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Abstract

Traffic carried by telecommunication networks has experienced explosive growth

regarding both volume and dynamics due to the increasing usage of the Internet all

around the world. Emerging new applications and new technologies lead telecom-

munication networks to a heterogeneous multi-layer multi-technology structure over

which multiple services can be provided. For many decades, the design and analysis

of telecommunication networks were based on tools developed for the telephone

systems, namely, the Erlang formulae. Given the size, complexity and evolving pace

of today’s telecommunication networks as well as growing concerns about energy

consumption, the original Erlang formulae are no longer adequate. Thus, there is a

need for new scalable methodologies to achieve cost effective network designs and

operations.

The focus of this thesis is modeling, design and performance analysis of multi-

layer and multi-technology networks. The primary objective is to find robust and cost-

effective design and dimensioning methodologies of multi-layer communications

networks. In this thesis, we propose a near-optimal analytical solution to multi-layer

network design problem, which applies to an arbitrary number of layered transport

technologies, and realistically sized networks with stochastic traffic models. This

solution decides virtual network topologies, link capacity assignments with near

optimal choices of routing paths and transport technologies so that total network

installation and operation cost are minimized. The key novelty of this solution

is the inclusion of stochastic traffic models in a multi-layer network optimization.



The incorporation of layering and PPBP traffic introduces a complexity, which

cannot readily be managed in the framework of the traditional network optimization

methodologies. Fortunately, a radical simplification ensues by adopting the shortest

path routing as the overall design philosophy. The optimization algorithm then

becomes an iterative application of the shortest path routing together with link-by-

link dimensioning, in all layers. There are interesting findings presented in this

thesis, which are observed from the empirical results of our algorithm on a range of

networks including the 100-node “CORONET” network. Furthermore, a new ILP

solution is proposed for the multi-layer network design problem as a benchmark for

our heuristic algorithm.

Cost model is another fundamental element in multi-layer network design prob-

lems. A correct and detailed accounting of cost model is also the foundation for

networking research in the areas of network optimization, network evolution, net-

work design algorithms, network performance evaluation and network management.

In this thesis, we propose an idea of using the principle similar to double entry

bookkeeping in general accountancy to validate network cost models and thereby

the implementation of network design optimization. The key validation technique is

to ensure that total network cost calculated from traffic is the same as total network

cost calculated by summing the cost of devices and equipment. We show that this

principle theoretically justifies pricing based optimization. We also demonstrate how

double entry bookkeeping ensures correct results and how optimization fails because

of invalid cost, by using the heuristic we proposed as an example. Then we further

extend the cost model study to cost error sensitivity analysis of the shortest path

routing algorithm. We show that shortest path routing algorithm is an efficient design

principle for multi-layer networks, but it can lead to bad designs if the cost models

are inaccurate.
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Chapter 1

Introduction

1.1 Background and Motivations

The current Internet, which carries exabyte data information everyday, is becoming

a complex and multi-layer system that consists of various technologies and pro-

tocols. It offers users various types of services, including web browsing, email

exchange, gaming, streaming videos, etc., which generate a large amount of Inter-

net Protocol (IP) traffic over our telecommunications networks. This IP traffic is

carried by various technologies and protocols, such as Multi-Protocol Label Switch-

ing (MPLS), Generalized Multi-Protocol Label Switching (GMPLS) (also known

as multi-protocol lambda switching), Ethernet, Synchronous Optical Networking

(SONET)/Synchronous Digital Hierarchy (SDH), and Wavelength-Division Mul-

tiplexing (WDM). Each of these technologies has its own attributes, expediency

and efficiency. For example, MPLS can serve high traffic demand at a higher rate

with lower energy cost per bit compared to the IP routing if network resources are

efficiently utilized. However, MPLS is based on coarse granularity, which may

imply light utilization of certain resources (e.g., wavelengths). The heterogeneity

and complexity introduced by the multi-layer structure and various technologies,

services and vendors have become a critical challenge to the development of today’s
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Introduction

telecommunications networks. Apart from the complexity, another major challenge

comes from the fast-growing IP traffic with high elasticity. During past five years, the

Internet traffic has grown at a 33% compound rate and is expected to keep on growing

rapidly, thereby creating an enormous demand for network bandwidth to the near

future. Moreover, individual IP traffic flows have been shown to be highly elastic

and exhibit Long Range Dependency (LRD), which makes the capacity demands of

traffic flows difficult to predict.

Given the size, complexity and rapid expansion of today’s Internet, the Erlang

formulae, which were used to design our telephone system half a century ago,

are no longer adequate tools for the design and performance analysis of today’s

telecommunications networks. However, in order to remain competitive, network

operators need solutions on how to allocate network resources, how to route network

traffic and which technology/layer to choose to transport the traffic so that the total

cost of installation, running and maintaining their networks can be minimized. It

raises a need for a scalable solution for optimal network design that takes all the

network aspects into account, including traffic characteristics, cost efficiency, and

survivability.

According to previous researches, there is still a large gap between the industry

needs and academic studies, where most of the researches consider only the fixed

bit rate traffic and most of the algorithms developed do not scale to large networks.

Therefore, in this thesis, an efficient and scalable heuristic algorithm is proposed for

cost-effective design of multi-layer telecommunications networks, with the aim to

optimize both the routing path and the choice of transport technology for all traffic

under a complicated cost metric that include the effect of network resource utilization

in various layers. The effectiveness of the heuristic algorithm is illustrated by various

network examples. The solution is validated and benchmarked against solutions and

bounds obtained from integer linear programming formulations for a small network

example. This thesis also gives a systematic review of various aspects related to

2



1.2 Thesis Outline

multi-layer network planning and design, e.g., network architecture, traffic modeling

and cost modeling.

1.2 Thesis Outline

This thesis is organized as follows. In Chapter 2 we give a brief introduction to

the history of telecommunications networks. We discuss major issues that the

current telecommunication industry is facing and several developing trends of next-

generation networks. This chapter highlights the gap between present and future

networks, and frames the research agenda on how to overcome the deficiencies of

current multi-layer networks and advance the Internet evolution to next stage.

In Chapter 3, we introduce the multi-layer and multi-technologies structures of

modern telecommunications networks. We start by first introducing the network

layered models: the primary Open Systems Interconnection (OSI) reference model,

the widely adopted Transmission Control Protocol/Internet Protocol (TCP/IP) model

and later the advanced Multi-layer model. For each model, the functions of different

layers and their corresponding technologies are explained. As the primary focus

of this chapter is on the Multi-layer model, a detailed presentation is given of its

corresponding technologies and protocols from top to bottom layer by layer, i.e.,

IP, MPLS, Asynchronous Transfer Mode (ATM), SONET and WDM. Furthermore,

several promising approaches to the Multi-layer model are explained and compared

concerning their advantages and drawbacks.

In Chapter 4, we introduce general models to describe a multi-layer network.

Since modeling a multi-layer network as a whole is complex and sometimes confus-

ing, we start by gradually introducing models of different aspects of a multi-layer

network. First, we briefly present the traffic models, from the Poisson process to

the long range dependent Poisson Pareto Burst Process (PPBP). Then, we discuss

the reason and effects of statistical multiplexing and traffic grooming during the

3



Introduction

traffic transmission. Further, we provide the concept of the cost model and introduce

routing methods of traffic based on cost models. With this background on traffic, cost

and routing modeling, we compare various existing models for multi-layer networks

from previous researches. The comparison leads us to the drawbacks of previous

models on scalability, capturing traffic characteristics as well as the energy efficiency,

which raises the need for a more comprehensive, scalable and efficient solution.

In Chapter 5, we propose a scalable heuristic algorithm for multi-layer network

design problem under both constant bit rate and long range dependent traffic. This

algorithm optimizes network design by optimizing the traffic routes, link dimension-

ing, capacity assignment and choices of technologies in every layer. In this chapter,

we first make a detailed statement of the multi-layer network design problem with

long range dependent traffic. Then we propose a mathematical Integrated Learning

Programme (ILP) formulation for multi-layer network design problem as a bench-

mark to our heuristics. The iterative process of our heuristic algorithm is explained

in details. After that some interesting findings over various network examples are

presented, e.g., the benefits of flow sizes dependent routing and the evolution trend

of future network structure.

In Chapter 6, in order to find how reliable the shortest path routing is in multilayer

network design, we further investigate the link cost error sensitivity of the shortest

path routing algorithm in multi-layer networks. We demonstrate that shortest path

routing is an efficient method for multi-layer network design. However, we also

illustrate by network examples that if the input network cost model is not accurate,

the shortest path algorithm may lead to bad designs that are far from optimal.

In Chapter 7, we extend the research on the cost model study to address the

question that how to ensure the optimization solutions of multilayer networks are

correct. We introduce a double-entry bookkeeping method to network research to

validate network cost models thereby the correctness of network design optimization.

This method borrows the concept of double-entry bookkeeping from professional
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accountancy to ensure that the complicated cost calculation in multi-layer network

design and optimization is valid and accurate. We demonstrate the importance of

this double entry bookkeeping method using examples and show how optimization

fails because of inaccurate cost.

In Chapter 8, we summarize contributions of the thesis, provide general conclu-

sions of our research work and identify directions for future studies.
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Chapter 2

Telecommunications Networks: Past,

Present and Future

The telecommunication is a Greek term meaning “communication at distance”

through signals of various forms from a transmitter to a receiver. In ancient times,

early telecommunication was based on signals using light and sound, like smoke and

drums. In the 1800s, the understanding and use of electromagnetic energy turned a

new page for telecommunications. The invention of the telegraph and the telephone

made the remote transmission of message and voice possible. Later developments

and technology innovation lead to the invention of the audio, the television, and

eventually the Internet.

Telecommunication has been through significant changes over the past 50 years.

Analog signals of sound, images and videos can all be converted into digital format,

as a sequence of bits. As a result, the various telecommunications networks tend to

integrate into one common infrastructure - the Internet. For example, telephone calls

are now carried and routed over the Internet using VoIP [1]. As a consequence, all

the media, i.e. sound, image, video, and data, is transmitted over a common network.

This trend offers economies of scale. Nevertheless, it gradually creates increasing

bandwidth demand on the Internet and makes the Internet very complicated since a
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variety of data flows is generated by various services that require different Quality of

Service (QoS).

To meet the increasing access demand for bandwidth, optical fiber has been

deployed worldwide from 1980. It provides much larger bandwidth at less cost as

well as higher efficiency in long distance transmission than coral cables. In late

1980’s, in order to handle the diverse requirements of various media and unify the

telecommunications networks, frame relay protocols [2] were introduced. Frame

relay protocol provides packet-switching data communication capability by acting

as an interface between user devices and network equipment. Together with the later

proposed Time Division Multiplexing (TDM) in [3], frame relay enables statistically

multiplexing so that many logical data can converse over a single physical transmis-

sion link. Later, ATM [ 2, 4] uses asynchronous time-division multiplexing [ 5] was

designed to provide functionality that is similar to both circuit switching and packet

switching. ATM enables networks to handle both high-throughput data traffic and

real-time, low-latency data streams such as voice and video. In the late 1990’s, the

introduction of WDM [6] fully realized the potential of the optical fiber and enabled

a single fiber to transmit data at a speed of hundreds of gigabits per second, or even

terabits per second.

Due to the emergence of new bandwidth intensive applications, such as video

on demand (VoD), online games and remote file hosting, the explosively growing

bandwidth demand is still a critical aspect of the current Internet. According to Cisco

white paper 2014 [7], global IP traffic increased more than fivefold in the past five

years, and will increase threefold over the next five years. The global IP traffic will

reach zettabyte (1000 exabyte) levels in 2016 and IP traffic per month will increase

to 132 exabytes per month, shown in Figure 2.1. Another critical aspect of current

Internet is cost and energy efficiency: cost is one of the major barriers to the growth

of current Internet while energy efficiency is considered to be the major obstacle to

the sustainable growth of Internet in the future [8]. According to the SMART 2020
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study [9], CO2 emissions from Information and Communications Technology (ICT)

industry grows at a rate of 6% per year and at such a rate they could represent 12% of

worldwide emissions by 2020. There is a lot of research aimed at a greener Internet.

Most of these research results showed that the rising awareness of both capital costs

and energy efficiency will lead the Internet to more optics because network service

providers will finally replace the expensive high-end routers to cheaper and more

energy-efficient optical devices.

Fig. 2.1 Global IP traffic per month forcasted by Cisco.

The telecommunications industry is probably the fastest growing industry over

the past 30 years. The improvement of transmission capacity, scalability and switch-

ing efficiency at network nodes and links, drives the evolution of telecommunications

networks. Some widely accepted trends of next generation of Internet are presented

in [10], e.g., a new flat and converged network architecture, the evolving of Internet

of things and the increasing power of big data. However, when looking at the original

goals of Internet design, some of them are still challenges to current Internet archi-

tectures, i.e., security, mobility, reliability and QoS. The authors of [11] summarized
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ten crucial problems to which current Internet failed to provide satisfactory solutions

and need to be addressed in the future.

The scale of the current Internet prevents significant changes to the already

deployed architecture. Small and incremental improvements are introduced each

time to solve the current problems but they cause inefficiency. The current situa-

tion reaches to a point where network operators are unwilling and unable to fully

understand and experiment the current architecture. The pressing needs of the next

generation Internet have drawn attention from leading research founding agencies

from over the world, like National Science Foundation (NSF) [12]. Researchers

have proposed numerous new technologies and new protocols for the future Internet

[13–17], together with new architectures [18–20]. One promising way to design the

next generation of Internet is known as “clean state design" [18, 19], which means a

system is redesigned from scratch to offer improved performance while providing

similar functionality based on new core principles. This method enables the design

of new system not constrained by the existing structure of current Internet. However,

the way to evaluate the newly designed architecture is still unknown [21]. As the

network providers do not know what future design will look like, the rethink of

architecture is likely to result in a different one. Considering the size and complexity

of current Internet, there is little chance for a complete redesign. Also, it is barely

possible to convince all the stakeholders to adopt enormous changes without showing

them a workable and validated solution, which provides better economic benefits

and superior QoS over the existing system.

The important challenge in moving forward to the future Internet is that we need

a way to understand and conduct performance analysis of the current Internet, given

the multi-layer structure and a large number of switching, transmission protocols

based on various technologies. In the following context of this thesis, we discuss

optimization models, heuristic algorithms, studies and analyzes for he multi-layer

network design problems. We also present a scalable solution to the problems
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considered, and this solution can help the network operators to evaluate the future

network architectures and technologies.
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Chapter 3

Network Architecture: Multi-layer

and Multi-technology

Modern telecommunications networks are constructed in a layered structure to reduce

the design and management complexity. The idea behind the layered structure is

to divide the complex network into separate levels. Each level adds the service

provided by itself to the service provided by the layer below so that the highest layer

will have all the service available for end-to-end communication. The benefit of

layered structure is the independence of each layer, which allows changes to one

layer without affecting the other layers. The layer above only uses the services

provided by the layer below through interface without knowing how the service

is defined at the layer below. The layered structure brings various conceptual and

structural advantages. However, layered structure can also be harmful as well [22].

For example, the services are carried out within a layer completely before the data

is passed to the layer above, which makes cross layer optimization complicated. In

addition, certain functions are duplicated in multiple layers, and the layered structure

introduces processing overheads and leads to an increase in operating expenditure.
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3.1 OSI Model

In 1980, the idea of dividing the telecommunications networks into a series concep-

tual layers was first introduced by Hubert Zimmermann in [23]. Later, this idea was

published by the International Organization for Standardization (ISO) as standard

ISO 7498 [24]. It is referred as the OSI reference model, and became the primary

architectural model for inter-computer communications. The OSI model is composed

of seven layers. Each successive layer envelops the layer below it, hiding its details

from the levels above. OSI model is very useful as a conceptual model in theoretical

research areas, but it is not an industry standard as TCP/IP model. Among the seven

layers, the three bottom layers are the physical layer, data-link layer and network

layer, and are called lower layers. Their function is to handle the data transport

related issues. The four top layers are application layer, presentation layer, session

layer and transport layer, and are called upper layers. Their function is to handle

application communication issues and generally implemented only in software. The

functions of seven layers in OSI reference model are:

1. Application layer: handles the techniques and protocols that application pro-

grams using to communicate with other application programs over the network.

2. Presentation layer: converts the format and representation of data (e.g. encryp-

tion) sent or received over the network during the communication between

applications.

3. Session layer: establishes, uses and disconnects connections during the com-

munication between two applications.

4. Transport layer: manages the data transfer and ensures that data is delivered

error free, in sequence and without loss, duplication or corruption.
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5. Network layer: manages the data routing so that data can be sent to the correct

destinations.

6. Data-link layer: transfers data across the network media and addresses things,

such as the size of each data packet to be sent.

7. Physical layer: addresses the physical characteristics of the network device,

such as network topology and the types of cables used.

3.2 TCP/IP Reference Model

The OSI reference model is widely known as a conceptual model for theoretical

research, but the TCP/IP reference model [25] instead emerged as a commercial

success. TCP/IP was first developed by the U.S. Department of Defense [25] to

build the Internet, and then quickly became the most successful communication

model worldwide, enabling the exchange of information among various systems.

TCP/IP model has five layers, which combines the upper three layers: application,

presentation and session layer of the OSI model as one application layer. Sometimes,

in the TCP/IP reference model, the data-link layer and physical layer together are

also referred as one layer, called the network interface. Table 3.1 shows a simple

comparison between the OSI reference model and the TCP/IP model with protocol

examples belonging different TCP/IP layers.

The five layers of the TCP/IP reference model are:

1. Application layer: defines the standard of internet services and applications

and how applications communicate with the transport layer.

2. Transport layer: ensures that the packets arrive in the right sequence without

errors. This is known as end-to-end communication; protocols like Transmis-

sion Control Protocol (TCP) and User Datagram Protocol (UDP) belong to

this layer.
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Table 3.1 OSI layers versus TCP/IP layers.

