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ABSTRACT 

Automatically Switched Optical Network (ASON) is an optical/transport network that 

has dynamic optical channel connection and configuration capability. To achieve such 

functions, an ASON must be equipped with a control plane that is responsible for setting 

up, releasing, and restoring an "optical channel (connection)" between edge network 

nodes. However, the details of how to implement and deploy an automatically switched 

optical network have not been specified and addressed. The IETF has been working on 

Generalized Multiple Protocol Label Switching (GMPLS) as a control plane to manage 

optical networks. GMPLS presents itself as the ideal candidate for ASON's control plane. 

The purpose of this dissertation is to study how to apply GMPLS to build an 

automatically switched optical network, and the research is being conducted in three 

stages: 1) the implementation of GMPLS in ASON, building a GMPLS-based 

Automatically Switched Optical Network (GASON), 2) development of an OPNET-

based simulation framework for evaluating ASON wavelength routing algorithms, 3) the 

management of optical physical impairments in GASON, both in the optical network 

structure and the GMPLS control plane. These research areas have not yet been addressed 

by the optical network community. First, the dissertation focuses on the application of 

GMPLS concepts to control and manage wavelength-routed optical networks. The 

dissertation discusses the design and modeling of a GMPLS-based Optical Switching 

Router (GOSR). The GOSR is modeled on OPNET Modeler®. Based on the developed 
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GOSR model, the GMPLS-based Automatically Switched Optical Network (GASON) is 

simulated and analyzed. Different wavelength routing algorithms have been studied 

within the context of GASON. To cope with optical physical impairments, this 

dissertation proposes the islands of transparency network architecture and develops a 

constraint-based dynamic wavelength routing algorithm (CDRWA). The comparisons 

between island of transparency optical network and other types of optical network are 

made. The developed CDRWA algorithm is the first Routing and Wavelength 

Assignment (RWA) algorithm that considers optical physical impairments caused by the 

optical layers. Currently CDRWA uses the hop-number as its constraint. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

1.1.1 Optical Transport System is Evolving into Optical Network 

In the last two decades, we have witnessed a proliferation of Internet/intranet networks 

deployment. The data traffic volume, especially Internet Protocol (IP) traffic, has 

experienced an exponential increase. It has been estimated that Internet traffic will double 

every six months; By 2005, data traffic will overtake voice as the dominant type of traffic 

over the carrier transport network. The traffic pattern has shifted from being voice-centric 

to data-centric [1]. 

Optical transmission has established itself as the preferred means to transmit digital 

signals over a long distance (over a few hundred kilometers). Compared to transmission 

over electrical cables, optical transmission offers an almost perfect transmission medium: 

low loss over a very high bandwidth, low levels of undesirable transmission impairments, 

immunity to electromagnetic interference, and long life spans [2]. 

Optical Wavelength Division Multiplex (WDM) technology [1][2] has been viewed as a 

vital means to combat data traffic explosion, it couples many wavelengths in the same 

fiber, thus effectively increasing the aggregate bandwidth per fiber to the sum of the bit 

rates of each wavelength. Dense WDM is a technology with a larger number of 

wavelengths coupled into a fiber than WDM. WDM/DWDM technology is as shown in 
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Figure 1-1. Currently, the Dense Wavelength Division Multiplex (DWDM) technology 

[3] enables a single fiber to achieve a data transmission throughput up to hundreds of 

Gb/s. By using WDM/DWDM technology, networks become very scalable. Bandwidth 

demands can be easily met by adding more wavelength channels to the system, providing 

additional "virtual fibers". 

WDM/DWDM optical transport systems construct the backbone of carriers' transport 

network. Currently, most deployed optical transport systems are point-to-point 

transmission systems or ring-based Synchronous Digital Hierarchy (SDH)/Synchronous 

Optical Network (SONET) networks. These systems offer high-capacity links between 

major network nodes and to certain customers with particularly high bandwidth 

requirements. However, these systems only offer fixed, configured services, with no or 

few intelligence. They cannot dynamically provision services in real time. Service 

provisioning is mainly through manual configuration, which will take weeks, and 

sometimes even months. Even ring-based SDH/SONET networks provide some simple 

management functionalities for service provision, fault management and restoration. 

SDH/SONET systems lack the flexibility required by today's market. Their ring topology 

Data Channel 1 

Data Channel 2 

Data Channel 3 

Data Channel 4 

Optical 
Fiber 

Figure 1 - 1 WDM/DWDM Technology 
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is costly and inefficient, which cannot make best use of network resources. Besides, the 

optical transport system now in use is designed primarily for voice traffic, which is not 

suitable for data transmission. To transmit IP data, carriers adopt a 

IP/ATM/SONET/DWDM architecture [1][ 4 ] (as shown in Figure 1-2), which is 

inefficient and less flexible. Within this IP/ATM/SONET /DWDM architecture, IP offers 

the revenue for generating traffic service; ATM deals with the traffic engineering; high 

resilience against fiber cuts is provided through the SONET/SDH infrastructure. Finally, 

DWDM is used to increase the capacity of the physical fiber plant by transmitting 

multiple wavelengths over a single fiber. Since this hybrid architecture handles so many 

different kinds of network devices (such as IP routers, OXCs, DXCs, SONET devices, 

ATMs, and Optical Switching Routers), it has caused a lot of protocol interoperability 

problems. Besides, the transmission efficiency of this hybrid architecture is low because 

of the high ATM overhead (including AAL5 and ATM cell overhead). Also, the 

management and operating cost for IP/A TM/SONET/D WDM architecture is not cheap, 

because each of the four "system" layers has its own signaling protocols and control 

plane, which require special professionals to manage and maintain. Finally, to upgrade 

the layers and let them work together again may turn out to be a technological nightmare. 



16 

Layer 

IT Layer 
m: 

-m 

'WDM Layer 

Figure 1 - 2 IP/ATM/SONET/DWDM architecture 

Since the traffic pattern is changing from being voice centric to data centric, current 

optical transport systems' structure and architecture need to be improved and reexamined. 

At this time, a consensus is emerging in the industry and academic field that the next 

generation optical transport system should be an intelligent, meshed optical network [I] 

[5] [6]: 

• In network topology, optical transport system should evolve from current point-

to-point transmission system or ring-based SDH/SONET network to meshed 

optical network [5][6]. Compared with point-to-point transmission systems and 

ring-based SDH/SONET networks, mesh topologies offer superior bandwidth 

management and traffic engineering capabilities. Furthermore, optical layer mesh 

restoration (the recovery of service after a fiber cut or equipment failure) offers 
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substantially better bandwidth utilization in contrast to rings and point-to-point 

systems. Figure 1-2 give the evolution of optical transport system. 

OXC OXC 
WR 

Meshed DWDM sietwric 
WR< 

TOADM 

DXC 
TOADM DWDM with tunable 

Add/drop TOADM complexity imDM 
OADM 

DWDM Ring with 
ilxed chaaoel assignor at OADM 

DWDM mth Add/drop 
Tenninal Anp. OADM Terminal 

WDM Point to Poiitf 

Mux 
Airp. Anp. Amp. Terminal 
fe. ^ K Mux 

time 

Next Two Years 10 Years Today 

Figure 1 - 3 Optical Transport System Evolutions [6] 

• In optical networks, data traffic should be delivered directly upon WDM/DWDM 

optical layer [1][6]. With data traffic, especially IP traffic, as the dominant traffic 

in the network, and optical transmission as the super means for transmission, 

delivering data traffic directly over WDM/DWDM would minimize the 

transmission overhead and increase useful transport bandwidth. Figure 1-4 gives 

the expected transmission architecture evolutions. In this Figure, IP directly over 

optical layer (OTH- optical transmission hierarchy) is the ultimate goal; ATM and 
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SONET layers in current transmission architecture are not needed any more. At 

transition stages, ATM and SONET layer phase out gradually. 

Packet forwaitiing 
Packet resiovalbn 

Traffic engbcc'ring 
Service diffeieniiauoii 

Bandwidth provisioi: 
VC protection 

IF 

• 

SONET 

Capacity provision DWDM 

U»/MPLS 

DWDM 

IF/MPLS 
Packet forw'aniing 
Packet restoration 

Service differentiatk>n •i 
'tMb SONfcT Bandwidth provision 

VC protection 

Capacity provision DMDM 
OTH 

Packet forwarding 
Packet restoration 
Service diffeitslBtion 
Tmfiic engmeerkig 

Bandwidth reservatbn 
Bandwidth provsk>ning 

j_ X 
Today Next Two Years 5 Years Time 

Figure 1 - 4 Transmission Architecture Evolutions [1] 

• The optical network should have an intelligent control plane, resulting in 

automatic optical network or automatically switched optical network [1][6][7]. 

In order to deliver data traffic over "WDM/DWDM directly as expected, the 

optical network must be engineered with intelligent control plane that support 

dynamic provisioning, restoration and interoperability with client networks. In 

Figure 1-4, GMPLS [8] is used as the intelligent control plane to manage IP 

directly over optical layer, which will be further explained later. 

1.1.2 Optical network standards and forums 

To synchronize the efforts of different vendors on automatic optical networks, The 

International Telecommunication Union (ITU), The Internet Engineering Task Force 
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(IETF), and The Optical Internetworking Forum (OIF) are working on optical network 

standards. Optical network standards will provide two benefits: 

• They allow automated optical networks to be constructed out of devices from a 

mixture of vendors. 

• They will specify a minimum set of features that all conforming devices will need 

to support. 

Currently, ITU is developing the architecture for Automatically Switched Optical 

Networks (ASON) [9]. ASON is an optical/transport network that has dynamic optical 

channel connection and configuration capability. To achieve such functions, an ASON 

must be equipped with a control plane that is responsible for setting up, releasing, and 

restoring an "optical channel (connection)" between edge network nodes [9]. ASON is 

not a protocol or collection of protocols. It is an architecture that defines the components 

in an optical control plane and the interaction between those components. 

IETF has been working to extend IP-based protocols, such as the Multiple Protocol Label 

Switching (MPLS) [10], as a control plane to manage optical (transport) network, which 

resulted in the Generalized Multiple Protocol Label Switching (GMPLS) [8]. GMPLS 

tries to combine the best features of IP and ATM in terms of QoS, privacy, flexibility, 

and scalability. With the success of MPLS in packet switched IP networks and applying 

GMPLS as a control plane to optical transport networks, it enables a unified control plane 

for various types of network devices, such as IP routers, SONET devices, optical cross-
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connects, and the optical switching router, which will greatly simplify the network 

management and control. 

OIF blends together some of the work of both IETF and ITU. The mission of the OIF is 

to accelerate the uptake of optical networking technology, and therefore the two key 

outputs of its work are published implementation agreements, and interoperability 

demonstrations showing those agreements in actions. The main output of the OIF's work 

so far is the "User Network Interface 1.0 Signaling Specification" [11], a fusion of high 

priority ASON requirements with a profile of various GMPLS protocols. The OIF 

conducted a successful interoperability demonstration of an interim version of this 

specification based on RSVP-TE at SuperComm 2001. 
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1.2 Statement of Problem & Research Objectives 

1.2.1 Statement of Problem 

This dissertation studies GMPLS-based Automatically Switched Optical Network 

(GASON). The GASON under study is a meshed wavelength routed optical network, 

with GMPLS as its control plane. The challenge to deploy GMPLS-based automatically 

switched optical network is to develop an optical network architecture and build GMPLS 

control plane to manage WDM/DWDM optical layer, which take full advantage of the 

benefits offered by WDM/DWDM optical layer, and at the same time, consider the 

limitations imposed by current optical technology [12], such as constraints caused by 

optical physical impairments. 

Mainly, the dissertation focuses on two problems: (1) how to apply GMPLS concepts to 

control and manage optical layer, to build an automatically switched optical network? (2) 

In a GASON, how to cope with optical network's physical impairments? 

• The first problem is to investigate how to apply GMPLS concepts to build an 

automatically switched optical network. In GMPLS, routing and signaling are two 

indispensable components. Routing is responsible for network topology, resources 

discovery, and optical path calculation when connection setup request arrives. 

Signaling is in charge of optical connection setup and teardown. 

As for routing, the following points needed to be identified; 
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o How is the routing protocol integrated within the GASON's control plane, 

within the context of GMPLS? 

o How will the routing protocol accomplish network topology & resource 

discovery, and carry out path calculation? 

o How will the GAS ON perform at different routing schemes? 

With respect to signaling, the following points should be studied: 

o How is the signaling protocol integrated within the GASON's control 

plane, within the GMPLS context? 

o How is the signaling process to set up and tear down optical connections? 

o How does the signaling process affect GASON's performance? 

