already a few studies on network design with the consideration of
existing network, this kind of study, however, is needed to be extended. The reasons can
be given as follows.

e There are questions that the concept of cost difference between existing facilities
and newly installed facilities is applicable or not to the design/redesign of other
types of communication network besides the circuit-switched and packet-switched
networks.

e Since the conventional works only study network design problem in the short-term
case, it is interesting to investigate also the effect of existing network facilities in
the case of long-term design.

The work in this research project is devoted to answer the above questions on network
design with the consideration of existing network.

1.2 Scope of the Study

To extend the study in conventional research works, we will focus on the design of the
following two types of communication networks.

1. Packet-switched networks.

2. Asynchronous transfer mode (ATM) based broadband integrated networks (ATM
networks).

There are reasons why this project studies the above networks. Packet-switched net-
work is the typical form of the Internet, which is the interconnection of communication
networks around the world [74][96]. Nowadays, there are a large number of Internet users
in almost of the parts of the earth, and the number increases gradually in a very high
rate {14][G0].

On the other hand, ATM is an advanced multiplexing and switching technique, which
is recently accepted as the “target transfer mode” for the implermentation of future broad-
band integrated networks [55][59][74]. Here, the term broadband means that ATM network
can support high-speed communications, while integrated means it can support commu-
nications of all media of communication information including voice, image, video, and
computer data.

Hence, the study in this research project has applications to the design of present and
future communication networks, where we concentrate the study on the following network
design problems. '



1. Link capacity assignment problem (CA problem) in packet-switched networks (the
long-term case).

2. Virtual path routing problem (VPR problem) in ATM networks (both the short-
term and long-term cases).

To study the network design problems in the long-term case, it is proper to consider
link cost function as a concave function [50][52]. This is because the economy of scale is
often present in communication network resources. For example, we can obtain a cost
function from the envelope of several cost functions due to the development in communi-
cation transmission technologies [30][107), the development in switching technologies [99],
etc. To obtain a cost function for this case, we still use the concept of cost difference
between existing and new network facilities. However, the relationship of dg; and dy; is

now changed to
do; > dyi. (1.4)

This results in the cost function depicted as in Figure 1.5

Link cost
A
do;
Link capacity
existing ]

link capacity

Figure 1.5: Link cost function taking into consideration an existing network: a piecewise
linear concave function. :

In this project, the above two network design problems are studied in the same manner.
That is each network design problem is solved to obtain an optimal solution based on the
information given, e.g., the amount of existing network facilities, the new user traffic
demand, ete.

1.3 Objectives of the Research

As mentioned earlier, this research project is devoted to the study of communication
network design taking into consideration an existing network. The study has the following
objectives and goals.



1. To study the CA problem in packet-switched networks and the VPR problem in
ATM networks under the condition that the effect of existing network is taken into
account.

2. To analyze the characteristics of optimal solution in the above network design prob-
lems.

3. To construct, for each problem, a high-performance design algorithm derived from
the characteristics of optimal solution.

4. To conduct experiments based on the algorithms obtained above.

5. To analyze the experimental results and examine the impact of existing network on
each network design problem.

In this project, many efforts are made such that high-performance design algorithms
can be obtained, where these algorithms must be able to give optimal solution or near-
optimal solution within small computation time. It should be noted that the small com-

“putation time is very important, since this will make the algorithms applicable to solving
network design problems when networks are of large size.

1.4 Organization of the Report

This research report begins in Chapter 1 with the general introduction of communi-
cation network design as well as the statement of problem studied in this project. After
that, the scope and objectives of the study are given.

Chapter 2 provides the literature review for the study. It gives the overview of com-
munication network design and a few examples of research works related to the work in
this project.

Chapter 3 is the first part of the study, where the CA problem for packet-switched
networks in the case of long-term design is examined. In this case, a piecewise linear
concave cost function is considered in the design problem, and the characteristic of optimal
solution is derived. After that, a design algorithm is proposed, and some numerical results
are given.

Chapter 4, the second part of this study, deals with the VPR problem in ATM net-
works. The design problem is studied in this chapter in both short-term and long-term
cases. A design algorithm is proposed for the VPR problem. Some experimental results
are provided to verify the performance of the proposed algorithm as well as the effect of
existing network to the network design.

Chapter 5 gives the summary of results of this research project, conclusions, as well
as some interesting topics for further study.



Chapter 2

Literature Review

In this chapter, the overview of communication network design is discussed. After
that, the detail of research works related to the study in this project is given.

2.1 Overview of Network Design

The life cycle of a communication network is the same as other systems and can
be depicted as illustrated in Figure 2.1 [49]. The four phases called planning, design,
implementation and operation are conducted sequentially and repeatedly in the cycle.

4

Planning

Operation Design

Implementation

Figure 2.1: Life cycle of a communication network.

Generally, a communication network is needed to be planned and designed in a long
time frame. This is due to not only the tremendous capital investment in the network im-
plementation and operation, but also the necessity in the consideration of various factors
and conditions such as future traffic demand, type of services, communication technology
trends, etc.



Planning and design method for communication networks can be classified into two
categories: dynamic planning rnethod and static design method [49]. It should be noted
that the term “planning” and “design” are sometimes used in the same meaning. That
is the solving of a mathematical problem formulated from a realistic network with the
consideration of factors in network implementation and network operation. However, the
difference between planning and design can be made clear by the terms dynaemic planning
and static design as follows.

To plan or design a communication network in a long period of time, a tool called
dynamic planning method is used. The planning tool will give solution of time, place,
and the amount of facilities to be augmented to the network after considering factors
affecting the network characteristics, e.g., traffic demand prediction, technology trends,
rate of capital interest, etc.

One example of dynamic planning in the case of single facility is given in Figure 2.2
[49]). Tt can be seen from this figure that points of time (¢, and t3) and the amount of
facilities that is necessarily augmented at each time point are determined.

amount
A

curve of
traffic demand

time

o

0 4 to

Figure 2.2: Dynamic planning in the case of single facility.

On the other hand, static design method deals with communication network in a
comparatively short period of time, when the amount of traffic demand (forecasted value)
in that period is given. The solution obtained from static design is concerned with the
place and the amount of facilities to be installed in the network. Note that, in this case,
there is no solution about the time for facility installation since the time period considered
in the design is short, and facility installation is automatically conducted at the end of
the period.

Additionally, static design method is also used for solving subproblems in the dynamic
communication network planning. Their relationship can be shown in Figure 2.3, where
a period of one year is taken as the time period of static design [49].

In dynamic planning, when a communication network is implemented and operated
after a network design phase, the next time of network design can then be realized as
the redesign phase of the network. It has been mentioned in Chapter 1 that, the existing
network facilities are very important design factor and cannot be neglected in the redesign
of a network. The study in this project is then focused on the static network design (re-
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Figure 2.3: Relationship between dynamic planning and static design.

design) method for packet-switched and ATM networks, when the important information
such as the amount of existing network facilities, new network traffic demand, is given.

2.2 Network Design Issues

In network design, communication network is generally defined as a set of communi-
cation points (routing/switching function facilities), and transmission lines (transmission
function facilities) connecting the points. Mathematically, the network is usually modeled
as a connected graph, containing a set of vertices and a set of edges [2][10][50]. A vertex
and an edge are equivalent to each communication point and each transmission line in
the network, respectively. Sometimes, vertex is also called node, and edge is referred to
as link.

When traffic demand between each node-pair in the network is given, network design
is concerned with the way to construct (or re-construct) the network with minimal cost
while conditions of design constraint such as quality of service (QoS), network reliability
are satisfied. It should be noted that we can also consider another version of problem, i.e.,
design a network with the best QoS or highest network reliability, while keeping network
cost not exceeding the given amount of budget. However, QoS and network reliability are
essential network parameters and are always requested by users, e.g., nocbody wants to
use a network with low QoS. Accordingly, network design problem should consider QoS
or network reliability as design constraint, while network cost is treated as optimization
(minimization) objective.

To deal with the real-world communication networks, there are a number of design is-
sues that are necessarily considered in the network design problem. However, the following
three items are those always be examined in the research works of this field [2][52].

e Network topology.
e Facility capacity.
. Routing.
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Figure 2.4: Network design issues.

Network topology design is concerned with the determination of the overall shape
of the network, by giving a specific pattern of placing links between nodes such that the
total network cost is minimized. Figure 2.4 (a) shows two possible topologies of a network,
where there is one link different between each other, i.e., the link connecting the top-right
node and the bottom-right node in the left figure, and the link between the top-left node
and the bottom-right node in the right figure.

Facility capacity assignment deals with facility sizing, i.e., the determination of the
amount of each facility in the network, e.g., speed of each transmission line, the bandwidth
of switching equipment in each node, etc. Figure 2.4 (b) illustrates two different link
capacity assignments of a network. In this figure, the thick and thin lines represent
high speed and low speed links, respectively. The difference between the two capacity
assignments in Figure 2.4 (b) is that a high speed link is used at the top-left to top-right
link for the left figure, while a high speed link is used at the bottom-left to bottom-right
link for the right figure.

Routing design involves selecting path (pattern of routes) for allocating traffic require-
ment between each node-pair. Figure 2.4 (c¢) gives two examples of routing pattern of a
network. At the left of this figure, the traffic requirement between top-left and bottom-
right node-pair is routed via the top-right node, while the same traffic is routed via the
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bottom-left node at the right of this figure.

The above three design issues can be solved simultaneously or separately. If the
separated design manner is chosen, it is assumed that the sclutions of some design issues
are already known or given, and the task is concerned with the determination of the
solution to the issues that are left unsolved. Several network design problems can be
listed as follows [52].

e Capacity assignment (CA) problem

Given: Flows and network topology
Minimize: Network cost
Design parameters: [Facility capacities

Subject to: Design constraint
e Flow assignment (FA) problem

Given: Traffic demand, facility capacities and network topology
Optimize: Parameters related to design constraint
Design parameters: Flows

Subject to: Design constraint
e Capacity and flow assignment (CFA) problem

Given: Traffic demand and network topology
Minimize: Network cost
Design parameters: Capacities and flows

Subject to: Design constraint
e Topology, capacity and flow assignment (TCFA) problem
Given: Traffic demand

Minimize: Network cost,
Design parameters: Topology, capacities, and flows

Subject to: Design constraint

“Flow” in the above list is the sum of the amount of traffic requirements that are
allocated in each network facility. “Design constraint” is control conditions of design
problem and must be satisfied by the final design solution. A solution that does not
satisfy all conditions of the design constraint of the problem is referred to as a non-feasible
solution. Some good examples of constraint in the case of packet-switched network design
are the upper limits of average packet delay, path delay, packet loss probability, etc.

It will be shown later in this report that the network design problems studied in
this research project also belong to the problems listed above. The capacity assignment
problem (CA problem) in packet-switched networks is just the member of the above CA
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problem. On the other hand, the virtual path routing problem (VPR problem) in ATM
networks falls under the CFA problem.

To solve a network design problem, it is clear that solution obtained from simultaneous
determination is better than that from separated solving manner. However, solving a
design problem simultaneously is a very complicated task, especially in the case of large-
scale network.

When sclving a design problem of large network, one big problem is generally decom-
posed into several subproblems, which are later solved separately. For example, the above
TCFA problem can be separated into two subproblems, namely topology design problem
and the CFA problem. By the same idea, the CFA problem can be decomposed into two
subproblems, i.e., the CA and FA problem.

The design method that decomposes one big problem into several subproblems and
solves each subproblem separately is keuristic contrary to the optimum design method
that takes all parameters into account simultaneously. Heuristic design method is usually
adopted in solving network design problems [27][29][86][101]. Although the final solution
obtained in the heuristic way might not be an optimal design solution, it generally has
good quality and is acceptable in the sense that the computation time needed is relatively
short.

2.3 Network Models in Network Design

In this section, network models that are adopted in the research works in the area of
communication network design are discussed and a number of examples will be given.

In the earlier works of communication network design, communication network model
is usually simplified by considering only major constraint and parameters. The main
reason is that the optimization problem formulated from the simplified network model is
easily to be solved. Although the model itself is easy, the solution obtained is, however,
considered to be feasible, and can be used in realistic network design/implementation.
The reason is straightforward that the main part of design components are not omitted
in the model. _

After the earlier steps, network model is revised to a more complex model by including
more design constraint and parameters. This makes the model be able to deal with
communication networks in the real-world. New design method according to the complex
model is then studied. However, the method is usually developed based on the method
or result obtained from the simplified model in preceding works.

Some examples on the change of network models in the study of communication net-
work design are given below. Although all of these examples are concerned with the
design of packet-switched networks, the same behavior can also be observed in other kind
of communication networks.

e Facility capacity model: The model with discrete value of capacity is examined
instead of model with continuous value [45][64]. This reflects the capacity character-
istics of network facility in actual network construction, i.e., facility capacity cannot
be set arbitrarily and must be chosen from a given set of values.

13



e Facility cost model: At first, the cost of network facility is considered to be linear
with respect to the capacity. Then, non-linear cost functions including exponential
and logarithmic are studied [52]. The discrete facility cost function is also adopted
[45}{64]. Clearly, discrete cost function comes from the model of discrete facility
capacity.

¢ Design constraint: Firstly, the average packet delay throughout the network is
considered as design constraint [52]. After that this is changed to average delay
between each path (node-pair) [57][86]. Design method where the design constraint
is packet loss probability can also be found in the literature {95].

e Class of service: Network model taking into consideration several classes of service
is introduced to deal with multimedia network [95].

2.4 Conventional Research Works

As mentioned earlier, communication network is planned and designed in a long period
of time according to the change and variation of several design parameters, including the
change in traffic demand, that affect network characteristics. The network design methods
proposed in the literature almost deal with network design problem where the network
is in zero state, i.e., their is no link exists in the network, or capacities of all facilities
are taken to be zero. Thus, the concept of existing network is rarely included in these
design methods. Although some research works on network design/redesign tools inform
that existing network is considered in the network design phase, no design method or
algorithm is given explicitly [46][73].

The main reason that the concept of existing network is rarely considered in the
previous works of communication network design is that existing network facilities are
assumed as parts of network that are ready to be used in the construction of new network.
Almost of the conventional research works assumed that the existing parts of network can
be used with zero cost, or can be treated in the same way as new facilities needed to
be installed to the network [10][104]). However, it is clear that this idea is generally not
true in practical cases of network design. For example, although the existing network
facilities are promptly to be used, there is cost concerning the use of these facilities such
as operating or maintenance cost. Moreover, it is not necessary that the cost of using
existing network facilities be the same as that of newly installed facilities.

There is one more reason that the existing network is not considered in the design of
new network. It is that the growth of traffic demand applied to a network is often assumed
to increase time-by-time. Based on this assumption, the capacity of each existing facility
will not decrease lower than its current value after the new traffic pattern is applied. When
the network is designed according to the new traffic, the amount of capacity needed to be
augmented to each facility in the existing network can be determined and the network is
then re-constructed.

However, in the realistic network operation, the amount of traffic applied to the net-
work can be lower than its former value. Clearly, short-term cases such as daily or monthly
network design fall in this case. In daily network design, user traffic demand between some

14



node-pairs may decrease at night time comparing to that in the daytime or vice versa [65].
When the amount of traffic decreases, the value of facility capacity obtained from con-
ventional design method will be less than the current value, and waste portion of facility
will occur in the network. Moreover, when the traffic increases and new routing pattern
is applied, it is also possible that waste of facilities will exist in the network if the network
is not well designed. Obviously, this kind of waste is undesirable in the operation of com-
munication network, but the way to deal with this important problem is rarely considered
in the conventional research works. Furthermore, when the traffic increases more than
the former value, some network facilities may not have enough capacity to cope with this
change. Unfortunately, there is no good solution for dealing with this kind of problems
[23].

From the above points of view, the research in this project devotes to the communi-
cation network design taking into consideration the effect of existing network facilities.
Strictly speaking, the research focuses on both the short-term and long-term network de-
sign where the effect of existing network is examined in the design. It can be pointed out
that the consideration of existing network in designing a new network is very important
and cannot be neglected in the network design. The necessity of considering existing
network can be listed as follows.

1. Communication network is planned and designed in a long time frame. In the design
of each time section, i.e., in a short-term design, it is necessary to use the existing
facilities in the full range before installing new facilities in the places where they are
required.

2. There is difference between existing and newly installed facilities. For example,
existing facilities are ready to be used in the network and there is cost associated in
using them, e.g., maintenance cost. Moreover, existing facilities cannot be changed
easily, especially in the short period of time. On the other hand, the cost concerning
installation of new facilities needs not be the same as the cost of using the existing
ones.

3. It is clear that utilizing existing facilities effectively is always important and cannot
be disregarded during the network design phase.

2.5 Network Design taking into Consideration an Ex-
isting Network

Although the concept of existing network is rarely adopted in the design of new network
as mentioned above, there are some recent research works on the study of communication
network design that consider the effect and impact of existing network facilities. In this
section, two examples of network design method that takes account of existing network
will be described. They are the works conducted by Shinohara and by Runggeratigul as
shortly described in Chapter 1.
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2.5.1 Shinohara’s Work

As mentioned briefly in Chapter 1, the work by Shinohara is concerned with the circuit
dimensioning problem (CD problem) in circuit-switched networks {92}[93]. The problem
is formulated and solved under the condition that the number of circuits in the existing
network are not zero. The circuit-switched network model used in the study is a multi-
stage alternate routing network model, which composes of two kinds of links, namely
high-usage links and final links. A simple three-node network is shown in Figure 2.5.

final link final link

high-usage link

Figure 2.5: Triangular circuit-switched network.

In the figure, the thick line is a high-usage link assigned for the two nodes at the
bottom, while the two thin lines are final links for the two nodes.

A high-usage link in the network is a circuit group from which overflow is permitted,
and a final link is a circuit group from which overflow is not permitted [31]. Call, the traffic
requirement between a node-pair, is firstly routed through a high-usage link assigned for
the node-pair. However, if there is no empty channel left in the high-usage link, the call is
treated as an overflow call and an alternate route selection procedure is activated to find
a final link which has sufficient empty channel for the overflow call. If there is such kind
of link exists, the call is routed through it. On the other hand, if there is no final link
which has sufficient channel, the overflow call will be blocked, and no circuit is allocated
for that call.

The CD problem is formulated as follows.

CD Problem
Given: A b, VieF
Minimize: Q= Z q:(zy)

E

Design variables: x, ViekF
Subject to: B(zj,a;) <b;, VjeF,
a; =1i(A, {z:}), ViekE.
The meaning of notations in the above problem can be given as follows.

A matrix of traffic (calls) applied to the network
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E set of all links in the network
F set. of final links
Q total network cost (defined as the sum of all link costs)

B(zj,a;) function giving the value of blocking probability on final link j

a; traffic offered to link 2

b; upper limit of blocking probability on final link j
T function that related to the flow allocation of link @
gi(z:) cost of link ¢ which is the function of z;

T; the number of circuits in link 2

The aim of this problem is to determine the number of circuits in all network links such
that total network cost, defined as the sum of all link costs, is minimized. The conditions
of design constraint are the upper limit of blocking probability on all final links and the
route selection order according to the traffic requirement to the network. Note that, in
the CD problem, there is no constraint of blocking probability on high-usage links since
overflow is permitted in this kind of links.

In the study of the CD problem, the effect of the circuits in existing network facilities
is included in the design by introducing the concept of cost difference between existing
circuit and newly installed circuit. This results in a piecewise linear link cost function
shown in Figure 2.6. |

qi
A

dos

T

Toi

Figure 2.6: Link cost function in Shinohara’s work.

The link cost ¢; can be written as in the following equation.
doiz; Ty S Toss

di:xzi — (dyi — doi)xoi  , Zi > Zoi,
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where dy; and dy; are the per-unit cost of existing circuit and newly installed circuit of
link ¢, respectively, and zg; is the number of existing circuits in link 3.
The value of dy; and d,; are both non-negative, i.e.,

dOi Z 05 (22)
dis = 0.

In his work, Shinohara examines the case that

do; < dy;. (2.4)
In other words, the per-unit cost of existing circuit is less than or equal to that of the
newly installed circuit. The cost function in Figure 2.6 is generally valid in network
construction, especially in the case of short-term design.

By applying the link cost function in Figure 2.6, the CD problem is solved to get
the number of circuits in all links, {z;}. The CD problem is a non-linear programming
problem, and is solvable by the well-known Lagrange multiplier method. However, since
the link cost function g;(z;) is non-differentiable with respect to z; at z; = =z, the
Lagrange multiplier method cannot be applied directly. In the study, the original non-
-differentiable function is approximated by another differentiable function as can be seen
‘in Figure 2.7 (dotted line).

q:

di;

do;

Tog

Figure 2.7: Approximation of non-differentiable cost function.
It is reported in the literature that a third order function is used for the approximation
in this case [92]. By using the approximated function, a1 becomes continuous and

d;
Lagrange multiplier method can be applied to solve the CD problem.

2.5.2 Runggeratigul’s Work

Runggeratigul et. al. study the link capacity assignment prablem (CA problem) in
packet-switched networks with the consideration of existing network [80][81]. The design
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problem focuses on the case of short-term design. The fundamental idea of this work is
to apply the concept of cost difference between the existing and new network facilities,
that was proposed by Shinohara for circuit-switched networks.