OSI layer Equivalent TCP/IP Layers TCP/IP Protocol Examples
Application layer

Application layer HTTP, FTP, Telnet, DHCPPresentation layer
Session layer

Transport layer Transport layer TCP, UDP
Network layer Internet layer IP, ARP, ICMP, IGMP
Data-link layer Data-link layer

Ethernet, SONET, OTN
Physical layer Physical layer

3. Internet layer: is responsible for sending packet across networks using the right

path, including pack routing, segmentation, and host addressing (IP addresses).

4. Data-link layer: identifies the networking methods within the scope of the

local network without intervening routers, which provides service of error

control and framing as well.

5. Physical layer: specifies the physical characteristics of network devices, such

as network topology and the types of devices used.

3.3 The Multi-layer Model

Fig. 3.1 Mapping between the OSI reference model, TCP/IP model and next-
generation multi-layer model.
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Fig. 3.2 Possible layering architectures.

The current TCP/IP 5-layer structure has several drawbacks because multiple

layers introduce duplicate functions, processing overhead, large Capital Expenditure

(CAPEX) and Operation Expenditure (OPEX) as well as complexity. The network

architecture is evolving by cutting some intermediate layers out to overcome above

drawbacks. As the bandwidth demands of Internet keep increasing rapidly, many

researchers believe that the next generation of network architecture will be a con-

verged network with ”more optics" and all based on IP [10, 26–29], which will

be the solution for a more efficient and greener Internet. Figure 3.1 shows three

promising approaches for the converged next-generation multi-layer models for our

backbone network, with the layers of three approaches mapping to the layers of the

original OSI reference model and the TCP/IP model. All these three approaches are

different implementations of the architecture of IP-based optical network [30, 31],

but based on various transport technologies respectively, i.e. SONET/SDH, Ethernet

and the Optical Transport Network (OTN). There are other technologies and layered

architectures proposed for the next-generation backbone network, like IP/MPLS over

the flex-grid optical network [32] and IP over Optical Burst Switching (OBS) over

WDM [33]. However in the following context, we will only consider architectures

that are shown in Figure 3.2, which demonstrates an integration trend of future

IP-based optical network architectures.
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3.3.1 Enabling Technologies and Protocols

IP is by far the mostly widely deployed wide area network technology, working with a

variety types of technologies at lower layers to link up computers and network devices.

The primary function of IP is to deliver data packet from source to destination across

the network solely dependent on the IP address in the packet header. The development

of IP bases on the end-to-end principle; no central control and monitoring are

deployed to maintain the state of a network. In this way, IP brings the benefit of

scalability, but is also considered unreliable and only performs best-effort delivery

service. As a consequence, packet loss, data error and out-of-order delivery may

occur during the transmission under IP.

MPLS/GMPLS [34] are connection-oriented technology to route/transmit IP

packet by path label instead of IP address, which now is usually integrated with IP

protocol [35]. MPLS/GMPLS is a popular technology because it saves the processing

overhead of IP address look-ups during the packet forwarding, and introduces both

features of Traffic Engineering (TE) and QoS. The major difference between MPLS

and GMPLS is that GMPLS is designed to support multiple types of switching

system like time, wavelength and space switching as well as packet switching.

ATM [36] is a high-speed technology which was originally designed to handle

both real-time low-latency voice signals and high-throughput data transmission. In

ATM, traffic data is transmitted and divided into small and fixed size (53 bytes) cells

using asynchronous TDM. The cell size is so small because ATM is designed to

deliver real-time service with low-latency thus small cell minimizes delay. ATM is

connection-oriented and utilizes no routing. It sends cells through an end-to-end

pre-established virtual circuit which guarantees QoS. At this time, ATM is widely

used over SONET/SDH in backbone networks. However, the interest for ATM from

industry is continuously declining, because its connection-oriented nature and cell

size limitation against the packet-based (IP) design of most new applications.
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SONET/SDH, Ethernet and OTN are three predominant technologies in the

physical network interface, which are all considered as client layers of the optical

layer. SONET/SDH, was the earliest to be deployed in backbone networks and has

been very successful over the years. It sets up constant bit rate connections, and it

multiplexes lower bit rate connections into a higher bit rate connection using time

division multiplexing. SONET/SDH was originally developed for transmission of

low speed voice and Consistant Bit Rate (CBR) connections, up to 51 Mb/s, but now

it supports data communication at tens of gigabits per second. SONET and SDH are

essentially the same technology. SONET is widely used in the US and Canada while

SDH is employed in the rest of the world.

Ethernet was first created in the 1970s as a packet switched technology to

connect computers in Local Area Networks (LANs) and Metropolitan Area Networks

(MANs). It has been later refined to support various topologies, higher bit rates

and better media access control methods. Although SONET/SDH already provided

high bit rates transmission services, improving the Ethernet with higher bit rate

has its own advantage. Ethernet is transitionally widely adopted and considered

less expensive for telecommunication service providers. It is easier to maintain one

protocol/technology instead of multiple ones. Gigabit Ethernet now is supporting

various bite rates at gigabit levels, which is widely considered to be one of the

promising techniques in the future.

OTN [37] was created for supporting optical networks with WDM. It is emerging

as a promising technology for the next-generation transport networks with high speed

transmission. OTN can provide functions like transport, multiplexing, switching,

management, supervision and survivability of optical channels. It has a digital wrap-

per layer that is advantageous over SONET with Tandem Connection Monitoring

(TCM) and advanced Forward Error Correction (FEC). OTN can be exploited over

SONET in multi-layer architectures, which will lead networks to next level by en-
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abling performance monitoring, higher bit-rate, and efficient bandwidth utilization

[26].

WDM/Dense Wavelength Division Multiplexing (DWDM), is a technology to

multiplex a number of optical transmission channels into one single fiber using

different wavelengths. This technology expands the potential capacity of an optical

link by tens or hundreds of times without deploying any additional fiber but only

WDM multiplexers/demultiplexers. Due to the numerous benefit introduced by

WDM, it has been quickly extended from a point-to-point transmission technology to

a networking technology with a set of equipment like Optical Add/Drop Multiplexers

(OADMs) and Optical Cross Connects (OXCs). The WDM layer is circuit switched

with connections referred by light-path, which can be used to provide flexible

interconnections for the layer above such as SONET/SDH or even IP.

3.3.2 IP/MPLS over ATM over SONET/SDH

In many cases today, the most common high speed communication technologies

using in the backbone network are ATM and SONET/SDH. A common structure

of a network node in the backbone network today is shown in Figure 3.3. The

neutrality and transport-oriented features of SONET/SDH make it the obvious

choice for transporting the fixed length ATM cells [36]. The IP/MPLS over ATM

over SONET/SDH over WDM architecture introduces excellent traffic grooming

and flexible traffic engineering as well as the QoS differentiation. However, given

the rapidly growth of IP traffic, more and more Internet Service Providers (ISPs)

consider their future network structures without ATM according to the following

disadvantages: (i) ATM was created as a technology to integrate multiple services

which is not optimized to IP. (ii) ATM imposes a hurtful overhead around 10%,

which is known as “cell-tax," to the IP traffic during the transmission [38]. (iii) ATM

introduces an additional layer which increases the equipment, operational costs and
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maintenance costs. In addition, because the cell size is fixed, the ATM segmentation

and reassembly will become more and more complex as the interface are upgrading

to larger bandwidth [39, 40].

Fig. 3.3 A network node in multi-layered backbone network, some layers may be
bypassed depending on node function and architecture.

3.3.3 IP/MPLS over SONET/SDH

As the ISPs are now turning their backbone networks to IP/MPLS over SONET

structure, the main reason given by most ISPs is that they cannot afford the ATM

”cell tax" whereas the IP over SONET overhead is roughly 2 percent. However,

without the grooming from ATM layer, carrying IP directly over SONET uses up the

whole SONET link bandwidth for a single traffic flow between a pair of routers even

when the traffic volume requires a fraction of it. The choice between IP over ATM

and IP over SONET/SDH thus involves tradeoffs between the inefficiency caused
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by additional protocol and equipment overheads and the efficiency generated by the

flexible routing and grooming provided by ATM. By considering the Internet traffic

growth and new technologies to improve the bandwidth efficiency, the references

[39, 40] show that IP over SONET/SDH is still a leading solution for effective

backbone networks.

3.3.4 IP/MPLS over Ethernet

In the past, the SONET/SDH was the only choice to build up a high-speed backbone

network. Today, modern design keeps improving the original Ethernet technology on

the enhancement of bandwidth, QoS and Operation Administration and Management

(OAM), now the Gigabit Ethernet can provide 0/100/1000Base-T (Gigabit) data

with support for optical interfaces and offer bandwidth previously only associated

with SONET/SDH. Although SONET/SDH and MPLS can already provide high

speed access, enhancing Ethernet has its own important advantages: (i) SONET/SDH

networks are designed to use fixed bandwidth circuits which contribute inefficiency

while Ethernet is flexible. (ii) Most SONET/SDH networks are deployed in fixed ring-

based designs while Ethernet supports ring, mesh, tree, and string based topologies.

(iii) SONET/SDH hardware requires complicated configuration and maintenance,

while Ethernet is easily scalable and enables users to enjoy its "plug-and-play"

feature. (iv) Most importantly, Ethernet has been less expensive traditionally than

SONET/SDH in both CAPEX and OPEX, and in many cases by a significant margin.

3.3.5 IP/MPLS over OTN/WDM

As mentioned in the previous context, today’s multi-layer structure has drawbacks

on processing overheads and optimization complexity. In [10], the authors believe

that the future Internet will evolve towards a converged structure. Current ATM

and SONET/SDH do not add much efficiency to the IP packet transport because
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they are designed for circuit switched world with fixed bandwidth. The ultimate

goal is to simplify the Internet into a two-layer structure, one service layer plus

one optical layer. Considering the next generation of IP has the potential to deliver

QoS, the benefits of ATM and SONET/SDH will be minimized [41]. Much previous

research [27, 29, 40–43] considers the IP directly over WDM/DWDM or OTN

as the most promising model for the future because it has significant advantages

over other models, such as better flexibility and scalability, more efficient traffic

engineering, smaller complexity and fewer costs. However, IP over WDM/OTN is

not yet mature and only at a research stage. Several critical issues that need further

efforts, such as addressing, interface design, data and control plane separation, as

well as protection and restoration. Given that ATM, Ethernet and SONET/SDH

have been widely deployed in today’s telecommunications networks with massive

investments in their equipment, and that these technologies still offer satisfactory

levels of QoS, granularity and protection, IP over WDM/OTN will be a long-term

solution.
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Chapter 4

Multi-layer Network Modeling

Today’s telecommunications networks are complex, rapidly evolving and essential

to our daily life. It has led a need for models that understand the behavior of

these networks. In the last decade, many mathematical models have been proposed

to address the design, dimensioning, routing, protection and restoration issues of

single layer networks [44–50]. However, today’s multi-layer networks are far more

complicated than the single layer networks for the following reasons:

1. The size of current multi-layer networks is very large, as networks consist of

an enormous number of network devices.

2. The characteristics of various network devices from different technologies need

to be considered, for instance, capacity unit, equipment cost and multiplexing

ability.

3. Traffic flows are routed over different types of links at different layers.

4. Nested routing paths (paths in paths in paths ...) across several layers need to

be determined.

Modeling a multi-layer network is not an easy task. There are many important

and inter-dependent aspects that need to be considered when modeling a multi-layer
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network. The main purpose of this chapter is to introduce important aspects of

multi-layer network modeling and to discuss existing models with their strengths

and limitations, and to motivate our modeling decisions.

4.1 Traffic Models

A traffic model is a stochastic process which captures the statistical properties of real

traffic streams. It is the input for all the network design and dimensioning problems.

Ideally, the traffic model should accurately predict all the behavior of real traffic

while not being overly complex. In practice, most traffic models present a trade-

off between simplicity and accuracy. Traffic models are mainly classified into two

categories [51]. One category is bound based source model whereby the source traffic

volume characteristics are described by a bound or envelope, which can be either

deterministic or stochastic. A deterministic bound traffic model represents source

traffic characteristics by constant measures, e.g., peak or average bandwidth over an

averaging time interval. A stochastic bound traffic mode represents source traffic

by different random variables, each one bounding the source over a given length of

time. Another category is that of unbounded source models, where the stochastic

properties of source traffic behavior are described through suitable arrival processes

and distribution functions. Two major traffic models belong to the unbounded source

category are presented below.

4.1.1 Poisson Process

One of the most widely known traffic models in queuing theory is the Poisson

process. The Poisson process can be described by a counter process N(t), where the

N(t) presents the number of events that have occurred during the time interval (0, t),

or more generally, (t1, t2). In a Poisson process, the number of event arrivals N(t)
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in a time interval of length t obeys the Poisson distribution with a rate parameter λ.

The probability that there are n event arrivals during the time interval t is given by

P{N(t) = n}= (λt)n

n!
e−λt (4.1)

The inter-arrival times are exponentially distributed as

P(inter arrival time≥ t) = e−λt (4.2)

Moreover, in Poisson process, the number of arrivals N(t1, t2) is independent with

N(t3, t4) in non-overlapping intervals (t1 ≤ t2 ≤ t3 ≤ t4). The Poisson process is

appropriate when arrivals are generated by a very large number of independent

sources. It was widely used in early research of network studies because it exhibits

several attractive mathematical properties:

1. The Poisson process is memoryless which means arrivals in disjoint intervals

are statistically independent.

2. The superposition of independent Poisson processes results in a new Poisson

process whose rate is the sum of the rates of the independent Poisson processes.

3. For the exponential distribution of inter-arrival times, both the mean and the

variance are equal to λ.

The Poisson model is appropriate under the assumption that arrivals are from

infinite or a large number of sources, but the traffic burstiness is completely ignored.

Unlike voice traffic, packet switched data traffic is much more bursty with connection

ranging from extremely short (e.g. emails) to extremely long (e.g. video stream-

ing, P2P downloading) which exhibits self-similarity [52]. The Figure 4.1 in [53]

illustrates how the Poisson model failed to capture the burstiness of Internet traffic.

The plots on the left-hand side represent the real network trace of unit time traffic
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Fig. 4.1 Measured Internet traffic vs. synthesized traffic from a Poisson model,
viewed over three orders of magnitude.

arrivals at different time scale. The plots on the right-hand side are the number of

packet arrivals in every time unit obtained by a Poisson process at the same time

scale. Both packet counts from measured traffic and Poisson process are bursty at

small time scale. As the time scale increases, the Poisson traffic tends to become

less bursty comparing with the measured traffic.

Finally, it is important to clarify that although the Poisson model fails to capture

the characteristics of packet arrivals, it may be appropriate for modeling Internet

flow arrivals because Internet flows are normally generated by a large number of

independent resources.

4.1.2 Poisson Pareto Burst Process (PPBP)

The old telephone traffic exhibits limited variability in both time and traffic volume,

which makes the Poisson process a suitable model. However, the Internet traffic
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exhibits high or extreme variability. Statistically, this high variability can be captured

by LRD. A number of studies [54–56] indicate that the LRD traffic from various

sources occupies a significant part of the traffic carried on broadband networks. LRD

negatively affects network performance measures such as queue size and packet-loss

rate, so modeling the LRD traffic is necessary for network planning and design.

However, due to its significant correlations at longer time scales, the analysis and

simulations of systems driven by LRD processes have been considered difficult.

One LRD traffic model that has attracted significant attention is the so-called

PPBP (a.k.a M/G/∞ for the case where the ’G’ stands for the Pareto distribution).

This model can be viewed as the asymptotic case of sources with heavy-tailed on-off

connections when the number of sources is very large, and this eases its parameters

setup and handling. PPBP assumes a Poisson process of arriving Pareto distributed

flows. Each flow i has burst duration di, where di have the same distribution as

random variable d. The complementary distribution function of d is

Pr(d > x) =


( x

δ

)−γ
, if x≥ δ

1, otherwise,
(4.3)

where δ > 0 is the scale parameter representing a minimum value for the random

variable, and γ > 0 is the shape parameter of the Pareto distribution.

In the PPBP, the Poisson arrivals assumption is justified by the large number of

Internet users generating traffic flows, and the assumption of heavy-tailed distribution

of flow sizes is justified by [57–60]. Traditional studies of PPBP queues have mainly

been asymptotic in nature (see e.g. [61] and [62]). In [63] and [64] approximations

were derived for PPBP queues that are applicable to the entire range of parameter

values.
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4.2 Statistical Multiplexing and Traffic Grooming

Today, in the core optical network, a single optical channel can carry data at a rate of

10 Gbps. However, a traffic flow usually requires bandwidth by orders of magnitude

lower than the capacity offered by an optical channel. Given the expensive cost of

optical network infrastructures and equipment, inefficient network provisioning can

result in significant CAPEX and bandwidth wastage. Traffic grooming provides

a solution to this problem, which effectively grooms the low speed traffic streams

at ingress nodes to high-speed channels so that the capacity of optical channels

is better utilized. For example, in a network using both TDM and WDM, two

traffic flows with same destination can be groomed on the same wavelength. The

authors of [65, 66] show that by applying traffic grooming, the network providers

can achieve not only better network performance with higher utilization, but also

larger throughput and smaller blocking probability. However, as mentioned in [ 66]

the traffic grooming may increase the total network cost because more optoelectronic

converters are needed for electronic processing.

Internet data traffic streams may have large variance fluctuation from time to

time, which raises another network provisioning issue: How much capacity should

be allocated. One of the solutions is known as deterministic multiplexing. It simply

sums the maximum required bandwidth of each individual traffic streams on a link

as the required capacity. Deterministic multiplexing ensures the QoS of all traffic

streams but leads to over-provisioning networks. The wastage of over-provisioned

bandwidth can be reduced by applying statistical multiplexing. It assumes that

traffic sources are not likely to generate data at peak values all the time, so a capacity

limit can be assigned to an aggregated traffic stream so that the probability of the

aggregated demand to exceed the limit is sufficiently low to meet Grade of Service

(GoS) requirement. When assuming Gaussian traffic model, statistical multiplexing
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can be mathematically formulated by the model proposed by Guerin [67, 68]. The

required bandwidth B for a set of traffic streams can be calculated by

B =
n

∑
i=1

mi +αδ (4.4)

where mi is the average rate of ith traffic steam and δ is the standard deviation of the

rate of the aggregated traffic. The probability that the aggregate demand exceeds the

calculated capacity is determined by the parameterα. For example, when the traffic

is Gaussian, in order to keep the probability lower than 0.01, the value of α should

be at least larger than 2.32.