• The second problem is to study how to cope with optical physical impairments 

within a GASON. 

Optical physical impairments will cause bit errors by attenuating signal's power, 

adding up noise, and distorting signal's form. Each established optical connection 

should maintain its bit error rate below some level (e.g. <10"''). Dealing with 

optical physical impairments is one of the biggest issues in designing and 

deploying optical networks. This part of research will carried out from these 

aspects: 

o As for GASON, what is the suitable network architecture to deal with 

optical physical impairments? 
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o How will a GASON control and cope with optical physical impairments in 

its GMPLS control plane? 

1.2.2 Research Objectives 

In this dissertation, the following objectives are expected to be accomplished: 

1. Develop a generic simulation tool based on OPNET process model methodology 

that can be used to analyze and evaluate protocols and algorithms for optical 

networks. 

2. Evaluate some wavelength routing and assignment algorithms for optical core 

networks to demonstrate the utility of the tool. 

3. Develop an ASON architecture that can provide a framework for modeling and 

simulation of optical networks. 

4. Propose a solution for the management of optical physical impairments within the 

context of ASON. 

1.3 Research Methodology 

Theoretical analysis is one of the most powerful methods to analyze communication 

networks. Theoretical model can easily capture and describe the communication 

network's behaviors and characteristics. That is the reason why theoretical analysis is 

favored by network researchers. However, current communication networks, protocols, 

and devices are becoming more complex. Sometimes, theoretical analysis is unfeasible, 

or unsuitable. Modeling and simulation is an important complementary approach to 

theoretical analysis. To solve the problems mentioned, the research about GASON is 
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carried out with a combination of both theoretical analysis and modeling & simulation 

approaches. The simulation tool used in this dissertation is OPNET Modeler®. OPNET 

Modeler® is the industry's leading network technology development environment [13]. It 

allows to design and study communication networks, devices, protocols, and applications 

with unmatched flexibility. OPNET Modeler® is an ideal platform to model and simulate 

our proposed GMPLS-based Automatically Switched Optical Network. 

In this dissertation, the following research tasks are performed in order to satisfy the 

objective of the dissertation: 

• Build a GMPLS-based optical switching router (GOSR) upon OPNET Modeler®, 

which has all the necessary GMPLS functionalities, to behave similar as a real 

router. 

• Based on the developed GOSR, construct the GMPLS-based Automatically 

Switched Optical Network (GASON), simulate the GASON network and identify 

its key characteristics. 

• Develop routing algorithms; identify their effects on the GASON's performance. 

• Propose the island of transparency network architecture; construct GASON with 

island of transparency network architecture. 

• Develop a mathematical model to map optical physical impairments into 

constraints. The constraints are used to rule out the routes, which cannot meet the 

QoS (BER) requirements. 
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® Develop the constraint-based routing algorithm under the context of GASON with 

island of transparency network architecture, simulate & analyze the constraint-

based routing algorithm's performance, and identify its key characteristics. 

1.4 Impact of the Dissertation (Research Contributions) 

Automatically switched optical networks (ASONs) are expected to be the next 

generation carrier transport network. It is important to analyze its performance 

and identify its characteristic. This dissertation has made research contributions in 

these aspects: 

• Since ASON is still in its concept stage, this dissertation applies GMPLS to 

control and manage optical networks to build a GMPLS-based Automatically 

Switched Optical Network simulation platform, which offers us an analysis 

method to evaluate automatically switched optical networks and GMPLS 

protocols. This will help for future ASON physical deployment and GMPLS 

implementations. 

• The developed GOSR model is a new platform paradigm to develop all kinds 

of optical network related algorithms and protocols. GOSR is modeled on 

OPNET platform with all the necessary GMPLS functionalities of an ASON 

optical backbone router. The GOSR model has the capability of giving a more 

integrated and realistic simulation on routing, signaling, wavelength 

switching, dynamic optical connection setup, distributed routing table 



calculation, etc. The GOSR model will offer a realistic environment for 

carrying out further researches in ASON and GMPLS related topics. 

In optical network, optical physical impairments (fiber attenuation. Amplified 

Spontaneous Emission, Cross-Phase Modulation, Group Velocity Dispersion) 

are unavoidable issues [46]. Unfortunately, most of previous research on 

ASON's network architectures, or routing algorithms have ignored the 

physical constraints fi*om optical layers; instead, they assume a perfect 

physical (optical) layer. This dissertation brings up the concept that in an 

ASON, optical physical impairments should be managed in both optical 

network architecture and ASON's control plane (physical-impairments-aware 

routing algorithm). 

To cope with optical physical impairments, this dissertation proposes the 

island of transparency optical network architecture. To advocate the island of 

transparency optical network, comparison between island of transparency 

optical network architecture and other types of optical network architecture 

are made. The reasons why island of transparency optical network architecture 

is advocated are pointed out. 

This dissertation has built an all-optical router's node physical impairments 

model and a fiber's link physical impairments model, by which optical 

physical impairments caused by fibers or routers can be quantitatively 

calculated as their associated attributes. Thus, the abstract optical physical 

impairments are turned into the concrete manageable parameters. Therefore, 



the node physical impairments model and the link physical impairments 

model are very useful in designing ASON's control plane to cope with optical 

physical impairments. 

Based on the node physical impairments model and the link physical 

impairments model, this dissertation develops a constraint-based dynamic 

wavelength routing algorithm (CDRWA). CDRWA not only considers the 

whole network's efficiency, but also takes into account each individual optical 

connection's quality (BER). From network's perspective, CDRWA 

dynamically assigns weight to each link based on network traffic conditions, 

which increases network efficiency (improve network throughput, and 

decrease blocking rate). For each individual connection request, a successfully 

established connection's quality is guaranteed. Otherwise, the connection 

request is blocked. Compared to other RWA algorithms, CDRWA has more 

practical sense. 



1.5 Organization of the dissertation 

In Chapter 2, we will review the history of GMPLS and its key aspects. Chapter 3 

will discuss the design and implementation of a GMPLS-based Optical Switching 

Router (GOSR). GOSR is modeled on OPNET platform with all the necessary 

GMPLS functionalities of an ASON optical backbone router, for the GOSR to 

behave similar as a real router. The developed GSOR offers a good platform to 

carry out further research in ASON related topics. In Chapter 4, based on the 

developed GSOR model, we analyze and simulate a GASON, and identify its key 

characteristics. We also build a mathematical model for the optical connection 

setting up process. The research in Chapter 3 and Chapter 4 are based on the 

implied assumptions that each optical connection will offer adequate signal 

quality; optical physical impairments' influences on optical networks have been 

ignored. The issue of optical physical impairments is considered in Chapter 5 and 

Chapter 6. In Chapter 5, we propose the island of transparency optical network 

architecture to cope with optical physical impairments. Compared with other 

types of optical network, such as opaque optical network and translucent optical 

network, island of transparency optical network will be more cost-effective, better 

scalable, and future-proofed. We also construct a GMPLS-based Automatically 

Switched Optical Network with island of transparency netv/ork architecture. In 

Chapter 6, we turn to the problem of constraint-based routing within a GASON. 

We develop the constraint-based dynamic wavelength routing and assignment 

algorithm (CDRWA). The developed CDRWA not only considers the entire 



performance of GASON, but also takes into account each individual optical 

connection's quality (Bit Error Rate), which is of practical use. In Chapter 7, we 

conclude the dissertation and discuss areas of future work. 
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CHAPTER 2: GENERALIZED MULTIPROTOCOL LABEL SWITCHING (GMPLS) 

BACKGROUND 

2,1 Introduction 

The problems of the IP/A TM/SONE T/WDM architecture have motivated the network 

community to design a new architecture, the Generalized Multi-protocol Label Switching 

(GMPLS)[8]. GMPLS is derived and extended from Multi-protocol Label Switching 

(MPLS) [10]. GMPLS differs from MPLS by broadening the control scope of MPLS to 

include the support of TDM, SDH/SONET, Plezychronous Digital Hierarchy (PHD), 

wavelength, port and spatial switching. In a nutshell, the main aim of GMPLS is to have 

a single unified control mechanism for these various layers since each of them can use 

physically diverse data or forwarding planes [8]. GMPLS presents itself as an ideal 

candidate to control and manage optical networks. 

This dissertation studies how to apply GMPLS to control and manage meshed optical 

network, to build up an automatically switched optical network. Once the GMPLS-based 

AS ON is fully implemented and deployed, all different optical network devices will 

employ the same control plane, and the intermediate ATM and SONET layers within the 

current IP/A TM/SONET/WDM architecture will not need any more. Only the service 

layer IP, and transport layer WDM (DWDM) will continue to exist, with GMPLS 

forming a bridge to connect them. Without the unnecessary intermediate layers, a more 

efficient and less complex network is anticipated. 
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2.2 Brief Overview on GMPLS 

2.2.1 Why Multiprotocol Label Switching (MPLS) is Needed? 

Originally in traditional IP networks, each router makes an independent forwarding 

decision for each incoming packet to the next router by performing the longest prefix 

table lookup. If an IP packet travels through five routers, each of these five routers (hop) 

performs the same task of analyzing the IP packet headers independently. 

MPLS [10] is designed to tackle the problem mentioned above. In MPLS, the source-to-

destination path taken by the packets is only computed once, as the packet first enters the 

network. After that, all the subsequent routers along the path have already possessed the 

information of the next forwarding hop, therefore no further in-depth analysis of the 

packet header is required. In this computation, a new header called "label" based 

completely or partially on the packet's network layer destination address, is generated 

and assigned to the packet. In short, the label contains information about its next 

forwarded hop. This packet is subsequently forwarded to the next router or hop. At the 

next router (intermediate routers between source and destination), the label of the packet 

is checked and then forwarded to the next hop. Before leaving the router, the incoming 

label is replaced with a new outgoing label, which will be used in the next router to 

determine the subsequent hop. At the destination router, the label is removed, and packets 

are sent to destination as a normal packet. The whole route taken by the packet is called 

label-switching path (LSP), and the label replacement mechanism is termed as label 

swapping. 
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2.2.2 Key Features of MPLS 

The functionality described previously is just one of the improvements first introduced in 

MPLS. From the implementation viewpoint, key features and benefits of MPLS include 

[10] [14]: 

• Traffic Engineering; 

By allowing resources to be reserved, and path pre-determined, MPLS was 

designed to improve on the existing electronic packet based networks to facilitate 

traffic engineering. Besides forming an effective network path in a single 

computation, other tasks of traffic engineering include congestion management. 

Without traffic engineering, the fastest and shortest path between two popular 

network points may always be highly congested. Traffic engineering manages the 

congestion by sending the packets to some under-utilized path without 

compromising the speed between two popular points. 

• Separation of forwarding information (label) from the content of the IP header; 

To facilitate traffic engineering, the label is designed to be a much simpler 

forwarding header entity than the network layer header (IP). This allows 

switching devices that arc only capable of performing simple label checking and 

replacement, but are not capable of analyzing the network layer header, such as 

optical cross-connect, to be deployed in the networks. 

• A single forwarding paradigm (label swapping); 

For fast reroute and efficient data transfer, a simple and unified forwarding 

method is vital in the forwarding plane. In MPLS, the adopted method is label 



33 

swapping. The router just forwards the data to the next hop based on the label 

carried by the data. This label, combined with the input port, is used to determine 

the output port and the new outgoing label for the data. 

2.2.3 Extension of MPLS to GMPLS 

MPLS was developed exclusively for IP packet networks. To support other types of 

networks such as the all-optical networks and TDM, IETF has fiirther extended the 

concept of label and LSP mechanism of MPLS to create Generalized labels and 

Generalized LSP under the banner of Generalized MPLS (GMPLS). A number of notable 

extensions and designs include [8] [12]: 

• Distinct Separation of Control Plane and Forwarding Plane: 

GMPLS separates the control (routing and signaling protocol) from forwarding 

(data transfer), allowing the two planes to be technologically different from each 

other. For the forwarding plane, it can be of any type of technology (electronics, 

opticals, and all-optical based, etc), and will be easily upgradeable and 

changeable. 