The CA problem in packet-switched networks is a well-known communication net-
work design problem, and has been studied widely since the early days of ARPANET’s
appearance [29]{52]. This problem is concerned with means to determine capacity of links
that minimize network cost, subject to some constraint, such as the upper limit of av-
erage packet delay. The CA problem can be solved when network information including
network topology, routing pattern, etc., is given.

The CA problem can be formulated as follows.

CA Problem
Given: {f:} and {Cu:}
Minimize: D= Z D;
L
Design variables: {C:}
Subject to: T = H > Ji < Thnax
Y& Ci- T

C,;"'*fi>0, Vie L
C; >0, Viel

The symbols used in the above problem are summarized as follows.

L set of links in the network

I traffic flow on link ¢

Coi existing value of capacity of link z
T average packet delay

Tmax  maximum allowable average packet delay in the network

capacity of link ¢ after assignment

-

¥ overall traffic in the network
total network cost

C,
D
D; cost of link 1

In the CA problem, {f;} is a new traffic pattern applied to the existing network where
existing link capacity is {Cp;}. Capacity of all links {C;} is determined such that the
total network cost D is minimized, where the network cost is defined as the sum of all
link costs. Conditions of design constraint are the upper limit of average packet delay,

19



do;

\rg

Coi

Figure 2.8: Link cost function in Runggeratigul’s work.

and the relationship between link flow and link capacity. Obviously, link capacity must
be greater than link flow so that packet delay will not grow indefinitely.

To include the existing network facilities in the CA problem, the concept of link cost
difference is adopted, and a cost function shown in Figure 2.8 is applied.

From the figure, we can express link cost D; as in Eq.(2.5).

dp:C; ,Ci < Cy;,
D; = (2.5)
d1;C; — (dy; — doi)Coi , Ci > Chi,

where dg; and d;; are respectively the per-unit cost of existing and newly installed link
capacity.
The values of dy; and dy; considered in the work are in the following range,

dot' < dh', (26)
di > 0. - (2.8)

This makes the cost function be a piecewise linear convex function.

It should be noted that the case dy; = d); is excluded in the study. The reason is
straightforward that this is the case of linear cost function, and the CA problem with
this simple cost function has been already studied [52]. Furthermore, the case d;; = 0 is
also excluded according to its triviality, i.e., the capacity of all links can be set as infinity,
without making the total network cost be infinity (since dp; and d;; are both 0 in this
case, the network cost is 0 I!1).

Since the link cost function is non-differentiable, the idea of using approximation
function as in Shinohara’s work is applicable. However, Runggeratigul et. al. propose a
new procedure to sclve the CA problem without using any approximation. The reasons
are

-o The selection of approximated function may affect the accuracy of the solution.
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e Lengthy computation time is required to cbtain approximated functions of all cost
functions.

The procedure proposed in the study is referred to as the method of link set assignment
[82], and its details can be described as follows.

After examining D; in Eq.(2.5), it is clear that C; belongs to one of the following three
£ases.

o C; < Cy,
s C; > Cy,
o C; = Cyi.

Based on these cases, we can define the following three sets, Ly, L; and L4, where

Lo = { i l C,‘ < Co,‘}, (2.9)
L, = {i|Ci>Cul}, (2.10)
Ly = {i]|Ci=Cy}. (2.11)

Consequently, if each link ¢ in the network is assigned to be a member of one of the
above three sets, we will automatically have that D; can be regarded as a differentiable
function.

This is because

_ do; Y1 € Ly,
4D { (2.12)

dC; d Vi€ L,

QObviously, there is no need to consider link 7 that belongs to L, since the link can be
excluded from the CA problem and its capacity C; can be set as a constant value of Cy;.
With the above procedure, we can derive the expression of {C;} as

> Vi

Ci=fi+ Loty L vier,ul, (2.13)

I “
7Y Lmax Cor —

L3

where

(2.14)

dy; , wheni € L{],
d; =

dyi , wheni€ Lq.

The value of C; calculated from Eq.(2.13) is optimum for the CA problem under the
relevant link set assigned at the beginning. However, the solution has to be checked
whether it contradicts its assigned link set or not, e.g., for ¢ € Ly, C; that is greater than
Cy: is thought to be a contradiction. If any contradiction occurs, the solution obtained
will not be feasible. A design algorithm for the CA problem is then proposed based on
the following idea [81).

_Firstly, let’s consider the case that all links are assigned to L,. - Then Eq.(2.13) is used
to determine {C;}, and the value is checked whether there is link 7 that C; > Cp; or not.
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If such kind of links exist, we will have that these links cannot belong to Lgy. Let’s define

this set of links as
ng = {Z | C,‘ > Cgi,V?; € Lﬂ} (2‘15)

Secondly, we assign all links to be in L, and checking contradiction as in the above

manner, and define
Ly = {’4‘: | C; < Co;, Vi € Ll} (2.16)

We can also say that links in L,, cannot belong to L; anymore.
From Lg¢, and L., it is possible to conclude that

L;g = {Z l Vi € L(}x ﬂle}. (217)

The proposed algorithm is the steps that examine links that are in L, repeatedly as
in the above manner, and terminates when all links are assigned to proper sets without
contradiction.

The main result of the study on the CA problem with the consideration of existing
network (short-term case) is that, the design algorithm gives a solution in the way that
the existing network facilities are utilized effectively, and new facilities are augmented to
the existing network only in the places that they are required.

2.6 Summary

Although the concept of existing network is usually neglected in conventional research
works on communication network design, there are a few studies that recently include
this major design factor in the network design problems. These design problems are the
circuit dimensioning problem (CD problem) in circuit-switched networks, and the link
capacity assignment problem (CA problem) in packet-switched networks.

However, since the above research works consider the network design only in the short-
termn case, the following questions are needed to be answered.

e The question of how to study the case of long-term network design under the effect
of existing network facilities.

e The question that the concept of cost difference between existing and newly installed
facilities is applicable or not to the design of other types ¢f communication network
besides the circuit-switched and packet-switched networks.

The work in this research project is devoted to give answers for the above questions.
In Chapter 3, we will study the CA problem in packet-switched networks for the case
of long-term design by applying a piecewise linear concave function. In Chapter 4, the
virtual path routing problem (VPR problem) in ATM networks will be investigated for
both short-term and long-term design.
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Chapter 3

Link Capacity Assignment in
Packet-Switched Networks

In this chapter, we discuss the first part of the work in this project. It is the study on
the link capacity assignment problem in packet-switched networks with the consideration
of existing network. However, since the case of short-term design has been already studied
in the literature, this project then focuses the link capacity assignment problem on the
case of long-term design.

The content of this chapter is organized as follows. Firstly, the outlines of the link
capacity assignment problem in packet-switched networks will be given. Then the network
model used in the study will be discussed, and a piecewise linear concave function is
introduced as the network link cost function. After that, the capacity assignment problem
is formulated as a non-linear programming problem. By analyzing the characteristic and
property of the optimal solutions of the capacity assignment problem, we can propose
a heuristic design algorithm derived from the well-known Lagrange multiplier method.
At last, some numerical results are given to investigate the performance of the proposed
algorithm, as well as to show the effects of existing network facilities to the link capacity
assignment problem.

3.1 Introduction

Link capacity assignment problem (CA problem) in packet-switched networks has been
studied widely since the early days of ARPANET's appearance in the late 1960s {29][52].
This network design problem is concerned with means to determine the capacity of links
in the network such that the network cost is minimum, subject to some design constraint
such as the upper limit of average packet delay. The CA problem can be solved when
network information, including network topology, routing pattern, etc., is given. The
problem has been studied for many kinds of network model. Some of the examples are
given below. :
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» A model with several classes of packet is considered for dealing with multimedia
networks [95].

. Besxdes the average packet delay throughout the network path average delay [57][86]
as well as packet loss probability [95] are defined as design constraint for more
reasonable quality of service in"a network.

¢ Discrete values of link capacity are introduced for dealing with links in an actual
network construction [45][64].

Furthermore, many types of link cost function have been considered in the CA problem.
For example,

e some fundamental mathematical functions including linear, exponential, logarith-
mic, are examined to see the behavior of link capacity assignment due to the effect
of these cost functions [52],

e a piecewise linear convex cost function has also been considered as a link cost model"
in the case that the CA problem is solved with the consideration of existing network,
where the per-unit cost of using existing capacity is less than that of installing new
capacity {80][81] (this is the case of short-term network design already mentioned in
Chapter 2).

The work in this chapter can be realized as an extension of the work by Runggeratigul
et. al. in [80](81], where we extend the work in the way that the case of long-term network
design can be studied.

It has been already known that utilizing existing network fac111t1es in the construction
of a new communication network is very important in the case of short-term network
design [49]. The reason is. straightforward, that is that existing network facilities are
promptly to be used and cannot be changed easily in a short period of time. Thus, it is
appropriate to use a convex link cost function in the case of short-term design as done in
the previous works [80][81].

However, in other cases of network design such as long-term design, link cost function
is not necessary convex. In many cases, it is proper to regard the function as a concave
function {50][52]. This is because the economy of scale is often present in communication
resources. For example, we can obtain a cost function from the envelope of several cost
functions due to the development in communication transmission technologies [30][107],
the development in switching technologies [99], etc.

In this chapter, we study the CA problem in packet-switched networks taking into
consideration an existing network where the link cost function is piecewise linear concave.
This is the case when the per-unit cost of using existing capacity is greater than that of in-
stalling new capacity. It is obvious that this type of link cost function is non-differentiable.
To solve network design problems with this type of cost function, the method of approxi-
mating the non-differentiable cost function by a differentiable function has been proposed
[93]. Although this method yields a solution within approximation error, there is no guar-
antee that the solution obtained from this method is optimum when link cost function is
not convex. Moreover, lengthy time is needed to determine the approximation function
for the non-differentiable cost function.

24



To study the CA problem in this research project, we then try to clarify the char-
acteristic of optimal solution of the CA problem. The main procedure is to apply the
method of link set assignment proposed for the piecewise linear convex function in [81).
This leads us to the analysis of the essential characteristic of the optimal solution to the
CA problem. Based on this characteristic, there is no need to conduct approximation
on the non-differentiable link cost function. Furthermore, it is possible to show that the
non-differentiable cost function can be treated as a differentiable function. As a result,
conventional methods such as Lagrange multiplier method can be applied to the solving
of the CA problem.

3.2 Network Model

In the first part of this section, we discuss the model of packet-switched network
considered in this study. After that in the second part, we introduce a link cost function
with the consideration of cost difference between existing capacity and newly installed
capacity for the case of long-term design.

3.2.1 Model Description

The symbols used in this chapter are summarized as follows.

L set of links in the network

£y traffic flow on link ¢ (in bits/second)

Co: existing value of capacity of link ¢ (in bits/second)
overall traffic in the network (in packets/second)

average packet delay

R

ax upper limit of the average packet delay T

I8!

capacity of link 7 after assignment

!

total network cost

cost of link 2

>

The packet-switched network model considered in this research project is the same
as the one used in the early work of packet-switched network design [29][52][81]. The
characteristics of this network model are given below.

Arrival process of packets transmitted on each link in the network is assumed to follow
Poisson process, and packet length is assumed to be negative exponentially distributed.
From this assumption, we can model each network link as an M/M/1 queueing system
with infinite buffer. Then, the average packet delay throughout the network T can be
given as in Eq.(3.1).
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z C — (3.1)

Based on the user traffic demand and the routing scheme applied to the network, it
is possible to calculate the amount of traffic flow f; on each link in the network. In this
network model, the traffic low is assumed to be a positive value,

fi > 0. (3.2)

Obviously, negative value of f; has no meaning. In addition, a zero value of f; is also
trivial. If there is a link in the network with f; = 0, we then have that there is no need
to consider this link in the design problem anymore, and the link can be consequently
removed from the network without any effect to other links in the network.

The value of link capacity C; is assumed to be continuous, and can be set as an

arbitrary positive value,
C; > 0. (33)

From Eq.(3.1), it is clear that the capacity of each link must be greater than the traffic

flow on that link, i.e.,
C,; > f,‘. (34)

This is a necessary condition to make the value of packet delay on each link not grow
indefinitely.

For simplicity, this network model does not take into account the node cost, e.g., cost
of switching facilities, etc. Only link cost is considered, and the total network cost I is
defined as the sum of all link costs. Then it yields

D=3 D. ) (3.5)
L
3.2.2 Link Cost Function

For each link, link cost D; is a function of link capacity C; as
D; = f(Cy), (3.6)

where f(.) is an arbitrary function. Clearly, the function can be either a simplest case of
linear function or a more realistic case of non-linear function.

Since the main objective of this research project is to investigate the network design
problem under the impact of the consideration of existing network, we then define a link
cost function that is possible to deal with the existing link capacity. Accordingly, we
rewrite Eq.(3.6) as in the following equation.

D; = f(Cy, Cos). (3.7)

Eq.(3.7) shows that the link cost function consists of two portions of link cost, i.e.,
the cost of using existing capacity and the cost concerned with the installation of new
capacity.
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Next, we apply the idea of cost difference between the existing capacity and the newly
installed capacity [81][93] to the cost function in Eq.(3.7). We also assume that the link
cost of the two parts are both linear with respect to link capacity. As a result, we obtain
the following link cost function.

do; C; , Ci < Coi,
D, = (3.8)
d1iCs — (dyy — dpi)Coi , Ci > Coi,
where dp; and dy; are the per-unit cost of existing capacity and newly installed capacity

of link 4, respectively. In general cases, the value of dy; and d,; are both non-negative.
That is

dOi
d

0, (3.9)
0. (3.10)

AVARAY)

For the case of short-term network design, we have considered the case of piecewise
linear convex function, i.e.,

do: < du, (3.11)
do: 2 0, (3.12)
dli > 0. (3.13)

However, we will have an opposite case for the long-term network design in our study.
As mentioned above, it is appropriate to adopt a concave function for the case of long-term
design. Hence, we focus on the following range of dy; and dy;.

doi > dy, (3.14)
de: > 0, (3.15)
di; > 0. ‘ (316)

The above range of dy; and d); results in a piecewise linear concave function as shown
in Figure 3.1.

Note that the case dy; = dy; is excluded from the range of dp; and d,; given above. The
reason is that this case gives a linear link cost function, which has been already studied
for the CA problem [52]. The case d;; = 0 is also excluded due to its triviality. This is
because the capacity of all links in this case can be set to infinity, while the total network
cost is finite. In other words, there is no much need to solve the CA problem of this case
anymore. '

The cost function given in Figure 3.1 arises in many communication network design
problems. One of the example is the link type selection problem where the economy of
scale is present in communication resources. A practical example with two alternatives
of link types is given in Figure 3.2. It can be seen from this example that the overall link
cost function is a piecewise linear concave function, which is the envelope of cost functions
of the two link types.

The concave link cost function in Figure 3.1 will be applied to the CA problem in
packet-switched networks, where the problem is formulated as a mathematical program-
ming problem in the next section.
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dyg

do;

Ci

éﬂi

Figure 3.1: A piecewise linear concave link cost function.

Cost

coaxial

optical fiber

Capacity

Figure 3.2: A practical example of link type selection.
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3.3 Link Capacity Assignment Problem (CA Prob-
lem)

In this research project, we study the link capacity assignment in packet-switched
networks in the case that new user traffic requirement is applied to an existing network,
and then the capacity of each link is adjusted to cope with this new traffic requirement
such that a network with minimal total cost is obtained under the constraint of packet

delay.
Consequently, we formulate the CA problem as follows.

CA Problem
Given: {fi}, {Cu:}, {doi} and {d1:}
Minimize: D= Z D,

L

Design variables: {Ci}

Subject to: z C‘ f Trnax

Ci—f; >0, Viel
C;i>0, Viel

In the above CA problem, {f;} is the new user traffic requirement applied to an
existing packet-switched network where the existing link capacity is {Cy}. Capacity of
all links {C;} is determined so that the total network cost D is minimized. According to
the network model described in the previous section, the network cost is defined as the
sum of all link costs where each link cost D; is given in Eq.(3.8).

The conditions of design constraint are the upper limit of average packet delay and
the relationship between link flow and link capacity. The quality of service in our network
model is indicated by the average packet delay throughout the network, 7, where the
network must be designed in the way that T does not exceed an upper limit 7},,.. In the
design result, link capacity must be greater than link flow such that the average packet
delay on each link is finite as mentioned above.

Note that if link cost D; is a linear function with respect to link capacity, i.e.,

D; = &C, (3.17)

where ¢; is a positive value that denotes the per-unit cost of link capacity, we will have
that C; can be determined by the following equation [52].

va.?cj 7
Ci=fi + \/j Vie L. (3.18)

¥ Tmax
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From the above solution, the total network cost can then be calculated as in the

following equation. ,
(Z\/ b CJ‘)

D= XL:fici + ﬁ (3.19)
3.4 The Method of Link Set Assignment

The CA problem formulated above is a non-linear programming problem. Many con-
ventional methods such as Lagrange multiplier method are known as effective methods for
solving non-linear programming problems, e.g., the CA problem with linear cost function
given in the previous section.

However, since the link cost function D; given in Eq.(3.8) is not differentiable with
respect to C;, Lagrange multiplier method cannot be applied to the CA problem directly.
As a method to alleviate this type of network design problem, the non-differentiable
function is approximated by a differentiable function [93] as described in Chapter 2.
Figure 3.3 shows the idea of this method, where the dotted line is the part of approximated
function.

D;

A

dp;

Cos

Figure 3.3: Approximation of non-differentiable function.

By using an approximated differentiable cost function, we can apply the Lagrange
multiplier method to the CA problem. Although, this provides a solution to the problem
within approximation error, there is no guarantee that the solution obtained is an optimal
solution when the link cost is not convex. Moreover, lengthy time is needed for calculating
approximation function of ail link cost functions.

When the cost function is piecewise linear convex, a method of link set assignment
has been proposed to solve the CA problem to obtain an optimal solution [81]. In this
study, we extend this method such that it is applicable to the CA problem with piecewise
linear concave cost function. The concept of the original version of the method can be
described as follows.

30



D; given in Eq.(3.8) can be regarded as a differentiable function, if we assign each link
¢ to be a member of one of the following three sets,

Lo

Ly

L
This is because

aD;
dC;

I

{i]C, < Cui},
{i!C’i >Co,'},
{ZIC;——‘CQ,‘}

doi

, Vi € Ly,
dl,; ,VZ € Ll.

(3.20)
(3.21)
(3.22)

(3.23)

Note that link ¢ that belongs to L, is excluded from the CA problem since its capacity
C; is set to a constant value of Cy;.

With the above link set assignment, Lagrange multiplier method can be applied to
the CA problem, and Lagrangian G is constructed as in the following equation.

G= ZD +,\( chlf me), (3.24)
where A is a Lagrange multlpher.
Since C; = Cy;, Vi € Ly, Eq.(3.24) can be rewritten as
R R R

The constraint region of the CA problem can be described by the following three
conditions.

Z c ft < Trax
Ci—f; >0, Viel,
C; > 0, Viel,

It can be shown that the constraint region of the problem mentioned above is convex.
Since cost function of all links in the network can now be considered as linear function
and the constraint region of the problem is convex, we consequently have that the CA
problem is a convex programming problem. _

By using the Lagrangian GG, the necessary and sufficient conditions for minimal solution
of the CA problem are given by the following Kuhn-Tucker conditions [39][69].

oG )
aC. = 0, Vie LU L, (3.26)
A > 0, (3.27)
12 i <0 (3.28)

7 L 01 _ fi max — b]
1 fi

Al = Tnax 0 3.29
(7 ZL: Ci - ft ) ( )



Ci— fi

can set the constraint of packet delay time as

1
It is clear that T = :Y_ z is a decreasing function of all Ci’s. Therefore, we
L

1 fi
T==- = Trnax- 3.30
¥ EL: Ci— fi (3:30)
As a result, conditions (3.28) and (3.29) are both satisfied simultaneously. Next, we
take g—g—- = 0, Vi € Ly U L; such that condition (3.26) is satisfied. From Eq.(3.25), we
obtain the following equation.
Ji .
P — A ————— = v 31
d; /\'T(Ci""fi)z 0, i€ LoU L, (3.31)
where J Viel
) 0i vt € Lo,
d; = ‘;‘3 ' = (3.32)
) t dy; ,Vie€ L.
After mathematical manipulation on Eq.(3.31), we get
A — .32
A= YEG A oL (3.33)

fi

Since the values of dy; and d;; are non-negative, it is easy to show that A > 0. This
means that the condition (3.27} is satisfied. Thus, the solution from Lagrange multiplier
method is guaranteed to be the minimal solution of the CA problem, where we can derive
the solution as in the following steps.

From Eq.(3.30) and Eq.(3.33), we respectively have

1 fi 1 fi
= = Tpa— =3 =, 3.34
'TLOZU;J,Ci_fi > ’)’%,:Cm-—fi (3.34)
Afi :
C; = fi+ W’ Vie Lo Ly, (335)

Replacing Eq.(3.35) into Eq.(3.34), we have

fid;
o=
V= Lovl; ¥ 7 . (3.36)

1 fi
Tma.x__
’)’Lzzcm - fi

Again, substituting Eq.(3.36) into Eq.(3.35), and after some mathematical manipula-
tions, we obtain the solution of {C;} as in Eq.(3.37) [81].

> i

Ci=fi+ Louls - \/%* Vi e Ly U Ly, (3.37)
Troax — _Ji : ‘ .
(’7 ax Z an — fg)

La
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where
do; Vi € Ly,

d; = (3.38)
dl,; ,Vi = Ll.