To extend Equation (4.4) to PPBP traffic, the parametric decomposition method

(see [69–71]) can be used to model the traffic on every link or path in a network. In

particular, aggregating and merging Poisson-Pareto traffic streams requires extending

the formulae by Whitt [69]. For instance, the mean and variance of a truncated Pareto

distribution with shape parameter γ, minimum flow size δ, and maximum flow size

∆ are given by

µ(γ,δ,∆) =
γ
(
δ1−γ−∆1−γ

)
(γ−1)(δ−γ−∆−γ)

, (4.5)

and

σ
2(γ,δ,∆) =

γδ
(
δ2−γ−∆2−γ

)
(γ−2)(δ1−γ−∆1−γ)

. (4.6)

Statistical multiplexing and traffic grooming are two important concepts in

network design and provisioning. The authors of [72] show that the best network

performance is achieved by jointly applying statistical multiplexing and traffic

grooming while the statistical multiplexing gain can be exploited only if grooming is

assumed.
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4.3 Cost Model

The cost model is crucial for all cost related network studies. However, due to a

large variety of protocols, technologies, devices and vendors in multi-layer network,

modeling actual cost can be very complex. In addition to the complexity, the actual

values of the installation, maintenance and operation cost are difficult to obtain for

several reasons [73]. First, the actual CAPEX and operational expenditure OPEX

are considered to be the commercial confidentiality in current telecommunication

industry. Second, the prices of network elements fluctuate from year to year because

of the introduction of new technologies and changes in market demands. Last,

network vendors may have private procurement contracts with device suppliers

which make actual cost different from market prices. Therefore, most current

researchers use approximated or normalized CAPEX and OPEX in their studies.

There are several publications that present studies on the cost model of multi-layer

network and state the importance of cost model from different aspects. The authors

of [74] first provided a well accepted CAPEX cost model including detail costing of

various equipment of various technologies in 2008. Later in 2013, on top of [74], [75]

provided a new and updated CAPEX cost model considering the IP/MPLS, MPLS-

transport profile (MPLS-TP), OTN, and WDM layers. It also presented a projection

of future costs of various devices based on the evolution of technology. In [76],

the authors incorporated availability awareness to the cost modeling and proposed

a design solution to achieve a trade-off between cost-effectivity and availability.

This paper also emphasized that considering only CAPEX for network design is not

enough, as the total network cost includes OPEX. The authors of [77] presented a

scalable approach for detailed cost modeling with different network vendors, which

can also be used for prediction of network architecture evolution and technology

analysis. Authors of [78] proposed a holistic cost model that helps network operators

to make cost-effective routing and peering decisions. It found that in many cases by
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adjusting a small fraction of total traffic can reduce cost significantly, which is also

confirmed by our experiment results on flow size dependent routing in Chapter 5. In

Chapter 7 of this thesis, a more comprehensive discussion on network cost model is

presented.

4.3.1 Minimum Cost Routing

The minimum cost routing discussed here is based on the Open Shortest Path

First (OSPF) protocol, with link and equipment costs corresponding to the OSPF

administrative weights. OSPF is an efficient and scalable tool for network design

and it operates in a dynamic manner. It is also the current routing protocol for

IP. However, OSPF needs each network node to maintain a routing table, which

introduces electronic processing overheads and requires O-E-O conversation between

the routers and the optical transmission layer. Furthermore, since original OSPF

routing does not take link capacity or utilization into account, traffic engineering

and load-balancing cannot be guaranteed under OSPF. In [79], the basic hop-count

weighting scheme in OSPF is shown to result in a skewed flow distribution, leading

to excessive link congestions. Improved OSPF like OSPF-TE [80] allows traffic

engineering over the original OSPF by exchanging network information through

link-state advertisement (LSA). Because OSPF-TE is independent from the data-

plane network, it can be applied to both IP and non-IP networks, or directly to any

transport technologies like OTN or MPLS.

4.3.2 Cost Optimal Routing

When consideration of both link capacity and link cost is required, the cost optimality

of the design solution cannot be guaranteed by applying OSPF. For a given set of

traffic flows, the problem of how to allocate those flows on different links in order to

optimize a given network goal subject to capacity constraints is often known as the
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capacitated network design problem [79]. A majority of these problems can be for-

mulated as multi-commodity flow problems. There are three main multi-commodity

flow problems discussed in the previous literature: the max multi-commodity flow

problem, the max-concurrent flow problem, and the min-cost multi-commodity flow

problem. These three problems aim to find the maximum total throughput for all

commodities, the minimal fraction of the flow of each commodity to its demand,

and the minimum cost for all commodities respectively. In this thesis, all multi-

commodity flow problems mentioned are referred to the min-cost multi-commodity

flow problem. Most of the multi-commodity problems can be either modeled by

Linear Programming (LP) formulations or reasonably approximated by LP formu-

lations. However, as network design problems involve non-linear modularity for

capacity and limited alternative routing paths, the LP formulations are in many cases

over simplified and require additional binary variables which leads to integer ILP or

Mixed-Integer Programming (MIP). Usually, the multi-layer network design problem

is NP-complete and involves an excessive number of variables and constraints. Thus,

for the problems of large networks, even optimal routing solutions are theoretically

achievable, they can not be computed in a reasonable time period.

4.4 Network Design Problem Modeling

Multi-layer network design requires a sequential process in order to meet the QoS

requirements of all traffic flows while keeping the total cost low. It starts with the

design of a topology and choices of links and allocations of link capacities at each

layer. Secondly, the routing paths for traffic flows at each layer need to be decided

so that specific requirements are satisfied, e.g., QoS requirements and survivability

under link failure. Lastly, the network design needs to be compatible with future

upgrades or extensions, so that it can cope with the future network evolution.

34



4.4 Network Design Problem Modeling

Usually, simple network design problems can be classified into three categories,

incapacitated design problems, capacitated design problems and mixed design prob-

lems. The incapacitated design problem usually appears at long or medium network

planning. For a given set of traffic flows, incapacitated design is to find how much

capacity is needed and how to allocate capacity so some requirements/constraints

are met, i.e., QoS. Capacitated design problem often occurs at short-term network

planning. The problem is to find how to route the traffic flows to meet some network

goals given the link capacities and the set of traffic flows. The mixed incapacitated

and capacitated problem seeks to allocate link capacities with certain upper bounds.

Another common problem related to this category is to find the least-cost routing

implied by the unit capacity cost. Most of the design problems can be formulated as

multi-commodity flow problems, and the solutions to small network problems can

be computed with the help of mathematical programming optimization techniques.

In general, there are two approaches for formulating the network design problem

as a multi-commodity flow problem. The first approach is called link-path formula-

tion and requires a set of candidate paths as input. This list of candidate paths can be

determined by network engineers or generated by algorithms such as K-shortest-path

algorithm ahead of time. The link-path formulation can be used for both undirected

or directed network. Below we give a general formulation example of a simple

incapacitated minimum cost routing problem using link-path formulation.
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Table 4.1 Notations used in link-path formulation.

Notation Description

K Number of demand pairs

L Number of links

Pk Number of candidate paths for demand k, k = 1,2, ...,K

hk Demand volume of demand index k = 1,2, ...,K

cl Capacity of link l = 1,2, ...,L

σkpl Link-path indicator. 1 means path p for demand k uses the

link l; 0, otherwise

χkp Flow amount on path p for demand k

ξl Unit(marginal) cost of link l

Given the notions presented in Table 4.1, we can write the total network cost as

Total network cost = ∑l ξlcl (4.7)

The general formulation can then be written as

minimize F = ∑l ξlcl

sub ject to

∑p χxp = hk, k = 1,2, ...,K (demand constraints)

∑k ∑p χxpσkpl ≤ cl, l = 1,2, ...,L (capacity constraints)

(4.8)
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The second approach is the so called node-link formulation. Instead of taking

the view from paths, the node-link formulation is node-centric. For any demand pair,

a node is either a source node or a destination node, or an intermediary node. Any

flow enters one link must go out through another end of this link. This is referred

as flow conservation law. The node-link formulation is used for directed network.

Give the information in Table 4.2, the flow conservation requirement for demand k,

k = 1,2, ...,K, can be written as

∑
l

alvχlk−∑
l

blvχlk =


hk, i f v = sk

0, i f v ̸= sk, tk

−hk, i f v = tk

(4.9)

The node-link formulation for a simple incapacitated minimum cost routing problem

can then be represented as

minimize F = ∑l ξlcl

sub ject to

∑l alvχlk−∑l blvχlk =


hk, i f v = sk

0, i f v ̸= sk, tk

−hk, i f v = tk

∑k χlk ≤ cl, l = 1,2, ...,L (capacity constraints)

(4.10)
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Table 4.2 Notations used in node-link formulation.

Notation Description

K Number of demand pairs

L Number of links

V Number of nodes

hk Demand volume of demand index k = 1,2, ...,K

cl Capacity of link l = 1,2, ...,L

alv 1 if link l originates at node v v = 1,2, ...,V ; 0, otherwise

blv 1 if link l terminates in node v v = 1,2, ...,V ; 0, otherwise

sk source node of demand k

tk sink node of demand k

χlk Flow amount on path l from demand k

ξl Unit(marginal) cost of link l

Both link-path and node-link formulations can be extended to model multi-layer

design problems. The key point to the extension is to treat each individual layer as a

network with the capacity at an upper layer acting as the demand at the layer below

it. Thus, if we denote a link at layer n by ln, then its capacity cl is routed in the layer

n−1 below by means of flow χl
ln pl−1 . The notions for a multi-layer design problem

is presented below
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Table 4.3 Notations used in node-link formulation of multi-layer design problems.

Notation Description

n = 1,2, ...,N +1 Layers, layer N +1 presents the demand

ln = 1,2, ...,E l Links of layer n

pn = 1,2, ...,Pl
ln+1 Candidate path at layer n for flows realizing link ln+1 of

layer n+1

cN+1
lN+1 Demand volume of demand lN+1

cn
ln Capacity of link ln of layer n

σlnln+1 pn Link-path indicator. 1 means link ln of layer n belongs to

path pn realizing link ln+1 of layer n+1; 0, otherwise

χn
ln+1 pn Flow of layer n allocate to path pn realizing capacity of link

for demand ln+1

ξn
ln Unit(marginal) cost of link ln of layer n

Referring to the notions of Table 4.3, a general formula that minimizes the total

cost of a multi-layer network is presented as

minimize F = ∑
N
n=1 ∑ln ξn

lncn
ln

sub ject to

∑pn χn
ln+1 pn = cN+1

lN+1 , ln+1 = 1,2, ...,Ln+1, l = 1,2, ...,L

∑
n+1
l ∑

n
p σlnln+1 pnχn

ln+1 pn = cn
ln, ln = 1,2, ...,Ln, l = 1,2, ...,L

(4.11)

Comparing with single layer formulations, the multi-layer formulations are charac-

terized by many more variables and constraints. Solving a simple multi-layer design
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problem can be difficult and very time consuming. In addition, the modularity of

link capacities makes the design problem NP-complete [79]. The basic exact method

to solve the NP-complete single-layer optimization problem is the Branch-and-Cut

approach, which is computationally prohibitive for median and large network ex-

amples even for a signal layer. As a result, heuristic algorithms are proposed for

approximate solutions to large network problems because of their simplicity and

time efficiency.

4.5 Literature Review

Various mathematical models have been proposed for the design and optimization of

single layer networks, with focus ranging from topology design, capacity allocation,

routing decision and network survivability. However, modeling a multi-layer network

is a non-trivial task. During the last decade, the multi-layer network design has been

widely studied, and many different models have been proposed (e.g. [79, 81–99]).

Given the complexity of multi-layer networks in reality, all existing models are

to some extent simplification to the practical design problems. Briefly, there are

two categories of models. The first category deals with generic design problems

but ignores most of practical aspects and constraints, e.g. considering small work

example with only two layers [95]. The second category computationally focuses

only on a specific technological aspect, such as capacity assignment, traffic grooming

or energy efficiency (e.g.[100]). None of the previous studies have provided solutions

to multilayer network design problems considering realistic traffic demands.

The mathematical formulation of multi-layer network design problem was first

published by Dahk et al. [81]. Since then research in this field has drawn a lot of

attention and has grown rapidly. Given a fixed physical network and fixed traffic

demands, Dahk et al. proposed a mixed-integer programming to configure logical

links and their capacity. The mixed-integer programming is solved by a branch-and-
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cut algorithm. Later, a comprehensive coverage of multi-layered network design is

given in the book [79].

Banerjee and Mukherjee [82] proposed a mixed-integer programming model to

route traffic demands and plan logical network so that the average number of hops per

demand traverse is minimized. The model is solved by mixed integer programming

and two shortest-path based heuristics. By comparing the solutions on an NSFNET

example, mixed integer programming is shown to give better results than heuristics.

Orlowski et al. [101] gave a comprehensive introduction to the multi-layer

network design problems by considering multiple specifications. The formulation

considers hardware specifications, capacity, routing and traffic grooming. But

the authors do not provide a solution method to their formulation. Later, [83]

provides a branch-and-cut method to solve the mixed integer formulation with

two network layers. Three heuristics are proposed to solve related subproblems,

and the effectiveness of the heuristics to find approximately optimal solutions is

demonstrated. [84] further extends the formulation to take node interface and

survivability into consideration.

Kindle et al. [85] proposed an integer program formulation in a sequential

planning way, where the capacities of one layer become the demands of the layer

below. The problem is formulated by metric inequalities instead of flow and path

variables, with both logical and physical topology given. The authors investigate

the differences of integrated planning to sequential planning. By comparing the

experiment results, they found that the cost difference between two planning methods

can be substantial and not predictable.

Kubilinskas et al. [86] proposed three mathematical models in top-down ap-

proach for two-layer network design problems, where both capacity and flow de-

mands are considered to be continuous variables. The traffic demand considered

in this paper are elastic, which means demand values can be changed within given

bounds. These three models also consider link failure scenarios. If a link failure
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happens at one layer, the network is reconfigured in all upper and lower layers if

needed. Furthermore, the results computed by three formulations are compared

under various input parameters.

In [87], the authors studied the provisioning problems of Virtual Private Net-

works (VPNs) under traffic uncertainty. By applying statistical multiplexing, they

proposed a provisioning method where lower bounds of capacity demands on links

are computed through Lagrangian relaxation and upper bounds are computed by

heuristic algorithm. Numerical results demonstrate that their method can reserve

sufficient link capacities of VPNs for various traffic matrices while minimizing total

reservation cost. They also show the higher the node cost, the fewer nodes need

optical cross-connect switches. It means that less grooming is performed in the

network.

Hu and Leida [88] proposed a mixed-integer programming formulation for the

grooming, routing, and wavelength assigning problem of optical mesh network while

including 1+1 end-to-end protection. The objective of this formulation is to minimize

the total number of transponders required in the network, which means minimiz-

ing the total wavelength assigned. Since this MIP formulation is computationally

prohibitive for large networks, they further proposed a decomposition method that

divides the problem into two subproblems, the traffic grooming and routing problem,

and the wavelength assignment problem, to reduce the computational complexity.

Numerical results demonstrate that this decomposition method produces quite good

approximations while requiring less running time.

Instead of integer programming, some other approaches are proposed to solve the

multilayer network design problems. Heuristics based on shortest (and k-th shortest)

path algorithms are discussed in [79, 89, 91, 93]). An auxiliary graph approach

is proposed in [93], which provides a convenient graph to describe multi-layered

networks (in the context of grooming), where each node in the auxiliary graph

corresponds to a (node, layer) pair of the multi-layered network. [102] extended
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the dynamic programming method to multi-layer networks to solve the problem of

traffic routing and capacity assignment. The authors of [99] introduced a heuristic

approach based on a multi-commodity flow formulation to optimize the routing and

capacity assignment for multi-layer networks according to periodic traffic patterns.

However, the assumption in previous studies was that the traffic demand for each

Origin-Destination (O-D) pair is fixed and deterministic. None of these studies have

solved the multi-layer network design and optimization problems by considering

LRD traffic. Thus, in the followed Chapter 5, we proposed a novel and comprehen-

sive scheme named Multilayer Market Algorithm (MMA) for multi-layer network

design consider a mixture of CBR traffic and statistical LRD traffic. The details of

this solution are explained in the later parts of this thesis.

4.6 Network Mark-up Language (Netml)

Before the MMA is presented, a platform where the MMA is developed upon called

Network Mark-up Language (Netml) needs to be introduced. Netml [103] is a

web-based system for network visualization, design and analysis, which provides a

way to navigate through views of one network, and through a network of networks.

The software itself is networked and provides the means for network researchers to

jointly develop networks and algorithms for research and educational purposes. The

key ideas of this tool are listed as follow:

1. Traffic-oriented design of networks (not link-oriented);

2. appropriate navigation and visualization tools;

3. internet sharing of networks and algorithms;

4. computing “in-the-cloud” with user access via a browser;

5. support for layered networks;
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6. use of xml as the network description language.

4.6.1 Main Features

Netml is more than a graphic editing tool. It is a graphical editor, analysis, design,

and visualization tool for networks. This tool is intended for both teaching and

research. Many of the calculations which need to be carried out routinely in order

to understand a network are too complex to be undertaken manually. An important

example of such an algorithm is calculation of shortest paths, which the Netml server

is able to do for all origin-destination pairs in a large network very quickly, by means

of Floyd’s algorithm [104].

One of the most important features of Netml is that it based on the traffic-oriented

design of networks which is opposed to link-oriented design. Current network design

practice is predominantly link-oriented in the sense that network administrators

predominantly monitor link traffic, and institute link upgrades when traffic levels

exceed specified thresholds. Traffic-oriented design is the practice of basing network

design choices on information about the service requests from the network clients, as

summarized in the form of traffic. The principle that the design of a network should

be based on what its clients want is well founded. Traffic is an effective abstraction

for summarizing client service demands upon the network. The traffic carried on

links can be misleading because it reflects the existing network structure and design.