• Unification of network layer Control Plane: 

In order for different types of router (Traditional IP router, OXC, frame relay 

switch, SONET, all-optical networks, etc) to communicate, and to efficiently 

coordinate with each other, a unified control scheme is needed. This design makes 

the overall network system easier to manage, and cheaper to maintain, since each 

router will be running the same network protocol and software. 
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• Generalized Label: 

In MPLS, a label is a number (up to 32 bits) that can be compared against a 

lookup table (electronically). However, optical technology is incapable of 

performing such a complex task. Thus, the concept of label in MPLS has been 

broadened to include anything that is sufficient to identify a traffic flow (such as 

time slots, wavelength, waveband, and physical fiber), collectively under the 

premise of generalized label. For example, in TDM, the allocated time slot is 

identified as label. In optical networks, a particular fiber within the fiber bundle 

can be used as a label. In DWDM, selected wavelength is implicitly known as a 

label. In space division multiplexed networks, a position in the real world is a 

label. 

• LSP hierarchy and Label Stack [15] [16]: 

In order to coordinate different types of networks of diverse bandwidth and 

dissimilar types of label, GMPLS has outlined the notion of LSP hierarchy that 

allows LSPs to be nested inside other LSPs. The hierarchy is as follows, from 

highest to lowest. Fiber Switch Capable LSPs, Lambda Switch Capable LSPs, 

Time Division Multiplex Capable LSPs, and finally Packet Switch Capable LSPs. 

For example, a data starts as a packet. Together with other packets, this packet is 

multiplexed into a time slot. A few time slots make up a data stream. The data 

stream is then assigned to a selected wavelength and multiplexed into a fiber. This 

particular fiber later joins other fibers that are packed into a bundle. Along the 

path, the data has accumulated and stacked up a few labels of different nature. 
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from lowest to highest; number, time slot, wavelength and fiber. A particular 

switch within the hierarchy is only capable of identifying the label that is at the 

top of the stack. For example, in DWDM network, the lambda switch is only 

diverting wavelengths (presently at the top of the label stack) to particular ports 

without identifying the lower labels in stack (time slots and number). Figure 2-1 

illustrates such a LSP hierarchy. 

• Constraint-based Routing [17]: 

By popular demand from clients, GMPLS has expanded the traffic engineering to 

encompass constraint based routing, a path that can be specified by a number of 

constrains such as hop count, bandwidth, protection, priority, etc. 

• Bi-directionality: 

Since light usually travels in one direction within the same fiber, trunks through 

the core of an optical network are typically uni-directional. However, most 

applications usually require bi-directional traffic communications. Therefore, 

there is a need for GMPLS to set up bi-directional LSPs. 

• Out of Band Signaling 

In MPLS, the routing and signaling protocol messages are sent over the same 

physical link that carries data. This is termed as in band signaling. In optical 

networks, it is more efficient to separate the control messages from data traffic, so 

that the signaling is "out of band". In GMPLS optical core, a dedicated channel 

may be set aside for the routers to pass only control information to each other. 
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2.3 Debate Over GMPLS Models 

TO deliver data traffic (IP) directly over WDM/DWDM optical layer, currently there are 

two main GMPLS models proposed: Overlay Model & Peer Model [8]. 

2.3.1 Overlay Model 

In overlay model, the optical network "cloud", made up of optical switching routers, 

provides connection services to IP routers and other "client" devices attached to the 

optical network. In this client-server network architecture, different layers of the network 

remain isolated from each other, but dynamic provisioning of bandwidth is made 

possible, entirely within the optical network. In this model, IP routers "ask" the optical 

network for a connection, and the optical network either grants it or denies it. IP routers 

can't see into the optical network. 

The overlay model will bring the following advantages: 

• The optical layer comprises subnetworks with well-defined interfaces to its client 

layers 

• It allows each subnetwork to evolve independently 

• Innovation can evolve in each subnet independently 

• It does not strand "older" infrastructure 

• Optical network topology and resource information is kept secure 
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Figure 2-2 GMPLS Overlay Model 

To build the overlay model, standard network interfaces are required. Network interfaces 

typically come in two forms: The User Network Interface, and Network-to-Network 

Interface. 

• The User Network Interface (UNI) provides a signaling mechanism between the 

user domain and the service provider domain, while the Network-to-Network 

Interface (NNI) provides a method of communication and signaling among 

subnetworks within an optical network. The UNI allows attached clients of an 

optical network to establish optical connections dynamically across the optical 

cloud, using a neighbor-discovery mechanism and a service-discovery 

mechanism. Thus, devices attached to an optical network will be able to quickly 
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identify other attached devices, build reliable connection maps, and automatically 

discover the service resources of any optical network. 

• The Network-to-Network Interface is the control plane over which the network's 

connections are orchestrated, involving wavelength routing, signaling, status 

reporting, and scheduling. In the context of the optical switched network, the NNI 

refers to a connection between any of the following: 

o Different service provider networks 

o Subnetworks of the same provider 

o Connection between different vendors' switches within a subnetwork 

In the case of the overlay, its simplicity does come with the trade-offs of potentially less 

efficient use of resources due to information hiding at the domain boundaries, and a 

susceptibility to a single failure within one domain causing multiple seemingly unrelated 

failures in other domains. For example, as shown in Figure 2-2, IP cloud 1 and BP cloud 2 

belong to the same domain, and are connected by the virtual connection within the optical 

network. If the virtual connection is broken (due to fiber cut, or node failure), IP cloud 1 

and IP cloud 2 will not be able to reach each other. Both IP cloud 1 and IP cloud 2's 

normal functions will be affected. 

2.3.2 Peer Model: 

In the peer model, optical switching routers and IP routers act as peers, using a uniform 

and unified control plane to establish label-switched paths across these devices with 

complete knowledge of network resources. There is little or no distinction between UNI, 
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NNI; all network elements are direct peers and fully aware of topology and resources. IP-

optical interface services are folded into end-to-end GMPLS services; meaning label-

switched paths could traverse any number of routers and optical switches. 

i Optical Network 

Unified Crontrol P 

Optical Switching 
Router 

IP Router 

Figure 2 - 3 GMPLS Peer Model 

In the peer model a single instance of a control plane can span multiple 

technologies/network elements, provided that the control plane can support each of the 

technologies. This allows a network operator to create a single network domain 

composed of different network elements, thereby allowing them greater flexibility than in 

the overlay model. The peer model allows complex layered networks to scale by building 

a forwarding hierarchy of interfaces. Generalized Label-switched Paths (GLSPs) can be 

established within each layer and "nested" within others so that a GLSP beginning and 
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ending on optical switch interfaces may contain many GLSPs within it that begin and end 

on routers. 

The unique GMPLS-based control plane in the peer model certainly would simplify 

control coordination and fault handling among network elements with different 

technologies, though at the same time require significantly more work to ensure proper 

integration with the control plane. Additionally, this model offers the benefits of end-to-

end protection, failure restoration, traffic engineering, and efficient use of resources in a 

network composed of multiple technologies. 

However, in the peer model, a significant amount of state and control information flows 

between the IP and optical layer, making the development of this model more time 

consuming and complex. The peer model does present a scalability problem because of 

the amount of information to be handled by any network element within an 

administrative domain. In addition, non-optical devices must know the features of optical 

devices, which can be an operational nightmare in many traditional networks today. 
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2.4 MPLS and GMPLS Summary 

In this chapter, we give a brief review of MPLS and GMPLS. MPLS was developed 

exclusively for IP packet networks. To support other types of networks such as the all-

optical networks and TDM, IETF has further extended the concept of label and LSP 

mechanism of MPLS to create Generalized labels and Generalized LSP, resulting in 

Generalized MPLS (GMPLS). GMPLS presents itself as the ideal candidate to control 

and manage automatically switched optical network. 

The application of GMPLS as a control plane to manage optical networks results in two 

GMPLS models: Overlay Model and Peer Model. Both models have pros and cons. This 

dissertation adopts the overlay model. But the research is focusing on the internal 

behaviors of GASON; the interactions between GASON and its client networks are 

ignored. 
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CHAPTER 3: DESIGNING AND MODELING OF GMPLS-BASED OPTICAL 

SWITCHING ROUTER (GOSR) 

3.1 Prior Work on GMPLS-based Optical Switching Router 

Since GMPLS is still in its conceptual stage, currently there is no physical deployment of 

GMPLS optical network. Most GMPLS-related researches are focusing on issues 

regarding routing and signaling within GMPLS network [14] [18] [19] [20][21]. There 

are few papers discussing the design and implementation of a GMPLS-based optical 

switching router. 

NTT Corporation has prototyped a GMPLS-based optical switching router called Hikari 

router [22][23]. Hikari router comprises four functional blocks: an electrical IP routing 

unit (IPRU), a lambda routing unit (LRU), a payload assembler/disassembler (PAD), and 

a network element manager (NE-manager). The LRU can switch and add/drop Optical 

Label Switched Path (OLSP), and it performs wavelength conversion. The routers can 

exchange control messages through the optical supervisory channel (OSC). The manager 

monitors all the circuit elements in the node, supervises optical repeaters, performs 

restoration, monitors the quality levels of the signals, and controls the OLSPs. The PAD 

loads the signal stream into the OLSP, converts the signal format, and performs 

automatic protection switching. However, Hikari router has only demonstrated its 

signaling capability. There is not reported demonstration on its routing capability. 
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As for GMPLS-related modeling and simulation, Chul Kim et.al. [24] discusses the 

design and implementation of the simulation modules of GMPLS-based OP-over-Optical 

network on the OPNET simulation platform. In this work, the design of the optical node 

simulation model of the GMPLS-based OXC/OADM and the GMPLS control plane 

modules for the optical network has been detailed. However, Chul's model has only 

implemented the Link Management Protocol (LMP) and Optical-UNI (0-UNI) model for 

GMPLS. GMPLS' two key flmctionalities, signaling and routing, are not modeled. So, 

the model in [24] is not complete. 

In this chapter, a GMPLS-based optical switching router (GOSR) is designed and 

modeled on OPNET Modeler®. GOSR has all the necessary GMPLS flmctionalities of an 

ASON optical backbone router, for the GOSR to behave as a real router. The developed 

GOSR has the capability of giving a more integrated and realistic simulation on routing, 

signaling, wavelength switching, dynamic optical connection setup, distributed routing 

table calculation, and blocking mechanism of GMPLS light paths, all within a scenario. 

The developed GSOR offers a good platform to carry out further research in GMPLS-

based Automatically Switched Optical Network (GASON). The rest of the chapter is 

organized as follows. In Section 3.2, GMPLS-based automatically switched optical 

network (GASON) is given. In Section 3.3, the GMPLS-based Optical Switching Router 

model is introduced. In Section 3.4, the design and implementation of the GMPLS 

Optical router on OPNET is detailed. Section 3.5 evaluates the validity of the developed 

GOSR model. Section 3.6 concludes this chapter. 
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3.2 The GMPLS-based Automatically Switched Optical Network (GASON) 

The proposed GASON is a meshed optical network, with GMPLS as its control plane. It 

adopts the overlay model, providing transparent circuit service to access networks, such 

as IP, ATM, and SONET networks etc. The GASON consists of optical switching 

routers, with fibers connecting each other. Optical switching routers are classified into 

two categories: the label switching router (LSR) and label edge router (LER). LSRs exist 

at the core of GASON. LERs sit at the boundary between GASON and access networks. 

Figure 3-1 shows the proposed GASON optical network topology. Both LSR and LER 

contain a forwarding plane and a control plane. The control channels shown in Figure 3-1 

are logical links for illustration purpose. Control channels are dedicated for passing 

control packets. 

This dissertation only studies how to apply GMPLS to control optical network; the 

interactions between GASON and access networks are not discussed in this dissertation. 
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3.3 The Design of the Simulation-based GMPLS Optical Switching Router (GOSR) 

3.3.1 The GOSR Structure Overview 

The design of GOSR follows what has been defined in the GMPLS draft [8][12] [25] [26] 

[27] [28]. In GOSR, most of the functionalities of an optical LSR and LER defined in 

GMPLS have been included. It contains control plane and forwarding plane with the 

necessary protocol modules and optical switching element modules. The functional 

architecture of our GOSR router is depicted in Figure 3-2, and it comprises of two major 

parts: Control plane and Forwarding plane. Though GMPLS is defined to support a 

variety of forwarding technologies, our GOSR is designed only to support an optical core 

at the present moment. 

The central part of GMPLS architecture lies within the unified control plane, which 

comprises three major components: OSPF-TE [25][29] [30], RSVP-TE [28][31] [32], and 

Link Management Protocol (LMP) [26]. OSPF-TE and RSVP-TE are the routing and 

signaling protocols that have been extended from MPLS. GOSR control plane is made of 

several software building blocks: Signaling Module, Routing Module, LMP Module, the 

Resource Management Module and DP Transport Layer. The routing Module consists of 

OSPF-TE protocol and Routing & Wavelength Assignment (RWA) sub-modules. The 

routing table and link state database are logical entities within the OSPF-TE, which is 

constructed and maintained by the OSPF-TE protocol. Subsequently, RSVP-TE module 

will use the routing table to send control messages. The link state database has the global 

record of the wavelength resources and the topology of the network. Based on the link 
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state database, the RWA module will do routing and wavelength assignment for optical 

connection requests, which will be further explained in following sections. IP Transport 

Layer module sends out control messages as IP packets, and at the same time receives 

and decodes the IP control packets from other routers. Resource Management Module 

will control and manage switching fabric and wavelength conversion. 