The value of C; calculated from Eq.(3.37) is optimum for the CA problem under the
relevant link set assigned at the beginning. However, the value has to be checked whether
it contradicts its assigned link set or not, e.g., for i € Ly, C; that is greater than Cy;
is thought to be a contradiction. If any contradiction occurs, the solution obtained will
not be feasible and other combinations of link set have to be examined until a feasible
solution with minimum network cost is found.

By the original version of the method of link set assignment, wé can obtain an al-
gorithm to the CA problem based on the concept of complete enumeration (CE). The
algorithm is referred to as ALGORITHM CA _CE as follows.

ALGORITHM CA _CE
Step 1. Let network cost D = co.
Step 2. For Vi € L, put ¢ into one of the three sets, Ly, L, or L,.
Step 3. Set d; = dy;, Vi € Ly.
Set d; =dy;, Vi€ L.
Reset err = 0.
Step 4. Determine Cj, Vi € Ly U L, by Eq.(3.37).
Set C; = Cq;, Vi € Ly.
Step 5. If C; > Cyy, 37 € Ly, then set err = 1.
If C; < Cy4, 32 € Ly, then set err = 1.

I C; < f;, di € L, then set err = 1.

HT = 1 Z 5 > Tinax, then set err = 1.

YL Ci_fi

Step 6. Calculate network cost D' = ) D; from the value of C;’s.
L

If ) < D and err # 1, then set D = D' and keep {C;} as the design
solution.

Step 7. If all combinations of link set are completely examined, STOP and the final
solution of the CA problem is {C;}.

Step 8. Select another combination of link set (e.g., by swapping the members among
Ly, Ly and L») which has not been examined yet, and go to Step 3.
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The parameter err in the above algorithm denotes whether the link set combination
under consideration gives a feasible solution to the CA problem or not, where

0 , when the solution is feasible,
err =
1 , otherwise.

Clearly, the above ALGORITHM CA_CE can give global optimal solution to the CA
problem with piecewise linear concave cost function in our study. However, the algorithm
is obviously very time-consuming according to its nature of complete enumeration, that
is we have to examine all of the link set combinations. Thus, a more efficient algorithm
is required.

3.5 The Optimal Solution of the CA Problem

To find a way to solve the CA problem, we firstly review the modified version of the
method of link set assignment proposed in [81]. Note that the basic concept of this idea
has been already briefly described in Chapter 2. After that, we derive an important
characteristic of the optimal solution of the CA problem.

3.5.1 Basic Concept

Since each link in the network certainly belongs to Lg, L, or L;, we can select one
of the three sets for each link and assign the link to that set. After that, we can check
whether there is a contradiction between the assigned link set and the value of link capacity
calculated from Eq.(3.37). The checking of contradiction can give us a way to decide that
the link can belong to the set that it was assigned or not.

Before going further, it is important to note that there is a special kind of links whose
link set must be fixed to L,. Link ¢ is a member of this special kind when its traffic flow
and existing link capacity satisfy the following condition.

fi 2 Cui.
From the condition (3.4), it is easy to show that
C; > Cyg;.

The above implies that link ¢ must be a member of only the set L,. Hence, we will
exclude this special kind of links from the CA problem, and concentrate on links with the

following properties.
fi < Coy or Co: — fi > 0. (3.39)

In the case of convex cost function, i.e., dy; < dy;, Vi € L, each link is firstly assigned
to Lo and if contradiction occurs, it is concluded that the link with contradiction cannot
belong to Ly. In the next step, each link is set to L; and if contradiction occurs, we can
say that the link with contradiction cannot belong to L;. In the case that a link cannot
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belong to neither Ly nor Lq, it must belong to Ly. By repeatedly examining links for the
set L, until no more link has to be assigned to it, each link in the network will belong
to a proper set, and link capacity can be computed by using Eq.(3.37). It is proven that
the final solution by the above revised version of the method of link set assignment is a
global optimal solution for the case of convex cost function [81].

Next, we investigate that how the above method can deal with the CA problem with
piecewise linear concave cost function, i.e., dy; > dy;, Vi € L. Let’s introduce two param-
eters for link ¢ ep; and ey;. The values of the two parameters are set as follows.

e ep; will be O if link ¢ is assigned to Ly and no contradiction occurs, and be 1 if
contradiction exists.

e ¢;; will be 0 if link ¢ is assigned to L; and no contradiction occurs, and be 1 if
contradiction exists.

Then, we assign each link to Ly and use Eq.(3.37) to determine {C;}. After that, we
check whether there is any contradiction or not, i.e., there is link 7 that C; > Cg; or not.
In other words, we examine ej; of link i whether the value is 0 or 1. Unlike the case
of convex cost function, we focus on the links without contradiction, namely link 7 with
eo; = 0. This is because we can show that this kind of links can belong to Ly without any
contradiction although link set combination is changed. The proof related to this case is
given below in Theorem 1.

Theorem 1 When link i is assigned to belong to Lo and ey; = 0, the link i can be assigned
to Loy without any contradiction even some of other links are changed to belong to L,.

Proof: Firstly, we define the following sets and notations.

Ly = {j | jis the link already assigned to Ly},
L7 = {j|jis the link already assigned to L,},

boe = >4/ fidoj
Ly
by = >/ fidoss

L—(LyULY)

bl = Z\{fjdlja
Li
b = >/ fidy
)

L—(L4UL,

Next, we assume that there is a link 7 with ey; = 0. Since there is no contradiction for
this link, we have

_ by + bl -+ b:) fi _
Ci= fi+ T o < Coi, (3.40)

1 < ¥ Tinax (Cm' - fi) _
Vdoi Vi (bo + b + bp)
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Currently, all links in L — (Lj U L]) are assigned to Ly for the checking of link set
contradiction. Let L{ be a set of links in L — (Lj U L) that are changed to belong to L.
After the change, we have b becomes b* as

b = 3 /Tdos + 3 \/ude (342)

" "
LU L!

where
Ly=L-(LyuLiUL}).
Note that the link ¢ under consideration must be in Lg, since we are checking link set

contradiction when this link is assigned to Ly.
For the case of concave function, we have dy; > dy;, Vi € L. This leads to

b’O = Z fjdﬂj > b*. (343)

LiuLy
The above and (3.39) make

¥ Tmax (Coi = fi) ¥ Tmax (Coi — i)
VT o+ b1 00) T (bo+ b1+ b7 (3.44)

From (3.41) and (3.44), we have
1 _ 7 Tooax (Coi — fi)

) 3.45
Vido: Vi (bo + by +6%) ( )
or
L bbb [R
Ci=fi+ o 1/d01_ < Cos. (3.46)

The last statement implies that eg; is still equal to 0 as before, although link set
combination is changed. In other words, link ¢ with eg; = 0 can belong to Ly without any
contradiction. O

By the same idea, when each link is set to L;, we can say that the links with no
contradiction can belong to L,. This can be shown by Theorem 2.

Theorem 2 When link i i3 assigned to belong to Ly and ey; = 0, the link i can be assigned
to Ly without any contradiction even some of other links are changed to belong to L.

Proof: The proof can be done in almost the same way as in Theorem 1. Firstly, we assume
that all of the links in L ~ (L{U L) are currently assigned to L,, and link set contradiction
is checked. Assume again that there is a link ¢ with e;; = 0.

Since there is no contradiction for link 7, we then have

bo+b1+b [ f
Ci=fi+ 22T 20 5 O, 3.47
i =fit+ ST d Co (3.47)

or

1 > ¥ Tnax (Co:r - fi) .
Vi Vi (bo + b+ 0)
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Next, we try to change the set of some links. Let L} be a set of links in L — (Lg U L})
that are changed to belong to Ly. With this change, we have b] becomes b** as

bt = Z \/ fido; + Z  fredhi, (3.49)
L Ly
where

LY=L —(LguLjuLy).

Note that the link ¢ under consideration must be a member of LY, since we are checking
link set contradiction when this link is assigned to L;.
For the case of concave function, we have dy; > dy;, Vi € L. This leads to

b’I = Z fjdlj < b**. (3.50)

LiULY
The above relation and (3.39) gives

’ f-’}’ Tmax (Coi — fi) Y Tmax (Coi ~ f3)

> . 3.51
Vi (bo+ b1 +81) 7 VFi (bo+ b1+ b) (3.81)
From (3.48) and (3.51), we have
1 Y Tmax (Coi — fi)
> , 3.52
Vi T T (bo+ by + b*Y) (3.52)
or

b fe* )
Ci=fi+ bo + by + 6™ Mi_ > C;. (3.53)

v Tma.x dlt'

This implies that the value of e); remains unchanged and is equal to 0 as before,
although link set combination is changed. In other words, link 7 with e;; = 0 can belong
to L, without any contradiction. U

3.5.2 Characteristic of the Optimal Solution

By the above concept and theorems, we can construct the following procedure for
assigning a proper set to each link. There are four possible cases related to the values of
ep; and ey;. They are

1. ep; = 0 and ey; = 1,
2. €pi = 1 and €y — 0,
3. ep; =0 and €3 — 0,

4. ep; =1 and e; = 1.
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In case 1, we can let link ¢ belong to Ly since there is no contradiction as mentioned in
Theorem 1 above. Although link 7 may not belong to Lg in the global optimal solution of
the problem, we deal with the link in a greedy manner to obtain a feasible solution. The
reason is that it has been guaranteed that there will be no contradiction even the sets
of other links are changed. Moreover, due to the non-convexity of the CA problem, its
global optimum cannot be determined easily, so we have to try to find its local optimum
instead.

As same as case 1, link ¢ that falls into case 2 is then assigned to L, as already shown
in Theorem 2.

In case 3, since link ¢ can belong to either Ly or Ly without any contradiction, we can
apply any method to select the set for this type of links. For example, the set can be
randomly chosen between Lg and L.

Finally, for links of case 4, we do not assign this type of links to any set, but repeatedly
do the above procedure again until all links have their proper set.

Obviously, there will be no problem if links of case 4 do not exist at the final stage
of the examining, and each link in the network will then be assigned to either Ly or L.
However, if this kind of links exist, the question that they can be assigned to the set L,
or not will arise. To answer this question, we introduce the following theorem.

Theorem 3 In the optimal solution of the CA problem,
Lg = @

Proof: We assume that there exists a link 7 such that ey; = 1 and e;; = 1. From this, we
have

bo+by+by | fi

= f LI ) )
Ci=fi + T d 2 Coi, (3.54)
bo + by + b f fi
Ci=fit ————J— < Cgu. 3.55
* f Y Tma.x dli o 0 ( ) ‘
From (3.39), manipulating (3.54) and (3.55) yields
¥; (b[) -+ bl -+ bé) > \f‘f,‘do{, (356)
a; (bo+ b1 + b)) </ fidy, (3.57)

where

_ fi
B v T nax (Cm —fi)'
At the final stage of the examining, (3.56) and (3.57) are valid for Vi € L — (Lj U

L}). Consequently, we can take the summation on both (3.56) and (3.57) over the set
L - (Ly U L}). This gives

Q

z oy (bo + b1 -+ b:)) = ’0, (358)
L—(LLuL})

ST ai(bot+b+b) < b ' (3.59)
L—(L,uL})
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From (3.58} and (3.59), we obtain

bo + by + b} 4

After manipulating (3.60), we get
b, > b. (3.61)
However, this contradicts to the fact that
doi > dij, Vie L.

Thus, there cannot be any link 7 whose ey; and e;; are both equal to 1 simultaneously
at the final stage of examining, and all links in the network will belong to either Ly or
L;. This result implies that

This completes the proof. o

From Theorem 3, it has been shown that there is no link in the network that belongs
to the set L, in the optimal solution of the CA problem. With this essential characteristic,
we can obtain a heuristic design algorithm for the CA problem as proposed in the next
section.

3.6 Algorithm for the CA Problem

Based on the fact that L, = @ in the optimal solution of the CA problem with piecewise
linear concave cost function, we can exclude the point C; = Cj; from the cost function of
all links in the network. Consequently, the link cost function can then be regarded as a

. . . e . L. dDy . .
differentiable function, where its differentiation — can be expressed as in the following

_ dC;
equation.
dD,' d'Di 1V% € LO)
= = (3.63)
t di; ,Vie L.

Clearly, we have no need to approximate the non-diffeientiable function by a differen-
tiable function as that was done in [93). As a result, the Lagrange multiplier method can
be directly applied to the CA problem as in the following algorithm.

ALGORITHM CA_LM
Step 1 Initialize d; to either dy; or dy; by any method, Vi € L.
Set € as a small positive value for using as algorithm termination parameter.

Determine the initial value of Lagrange multiplier 5" by
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Step 2 Determine C; by

Ci=fi+ ﬁfi, Vie L.
v ds

Step 3 If C; < Cai, then set d; = dy;, else set d; = dy;, Vi € L.

Step 4 Determine the Lagrange multiplier 3 by
2
o\ fidify
=Lt ——
T rnax
' Step 5 If |3 — 3| > ¢, then set ' = 3 and go to Step 2, else STOP and determine
C,; b}’

Ci=fi+

ST
\/:, Vie L.

¥ Trnax

Note that there are many ways to set the initial value of d; at Step 1 of the algorithm.
Some examples are given in the following section.

3.7 Numerical Results and Discussions

This section gives socme numerical results on the performance of the proposed algo-
rithm, ALGORITHM CA_LM, in the view of its optimality and computation amount, and
some experimental results on the effect of existing network to the link capacity assignment
in packet-switched networks for the case of long-term design.

3.7.1 Performance of the Proposed Algorithm

Firstly, we examine the optimality of ALGORITHM CA_LM by comparing its results
with global optimal solutions. Note that we can determine the global optimal solutions
by using ALGORITHM CA_CE, since this algorithm examines all link set combinations,
i.e., it runs in a complete enumeration manner. However, this is possible only for the case
of small-sized networks in practical applications.

_In the numerical results below, we consider packet-switched networks with the follow-
ing characteristics.
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. The number of nodes in the network, N, is equal to 3, 4, 5, 6, 7, and 8.

The network topology is fully connected. This means there is a direct link connecting
every node-pair. The number of links in the network, n, i then equal to
_ N(N-1)

. The traffic flow on each link in existing network is randomly set in the range (0, 80]

kbps following the uniform distribution.

The link cost function in the existing network is assumed to be linear with per-unit
cost of ¢;, which is randomly set over (0, 2]. Then the link capacity in existing
network can be calculated by Eq.(3.18), where Ti,a = 20 ms.

To design a new network, we assume that the new traffic flow on each link is uni-
formly randomized over the range (0, 80] kbps. Therefore, the new traffic flow can
be greater than, equal to, or even less than the previous value of traffic flow in the
existing network.

Link cost function in designing a new network is piecewise linear concave with
dﬁi > dlis

where dy; and d;; are both chosen between (0, 2] randomly.

For ALGORITHM CA_LM, we consider the following two methods for setting the
initial value of d; at Step 1 of the algorithm.

method A d; is set according to the relationship between link flow f; and the existing

link capacity Cy; as follows.
do; if fi < Cus,
d; =

di; if fi > Cu.

method B d; is set randomly between dgy; and d;;.

To obtain a good solution for a CA problem, we apply the proposed algorithm in the
following five cases.

case 1: method A

case 2: method A and 10 times of method B
case 3: method A and 20 times of method B
case 4: method A and 50 times of method B

case b: method A and 100 times of method B
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In the above cases, when there are many solutions obtained for a specific problem, we
select the best solution, namely the solution with the smallest total network cost, as a
final solution.

The relationships between the number of links in the network (n) and the percentage
that each of the above five cases yields global optimal solution are shown in Table 3.1 and
3.2, where the number of random traffic patterns applied to the network is one hundred
and five thousand, respectively.

Table 3.1: Percentage of yielding global optimum of ALGORITHM CA_LM: 100 traffic
patterns.

n |casel | case 2 | case 3 |cased | case 5
3 90 95 96 96 100
6 90 96 97 o7 100
14 83 a7 98 99 100
15 77 98 98 98 100
21 75 98 100 100 100
28 61 94 97 99 100

Table 3.2: Percentage of yielding global optimum of ALGORITHM CA_LM: 5000 traffic
patterns.

nn | case 1 | case 2 | case 3 | case 4 | case 5
3 | 96.02 | 98.80 | 99.08 | 99.08 | 100.00
6 | 91.16 | 98.74 | 98.90 | 98.96 | 100.00
10 | 83.90 | 98.18 | 98.46 | 98.78 | 100.00
15| 77.10 | 97.82 | 98.26 | 98.72 | 100.00
21 | 70.66 | 96.64 | 97.88 | 98.56 | 99.96
28 | 61.88 | 94.06 | 97.02 | 98.34 | 99.84

Next, we observe the difference between the solution obtained from each case and the
global optimmum. Table 3.3 and 3.4 show the average value of the ratio between the result
obtained from the proposed algorithm and the global optimum.

From Table 3.1—-3.4, it can be seen that the proposed algorithm has a lower percentage
of yielding global optimum when the number of links in the network increases. However,
the percentage is equal to 100 % for almost of the cases in case 5. Moreover, the solution
by the proposed algorithm is very close to the global optimum as can be seen from the
average ratio between the solution and the global optimum. Thus, we can say that the
proposed algorithm, ALGORITHM CA _LM, solves the CA problem very efficiently.
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Table 3.3: Average ratio of solution by ALGORITHM CA_LM and global optimum: 100
traffic patterns.

n | casel case 2 case 3 case 4 case b
3 | 1.00080 | 1.00045 | 1.00030 | 1.00030 | 1.06000
6 | 1.00047 | 1.00020 | 1.00014 { 1.00014 | 1.00000
10 | 1.00078 | 1.00005 | 1.00005 | 1.00065 | 1.00000
15 | 1.00058 | 1.00002 ; 1.00002 | 1.00002 | 1.00000
21 | 1.00051 | 1.00003 | 1.00000 | 1.00000 | 1.00000
28 | 1.00044 | 1.00005 | 1.00005 | 1.00000 | 1.00000

Table 3.4: Average ratio of solution by ALGORITHM CA_LM and global optimum: 5000
traffic patterns.

e | casel case 2 case 3 case 4 case 5
3 | 1.00034 | 1.00012 | 1.00009 | 1.00009 | 1.00000
6 | 1.00043 | 1.00004 | 1.00004 | 1.00004 | 1.00000
10 | 1.00055 | 1.00005 | 1.00004 | 1.00004 | 1.00000
15 1 1.00059 | 1.00004 | 1.00003 | 1.00002 | 1.00000
21 | 1.00061 | 1.00004 | 1.00003 | 1.00002 | 1.00000
28 | 1.00064 | 1.00004 | 1.00002 | 1.00001 | 1.00000
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Next, we investigate the computation amount of the proposed algorithm by showing
its computation time using actual computation results. Again, a network with fully
connected topology is considered, and five thousand random traffic patterns are applied
to the network. This time, the number of nodes in the network takes the values of 10, 20,
30, 40, ..., 120, 130, 140, and 150.

The relationships between the number of links in the network (n) and average, max-
imum, and variance of computation time are shown in Table 3.5, where the values of
computation time are measured in second for one running time of the proposed algo-
rithm. The machine used in the measurement in this experiment is a personal computer
with CPU Pentium III 450 MHz and RAM 256 MBytes.

Table 3.5: Computation time of ALGORITHM CA _LM.

n average | maximum | variance
45 0.003 0.020 0.00002084
190 0.007 0.030 0.00002001
435 0.015 0.030 0.00002739
780 0.025 0.040 0.00003034
1225 0.039 0.050 0.00001967
1770 0.056 0.070 0.00003407
2415 0.076 0.090 0.00003744
3160 0.099 0.110 0.00003712
4005 0.125 0.140 0.00005419
4950 0.154 0.170 0.00006902
5995 0.186 0.200 0.00006480
7140 0.222 0.250 0.00008756
8385 0.260 0.280 0.00012096
9730 0.302 0.320 0.00013495
11175 0.347 0.370 0.00014052

Results in Table 3.5 are depicted again in Figures 3.4 and 3.5.

Figure 3.4 shows that the average and maximum computation time of ALGORITHM
CA_LM are approximately linear with respect to the number of links in the network. By
linear regression, the values of linear correlation coefficients are 0.9999971 and 0.9993178,
respectively.

Figure 3.5 shows that the variance of computation time of the proposed algorithm
is very small. Hence, we can conclude that ALGORITHM CA_LM is very practical for
applying to the CA problem of a large-scale network.
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Figure 3.4: Average and maximum computation time of ALGORITHM CA_LM.
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Figure 3.5: Variance of computation time of ALGORITHM CA_LM.
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3.7.2 Effect of Existing Network to Network Design

Here, some numerical results will show that how the existing network facilities affect
the CA problem in the case of long-term design, where the link cost is of a piecewise linear
concave function. We consider a simple 3-node network as shown in Figure 3.6, where the
network has three links: 1, 2, and 3.

Figure 3.6: A 3-node packet-switched network.

Network parameters are set as follows.

Co; =52 kbpsfori=1, 2, 3.

e The cost functions of link 1 and 2 are both linear with respect to link capacity, and

the cost coeflicients (per-unit cost) are equal to 1.

e f; = f; = 40 kbps.

e T, = 20 ms., and the mean value of packet length is 400 bits/packet.

By varying f; and applying several pairs of (dgs, d13), we obtain the results as shown
in Fignure 3.7. It can be seen from the figure that the capacity of link 3 {C3) is never equal
to its existing link capacity (52 kbps) for all over the entire range of f;. This confirms
the characteristic of the optimal solution of the CA problem, namely L, = 0.