4.6.2 Current Functions

Visualisation: All the network elements e.g. nodes, links and traffic, can be added

and connected with ease in a well-presented graphic panel. Users are allowed to

select their views to the this panel, like zoom in and zoom out. All the shapes and

colors of elements can be changed. And elements have options on whether to be

shown or hide. Graphic view of network can be transformed from a xslt document
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and vice versa.

Availability analysis: This algorithm calculates the availability of every end-to-end

path across the network. The value of availability is stored in each traffic stream,

which is assigned by users for each network.

Routing and Loss:The traffic analysis tool uses Floyd’s algorithm to determine

the the shortest paths for all network layers for in a given network. Routing tables

which record the routing in a form which could be used in routers are calculated, and

traffic from all the traffic flows is also assigned to each link. This tool can calculate

the required capacity for each link with a given set of traffic. Alternatively, if link

capacity is given, this tool can calculate the loss traffic for each link.

Layered network design: This tool was built on the MMA we proposed in 5.4,

which minimized the network total CAPEX and OPEX by optimizing the traffic

routing, link dimensioning, capacity assignment and choices of technologies for in

all layers of a network.

Link Dimensioning for Reliability: This tool uses previous two functions to indi-

cate all the possible single-physical-link failure states and re- designs the network.

Network Transformation: This tool can transform the given network in XML

format into XSLT document, which is better to share and edit through Internet in

collaborate research work.

4.6.3 Example

An NSFNet example is shown in Figure 4.2 to demonstrate the relationship between

link and traffic stream in Netml, which has 28 nodes, 62 links and 240 traffic streams.

The blue lines represent links. Yellow and green lines represent traffic streams. The

numbers besides the links are link capacities while the ones in red frame indicate the

possible single-physical-link failures.
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Fig. 4.2 NSFNET showing the links used by a traffic stream and the traffic streams
carried on a link.
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Chapter 5

Cost Effective Design of Multi-layer,

Multi-technologies Network with

Long Range Dependent Traffic

Given the growth, complexity and size of the Internet as well as growing concerns

regarding energy consumption, there is a need for new network design methodologies

to achieve cost effective and energy efficient operations. In this paper, we propose a

scalable cost-based heuristic solution of optimal design problem called MMA for a

multi-layered, multi-technologies network, where the traffic is modeled as a mixture

of CBR and bursty long range dependent streams and where the particular model for

the LRD traffic is the PPBP. The key novelty of this solution is the inclusion of a

stochastic traffic model in a multi-layer network optimization. Our model includes

a number of transport technologies operating in layers that are supported by all

switching nodes. Flows are classified according to their sizes, and each class is

routed independently. The incorporation of layering and PPBP traffic introduces a

complexity, which cannot readily be managed in the framework of the traditional

network optimization methodologies. Fortunately, a radical simplification ensues by

adopting shortest path routing as the overall design philosophy. The optimization
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algorithm then becomes an iterative application of shortest path routing together with

link-by-link dimensioning, in all layers. There are a number of essential refinements

of this basic algorithm, which are described in this chapter and are demonstrated for

a range of networks including the 100-node “CORONET” network. As a benchmark

for our heuristic algorithm, we have developed a new solution based on ILP which

has lower complexity than available ILP solutions. The accuracy and the improved

solution of the new design approach are compared with our new ILP solutions in the

case of small networks.

5.1 Introduction

Several decades ago, telephone engineers had adequate tools for designing telephone

systems: the Erlang formulae. The models of telephone systems were relatively

simple and were based on a single and simple service - voice. Nowadays, the Internet

is based on many transport technologies and protocols, and offers various services,

thus designing the core Internet is much more complex than designing the core

network of the plain old telephone system. Furthermore, in recent years, energy

conservation has been attracting more concerns since the energy consumed by ICT

is growing at an alarming speed [105].

The evolution trend of the Internet core network structure has been illustrated

in [98, Fig.2]. Currently, the layout of core nodes is typically in a layered structure

which contains IP, ATM, SONET/SDH and WDM. In Figure 6.1, we show different

transmission technologies by different colors. The reason for using a layered structure

is that lower layers are more efficient per transmitted bit/sec, when fully utilised,

but higher layers are able to aggregate traffic efficiently into large capacity module

sizes used in the lower layers. Network operators are currently switching from an

architecture based on IP, ATM, SDH and WDM, as shown in Figure 6.1, to one based

on IP, carrier ethernet, and WDM (OTN architecture [106]), as shown in Figure 5.2.
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Fig. 5.1 Illustration of vertical connections in a layered telecommunication network.
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Fig. 5.2 OTN layered structure.

However the new architecture is also layered, so the problem of how to design a

layered network remains important in this context as well.

We propose a novel and comprehensive scheme for core network design that

considers both a multi-layered structure and a mixture of CBR and statistical LRD
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traffic. Our solution seeks to optimize both the routing path and the choice of

transport technologies for each end-to-end traffic stream for a given cost metric

that implies a consideration of the effect of network resource utilization in various

layers. We validate our solution by comparing its cost effectiveness against an

ILP based solution for small networks. We take the cost of transmission of the

data in each technology (layer) as the input to the algorithm. The solution derived

by this algorithm will show the cost efficiency of sending a certain mount of data

under the choice of route and transmission technology. We also note that a cost

efficient design is also an energy efficient design in layered networks [100], because

a network component that is expensive (e.g., IP router) is often energy hungry as

well. Therefore, our design methods are both cost and energy efficient. In any case, if

there is a difference between the problem of designing a network to minimize energy

consumption vs minimizing cost, the methods we proposed are equally applicable.

As mentioned in Section 4.5, for simplicity, the assumption in previous studies

was that the traffic demand for each O-D pair assumes fixed prior to the optimization

and is deterministic. In our model, we assume stochastic demand based on a mixture

of CBR and bursty traffic, and the CBR traffic can be stochastic. For example, new

CBR flows with randomly chosen origin and destinations could be arriving according

to a Poisson process. Even a permanent CBR traffic flow can be stochastic. For

example, in a network with nodes in London, New York, and Hong Kong, there might

be a permanent CBR connection of 10 Mbits/sec between two randomly chosen

nodes of the network (but we do not prescribe which nodes). In such a case, the

network design should ensure that this CBR traffic can be carried no matter which

origin and destination the CBR traffic spans.

In our model, we assume a demand based on a mixture of CBR and bursty traffic.

For a telecom provider, some of its customers require CBR connections, e.g., to set

up private network. However, the majority of the customers generate bursty traffic.

The network provider then needs to design its network at minimal cost subject to
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meeting QoS requirements of all its customers. To this end, the provider aims to

take advantage of statistical multiplexing. And this is why it is important to include

bursty traffic, especially LRD traffic in the traffic demand model of the multi-layer

network optimization design problem.

Based on traffic measurements, Internet traffic exhibits LRD and self-similarity

(e.g., [55]), mainly due to heavy tailed distributed flows [57–60]. Analysis and

simulation of systems involving LRD processes and/or heavy-tailed flows for the

full range of parameter values are difficult. One traffic model that has attracted

significant attention is the PPBP (a.k.a M/G/∞ for the case where the ’G’ stands for

Pareto distribution) characterized by a Poisson process of arriving Pareto distributed

flows. The Poisson arrivals assumption is justified by the large number of Internet

users generating flows, and the assumption of heavy tailed distribution of flow sizes

is justified by [57–60]. Traditional studies of PPBP queues have dealt mainly with

an asymptotic analysis (see e.g. [61] and [62] ). In [63] and [107] we derived

approximations for PPBP queues that are applicable to the entire range of parameter

values.

Whitt [69], who further extended earlier work by Kuehn [70], has analyzed a

queueing network under the assumption that arrivals in each network queue follow

a renewal process. The idea was to decompose the network into individual queues,

treating each one individually, and to approximate the statistical characteristics of

each queue. This approach, which is described also in the book [71], is called para-

metric decomposition method. It led to the well-known Queueing Network Analyzer

(QNA) software design tool of AT&T. Another traffic model which is sometimes

appropriate for Internet traffic [108] is the Gaussian model, which assumes only

short-range dependence and characterises traffic by its mean and variance. Note

that a Gaussian traffic flow with a certain mean and zero variance is actually a CBR

flow. In our model, we apply the parametric decomposition method to a multi-layer

structure and traffic streams formed as a mixture of Gaussian and PPBP traffic flows.
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5.1.1 Novelty and Contributions

The key novelty of this work is the inclusion of a stochastic traffic model in the multi-

layer network optimization problem. Given that some of the stochastic traffic is made

up of flows with Pareto distributed sizes, we also allow the routing in each layer to

vary according to flow length – this is known as flow-size dependent routing[109]. In

general, we can define K types of traffic denoted by the index k = 1,2, . . .K. The case

of K = 2, namely, mice and elephants has been considered in various publications

(e.g. [110, 111]). In our model, in the case K = 2, the size of the elephants X is

assumed to follow a Pareto distribution given by

P(X > x) =


( x

δ

)−γ
, if x≥ δ,

1, otherwise,

where δ > 0 is the scale parameter representing a minimum value for the random

variable, namely, the lower bound of the elephants, and γ> 0 is the shape parameter of

the Pareto distribution. Then the mice will be modeled by a truncated Pareto random

variable where their upper bound is equal to δ the minimum size of the elephants

(see details in [112]). In the case of K = 3, we consider also “kangaroos”, where

their minimum size is equal to the maximum size of the mice and their maximum

is the minimum size of elephants. In general, only the elephants are assumed to

follow untruncated Pareto distribution while all other types follow truncated Pareto

distribution.

As discussed in the beginning of this section, we seek for the optimal (minimal

cost) solution for a given set of K traffic types and each traffic type contains traffic

flow only within a set of size boundaries. This enables us to choose K and the

boundary between the types in a cost effective way.

We use the parametric decomposition method (see [69–71]) in order to model

the traffic on every link. In particular, splitting and merging Poisson-Pareto traffic
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requires extending the formulae by Whitt [69]. For instance, the mean and variance

of a truncated Pareto distribution with shape parameter γ, minimum flow size δ, and

maximum flow size ∆ are given by

µ(γ,δ,∆) =
γ
(
δ1−γ−∆1−γ

)
(γ−1)(δ−γ−∆−γ)

,

σ
2(γ,δ,∆) =

γδ
(
δ2−γ−∆2−γ

)
(γ−2)(δ1−γ−∆1−γ)

.

Our model and algorithms do not exclude adding CBR traffic streams to the

PPBP traffic streams because computating of the mean and variance of the combined

PPBP + CBR process is achieved by simply adding the mean of the CBR to that

of the PPBP. This is important because virtual permanent links (see next section)

generate CBR traffic in the layer below.

Although our approach provides a significant generalization over previous ap-

proaches that assumed deterministic end-to-end traffic, in certain cases our approach

based on PPBP modeling may introduce a discrepancy. One example is OBS [113],

where traffic is aggregated in bursts at edge routers which are transmitted optically

using WDM technology between edge routers. In such a case, the independence

and exponential assumptions of inter-burst times may introduce errors, the burst size

should be truncated even if their size justifies the “elephant” rank, and their variance

estimation will have to be treated in a different way than the approach described

above.

Earlier versions of this work have been presented in [109, 112, 114]. We proposed

the conception of multi-layered network optimization and flow size dependent

classification in [112]; use of a fixed point iteration algorithm for multi-layered

network optimization was introduced in Section 3 of that paper. In [109] we further

expanded this solution by proposing three types of links which are simple links,

virtual permanent links and dynamic links. These links will be generated dynamically
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by the algorithm to achieve minimum cost. The above two short papers propose

concepts and terminology for the optimization problem in general terms, but do

not provide a formulation of the optimization problem, explain the algorithm in

detail or give results of the optimization. In [114], we analyzed the negative impact

of inaccuracy in link costs used for shortest path routing in multi-layered network

designing.

Here we provide a rigorous formulation of the multi-layer network design prob-

lem, and then present how to solve it by fixed-point iteration as well as additional

details of the algorithm. In the present chapter, the algorithm is applied to a 28-node

network depicted in Figure 5.3, namely, "NSFNET_T3”, a 53-node network depicted

in Figure 5.4, namely, “Internet 2” [115] and a 100-node network depicted in Fig-

ure 5.5, namely, “CORONET” [116]. We also provide the numerical results in order

to demonstrate the benefit of using PPBP in the classification of the traffic flows.

Note that since the algorithm is formulated for an arbitrary number of layers, without

any artificial limitations on the cost parameters associated with each layer, it can

also be applied in the optimal design of the future networks where IP and transport

networks are controlled and operated by a unified architecture, such as Openflow

[117].

The remainder of this chapter is organized as follows. In Section 5.2, a formal

statement of the multi-layer network design problem with PPBP traffic is presented.

In Section 5.3, we present our mathematical formulation for multi-layer network

design problems with deterministic traffic. Section 5.4 describes details of our

proposed heuristic MMA. Section 5.5.2 presents the numerical results of applying

the ILP and heuristic algorithm to both a small network and a much larger network;

their performance was compared in terms of network cost. Finally, Section 5.6

concludes the whole chapter.
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Fig. 5.3 Netml representation of “NSFNET_T3” (28 Nodes and 62 Links).

Fig. 5.4 Netml representation of “Internet2” (53 Nodes and 122 Links).
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Fig. 5.5 Netml representation of “Coronet” (100 Nodes).

5.2 Problem Description

We consider a multi-layer communication network with N nodes, in which traffic

between any O-D is modeled as an additive combination of a PPBP process and a

Gaussian process. Cost of transmission, switching and overheads associated with

setting up or maintaining virtual links is given. Transport technologies in the various

layers are available in all nodes. We seek the optimal physical and virtual topologies

and capacities of physical and virtual links that minimize the cost of transporting the

traffic subject to meeting GoS requirements. The particular GoS requirements are to

limit the buffer overflow probability on all links. Layer 0 is the physical transmission

layer. All the other layers have virtual topologies that span the network. Namely, we

associate a graph with each layer, where the nodes are the network nodes and the

links connect these nodes.

A flow transported end-to-end may use different layers at different points on its

path depending on cost, which is also related to efficiency as discussed below (see

Table 5.1). The problem formulation allows for any number of layers; it is assumed,
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in the solution algorithm, that this number is the same throughout the network, and

at all times.

Normally, capacities of edges in some layers come in discrete modules (bundles).

This may imply wastage of capacity that propagates to the layers below. The entire

capacity required in Layer l is carried by Layer l−1 and not only the carried traffic

of Layer l (see Equation (5.2) below). It is a common practice in telecommunications

for capacity to come in discrete values (e.g. wavelengths). However, in other layers,

capacity can be viewed as continuous (e.g. IP layer). Switching technologies in some

cases have modular capacity but nevertheless allow the allocated modules to share

the capacity of the system over which they are being carried. SDH is an example

of a technology where the adjacent modules of capacity cannot share the capacity

of the containing optical fiber; two or more carrier ethernet modules, on the other

hand, can potentially share the capacity of a containing wavelength if they happen to

be transiting the same O-D pair in the WDM layer. The problem formulation and

the algorithm for its solution allow each layer to have this property of being able to

share or not share capacity.

5.2.1 Preliminaries and Notations

We adopt the framework of [79] for describing multi-layer network design problems.

There are L layers in the network, labeled from bottom to top: 0, . . . , L−1. Layer L

is added on top to only contain the end-to-end traffic streams (demands), which are

to be carried by the whole network.

We use the term edge to refer to any type of connecting facility or traffic between

nodes in any layer, while the term link is used, initially, only for physical links, which

only exist in Layer 0. An edge in Layer l is identified with a traffic stream (demand)

in Layer l−1, for l = L, L−1, . . . , 1. The idea of interpreting an edge in one layer
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Table 5.1 Notations of multi-layer network design problems.

Symbol Description
L number of layers
λ
{l}
e,k the mean bit rate of traffic of type k carried

on edge e
δ
{l}
e minimum flow-size of truncated Pareto

flows
∆
{l}
e maximum flow-size of truncated Pareto

flows
γ
{l}
e shape parameter of truncated Pareto flows

c{l}e capacity of edge e
ξ
{l}
e marginal cost for capacity on edge e (the

cost incurred for each additional unit of
capacity)

η
{l}
e marginal cost of carrying traffic on edge e

R{l}e,p,k mean traffic of type k in the pth path for
edge e

S{l}e,p St. deviation of traffic on the pth path for
edge e

s{l} switching cost ($/byte)
E{l} total number of edges
P{l}t,k number of paths available for carrying traf-

fic t of type k
† L−1
The superscript (·)l uniformly denotes the layer

as traffic in the layer below comes from [79, Chapter 12]; this concept simplifies the

conceptual framework without loss of generality.

The corresponding symbol for a particular flow size type, is denoted by adding

a subscript k, e.g. k = 1 corresponds to “mice” (the smallest flows), k = 2 to

“kangaroos” (mid-sized flows), and k = 3 to “elephants” (the largest flows). For

example, λ
{l}
e,k , is the bit rate due to flows of size type k (k = 1,2, . . . ,K ) at edge e in

Layer l, where K is the number of flow size types.

The switching cost s{l} includes the cost for the traffic to enter a switch in layer

l, to transmit through the switch in layer l and to be sent from a switch at layer l.
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The meaning of the symbols used subsequently to formulate the objective func-

tion and constraints are provided in Table 5.1.

5.2.2 Problem Formulation

The problem is to choose the capacity c{l}e of edge e in layer l (which may come only

in discrete values) and the trafficR{l}t,p,k in edge t in Layer l, of size type k, routed on

the pth path, to minimize C(L−1), the cost of layer L−1, which is given by

E†

∑
e=1

(
ξ

†
ec†

e +
K

∑
k=1

η
†
e,kλ

†
e,k

)
+

K

∑
k=1

Λ
†
ks†

k,

where the relative intensity Λ
{l}
k of the type k traffic through layer l is defined:

Λ
{l}
k =

E{l}

∑
e=1

λ
{l}
e,k ,

subject to, for each layer, l = 0, . . . , L−1, and each edge, e, in Layer l:

Q{l}e


(

K ,E{l+1},P{l}t,k

)
∑

(k,t,p)=(1,1,1)
χ
{l}
e,pR{l}t,p,k ,

(
K ,E{l+1},P{l}t,k

)
∑

(k,t,p)=(1,1,1)
S{l}t,p,k

2

≤ c{l}e . (5.1)

Recall that the required capacity in Layer l +1 of traffic type k is carried by paths in

Layer l. When more than one layer is involved, the index t is used for edges in the

higher layer, while the index e is used for edges in the lower layer. Note that in Eq.