GOSR's forwarding plane is mainly hardware, consisting of optical switching fabric, 

wavelength converter and Optical interfaces. Interfaces are places where optical fiber 

originates and ends. The configuration and control of the forwarding plane are managed 

by Resource Management module. When GOSR is placed at the edge of GMPLS optical 

network (called LER), O-E/E-0 edge router interfaces will be installed to add or drop 

edge electrical traffic, and at the same time assigning and stripping labels. The edge 

interfaces synchronizes an opportune time slot to add and drop the wavelengths into or 

from the main optical traffic. 
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3.3.2 The Forwarding plane of GOSR 

In this virtual forwarding plane, the switching fabric will bridge the incoming wavelength 

and outgoing wavelength to set up light path. Wavelength conversion will be done if 

needed (assuming fully conversion). Once the switching fabric and wavelength 

conversion are properly configured along the route from Ingress GOSR to Egress GOSR, 

the optical LSP' (optical connection) is formed like a virtual circuit path. 

Resource management module directly controls the GOSR's switching fabric module that 

determines the actual fabric switching and wavelength conversion. GOSR is designed to 

be switching-technology independent. In this case, the switching fabric may consist of, 

either a cross-connect unit, a wavelength conversion unit, or both [3][35]. The interface 

technology may be electrically buffered or optically delayed. 

Each GOSR's forwarding plane interface consists of one incoming port and one outgoing 

port. Multiple wavelengths are multiplexed into each fiber. A specific wavelength in both 

incoming and outgoing fibers will be assigned as control channel. IP control messages 

will run through this control channel to communicate with other GOSRs. Other 

wavelengths will be used to carry data and are called data wavelengths. Since control 

channels and its corresponding data channels share the same physical fiber router, 

signaling channel routing and data channel routing need not to be done separately. As we 

know, there are dozens, sometimes even hundreds of wavelengths multiplexed within 

' LSP is a GMPLS terminology. Optical connection or light path is widely used in the context of optical 
network. In this dissertation, Optical LSP and optical connection is used interchangeably. 
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each fiber. Managing and maintaining each wavelength separately is not realistic and will 

cause too many problems. For scalability and management reasons, data wavelengths 

within each fiber are bundled together, and deemed as a single logical TE-link, which is 

called link bundling [10]. Each interface and each wavelengtli within the fiber should be 

addressable. An IP address will be assigned to each interface of GOSR. At the interface 

level, a number will then be allocated for each individual wavelength. Thus each 

wavelength can be addressed by a three tuple <interface address, incoming/outgoing flag, 

wavelength number>. Figure 3-3 gives the connection between two GOSR routers. 

LMP, OSPF-TE, RSVP-TE 
< • 

Control channel 

GOSR 
Link bundle 

\ m GOSR 

Interface Fiber Interface 

Figure 3 - 3  GOSRs' Connection Between Two GOSRs arc connected together by a pair 
of fibers. The data wavelengths with each fiber are link bundled. 

When O-E/E-O edge interface is installed, GOSR carries out the functionalities of a LER 

(label edge router) defined in the GMPLS protocol. The edge interfaces connect the 

existing electrical networks with the core optical traffic. It comprises of the E/0 

conversion and IP processing. Basically the E/0 devices and multiplexers are to add or 
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drop the electrical signals to the core optical traffic. Also, the control plane will be in 

command of E/0 conversion, multiplexing electrical IP traffic into different optical LSPs. 

In the actual network, the E/0 conversion may well be a tunable lasers and tunable filters. 

3.3.3 The Control Plane of GOSR 

3.3.3.1 Routing in the GOSR 

GOSR's routing module mainly consists of two parts; routing protocol (OSPF-TE), and 

routing & wavelength assignment algorithm (RWA). Routing protocol builds up link-

state database and routing table. Based on the link-state database, RWA performs routing 

and wavelength assignment for optical connections. Routing table is used by control 

messages, such as OSPF-TE, RSVP-TE, and LMP packets. 

3.3.3.1.1 OSFT-TE Routing Protocol 

GOSR adopts OSPF-TE to discover and manage network resources. OSPF and GMPLS 

extension to OSPF are detailed in [25][29][30]. In essence, OSPF-TE usually deems a 

network as a directed graph, whose nodes are network elements (GOSRs) and whose 

edges are TE-links. Each edge in the graph has associated attributes such as IP addresses, 

cost, and unreserved wavelength. OSPF-TE allows all the nodes to dynamically 

coordinate a coherent up-to-date picture of the graph, including the attributes of each 

edge. This picture of the graph is referred to as the link state database. Once the link state 

database is synchronized among all participating routers, each router uses the database to 
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construct its own routing table. Should the status of any link be changed, including 

adding or removing links, the link sate database must be resynchronized, and all the 

routers must re-calculate their routing tables using the updated information in the link 

state database. Routing table will be used by control messages, such as OSPF-TE packets 

and RSVP-TE signaling packets. OSPF-TE floods Link State Advertisements (LSAs) to 

disseminate network resource information. Such LSA carries a special type of TLV 

(type-length-value structure) called a link TLV that encodes information about a specific 

TE-link, such as number of unreserved wavelength, cost etc. Each time when optical 

LSPs are dynamically set up or torn down, the resource availability along optical LSPs 

will change. Thus new LSAs will be sent out to reflect those changes. To limit too much 

OSPF-TE traffic across GASON network, LSAs will be originated only when resource 

changes exceed some threshold, which is called link state advertisement threshold [33] 

[34]. 

3.3.3.1.2 Routing & Wavelength Assignment (RWA) 

In a wavelength routed optical network such as GASON, routing is known as routing and 

wavelength assignment (RWA) [35] [36] [37] [38]. Lightpaths should be set up between 

optical routers to meet optical connection requirements. For each optical connection 

requirement, the routing algorithm should not only determine the route over which the 

connection should be routed, but also assign a wavelength for each link of the route. Two 

lightpaths through the same link should be assigned different wavelengths. Wavelengths 

have to be identical on every link in the absence of wavelength conversion. 
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The objective of RWA is to choose a route and wavelengths that maximize the 

probability of setting up a given connection, while at the same time attempt to minimize 

blocking for future connections. It has been well known that RWA is a NP-hard problem 

[35][36][37][38], and different heuristics algorithms have been proposed. Usually RWA 

can be decomposed into two separate subproblems: routing and wavelength assignment. 

When optical connection request arrives, RWA will first determine the route over which 

the connection should be established. Next, signaling messages will be sent to setup the 

connection. Wavelengths are assigned when corresponding signaling messages are 

received. GOSR has its RWA module to perform routing and wavelength assignment. 

The RWA module is called by OSPF-TE and RSVP-TE during the optical connection 

setup stage. The details of RWA and its implementation will be further explained in 

Section 3.3.4.3. 

3.3.3.2 Signaling of GOS 

Signaling is to create, tear down, and maintain optical connections. GOSR adopts RSVP-

TE as its signaling protocol. RSVP-TE and its GMPLS extension are detailed in [28] [31] 

[32]. It is known that RSVP-TE is a soft-state protocol, which will store soft states in 

each router. These soft-sates need to be refreshed periodically; otherwise they will time 

out and be deleted. Optical connections can't be maintained by soft-states. Each optical 

connection should be set up and tore down explicitly. To solve this problem, each soft 

state's expiration time is set to infinity. RSVP-TE messages are specifically designed to 
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carry opaque objects: LABELREQUEST object, EXPLICITROUTE object, 

RECORD ROUTE object, SESSION ATTRIBUTE object. These opaque objects help in 

explicit routing and label ( Wavelength) distribution. 

3.3.3.3 Link Management Protocol 

GOSR adopt DWDM (Dense Wavelength Division Multiplexing) technology, which 

implies that we can now have a very large number of parallel links between two directly 

adjacent nodes (hundreds of wavelengths, or even thousands of wavelengths if multiple 

fibers are used). The manual configuration and control of these links, even if they are 

unnumbered, becomes impractical. The Link Management Protocol (LMP) was specified 

to solve these issues [26]. 

GMPLS requires Internet Protocol (IP) to transport the signaling and routing packets. IP 

packets will be transmitted over control channels. LMP also runs over IP. The sending 

and receiving of IP packets are controlled and managed by IP Transport Layer. 
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3.4 Implementation of GMPLS Optical Switching Router with OPNET 

The GMPLS-based optical switching router (GOSR) is implemented with OPNET 

Modeler®. Based on the OPNET MPLS package", the GOSR model is as shown in Figure 

3-4. In control plane, GOSR node model consists of OSPF-TE routing module, RSVP-TE 

signaling module, LMP module (under work), IP ENCAP & IP module (IP Transport 

Layer in Figure 3-2). The forwarding plane consists of Resource Management & 

Switching Fabric module (RMSF process) and pairs of transmitter & receiver. Each 

transmitter and receiver pair models the interface described in Section 3.2.2. A module's 

behavior is specified by its corresponding process model. Process model is actually a 

finite state machine, coded with C language. Process model respond to interrupts, which 

indicate that events of interest have occurred, such as the arrival of a message or the 

expiration of a timer. When a process is interrupted, it takes actions in response and then 

blocks. Awaiting a new interrupt. It may also invoke another process; its execution is 

suspended until the invoked process blocks. 

The cooperation of each module within the node model accomplishes the functionalities 

of a optical switching router. For example, when a control message is received, the 

receiver will send the packets upwards to the IP module, where the packet is processed 

and sent upward to P ENCAP module. In IP ENCAP, the packet is further processed, 

and finally sent to its corresponding destination module (RSVP-TE, OSPF-TE or LMP), 

which is dependent on the packet type. 

^ OPNET inplcmcnts and models MPLS in electrical IP network. 
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Figure 3-4 GOSR Node Model within OPNET 

3.4.1 RMSF Module 

Figure 3-5 shows the RMSF finite state machine diagram and part of the C code of its 

"setup" state. RMSF only builds up a virtual switching fabric symbolically, which 

records switching and wavelength conversion activities. For example, in Figure 3-6, 

interface I's wavelengths AI^ KJ will be switched and converted to interface 2's 

wavelength and interface 3's wavelength A-4 respectively; within RMSF, the switching 

table as Figure 3-7 is recorded. 
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Figure 3 - 5 RMSF process model's finite state machine diagram 
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Figure 3-7 Switching Table within RMSF 

3.4.2 Physical Interface Modeling 

Each transmitter and receiver pair models a physical interface. For each interface, an 

interface data structure will be described as in Figure 3-8. 

The transmitter and receiver pair is used to transmit control messages described in section 

3.3.2. The Transmitter Index & Receiver Index map the interface data structure to a 

corresponding transmitter and receiver pair within the node model, which represent this 

interface. Total_ Wavelength represents the number of wavelength of the TE-Link 

connecting to this interface. Available_Wavelength represents the number of available 

wavelength (not assigned yet) of the TE-Link connecting to this interface. Cost is deemed 

as the penalty for setup connection through this interface. Different ways of assigning 

Cost value will result in diverse RWA schemes, and it will be further described in the 

following chapters. GOSR only models how to set up or tear down optical connections. 