It can also be observed from the result that there are some values of f; that make
the curve of link capacity value to be discontinuous.

summarized as follows.

(dos, d13) =
(dos, d1z) =
(doz,d13) =
(dos,d1a) =

(1,0.2)
(1,0.5)
(5,1)

(10,1)

—_
_).
_)
__).

E
fs
13
f3

These approximated values are

29.32 kbps,
31.44 kbps,
37.47 kbps,
39.06 kbps.

At these values of f,, the total network cost is the same for both the cases when link
3 belongs to Ly, and when it belongs to L;. It means that we can have two optimal
solutions with the sarne network cost.
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Figure 3.7: Results of the 3-node packet-switched network.
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3.8 Summary

In this chapter, we have studied the link capacity assignment problem (CA problem) in
packet-switched networks, where link cost function is piecewise linear concave. This type
of cost function is used in order to investigate the CA problem taking into consideration
an existing network in the long-term design.

After formulating the CA problem, the method of link set assignment is applied,
and the characteristic of the optimal solution of the problem is derived. Based on this
characteristic, it is shown that the non-differentiable link cost function can be treated as
a differentiable function. As a result, the well-known Lagrange multiplier method can be
directly applied to solve the problem, and a heuristic algorithm, ALGORITHM CA_LM,
derived from the Lagrange multiplier method is proposed.

Due to the non-convexity of the CA problem studied in this chapter, it is hard to
determine a global optimal solution to the problem. However, by investigating the nu-
merical results, it has been shown that the proposed algorithm has very good performance
in solving the CA problem, both from the view of optimality and computation time.

The work and results in this chapter are summarized and published in [82]. In addition,
this publication also includes an extension of the study in this chapter by examining the
CA problem with general piecewise linear concave link cost functions as illustrated in
Figure 3.8. The main result in [82] is that, in the optimal solution of the CA probiem,
there is no link whose capacity is equal to the capacity values at the breakpoints of the

link cost function, namely Cy;, Ci;, ..., Cp—a)i, C(p-2)i» Where p is an index related to the
number of breakpoints in the cost function.
fi w
dy; o
dos
C;

0 Coi Chri---Clpo3yi Clp-2)i -

Figure 3.8: A general piecewise linear concave link cost function.
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Chapter 4

Virtual Path Routing in ATM
Networks

In this chapter, we discuss the second part of the work in this research project, where
we study an important design problem in broadband integrated services digital networks
(B-ISDN) using the technology of asynchronous transfer mode (ATM) as transmission
and switching scheme. This kind of communication networks is generally referred to as
ATM networks in the literature.

The network design problem studied in this chapter is the virtual path routing problem
in ATM networks, where we consider the effect of existing network facilities in the design
of a new network. The basic idea of cost difference between existing and new network
facilities is again used in this chapter. The cases of short-term and long-term design are
both considered in our study.

The content of this chapter is organized as follows. Firstly, the outlines of ATM
networks will be given, where the concept of virtual channel and virtual path are described.
It is shown later that the implementation of virtual channel and virtual path introduce a
very high level of flexibility to the control and operation of ATM networks as well as the
increasing in the network performance.

After that, we discuss the ATM network design problems, including the virtual path
routing problem. Then the ATM network model used in this research work will be given,
and piecewise linear functions are introduced as the network link cost functions. We
consider a piecewise linear convex cost function for the case of short-term design, while
a piecewise linear concave function is for the case of long-term design. Next, the virtual
path routing problem is formulated as a non-linear programming problem, and analyzed
to obtain some important characteristics and properties. Based on the problem analysis,
we can show that the virtual path routing is in the class of shortest path problems.
We then propose a heuristic design algorithm where its essential part is the well-known
shortest path algorithm. Finally, some experimental results are given to investigate the
performance of the proposed algorithm, as well as to show the effects of existing network
facilities to the design of ATM networks.
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4.1 Introduction

Recently, there has been considerable interest in integrated networks. In comparison
to having several separate dedicated communication networks, integrating services and
networks offers major advantages in planning, implementation, operation and mainte-
nance. While dedicated networks require several distinct costly subscriber access lines
and equipments, the integrated network access can be realized by a single high speed
optical fiber for each user. An effort on integrating services and networks can be seen in
the standardization of narrowband integrated services digital networks {N-ISDN or ISDN
in short) [8][17][40]{96].

More recently, there is a tendency that telecommunications will experience a dra-
matic change as broadband integrated services digital networks (B-ISDN) capabilities are
introduced to communication networks. B-ISDN technology supports new user applica-
tions, including video and high speed computer data transfer, as well as existing services
such as voice, facsimile, low speed data transfer, etc. [55][74][88][94]). Some important
characteristics of B-ISDN can be listed as follows.

¢ To support high speed communications and applications.

e To support connectionless data communications to meet the needs of the intercon-
necting local area networks and high speed workstations.

e To support multi-point applications with a wide variety of media, including voice,
video, image and computer data.

To unify the service mechanism in order to achieve cost saving for the network
provider in the transport, switching, control and operation.

4.1.1 Asynchronous Transfer Mode

There were several technologies proposed as transmission and switching scheme for
broadband integrated networks. Some examples can be found in the literature, e.g., burst
switching {3]]42][61]{63], hybrid switching [25][106]{110][111].

Among these advanced techunologies, ATM is recently selected by the International
Telecommunications Union (ITU) as the target transfer mode for B-ISDN [15]{55]. ATM
does not stand for the well-known automatic teller machine in banking systems. Here,
in the area of high speed telecommunications networks, ATM comes from “asynchronous
transfer mode,” which is an advanced multiplexing and switching technology proposed for
the implementation of future high speed telecommunications networks. ATM is previously
known as “fast packet switching” [15][70].

In ATM networks, all types of communication information including voice, video and
computer data are fragmented into small fixed-length packet called “cell.” This is contrary
to the variable-length packet in conventional packet-switched networks {ones studied in
the previous chapter). In the standardization of ATM and B-ISDN, ATM cell is 53 bytes
(octets) in length, which is partitioned into two portions, namely 48 bytes for information
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payload field, and 5 bytes for header field [12]{66]. The header consists of explicit label
for channel identification, which simplifies the multiplexing process.

The main characteristics of ATM are to provide the following features for communi-
cation networks.

unity: Transmission of information from all kinds and classes of traffic source in
unique small fixed-length packets.

flexibility: Capability of dealing with multimedia with a broad range of qualities of
service (QoS).

high speed: Providing transmission bandwidth of up to the scale of Gbps.

Traffic Sources

Sources in ATM networks are usually considered to have bursty characteristic. It is
that sources will generate cells whenever there is information to transmit, and on the
other hand, no cell will be generated if there is no information. Some examples of bursty
sources can be given as follows.

e Voice source with speech activity detector, which generates cells during a talkspurt
and no cell during a silence period [48][109).

® Video source with frame-to-frame coding scheme such as moving picture and video
conference, which generates cells based on the interframe difference information [72]
where a large amount of cells are generated during the scene changing frames.

Traffic Multiplexing Level

The multiplexing method in an ATM network is a statistical one, i.e., there is no
exclusive transmission bandwidth assigned to any specific source multiplexed in the sys-
tem. However, all traffic sources share the same amount of bandwidth together. This is
different to circuit-switched networks, where bandwidth is divided into several portions
each of which is dedicated to a specific source (call).

When cells are generated and arrive at an ATM multiplexer, they will be multiplexed
and transmitted as shown in Figure 4.1 [76]. As can be seen, the bandwidth in an ATM
network 15 assigned to a source if and only if the source has information (cells) to transmit.
This results in the statistical multiplexing of information from several sources.

Although statistical multiplexing is a very powerful method for handling cells from
multiple sources, the QoS control is realized as a very complicated task. Furthermore,
when there are a large number of classes of sources in the network, the level of multiplexing
strongly affects the network performance and network characteristics. There are several
ways to multiplex traffics of the same and different classes of sources. Some of them are
illustrated in Figure 4.2 [98].

From the figure, the channel independent multiplexing level can be regarded as a
method used in circuit-switched networks since each channel (source) has its own assigned
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Figure 4.1: Cell multiplexing in ATM network.
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bandwidth. Therefore, no statistical multiplexing effect is obtained in this case. Clearly,
the case of channel independent is not so effective, especially when traffic sources have
high degree of burstiness.

in class independent, traffics from the same class of sources are multiplexed and share
the same portion of bandwidth assigned to the class. Statistical multiplexing effect is
obtained in this case as the total required bandwidth is obviously less than that in the
case of channel independent. Although this results in a more ccmplicated QoS control in
each class, the QoS control among classes is simple since traffics from different classes do
not share the same bandwidth in this case.

In the case of class shared, very high bandwidth utilization is obtained as can be seen
from the figure. However, this leads to a very high complexity of traffic control as well as
bandwidth assignment problem.

To determine whether what level of traffic multiplexing should be used in a network, it
is necessary to take several parameters into account. They are, for example, the number of
classes of sources in the network, the number of channels in each class, the QoS requested
from each source, etc. It is realized that the complexity of traffic control in an ATM
network grows dramatically when there are a large number of sources from multiple classes
share a single transmission resource. Thus, some effective traffic control schemes are
needed to cope with the difficulty in guaranteeing QoS of all traffic sources. Two main
functions defined for traffic control in ATM networks are call admission control (CAC)
and usage parameter control (UPC) [78][100].

4.1.2 The Concept of Virtual Path

In an ATM network, traffics from multiple sources are multiplexed and transmitted
via a shared bandwidth as described above. We can regard each individual traffic source
as a communication channel that transmits cells. Since a communication channel in ATM
networks is not an exclusive one, it is referred to in ATM standards as “virtual channel”
(VQC).

On the other hand, the shared bandwidth among sources can be treated as a trans-
mission link that conveys multiplexed cells from multiple sources. Consequently, the
bandwidth or capacity of the link is equal to the total bandwidth given in Figure 4.2.
The value of link bandwidth deeply depends on the level of traffic multiplexing used in
the system. ,

In the case of channel independent, although rarely used in ATM networks for bursty
sources, iink bandwidth is the same as the maximum speed that a source generates cells.
Contrary to this, the link bandwidth in the cases of class independent and class shared
can be determined by the traffic analysis and statistical multiplexing behavior of cells.

A sequence of links forms a path, which is dedicated to a pair of nodes where the origin
and destination of the path are the two nodes. Actually, a path in an ATM network is a
virtual one. Thus, it is referred to as “virtual path” (VP) in ATM terminology. A VP isa
logical direct link connecting a node-pair even there is no physical direct link connecting
the two nodes as illustrated in Figure 4.3.

The ATM network in Figure 4.3 has only two physical links, i.e., the link connecting A-
B and B-C as in Figure 4.3 (a). Thus, when node A and C need to install a VP connecting

83



{2) Physical network.
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Figure 4.3: Virtual path (VP) in physical and logical network.

between them, the VP must be constructed and allocated over the two physical links via
node B (the part of black line). In the view of logical network, there will be a direct link
which is a VP connecting between A-C as shown in Figure 4.3 (b).

Next, the mechanism of traffic multiplexing in a VP will be discussed. When a source
(call) has information to transmit, it generates a call-setup signal to the ATM node that
it is connecting with. The node will then search for an appropriate VP for the call. If
no such VP exists, the call will be rejected. Otherwise, the call will be accepted and
allocated to the proper VP. The node will also assign the following two parameters to the
call. '

e Virtual channel identifier (VCI).
e Virtual path identifier (VPI}.

VCI and VPI are both filled in the header field of all cells generated by the call,
and will be used as reference at all nodes in the VP {origin, intermediate and destination
nodes). The value of both VCI and VPI can be either fixed or changed at the intermediate
nodes along the path from source to destination [21].

There are two methods of VPI assignment proposed in the literature, namely local VPI
number assignment and global VPI number assignment {87]. However, by the performance
comparison of the two methods, it can be concluded that the local VPI number assignment
is appropriate for the implementation in ATM networks.

The accommodation of VP to a physical link as well as that of VC tc a VP can be
depicted as in Figure 4.4.

_As a summary to this subsection, the implementation of VPs in ATM networks results
in the following characteristics.
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Figure 4.4: The relationship of physical link, virtual path and virtual channel.

e Flexibility in VP bandwidth control

When a cell is generated and transmitted into a VP dedicated to the source and
destination of the cell, it will be continuously transferred at intermediate nodes
via the same VP until it reaches the destination node where it will be switched to
the end-user. Consequently, VP bandwidth is then automatically depended on the
number of cells fed into the VP at the origin node. Controlling the number of cells
at the origin node can then alter the bandwidth of the VP, and this can be done
without any change at intermediate nodes. Accordingly, flexibility is obtained.

e Flexibility in routing control

Since a cell is transferred in a VP by assigning a logical path number (LPN) at
intermediate node, renewing the pairs of LPNs in routing table at only origin and
destination node can easily change the route of VP. Thus, flexibility in VP routing
control is obtained.

e Improvement in network performance

Based on the results of the above items of flexibility, network performance can then
be improved. Firstly, the amount of processing overhead at intermediate nodes can
be decreased. Secondly, the adaptation to the change in user traffic requirement can
be conducted very simply. Finally, the adaptation to the failure of physical network
facilities can also be conducted easily by rerouting the the group of VPs affected by
the failure to other paths.

There are many research works on the topic of ATM network reconfiguration based
on the use of flexibility mentioned above. When there are traffic load variations, physical
facility failures, and traffic forecasting errors occur in a network, the network is recon-
figured by changing VP bandwidth as well as VP routing to maintain the QoS of traffic
at an acceptable level. This kind of research works can be found in the literature, e.g.,
[13]{36][37][90]{91]-

4.1.3 ATM Network Design

As mentioned above, cells generated from sources (call) are multiplexed and transmit-
ted via a VP assigned between each node-pair. Consequently, the bandwidth of VP will
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then be depended upon the number of VCs in the VP as well as traffic characteristics of
each VC and its QoS requirement. Once the VP bandwidth is determined, it is necessary
to accommodate the VP into physical facilities (links).

As a consequence, we have the following three design problems in ATM networks
[41]{48][98][108].

1. Call Level Design Problem

In this problerm, the dimensioning of the number of VCs multiplexed in each VP is
couducted by considering the traffic demand, traffic characteristics in the call level
and the QoS requirement of calls, e.g., call blocking probability.

2. Cell Level Design Problem

The dimensioning of VP bandwidth is performed in this problem by taking into
account the traffic characteristics in the cell level, QoS of cells, as well as the number
of VCs multiplexed in the VP obtained in the call level design problem. There are
many QoS requirements in the cell level, e.g., cell loss probability, cell delay time,
cell delay jitter, etc.

3. Virtual Path Routing Problem

This problem is also known as VP accommodation probiem [108]. The objective
of the virtual path routing problem is to solve for an optimal route (a sequence of
physical links) for a VP by considering physical link cost function. Therefore, the
optimal route is the route which results in the minimization of the total network
cost when the VP is accommodated into the route.

For the traffic characteristics of calls, we have that the call arrival process and the
probabilistic distribution of call duration (holding) time are necessary considered in the
call level design problem. Actually, the call level design in ATM networks is similar to
the circuit dimensioning in circuit-switched networks [31])[47][75], since the two design
problems can be formulated and solved almost in the same way.

In the cell level design, there is a very important item in this design problem. It is
the cell arrival process, which indicates the degree of burstiness of cell arrival. As a VP
in ATM network can be regarded as a queueing system, the cell level design is, therefore,
equivalent to the analysis of the queue where cell arrival process is considered as the input
to the system. The stochastic cell arrival process can be also referred to as traffic source
model. In the literature, there are several traffic source models proposed for actual ATM
traffic sources. For example,

e ON-OFF model for voice source [38][54][68]|[71], as well as for general traffic source
[6](26][41][44][108],

e Interrupted Poisson Process (IPP) model [56] for single video (moving picture)
source [4],

e Markov Modulated Poisson Process (MMPP) for video source [54][85],

e Auto Regressive (AR) model for video source using an interframe coding scheme
[48](62].
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As mentioned above, the objective of the virtual path routing problem (VPR problem)
is to minimize the network cost by selecting an optimal route to accommodate each
VP io physical network. Since this network design problem 1is directly concerned with
physical link cost function, this research project then focuses on the VPR problem in ATM
networks, by including the effect of existing network in the design of a new network. We
study the VPR problem in this chapter by applying link cost functions that are capable
to express the diffcrence between the cost of existing and newly installed facility.

4.2 Network Model

In the first part of this section, we discuss the model of ATM network considered
in our study. After that in the second part, we introduce link cost functions with the
consideration of cost difference between existing facility and newly installed facility for
both the cases of short-term and long-term design.

4.2.1 Model Description

The symbols used in this chapter are summarized as follows.

L set of virtual paths {VPs) in the network
P set, of physical links

Vi bandwidth of VP 1

Y; capacity of physical link j

Yo, existing value of capacity of physical link 7
D total network cost

D; cost of physical link j

Qi VP accommodation parameter of VP ¢ and physical link j, defined by
1, when VP 7 is accommodated in physical link 7,
C}.’ij = (4.1)
0, otherwise.

As a set of input parameters to the VPR problem, we assume that all of the VP
bandwidths are obtained from the results of the network design in the level of call and
cell. We also have the following condition for all VPs in the set L.

Vi >0, (4.2)

This means that each VP bandwidth takes only positive value. Clearly, negative and zero
value of V; have no significant meaning, and we can exclude this kind of VPs from the
VPR problem.
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Note that the number of VPs considered in the VPR problem can be an arbitrary
positive integer. For a special case that there exists a single VP dedicated for each node-
pair, we have
N(N —1)

2 b
where |L| is the number of members of set L, i.e., the number of VPs in the ATM network,
and NN is the number of ATM nodes in the network.

In the case that there are p VPs installed between each node-pair where each of the
VP is allocated to each service class (so p is the number of service classes), we then have

N(N -1)
—
The relationship between the bandwidth of VP i, V;, and the capacity of physical link

7. Yj, can be expressed by using the VP accommodation parameter «; as in the following
equation.

|L| = (4.3)

|L| = (4.4)

Y; =3 a;Vi. ‘ (4.5)
L

In other words, the capacity of a physical link is equal to the sum of bandwidth of all
VPs accommodated on the link.

For simplicity, our ATM network model defines the total network cost as the sum of
all physical link costs. Then we have

D=YD;. (4.6)
P
4.2.2 Link Cost Function

For each physical link, link cost D; is a function of link capacity Y; as
Dj = g(}fj), (4.7)

where g(.) is an arbitrary mathematical function, which can be a simplest case of linear
function or a more realistic case of non-linear function.

Since the main objective of this research project is to study the communication network
design problem under the effect of the consideration of existing network facilities, we
then define a link cost function that is capable to deal with the existing link capamty
Consequently, Eq.(4.7) is rewritten as in the following equation.

Dj = g()’}, YOj)- (48)

Eq.(4.8) shows that the physical link cost function consists of two parts of link cost.
They are the cost of using existing capacity and the cost concerned with the installation
of new capacity.

Next, we apply the idea of cost difference between the existing capacity and the newly
installed capacity [81][93] to the cost function in Eq.(4.8), as we have done in the preceding
chapter. We also assume that the link cost of the two parts are both linear with respect
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to link capacity. As a consequence, we obtain the physical link cost function as in the
following equation.

dO]},_'; ,Y; S ij:
Dj = (4.9)
diyY; — (dij = doj}Yo; Y5 > Yoy,
where dy; and dy; are the per-unit cost of existing capacity and newly installed capacity

of physical link j, respectively. Generally, the value of dy; and d,; are both non-negative.
That is

0, (4.10)
0. (4.11)

d.oj
d;

AN

In this chapter, we study the VPR problem in ATM networks for two cases, namely
the case of short-term network design and long-term network design.

Firstly, in the case of short-term network design, we can have that the cost function
is a piecewise linear convex function [81]{93], i.e.,

dgj < dlj, (412)
dy; = 0, (4.13)
dlj > 0. (4.14)

The reason is straightforward that the existing capacity is promptly to be used in the
construction of a new network, and it cannot be changed easily in a short period of time.
Therefore, the per-unit cost of existing capacity can be regarded to be less than that of
the new capacity. The above dy; and d,; results in a link cost function as shown in Figure
4.5.

do;

V. S

Y,
Figure 4.5: A link cost function for the case of short-term design.
On the other hand, we have an opposite case for the long-term network design. As

mentioned many times in previous chapters, it is appropriate to apply a concave function
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in the case of long-term design. Hence, we focus on the following range of dy; and dy;.

do; > dij; (4.15)

The above range of dy; and dy; results in a piecewise linear concave function as shown
in Figure 4.6.

b

Yo,

Figure 4.6: A link cost function for the case of long-term design.

It is important to note that the case of do; = d;; is excluded from the range of dy; and
dy; given above, in both the cases of short-term and long-term design. The reason is that
this case gives a simple case of linear link cost function to the VPR problem. However,
we will examine the case of linear cost function as a special case in the analysis given
later in this chapter, since it can lead us to an important property of the VPR problem,
despite of its simplicity.

Furthermore, the case d; = 0 is also excluded due to its triviality. This is because the
capacity of all physical links can be simply set to infinity, while the total network cost is
maintained to be finite.