(5.2)

P{l}t,k

∑
p=1

R{l}t,p,k = c{l+1}
t,k (5.2)
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and

χ
l
e,p =


1, e belongs to path p in layer l,

0, otherwise,
(5.3)

λ
{l}
e,k =

E{l+1}

∑
t=1

P{l+1}
t,k

∑
p=1

χ
{l}
e,pR{l}t,p,k. (5.4)

The function Q{l+1}
e (·, ·) is the GoS requirement. It gives the minimum capacity

requirement of the aggregate traffic. In its simplest form it can depend only on the

mean and variance of the aggregate traffic (e.g be equal to the mean plus several

standard deviations). However, for better accuracy at certain layers it may depend

on additional traffic parameters and can be based on queueing models. The term

c{l+1}
t,k on the right-hand side of Eq.(5.2) imposes the constraint that all traffic must

be carried in the layer below.

Use of the capacity of the edge from layer l +1 in this context is appropriate for

some types of traffic demands, but for others the appropriate expression to use here

will be determined later.

The parameter ξ
{l}
e is the marginal cost of capacity [$/(b/s)] in layer l depending

on link type having index e, and on cost attributed to it in Layer l, and also includes

the cost of the capacity for this link provided in the layer below. For example, if e

in Layer l is provided directly by a link in Layer l−1, and capacity is provided in

modules of size B, costing $C per module, and the total demand has reached 1.1B,

then additional cost of 2C/(1.1B) [$/(b/s)] (charged by Layer l−1) is included in

the cost of capacity in Layer l. Similarly, the parameters η
{l}
e,k (also in [$/(b/s)]) are

the cost associated with carrying the traffic that are not included in the capacity

costs. The value of η
{l}
e,k includes the value of η

{l−1}
e,k associated with serving the

same traffic, and recursively it includes such costs in all the layers below l.
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We also allow the possibility that one or more layers can be bypassed, in which

case the constraint (5.1) should be modified to allow an edge in Layer l to be identified

with a path in a layer below Layer l− 1. This also provides a method whereby

multiple alternative technologies for a single layer can be present simultaneously

in the design problem. The importance of such bypass and multi-technologies is

illustrated in Figure 6.1 as various standards are being developed that support various

connections between layers - not necessarily in a strictly hierarchical way.

5.2.3 Optimization Strategy

The optimization problem just described is nonlinear. In particular, the cost coeffi-

cients in each layer depend on the decision variables in the layer below. Therefore,

especially for large problems, obtaining optimal solution may be extremely difficult

if not infeasible. Given that real life networks are large, our strategy is to develop

a scalable and accurate heuristic algorithm for this problem; this is the subject of

Section 5.4. To validate the heuristic algorithm, in the next subsection we also

present a new ILP solution that we use as a benchmark to validate our heuristic

algorithm.

5.3 Mathematical Formulation

Some widely discussed ILP formulations of modeling multi-layer network design

can be found in [79], where the objective is to minimize the total network cost.

This ILP formulation may not yield the optimal results as the routings of traffic are

preset, where the optimal results may be excluded. If all potential routes are included

in the ILP in [79], the complexity of the algorithm is O(L|V |4|V |!), where |V | is

the number of nodes in a layer. In this section, we propose an ILP formulation to

model the multi-layer network design problem with the objective of minimizing
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network cost in terms of capacity module cost and transmission costs. The new ILP

calculates all the potential routes by itself and gives the optimal traffic routings and

capacity assignment, while, achieving the optimal design solution. We call the ILP

we proposed in this section the ILP to distinguish it from the ILP of [79].

5.3.1 The ILP Formulation

In the ILP formulation, each traffic stream has mean and variance. In an O-D pair,

there may be multiple simultaneously transmitted flows from various applications.

The bandwidth requirement of the traffic flowk in the O-D pair from nodei to node

j is denoted as xk
i j in the ILP formulation, according to the 3-sigma rule [118], which

is calculated by mean plus three times standard deviation of the flow to obtain an

guaranteed blocking performance.

The bandwidth required on a link is then calculated as the sum of the carried

bandwidth requirements of each traffic flow. Multiple flows in an O-D pair may share

the routing path or have different routing paths, depending on the routing strategy,

flow size or Service Level Agreement (SLA) of the flow. In the ILP formulation,

flows in the same O-D pair are routed independently in the top layer, and these flows

can be groomed together in the lower layers to comply with the strategies in the

existing deployed networks.

Formal Statement of the Problem

Given:

Pmn: physical link length, between nodes m and n in the physical layer. As we

assume that two fibers existing in the opposite directions if m and n are connected,

then Pmn = Pnm.

L: number of layers of the network.
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l: lth layer of the network; l = 0 is the physical layer, l = L denotes the layer in

which the traffic flows to be carried.

Cl : port capacity in the lth layer.

Kl : cost per port of the lth layer, where Kl ≫ Kl−1, l = 0, 2, . . . , L−1.

T : transmission cost in the physical layer for one module in one unit length.

xk
i j: bandwidth requirement of flow k in the OD pair from node i to node j.

U : a sufficiently large integer.

i, j : upper layer nodes.

m,n : lower layer nodes.

K : maximal number of simultaneously transmitted flows in an OD pair among

the network.

Variables:

F i j,k
mn,L : an integer commodity-flow variable, denoting the amount of flow on link

(m,n) in the Lth layer which support flow k of the OD pair (i, j) in the Lth layer.

F i j
mn,l : an integer commodity-flow variable, denoting the number of units of

commodity flowing on link (m,n) in the lth layer which support the edge (i, j) in the

(l +1)th layer.

ymn,l :traffic load on edge (m,n) in the lth layer.

Mmn,l :integer variable, denotes the number of transmission ports (modules) that

link (m,n) has used in the lth layer.

The objective is to minimize the network design cost, which is the summation

of total port cost in all the layers, and transmission cost in the physical layer. The

objective is given by

Minimize : ∑
l

∑
mn

Kl ·Mmn,l +∑
m,n

T ·Pmn ·Mmn,1 (5.5)
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Constraints:

∑
n

F i j,k
in,L = ∑

m
F i j,k

m j,L = xk
i j ∀i, j,k (5.6)

∑
m

F i j,k
mi,L = ∑

n
F i j,k

jn,L = 0 ∀i, j,k (5.7)

∑
m

F i j,k
mt,L = ∑

n
F i j,k

tn,L ∀i, j,k, t ̸= i, t ̸= j (5.8)

∑
i, j,k

F i j,k
mn,L = ymn,L ∀m,n (5.9)

∑
n

F i j
in,l = ∑

m
F i j

m j,l = yi j,l+1 ∀l = 1,2, . . . ,L−1, i, j (5.10)

∑
m

F i j
mi,l = ∑

n
F i j

jn,l = 0 ∀l = 1,2, . . . ,L−1, i, j (5.11)

∑
m

F i j
mt,l = ∑

n
F i j

tn,l ∀l = 1,2, . . . ,L−1, i, j, t ̸= i, t ̸= j (5.12)

∑
i, j

F i j
mn,l = ymn,l ∀l = 1,2, . . . ,L−1,m,n (5.13)

ymn,l ≤Cl ·Mmn,l ∀l = 1,2, . . . ,L,m,n (5.14)

ymn,1 ≤U ·Pmn ∀m,n (5.15)

Equations (5.6) – (5.9) are the commodity-flow conservation constraints for

creating routes for a specific flow of the O-D pair (from node i to node j) in the
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Lth layer. (5.6) ensures that, for a specific flow, the number of outgoing units from

source node i and incoming units to destination node j are equal, to the traffic load

of the flow in the top layer. Equation (5.8) ensures that for intermediate nodes, the

numbers of units of the outgoing and incoming commodities are equal and (5.10)

ensures that the traffic load of a link in the L layer is the summation of the flows that

traversed this link.

Similar explanations also apply to the commodity-flow conservation constraints

(5.10)–(5.13), except that there is no difference of the flows in a link if they are

groomed together to share the link in the upper layer and the routing provided by the

lower layer is for the merged flow. Eq. (5.14) ensures that the traffic load of a link

is no larger than the capacity offered by the transmission modules used by that link

in the layer. Eq. (5.15) ensures that in the physical layer (1st layer), only two nodes

with physical connection can have direct traffic between them at this layer.

5.3.2 Comparison between the ILP and the link-path coefficient

ILP

We compare the proposed the ILP method with the link-path coefficient ILP method

of [79], where the preset paths of the later case are 1-shortest path, 2-shortest paths

and 3-shortest paths respectively. The 1-shortest path only includes the shortest path;

the 2-shortest paths include the shortest path and the second shortest path and the

2-shortest paths include the shortest path, the second shortest path, and the third

shortest path.

The test network has six nodes as shown in Figure 5.6. There are 30 directional

O-D pairs. Three layers are assumed in the experiment, and the port capacity is

assumed to be 500, 1000 and 2000 from top to bottom. The port cost is normalized

to 10, 5 and 1 from top to bottom and the cost of physical transmission is 2 for a

module (mapping to a port in the physical layer). We randomly generate ten sets of

65



Cost Effective Design of Multi-layer, Multi-technologies Network with Long
Range Dependent Traffic

traffic matrices (ten instances as in Figure 5.7), where the bandwidth requirements

of OD pairs in a traffic matrix are randomly distributed from 10 to 500.

In Figure 5.7, it is clear that the ILP method performs the best. This is because it

has the optimal routings for the objective function. However, the others (k-shortest

paths) have limited routing choices which may miss the optimal solutions. When

the number of shortest pathes increases, the performance of the link-path coefficient

ILP method becomes better due to the increasing number of routing choices. While

the ILP method contains all routing solutions, it has the best performance. So the

ILP method obtains a performance improvement over the existing ILP methods.

However, as the size of the network grows (the number of nodes increases), solving

the ILP problem quickly becomes prohibitively time consuming.The ILP approach

cannot scale to large networks, so heuristic algorithms are needed to deal with the

problem efficiently at large scales.

Fig. 5.6 A six-node network.

5.4 Solution: A Multilayer“Market” Algorithm (MMA)

The available algorithms for traffic routing and capacity assignment are normally

applied to a single layer network. Many of these algorithms take advantage of the

special structure of the optimization problem (e.g., [119]) under consideration. As

we aim for an optimal solution at a general multi-layer network, such approaches
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Fig. 5.7 Link-path coefficient ILP method vs. optimal ILP method.

unfortunately must be ruled out. The ILP formulation of the previous section does

not include the complications associated with of stochastic traffic demands. Yet,

even without this, its algorithmic complexity is likely to rule out treating of large

networks.

The MMA that we pursue iteratively assigns link capacities in each layer to meet

the QoS constraint defined as Q(·, ·) after adopting shortest path routing using the

link costs determined in previous iterations of routing and capacity assignment. The

basic idea is inspired by the following resource allocation and outsourcing model

where, as in [79]. Layer L represents the demands from customers, and each Layer

l, l = 1 . . .L− 1 is a business that can either meet the demand itself, using Layer

0 directly if connection to Layer 0 is available, or outsource it to a layer among
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1 . . . l−1. The cost of each layer includes the cost of lower layers and each layer

generates demand for the layers below.

We consider three types of edges in each layer:

1. simple links, which are formed by passing the transport service from a layer

below.

2. virtual permanent links, which are formed by transport along a series of hops

using the switching technology of the layer below. Traffic grooming is allowed

in the virtual permanent links, which enables multiple traffic streams to share

a common link. Setting up a virtual permanent link is a process to find a

trade-off between the lower switching cost on a lower layer and the better link

utilization on current layer.

3. dynamic links, which in practice are formed by setting up a path in the layer

below whenever a flow requires it. From the point of view of our formulation

these links are universally available between all pairs of nodes, but setting up

a dynamic link introduces a link set up cost.

In particular, considering Layer L demands and cost in Layer L−1 (e.g., initially

assuming that all resources in Layer L−1 are fully used), we implement shortest

path and capacity assignment, in Layer L−1 based on demands from Layer L. The

capacity assignment in each link is performed based on the GoS function Q(·, ·). We

repeat this shortest path and capacity assignment procedure in Layer L−2 based on

the demands from Layer L−1 etc. New unit costs are available at each layer based

on the capacity assignment. The assigned capacity on every edge in every layer

based on routing, which in certain lower layers is an integer multiple of capacity

of large resources (e.g. wavelengths), dictates a new set of costs. These costs are

again used in a shortest path algorithm and capacity assignment in each layer starting

in Layer L, and the process repeats itself until there are insignificant differences
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between successive iterations. We comment that a certain number of edges (“virtual

links”) can be randomly added in each iteration to allow opportunities to save cost,

while unused edges can be deleted in the process. The special dynamic links are

implemented as discussed in the previous section.

When a layer is bypassed, then a link in Layer l represents demand for Layer l−2

instead of that for Layer l−1. Equivalently, instead of providing a significant service

itself, the intermediate layer, l− 1, merely transfers the service request without

change to the layer below. If we consider a case where there are two alternative

technologies in Layers l−1 and l−2 both used directly by Layer l, then Layer l

has two different potential links between the same pair of nodes – one uses a path

in Layer l1 and the other a path in Layer l2. The shortest path algorithm in Layer l

chooses the cheaper one, so in many cases only one or the other link will actually be

present in Layer l.

This means that we may have multiple alternative technologies, (e.g. OBS and

Optical Flow Switching (OFS) [120], or Ethernet and SONET/SDH) possibly in the

same communication layer, operating in the same network, which we consider in

two different layers in our model. Alternatively, if a telecom provider is interested in

comparing between multiple competing technologies and is interested in choosing

one or the other, the algorithm should be run multiple times, once for each alternative,

excluding the other..

The fixed-point iteration algorithm is shown in Algorithm 1 – the terminology

used is explained in Table 5.2.

5.4.1 The Selection and Testing of Candidate Virtual Permanent

Links

Two strategies were implemented and compared for the procedure of choosing

candidate Virtual Permanent Links (VPLs). In both cases a parameter,numvirtlinks,
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Algorithm 1 A pseudo code for the fixed-point iteration algorithm
sinceVPLA← 0
while it < minIts|{(it < maxIts)&(sinceVPLA < extraAfterVPLA)&(δ≥ ∆|δ′ ≥ ∆)}
do

for l = L−1, . . . ,0 do
Set up simple and dynamic links according to the physical
topology in layer[l]

for l = L−1, . . . ,0 do
if l > 0 then

Remove underutilised VPLs in layer[l]
if l < L−1 then

Create traffic in layer[l] from links in layer[l +1]
Calculate routing in layer[l]
Calculate load in layer[l]
Remove unused dynamic links
Update costs
if !VPLA then

if layer[l].flowsizeorder then
sort OD pairs by flow-size

add the next numvirtlinks VPLs to layer[l]
if (layer[l].runOfAbortiveLinks > VPLAbortRunLength) then

layer[l].VPLA ← true;
Decay VPL introductory discounts and discount parameters

if VPLA then
sinceVPLA++

else
VPLA ←Πl=0,...,Llayer[l].VPLA
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Table 5.2 Terminology used in Algorithm 1.

term Explanation
L number of layers
l layer number (0, . . . ,L−1)
it the number of current iteration
minIts the minimum number of itera-

tions the algorithm should run
maxIts the maximum number of itera-

tions the algorithm could run
δ total change in capacities from

one iteration to the next
δ′ value of δ at previous iteration
∆ stopping criterion based on δ and

δ′

VPL virtual permanent link
VPLA introduction of virtual permanent

links has been abandoned
sinceVPLA number of iterations since aban-

donment of VPLs
flowsizeorder true if VPLs are chosen in order

of flow-size
runOfAbortiveLinks the longest contiguous run of

VPLs which were introduced and
later removed

VPLAbortRunLength when runOfAbortiveLinks ex-
ceeds VPLAbortRunLength no
further attempts to introduce
VPLs will be made

extraAfterVPLA the number of extra iterations
to execute after the addition of
VPLs has stopped due to a run
of VPLs failing (i.e. they are re-
moved)
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settable by the user, for each layer, modified the behaviour of the algorithm. In the

first approach, numvirtlinks O-D pairs were chosen randomly, and added to the layer

in question. Traffic was encouraged to use these VPLs by charging for the use of

this link, initially, as if it was full. This discount offer was reduced in each iteration

till eventually all traffic was charged its full share of the link cost. When VPLs are

first introduced, in accordance with the market model of layers, the cost passed on to

layers above is based on an artificial level of utilization. This layer above behaves as

if the link has utilization higher than its real utilization (up to a maximum of 1). This

implies that the cost of the link charged to the new traffic is lower than its real cost

by a certain discount. In each successive iteration, this discount is reduced. Four

parameters, listed at the end of Table 5.2, govern this mechanism of the introductory

discount. Careful selection of these parameters is important in large networks.

In the second strategy, candidate VPLs were selected in correspondence with

the traffic streams, after being ordered according to size. The initial discount offer

concept was also adopted in this case. This strategy proved to be significantly more

effective for large networks.

5.4.2 Fixed Point Stopping Criteria

Our MMA incorporates several overlapping stopping criteria, e.g., maximum and

minimum numbers of iterations, which applies in addition to the other criteria. The

iterations also stop whenever the total change in the capacities of physical links is

less than a certain criterion for two successive iterations. If iterations stop for this

reason we consider the algorithm to have successfully converged. In most of the

experiments convergence was successful in this sense.

Another important aspect of the stopping criterion is a measure of the effective-

ness of the introduction of VPLs. The introduction and withdrawal of VPLs inhibits

the stopping criteria based on stability of link capacities. In fact, if VPLs are not
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being introduced or withdrawn anywhere in the network, the capacities chosen by

the algorithm converge to stable values quickly, in all layers.

