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1. Introduction

1.1 Overview and Motivation
From the computer network to the supply chain network, different kinds of network exist in this complex and fast changing world. Networking facilitates the communication and collaboration between people and organization. The information searching cost and business negotiation cost will reduce dramatically by leveraging on the networking technologies and concepts.

In the computer network, emerging broadband technologies, such as Wavelength Division Multiplexing (WDM) and Asynchronous Transfer Mode (ATM), equipped with enormous bandwidth makes multimedia information transmission possible. The availability of multimedia information transmission not only makes the computer network as the research environment for academic society but also as the market place for business society. According to a survey report [Dwivedi 00] on the traffic growth of USA long-distance optical network is projected to grow from 275 GB/s in 1999 to 8 TB/s by the year of 2004. In the meantime, the growth rate of three main applications, voice traffic, transaction data and Internet traffic, would rise to 8%, 34% and 157% per year respectively. 

In Taiwan, the fixed line services is blooming in 2001. According to the Polaris Securities Group [Polaris 01], and the estimated market potential is more than fifty billion NT dollars per year. However, the cost for deploying fixed line service network is very high. The initial network deploying cost will be about one hundred and forty billion NT (without including the land cost) dollars for new fixed line service providers in the coming six years. For these service providers, a good network planning and capacity management tool will not only reduce their installation cost but also increase their competitive advantage.

On the other hand, in the logistic network, emerging modern business practices, such as supply chain network and Quick Response/Efficient Customer Response (QR/ECR), equipped with seamless business transaction environment makes integration between suppliers and customers more easily. The availability of integration between suppliers and customers makes the adoption of the logistic network more competitive in transaction cost and quicker in response to the market for the organizations. 

Good network planning could decrease the network deploying cost and meet the performance requirement of the users. However, how to deploy a cost-effective network, no matter in computer network or logistic network, in order to satisfy the users’ Quality-of-Service (QoS) requirement is a challenging issue. The major decisions to be considered include the location of the network component, the capacity of the network component, the functionality of the network component and the users’ specified QoS requirements. Most users’ specified QoS requirements could be classified into time requirements and reliability requirements. 

Taking these factors into consideration, network design and management could be very complicated. Particularly, the addressing issues for different network design are so varied that no common rule could be applied. Hence, solutions based on heuristics are always applied. Take network service provider for example, suggestions from network component vendor are usually the solutions for deploying the network, which often results in over-engineering the network installation. 

In this dissertation, rigorous mathematical formulations are proposed to tackle planning and operational management problems of different networks. By proper modeling these problems with mathematical formulation and solve with Lagrangean relaxation techniques, this dissertation provides novel approaches to WDM networks, access network design, backbone network design, routing and capacity assignment in virtual circuit network routing, service network design and supply chain network design. Hence, this dissertation is not only an academic work but also provides sound solutions and managerial implications to the industry. Besides heuristics and vendor solutions, we provide alternative good solutions in the network installation phase and network operation phase that try to optimize the service providers and customers at the same time. According to our computational experiments, the algorithms that we propose provide credible solutions as compared to the optimal solutions. 

1.2 Scope and Problem Definition

In this dissertation, mathematical formulation is used to model the planning and management problems of computer and logistic networks. Lagrangean relaxation technique is adopted to solve these network planning and management problems based on the proposed mathematical formulations. Figure 1.1 depicts the planning and performance optimization framework for computer and logistic networks.

There are four different parts in this framework. The first part is the input parameters, which includes the traffic demands for each O-D pair, user specified QoS requirements and candidate network component configurations. The second part is the different layers of networks, which includes the physical network, access network, backbone network, network operation and logistic network, that we try to plan and optimize. The first four layers belongs to category of computer network, the last layer belongs to the category of logistic network. The third part consists of two main approaches, network planning and performance optimization, that we propose to tackle network design and capacity management problems of these networks. The fourth part is the objective of this framework, to minimize certain cost measure with respect to different networks. 
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Figure 1.1 defines the framework of this dissertation. Under this framework, unified network planning and performance optimization techniques are proposed to tackle planning and management problems of computer and logistic networks. In this dissertation, we are specifically interested in “capacity management” problem. Hence, the performance optimization techniques based on the network planning and capacity management that try to minimize certain cost measure with QoS requirements is the theme of this dissertation.

In order to satisfy the QoS requirements for various kind of traffic types, the next-generation computer and logistic networks shall be carefully designed and properly managed. Moreover, from the standpoint of network planner and administrator, network installation, operation and maintenance cost should be minimized. To achieve this objective, Frank Y. S. Lin proposed the following functions [F.Y.S Lin 89 – F.Y.S. Lin 99] for network planning and capacity management, such that a good equilibrium between the network cost and performance can be reached and maintained. Figure 1.2 depicts the result.
The functionality of each process in Figure 1.2 is described as follows:

· Traffic characterization/modeling: to characterize the traffic arrival and service rate by appropriate mathematical formulation, such that the delay function and loss function for performance optimization model could reflect the real traffic.