The convex link cost function in Figure 4.5 as well as the concave link cost function
in Figure 4.6 will be applied to the VPR problem in ATM networks, where the problem
can be formulated as an optimization problem in the next section.

4.3 Virtual Path Routing Problem (VPR Problem)

For the work in this chapter, we study the virtual path routing in ATM networks in
the case that new user traffic requirement is applied to an existing network. It should
be noted that the new set of traffic requirement resulis in the change of VP bandwidths
between node-pairs. As a consequence, the routing pattern of VPs must be adjusted to
cope with the change of VP bandwidths such that the total network cost is minimized.

“Thus, we formulate the VPR problem as follows. '
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VPR Problem

Minimize: D=>"D;
P
Design variables: {ou;}
Subject to: o; €{0,1}, VieLandVjeP

}‘3 = ZO!,'J'V;, V_‘] eP
L

In the above VPR problem, {V;} is the set of VP bandwidths resulted from the new
user traffic requirement applied to an existing ATM network where the existing physical
link capacity is {¥5;}. The VP accommodation parameter {cy;} is determined such that
the total network cost D is minimized. Based on the network model deseribed in the
previous section, the network cost is defined as the sum of all link costs where each link
cost D; is given in Eq.(4.9).

The conditions of design constraint in the VPR problem are the value of a,; and the
relationship between VP bandwidths and physical link capacity. It is obvious from the
definition in Eq.(4.1) that the value of o;; can have only two possibilities, that is either O
or 1.

The set {a;} forms the set of VP routing pattern, where we need to determine the
optimal routing pattern in the way that it gives a network with minimal cost.

It is very important to note that, although we have two types of link cost function
(convex function and concave function), the VPR problem can be formulated in a same
way for each type of cost function. Furthermore, it will be shown later in this chapter
that heuristic design algorithm for the VPR problem is common and apphcable to solve
the two types of cost function.

4.4 VPR Problem Analysis

In this section, we analyze the VPR problem formulated in the preceding chapter.
Firstly, we try to find a method to solve the VPR problem such that its global optimal
solution can be obtained. It can be seen later that the method solves the problem in a
complete enumeration manner. Hence, the method is not applicable to practical network
design. '

Based on the above situation, we then analyze the VPR problem to find a new way
to construct a heuristic method for solving the problem. We then investigate the simple
case of the VPR problem where the link cost function is linear. From the analysis, it can
be shown that the VPR problem is a member in the class of shortest path problems.

4.4.1 Global Optimal Solution
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Figure 4.7: A 5-node 6-link ATM network.

Let’s consider an ATM network with 5§ nodes and 6 physical links as shown in Figure
4.7.

Assume that there are a VP installed exclusively for each node-pair in the network.
Therefore, the overall number of VPs is equal to 5(5 — 1)/2 = 10. They are the VPs
connecting between A-B, A-C, A-D, A-E, B-C, B-D, B-E, C-D, C-E, and D-E.

Let’s focus on the VP for the node-pair A-B. From Figure 4.7, we can derive that there
‘are three possibilities to accommodate or route this VP in the physical network. Using
the sequence of physical links, we have that the three possible routes are {1}, {2, 3, 4},
and {2,3,5,6}. By the same idea, there are also three possible routes for the VP of D-E
node-pair, i.e, {5}, {4,6}, and {3,2,1,6}.

Consequently, we can determine all possible routes for accommodating each VP to the
physical network. Assume that the number of possible routes for VP 7 is equal to r;, the
total number of routing patterns in the network, R, is then equal to

L

Obviously, examining all of the possible routes leads to the global optimal solution to the
VPR problem.
From the above analysis, we can-construct an algorithm, ALGORITHM VPR.CE,

based on the complete enumeration (CE) as follows.

ALGORITHM VPR_CE

Step 1. Let network the cost D = oc.

Step 2. For Vi € L, seleci a route for VP ¢ from its »; possible routes.
Step 3. Determine {a;;} from the routing pattern of all VPs.

Step 4. Calculate the capacity of physical link 3, V7 € P, by

Y =2 oyVi
I

Step 5. Calculate physical link cost D;, Vj € P, and also the total network cost
: D'=>%" D, ' ~
P
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Step 6. If D' < D, then set D = D' and keep {a;;} as the design solution.

Step 7. If all possible routing patterns are completely examined, STOP and the final
solution of the VPR problem is {y;}.

Step 8. Select another routing pattern (e.g., by selecting another possible route of
each VP) which has not been examined yet, and go to Step 3.

From the selected route of a VP, the parameter o;; can be determined as in the
following example. Assume that the VP for node-pair A-B is VP 1 (i.e., ¢ = 1), and the
route for this VP is chosen to be {2, 3,4}. We then have

o = G,
a1z = 1,
Qi3 = 1:
oy = 1,
o5 = 0,
Qg = 0.

The above ALGORITHM VPR _CE can give global optimal solution to the VPR prob-
lem with piecewise linear cost functions in our study. However, it is clear that the al-
gorithm is very time-consuming according to its characteristic of complete enumeration
where we have to examine all of the possible VP routing patterns. Thus, a more efficient
design algorithm is needed.

4.4.2 VPR Problem with Linear Cost Function

Now, let’s consider a simple case of the VPR problem. It is the case of linear physical

link cost function. That is
D; = d,Y;, (4.19)

where d; is the per-unit capacity cost of physical link j. In general cases, we have
dj > Q.
By this type of link cost function, we have

D = Y Dj



Thus, minimizing D is equal to
min D = min (2 Vi. (): dja,-,-)) : (4.20)
L P
= ZV;_ min (Z dja,;j) . (4.21)
L P

Let’s consider a general shortest path problem for a network graph. We assume that
F' is the minimized objective function of the problem, and z; is the flow allocated on link
f of the graph. To solve the shortest path problem, we firstly assign a number denoted
the link length I, to each link j in a network graph, where {; is defined by

| _OF

=5 (4.22)

As a result, the shortest path between a node-pair is the path that is connecting the
two nodes and the sum of link lengths along the path is minimum [2][7].

From the above property of shortest path problem, we can see that Eq.(4.21) implies
that, in the case of linear link cost function, the optimal result can be obtained by routing
each VP to a sequence of physical links that forms a shortest path between the two nodes
connecting by the VP, where the link length in this case of VPR. problem is

By matching the VPR problem and the general shortest path problem mentioned
above, it yields

F = D, (4.24)
Zj = }/j. (4.25)

Therefore, from Eq.{4.22), we have
oOF

8—257
aD

a—}fj’
dD;

d_}/;"
= d,.

L =

Obviously, the last equation is the same as Eq.(4.23).

From the above analysis, we can conclude that the VPR problem is a member in the
class of shortest path problems and can be solved by using any shortest path algorithm
when link length [; associated with each physical link j is determined by

_ 20 (4.26)

l'?_d_Y; )
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4.5 Algorithm for the VPR Problem

Based on the analysis of the VPR problem in the previous section, the problem can be
solved similarly to a shortest path problemn. Hence, we can propose the following heuristic
algorithm based on shortest path (SP) algorithm. The proposed algorithm is referred to
as ALGORITHM VPR_SP.

ALGORITHM VPR_SP

Step 1. Initialize the algorithm by feasible link length {{;} and let D = co.
Step 2. Use a shortest path algorithm to determine the route of each VP.

Step 3. Determine {oy;} from the routing pattern of all VPs. |

Step 4. Calculate the capacity of physical link 7, Vj € P, by

Yy = oyVi
L

Step 5. Calculate physical link cost D;, ¥j € P, and also the total network cost
P

Step 6. If the network cost is not improved, i.e., D' > D, then STOP with {a;,} as
the final design solution.

Otherwise set D = D' and keep {ay;} as the design solution.
Step 7. Compute {{;} by Eq.(4.26).
Go to Step 2.

The shortest path algorithm used in the above ALGORITHM VPR _SP can be any
algorithm proposed in the literature, e.g., the shortest path algorithm by Dijkstra, by
Dantzig, by Floyd, etc. [2][89].

To determine the value of link length /; at Step 7. in the proposed algorithm, we have

that
_ aD;
= _dY,- .

For the physical link cost functions D; in our study (those shown in Figure 4.5 and
4.6}, we obtain

L

o, when Y; < Yy,
I = { v P (4.27)

dij, when Y; > Yy;.

However, it is clear that the link cost functions in our study are not differentiable with
respect to physical link capacity ¥; at the point ¥; = Yp;. To find the link length in this
case, we examine Eq.(4.27) again. It is found that
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e in the case of short-term design, i.e., dy; < dy;,

do; <l; < dy;, whenY; =Yy (4.28)

e in the case of long-term design, i.e., do; > dy;,

di; <l <dy, whenY; =Y. (4.29)

In other words, the link length {;, although the exact value is not known, falls in the
range between dy; and d,;. Thus, we can have

ljlyj-_—ybj = (1 — 9)-d0j —+ g.d]_j, (430)

where 0 < 8 < 1.
Note that the value of 8 can be fixed, varied, or even randomly set. In our algorithm,
we consider a general case to choose the value randomly over the range [0, 1].

4.6 Numerical Results and Discussions

This section gives some numerical results on the performance of the proposed algo-
rithm, ALGORITHM VPR_SP, in the view of its optimality and computation amount,
and some experimental resuits on the effect of existing network to the virtual path routing
in ATM networks.

4.6.1 Performance of the Proposed Algorithm

Firstly, we examine the optimality of ALGORITHM VPR_SP by comparing its results
with global optimal solutions. Note that the global optimal solutions can be obtained by
using ALGORITHM VPR_CE given in previous section. However, the ALGORITHM
VPR_CE can be used only in the case of small-sized networks according to the fact that
it runs in a complete enumeration manner.

In the numerical results given below, we consider ATM networks with the following
characteristics.

1. The number of nodes in the network, N, is equal to 3, 4, 5, 6, 7, 8, and 9.

2. The physical network topology is randomly selected, where the probability of having
a physical link between each node-pair is equal to 0.5. The topology of the physical
network must be connected [2][53], i.e., for any node-pair in the network, there must
be at least one path connecting the two nodes.

3. There is one VP installed for each node-pair. Consequently, the total number of
VPs in the network is
N(N -1)
|L| = 2 M
This also results in a fully connected logical network topology. The value of each
VP bandwidth, V;, is randomly set in the range (0, 20] Mbps following the uniform
distribution. ,
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4. The existing capacity of each physical link, Yy;, is uniformly randomized over the
range (0, 40] Mbps.

5. The physical link cost function in designing a new network is piecewise linear with

do; < dy;, convex function for the case of short-term design,

or
dp; > dyj, concave function for the case of long-term design,

where dy,; and dy; are both chosen between (0, 2] randomly.

For ALGORITHM VPR _SP, we consider the following two methods for the initializa-
tion of link length {; at Step 1 of the algorithm.

method A [, is set equally to be 1 for every physical link. This means the shortest
path between a node-pair is equivalent to the path with minimal hop-
count.

method B l; is set randomly between dy; and d,;.

To obtain a good solution for a VPR problem, we apply the proposed algorithm in
the following five cases.

e case 1: method A

e case 2: method A and 10 times of method B
e case 3: method A and 20 times of method B
e case 4: method A and 50 times of method B
e case 5: method A and 100 times of method B

In the above cases, when there are many solutions obtained for a specific problem,
we select the best solution, that is the solution with the smallest total network cost, as a
final solution.

The relationships between the number of VPs in the network (|L|) and the percentage
that each of the above five cases yields global optimal solution when applying one hundred
random VP bandwidth patterns to the network are shown in Table 4.1 and 4.2 for the
case of convex and concave cost function, respectively.

We next examine the difference between the solution obtained from each case and the
global optimum. Table 4.3 and 4.4 show the average value of the ratio between the result
obtained from the proposed algorithm and the global optimum.

From Table 4.1—4.4, we can see that the proposed algorithm has a lower percentage
of yielding global optimum when the number of VPs in the network increases. However,
the solution by the proposed algorithm is very close to the global optimnum as can be seen
from the average ratio between the solution and the global optimum. Thus, it is possible
to conclude that the proposed algorithm, ALGORITHM VPR_SP, efficiently solves the
VPR problem. ' ~
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Table 4.1: Percentage of yielding global optimum of ALGORITHM VPR_SP: convex cost
function.

|L| | case 1 | case 2 | case 3 | case 4 | case 5
3 100 100 100 100 100
6 97 99 100 100 100
10 85 97 98 98 98
15 66 83 87 90 96
21 42 61 74 82 88
28 30 45 49 56 62
36 10 20 27 32 43

Table 4.2: Percentage of yielding global optimum of ALGORITHM VPR_SP: concave
cost function. -

|L| | case 1 | case 2 | case 3 | cage 4 | case 5
3 96 100 100 100 100
6 87 100 100 100 100
10 73 97 100 100 100
15 58 94 97 99 100
21 32 90 94 97 97
28 15 74 81 90 97
36 14 64 76 89 95

Table 4.3: Average ratio of solution by ALGORITHM VPR_SP and global optimuimn:
convex cost function.

IL| | casel | case2 | case3 | case4 | caseb
3 | 1.00000 | 1.00000 | 1.00000 | 1.00000 | 1.00000
6 | 1.00263 | 1.00038 | 1.00000 | 1.00000 § 1.00000
10 | 1.01143 | 1.00005 | 1.00000 | 1.0000G | 1.00000
15 | 1.02214 | 1.00631 | 1.00344 | 1.00309 | 1.00084
21 | 1.03710 | 1.01043 | 1.00568 | 1.00295 | 1.00129
28 | 1.04976 | 1.01572  1.01137 | 1.00805 @ 1.00464
36 | 1.05748 | 1.02460 | 1.01902 | 1.01339 | 1.01026
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Table 4.4: Average ratio of solution by ALGORITHM VPR_SP and global optimum:
concave cost function.

|L| | casel | case2 | case3 | cased | case
3 | 1.00270 | 1.00000 | 1.00000 | 1.00000 | 1.06000
6 | 1.01588 | 1.00000 | 1.00000 { 1.00000 | 1.00000
10 | 1.03792 | 1.00063 | 1.00000 | 1.00000 | 1.00000
15 | 1.05143 | 1.00132 | 1.00050 | 1.00015 | 1.00000
21 | 1.07451 | 1.00284 | 1.00231 | 1.00112 | 1.00054
28 | 1.08498 | 1.00897 | 1.00372 | 1.00110 | 1.00050
36 | 1.09165 { 1.01171 { 1.00593 | 1.00172 | 1.00095

Next, we investigate the computation amount of the proposed algorithm by showing
its computation time using actual computation results. Again, a network with fully
connected logical topology is considered, and one hundred random VP bandwidth patterns
are applied to the network. This time, the number of nodes in the network takes the values
of 10, 20, 30, ..., 80, 90, and 100.

The relationships between the number of VPs in the network (|L]) and average, max-
imum, and variance of éomputation time are shown in Table 4.5 and 4.6 for the case
of convex and concave cost function, respectively. The value of computation time indi-
cates one running time of the proposed algorithm in second. Again, the machine used in
the experiment is a personal computer with CPU Pentium III 450 MHz and RAM 256
MBytes.

Table 4.5: Computation time of ALGORITHM VPR_SP: convex cost function.

|L| average | maximum | variance

45 0.002 0.003 0.00000004
190 0.016 0.020 0.00000185
435 0.054 0.066 0.00002203
780 0.118 0.159 0.00008462
1225 0.221 0.273 0.00015363
1770 0.364 0.417 0.00011367
2415 0.568 0.616 0.00015035
3160 0.833 0.894 0.00013897
4005 1.177 1.238 0.00011064
4950 1.608 1.688 0.00031559

Results in Table 4.5 and 4.6 are also depicted in Figures 4.8—4.11.

Figure 4.8 and 4.10 show that the average and maximum computation time of the
proposed algarithm, ALGORITHM VPR_SP, are approximately linear with respect to
the number of VPs in the network. By linear regression, the values of linear correlation
coefficients are '
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Table 4.6: Computation time of ALGORITHM VPR_SP: concave cost function.

|L} average | maximum | variance
45 0.002 0.003 0.006G00004
190 0.016 0.020 0.0006G0186
435 0.054 0.067 0.00002048
780 0.118 0.159 0.60008415
1225 0.221 0.274 0.06016059
1770 0.364 0.415 0.00011095
2415 0.568 0.615 0.00014500
3160 0.833 0.894 0.00012900
4005 1.178 1.239 0.00011115
4950 1.608 1.689 0.00031068

computation time (sec.)

2

|Z]

1] 1000 2000 3000 4000 5000

Figure 4.8: Average and maximum computation time of ALGORITHM VPR_SP: convex
cost function.
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Figure 4.9: Variance of computation time of ALGORITHM VPR_SP: convex cost func-
tion.
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Figure 4.10: Average and maximum computation time of ALGORITHM VPR_SP: con-
cave cost function.
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Figure 4.11: Variance of computation time of ALGORITHM VPR._SP: concave cost func-
tion. _ -

b

e the case of convex cost function: 0.9911706 and 0.9884848, respectively,

e the case of concave cost function: 0.9911623 and 0.9886147, respectively.

Figure 4.9 and 4.11 show that the variance of computation time of the proposed
algorithm is very small. Hence, we can conclude that ALGORITHM VPRSP is very
practical for applying to the VPR problem of a large-scale ATM network.

4.6.2 Effect of Existing Network to Network Design

Some numerical results will be given in this subsection to show that how the existing
network facilities affect the solution of the VPR, problem in the case of convex and concave
link cost function. We consider a simple 4-node 4-link ATM network as shown in Figure
4.12.

Figure 4.12: A 4-node 4-link ATM network.
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We use the following network parameters.
e Yy; =4 Mbps for j =1, 2, 3, and 4.

e There is one VP dedicated for every node-pair. This makes the number of VPs be 6.
All VP bandwidths are 2 Mbps, except the only one between node-pair A-B, which
is varied and denoted by V.

For the network in Figure 4.12, we can show that VP assigned for a node-pair will be
routed via a direct physical link if there is a direct physical link connecting the node-pair.
Clearly, there are four node-pairs with direct physical link in this network. Accordingly,
we have the optimal route of the four VPs as follows.

node-pair A-B: {1}
node-pair B-C: {2}
node-pair C-D: {3}
node-pair A-D: {4}

For the other two VPs of node-pair A-C and B-D, each of them has 2 possible routes
as follows. ‘

e node-pair A-C: {1, 2} or {4, 3}
s node-pair B-D: {1, 4} or {2, 3}

Consequently, the optimal solutions of the VPR problem for this network must belong
to the four routing patterns, W, X, Y, and Z in Table 4.7.

Table 4.7: VP routing patterns.

node-pair W X Y Z
A-B {1y | {1} | {1} | {1}
A-C {1, 2} | {1, 2} | {4,3} | {4, 3}
A-D {44 | {4} | {4 | {9
B-C {2} | {2} | {2} | {2}
B-D {1, 4} | {2, 3} | {1, 4} {2, 3}
C-D {3t | {3t @ {3} | {3}

By applying each of the above VP routing patterns to the network in Figure 4.12, we
can calculate the capacity of each physical link in the network. The results are summarized
in Table 4.8. It can be seen that, although each routing pattern produces different link
capacity in each physical link, the total physical link capacity in the network, ie., >_Yj,

P

is surprisingly the same. That is,

Y =V, +14.
P

In the next step, we examine the VPR problem for both the cases of convex and concave
link cost function.
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Table 4.8: Physical link capacity by each VP routing pattern.

physical link W X Y Z
1 Vi+d | V+2 | V+2 Ve
2 4 6 2 4
3 2 4 4 6
4 4 2 6 4

The Case of Convex Cost Function

In this case, we set do; = 0.5 and d,; = 1.0 for all physical links to satisfy the condition

of convex cost function,
dgj < dl_.’;.

After applying ALGORITHM VPR_SP, we obtain the following results.

e When V; < 2 Mbps, the optimal routing pattern is W. From this result, we have
that the capacity of physical links are { V; + 4, 4, 2, 4 } (in the sequence of physical
link 1, 2, 3, 4). :

e When V, = 2 Mbps, all possible routing patterns, W, X, Y, and Z, can be an optimal
pattern since all of them give the same network cost.

e When V, > 2 Mbps, the optimal routing pattern is Z, where the capacity of physical
links are { V, 4, 6,4 }.

From the above results, it is clear that the convex cost function affects the selection
of optimal VP routing in the way that the network tries to utilize existing physical link
capacity in a full range before implementing new parts of capacity. In other words, we
always have at least two physical links with final capacity equal to their existing capacity,
i.e., 4 Mbps. Consequently, the optimum must be either the routing pattern W or Z.
On the other hand, the routing pattern X and Y cannot be an optimal result, except
in the case V; = 2 Mbps where all four patterns give the same result. The reason is
straightforward that the two patterns X and Y do not use existing capacity effectively
(there is at least one link that the capacity is 2 Mbps) while new portion of capacity is
added to one link in the network (there is a link with capacity of 6 Mbps).

The above results strangly support the characteristics of existing network that the
network facilities already installed in the network are promptly to be used and cannot be
changed easily in a short period of time. Accordingly, utilizing existing network in a full
range before augmenting new network facilities is a very important concept in the case of
short-term network design.