As discussed, because of the introductory offer, all VPLs will initially attract

some traffic. Each VPL is costed with a discount in the first iteration after its

introduction, which encourages traffic to use it. However, it would be unfair to judge

the usefulness of a VPL on the basis of this artificial cost. The true test of whether

a VPLs is useful, and should be present in the optimal design, is that it continues

to carry traffic after sufficient iterations of the algorithm have occurred is that the

discount has decayed nearly to zero. If the VPL is still in use then it has proved

its worth. Every time a new VPL is introduced, the algorithm measures the longest

run amongst the introduced and subsequently withdrawn VPLs.. When a certain

threshold VPLAbortRunLength is exceeded, because this strongly suggests that no

further attempts to introduce VPLs will be effective, the introduction of new VPLs

is abandoned. The algorithm then proceeds up to a specified maximum number of

further iterations after the trial of new VPLs has been aborted, or stops due to the

criterion based on two successive iterations having very similar capacities on all

physical links.

5.4.3 Modeling Choice of Technologies

Near the start of every iteration, the algorithm ensures that a full collection of simple

links and dynamic links are instituted, for each layer. This step must be repeated at

each iteration, because if the virtual permanent links in the layer below are changed,

the range of simple and dynamic links which can be used in this layer is changed

accordingly. In general, if layer l−1 has a link from O to D (which could itself be

simple, virtual, or dynamic), then there should be a simple link, in layer l, between O

and D, which represents the act of using the layer l−1 link. For the remaining O−D

pairs there should be a dynamic link between O and D. The O-D pairs which do
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not have simple links (because there is no link connecting them in the layer below)

may potentially also have a VPL; the main change which occurs between iterations

is the trial of different combinations of VPLs in each of the layers where they are

available.

The selection of a simple link at layer l can be interpreted as a choice to bypass

the switching technology available at layer l. It is possible, in this way, to bypass

any number of switching technologies. Thus, the routing which is selected by the

algorithm can be interpreted as a choice of the preferred technology.

5.5 Implementation and Numerical Results

5.5.1 Six-node Network Results

We present here an example for comparison of the cost performances of the ILP

formulation described above against that of the flow-size dependent heuristic algo-

rithm. The test network is the six-node network shown in Figure 5.6. There are 30

directional O-D pairs, and we assume that all O-D pairs have multiple traffic flows in

our experiments. For an O-D pair, multiple traffic flows from different applications

are routed independently in the top layer and traffic can be groomed together to share

the network connections in the lower layers. In our experiments, we assume there

are three traffic flows existing in each O-D pair. Traffic is assumed to be either fixed

with CBR or stochastic with Variable Bit-rate (VBR), and in the latter case the traffic

is characterized by its mean and variance.

In our experiment, we vary the ratio of the number of O-D pairs with fixed CBR

traffic to the number of O-D pairs with stochastic VBR traffic to see the effects on

the relative efficiency of the ILP algorithm (with all traffic forced to be fixed and

deterministic) to the heuristic algorithm (which statistically multiplexes the traffic).

We assume the mean of traffic (constant and variable) is randomly distributed from 0
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to 40, and the standard deviation (variable bit-rates) is randomly distributed from 40

to 120. Three layers are assumed in the experiment, and port capacity, port cost and

cost of physical transmission are the same as in section 5.3.2.

Since ILP can only take traffic flows with constant bit rate as input, to make

the MMA comparable with the ILP, we consider MMA with Peak Rate Allocation

(PRA) in the experiments, i.e. the required bandwidth is mean + 3 × standard

deviation [118] for a traffic flow with the mean and the standard deviation. In

this way, all variable bit-rate traffic flows are converted to constant bit-rate flows

in the ILP formulation and the converted bandwidth requirements guarantee the

traffic to have good enough blocking performances. We use a commercial ILP solver,

CPLEX [121] to solve the the ILP formulations with the constraints and objective

described in Section 5.3.

In Figure 5.8, we compare the total network cost results of the ILP and MMA

under various settings, namely, the ILP, the ILP plus statistical multiplexing , MMA

with PRA, MMA without dynamic links and MMA. This figure demonstrates the

benefits of using statistical multiplexing and dynamic links. Each point in this figure

is the average result value of ten experiments.

When both the ILP and the MMA adopt PRA, the ILP outperforms the MMA with

PRA with less total network cost. And the cost difference becomes smaller when the

ratio of CBR traffic decreases. The reason behind this is as follows: when the CBR

ratio is high there are fewer traffic streams in the network, the ILP utilizes the unused

link resource better by grouping traffic streams together, while the MMA routed each

traffic stream individually along a least cost path. Thus, the cost difference becomes

smaller when the number of traffic streams increases and the cost reduction effects

by playing with the spare capacity decreases. When statistic multiplexing is used,

both methods save up to one-third of the total network cost when 80% of the traffic

flow are variable-rates, demonstrating the link bandwidth is better utilized by using

statistical multiplexing. Note that the results of the ILP with statistic multiplexing is
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Fig. 5.8 Benefits of statistical multiplexing and dynamic links.

obtained by two steps. The first step is to use the ILP with PRA to get the optimal

routing for all the traffic streams; the second step is to apply statistical multiplexing

on each link at each layer to reduce over-provisioning bandwidth by PRA. Thus the

result of the ILP with statistic multiplexing is not optimal to the VBR traffic.

When dynamic links are introduced, our MMA can further reduce the total

network cost by one-fourth. In this case, the flow set-up cost in layer 2 and layer 1

are set to 0, which means traffic flows are encouraged to use an end-to-end dynamic

link to save redundant cost during switching. The philosophy here is to investigate the

full cost-saving potential of dynamic links by assuming its cost becomes negligible.

The relationship between the flow set-up cost and the use of dynamic links is

investigated in Figure 5.9. From extensive experiments, when the lower layer cost
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Fig. 5.9 Total network cost and proportion of dynamic traffic vs. flow set-up cost.

is relatively high, the cost saved by statistical multiplexing is significant; when the

higher layer switching cost and module cost are high, the cost saved by dynamic

links is remarkable.

In Figure 5.9, the relationship between the total cost saved by dynamic links and

flow set-up cost at layer 2 is demonstrated. The network example and cost structure

used in the figure are identical to the one utilized in the settings of Figure 5.8; the

ratio of CBR traffic streams is fixed to 0.2. As seen in Figure 5.9, when the flow

set-up is above 35 per flow, no dynamic links are used. As the flow set-up cost

reduces to 30, around 6% of the PPBP traffic flows start using dynamic links. While

the flow set-up cost keeps going down, the use of dynamic links dramatically goes

up and finally all the PPBP flows are transmitted through dynamic links at layer 2

when the flow set-up cost is below 15.
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5.5.2 Practical Networks Results

Three examples are presented here: (i) the NSFNET_T3 backbone with 22 nodes

(Figure 5.3); (ii) Internet2 network, with 53 nodes and 122 links (Figure 5.4); (iii)

CORONET network with 100 nodes (Figure 5.5); For all these examples, we consider

three layers. The lowest layer is regarded as the physical transmission layer. The

switching cost of one layer is assumed to be significantly higher than the layer below,

which is realistic in today’s Internet. On the other hand, flow setup costs increase in

the opposite order, and more dramatically, with the cost of setting up a flow in layer

2 being 100 – 1000× the cost of switching a packet in layer 2. Hence, flow setup

cost in layer l refers to the cost of setting up a flow which will make use of layer

l−1 switching at each node along the path. In a typical scenario, for example, flow

setup cost in layer 2 would represent the cost of setting up a wavelength in layer 1.

The traffic in these examples is randomly generated between all possible O-

D pairs with mean flow rate generated from a Pareto distribution. This Pareto

distribution is not related to the common Pareto distribution for the flow sizes of

each traffic stream. Instead it models the expected heavy-tailed distribution of the

total O-D pair traffic as the origins and destinations vary.

The experiment results show that the cost reduction due to the use of VPLs in

the examples NSFNET_T3, Internet2 and CORONET is up to 40% when dynamic

links are disabled (for example due to excessive flow setup cost) and is in the range

10%-20% when used in conjunction with dynamic links.

5.5.3 Network Evolution Prediction

We applied the MMA to NSFNET_T3 example with 28 nodes and 62 links shown

in Figure 5.3. We considered L = 3 where only physical, OTN and IP layers are

enabled in this case. We have also turned off dynamic links and only consider PPBP

traffic flows. The numerical results provided in Figure 5.10 shows the growth of the
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Fig. 5.10 Proportion of optical bypass traffic vs. total traffic.

optimal proportion of traffic using virtual-permanent links (which represent optical

bypass) as the overall traffic grows.

5.5.4 Flow-size Dependent Routing

A fundamental question addressed by this research is whether flow-size dependent

routing is useful, i.e. whether it can reduce cost significantly when compared to

conventional routing (in which flows of all sizes adopt the same routes). The experi-

ments reported here show that flow-size dependent routing can lead to significant cost

savings if the flow setup cost is small enough that dynamic links carry a significant

amount of traffic. On the other hand, if this is not the case, the network is then

made up of only simple and virtual permanent links, assuming traffic is of the type

described above, and there is no cost advantage in using flow-size dependent routing.
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Fig. 5.11 Cost vs threshold for Internet2.

However, in all of the experiments reported here, the traffic offered to the net-

work made use of a the Poisson-Pareto burst model described in Section 4.1.2 in a

consistent manner; in particular, the flow rate parameter, r, was fixed at a constant

value across the network. When flows are routed dynamically, this parameter is

merely used to indicate the total bytes of the flow (compared as r times the flow

duration). However, in the case of VPLs, the assumption that r is fixed means that

the instantaneous variance of all flows is the same. A more flexible use of the PPBP

traffic model is needed in order to more fully explore flow-size dependent routing.

In particular, it would be useful to investigate cases where the flow-rate parameter

also varies randomly (possibly with a heavy-tailed distribution) in a way that it is

correlated with flow sizes.
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Fig. 5.12 Cost vs threshold for Coronet.

5.5.5 Threshold Optimization

A series of experiments were carried out in which the threshold used to separate

small from large flows was varied over a wide range. The networks used for these

experiments are Internet2 and Coronet. The input parameter tables for these experi-

ments are referred to the Figure A.1 and Figure A.2 in the Appendix A. Plots of cost

versus threshold for Internet2 and Coronet are shown in Figure 5.11 and Figure 5.12

respectively. Both curves are distinctly steep and descending for small values of the

threshold and gradual and increasing for large values of the threshold, which should

be expected because of the nature of the Pareto distribution of flow sizes. Although

most flows are small, most packets are in large flows. When the threshold classifies

the flows in two types, the large flows enjoy the benefits of dynamic links which

saves switch cost at upper layer. According to both Figure 5.11 and Figure 5.12,

both curves indicate there is a potential to save more than 30% of total network cost
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by routing flows according to their sizes. In the Figure 5.12, the line pattern of two

bottoms when flow size threshold equals to 103 and 105 bit indicates there are two

optimal flow thresholds for the CORONET in our experiment.

If the use of dynamic links is suppressed (which will happen if the flow setup

cost is high), total network cost is insensitive to the choice of threshold.

5.5.6 Running Time of the Heuristic Algorithm
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Fig. 5.13 Running time of the heuristic algorithm on fully meshed networks.

As stated in Section 5.3.2, when the size of the network grows, solving the ILP

problem becomes very time consuming and prohibitive. To demonstrate that our

heuristic algorithm is much faster than the ILP formulation, we tested the running

time of our heuristic algorithm on a variety of network examples. Figure 5.13 shows

the running time of the heuristic algorithm on initially fully meshed networks, with

randomly generated traffic, for a range of node counts, on a workstation with a
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Table 5.3 Running time of heuristic algorithm on practical networks.

NSFNET Internet2 CORONET
Running time 7.95s 38.75s 85.76s

2.4GHz dual processor. As the number of nodes increases, the running time of the

heuristic algorithm increases, but still barely exceeds half a minute when the number

of nodes reaches 80. Table 5.3 shows the computational time for a variety of practical

networks. Even for the CORONET example, with 100 nodes, the algorithm takes

lower than 90 seconds.

5.5.7 Further Validation

If we run our algorithm on an arbitrary network and we obtain a solution, how far are

we from the optimal solution? It is difficult to answer this question for an arbitrarily

large network. A similar question can be asked about the Internet with answer

unavailable. Nevertheless, the Netml system provides us with features that allow us

to visualize the level of utilization of physical and virtual links, and provides data for

further analysis. On the basis of the information that links are heavily utilized, the

GoS requirements are met, and the paths are chosen on the shortest-path principle

(as in the Internet), then one can conclude that the obtained solution is acceptable.

5.6 Summary

We have presented a new multi-layer, multi-technology network optimization algo-

rithm where end-to-end traffic streams are assumed to be a mixture of Gaussian and

Poisson Pareto burst processes. The algorithm optimizes network cost by optimizing

the end-to-end routes in all layers and the choices of technology for each flow, al-

lowing for both dynamic and semi-permanent allocation of paths. The optimization

enables us to classify flows and to investigate the benefit of routing flows according
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to their sizes. Our algorithm can be applied to traffic engineering (e.g. link dimen-

sioning), and can assist telecommunications providers and vendors in comparing and

selecting future technologies.
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Chapter 6

Shortest Path Routing in

Multi-layered Networks

Shortest path routing is used throughout the Internet. We already demonstrated in

Chapter 5 that if link costs accurately reflect real costs of installation and maintenance

and the total network cost is accurately modeled as the sum of link costs, shortest

path algorithm can be an efficient tool for multi-layer network design. However,

this raises another question that how reliable is the shortest path routing in layered

networks.

In this chapter, we study the sensitivity of shortest path routing in all the layers

to link cost errors in terms of the effect on the total network cost . Examples of

multilayer shortest path implementations on realistic networks show that the optimal

solution can be very sensitive to link cost errors, particularly when the switching

cost is a significant part of the total network cost, as is expected to be the case, more

and more, in the future. This points to the importance of considering accurate link

costs in network design which contradicts common views that good network design

based on shortest path is possible despite the presence of significant link cost errors.
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6.1 Introduction

Shortest path routing is an important principle in the current Internet. It is simple

to implement, scalable, and helps to keep total network cost near to the minimum,

although it is known that networks designs with optimal total cost may exist which

do not always route traffic on the shortest path.

The IP layer has heavily relied on lower network layers for many years. However

the way in which IP and the layers below work together is evolving rapidly.

Such development is motivated by the ever-increasing Internet traffic and the need

for switched wavelength on demand services created by, for example, applications

associated with large flows [122], and by inter data center communications [123],

and is facilitated by the availability of technologies that enable multilayer-multi-

technology network operations, e.g. [117].

The DARPA CORONET is an important illustration of the architecture which

researchers currently expect in the future Internet. It supports 100 Tbps of traffic and

provides fast bandwidth on-demand [124, 125].

In this chapter, we show that shortest path routing is an effective design principle

for multi-layered networks, but that it can lead to bad designs if the link costs are

inaccurate or if insufficient precision is used in their management.

A detailed treatment of multi-layered network design is provided in the book

[79]. Heuristics based on shortest (and k-th shortest) path algorithms are discussed

in [79, 89, 91, 93]). The auxiliary graph approach [93] provides a convenient graph

to describe multi-layered networks (in the context of grooming), where each node in

the auxiliary graph corresponds to a (node, layer) pair of the multi-layered network.

The problem of flow and capacity assignment under deterministic demands in

single layer networks has been extensively addressed over the last three decades (e.g.

[126]). A classical approach is characterized by iterations that alternate between a
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flow assignment (e.g. by solving a multi-commodity flow problem) and a capacity

assignment using dynamic programming [102].

Here we continue to develop the theory and experimental experience with MMA

algorithm based on the idea of iteratively using shortest path routing in each layer,

and revising link costs depending on the routing decisions made in lower layers. This

idea was first presented in [112] and further developed in [109].

Centralized, theoretically rigorous, network designs lack relevance to real net-

works for many practical considerations. In any case, as we shall see, fully embracing

the complexities of real networks throws up a set of network design problems which

can not be easily solved even individually.

This is the main reason why we emphasize the shortest path principle – it

corresponds more closely to the approach used in industry. Theoretical reasoning

and experiments are used in this chapter to show that decentralized designs, which

use shortest path routing as the key principle, can be effective in keeping costs

of networks to a minimum, but only if the costs assigned to links are sufficiently

accurate.

In Section 6.2, we present theoretical and practical reasons for the use of shortest-

path routing in all layers and demonstrate that shortest-path routing can be reasonably

expected to produce minimum cost network designs. In Section 6.3 several realistic

examples of networks are presented (all of which can be viewed online together with

the experiments reported). In Section 6.3.1 experiments are conducted which show

how accurate link costs need to be to ensure that network designs using shortest

paths are cost-effective, and in Section 6.3.2 experiments are conducted to show

the effect of link-cost errors on the optimality of network designs. Conclusions are

drawn in Section 5.6.
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6.2 Shortest Path in Layered Network Design

The problem of designing a network with transmission (and switching) equipment

which is only supplied in modules capable of carrying very large quantities of traffic

may be illustrated by a certain very large family of networks which are characterised

as follows:

• total cost is the sum of link costs, which are the same for every link, plus an

end-to-end distance dependent cost per packet;

• link capacity on all links is sufficiently large for all offered traffic, no matter

how it is routed.

Ignoring, for a moment, the distance-dependent routing cost, all tree networks

have the same cost. The total number of different, optimal, trees, is very large (more

than n!). Any method which is capable of exactly identifying the optimal network

must therefore consider all of these different designs; this implies that such a method

has computational time increasing too quickly with n to be practical. The fact that

tree networks are not robust, and cannot provide adequate reliability is not relevant

here. The fact that a great variety of quite different networks are all approximately

optimal – also occurs in the case of designs which are required to be robust.

However, we will see below, in Proposition 6.2.1, a layered fixed-point algorithm

will always find the optimal solution. Since the layered fixed point algorithm does

not actually target networks with this cost structure, it gives us good reason to believe

that these algorithms are effective for networks with a more general cost structure.

