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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.
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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
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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,
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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.
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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.
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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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