The Case of Concave Cost Function
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In this case, we set dp; = 1.0 and dy; = 0.5 for all physical links to satisfy the following
condition for concave cost function.

d()j > dlj-
By ALGORITHM VPR_SP, we obtain the results of VP routing in this case as follows.
e When V; < 2 Mbps, the optimal routing pattern can be X, Y, or Z.

e When V,; = 2 Mbps, all possible routing patterns, W, X, Y, and Z, can be an optimal
pattern.

e When V, > 2 Mbps, the optimal routing pattern can be W, X, or Y.

It can be seen from the results in this case that optimal solution needs not be fixed
to any routing pattern, but there can be multiple alternatives each of which gives the
same result, i.e., the same total network cost. Furthermore, unlike the case of convex
cost function, the restriction of utilizing existing network effectively before installing new
facilities does not affect the VP routing in this case. It can be considered that the main
reason comes from the fact that economy of scale is present in the link capacity in this
case of long-term network design. Consequently, new network facilities can be added to
the network in the places that there are needs, while some parts of the existing facilities
are left unused. This means that the VP routing in the case of long-term design can be
conducted more freely than that in the case of short-term design.

4.7 Summary

We have studied in this chapter the virtual path routing problem (VPR problem)
in ATM networks taking into consideration an existing netwotk, where we examine the
cases of both short-term and long-term design. Piecewise linear cost functions are used
to represent the cost difference between existing and new network facilities. We use a
piecewise linear convex cost function in the case of short-term design, while a piecewise
linear concave function is used in the case of long-term design.

After the VPR problem is formulated as a non-linear programming problem, it is
analyzed to obtain some important characteristics. By focusing on the special case of
linear link cost function, we can show that the VPR problem is a member in the class of
shortest path problems. As a result, we, therefore, propose a heuristic design algorithm,
ALGORITHM VPR._SP, based on shortest path algorithm. ,

In the first part of the numerical examples, it is shown that the proposed algorithm has
good performance in solving the VPR problem, both from its optimality and computation
amount. The impact of existing network to the VPR problem is investigated in the second
part of the numerical results. It can be shown that, in the case of short-term design, the
concept of using existing network facilities effectively before installing new facilities is very
important. On the other hand, the above concept does not affect the results of the VPR
problem in the case of long-term design according to the economy of scale in the network
facilities, and new facilities can be installed if needed while some existing facilities can be
left unused.
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Chapter 5

Conclusions

This is the last chapter of this research report. It gives firstly the summary of resuits
obtained from the study in this project. After that, some important topics for further
study are given.

5.1 Summary of Results

The study in this research project is concerned with communication network design
with the consideration of existing network facilities. We study two major network design
problems in this project. They are

o the link capacity assignment problem (CA problem) in packet-switched networks,
e the virtual path routing problem (VPR problem) in ATM networks.

We focus on the case of long-term design for the CA problem, and the cases of both
short-term and long-term design for the VPR problem. In our study, we use piecewise
linear cost functions to represent the cost difference between existing network facilities
and newly installed facilities. In the case of short-term network design, the cost function
is piecewise linear convex where the per-unit cost of existing network facilities is smaller
than that of new facilities. On the other hand, a piecewise linear concave cost function
is used in the case of long-term design for dealing with the economy of scale present in
communication network facilities.

After the CA problem and the VPR problem are formulated as mathematical program-
ming problems, they are analyzed to find some important characteristics and properties
of the problems.

From the study in this research project, we obtain the following results.

1. The CA problem: It has been proven that there is no link in the network whose
capacity is equal to the existing capacity. Based on this characteristic, the non-
differentiable link cost function can be treated as a differentiable function, and
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conventional method such as the well-known Lagrange multiplier method can be
applied to solve the CA problem. This results in a heuristic algorithm referred to
as ALGORITHM CA_LM in Chapter 3 of this report.

2. The VPR problem: It has been shown that the problem is a member in the class
of shortest path problems. With this property, we can propose a heuristic design
algorithm, ALGORITHM VPR.SP, based on conventional shortest path algorithms
in Chapter 4 of this report.

3. Numerical results show that the above two proposed heuristic algorithms have very
good performance in solving the network design problems. Moreover, their compu-
tation amount is very small, which means that they are applicable to solve practical
design problems of large-scale network.

4. The effect of existing network to the design of a new network has been investigated
by numerical examples. It can be shown that the concept of using existing network
facilities before augmenting new facilities is very important in the case of short-
term network design. This reflects the characteristics of existing network facilities
in short-term design, that is that the existing facilities are ready to be used in the
construction of new network, and they cannot be changed easily in a short period
of time.

In the case of long-term design, it has been shown that the above concept of using
existing network facilities can be neglected. In this case, new part of network fa-
cilities can be introduced and installed to the existing network if they are required,
while some existing facilities can be left unused. This result reflects the property
of economy of scale in communication network facilities for the case of long-term
design.

From the results listed above, we can conclude that the objectives of this research
project to study the effect of existing network facilities in communication netwaork design
has been fulfilied.

5.2 Topics for Further Work

The following research topics can be considered as the study in further work.

1. It is interesting to investigate whether the design concepts and the proposed algo-
rithms in this project are applicable or not to the control and operation of practical
communication networks, especially in the case of VP routing in ATM networks.
Although there are many research works in the literature on the study of dynamic
VP routing and assignment in ATM networks [5]{24]{23]{195], almost of these works
do not take into account the effect of existing network to the setting of new net-
work, namely the relationship between existing and new VP routing and assignment.
Thus, including the consideration of existing network parameter setting in the phase
of network control can lead to the increasing of the network performance.
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2. It is also interesting to examine the capability of the concepts used in this study to
the design of other kinds of communication networks in the real world, e.g., local area
networks, optical networks, wireless communication networks, etc. If the concepts
can be applied to the design of these networks, it is very important to verify whether
similar results are obtained or not. Since there is nothing guaranteeing that the same
kind of results will be obtained when networks have different characteristics. This,
therefore, becomes a very challenging problem.

3. It is worth trying to improve the quality of solutions for the CA and VPR prob-
lems. According to the heuristic nature of the proposed algorithms, they have high
chance to get stuck to local optimum of the design problems [79]. For the methods
to escape from local optimum, there is a class of methods in the literature known
as metaheuristics proposed to solve a broad range of optimization and design prob-
lems. Sorne of the well-known and frequently used techniques are ant colony system
[18][19][20], genetic algorithm [28](35], memetic algorithm [43][67], simulated an-
nealing [1][51], and tabu search [32][33][34]. These methods are also applied to the
solving of communication network design problems [11][16}[22][97].

As related works to the study in this project, we also apply genetic algorithm and
memetic algorithm to solve the CA problem [83|[84]. It is shown in [83] that AL-
GORITHM CA _LM proposed in this research project has high chance to yield local
optimum, especially in the case of large networks. However, this does not mean
that ALGORITHM CA_LM has no use. Actually, to obtain good quality of so-
lution for the CA problem, ALGORITHM CA_LM can be used as an operator to
generate good initial population for genetic algorithm [83], as well as be used as a
local search operator in memetic algorithm [84].

Thus, the application of metaheuristics to network desien problems and the hy-
brid version of the proposed algorithm in this project with other metaheristics are
interesting topics for further study.
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Link Capacity Assignment in Packet-Switched Networks:
The Case of Piecewise Linear Co_ncave Cost Function

Suwan RUNGGERATIGUL!, Member and Sawasd TANTARATANA!, Nonmember

SUMMARY In this paper, we study the link capacity as-
signment problem in packet-switched networks (CA problem) fo-
cusing on the case where link cost function is a piecewise linear
concave function. This type of cost function arises in many com-
mupication network design problems such aa those arising from
developments in communication transmission technologies. It is
slready known that the method of link set assignment is applica-
ble for solving the CA problem with piecewise linear convex cost
function. That is, each link in Lhe network is assigned to one of &
group of specific sets, and checkad for link set contradiction. By
extending the method of link set assignment to the case of piece-
wise linear concave cost function, an important characteristic of
the optimal solution of the CA problem is derived. Based con
this characteristic, the non-differentiable link cost function can
be treated as a differentiable function, and a heuristic algorithm
derived from the Lagrange multiplier method is then proposed.
Although it is difficult to determine the global optimum of the
CA problem due to its non-convexity, it is shown by numericsl
resuits that the solution obtained fiom the proposed slgorithm
is very close to the global optimum. Moreover, the computation
time is linearly dependent on the number of links in the problem.
These performances show that the proposed algorithin is very ef-

ficient in solving the CA problem, even in the case uf "'rqa-scale

networks.

key words: communication networks and services, packet-
swrtched networks, network design, link capacily assignment,
non-linear programming, algorithm

1. Introduction

Link capacity assignment problem in packet-switched
networks (CA problem) has been studied widely since
the early days of ARPANET"s appearance [1], [2]. This
problem is concerned with means to determine capac-
ity of links that minimize network cost, subject to some
constraints, such as the upper limit of average packst
delay. The CA problem can be solved when network
information, including network topology, routing pat-
tern, etc., is given. The problemn has been studied for
many kinds of network model, e.g., network with single
class or multi-class packets, network with several kinds
of design parameter: packet delay or packet loss rate or
both of them, network with continuous or discrete link
capacity madel, etc.

Many types of link cost function have been con-
sidered in the CA problem. For example, some funda-
mental mathematical functions including linear, expo-
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nential, logarithmic, are examined to see the behavior
of link capacity assigninent due to the effect of these
cost functions [2]. A piecewise linear convex cost func-
tion has also been considered as a link cost model in
the case that the CA problem is solved with the con-

-sideration of existing network, where the per-unit cost

of using existing capacity is less than that of installing
new capacity [3).

In general cases of commumcatlon network design,
it is proper to consider link cost function as & concave

. function [2], [4]. This is because the economy of scale
-is often present in communication resources. For ex-

ample, we can obtain a cost function from the enve-
lope of several cost functions due to the development
in communication transmission technologies [5], [6], the
development in switching technologies (7], etc.

In this paper, we study the CA problem in packet-
switched networks where link cost function is piece-
wise linear concave. This is the case when each link.
in the ueiwor iy iilplelieined oy selecting a link type
from several alternatives whose cost function is lin-
ear. Clearly, this type of link cost function is non-
differentiable. To solve problems with this type of
cost function, the method of approximating the non-
differentiable cost function by a differentiable function
has been proposed [8]. Although this method yields a
solution within approximation error, there is no guar-
antee that the solution obtained from this method is
optimum when link cost function is not convex. More-
over, lengthy time is needed to determine the approxi-
mation function.

The main objective of this paper is to clarify the
characteristic of optimal solution of the CA problen:.
By applying the method of link set assignment [3], we
can derive an important characteristic of the optimal
solution. Based on this characteristic, there is no necd
to perform approximation on the non-differentiable link
cost function as in the above method, and the cost. func-
tion can be treated as a differentiable function. As a
result, conventional methods such as Lagrange muilti-
plier method cen be applied to the prablem.

It should be moted that the CA problem taking
into consideration an existing network in the case of
long-term design (thé per-unit cost of installing new
capecity is less than that of using existing capacity) is
a special case of the CA problem studied in this paper.

The rest of this paper is organized as follows. First.

e A e
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a packet-switched network model used in this paper and
the detail of link cost function are discussed in Sect, 2.
The CA problem is then formulated in Szct 3, where
thc concept of link set assignment for solving the CA
problern is given. In Sect. 4, an important characteristic
of the optimal solution of the CA problem is derived.
Based on this characteristic, a heuristic algorithm de-
rived from the Lagrange multiplier method is presented
in Sect.5. Some numerical results are given in Sect. 6,
and conclusions are given in Sect. 7.

2. Network Model

In this section, the model of packet-switched networks
considered in this paper is discussed. Then a piecewise
linear conceve link cost funclion is introduced. .

2.1 Model Description

The packet-switched network model used in this paper
is the same as the one used in the early work of packet-
switched network design [1}-[3]. Packet arrival process
on each link is assumed to be Poisson, and packet length
is assumed to be negative expomentially distributed.
From this assumption, we can model each link as an
M/M/1 system with infinite buffer, and the average
packet delay throughout the network T can be given as
in Eq. {1).

] fi
f—-')‘;ci—fi’ . )

where L is the set of links in the network, f; is the
traffic flow on link 7 (in bits/second), C; is the capacity
of link ¢ {in bits/second}, and - is the overall traffic
in the network (in packets/second). The value of link
cepacity C; is assumed to be continuous, and can be
set as an arbitrary positive value. For simplicity, node
cost {e.g., cost of switching facility, etc.) is not taken
into account in this model. Only link cost is considered,
and the total network cost D is defined as the sum of
all link costs, iLe.,

D= Z Div (2)
L
where D; is the cost of link .
2.2 Link Cost Function

We assume that there are p alternatives of link types
that can be selected to implement each link in the net-
work, where p > 1 and the cost function of each link
type is lindar. Consequently, the cost function of link

type k for link 7 can be given as
Dii=diCi+r, O0<k<p-1, (3

where dg; and rg; are respectively the per-unit cost and
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Fig.2 A piecewise linear concave link cost function.

the start-up cost of link type & for link 1.

Hence, the link cost function is the envelope of cost
functions of all link types, which is a piecewise linear
function of link capacity as

D,-=n‘5cin(dk,-C.-+n,.). U<k<p-1. (b

Since we are going to wvwstigate the CA probloas
with piccewise linear concave cust functivn, we consider
the following case:

dui > dyi, Tui < Fpis (5)

when 0 < u,v S p—landu < v. Without loss of
generality, we can assume that ry, = 0,Vi € L,

A practical example with three alternatives of link
types is given in Fig. 1.

As a whole, the expression of the link cost function
can be given as in Eq. (6), which is depicted in Fig. 2.

( dosC; ' .Ci £ Cyi,s
J dyiCi + 1y y Coi £Ci <Cy,

kS
I

{ d(p-1:Ci + Tpryi ‘C.'EC'(,,_g;.-.
i (6)

¥4
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3. Link Capacity Assignment Problem

In this section, the CA problem for packet-switched
networks is formulated as a non-linear programming
problem, and then the concept of link set assignment
for solving the problein is discussed.

3.1 Problem Formulation

We formulate the CA problem as follows:

CA Problem
Given: {£:}

D= Z Dy
L
Pesign variables: {C;}
1 Ji
T=—- < Tm 1
72T 7, 5o

Ci—-fi>0,

Minimize:

Subject to:

viel

wiiere Tinax i8 the constraint value of T allowed in the
network. '

In the above CA problem, {f;} is the traffic pattern
in the network, and f; > 0,¥i € L. Link capacity
{Ci} is determined so that the total network cost D
is minimized. Design constraints are the upper limit
of packet delay, and the relationship between link flow
and link capacity. Obviously, link capacity must be
greater than link flow so that packet delay will not grow
indefinitely.

4.2 The Method of Link Set Assignment

The CA problem formuilated above is a non-linear pro-
gramming problem. Many conventional methods such
as Lagrange multiplier method are known as efficient
methods for solving non-linear programming problems,
€.g., the CA problem studied in the earlier work {2].

However, since the link cost function D; given in
Eq. (6) is not differentiable with respect to C;, Lagrange
multiplier method cannot be applied to the CA prob-
lem. As 2 method to alleviate this type of network de-
sign problem, the non-differentiable function is approxi-
mated by a differentiable function as shown in Fig. 3 [8].
By using an approximated differentiable link cost func-
tion, Lagrange multiplier method can be applied to the
CA problem. Although, this provides a solution to the
problem within approximation error, there is no guar-
antee that the solution obtained is an optimal solution
when the link cost is not convex. Moreover, lengthy
time is needed for calculating approximation function
of all cost functions.

When the cost function is piecewise linear convex,
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Fig.3  Approximatea of oon-diffcientable functien

a method of link sel assignment has been proposid 1o
solve the CA problemr to obtain an optimal solution
(3]. In this paper, we extend this method su that it
is applicable to the CA problem with piecewise lincar
concave cost function, The concept of the method is as
follows. .

Dy given in Eq. (6) can be cornisidered as a differen-
tiable function, if we assign each link i to be a member
of one of the following 2p — 1 sets:

Ly = {i| Ci < Cyi},
Li={i|C=Cu}
Ly = {iICg,'<C.'f-"< Cn},
Ly = {i| Ci =Cu},

Lop—4 = { i C(p—i!]i <Ci< C(P—Q)f}'
Lap-3 = {i| Ci = Cp-a)ih
Lyp-z = { i | Ci > C-gyi}-

This is because

[ do; » tElLg,
dis . 1€ Ly,
dD; . .
do; ~ : @
dip-2)i » 1€ Lop-g,
\ dip—1)i . 1€ Lypa.

Note that link ¢ that belongs to Laxyy (0 £ &k < p—
2) is excluded from the CA problem since its capacity

C; is set to be a constant value of Cj;.

With the above link set assignment, Lagrange mul-
tiplier method can be applied to the CA problem, and
the solution of {C} can be given as in Eq. (8) [3].
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> Vi
Lg

Ci=fi + - 7 i J‘{E:
_ F
Vie Lg, (8)
vhere

Lg = LoULgU---ULgP,4UL2p_z,
Lo = L1UL3U"'UL2p—5UL‘2p—31
Xj = Chry, when j € Logyr, 0Sk<p-2,

ind d; is equal to % given in Eq. (7}.

The value of C; calculated from Eq. (8) is optimum
‘or the CA problem under the relevant link set assigned
it the beginning. However, the value has to be checked
~hether it contradicts its assigned link set or not, e.g.,
‘or i € Ly, C; that is greater than (), is thought tobe a
wontradiction. If any contradiction occurs, the solution
sbtained will not be feasible and other combinatitns of
ink set have to he examined until a feasible sclution
»ith minimuem network cost is found.

Although the above method gives global optimal
solution of the CA problem, it i8 very time-consuming
since we have to examine all link set combinations.
Thus, a more efficient algorithm is required.

4. Characteristic of the Optimal Solution of
the CA Problem

To find a way to solve the CA problem, we first review
the modified method of link set assignment given in
Ref. [3]. For simplicity, we first discuss the case p = 2,
and then extend the discussion to the case p > 2.

4.1 The Case p=2

\
For this case, we have

Lo = {i]| C; < Cu},
L1={"ICI=CO'S}1
L2={z{C'I>COI}!

and

Y VFid;

LoUlLa J‘Z
fs 4’
Tnax — — 4
)
Vie Lol Lo, (9

where &; = dy; if i € Ly and d; =dy; ifi e L.

Since each link in the network certainly belongs
tc Lg, Iy, or Ly, we can select one of the three sets for
each link and assign the link to that set. Then checking

Ci=fi+
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the contradiction between the assigned link set and the
calculated link capacity will give us a way to decide
that the link can belong to the set that il was assigned
or not. .

In the case of convex cost function (dyi < dy;, Vi €
L), each link is first assigned to Lo and if contradiction
oceurs, it is concluded that the link with contradiction
cannot belong to Ly. In the next step, each link is set
to Lo and if contradiction occurs, we can say that the
link with contradiction cannot belong to Lg. 1n the case
that a link cannot belong to neither Ly nor Lg, it must
beloug to L. By repeatedly examining link for £, until
no more link has to be assigned to it, each link in the
network will belong to a proper set, and link capacity
can be computed by using Eq.(9). It is proven that
the final solution by the method of link set assignment
is a global optimal sojution for the case of convex cost
function [3].

Next, we investigate that how the above method
can deal with the CA problem with concave cost func-
tion {do; > dy, Vi € L). First, we assign each link
to Lo and use Eq.(9) to determine {C;}, then check
whether there is any contradiction or not, i.e., there is
link i that C; > Cp; or not. Unlike the case of convex
cost function, we focus on the links without contradic-
tion. This is because we can show that this kind of
links can belong to Ly without any contradiction al-
though link set combination is changed. See Appendix
for the proof. Again when each link is set to L;, we can
say that the links with no contradiction can belong to
La.

By the above concept, we have the following pro-
cedure for assigning a proper set to each link. Let's

introduce two parameters for link #: en; and oy, The - - —-

values of Liie two parameters are set as follows: eg; will
be O if link i is assigned to L; and no contradiction
occurs, and be 1 if contradiction exists. eg; will be 0
if link 1 is assigned to Ly and no contradiction occurs,
and be 1 if contradiction exists. Then we consider the
following four cases:

1. eg; =0 and e3; = 1,
2. epi =1 and ey; =0,
3. eo.'=08.l1d82§=0,
4. 805=1&nd eg;‘=1.

In case 1, we can let link { belong to Ly since there
is no contradiction as mentioned above. Although in
global optimal solution of the problem, link ¢ may not
belong to Lj, we deal with the link in a greedy manner
to obtain a feasible solution since it is guaranteed that
there will be no contradiction even the sets of other
links are changed. Moreover, due to the non-convexity
of the CA problem, its global optimuin cannot be deter-
mined easily, so we have to try to find its local optimum
instead. As same as case 1, link ¢ that falls into case 2
is then assigned to Ls.

99 In case 3, since link § can belong to either Ly or Lg
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without any contradiction, we can apply any method
to select the set for this type of links, e.g., Lo and L2
are randomly chosen.

Finally, for link of case 4, we do not assign this
type of links to any set, but repeatedly do the above
procedure again uutil all links bave their proper set.

There will be ne problem if links of case 4 do not
exist at the final stage of the examining, sud 2ach link in
the network will then be assigned to Ly or Ly. However,
if this kind of links exist, the question that they can be
assigned to L; or not will arise. To answer this question
we introduce the following theorem.