Proposition 6.2.1. For sufficiently heavy tail of power-law traffic, a layered fixed-

point algorithm which implements shortest path routing in all layers, routing largest

flows first, will converge to an optimal network design in the examples considered in

Section 6.3.
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The following “proof” merely indicates the main line of reasoning required to

prove this result. A fully detailed proof is still in preparation.

Proof. In the examples introduced in Section 6.3, the optimal design must have n−1

links, where n is the number of nodes. Among all such networks, the only difference

in cost is due to the length of the paths. When the tails of the traffic are sufficiently

large, the cost due to path length will be minimised so long as the largest traffic

stream is routed on the shortest available path, and then, successively, each remaining

traffic stream is routed on the shortest path available in the network constructed up to

that point, making use of additional links only when unavoidable. This is the routing

strategy adopted in the algorithm.

6.2.1 Link Cost Instability

In the course of a fixed-point iteration, in which link costs in upper layers are up-

dated at each iteration to reflect the level of utilisation of these links in lower layers.

When traffic is added to a link with a large capacity, the cost for future traffic to use

this link is reduced. Conversely, when traffic is removed from a link it becomes more

expensive in future iterations. Thus link cost is essentially unstable – any changes

in routing which cause a link’s cost to reduce will tend to cause further reductions,

and conversely changes which cause the link cost to increase will tend to cause

further increases. This process cannot proceed beyond the point where the network

is connected, however, because if a link is on the only remaining path between two

components of a network, there will be a residue of traffic.

It remains possible, if traffic is somewhat homogeneously distributed across

a network, that an unnecessarily large number of links remain viable, in the face

of competition from their peers, despite the fact that there are in fact obviously

better solutions for the complete network. The set of possible paths may be all

approximately equally cheap on account of the fact that none of them has gained a
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sufficient head start on the others to attract traffic from k-hop paths to k+1-hop (or

more hops) paths.

6.2.2 Power Law Traffic

Traffic destined for, or from each node, can be reasonably expected to follow a

power-law distribution (like the Pareto distribution) and the traffic between nodes

can then be modelled, not too unrealistically, as the normalised product of the total

traffic to the destination times the total traffic from the origin, of each traffic flow.

(This is called the gravity model for traffic.)

If traffic is generated in this way, the link cost instability process ensures that

our iterative layered design algorithm always converges on the obviously optimal

solution, in the large class of examples discussed in Section 6.3. The Proposition 6.2.1

provides a formal statement of this result, which has been confirmed by applying the

algorithm to networks with 4, 6, 9 and 25 nodes – in all cases the algorithm finds an

optimal design. Since the algorithm makes no special use of the unusually simple

cost model in these examples, this gives us confidence that it will find near-to-optimal

designs in more general situations.

6.3 Example Networks and Results

We consider the network model we presented in Chapter 5. Cost of transmission,

switching and overheads associated with setting up and maintaining virtual and

dynamic links are given. Transport technologies in the various layers are available in

all nodes. We aim to find the optimal physical and virtual topologies and capacity of

physical and virtual links that minimize the total cost (of switching and transmission

equipment, including maintenance if so desired) of transporting the traffic subject to
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meeting GoS requirements. The particular GoS requirements are to limit the buffer

overflow probability on all links.

A flow transported end-to-end may use different layers at different points on its

path depending on cost. It may also require services in more than one layer at a given

node. In Figure 6.1, we show different transmission technologies by different colors.

In general, capacities of edges in some layers come in discrete values. This

may imply wastage of capacity that propagates to the layers below when the entire

capacity required in Layer ℓ is carried by Layer ℓ−1, not just the carried traffic of

Layer ℓ. It is a common practice in telecommunications for capacity to come in

discrete values (e.g. an entire wavelength). However, in other layers, the range of

capacity values allocated to a particular flow may vary continuously or there may be

no specific capacity allocated at all (e.g. a label-switched path).

Switching cost is becoming an increasingly significant component in total net-

work cost, including energy and maintenance as well as installation and setup costs.

It is therefore increasingly important to make use of the most economical types of

switching that will carry all the traffic across a network to its chosen destination.

This problem, of optimizing the type of switching to use, is also solved by finding

the optimal routing in a multi-layer network.

Three examples have been used here to explore the impact of link-cost distortion

on network cost: Green T, which is a purely theoretical network, which has quite

high connectivity, shown in Figure 6.2; NBN loosely based on Australia’s proposed

National Broadband network, shown in Figure 6.3; andInternet2 from an advanced

networking consortium led by US research and education communities, shown in

Figure 5.4.
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IP Router
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O
D

OTN Element

WDM Switch

Fig. 6.1 Illustration of vertical connections in a layered telecommunication network.
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Fig. 6.2 The Green T network.

6.3.1 Link-cost Inaccuracy

Experiments have been conducted on the three example networks under Netml, with

link-cost precision varying from 1 bit to 64 bits (double precision floating point),

and other input parameters shown in Figure A.3, A.4 and A.5 in Appendix A. Plots

of the network cost as a function of precision in bit-length are provided in Figure

6.4, 6.5 and 6.6. Link-cost precision is defined, for the purposes of this paper, as the

number of bits available for storing link costs, as a fixed-point number (effectively

an integer).

The manner in which a fixed precision for link costs is managed could vary

greatly from one network provider to another. In these experiments we assume that

the available precision is used optimally. Prior to reducing the precision, the largest

and smallest link costs are found, and link costs are scaled so that the largest cost in

the network does not need to be truncated. In all three examples link-cost precision
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Fig. 6.3 The NBN network.

94



6.3 Example Networks and Results

 4e+06

 4.5e+06

 5e+06

 5.5e+06

 6e+06

 6.5e+06

 0  10  20  30  40  50  60

ne
tw

or
k 

co
st

link cost precision (bits)

Fig. 6.4 Total network cost vs bits of precision in link costs (Green T network).
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Fig. 6.5 Total network cost vs bits of precision in link costs (NBN example).
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Fig. 6.6 Total network cost vs bits of precision in link costs (Internet2 example).

values less than or equal to 16 bits gave significantly worse designs than designs

using full accuracy. Also, designs where all link costs were forced to take only one

of two values often gave better results than designs in which link-cost precision was

greater, but less than 16 bits. This suggests that naively using inaccurate link costs is

actually worse than simply using hop-counts as a proxy for the path-cost.

6.3.2 The Effect of Link-cost Errors

Experiments have been conducted on each of the example networks under Netml,

with link-cost noise standard error varying and other input parameters fixed as shown

in Figure A.6, A.7 and A.8 in Appendix A. Plots of the network cost as a function of

the standard deviation of the errors in link costs are shown in Figure 6.7, 6.8 and 6.9.

A link-cost error is defined here as the ratio between the actual cost of the link

and the cost value used in the shortest-path algorithm which determines routing.

Such errors will always exist. It is natural to model them as random, and it is not
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unreasonable to assume that the error for one link is independent from the errors of

other links. The natural measure to use for the magnitude of link-cost errors is their

standard deviation. Also, it makes sense for the errors to be modeled as a positive

number, with mean of 1, which multiplies the true cost to produce the erroneous

link-cost used in the routing calculations. We have therefore used a log-normal

distribution for these multiplicative link-cost errors.

The x-axis in these graphs is equal to the standard deviation of the link cost

errors, which have been applied multiplicatively to the true link costs, to produce the

link-costs used in routing.
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Fig. 6.7 Total network cost vs standard deviation of errors in link costs (Green T
example).

In all cases total network cost increases, in general, with the size of the errors

introduced in the link costs used in routing. Since the errors are random, and when

link cost errors are introduced the layered design algorithm is selecting its routing

choices on invalid information. Network cost does not consistently increase with the
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Fig. 6.8 Total network cost vs standard deviation of errors in link costs (NBN
example).
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Fig. 6.9 Total network cost vs standard deviation of errors in link costs (Internet2
example).
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size of the errors, instead it fluctuates randomly. But the overall trend of network

cost is clearly upward with increased error variance.

In some cases, not shown here, sensitivity to errors in link costs is less. For

example, in smaller networks, the sensitivity to link cost errors is usually lower.

Also, in cases where there is a single design which dominates all other possibilities,

sensitivity to link cost errors is low or even completely absent.

6.4 Summary

The fact that the total cost of the networks in Section 6.3.1 and Section 6.3.2 becomes

steadily worse with decreasing link-cost precision and increasing link-cost errors

further supports that shortest path routing is a sound principle for network design in

layered networks. The complexity of all the choices in network design may be beyond

manual methods. However, if the estimates of costs which are used in network design

or management are not accurate, the resulting network designs will be significantly

more expensive. Also, if the precision of link costs is insufficient, the total network

cost will increase. The study in this chapter demonstrates that the shortest path

routing algorithm is quite sensitive to cost errors. It raises another research question

that how to ensure the optimization solutions of multi-layer networks are correct,

and this will be addressed in the next chapter.
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Chapter 7

Cost Validation in Multi-layer

Network Architecture and Design

There are many costs associated with building and running a telecommunications

network, namely CAPEX and OPEX . On the one hand, complex routing schemes

activated in multi-layer networks, like MPLS, logically imply assignment of costs to

a collection of modules, from more than one layer, so defining the cost model is a

non-trivial task. On the other hand, optimization methods based on prices for sending

packets via different paths, which include methods using shortest path as a design

principle, require a precise cost model, in order to produce a correct solution. A well-

defined cost model enables us to analyze and check costs for each layer and for each

subsystem within a layer, and provides a step-by-step procedure for validating prices.

To guarantee the correctness of the defined cost model, in this chapter we produce a

well-structured report which confirms the validity of prices and of the total cost. The

criterion for validating of the cost model is that the total cost of the network when

calculated from the prices to be attributed to the traffic is equal to the total network

cost (CAPEX + OPEX) less any discounts. This validation process is similar to

double-entry bookkeeping which is common in the business world and which enables

detection of errors in accounting systems. It is shown that the validation requirement

101



Cost Validation in Multi-layer Network Architecture and Design

justifies pricing based optimization. We also provide examples in this chapter where

the application of this concept in a multi-layer network design software tool ensures

that optimization works correctly, as well as one example where prices are not valid

and the optimization fails.

7.1 Introduction

Telecommunications networks are complex entities that involve multiple layers and

a large number of switching and transmission systems that are based on various

technologies. A large number of different elements, from a variety of different

alternative technologies, can be applied in different layers or even in the same layer,

and as a result the cost structure of a network is very complex. A correct cost model

provides the foundation to analyze the network architecture. We propose a correct

and detailed accounting of cost model that is relevant to networking research in

the areas of network optimization, network evolution, network design algorithms,

quality of service, security architecture and design, and network management.

7.1.1 Network Cost Models

Many studies on QoS architectures for IP networks are not economically sound

because of insufficient attention to the cost model [127, 128]. Similar comments on

the lack of consideration of cost modelling have been made in [ 129]. According to

[130] recently, network OPEX (operation expenditure) has become a concern for

telecommunication companies as a matter of survival. These authors of [130] also

suggested that a more careful and articulated understanding of costs may be crucial

to the successful deployment of new services and enhancement of Internet protocols.

In [76], it is pointed out that the cost of the network architecture is dominated by

the node costs in both wireless and Ethernet LAN networks. The Layered Decision
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Model (LDM) of [131] aims to design a cost-effective defense for a network, by

accessing the cost that each threat might incur, and by allowing the network manager

to choose between different network defense plans or decision sets.

In [77], three models are used to describe the cost structure of a telecommuni-

cation network. According to [78] network operators can control the cost of some

network elements and reduce the cost of peering and routing decisions by using a

holistic traffic cost model.

7.1.2 Cost Models and Network Optimization

In network optimization problems, a design methodology usually requires obtaining

a near optimal solution by minimizing network costs CAPEX and OPEX of the

designed cost model subject to meeting QoS requirements of users [109]. In a typical

optimization problem, there is a need to specify costs of various traffic streams as

they use various network elements which are typically of different module sizes.

More specifically, even heuristic solutions of such optimization problems require

complex software development of which is challenging due to the complexity of the

cost model.

Many network design publications are based on the principle that if a module is

used by a given set of traffic streams, the cost of the module is fully attributed to these

traffic streams [79, 89–93, 132–135]. Forcing an individual stream to “pay” for the

entire module it uses, will force streams to choose resources such that they are highly

utilized which may save energy costs if idle resources can be shut down [136, 137],

but will also violate certain Internet design principles such as load balancing and net

neutrality. Therefore, it is important to have a longer time view on investment and

consider that a resource will be more highly utilized in the future. There is a need

to introduce certain means to enable the designer to consider such principles. One
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way to introduce such means is to modify the cost model and to derive the problem

formulation where optimal solutions do not violate this principle.

Given the need to consider Internet principles and complex cost structures to-

gether with existing network design complexities associated with network scalability,

layering and traffic burstiness, we have to rely on solutions based on heuristic al-

gorithms that are still very complex. Researchers use heuristic solutions because

the exact optimal solutions say based on ILP [79, 89, 92, 93, 132–135] are limited

to small networks and so far have not considered the cost structure complications

discussed above.

Given the complexity of our multi-layer design algorithms, and the lack of

availability of an exact solution, we need viable means to validate our solutions.

Researchers generally consider how individual elements contribute to operational

costs, but they lack a detailed cost structure that maps traffic flows to the costs

of carrying the traffic. In other words, this validation requires evaluation of the

assignment of costs to a large number of network elements as well as their usage by

traffic streams. Typically, (even heuristic) solutions of optimization problems require

the challenging development of complex software. Therefore, there is a need for

means to validate if the software achieves a correct solution.

It is common in the business world to use double-entry bookkeeping to detect

errors in accounting systems [138, 139]. In double-entry bookkeeping, every action

generates both a credit and a debit, which ensures that there is always one party with

a material interest in checking that the entry is too low, while the other party has

a material interest in checking if the entry is too high. Furthermore, because the

double-entry method is threaded through the entire accountancy system of modern

business, in parallel to the breakdown into business divisions, sub-divisions, etc.,

a multiplicity of constraints are introduced, which can be used as checks on the

calculations and which enable errors to be diagnosed and corrected.
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In this chapter, we propose that a similar system can and should be put into

practice for validating the costs associated with the use of network resources.

However, price validating is, like double-entry book-keeping, more fundamental

and significant than merely a method for avoiding errors. In particular, it is not merely

the calculations which must be validated in this way, but also the procedure for doing

the calculations, commonly referred to as developing a cost model. Cost models

are only recently being recognized as necessary, and requiring further development

[76, 77, 131].

Validating prices and the allocation of costs also guide our choice of network

architecture and network evolution. In order to properly understand the cost of

installing, maintaining, and running a network, it is useful to be able to analyze all of

these costs in a manner which enables us to recognize easily how they are incurred.

In Section 7.2 the principles of network cost models are considered; in Section

7.3 we discuss how network cost models can be used to validate designs; in Section

7.4, the application of network cost models to the Multi-layer Market Algorithm

(MMA) is considered; Section 7.5 presents two experiments with the MMA where

these methods have been applied; conclusions are presented in Section 7.6.

7.2 Network Cost Models

The resources required to build and maintain a network do cost money which must

be paid for by revenues generated by traffic.

Here we do not consider revenue, or how it is generated. But we do assume

that the traffic will pay for the costs. These are the basic principles of network

cost modeling. In addition, we need to consider four ways in which costs are

analysed, transferred, modified and aggregated: sharing, aggregation , discounting ,

and transfer between layers. It should be clear, after considering these issues, that
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accurate calculation of the cost of resources to traffic across a network is sufficiently

complicated to require systematic procedures for its validation.

7.2.1 Sharing

Each network resource will generally be used by many traffic flows, so these traffic

flows will need to share the cost of the resources they use. In many cases there is

a natural and appropriate way to subdivide costs. However, a clear plan for how to

share costs is a necessary component of any cost model.

Assigning costs for modules to individual packets is greatly complicated by the

fact that modules for transmission or switching may be shared in a variety of ways

across the traffic carried by a network. In the Netml system [103] designed for

describing and analysing networks, and also in real networks, resources may be

shared in certain distinct ways, which we now consider.

Basic allocation

In the Netml interface to the MMA, the most basic allocation is termed, "unsharing".

This scheme is an option for transmission capacity, at any layer. In this scheme,

the resource can only be used by the specific traffic which is assigned the resource.

Unused capacity of a module cannot be used, and the cost of the unused capacity

should be borne by the traffic which is using partially this resource. This is the

appropriate sharing model to use for SDH.

Link-shared allocation

Traffic can also be assigned to a transmission resource without having exclusive

access to it. In Netml, this is termed, link-sharing. The traffic might take the form of

a virtual or dynamic link. This link has a certain capacity, which might be allocated

in a certain number of modules. However, if the traffic within these modules does
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not fully use them, the unutilised capacity can be used in the containing link by other

links which share this containing link. This is the appropriate sharing model to use

for ethernet.

Node-shared allocation

The significant resources used by an IP flow, in the IP layer, are associated with

routers, which are nodes in the network, not links. An IP flow also makes use

of resources from lower layers. However, to model the way the cost of IP layer

resources are allocated to flows, we need to allow the IP flows share the resources

provided by nodes.

7.2.2 Aggregation

The total resource cost of a flow can then be calculated as the sum of all the resource

costs needed by this flow. Thus, by adding the appropriate share of each of the

required resources we arrive at the cost per unit of flow of the traffic.

It will be useful to calculate not only the costs of individual traffic flows, but

also of collections of flows. Likewise, it will be useful to calculate and reference

collections of resources.

7.2.3 Discounting

It is a common practice in business and, for good reasons, to sometimes introduce

discounts, i.e. charging below normal prices for goods. The same is also true in

networks for a variety of reasons. Discounts are not, as they might seem at first, an

aberration which undermines correct cost accounting. Rather, they bring into line a

practice which does not fully transfer the cost of resources to their users, with the

otherwise strict procedures according to which all costs add up and must be paid. A

particular example of this (investment clawback) is, when unutilised capacity is not
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fully paid for by the traffic using a resource on the grounds, this unutilised capacity

is consider as an investment to be used and paid for in future.