Once the optical connections are established, data traffic's transmitting across the optical 

connections is not modeled. So there are no transmitters & receivers for data traffic 

within each interface. 
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Figure 3 - 8 Data Structure Describing a Physical Interface 

3.4.3 RSVP-TE Module 

Figure 3-9 shows RSVP-TE process model's finite state machine diagram. RSVP-TE's 

FSM is evolving around the RSVP-TE message processing. When a RSVP-TE message 

is received, the corresponding processing is performed. Figure 3-10 gives part of the C 

code of state "Send LRO". 
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Figure 3 - 9 RSVP-TE process model's finite state machine transition diagram 
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Figure 3-10 State Send LRO of RSVP-TE's process model 

3.4.3.1 Optical connection setting up process 

PATH and RESV are the two mainly used RSVP-TE messages to set up and tear down 

optical connections. PATH messages are sent from Ingress GOSR to Egress GOSR to 

build up soft states within related GOSRs. As it will mention in OSPF-TE section, 

Ingress GOSR will calculate the entire route explicitly from Ingress GOSR to Egress 

GOSR. PATH messages will carry the entire route with it as Explicit-Route Object 

(ERO). At intermediate GOSR, RSVP-TE will check with ERO embedded within PATH 

message to decide the next hop for PATH message, until PATH message arrives at 

Egress-GOSR. Once PATH message arrives at the Egress GOSR, it will try to assign 
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wavelength (Label) for the optical LSP, if free wavelengths are available. Egress GOSR 

will perform the related software and hardware configuration. Next, it will send out a 

RESV message backwards. Here "backwards" means the reverse direction PATH 

message has traversed. When an intermediate GOSR receives an RESV, it will also 

attempt to allocate wavelength and perform related software and hardware 

configurations, and send another "RESV" message backwards. The same process will 

continue until RESV message reaches the Ingress GOSR. Sometimes, if there is no free 

wavelength available, PathErr message will be sent out to Ingress-GOSR. That optical 

LSP setup request will be blocked, and all temporary soft sates within GOSRs along the 

route PATH messages have traversed will be deleted. Figure 3-11 gives a successful 

optical LSP (optical connection) setup process. Wavelength assignment might fail if there 

is no free wavelength available. Figure 3-12 shows a failed optical LSP establishment 

process. 
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Figure 3 - 11 A successful optical connection establishment process 
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Figure 3 - 12 A failed optical connection establishment process 
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3.4.3.2 Optical connection tearing down process 

When an optical connection needs to be torn down, PathTear messages are sent along the 

route, corresponding soft states are deleted, and wavelength are de-assigned. Figure 3-13 

gives an optical connection teardown process. 

LEM ISm LSRJ LER2 

ei B B o 
start 

Debting SoftState 

PathTear 

PathTear 

End 

Defeting SoftState 
Wavelength Deassignment 

Defeting SoftState 
Wavelength Deassignment 

Defeting SoftState 
Wavelength Deassignment 

Figure 3-13 An optical connection teardown process 

3.4.4 OSPF-TE Module 

Figure 3-14 gives OSPF-TE process model's finite state machine diagram. 
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Figure 3-14 OSPF-TE process model's finite state machine diagram^ 

3.4.4.1 Originating Link State Advertisement 

Since in optical network, the connections between optical routers are point-to-point 

optical links. A GOSR's LSA information includes each of its outgoing link's bit rate, 

cost, number of available wavelength, and the adjacent router ID the outgoing link 

connects to. GOSR's link-state advertisements are triggered on an event-driven basis. 

GOSR sends out an LSA whenever it detects a significant event in any one of its 

outgoing links. Currently there are two defined significant events; 

• A change in the network topology, such as a link failure. 

• A change of available wavelengths in one of its outgoing link exceeds some preset 

link statement advertisement threshold [39]. 

^ Based on OPNET's MPLS package 
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Assume: 

r̂ote/ • The total wavelength for a link 

^avaii prior ' The Evailablc wavelength for the link prior to the change. (Wavelength 

assignment or de-assignment). 

after • The available wavelength for the link after the change. (Wavelength 

assignment or de-assignment). 

Threshod : The threshold for link statement advertisement. 

If the following condition happens: 

\w -W I 
\ avail prior avail after „ v » » 
" > Threshold 

^Total 

A new link state advertisement is originated and flooded. The purpose of putting a 

link state database threshold is to limit OSPF-TE traffic, which might affect the whole 

network's performance. 

For example, in the optical network as in Figure 3-15, assuming the bit rate of each 

wavelength is OC48 (2.5GB), the total wavelength within each link is 10. The available 

wavelength within each link is assumed to be 5. Link state advertisement threshold is 

assumed to be 10%. Now, an optical connection (ARl -AR3-AR4-AR2) is successfully 

established. Each link along the connection assigns a wavelength. As for AR4, one of its 

outgoing link (AR4-AR2)'s available wavelengths now is 4. The change exceeds the link 

state advertisement threshold: 
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Y^avml_ prior ^avail _after\ 5~4 !• = > 10% 
^Total 

AR4 will flood the LSA as follows: 

LSA type: Router Link State Advertisement 

Originating Router: AR4 

Originating Router Type: All-Optical 

Links Number: 3 

LinMl: Neighboring Router; AR2; Cost: 1; Bit rate: OC48; Available wavelength: 4 

Link§2; Neighboring Router: AR3; Cost: 1; Bit rate: OC48; Available wavelength: 5 

Link#3: Neighboring Router: AR5; Cost: 1; Bit rate: OC48; Available wavelength: 5 

AR2 

/ 
. •;4 

Figure 3 - 15 An example GASON network 

Within the LSA, the cost of each link is the same as that of its connecting interface 

(outgoing direction). Different ways of assigning Cost value will result in diverse RWA 

schemes, which will be further described in chapter 4. Here, for simplicity, the cost is 

assigned as 1. 
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3.4.4.2 Fomimg link-state database & building routing graph 

With the collection of LSAs originated by GOSRs in the GASON network, each GOSR 

builds a link-state database. The link-state database is the basis for RWA and routing 

table calculation. For example, in the GASON network as Figure 3-15, each GOSR will 

build the link-state advertisement similar to the table as shown in Figure 3-16: 

Nuntier Link State Advertisement Originating Router 

1 ARl's LSA ARl 

2 AR2's LSA AR2 

Figure 3-16 Link State Database 

Once a newer LSA comes, the old version is replaced. Hence, each GOSR has updated 

information about the GASON network. Each GOSR's OSPF-TE module will parse its 

link state database to build a directed graph, upon which, the RWA algorithm is 

performed. Before presenting how to build a directed graph and implement RWA 

algorithm, the following definitions are given [40]. 

Definition 1: Assume a directed graphG = (K,E), where N-{Ni}, i-l:n is the set of 

nodes and E = }, / e (l: n), j e (1, n) is the set of edges. 

is the edge from node TV,-to Nj in graph G, e N, Nj e N, e E; 

w\i,j) - The weight of edge L,,-y), 0 < < ». 
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Definition 2: A pathPgO,/) from node iV,-to Nj in graph £?, Ni eN , Nj sN , it is an 

alternating sequence of nodes and edges, of the form (#,• = Fj, , F2, • • *, K-] where 

e N , For any k  =  l , - - - , r ,  and 4 € E  for any k  =  

4 ^ E, For any ^ =l , - - - , r - l .  

r-i 

The weight of the path is defined as; W(P(i,  j )  =  ̂ W  ) .  

Paths with the same source and destination could be different, if their sequences of nodes 

and edges are different. There could be multiple paths between Nj and Nj in graph G. 

The path with minimum weight is defined as SPg (i, j), If there is no path from node Nj to 

N j  ,  W ( P { i , j ) )  = 00 and SPq  (i, J )  =  X .  

Usually we ignore the edges, and represent the path only by the node 

sequence(F,,Fj,• • •,• Nodes F,,---,F^_, are called as path(i, j) 's intermediate nodes. 

Each GOSR's OSPF-TE will build a directed graph to represent the GASON network, for 

the purpose of routing and RWA. In the directed graph, a node denotes a GOSR router in 

the GASON network. Each optical fiber between GOSRs within the GASON network is 

represented as two directed edges of the graph, one for each direction. The procedure of 

building a directed graph is as follows: the LSAs within the link state database will be 

processed one by one. For each LSA, a new node is added to the graph, which represents 

a GOSR in the GASON network. Each link within LSAs will be turned into a directed 
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link in the graph, which has the associate attributes, such as available wavelength, weight 

(cost) etc. 

For example, GOSR AR4 in Figure 3-15 will build the graph as follows: 

AR3 

Figure 3-17-1 Parsing LSA_AR4 Figure 3-17-2 Parsing LSA_AR2 

Figure 3-17-3 Parsing LSA_AR3 Figure 3-17-4 Parsing LSA_AR4 
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Figure 3-17-5 Parsing LSA_AR5 Figure 3-17-6 Parsing LSA_AR6 
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Figure 3-17-7 Parsing LSA_AR7 Figure 3-17-8 Parsing LSA_AR8 

Figure 3-17 Routing Graph Building Process 

OSPF-TE rebuilds the routing graph periodically. We call the time period routing graph 

interval. However, the routing graph interval cannot be too long or too short. If the period 

is too long, the network changes will not be reflected in time. If the time period is too 

short, it will bring unnecessary CPU burden to GOSR. 
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3.4.4.3 Implementation of RWA algorithm 

GOSR implements a dynamic routing and wavelength assignment algorithm (DRWA). 

As with the usual RWA algorithms, DRW A is decomposed into two separate 

subproblems: routing and wavelength assignment. When optical connection setup request 

arrives, RWA first determines the path over which the connection should be routed. Next, 

signaling messages are sent to setup the connection, and wavelengths are assigned when 

corresponding signaling messages are received. DRWA's routing is carried out in the 

ingress GOSR. Wavelength assignments are performed distributedly along the route. 

• DRWA'S routing is performed upon the directed graph described in the previous 

section. For each directed link within the graph, DRW A will assign a weight. The 

weight assigned to each link depends on the availability of free wavelengths on each 

TE-link. Section 3.4.2 has stated that each interface has a cost. DRW A adopts the 

following function to calculate the cost [41]: 

00 2 = 0; 

w = -^ a 2 = 1; 

-a*log(l--|-) 1>1; 

1 is the free available wavelength of the interface's outgoing TE-link 

a is a positive constant, which should be large enough to differentiate the cost 

for each TE-link with different A. 

The cost will be used as the weight for the interface's outgoing TE-link. This 

information is disseminated and flooded by LSAs. 
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DRW A routes the optical connection over the shortest path from source (Ingress 

GOSR) to destination (Egress GOSR). The shortest path definition has been given in 

previous sections. The Dijkstra's algorithm is called to calculate the shortest path. 

Ingress GOSR will calculate the entire route from Ingress to Egress GOSR, then 

signaling messages are sent along the route to set up the connection. DRWA's routing 

is adaptive to the network traffic condition. Each time, DRW A chooses the least 

congested route, which will balance the traffic across network and result in less 

optical connection setting-up blocking rate. 

• DRWA's wavelength assignment happens during the optical connection set up stage. 

Wavelengths are assigned at each interface level when wavelength assignment 

requests arrive. For each interface, a wavelength assignment table as Figure 3-18 is 

kept and maintained. Each individual wavelength's attributes consist of wavelength 

index, availability, and weight. Availability means whether the wavelength is assigned 

or not. If the wavelength is available, A vailability will be set to TRUE; otherwise, it 

will be FALSE. So the wavelength assignment or de-assignment is just set 

Availability attribute to FALSE or TRUE, respectively. Attribute weight is used to 

implement different wavelength assignment policy. Currently GOSR implements 

first-fit wavelength assignment policy; each wavelength's weight is set to 1. When 

wavelength assignment is needed, the Wavelength Assignment Table is searched to 

find the first fit wavelength; if there is no firee wavelength available, optical 

connection setup request will is blocked. As we have pointed out, to support bi
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directional traffic, once a wavelength in incoming port is assigned, its corresponding 

wavelength in outgoing port will be assigned too. 

Wavelength Assignment Table 

Wavelength Index 1 Availability Weight 

Wavelength Index 2 Availability Weight 

... 1 

Wavelength Index n Availability Weight 1 

Figure 3-18 Wavelength Assignment Table 

Wavelength assignment happens when GOSR receives RSVP-TE's "RESV" 

message. When wavelengths are successfully assigned, the corresponding interface's 

cost is updated. When LSAs are regenerated and flooded, the link state database 

within each GOSR is updated. If wavelength assignment fails, RSVP-TE sends 

"PatliError" message back to Ingress GOSR. 

When an optical connection needs be torn down. Ingress GOSR sends out a 

"PathTear" message. And the "Path!ear" message will traverse along the optical 

connection route, deleting corresponding soft-states, and de-assigned related 

wavelengths at each GOSR along the optical connection by setting corresponding 
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wavelength's availability to TRUE. Similarly, the corresponding interface's cost is 

also updated. 
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3.5 GOSR's Evaluation & Verification 

The goal of evaluation & verification is to prove the effectiveness of our GOSR platform. 