Theorem 1: In the optimal solution of the CA prob-
lerm with p =2,

Ll = 0_ )’.
Proof: We define the following sets and notations,

Ly = {i | i is the link already assigned to Lo},
Ly = {i ] i is the link already assigned to L3},

bo =Y Fido;, o= 3. fidos
L,

L={L{ULy)
b= Vidy t= Y. Vid;
Ly L—{Lyily)

Next, assume that there exists link ¢ such that
egi = 1 and ep; = 1. Then we have

+ b]_ + bﬂ
Ci=fit —7— \/ 2 Coi, 10
Y Tmu dOI o ( )

bo + bl + bl
Comfia TN EH Jh ool 11
f T Tmax dll O ( )

Manipulating (10} and {11) yields

a; (bo + b1 + bg) 2 +/ fudoi, (12)
ai (b + b1 + b)) < v/ fidu, (13}

i
¥ Tmax (Coi — fi)

At the final stage of the examining, (12) and (13)
are valid for ¥i € L — (Ly U L5), so we can take the
summation of (12) ard {13} over the set L = (L{ U L}).
This gives

where o; =

Y o (bo+bi+bh) 2 b, (14)
L-—(LLULL)

D ai{bo+by+b)) < 8. (15)
L~(LYULL)
From {14) and (15), we obtain
bo+b1 +by _ b ‘
- "0
bo+b +8; T (16)
After manipulating (16), we get
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b, > b).

(17)
However, this contradicts to the fact that
doi > di4, Vie L.

Thus, there cannot be any link 1 that ey; = 1 and
ez; = 1 st the final stage of exa.mining, and all links in
the npetwork w111 belong to Lg or La. Thlis haptivs (hat—

L;=40. (18)
0

4.2 The Casep>2

Next, the method of link set assignment and the above
procedure are extended to the case p > 2.

First, we define E; as the number of sets
among Lo, L2,...,Lap_«, L2p—3 that make contradic-
tions when link 1 is assigned to. Then, E; # p means
there is at least one set among Lo, L2,..., Lop—q, Lop_2
that makes no contradiction with link i. Consequentiy,
link ¢ can be assigned to that set without any contra-
diction. If the number of this kind of sets is more than
one, we can take any criteria to select one set from the
possible sets, e.g., the set is chosen in random.

In the cese that E; = p, we do not assign link 1
to any set, but repeatedly do the procedure of link set
assignment until each link in the network is assigned to
a proper set.

Again, the above procedure will work successfully
if there is no link ¢ that E; = p at the final stage of
examining, and each link in the network will be as-
signed to one of the following sets: Lg, Lz,...,Lap_y.
and Lap. 2. Therefore we come to the question: Is there
any link ¢ that E; = p at the final stage of the exam-
ining? To answer this question, we first introduce the
following lemma.

Lemma 1:
stage of examining, we caunot have the following canea
at the same time.

1. C; 2 Cni when § € L ju.
2. Ci S Ce whent € Ljmez.

where0 Sm<p-2.

Proaf: We define the fullowing sets and notatious where
0<k<p-1.

Ly, = {i | 7 is the link already assigned to L2},

b= Viidg, Y=Y Vidg
Ly, L

B =by+h +b2+“'+£_’-2+‘b -1
L'=L—(LgULyULiu---ULy, ULy 3).

When link i is assigned to set Loy and Loz, we

If there is link 4 that E; = p at the fina! ‘

s b Al e R A et e e
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Lzm Lom
- —_—
C(m-—l]i C'm
(a) {b)

Fig.4 Representation of link set contradictions.

assume that link set contradictions occur in the case
that C; > Cpi when i € Lgy,, and C; € Cyy when i €
Lyt2. Then we have

B+ Fi
= fit e S s o 19
C‘ fl. ')’T d P _.Cm ( )

B+ by [ i
< Chnis 20
¥ Trnax d(m-{n-l)i - (20)

From (19) and (20}, we get

Ci=fi+

o (B + b} > ety (21)
¢ (B +ba) € o/ Fidimenyis (22)
where a; = fi

Y Tmax (Cmi — fi)

At the final stage of the examining, {21) and (22)
are valid for ¥i € L', so we can take the summation of
(21; and (22) over the set L', This yields’

Do (B +b,) 2 by, (23)
LI
Zai (B +bp41) S by (24)
Ll

From (23) and (24}, we obtain

:'n+1 ->- b!m (25)
However, this contradicta to the fact that
Yie L,

Hence, the link set contradiction at L;, and
Lom+2z cannot be C; > Oy and C; < O, respec-
tively, at the same time. o

When link 7 is assigned to Ly, 1 < m < p— 3,
and contradiction occurs, we can have two cases:

dmi > d(m (B 3111

Ci £ Cpm-1yi or C; 2 Cpi.

We represent the above link set contradictions by ar-
rows pointing toward Cim—1); &nd Cr, respectively, as
in Fig. 4.

Frorn Lemma 1, we cannot have the contradictions
at Loy, and Lom, 2 8s two arrows pointing toward C; =
Cmi 8t the same time, l.e., the case that is shown in
Fig. 5(a). As a consequence, if there are contradictions

15671

L2m L2m+2 L2m L‘Zm+2
—_— - — —
(;mi C"l'm'

(2) (b)
Lom Lamy2 Lom Lams2
-— -—— -— _
— L
Cm,' sz‘
(c) (d)
Fig. 5 Link set contradictions st £z sed Lam.y
Lo Lb- 7
— G
L . &
CO!' C{p-!)s
(a) (b)

Fig.8 Link set contradictions at Ly and Lz, 3.

at both Ly, and Loyig, the possible cases unwst be
those given in Fig. 5(b}, (c), or (d).

From Lemina 1 and arrow representation of link
set contradiction, we introduce the following thueorem
to give an answer for the question that there is any link
i with E; = p at the final stage of link set examining or
not.

Theorem 2: In the optimal solution of the CA probs-
lem with p > 2,

Lygyr =8, 0<k<p-~2

Proof: Assume that at the final stage of link set ex-
amining, there are links that have contradictions at all
of the sets: Lo, L2, L4,...,L2p.-4, and Lgp 2. In other
words, there are links i that £; = p.

Let’s consider the contradictions at Lo and Lg,_2.
Clearly, we must have C; > Cy; when i € Ly, and
Ci < Cp—2yi when 1 € Ly, _3. By arrow representation,
these two cases can be depicted as in Fig. 6.

First, we investigate the link set contradiction at
Lg. This contradiction can be represented by an ar-
row pointing to C; = Cp. To make link set con-
tradictions occur at Lg, Le,..., Lap-g, Lop—4, we must
have arrows pointing toward the points C; equal to
C1i, Cais - - -, Clp—3y4 Cp—2)is respectively.’ - However,
the contradiction at Lz,_z is an arrow pointing toward
Ci = Cip-2)i 8s shown in Fig. 7(a). By Lemma 1, this
is impossible.

Next, we consider the contradiction at Lap-2.
This contradiction is represented by an arrow point-
ing to Ci = Cip2u- To make the contra-
dictions occur at Lap_4,l2p-8,...,L4, Lz, we must
h@#® arrows pointing toward the points C; equal to
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Lg Ly Lop 4 Lap-2
— —_— — — —_— X . ———
s — e . .
Coi Cui Cp-3i  Clp-n
{a)

Lqg L Lopy Layp_2
—_— X —— - —— - ——— A ——
P » . .

Coi Chi Cp-3  Clp-ay
(b}
Fig.7 The impoesibility of link set contradictions.

Cip-33i» Cp—ayis - - - 1 C1is Coiy respectlvely However,
the contradiction a.t Lo is an srrow pointing toward

= Cy as shown in Fig. 7(b}. By Lemma 1, this is
aiso impossible.

Thus, at the final stage, there is no link that has
contradictions at Lo, L3, Lg,. .., Lap_s, and Lgp_2, i.e.,
there is no link ¢ that E; = p. This also means that each
link in the network is assigned to one of the following
sets: Lo, Lo, Lyg,.. ., sz_.q, and sz_z.

Hence,

Li=Liy=- = Lo s=Ly 3=0 {26)
ar

Lok =0, 0<k<p-2 (27[':)]

5. Algorithm for the CA Problem

Based on the fact that Laygy; = 0, 0 S k<p—-2in
the optimal solution of the CA problem, we can exclude
the point C; = Ci; from the cost function of all links
in the network, and the link cost funcliou can then be

treated as a_dlﬁ'ergntxable function, where d— can be

dc;
expressed as in Eq. (7).

Clearly, we have no need to approximate the non-
differentisble function by a differentiable function as
that was done in Ref. [8]. As a result, the Lagrange
multiplier method can be directly applied to the CA
problem as in the {ollowing algorithm.

ALGORITHM

Step 1 [Initialize d; 85 di;, 0 < k < p — 1 by any
. method, Vi € L.

Set € as a small positive value for using as
algorithm termination parameter.

Determine the initial value of Lagrange mui-
tiplier 3° by :,

95
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/ZVfldl/'T. ‘

= | £
ﬁ’ - T‘mu
Step 2  Determine C; by
Ci=fi+ 1}‘”‘ Vie L.
3.d
. r
Step 3  Set d;, Vi € L as follows:
d; = dg; if C; < Cy;,
d; = dy; if Coi < Ci < Cy,
d; = d(?_l)‘ if C.' > C(p_.g)l'.
Step 4 Determine Lagrange multiplier By
> Vidij
f= L
me
Step5 If|[@— | > ¢ thenset 3 = 5 and go to

Step 2, else STOP and determine Cj as
Z\/ fid; 7

T Vi

Note that there are many ways that can be adopted
for setting the initial value of d; at Step 1. Some ex-
amples are given in the following section.

Ci=fi+ Vie L.

6. Numerical Résults and Discussions

This section gives some numerical results on the per-

formance of the proposed algorithm in.the view ¢f ep.--- — -

" timality and computation amount, and some results on

the effect of concave cost function on the link capacity
essignment in packet-switched networks.

6.1 Performance of the Prop‘;bseci' .Algorlthm

First, we examine the optimality of the proposed al-
gorithm by comparing its results with global optimal
solutions. For comparison, the results obtained from
the method using approximation function (8] are also
given. A network with fully connected tapology is con-
sidered with five thousand random traffic patterns. For
the method of setting the initial value of d;, we consider
the following two methods in this paper.

method A d; is set according to the relationship be-
tween link flow f; and link capacity at
breakpoints of the cost function as follows:
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Tebla 1 Percentage of yielding global optimum (p = 2).
7 | case ] | case 2 | case 3 | case 1’ | case 2 | case 3
3 96.0 98.8 99.1 95.7 96.6 97.8
8 91.2 as.7 98.9 90.4 95.5 96.9
10 83.9 08.2 98.5 83.0 94.1 95.7
15 7.1 97.8 98.3 74.4 93.6 95.4
21 70.7 96.8 297.9 65.0 92.7 84.4
28 61.9 94.2 97.0 54.0 90.7 93.0
Table 2 Percentage of yielding global optimum (p = 3).
| case 1 | case 2 | case 3 | case 1/ | case 2 | case 3’
3 92.2 97.1 97.5 85.1 94.9 95.9
6 B3.5 92.3 94.2 77.0 83.7 -1 .89.0
10 74.6 8.9 90.9 66.6 78.4 B5.8
15 5.4 83.9 86.8 53.7 58.0 75.4
Teble 3 Percentage of yielding global optimum {p = 4).
T | case | | case 2 | case 3 | case 1’ | case 2' | case 3
3 928 98.0 8.2 85.5 83.8 94.5
6 | . 839 95.3 95.9 76.1 85.5 88.8
10 75.4 92.1 93.0 67.0 7.8 82.2

d; = do; if fi < Coi,
dy = dy; if Cps € fi < Chis

dl'. = d(p_l)i if fi 2 C(P—g)i'

method B d; is set randomly among do;, das, . - ., and
d(p—1)i-

To cobtein a good solution for a CA problem, we apply
the proposed algorithm and the method using approx-
imation function in the following three cases:

e case 1l (1'): method A
e case 2 (2'): method A and 10 times of method B
e case 3 (3'): method A and 20 times of method B

In the results given below, we denote cases 1, 2, 3 for the
proposed algorithm, and cases 1/, 2/, 3 for the method
using approximation function. In the cases that there
are many soluiions obtained, we select the best solu-
tion, i.e., the solution with the smallest network cost,
as a final solutiomn.

The relationships between the number of links in
the network n and the percentage that each method
yields global optimal solution are shown in Tables 1--3.
Note that global optimum can be obtained by examin-
ing all link set combinations.

Next, we observe the difference between the solu-
tion obtained from each method and global optimum.
‘Tabies 4-6 show the average value of the ratio of the so-
iution obtained from the method and global optimum.

From Tables 1-8, it can be seen that although the
proposed slgorithm has a lower percentage of yielding
global optimum when the number of links in the net-
work increases, its solution is very close to the global

1573

Table 4 Average ratio of solution and global optimum (p = 2}

7| casel | case 2 | case 3 | case 1' | case 27 | case 3
3 [ 1.00032 | 1.00012 | 1.00002 | 1.00074 | 1.00033 | 1.00030
6 | 1.00043 | 1.00004 | 1.00004 | 1.00149 | 1.00031 | 1.00029
19 | 1.00056 | 1.00005 { 1.00004 | 1.00205% { 1.00030 | 1.00028
15 | 1.00052 | 1.00004 | 1.00003 | 1.00236 | 1.00028 | 1.00026
21 1 1.00061 | 1.00004 | 1.00008 | 1.00237 | 1.00027 | 1.00025
28 | 1.00064 | 1.00004 ; 1.00002 1.00260 | 1.00027 | 1.00025

Table 5 Average ratio of solution and global optimum (p = 3},

case 3’
1.00026
1.00056

case 3
1.00030
1.00059
S L G000a”

1.00052

case 1
1.00082
1.00154
1.00195
1.00227

case 3
1.00017

case 2
1.00018

n | casel
3 [1.00047
6 | 1.00064 | 1.00030 | 1.00019
10 | 1.00067 | 1.00025 | L.00OD19
115 | 1.00066 | 1.00024 | 1.00018

1.00042

Table 8 Average ratio of sclution and global optimum {p = 4).

n| case 1 | case 2 | case 3 | case 1’ | case 2’ | case 3
3 {1.00027 | 1.00008 | 1.00007 | 1.00045 | 1.00024 | 1.00020
& | 1.00040 | 1.00014 | 1.00011 | 1.00068 | 1.00027 | 1.00021
10 | 1.00039 | 1.00012 | 1.00011 | 1.00082 | 1.00035 | 1.00027
computation time {sec.)
’ A
a p:z .
s p=3 -
e p=4 o
nymber
o? Fx‘nks

2000 3000 4000 5000
Fig.8 Maximum computation time.

optimum. Moreover, the proposed algorithm has bet-
ter performance than the mwthod using approxiina-
tion function. This means that tiw propossd algontbus
solves the CA problem very efficiently.

Next, we investigate the computation anount of
the algorithm. We thea show the amnputation tune
of each method by using actual computation results.
Again, a network with fully connected topology is con-
sidered, and five thousand of random traffic patterns
are applied to the network. The relutionships between
the number of links in the network and maximum, av-
erage, and variance of computation time are shown in
Figs. 8, 9, and 10, respectively (SPARC station 4 is used
in determining numerical results). The values of comn-

genut.ation time are measured for one executing time of

100046 |

i e e
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computation time (sec.)
4

e
0 1000 2000 3000 4000 5000
Flg.9 Average computation time.

variance

i

Fig. 10 Variance of computation time.

each method.

Figures 8 and 9 sbow that the maximum and av-
erage computation time of both methods are approx-
imately linear with respect to the number of links in
the network. {By linear regression, the values of linear
correlation coefficients are very close to 1.) However,
the method using approximation function needs longer
computation time as can be seen from the figures.

Figure 10 shows that the variance of computation
time of the proposed algorithm is very small. Hence, it
can be concluded that the proposed algorithm is very
practical for applying to the CA problem of a large-
scale network -
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3

Fig.11 A 3node network.

6.2 Effect of Concave Link Cost Function on the
Network Design

For simplicity, we focus on the case p = 2. A CA
problem of this case is the same as the problem taking
into consideration an existing network, where tle per-
unit cost of installing new capacity is less than that of
uging existing capacity. For link i, we let dy, and d,,
be respectively the per-unit cust of existing and wew
capacity, and Cy; be the existing link capasity.

A 3-node network as shown in Fig. 1] s cxstisnlereod
Network paraincters are set as fillows: Cy, = 52 hiye
for i = 1,2, 3. cost function of link 1 and 2 are hnear
with respect to link capacity with cost cuetlicient {per-
unit cost) equal to 1, fi = fi = 40 kbps, Tyax = 201,
mean value of packet length is 400 bits/packet. By
varying fa and applying several puirs of (dys, ¢f13), the
results as shown in Fig. 12 are obtained. Fromm Fig. 12,
we can see that the capacity of link 3 (C3) is never
equal to its own existing capacity (52 kbps) for all over
the entire range of fy. Morcover, there are some values
of fa that make the curve of link capacity value to be
discontinuous. These approximated vuluvs are sutina-
rized as follows:

{dos,d13) = (1,0.2) — f3 = 29.32 kbps.,
{dpa, d13) = (1,0.5) — f3 = 31.44 kbps.,
(doa,di3z) = (5,1) — f3 = 37.47 kbps.,
(dos, dis) = (10,1) — fa = 39.06 kbps.

At these values of f3, the total network cost is the same
for both the cases when link 3 belongs to Ly, and when
it belongs to L. It means that we can have two solu-
tions with the same network cost.

T. Conclusions

In this paper, we have studied the link capacity assign-
ment problem in packet-switched networks (CA prob-
lem}, where link cost function is piecewise linear con-
cave. This type of cost function exists in many design
problems, e.g., & design problem taking into considera-
tion an existing network in long-term design, a desig'n
probiem with link type selection, etc.
After formulating the CA problem, the method
of link set assignment is applied, and the character-
giptic of the optimal solution of the problem is derived.
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Fig. 12 Results of the 3-node network.

Based on this characteristic, it is shown that the non-
differentiable link cost function can be treated as a dif-
ferentiable function. As a result, the Lagrange multi-
plier method can be directly applied to solve the prob-
lem, and & heuristic algorithm derived f‘rom the La-
grange multiplier method is proposed.

Due to the non-convexity of the CA problem, it is
hard to determine a global optimal solution. However,
by investigating numerical results, it is shown that the
propased algorithm has very good performance for solv-
ing the CA problem, both from the view of optimality
and computation time.
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Appendix

In this appendix, we will show that from ey, defined in
Sect. 4, we can conclude that if eg; = 0, link i can be
assigned to Lg even if some of other linka are changed
to Lg. Also, the conclusion about ey, is that, if es; = 0,
link i can be assigned to L. even if some of other links
are changed to Ly.

Proof: Assume that there is a link i with eg; = 0. For
this link, we have

bo+tb+b [fi
Ci=fit —/ < Coi, A
B T Vi < (A
or
1 ¥ Tnax (Cai — fi) (A-2)

Ve Vi (bo+ by 1 8)

The definitions of bg, b3, and ¥}, are given in Sect. 4.

Currently, all links in L — (Lg U L}) are assigned to
Lg for checking link set contradiction. Let LY be a set
of links in L — {Ly U L) that are changed ta Lz After
the change, we have b becomes b* as

ZVdeOJ + z kadlk:

LH LM

(A-3)

where Ly = L= (L§ UL’
g and L5 in Sect 4
Note that link ¢ under cons1dera.t10n must be in
o, since we are checking link set contradiction when
it is assigned to Lg.

From dg; > dy;, Vi € L, we have

L3). See the deﬁmtmn of

S VFides > b, (A-4)
LguLy
This makes ‘
¥ Tmax (Coi = fi) _ ¥ Tinax (Coi — fi) A(A. 5)
VIi(bo +bi +85) VT (bo+bi+b7)

From Egs. (A-2) and (A-5),
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1 ¥ Temax (Coi — fi)
< - A-6)
Vdoi i (bg+ by +b7) (
or .
bg 4+ by + b fi
Co= o+ RIDET S A7
. f + v Tmax dOi 0 ( )

which implies that eg; i8 still equal to 0 although link
set combination is changed. In other words, link 7 with
eg; = 0 can belong to Ly without any contradiction.

In the same manner, we can also prove that link ¢
with eg; = 0 can be assigned to La without any contra-
diction. : Q
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ABSTRACT This paper proposes the application of genetic zigorithms (GAs) 10 sclve communication
newwork design problem taking into consideration existing network facilities. We study the link capacity
assigument problem for packet-swilched networks (CA problem) as an example of neiwork design
problem. In the CA problem, we focus on the case where link cost function is a piecewise linear concave
function in which the per-unit cost of newly-installed link capacity is smaller than that of the existing
link capacity. This type of cost function arises in many communication network design problems such
as those arising from developments in communication transmission technologies. Experimental resulis
show that GAs solve the CA problem very efficiently, and the solutions obtained from GAs are better

than those from existing design algorithm.

KEYWORDS: communication network design, packet-switched network, link capacity assignment,

genetic algorithrs.

INTRODUCTION

It is well-known that utilizing existing network
facilities in the construction of new network is very
important in the case of short-term network design.!
This is because existing network facilities are ready
to be used and cannot be changed easily in a short
period of time. For the short-term network design,

we have studied the link capacily assigament

problem for packet-switched networks with convex
piecewise linear cost function, where the per-unit
cost of using existing capacity {s less than that of
installing new capacity. However, in other cases of
network design such as long-term design, link cost
function is not convex. In many cases, it is proper
to consider the function as a concave function. This
is because the econonty of scale is cften present in
communication resources. For example, the cost
function obtained by enveloping cost functions due
10 the development in communication transmission
techuclogies,® the development in switching
technologies,? etc.