7.2.4 Transfer between Layers

As pointed out in [79], logically speaking, in a multi-layer network, the links of one

layer becomes the traffic of the layer below. Hence, once the costs of the links and

nodes have been shared between all the traffic in one layer, the costs calculated from

this traffic becomes the cost of the resources (nodes and links) of the layer above.

7.3 Validation of Network Costs

The general validation strategy adopted in accounting, and recommended here for

networks, is to record costs in two ways, thereby creating many constraints (i.e.

different formulae which should give the same answer) which can be checked to

confirm that calculations have been carried out correctly. In particular, we need to

check the network cost as calculated via traffic against the total network cost for the

modules of transmission, switching and routing.

All such constraints, including this one, can be applied to just a part of the

network, say to just one layer. This is useful when a discrepancy is discovered,

because it makes it easier to find the source of the discrepancy.

It should be possible to decompose the cost-per-packet, at every point where

a packet is processed, into all its components, namely transmission, switching,

protection against link failure, protection against cyclones, special events, etc. The

numbers will be very small. And if all the calculations are correct, when we add up

the cost-per-packet, for every packet carried in the network (or carried according to

the plan), it should be very close to the total obtained by adding up the same costs in

a completely different way, or in several completely different ways.
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The Netml system provides a cost report in which network costs for each resource

are totalled, for each layer, and costs for each layer are also calculated per traffic

flow. A sample from one of the reports is shown in Figure 7.3. Ensuring that these

reports have been tally and exactly completed only for some network configurations

at this time.

7.3.1 Validity of Price-based Optimisation Algorithms

The concept that optimisation problems can be solved by finding optimal prices

rather than by selecting the allocation of resources directly has a long history [ 140,

Section 8.6], [141, Section 20]. The most familiar example of this duality occurs in

Linear Programming, where it is well known that every optimisation problem has a

dual problem of finding the optimal prices, and the solution of the original problem

can be found from the solution of the dual, and conversely. Furthermore, the dual

of a maximisation problem is a minimisation problem, the value of the objective

function at the optimum is the same in the two problems.

The equivalence of the objective functions in terms of resource costs and in terms

of traffic prices, and hold in networks, can be expressed as follows:

M

∑
k=1

CkNk =
T

∑
t=1

ptµt (7.1)

where M is the number of different types of modules used in the network, Ck is the

cost of a module of type k, Nk is the number of modules of type k, T is the number of

traffic flows, pt is the price charged, per unit of traffic, for flows on the path currently

adopted by traffic t, and µt is the size (e.g. in bits/s) of traffic flow of type t.

The principle (7.1) should hold not only for the network as a whole but also for

each layer.
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Proposition 7.3.1. In a solution to an optimisation problem of minimising cost for

providing services (e.g. traffic) which satisfies equation (7.1), if each service used

is chosen from the available providers by price, and prices are stable (they do not

change significantly) in a region around each configuration, the solution is locally

optimal. In addition, if the algorithm allows a full collection of arbitrage strategies

to operate, whenever applicable, the solution must be globally optimal.

Proof. Suppose an alternative path with a lower price is available for a traffic flow.

Since moving one flow is a small change, the prices for links will not change

significantly when this flow is moved. Hence the total cost according to the RHS

of (7.1) is lower after the traffic is moved. This shows that shortest path routing

provides a locally optimal solution.

If there is a lower total cost solution which provides the services required, than an

existing solution, the strategy which purchases the services required in this solution,

and provides the services needed in the original solution, can be regarded as an

arbitrage. Hence, by assumption, this arbitrage will be able to operate, and the lower

cost solution will be obtained. Since (7.1) holds, the new solution will be optimal in

the conventional sense.

7.3.2 Spare Capacity and Investment Clawback

Around almost all network scenarios, i.e. ones in which the capacity of no link is

exactly exhausted by the traffic currently being carried, a small change to routing will

not cause any links to become overloaded, and so, the total cost of the network will

remain the same. This implies that prices are not sufficiently stable for Proposition

7.3.1 to apply.

However, if the operator of the network being optimized anticipates that traffic

will be greater in future, and hence the spare capacity in the network is regarded as

an investment rather than is purely a cost, it is unreasonable to pass on the full cost
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of this capacity to the traffic being carried on the link. Instead, only a proportion,

φ ∈ [0,1] say, of unused capacity cost of each link, should be included. Let us call

this proportion the Investment clawback. For growing networks a choice ofφ > 0 is

rational.

If the investment clawback, φ > 0, the total discounted cost will be the modular

(undiscounted) cost less D = φ× total nominal cost of spare capacity. Equation

(7.1) should include the extra term−D. Now the objective function will increase in

response to any routing change which decreases the cost, in current prices, of spare

capacity. Under these circumstances, prices for links and paths will be stable in the

sense required by Proposition 7.3.1 and the price-based objective function now has a

strict local minimum at any of its global minima.

For a medium sized example network, a plot of total undiscounted and discounted

costs of networks designed by the MMA vs φ is shown in Figure 7.1. This shows that

the undiscounted cost varies only slightly as the investment clawback increases from

0 to 1. The discounted cost decreases dramatically, but this is merely because of the

discount. In effect, the designed network barely changes as the investment clawback

changes; it is not important what precise value is chosen. All values between 0.2

and 0.8 produce much the same result. This provides some reassurance that an

investment clawback does not distort the choice of the optimal network.

7.4 The MMA and Its Cost Validation

MMA [109] is a heuristic algorithm proposed in Chapter 5, which aims to find the

optimal physical and virtual topologies and capacities of physical and virtual links

that minimize the cost of transporting traffic subject to meeting GoS requirements.

Recall that in Chapter 5, in MMA, we consider a multi-layer communication network

with N nodes, in which traffic between any O-D pair is modeled as a combination

of PPBP and Gaussian processes. Transport technologies in the various layers are
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Fig. 7.1 Undiscounted and discounted costs vs investment discount proportion.

available in all nodes. The costs of network node, network link modules, transmission,

switching and overheads associated with setting up or maintaining dynamic and

virtual links are given. The design problem is to minimise total network cost subject

to constraining the buffer overflow probability on all links to below the target GoS.

Layer 0 is the physical transmission layer and Layer L represents the demands

from customers. Each Layer l, l = 1, ...,L− 1 can be viewed as a business that

can either meet the demand itself, using Layer 0 directly if connection to Layer 0

is available, or outsource it to a layer at layers 1, ..., l− 1. The cost of each layer

includes the cost of lower layers and each layer generates demand for the layers

below. A flow transported end-to-end may use different layers at different points on

its path depending on cost.

The MMA applies fixed-point iterations to iteratively assign link capacities in

each layer to meet the required GoS constraint after adopting shortest path rout-
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ing using the link costs determined in previous iterations of routing and capacity

assignment.

In particular, for each l, l = 1 . . .L, we implement shortest path and capacity

assignment in Layer l−1 based on demands from Layer l and costs in Layer l−1,

starting from Layer L downwards. The capacity assignment in each link is performed

based on the required GoS. We comment that a certain number of edges (“virtual

links”) can be randomly added in each iteration to allow opportunities to save cost,

while unused edges can be deleted in the process.

The MMA models the Internet operation as business practice that largely dictates

adoption of least-cost alternatives. This is consistent with the routing in the Internet

is largely based on the shortest-path principle.

The validity of the MMA is to a large extent determined by the accuracy with

which the cost-per-packet is computed in each layer. Ensuring that these values used

in the optimization are accurate and correctly implementing the cost model assumed

by the optimization developer is a complex task. Thus, we propose the following

principles.

1. The cost-per-packet for a certain packet, in a certain layer, should be the sum

of the cost-per-packet for each node and link in the path, in that layer.

2. The cost-per-packet for each node and link in a certain layer should include

the cost of all resources used to deploy and maintain this node or link, and all

the resources in lower layers which are used to deploy and maintain this node

or link.

3. Costs should be disjointly allocated in each layer, in the sense that if the same

resource is used in the deployment and maintenance of a certain node (or link),

and another node (or link), then a proportion of the cost of that resource should

be allocated to each node (or link), according to some logical (or perhaps
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arbitrary) principle. These proportions, for any resource used in this way,

should sum to 1.

4. All costs, including capital costs, are expressed as annual running costs. For

items normally regarded as capital expenditure, the cost will be expressed as

an annual cost by the usual method (this is known as amortising).

5. The total cost of a network layer is the same when calculated by summing

the cost-per-packet in that layer, for all the packets carried annually, as when

adding up the cost of all resources assigned to that or lower layers. Total

network cost is the same as the cost of the top layer.

6. In addition to adding up the cost-per-packet contributions to packet delivery

cost associated with a certain node or link in a certain layer, these contributions

to the cost of delivering a packet need to berecorded, in association with that

node or link, together with any relevant details.

Note: the clients of a resource must exist in higher layers, and the resources used

by any packet, at a certain link or node, must be from layers at or below the layer

where the link or node resides. However, to pin down this relationship more tightly,

it is desirable that we focus only on the resources used in the layer immediately

below, plus the cost of the facility at that layer, of a certain link or node, and when

we consider clients, only the client links or nodes in the layer immediately above.

The relationship between layers further apart can be inferred from the relation-

ship between adjacent layers. If adjacent layers have a valid cost relationship, the

relationship between all layers will be valid.

Some principles imply a greater degree of attention to detail that has been

typically applied in optimization software in the past. On the other hand, the task

of managing cost assignments is also potentially made easier now that we can see,

more easily, where the mistakes are taking place.
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In particular, according to principle (6), we will be able to check that the cost of

each resource is fully accounted for. In other words, if we do the job properly, or

even with some mistakes, the place where the mistakes are occurring will be obvious,

and therefore easy to correct. In addition, if we carry out this cost assignment task in

a system, like Netml, where all the data associated with a network can be visually

displayed, we can not only check for costing mistakes, but visually display them, so

that they can be seen at a glance.

7.5 Experiments

Experiment 1 Cost Validation

The implementation of the MMA in Netml produces a cost report in which costs

for each layer are broken down by resources, and also by traffic. An example of

such a report, on the layered design of the network shown in Figure 7.2, is shown

in Figure 7.3. Costs calculated by links and costs calculated via traffic are virtually

identical for all layers in this report, despite the fact that the sequence of calculations

used to derive these two figures is very different.

Because the MMA algorithm is defined solely on the principle of always choosing

the cheapest option according to price, there are no restrictions on the complications

and variations of technology and deployment of technology that it can accommodate.

However, accurately incorporating all these features can be quite difficult. For

some combinations of features, the designs produced by the MMA in its current

implementation do not produce valid reports (in which costs calculated via links

equals the cost calculated via traffic). In these cases we cannot rely on the MMA to

produce good designs.

Experiment 2 Impact of Invalid Costs

To observe the effect of (7.1) failing in a controlled way we can introduce an

error in the calculation of costs. Such an error can easily be introduced by setting the
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Fig. 7.2 A six node example network with Netml labeling of nodes and links.

Cost Report for Network sixnodePt
Cost Per Layer and Module Type

Layer 0
opticalmod: number of modules (of type 0): 7 ($100000 per module) , total cost for modules: $700000
Discount for unutilised capacity: $ 0.0
Total cost of Layer 0 and below: $700000

Layer 1
wdmmod: number of modules (of type 0): 20 ($100 per module) , total cost for modules: $2000
Discount for unutilised capacity: $ 0.0
Total cost of Layer 1: $2000.0
Total cost of Layer 1 and below: $702000

Layer 2
ethmod: number of modules (of type 0): 10 ($10000 per module) , total cost for modules: $100000
Discount for unutilised capacity: $ 0.0
Total cost of Layer 2: $100000.0
Total cost of Layer 2 and below: $802000

Layer 3
IP: number of modules (of type 0): 12 ($10000 per module) , total cost for modules: $120000
Discount for unutilised capacity: $ 0.0
Total cost of Layer 3: $120000.0
Total cost of Layer 3 and below: $922000

Cost Per Layer and Traffic Flow from cost-per-packet
This network has 4 layers and its average packet size is 1000
Layer 0.
trafficname: traffic(bits/s) x price = cost-below + transport + flowsetup

+ pathsetup = cost-for-traffic
T_link_3_Lay1_final_20_467: 500000 pkts/s x 0.2$/packet = 0 + 100000 + 0 + 0 = $100000 ( 100000 )
T_link_4_Lay1_final_20_468: 250000 pkts/s x 0.4$/packet = 0 + 100000 + 0 + 0 = $100000 ( 100000 )
T_link_7_Lay1_final_20_469: 250000 pkts/s x 0.4$/packet = 0 + 100000 + 0 + 0 = $100000 ( 100000 )
T_link_9_Lay1_final_20_470: 500000 pkts/s x 0.2$/packet = 0 + 100000 + 0 + 0 = $100000 ( 100000 )
........
Total cost of Layer 0 and below: $700000.000000 (700000)
........

Fig. 7.3 Cost report for the six node example network.
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Fig. 7.4 The six node example network designed with invalid discount settings links
in red are virtual).

parameters for the introductory discount on virtual links, which is a facility in the

MMA. This setting enables the algorithm to successfully deploy virtual links, when

they are appropriate, so that the introductory discount doesn’t reduce (as it is meant

to), but remains the same throughout the iterative algorithm. When this is done, the

algorithm chooses to use many virtual links, producing a design which is far from

the optimal solution. The resulting design in shown in Figure 7.4 (See netml.org).

When we check (7.1) in this example, we find that it fails by a substantial

margin. Furthermore, the cost of the higher level layers, when calculated by traffic,

is significantly lower than when calculated by adding up the resources. This is why

the MMA is diverted into making more and more use of paths which increase the

real cost of the network.

When the introductory discount on virtual links is correctly configured, so that

it reduces to zero during the iterations of the algorithm, the design no longer has a

large number of virtual links, and is much cheaper.
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7.6 Summary

We have proposed the idea of using a principle similar to double entry bookkeeping

to validate network cost models and thereby the implementation of network design

optimization. The key validation technique is to ensure that total network cost

calculated from traffic is the same as total network cost calculated from summing the

cost of modules. We have also shown theoretically that this principle justifies pricing

based optimization. We have provided two examples that illustrate the importance of

this principle, one illustrating how double entry bookkeeping ensures correct results

and one which shows that optimization fails when the prices are invalid.
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Chapter 8

Contributions, Conclusions and

Future Work

In this thesis, we have studied the topic on modeling, design and performance analysis

of multi-layer and multi-technology networks. The main focus of this research is to

find an effective optimization methodology to solve the multi-layer network design

problems under realistic traffic assumptions. Considering this objective, we have

presented and discussed the related background, the literature, optimization models,

heuristic algorithms, and experiment results.

A principal contribution of this work is that we have presented a new multi-

layer, multi-technology network optimization algorithm where end-to-end traffic

streams are assumed to be a mixture of Gaussian and Poisson Pareto burst processes.

The algorithm solves the multi-layer design problem effectively by minimizing the

network CAPEX and OPEX by optimizing end-to-end traffic routes, logical links

dimensioning, link capacity assignments and choices of technologies at all layers.

The key novelty of this solution is the inclusion of stochastic traffic models in a multi-

layer network optimization. The optimization also enables us to understand and

investigate different aspects of the multi-layer networks, e.g. the benefit of routing

traffic according to flow sizes, benefit of dynamic links and network evolution
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predictions. Moreover, the running time analysis of our heuristic algorithm showed

it can be applied to very large networks, including the 100-node “CORONET”

network. As a benchmark for our heuristic algorithm, we further developed a new

solution based on ILP. The comparison between the new ILP solution confirms the

accuracy and effectiveness of our heuristic algorithm. In conclusion, We believe this

algorithm can be applied to traffic engineering, link dimensioning, and can assist

telecommunications providers and vendors to make decisions on future technology

selection.

Next, we have proposed an idea to validate network cost models and thereby

validate the solutions in network design optimization. The key philosophy of this

idea is to ensure that total network cost calculated from traffic is the same as total

network cost calculated from summing the cost of devices, which is similar to the

double book keeping principles in general accountancy. Based on this idea, a series

of rules are proposed to ensure that the costs can be correctly calculated in a multi-

layer network design problems. We have also shown theoretically that this principle

justifies pricing based optimization. By applying the MMA, we further demonstrated

in steps how double entry bookkeeping ensures correct results and how optimization

fails because of invalid cost using network examples.

Moreover, we have further extended our work on validation of cost model to the

error sensitivity analysis of shortest path algorithm in multi-layer network design.

The study confirms that the shortest path routing is an effective design principle for

multi-layered networks. However, the experiment results also indicate that if the

estimates of costs which are used in network design or management, are not accurate,

the resulting network designs will be significantly far from the optimal. Also, if the

precision of link costs is insufficient, the estimated total network cost will increase.

The work presented in this thesis can be extended in many different aspects of

multi-layer network design and performance evaluation. For example, in current

version of the MMA, the network survivability under disaster (e.g. earthquake) is
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not considered. With further improvements, the MMA can achieve near optimal

solutions to the cost-effective designs of survivable multi-layer networks under

statistical traffic models, while most of current researches on survivable network

design have assumed solely constant traffic demands and considered only small

size networks with only two layers. The extended work on survivability will allow

telecommunications engineers in their efforts to design better planned and designed

survivable networks, potentially leading to a more resilient and more affordable

Internet.
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Appendix A

Parameter Tables for Netml

Experiments

Fig. A.1 The input parameter table of Internet 2 used to generate the Fig. 5.11
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Parameter Tables for Netml Experiments

Fig. A.2 The input parameter table of Coronet used to generate the Fig. 5.12

Fig. A.3 The input parameter table of Green T network used to generate the Fig. 6.4
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Fig. A.4 The input parameter table of NBN used to generate the Fig. 6.5

Fig. A.5 The input parameter table of Internet2 used to generate the Fig. 6.6

Fig. A.6 The input parameter table of Green T network used to generate the Fig. 6.7
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Parameter Tables for Netml Experiments

Fig. A.7 The input parameter table of NBN used to generate the Fig. 6.8

Fig. A.8 The input parameter table of Internet2 used to generate the Fig. 6.9
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