For evaluation's purpose, it is essential to have the ability to monitor the internal 

behaviors of GOSRs. Fortunately, OPENT not only lets us keep track of all kinds of 

events generated by GOSRs, but also allows us to monitor data packets sent and received 

by GOSRs. By monitoring event sequences and packets within the simulation 

environment, it is easy to verify whether GOSR works correctly or not. 

node_8 "Jde-S ™,d8_3 

Figure 3-19 GOSR Evaluation Topology 

The above backbone topology has been chosen to test the effectiveness and the 

functionalities of our GOSR platform. As shown in Figure 3-19, on this network 

topology, there are nine GOSRs. Among these nine GOSRs, three of them operate as 

LSR, and six are LERs. Only Edge GOSRs can initiate optical LSP setup and teardown 

process. The following assumptions and conditions are given: 

• No reattempt is performed when a connection request is blocked. 
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• Each TE-link within simulation network has the same amount wavelength 

number, which is 2 (for simplicity). 

• Optical connections are established between node l and node_9. i.e. node l is 

the ingress GOSR, and node_9 is the egress GOSR. 

• Optical connection setup request arrive at Ingress GOSR constantly, with an 

interval 20 seconds. If the optical connection is set up successfully, it will keep on 

operation for 65 seconds before it is torn down. 

• Node l's routing graph interval is set to be 100s. 

• The first optical connection setup request arrives at time 150s. 

• Link State Advertisement Threshold is set to be 10%. 

• All the routers have the full wavelength conversion capability. 

3.5.1 Anticipated results 

Rebuilding 
Routing Graph 

Rebuilding 
Routing Graph 

Routing Graph Interval 
First tearing down time point 

100 120 140 

Setup request . 
Arriving time points 1 

~ JJUJULUXl 1  i  JJJUUUXJUl 
 ̂ i k i 

160 180 200 220 240 Simulation 
Time(s) 

2 3 4 

Figure 3-20 Node_l's Expected Event Sequence 
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Since all the data given above are deterministic, it is easy to predict the testing 

experiment results. Figure 3-20 gives node I's expected event sequence of the testing 

experiment. 

It has been stated in previous sections that when an optical connection setup request 

arrives, the ingress GOSR calculates the whole route, and then send out signaling 

messages along the route to set up the connection. If the network resource is not 

available, the connection setup request will be blocked. 

Ingress GOSR's routing graph rebuilds at an interval of 100s, which is at the points of Os, 

100s, 200s, ... within each interval, the routing graph will not change. 

The first optical connection setup request arrives at time 150, the shortest path form 

ingress GOSR to egress GOSR at that point is the route: Node_l -Node_4_Node9. Thus, 

signaling messages will be sent along the route to set up the connection. Since the 

network resources are available (There are free wavelengths within each TE-link along 

the route), the first connection should be successfully established. Meanwhile, when 

wavelengths along the route are assigned, since the link state advertisement threshold is 

10%, new LSAs will be originated and flooded to reflect the network resource changes. 

When new LSAs are flooded, each GOSR's link state database is updated. However, 

since the routing graph's rebuilding time has not come yet, the ingress GOSR's routing 

graph is not updated at this point. 
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The second optical connection setup request arrives at time 170s. Since the routing graph 

has not been updated, the ingress GOSR still chooses the route Node_l -Node_4_Node9 

for the second optical connection setup request. Then RSVP-TE packets are sent along 

the route to set up the connection. Since the network resources are available at this point, 

the second optical connection is established successfully. Also, LSAs are flooded to 

reflect the network resource changes. 

The third optical connection setup request comes at time 190s. Since the routing graph is 

still the same, the route Node l -Node_4_Node9 is chosen again. Then signaling 

messages are sent along the route to set up the connection. However, since all the 

wavelengths along the route Node_ 1 -Node_4_Node9 have been assigned for the previous 

two optical connections, there are no available network resources. The third optical 

connection setup request is blocked. 

At time 200s, node l's OSPF-TE module will rebuild its routing graph. The shortest path 

from Node_l to Node_9 is not route Node l -Node_4_Node9 anymore (The link weight 

has been updated, when wavelength is assigned), now the shortest paths are route 

Node l -Node_2-Node_7-Node9 or route Node l -Node_6-Node_5-Node9. 

Hence, at time 210s when the fourth optical connection setup request arrives, Node_l 

chooses route Node_l -Node_2-Node_7-Node9 or route Node_l -Node_6-Node_5-Node9. 
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Since the network resources along these two routes are available, the fourth-optical 

connection will be successfully established. 

At time 215s, the first successfully established optical connection should be torn down; 

RSVP-TE messages are sent to tear down the connection. 

The activities stated above are summarized within the following table: 

Time Activity Route chosen Successful? 
100s Re-building routing graph Not Applicable Yes 
150s First connection setup 

request arrives 
Nodel -Node_4-Node_9 Yes 

170s Second connection setup 
request arrives 

Node_l -Node_4-Node_9 Yes 

190s Third connection setup 
request arrives 

Node_l -Node4-Node_9 Not 

200s Re-building routing graph Not Applicable Yes 

210s 
Forth Connection setup 

request arrives 
Node 1-Node 2-Node 7-Node 9 

Or 
Node 1 -Node 6-Node 5-Node9 

Yes 

215s Tearing down the first 
optical connection 

Nodel -Node_4-Node_9 Yes 

Table 3-1 Expected Summarized Activities 

3.5.2 Testing Results 

Appendix 1 gives the testing results, which are the monitored RSVP-TE messages [13]. 

These messages are sent to set up or tear down optical connections. 

From the information in appendix 1, it can be derived that: 

At time 150s, the first optical connection has been successfully established. The route 

chosen is: Node 1-Node 4-Node 9. 
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At time 170s, the second optical connection has also been successfully established. The 

route chosen is: Node_l -Node_4-Node_9. 

At time 190s, the third optical connection request is blocked, the route chosen is: 

Node_ 1 -Node_4-Node_9. 

At time 210s, the fourth-optical connection request is successfully established, which 

choose the route: Node_l-Node_2-Node_7-Node_9. 

At time 215s, the first optical connection is successfully torn down, which follows the 

route; Node_l -Node_4-Node_9. 

From these results, it is easy to derive that GOSR functions correctly as expected. 

The testing results show that the developed GMPLS-based Optical Switching Route 

functions correctly, which has all the required functionalities to perform as a real router. 

The developed GOSR could be used as platform to further analyze and study GMPLS or 

AS ON related topics. 

Figure 3-21 is a monitored RESV message. The corresponding notations are self-

explanatory. 
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3.6 GOSR Design & Implementation Summary 

This chapter presents how to design and model a GMPLS-based optical switching router 

(GOSR). The developed GOSR has all the required functionalities to behave as a real 

router, which could be used as an ideal platform to investigate GMPLS or automatically 

switched optical network related topics. For example, the GOSR could be employed to 

study protocols, RWA algorithms, or optical network architecture. In the next chapter, we 

use GOSRs to construct and simulate GMPLS-based automatically switched optical 

network. 
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CHAPTER 4: ANALYSIS AND SIMULATION OF GMPLS-BASED 

AUTOMATICALLY SWITCHED OPTICAL NETWORK (GASON) 

4.1 Introduction 

Last chapter described the designing and modeling of GMPLS-base optical switching 

router (GOSR). The GOSR's modeling process and its evaluation have been detailed. The 

evaluation has proved that the developed GOSR model upon OPNET Modeler® has the 

required functionalities to perform as a real router. This chapter will analyze and simulate 

GMLS-based Automatic Switched Optical Network (GASON). The GASON is a meshed 

optical network, which has been described in section 3.1. 

In this chapter, the optical connection setup process will be first analyzed. Optical 

connection setup delay is the time required to establish an optical connection, which is a 

key parameter to characterize ASON network. Here, a mathematical model will be 

presented to analyze the optical connection setup process theoretically. 

GOSR has implemented the dynamic routing and wavelength assignment (DRWA) 

algorithm. This chapter will study how DRW A performs and operates. We will compare 

DRW A with two other types of routing schemes. 

In the previous chapter, OSPF-TE's link state advertisement threshold and OSPF-TE's 

routing graph rebuilding interval are deemed as the two most important parameters for 
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GOSR. The following sections will study how will these two parameters affect GASON's 

performance. This part of research is carried out by simulation of GASON network with 

the GOSR model developed in last chapter. 
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4.2 Analysis of Optical Connection Setup Process 

Optical connection setup delay is the time required to establish a connection once a 

connection request arrives, which is a key parameter characterizing an ASON network. 

This section will analyze the optical connection setup process. 

It is assumed that the GASON network is very lightly loaded, and there are no network 

resource constraints. It is also supposed that for each optical connection request, there are 

no reattempts. The following elements contribute to the average setup delays [42]. 

• Propagation delays from source to destination node, and vice versa 

• Message processing delays, (message processing time at a node) 

• Router configuration time 

Figure 4-1 shows a route, which consists of N routers. RSVP-TE messages are sent hop 

by hop along the route to set up optical connections. The route starts at LER-1, and ends 

at LER-N, with N-2 LSRs in between. Here, we only consider PATHs and RESVs 

messages, and we assume PATHs and RESVs are treated equally. Furthermore, we 

assume signal messages could be lost or corrupted during the optical connection setup 

process. When signal messages are lost or corrupted, they are resent by RSVP-TE's 

refreshing mechanism [31] [32]. 
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Figure 4-1 Optical Connection Setting up process 

First, the following notations are assumed: 

Message processing time at each node; 

Each link's transmission time; 

P - Probability of messages lost or corrupted at each link; Assume PATH, 

RESV have the same probability. 

The time to configure an optical router (mainly the switching fabric); 

RSVP-TE's refreshing time period. 

Message resending processing time. 

The event that total W  RSVP-TE messages needed to successfully set up 

the connection. 

error _ k: The event that total k RSVP-TE messages are lost or corrupted during the 

connection setting up process. 

r,: Connection setup delay time; 

refresh ' 

T 
^ re-sending ' 

W : 
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Due to congestion or corruption caused by optical physical impairments, packets could be 

dropped or corrupted, which is assumed to have a possibility p. The message forwarding 

between neighboring routers is actually a Bernoulli event, with a probability of p to fail, 

and I- p to success. If the message is lost or corrupted, the message will be resent after a 

period of T,. (RSVP-TE's refreshing time period). Message-forwarding events are 

independent from each other. 

Evidently, to successfully establish the connection in Figure 4-1, at least 

2*{N-l)successful message forwarding is required. Thus, the optical connection setup 

process is a Bernoulli sequence [43], with a total of W trials, within which 2*{N-l)trials 

s h o u l d  b e  s u c c e s s f u l .  H e n c e ,  W  i s  a  r a n d o m  v a r i a b l e ,  w h i c h  i s  W  > 2 * { N - I ) .  

It can be derived that: 

prob{W = 2* {N-1)) - probierror _k ==0)^(1-p) ; 

probiW -={2* N -1)) = prob{error _k ==1) = (1 - p) p • 

prob{W =^(2*N)^probierror2) = (1 

p r o b { W  =  ( 2  * i V  + 1 )  =  p r o b i e r r o r —  p ^  •  

Hence, the following equations can be derived, the expectation of W : 

E(W) = 2 * (iV -1) * probierror _k —0) 

+ ilN -1) * * probierror _k — \) 
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+  2 N  *  C2,v_i * prob{error_ k = = 2 )  

+  ( 2 N  + 1)*Clff  *prob{error_k = 3) 

Then: 

E(W) = 2*(N-1)*-(1-

+ 2N^Cl^_,{l-pr- 'p'  

+ (2N + \)*Cl,(\-pf ' ' ' - 'p '  

•^{2N + 2)*Ct,A^~pf'-'p' 

E{W) is the average number of messages required to set up the optical connection. 

Then, if no errors happen, all the PATH or RESV messages are forwarded correctly; the 

s e t u p  d e l a y  i s  t h e  m i n i m u m ,  w h i c h  i s :  2 * 1 ^ *  N  +  2 * { N  - \ ) * T ^  +  T ^ *  N .  

Any extra error will bring an extra delay of (+ T^e-sendmg) ;  

Thus, Connection setup delay time is also a random variable; its expectation can be 

derived as: 

E{TJ = 2*Tp •iV + 2*(iV-l)*r, +r, ....................(4-1) 

-f prob{error _ A: — 0) * 0 

+ prob{erro _ A: == 1) * ) 

+ probierror_k = 2)*2* + T^c, sending) 
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+ probierror _k 3) * 3 * + T^e_sending) 

E(T^) is the average optical connection setup delay. An optical connection setup delay 

depends on the route chosen by the routing algorithm, once the route has been set, the 

average optical connection setup delay can be calculated by formula 4-1. 
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4.3 Simulation of GASON network 

The goal of simulation experiments is to identify the key characteristics of a GMPLS-

based Automatically Switched Optical Network. For data transmission in GASON 

network, wavelength number within each link is limited, which can lead to conflicts 

during optical connection setup process. Therefore, one of the key evaluations of 

GASON optical network is focused on the blocking rate of optical connections. Blocking 

rate is considered as one of the most significant design factor in characterizing 

wavelength routed optical network. 