· Network Planning: to design a network with the minimum installation and operation cost subject to traffic requirement, delay, survivability and other performance constraints

· Network Performance Optimization: for an in-service traffic network, to optimize a certain performance measure, e.g. to minimize the call/packet block probability or end-to-end packet delay

· Network Monitoring: for an in-service traffic network, by using traffic measurements or performance modeling techniques (or a combination of the two) 

· to identify potential performance exceptions and 
· to activate corrective actions to collect traffic measurements for load forecasting purposes (to feed the servicing and the capacity expansion processes)

· Network Servicing: by using corrective actions to alleviate the performance exceptions identified by the monitoring process. Two typical actions are 
· traffic rerouting: reroute the traffic from the congested link or path to other less-congested links or path to avoid performance exceptions.
· sizing: when rerouting can not solve the performance exceptions, the other approach is by determining the minimum-cost capacity augmentation to satisfy the current demand.

· Network capacity expansion: for an in-service traffic network, to determine the long-term capacity augmentation policy at each decision stage over a pre-specified time horizon such that the total expansion cost considering both effect of economic-of-scale and time-discounted cost of money is minimized
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In this dissertation, our main research focuses on three processes in Figure 1.2, network planning, performance optimization and network servicing, for different types of computer and logistic networks as mentioned in Figure 1.1. The scope and problem definition of this dissertation is summarized in Table 1.1.

Table 1.1 Scope and problem definition of this dissertation
Problem
Input
Objective
Constraints
Output

RWA in WDM Networks (RWA)
network topology, traffic requirements, wavelength cost configuration
wavelength assignment cost
wavelength continuity constraint, capacity constraint
lightpath routing assignment, wavelength assignment

Access Network Design (AND)
traffic requirements, link transmission cost, link installation cost
installation and operational cost
tree topology constraint
Access network topology, routing assignment for each multicast group 

Backbone Network Design (BND)
traffic requirements, user location, candidate switch location, candidate link and switch configurations, average delay requirement, end-to-end delay requirement, node disjoint requirement
total link and switch installation cost
average delay constraint, end-to-end delay constraint, node disjoint constraint, capacity constraint
link and switch assignment, routing assignment, disjoint path assignment, average delay, end-to-end delay

Delay Constrained Routing

(DCR)
traffic requirements, end-to-end requirements, network topology
average delay time
Multicommodity flow constraint, end-to-end delay constraint, capacity constraint
routing assignment, end-to-end delay

Jointly capacity and routing assignment (JCR) 
traffic requirements, candidate link configurations, average delay requirement, end-to-end requirements, network topology
link installation cost
Multicommodity flow constraint, average and end-to-end delay constraint, capacity constraint
routing assignment, link capacity assignment, average and end-to-end delay

Service Network Design (SND)
goods requirements, servicing requirements, candidate service center location, user location
installation and operational cost
servicing time constraint, capacity constraint
service center location and capacity assignment, homing assignment

Supply Chain Network Design (SCND)
goods requirements, transportation time requirements, candidate DC location, user location
total DC installation and transport-ation cost
capacity constraints, transportation time constraints
DC location and capacity assignment, routing assignment

(1) Physical network: with WDM techniques, the bandwidth in fiber optics could be increased significantly. However, how to assign the wavelength and route the lightpath in a cost-efficient way without violating the wavelength–continuity constraint has become a challenging issue. In this dissertation, we propose near-optimal algorithms to solve this problem.

(2) Access network: in access network design, tree topology is always chosen for its acyclic nature and economic-of-scale effect. Therefore, we try to locate a minimum installation and operational cost single spanning tree to be the topology of the access network. And in particular, multicast instead of unicast traffic is considered in this access network design problem.

(3) Backbone network: in backbone network design, we consider the backbone network design problem with a full set of QoS requirements. The objective is to minimize the total link and switch installation cost. The QoS requirements considered include the average packet delay, end-to-end packet delay and network reliability constraints specified by end-to-end connectivity requirements. The proposed backbone network planning model is so generic that a number of commercial networks, such as frame relay network and ATM network, could be applied. Besides the proposed algorithms for backbone network planning problem, a user-friendly GUI is also implemented, so that the whole package could easily be used by the network operators in their backbone network planning.

(4) Network operation: for an in-service network, how to route traffic to the destinations without violating its end-to-end delay constraint is a very difficult task due to the non-convexity of the performance measures. Meanwhile, from the service provider perspective, minimize average cross network delay is the most important system performance measure. In the first part of this work, we consider these two issues at the same time, that is to minimize the average cross network delay subject to end-to-end delay constraint, in virtual circuit network. In the second part of this work, besides rerouting, we also consider the approach of capacity augmentation in facing increasing new traffic demand and stringent QoS requirements where the objective is to minimize the total network link capacity installation cost subject to the average and end-to-end delay requirements.

(5) Logistic network: in the logistic network planning, two facility location and capacity management problems, that belong to the strategic level of supply chain network planning, are addressed. The first is the service network design problem where the objective is to minimize the total facility installation cost and servicing cost in order to satisfy the service time requirement and the commodity flow requirement for each customer. The total facility cost includes the installation cost for service center and the warehouse. The second is the supply chain network design where the objective is to minimize the total Distribution Centers (DCs) construction cost and the transportation cost, where the capacity and time requirements are explicitly enforced in the constraints. These two kinds of logistic network design problem could be classified as the well-known facility location problem, however by including the QoS constraints of servicing time and commodity flow requirement, this problem is more difficult than traditional facility location problem.