The link capacity assignment problem (CA
problem) for packet-switched networks taking into
consideration an existing nerwork where the link
cost function is piecewise linear concave has been
studied, and a heuristic design algorithm has been

proposed for solving the problem.®However, it can._

101

be shown that this heuristic algorithm gives local
optimal solutions for the CA problem of large-scale
networks. Consequently, we need other methods to
solve the CA problem more efficienty. This paper
applies genetic algorithms (GAs) ta the CA problem.
Although there are several evolutionary algorithms
developed for optimization problems, we choose GAs
in this paper because the representation of the CA

done by simple coding technique: lixed-length
binary coding. Experimential results show that GAs
solve the CA problem very efliciently, and the GAs

solutions are better than those by the existing -

heuristic algorithm, especially in the case of large-
scale networks.

ProsLEm DescriFmion

This section describes the CA problem
considered in this paper.

Newwork Model

The model of packet-switched network used in
this paper is the same as the one used in the early
work of packet-switched network design.?** In this
model, the average packet delay throughout the
network, T, can be given by Eq.(1).

problem to GAs is very straightforsaed, ahdcafi be ™™



182

(1

iy Lo

i _.r

-d}r--

where L is the set of links in the neiwork f is the
traffic flow on link i (in bits/second), C, is the
capzcity of link i (in bits/second), and 7is the overall
traffic in the network (in packets/second). We
assume that C, is continuous and can be set as an
arbitrary positive value. For simplicity, the total
network cost D is defined as the sum of all link costs.
Then, we have '

D=YD. @
L

For link i, link cost D, is a piecewise linear function
of link capacity as follows.

- doiCi LS Ca N 3)
dCi —(di ~du)C,, ,Ci>C,

where d, and d, are respectively the per-unit cost of
existing and newly-installed capacity, and C, is the
value of the existing capacity of link i. Equation (3)
shows that the cost function consists of two portions
of link cost, ie, cost of using existing capacity and
cost concerned with the installazion of hew capacity.
In this paper, we focus on the case of concave cost
function, where d,;> d,.d_ >0,d,> 0, VieL. The
concave link cost function is depicted in Fig 1.

This type of cost function arises in many
communication network design problems. One of
the example is the link type selection problem where
the economy of scale is present in communication
resources. A practical example with two alternatives
of link types is given in Fig 2. It can be seen from
this example that the link cost function is a piecewise
linear function of link capacity, which is the envelope
of cost functions of the two link types.

Unk cosl, D;

Unk capacly, (_“.
o

Coi

Fig 1. A piecewise linear concave link cost function. *
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Link CAPACITY ASSIGNMENT PROBLEM

In this paper, we investigate link capacity
assignment for packet-switched networks in the case
that new tralfic pattern is applied (o the existing
network and then the capacity of each link is
adjusted to cope with this new pattern, under the
packet deiay constraint and minimization of network
cost. The CA problem can be [ormulaled as [ollows.

CA Problem

Given: ()

Minimize: D=3D i
= !

Variables: {C) ’

r-—}'_‘,—-f—srm
I ]

C,Lh-p, YI!:L

C,>0,VieL

Subject to:

where T_,, is the maximum allowable packet delay
in the network, and link cost function is that given
in Eq (3).

I the above CA problem, {f} is the l.rafﬁc pattern
applied to the network, and f, > 0, VieL. Link capacity
{C,} is determined so that the total network cost D
is minimized, Design constraints are the upper limit
of packet delay, and the relationship between link
flow and link capacity. Obviously, link capacity must
be greater than link flow so that packet delay will
not grow indefinitely.

The optimal solution of the CA problem can be
obtzined by the following procedure.? First, we
assign each link i in the network 10 be the member
of one of the following three sets,

L9={iIC|<C0i]v
Li=1ilC >Cyl,
L1=li|C,=C°|],

link cost
A
coaxkal
opticat Sber
|~
Ul capacily

Fig 2. A practical example of link type selection.
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then the solution of {C,) can be determined by
Lagrange multiplier method as

T ids

Lowsly !

C=jf+ VieLowl (4)

where d,= d, if iel,, and d, = d,, ifieL,. Note that
C,= C,, Viel, . With the assigned link set, we can
determine the value of C, in each link from Eq.(4).
Then to find a global optimal solution, we have to
cxamine ail link set combinations such that the
solution with minimum network cast is found.

For the case of concave cost function, ie, dy > d,,,
Viel, it has been proven mathematically that there
is no link in the network whose capacity is equal to
its existing capacity in the optimal solution.%? In
other words, L, = $. Based on this characteristic of
the solution, we can exclude the point C; = C,, from
the cost function, which can then be treated as a
differentiable function. Then a heuristic algorithm
derived from Lagrange multiplier method can be
proposed to solve the CA problem.*?

The algorithm starts with initial vaiue cfd, which

issetas either d, or d,, for each link i in the network.
The Lagrange multiplier g is defined by

T fidefr ’
B= J._T_ .

(5)
Link capacity C, is then determined by
C.=fi+ ’%dL:' Viel. ()]

If the value of C, calculated above fs less than Cj;, d,
will be set as d,,, otherwise it will be set as d,,. The
algorithm iteratively calculates the value of 3, and
terminates when f converges.

It has been reported that the above heuristic
algorithm has good performance for problems of
small networks. However, it will be shown later in
this paper that the algorithm has a large chance to
glve local optima for large-scale networks. As a
consequence, we need other methods that have
better performance. In this paper, we propose the
application of GAs for solving the CA problem.
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GENETIC ALGORITHMS

Genetic algorithms {GAs) are heuristic search
method derived from the mechanisms of nawrai
selection and natural genetics.'™'! GAs have been
adopted to solve various engineering design problems
including communication network design.'*'34* This
section discusses the implementation of GAs for
solving the CA problem.

Encoding

From the characteristic of the optimal solution
ol the CA problem, i.e., L, = ¢, we have that each
link in the nctwork belongs 1o either Ly or L. Since
there are only two possibilities for each link, it is
clear that binary represeniation can be used for the
encoding of the CA problem as follows. Each
candidate solution in the search space is encoded as
a binary string of length n, where n is the 1otal
aumber of links in the network. Here, biti of a string
is set to be 0 when link i belongs to Ly, and 1 when
it belongs to L,.

The fitness value of any string is defined as the
network cost D corresponding to the link set assigned
by bits in the string. Since L, = ¢, Eq.(4) becomes

C=fi+t— L Viel,
] ﬁ ’er dl ] 1e (T)
where
doi, when bitiis 0,
di = (8}
dy;, when bitiis1.

By using Eq.(7), we can detenmine the capacity
C, of link  for a given string. Link cost D, can then
be calculated by Eq.(3), and the sum of all link costs
is the network cost D, which will be used as the
fitness value of the string. Since the CA problemisa
minimization problem, a string with low network
cost is the one that has good fitness value.

Initial Population .

The population size of 100 is used in this paper.
We consider three variants of initial population as
follows.

gao 100 strings are randomly generated as initial
population
gal the heuristic algorithm described in the

previous section is executed for 100
independent runs, and the solutions
obtained are used as initial population:



gal 30 strings are generated at random, and the
other 50 strings are from the heunsu\,
algorithm

For the strings which are randomly generated,
each bit in the string is set to be @ or 1 with cqual
probability.

Parent Selection

This paper uses 1ournament selection'®! 1o select
a pair of parent sirings for the crossover process.
First, we choose a pair of different strings randomly
from the population, and compare their fitness
values. The string with better fitness value (the one
that gives lower network cost) is used as father siring.
Next, we randomly choose two more different
strings, and evaluate their fitness values. The string
with better fitness is then set as mother string. If the
father and mother strings are the same string, we
then repeatedly choose mother string until the
different one is obtained. Each string in the
population has equal probability to be chosen to
enter the tournament comparison, i.e., 1/100. There
are totally 100 pairs of parents chosen in this process.

Crossover .

There are many types of crossover proposed in
the literature, eg, one-poing, two-point, multi-point,
uniform crossover. Since uniform crosscver §s a
general [orm of other types of crossover mentioned
above,'* we use uniform crossover'01}4 o create two
child strings from two parent strings in this paper.
The crossover mask for each pair of parents is
generated as a binary string of length n, where each
bit is randomly set to 0 or 1 with the same probability.
From the crossover mask, the bit of the first (second)
child string will be set to be the same as that of the
father string if the mask bitis 0 (1), and as the bit of
the mother string if the mask bit is 1 (0). One
example of crossover process is given below with
thecase n=17.

father string 1001100
mother string 0010111
crossover mask 0110011
child string #1 1011111
child string #2 0000100

At the end of the crossover process, the uumber
of child strings is 200.

SaeeAsur 20 (MWW
)

Mutation - !
The mutation operator is applied to all bits in all

child strings with mutation probability of 2.01. If

the probability test is passed, the bit will be mutated
to its complement, fe, 0o 1, or 1 L0 Q.

Population Replacement

To lind the population of the next generation,
we compare the fitness value of two child strings
produced [rom the same pair of parents, and the
one with beter fitness value will be survived to the’
next generation. After that, elitism' is applied by

" discarding one string in the new population and

replacing it with the best string in the [ormer
population.

Termination Criterion

This paper applies GAs to solve the CA problem
for 1060 generations, and the best solution obtained
so far is then used as the solution by GAs.

NumericAt Resutts AND Discussion

First, we examine the computation time of
applying GAs to the CA problem. A network with
fully connected topology is considered and the
machine used in the experiment is a personal
computer with CPU Pentium I 450 MHz. The result
of computation tinie is given in Table 1, where it
cai bBe geen that (e cumpuiaiivi e o GAs is
approximately linear with respect to the number of
links in the network. (By linear regression, the value
of linear correlation coefficient is very close to 1.)

Then we compare the performances of the
existing heuristic algorithm and GAs with randomly
generated inidal population {(ga0). To do this, we let
the existing heuristic algorithm execute for a number

Table 1. Computdtion time of GAs when sotving the CA

problem.
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of independent runs, where the total execution time
is kept to be the same as that of GAs, and the best
solution obtained is used as the solution by the
algorithm. A network with fully connected topology
is considered again with one hundred random traffic
patterns. The comparison of solutions by the two
methods are given in Table 2, where the results are
the number of cases that GAs give belter, the same,
or worse solutions when compared with the heuristic
algorithm. We can see from the results that the
solutions by GAs are never worsc than those by the
heuristic algorithm. Furthermore, GAs always give
better solutions for large-scale networks. This means
that GAs solve the CA problem inore efﬁcxendy than
the existing heuristic algorithm, -
Next, we compare the performances of ga0, gal

and ga2. The results are given in Table 3-5. For the
CA problein of small networks, the performances of
the three methods are almost the same. However, in
the case of large-scale networks, gal and ga2 always
perform better than ga0. For the performance

Table 2. Performonce comparison between gol ond
the heurlstic algoritham.

185

comparison between gal and ga2, we have gal is
beuer than gal in average. From these results, we
can say that to oblin a good GAs solution for the
CA problem, 2 good initial population should be
used, and this can be generated by using the solutions
by the existing heuristic algorithm.

CONCLUSIONS

In this paper, we have proposed the application
of genetic algorithms (GAs) to the link capacity
assignment problem (CA problem) for packet-
switched networks with the consideration of existing
facilities. The link cost function is considered to be
piecewiza inzar-esncave whidl i8The case that can
be found in long-term neiwork design. It has been
shown that GAs can be applied to the CA problem
very easily where the solution candidates are
represented by fixed-length binary coding.
Experimental results show that GAs outperform the
existing heuristic algorithm. It is also recommended

Table 4. Performance comparison betweaen gol and
ga2.

& -ﬂ*‘n f%‘gaolfboﬂer,ﬁf same i gad ls worse
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ihat using good initial population leads to good GAs
solution for the CA problem, where the good initial
population can be obiained by the existing heuristic
algorithm. .

The following topics can be considered as future

works.

* Performance comparison between GAs and
other search merthods, eg, random search,
simulated annealing, tabu search, etc.

« Improvement ol GAs solutions such as by
using appropriate initial population obtained
from some search methods mentioned above.
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1 Introduction

It is well-known that utilizing existing network facilities in the construction of new network is very
important in the case of short-term network design |1]. The reason is that exdsting network facilities
are ready to be used and cannot be changed easily in a short period of time. For the short-term network
design, we have studied the link capacity assignment for packet-switched networks with convex piecewise
linear cost function, where the per-unit cost of using existing capacity is less than that of installing
new capacity (2]. However, in other cases of network design such as long-term design, it is proper to
consider the function as a concave function since the economy of scale is often present in communication
resources. Some good examples are the cost function obtained by enveloping cost functions due to the
development in communication transmission/switching technologies {3][4][5]-

The link capacity assignment problem (CA problem) for packet-switched networks taking into con-
sideration an existing network where the link cost function is piecewise linear concave has been studied,
and a heuristic design algorithm (we refer to it as HDA in this paper) has been propocsed to solve the
problem [6]. Genetic algorithms (G As) are also applied to the CA problem, and it has been shown that
GAs solve the problem more efficiently than HDA [7]. However, although GAs efficiently solve several
optimization problems, it has been reported that the search ability of GAs to find optimal solutions in
some problems is a bit inferior to local search techniques [8]. Consequently, there are many efforts to
consider hybrid version of GAs by combining the evolutionary operators with local search operators.
This new class of methods are known as memetic algorithms (MAs) [9)[10]. Since MAs have been
successfully applied to a wide range of problems, this paper then investigates the capability of applying
MA to the CA problem. T> design an MA, we consider HDA as local search operator and implement
it after each evolutionary operator. Experimental results show that MA solves the CA problem very
efficiently, and it outperforms GA, especially in the case of large-scale networks.

2 Problem Description

The packet-switched network model in this paper is the same as the one used in the early works of
packet-switched network design [2][11][12]. In this model, the average packet delay throughout the

network, T', can be given by Eq.(1).
. 1 fi '
T == —_— 1)
Y ; Ci~ fi )
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where L is the set of links in the network, f; is the traffic flow on link { (in bits/second), C; is the
capacity of link 7 (in bits/second), and - is the overall traffic in the network (in packets/second). The
total network cost D is defined as the sum of all link costs,

D= Z D;. (2)
L
For link 1, link cost I); is a piecewise linear function of link capacity as follows.
dgiCi ., Ci £ Cyi,
D; = (3)
d1:C; — (d1i — doi}Coi , Ci > Cu,

where dy; and d;; are respectively the per-unit cost of existing and newly-installed capacity, and Cy; is
the value of the existing capacity of link 7. In this paper, we focus on the case of concave cost function,
where dy; > dyi, doi > 0, dy; > 0, Vi € L. The concave link cost function is depicted in Fig.1.

Link cost, [3;
A

di;

do;

Link capacity, C;

o

CDi
Figure 1: A piecewise linear concave link cost function.

This type of cost function arises in many communication network design problems. One example is
the link type selection problem where the economy of scale is present in communication resources. We
then formulate the CA problem as follows.

CA Problem
Given: {fi}: {Co:}, {do:} and {dis}
Minimize: D= Z D;

L

Variables: {C:}

Ci—fi =
C;i—fi>0, C;>0, Wiel

Subject to: T = 1 Z f: < Trax
7T

where Tpax 18 the maximum allowable packet delay in the network. In the CA problem, {fi} is 2 new
traffic pattern applied to an existing network. Link capacity {C;} is determined to cope with the new
traffic pattern such that the total network cost D is minimized. Design constraints are the upper limit
of packet delay, and the relationship between link flow and link capacity. Obviously, link capacity must
be greater than link flow so that packet delay will not grow indefinitely. It can be shown that the
complexity of the CA problem is (}(2"), where n is the number of links in the network.
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3 Memetic Algorithm

Memetic algorithms (MAs) are metaheuristics that take the advantage ol the evolutionary operators
in determining interesting regions of the search space, as well as the local search operator in rapidly
finding good solutions in a small region of the search space [10]. In this paper, we propose the following
memetic algorithm for the CA problem.

Memetic Algorithm (MA)

Step 1  Initialization: generate individuals for initial population.

Step 2  Local search: apply local search to each individual.

Step 3 Parent selection: select pairs of parents for crossover process.

Step 4  Crossover: produce two offsprings from each pair of parents.

Step 5 Local search: apply local search to each offspring.

Step 6 Mutation: perform mutation on each offspring.

Step 7 Local search: apply local search to each offspring after mutation.

Step 8 Population replacement: select offsprings for the population in the next generation.

Step 9 Termination: If the predefined number of generations have been completed, then STOP.

Otherwise, go to Step 3.

The implementation of MA is described below in two parts: genetic algorithm and local search operator.

3.1 Genetic Algorithm

The part of genetic algorithm (GA) in the MA is the same as the one used in [7)] for the CA problem.
Each candidate solution of the CA problem in the search space is encoded as a binary string of length n,
where n is the total number of links in the network. Here, bit i of a string is set to be (0 when C; < Cl;,
and 1 when C; > Cp; (it has been proven mathematically that there is no link i that C; = Cp; [6]).
The fitness value of a string is defined as the network cost D corresponding to the bits in the string.
To calculate the fitness of a string, we firstly determine the link capacity C; by Eq.(4).

Z\/fjd:‘ '
Ci=fi+ i-—\/z Vie L, (4)
2} Tmax dt‘

{ dp:, when bit 2is 0,
d; =
dyi, when bit éis I.

where

(5)

Link cost D; can then be calculated by Eq.(3), and the sum of all link costs is the network cost D,
which is used as the fitness value of the string.

The population size of 100 is used, and 100 strings are randomly generated as initial population,
where each bit in the string is set to be 0 or 1 with equal probability.

Since the CA problem is a minimization problem, we avoid the problem of fitness value scaling by
using tournament selection to select a pair of parents for the crossover process. Each string in the
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population has equal probability to be chosen to enter the tournament comparison. We use uniform
crossover to create two offsprings from each pair of parents. The crossover mask is generated as a binary
string of length n, where each bit is randomly set to 0 or 1 with the same probability. The mutation
operator is applied to all bits in all offsprings with mutation probability of 0.01.

To determine the population of the next generation, we compare the fitness value of two offsprings
produced from the same pair of parents, and the one with better fitness value will be survived to the
next generation. After that, elitism is applied by randomly discarding one string in the new population
and replacing it with the best string in the previous population.

3.2 Local Search Operator

To solve the CA problem with concave cost function, a heuristic design algorithm (HDA) derived from
Lagrange multiplier method has been proposed [6]. The algorithm starts with initial value of d; which
is set as either dy; or dy; for each link 7 in the network. The Lagrange multiplier 3 is defined by

va,-ds/'v :
B=|2Lt——-—|. (6)

Tmax

Link capacity C; is then determined by

_ Bfi ,
Ci=fity g Vel (7)
If the value of C; calculated above is less than Co;, d; will be set as do;, otherwise it will be set as d;.
The algorithm iteratively calculates the value of 8, and terminates when § converges.

We consider HDA as a local search operator in our MA, by applying it to every string newly
generated by GA (at Steps 2, 5 and 7). The initial value of d; will be set as dg; (dy;} if bit 4 is 0 (1).
HDA will iteratively search for a local optimum of a given string.

4 Numerical Results

In this section, we compare the performance of MA and GA (the MA without local search). For a fair
comparison, we let the two methods solve a given problem instance in the same running time. This
makes the number of generations of applying MA and GA to a problem be 1000 and 2500, respectively.
The best solution obtained from each method is used as the final solution of that method.

A network with fully connected topology is considered with 100 random traffic patterns. The
comparison of the two methods are given in Table 1. The results in the first part are the number of
cases that MA gives better, the same, or worse solutions when compared with GA. The second part is
results on the ratio between solutions of MA and GA (average, minimum, maximum). Note that GA is
the current best known method for the CA problem [7]. The results show that the solutions by MA are
never worse than those by GA. Furthermore, MA always gives better solutions for large-scale networks,
and the rate of improvement in the quality of solution increases when the network size increases.

5 Conclusions

In this paper, we have proposed the application of memetic algorithm {MA) to the link capacity
assignment prablem (CA problem) for packet-switched networks with the consideration of existing
. 111
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Table 1: Performance comparison between MA and GA.

n MA is better | same | MA is worse || avg ratio | min ratio | max ratio
45 0 100 0 1.00000 1.00000 1.00000
190 30 70 U] 0.59939 0.99982 1.00000
435 95 5 0 0.99997 0.99985 1.00000
780 100 )] 0 0.99990 0.99972 0.99998
1225 100 0 -0 0.99979 0.99944 0.99994
1770 100 0 0 0.99967 0.99929 0.99985
2415 100 0 0 0.99954 0.99917 0.99976
3160 100 0 0 0.99937 0.99907 0.99963
4005 100 0 O 0.99919 0.99892 0.99940
4950 100 0 0 0.99902 0.99870 0.59926

network facilities. The link cost function is considered to be piecewise linear concave. The MA proposed
in this paper is designed by combining a local search operator to evolutionary operators of genetic
algorithm (GA), where the local search is the heuristic algorithm previously proposed for the CA
problem. Experimental results show that MA outperforms GA in all tested problems.
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