Blocking rate is defined as: B  =  l - M i N , where M  is the total number of successfully 

established connections; N is the total number of connection requests. Once optical 

network has been physically deployed, its blocking rate depends greatly on the routing 

algorithm, the wavelength number within each TE-link, and the wavelength assigrment 

scheme. 
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Figure 4-2 Simulation Network Topology 

The topology in Figure 4-2 is chosen to simulate and analyze GMPLS-based Automatic 

Switched Optical Network. On this network topology, there are fourteen GOSRs across 

USA, as shown in Figure 4-2. Among these fourteen GOSRs, nine of them operate as 

LSR. Whereas "Portland", "Phoenix", "Dallas Access", "Atlanta Access", and "DC 

Access" function as Edge GOSR, which are routers where optical connections originate 

and stop. Only Edge GOSRs can initiate optical connection setup and teardown process. 

Besides, the following assumptions and definitions are given: 

• Optical cormections' blocking rate is defined as the probability that a connection 

cannot be established due to resource contention along the desired route. 
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• No reattempt is performed when a connection is blocked 

• Each TE-link within simulation network has the same amount wavelength 

number. 

• Optical connection setup requests arrive at Ingress GOSRs with Poisson process, 

the arrival rate is A. If the optical connection is set up successfully, it will keep 

on operation for t time before it is torn down, t follows an exponential 

d i s t r i b u t i o n ,  w i t h  p a r a m e t e r  M T  .  

r= T x X  

V can be considered as the traffic load. 

• Optical connections are setup and torn down between edge GOSRs. 

• All the nodes have full-wavelength conversion capability. 

4.3.1 Wavelength Routing 

One of the major simulation scenarios has been directed to evaluating the efficiency of 

the Dynamic Routing and Wavelength Assignment (DRWA) algorithm. As presented in 

previous chapter, DRW A separates its routing and wavelength assignment. DRWA's 

routing is actually an adaptive routing algorithm [41] [44], which taking into account 

network state information. A cost is assigned to each link based on wavelength 

availability, and the least-cost route is chosen to route the optical connection. 

Generally, there are three types of routing schemes: adaptive routing (dynamic), static 

routing, and fixed alternative router. This section will compare performance of DRWA's 
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routing scheme with two other routing schemes (Wavelength assignments are still the 

same); static routing and fixed alternate routing [42][45]. 

For the static routing scheme, each TE-hnk is assigned a fixed cost 1, not considering its 

wavelength availability. The shortest path between each source and destination pair is 

precomputed and stored within Ingress GOSR. The shortest path computed this way is 

fixed and will not adapt to network condition changes. When optical connection setup 

requests arrive, the precomputed shortest path will be taken as the route of choice, then 

signaling packets will be sent out to assign wavelength to setup the coimection. 

As for the fixed alternate routing, K-shortest paths between each source and destination 

pair are precomputed for each source-destination pair. The K-shortest routes are 

computed this way: each TE-link is assigned a fixed cost 1, not considering its 

wavelength availability. The first K-shortest paths will be precomputed and stored in an 

ordered list at Ingress GOSRs. When an optical connection setup request arrives, the first 

path will be tried, signaling packets are sent along the path to setup the coimection; if the 

connection setup process does not succeed, the second route will be tried again. This 

process will continue till the K"^ route is tried. If all the K routes are tried and the 

connection setup process still dos not succeed, the optical connection request is denied, 

and the optical connection will be blocked. 
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Appendix 2 gives the simulation results of different routing schemes with different 

simulation seeds. The simulations runs at a traffic load of r = 35 ; the wavelength 

number within each TE-link is also varied at different simulation runs. Each simulation 

takes 5 hours' simulation time, approximately 2000 connection requests are sent. In those 

tables, SR means "static routing", ARK_2 means fixed alternate routing with K =2; in the 

same way, ARK_3 means fixed alternate routing with K=3, ARK_4 means fixed alternate 

routing with K =4. DRW A means the dynamic routing and wavelength assignment 

algorithm. 

Table 4-1 is the average blocking rate of different simulation seeds. Table 4-2 gives the 

blocking rate's 95% confidence interval. And Figure 4-3 shows the blocking rate average 

in graphic form. 

w=10 w=15 W=20 w=25 w=30 w=35 w=40 

sr 0.719 0.6024 0.48686 0.3804 0.3004 0.207 0.1496 
ar K=2 0.7116 0.594 0.4752 0.372 0.2866 0.1964 0.1316 
ar k=3 0.6748 0.5468 0.425 0.32892 0.242 0.1684 0.1056 
ar K=4 0.7153 0.5982 0.48103 0.3762 0.2935 0.2017 0.1406 
drwa 0.6626 0.5328 0.3942 0.2412 0.125 0.05966 0.0125 

Table 4-1 Average Blocking Rate of Different Simulation Seeds 



W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 
Lower 0.712372 0.589332 0.483845 0.363364 0.293076 0.1934 0.14849 

SR Up 0.725628 0.615468 0.489875 0.397436 0.307724 0.2206 0.15071 

AR_K=2 
Lower 0.70196 0.572212 0.466188 0.3584 0.276044 0.192227 0.112577 

AR_K=2 Up 0.72124 0.615788 0.484212 0.3856 0.297156 0.200573 0.150623 

AR K=3 
Lower 0.668568 0.533709 0.416222 0.318932 0.231613 0.159085 0.093386 

AR K=3 Up 0.681032 0.559891 0.433778 0.338908 0.252387 0.177715 0.117814 

AR K=4 
Lower 0.637274 0.511651 0.379411 0.291946 0.1942 0.12292 0.05808 

AR K=4 Up 0.655126 0.521949 0.398189 0.308454 0.2078 0.13788 0.07712 

DRWA 
Lower 0.653927 0.512056 0.372055 0.198524 0.113092 0.033658 0 

DRWA Up 0.671273 0.553544 0.416345 0.283876 0.136908 0.085662 0.039379 

Table 4-2 Blocking Rate's Confidence Interval with Different Routing Schemes 

Wavelength Number 

sr 

ark_2 

- - A - - ark_3 

x— ark 4 

drwa 

Figure 4-3 Average Blocking Rate of Different Simulation Seeds (R=35) 
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Table 4-3 gives the average hop lengths of optical connections with different routing 

schemes at different simulation seeds. The average hop lengths can be comprehended as 

the average network resource utilization by different routing schemes. Table 4-4 gives the 

average hop lengths' 95% confidence interval. And Figure 4-4 shows the hop lengths 

average in graphic form. 

W=10 W=15 W=20 W=25 W=30 W=35 W-40 
SR 3.092 3.13 3.14 3.162 3.1846 3.1872 3.1932 

AR K=2 3.1 3.1306 3.15 3.1634 3.1904 3.1944 3.212 
AR K=3 3.24 3.258 3.242 3.272 3.264 3.252 3.244 
AR K=4 3.3212 3.302 3.3166 3.3286 3.316 3.31 3.292 
DRWA 3.658 3.628 3.654 3.754 3.776 3.77 3.672 

Table 4 - 3 Average Hop Length (Hops) with Different Routing Schemes 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 
Lower 3.065086 3.103665 3.118497 3.151613 3.174273 3.176873 3.178448 

SR Up 3.118914 3.156335 3.161503 3.172387 3.194927 3.197527 3.207952 

AR K=2 
Lower 3.084795 3.115304 3.137585 3.150813 3.179103 3.181451 3.191601 

AR K=2 Up 3.115205 3.145896 3.162415 3.175987 3.201697 3.207349 3.232399 

AR K=3 
Lower 3.224795 3.23412 3.231613 3.255813 3.252896 3.246448 3.2372 

AR K=3 Up 3.255205 3.28188 3.252387 3.288187 3.275104 3.257552 3.2508 

AR K=4 
Lower 3.273485 3.279792 3.290183 3.304566 3.291799 3.292443 3.281613 

AR K=4 Up 3.368915 3.324208 3.343017 3.352634 3.340201 3.327557 3.302387 

DRWA 
Lower 3.619335 3.587391 3.635172 3.677673 3.740234 3.738349 3.420102 

DRWA Up 3.696665 3.668609 3.672828 3.830327 3.811766 3.801651 3.923898 

Table 4 - 4 Average Hop Lengths' 95% Confidence Interval with Different Routing 
Schemes 
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Figure 4-4 Average Hop Lengths of Different Simulation Seeds (R=35) 

Table 4-5 gives the average RSVP-TE messages needed to set up optical connections 

with different simulation seeds. And Table 4-6 shows the average RSVP-TE messages' 

95% confidence interval. Figure 4-5 is the table 4-5 graphic representation. 

10 15 20 25 30 35 40 
SR 2.76 2.816 2.81 2.83 2.844 2.792 2.794 

AR K=2 5.252 4.86 4.4332 4.088 3.806 3.488 3.284 
AR K=3 7.93 7.382 6.564 5.946 5.28 4.554 4.026 
AR K=4 10.646 9.648 8.558 7.73 6.518 5.628 4.832 
DRWA 3.374 3.4352 3.324 3.414 3.34 3.346 3.616 

Table 4-5 Average RSVP-TE Messages with Different Routing Schemes 
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W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 
Lower 2.634618 2.764363 2.769772 2.747651 2.814102 2.769792 2.773226 

SR Up 2.885382 2.867637 2.850228 2.912349 2.873898 2.814208 2.814774 

AR K=2 
Lower 5.134749 4.660205 4.335359 3.955041 3.732764 3.360364 3.140666 

AR K=2 Up 5.369251 5.059795 4.531041 4.220959 3.879236 3.615636 3.427334 

AR K=3 
Lower 7.798909 7.233958 6.414611 5.8749 5.141756 4.442061 3.900741 

AR K=3 Up 8.061091 7.530042 6.713389 6.0171 5.418244 4.665939 4.151259 

AR K=4 
Lower 10.32208 9.387973 8.41048 7.61321 6.308895 5.472842 4.590887 

AR K=4 Up 10.96992 9.908027 8.70552 7.84679 6.727105 5.783158 5.073113 

DRWA 
Lower 3.315374 3.365355 3.265374 3.308439 3.253097 3.305201 2.701874 

DRWA Up 3.432626 3.505045 3.382626 3.519561 3.426903 3.386799 4.530126 

Table 4 - 6 Average RSVP-TE Messages' Confidence Interval 

10 15 20 25 30 35 

Wavelength Number 

40 

-»--SR 
-«-ARK_2 
-Tfc-ARK_3 

-K ARK_4 

-*-DRWA 

Figure 4 - 5 Average RSVP-TE Messages of Different Simulation Seeds (R=35) 
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As the number of wavelength with a TE-link increases, GASON has more network 

resource available. From the simulation results, it can be derived that DRWA's 

performance is better than other types of routing schemes, when GASON has more 

network resource available. When GASON network resource is limited (wavelength 

number within each TE-link is small), the differences between different routing schemes 

are not so apparent. Fixed alternate routing algorithm performs better. For example, at 

W=10 (wavelength within each TE-link is 10), the blocking rate of static routing is 0.72, 

ARK_2 is 0.72, ARK_3 is 0.67, DRWA is 0.67, and ARK_4 is 0.64. ARK_4 performs 

better than DRWA. When wavelength number with each TE-link is 30, the blocking rate 

with DRWA is 0.12. However, the blocking rate with static routing is 0.3, ARK_2 is 

0.28, ARK_3 is 0.25, and ARK_4 is 0.2. Here, DRWA is much better than other types of 

routing schemes. Among those different routing schemes, static routing always performs 

the worst in terms of blocking rate. Figure 4-3 also shows that fixed alternate routing will 

perform better when K increases. 

The simulation has shown DRWA has the trend to utilize network resource to decrease 

the blocking rate. Figure 4-4 proves this point; the average hop lengths of optical 

connections with DRWA are longer that those of other types of routing scheme. That is 

the reason that why DRWA behaves better that other types of routing scheme when 

network resource is available. However, since DRWA has the trend to occupy more 

network resource, DRWA is not expected to behave well when network resource is 
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limited, which has been shown in Figure 4-3. In the case of low network resource, fixed 

alternate routing is a better choice. 