1.3 Background
In most of network planning and capacity management problems, the integer constraint (e.g. routing assignment) and the non-convex QoS performance metric (e.g. end-to-end delay), result in the NP-complete problem complexity. Unlike traditional heuristic based approaches, the novel Lagrangean relaxation method is proposed as the basic solution procedure for solving the network planning and capacity management problems. 
A number of famous integer programming problems, such as traveling salesman problem, scheduling problem, assignment problem and location problem, have been successfully solved by Lagrangean relaxation method [Fisher 81]. In these applications, after Lagrangean relaxation, the original problem formulation could usually be decomposed into several independent subproblems (with respect to the decision variables) which each independent subproblem could be easily solved. The integrality nature of the decision variable for each independent subproblem makes it easier to be solved. Besides decomposition, Lagrangean relaxation method generates a legitimate lower bound to verify the solution quality of the upper bound calculated by the proposed algorithms. Hence, the combinatorial explosive for integer programming problem would be effectively eliminated by applying Lagrangean relaxation method, which makes it suitable for solving integer programming problem. As compared to linear programming relaxation, the bounds provided by Lagrangean relaxation outperforms in many instances [Lee 99].

In addition to these integer programming problems, Gavish solved a series of network planning and capacity management problems by using the Lagrangean relaxation method [Gavish 83-Gavish 92b]. In these works, Gavish showed that Lagrangean relaxation method is not only effective and efficient in solving integer programming problem but also in solving non-convex programming problems. [Lee 99] summarized the strength of Lagrangean relaxation method.

By examining the nature of network planning and capacity management problem, routing is a common problem no matter in the computer or logistic networks. Therefore, due to the following reasons, intensive researches have addressed the routing problem in computer and logistic networks.

(1) In the computer network, blooming high speed networking technologies makes real-time transmission of multimedia information possible.
(2) In the logistic network, quick response pressure from the customers makes the timing for transportation and servicing more stringent. 
Hence, QoS based routing is becoming a necessity to the network operators and managers. In addition, from the service provider’s perspective, routing with global cost-efficient in resource utilization is another important performance measure. 

Routing problem could be classified into two main classes, unicast routing and multicast routing, based on the number of destinations for each connection. Besides that, [S. Chen 98] provides four dimensions, link-optimization routing, link-constrained routing, path-optimization and path-constrained routing, to classify different cost-effective QoS routing in unicast and multicast routing. Figure 1.3 shows this result. 

As could be seen in Figure 1.3, the combination of path optimization routing and path constrained routing is a NP-complete problem in unicast routing. A number of problems, such as (BND), (DCR), (JCR), (SND) and (SCND), considered in this dissertation could be classified into this category. The (RWA) problem considered in this dissertation could be taken as the path optimization routing in unicast routing. However, the wavelength continuity constraint makes this problem complicated as a NP-complete problem. In multicast routing of Figure 1.3, a well-known Steiner tree problem, which is also a NP-complete problem, is classified as the tree optimization routing. The (AND) problem considered in this dissertation belongs to this category.
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Figure 1.2 Schematic illustration of the network planning and capacity management for networks


1.4 Organization of the Dissertation

This following chapters of this dissertation is organized as follows. In Chapter 2, we address the lightpath Routing and Wavelength Assignment (RWA) in WDM networks. Mathematical modeling in conjunction with Lagrangean relaxation are presented for this problem.

Two mathematical models are proposed in Chapter 3 to address the Access  Network Design problem. The second mathematical model that avoids solving the Steiner Tree problem makes the solution technique tractable. In Chapter 4, mathematical formulation and Lagrangean relaxation are proposed to minimize the link and switch installation cost in conjunction with delay and reliability QoS constraints in backbone network planning. 

To assure end-to-end QoS from users’ perspective, and simultaneously optimize a certain “average” performance objective from the system’s perspective is presented in Chapter 5. We propose algorithms based on mathematical formulation and Lagrangean relaxation to provide near optimal solutions to the delay constrained Routing problem. In addition, in the second part of Chapter 5, we jointly consider the link capacity augmentation and rerouting at the same time in facing more traffic demand for an in-service network.

Service network planning that minimizes the service center installation cost and servicing cost with servicing time constraint is presented in Chapter 6. Homing assignment for each customer is determined by optimization based approach. From the homing assignment, the corresponding service center capacity and cost could be determined.

In Chapter 7, we consider the transportation network from the supplier to the customer via DC. Near optimal strategy for determining the DC capacity and routing are determined by optimization based approach. This strategic type of planning, which gives the network topology and routing assignment, is important to later stages of supply chain network management.

In Chapter 8, we conclude this dissertation. By briefly summarizing our contributions, we show the importance of the research results and propose future research directions. 
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Figure 1.3 Framework for routing problem (proposed by [S. Chen 98])
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