Figure 4-5 shows that average RSVP-TE messages needed to establish optical 

connections with different routing schemes. Simulation shows that static routing and 

DRW A need the less RSVP-TE packets to establish optical connections than fixed 

alternate routing. As for fixed alternate routing, its average RSVP-TE messages will 

increase when the K value increases. As it has been pointed out previously, when K 

increases, fixed alternate routing's blocking rate will decrease. However, the decreasing 

in blocking rate is obtained at the price of more RSVP-TE signaling messages and more 

CPU time to make connections. Furthermore, from Figure 4-5, the following conclusion 

can be made: 

• With static routing and DRW A, the average RSVP-TE messages needed to 

establish optical connections are not affected by network resource. 

• With fixed alternate routing, the average RSVP-TE messages needed to establish 

optical connections is anti-proportional to network resource. With more network 

resource, less RSVP-TE messages are needed to establish optical connections. 

The reason is that when network resource is limited, fixed alternate routing 

would try more routes. 

The wavelength number is viewed as one of main design issues of a router since it 

determine the network resource availability, which also directly affect on the building 
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cost of the router. Hence, an optimum number of wavelengths is desired in order to 

balance between the performance and the cost of the router. In this simulation scenario, 

the relationship between wavelength numbers and GASON's block rates is identified. 

Figure 4-3 depicts both the simulation result of wavelength number versus blocking rate 

with varying traffic parameters. As illustrated in the figure, GASON's blocking rate 

decreases as wavelength number of each TE-links increases. Evidently, with more 

wavelengths available within each TE-links, optical connection setup request has fewer 

chances to be blocked. Meanwhile, when wavelength number within TE-links exceeds 

some threshold, there will be no gain to light up more wavelengths. Lighting up more 

wavelengths will raise the whole network's investment, but the reward in decreased 

optical connection blocking rate is trivial. 

When the traffic load is varied, simulation results will derive the same conclusion as 

above. Figure 4-6 to 4-8 show the simulation results when the traffic load is r = 30 . 

Figure 4-6 gives the blocking rate with different routing schemes. Figure 4-7 shows the 

average hop lengths, and Figure 4-8 gives the average RSVP-TE messages needed to 

setup connections. 

Furthermore, from the simulation results (compared with the traffic load r = 35), it can 

be concluded that when the traffic load is lower, the corresponding blocking rate is lower, 

and the corresponding RSVP-TE messages needed also decrease. However, the average 

network resource utilization rate doesn't change much with different traffic loads. 
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Figure 4-8 Average RSVP-TE Messages with a Traffic Load of R=30 

4.3.2 OSPF-TE Link State Advertisement Threshold 

As mentioned before, GOSR adopts event-driven update mechanism to flood link state 

advertisement. An efficient update mechanism should provide the necessary information 

to the routing algorithm while keeping the routing overhead minimal. This section will 

analyze the influence of link state advertisement threshold on GASON. 

Link state advertisement threshold controls LSAs regeneration process. With a low link 

state advertisement threshold, even a small network changes will result in link state 

advertisements' regeneration and flooding. The link state database within each GOSR 

will have more accurate information about network status. If the link advertisement 
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threshold is high, the information stored within each link state database might not 

represent the real network status. Each Ingress GOSR's OSPF-TE will base its link state 

database to build its routing graph. Hence, the link state advertisement threshold controls 

the accuracy of how link state database represent the real network situation. 

Figure 4-9 illustrates GASON's blocking rate at different link advertisement threshold. 

The thresholds chosen are; 10%, 15%, 20%, 25%, 50%, 80%, and 90%. GOSR's Routing 

Graph Interval is 10 seconds. Wavelength Number within each TE-link is 20. And the 

traffic load to GASON is r = 35. The simulation shows: for a GASON network, a proper 

link state advertisement threshold should be chosen. A small link state advertisement will 

not improve network's performance (blocking rate), except for generating two much LSA 

traffic; a large link state advertisement will degrade GASON's performance. From 

example, when link state advertisement threshold is as high as 80% or 90%, the blocking 

rate will be extremely high. The reason of high blocking rate is due to the fact that out of 

data link state database results in useless routing graph, which will degrade GASON's 

performance. 
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Figure 4-9 GASON Blocking with Different Link State Advertisement Thresholds 

However, it doesn't mean that a small link state advertisement threshold will increase 

GASON's performance. At a given routing graph interval, a small link state threshold 

will not help to decrease GASON's blocking rate. GASON's performance is affected 

only when the network status changes are reflected in the routing graph. Within the 

interval of two adjacent routing graph rebuilding, no matter how frequently the link state 

database is updated, if the routing graph is not rebuilt, the changes do not make any 

sense. That explains why in Figure 4-9, when the link state advertisement threshold 

varies within some range (10%, 15%, 20%, 25%), there are no apparent changes in 

GASON's blocking rate, which is around 38% 
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Figure 4-10 OSPF-TE LSA Update Message sent by a GOSR Dallas_Access 

Low link state advertisement threshold will generate much link state advertisement 

traffic, which might degrade GASON's performance by wasting control channel 

bandwidth and consuming too much CPU time. Figure 4-10 gives the link state 

advertisement update message traffic generated by the router of Dallas_Access at 

different link state advertisement thresholds. Obviously, processing OSPF-TE traffic will 

consume CPU time. Figure 4-11 gives the corresponding CPU utilization at different link 

state advertisement thresholds. 

Choosing a proper link state advertisement threshold is a complex task, which is beyond 

analytical derivation. Both small and large link state advertisement thresholds will bring 

some performance problem. A small link state advertisement threshold would generate 
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much LSA traffic, and a large link state advertisement threshold will result a high 

blocking rate. So in real deployment, some kinds of simulation methods should be 

adopted to help to identify the proper link state advertisement threshold. 
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Figure 4-11 GOSR Dallas_Access' CPU utilization 

4.3.3 OSPF-TE Routing Graph Interval 

It has been stated in Chapter 3 that GOSR will rebuild its routing graph periodically, the 

time interval is called routing graph interval. The routing graph is built based on the link 

state database. At a given link state advertisement threshold, when the routing graph 

interval is small. Ingress GOSR will have a more accurate view about network's status. 

When an optical connection request comes, DRW A will choose the least congested route 

for the connection request. The optical connection will have a less chance to be blocked. 
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OSPF-TE has offered the LSA updating mechanism to reflect network status changes. 

Hence, the routing graph should be updated in time to reflect the network changes. 

However, if the routing graph interval is large, the routing graph might not accurately 

represent the real network situation, which would degrade network performance. 

Figure 4-12 and 4-13 give GASON's simulation result at different routing graph interval. 

The link state advertisement threshold is chosen as 10%. Wavelength number within each 

TE-link is 20. And the traffic load to GASON is r = 35. Each Ingress GOSR will use the 

same routing graph interval. 
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Figure 4-12 GASON's Blocking Rate at Different Routing Graph Intervals 
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In Figure 4-12 and 4-13, time interval is 0 (seconds) means once a new LSA is received, 

OSPF-TE will update its routing graph. Under all other cases, routing graph is rebuilt 

periodically, with an interval specified within the graph. The simulation result shows that 

routing graph interval's influence on GASON can't be ignored. When the routing graph 

interval is small, GASON will have a better performance in terms of blocking rate. For 

example, when the routing graph interval is 0 or 10 seconds, the blocking rate is around 

0.4; when the routing graph interval increases to 60 seconds, the blocking rate raise to 

0.56. However, this benefit is accomplished at a price of more CPU utilization, which is 

demonstrated at Figure 4-13. 
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Figure 4-13 GOSR Dallas Access' CPU Utilization at Different Routing Graph 
Intervals 
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Figure 4-13 gives the GOSR Dallas Access' CPU utilization at different routing graph 

interval. It shows a small routing graph interval would result in an increase in CPU 

utilization rate. 

As link state advertisement threshold, choosing a proper routing graph interval is a 

complex task. The routing graph interval can't be too small or too large. A small routing 

graph interval might consume much CPU time, and interfere in GOSR's normal 

operations. A large routing graph interval would result a high blocking rate, degrading 

GASON's performance. Choosing a proper routing graph is beyond theoretical analysis, 

some kinds of simulations should be taken. 

4.4 Conclusion & Future Work 

This chapter analyzes and simulates the GMPLS-based Automatically Switched Optical 

Network. In section 4.1, a mathematical model has been presented to analyze the optical 

connection setting up process. The optical connection setup process is modeled as a 

Bernoulli sequence, and each event is independent of each other. Based on the 

mathematical model, optical connection's setup delay can be calculated and evaluated. 

Section 4.2 is focusing on the simulation of GASON network. In this section, the 

following relationships have been studied: 

• The influence of routing algorithm on GASON. 

• The influence of link state advertisement threshold on GASON 
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• The influence of routing graph interval on GASON. 

Based on the study, the following conclusions could be made: 

• Compared with static routing, and fixed alternate routing, the proposed DRW A 

tends to occupy more network resources. When network resources are available, 

DRW A will have better performance in terms of decreasing blocking rate. When 

network resource is limited, fixed alternate routing would behave better. So, 

different algorithms have their own weakness and strength, which are suitable for 

different cases and scenarios. In the real world, there is no panacea at all. 

• For GASON network, a proper link state advertisement threshold should be 

chosen. A small link state advertisement threshold might not improve network's 

performance (blocking rate), except for generating two much LSA traffic; a large 

link state advertisement threshold will degrade GASON's performance. The 

selection of a proper link state advertisement threshold is a complex task, which is 

beyond analytical calculation. Some kinds of simulation method should be taken. 

• As link state advertisement threshold, for GASON network, a proper routing 

graph interval should be chosen. At a given link state advertisement threshold, a 

small routing graph interval will not improve GASON's performance (Decreasing 

network blocking rate). On the contrary, it will consume a lot of CPU time, and 

might interfere with GOSR's normal functions. However, when the routing graph 

interval is large, GASON's performance in terms of blocking rate will degrade. 

The selection of a proper routing graph interval relies on many factors: the 

network topology, the routing and wavelength assignment algorithm, and the link 
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state advertisement threshold etc. So simulation is the best tool to help decide the 

routing graph interval. 

The proposed GOSR is an ideal tool to analyze and simulate ASON related topics. Based 

on the developed GOSR model, this chapter has identified some key characteristics of a 

GASON network. 

However, up to now, the optical physical impairments have not been considered in our 

proposed GASON. As we have known, optical signal is a type of analogue signal. Optical 

physical impairments such as XPM, GVD, ASE etc, would cause signal dispersions 

(chromatic, polarization, by fiber), attenuation (by fiber and devices), noise (by ASE'^ of 

optical amplifier), etc. These impairments limit the all-optical network in its optical reach 

(maximum distance between two points without regeneration) [46]. Dealing with optical 

physical impairments is an unavoidable issue in deploying optical networks. In the 

following chapters, we start to handle with the optical physical impairments in our 

proposed GMPLS-based Automatically Switched Optical Network. 

* ASE: Amplified Spontaneous Emission; 
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CHAPTER 5: GMPLS-BASED AUTOMATICALLY SWITCHED OPTICAL 

NETWORK WITH ISLAND OF TRANSPARENCY NETWORK ARCHITECTURE 

In previous chapters, we have developed and modeled a GMPLS-based Optical 

Switching Router upon OPNET Modeler®. Based on the developed GOSR model, we 

have constructed and simulated GMPLS-based Automatically Switched Optical Network. 

We also develop a Dynamic Wavelength Routing and Assignment algorithm within the 

context of GASON. The simulations have shown that the GASON network is capable of 

setting up or tearing down optical connections automatically. The proposed DRW A 

works efficiently to perform routing and wavelength assignment. However, the proposed 

GASON and DRW A in Chapter 3 and 4 are based on the assumption that all routes 

within GASON would offer adequate signal quality (the Bit-Error-Rate of each optical 

connection is maintained below some level). These parts of research have ignored 

physical impairments from optical layers. 

However, in current wavelength-switched optical network, the bit-rate has increased from 

2.5 gigabit per second (Gb/s) to 40 Gb/ or higher, the number of wavelengths multiplexed 

within each fiber has increased to 160 and higher, and the channel spacing between 

adjacent wavelengths has decreased from 200GHz to 50 GHz or lower, all these facts 

have made optical physical impairments an unavoidable issue in designing and deploying 

optical networks. Hence, the assumption that all routes within GASON would offer 

adequate signal quality will not continue to hold. 
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In a static WDM/DWDM optical network, since services are provisioned mainly through 

manual configuration, each optical connection's quality (BER) is assured by different 

engineering methods, such as link power budgeting, dispersion compensation, and 

implementing O-E-0 regeneration etc. However, as for an automatically switched optical 

network like GASON, it is the software control plane to manage the optical connections' 

setting up or tearing down process. So to maintain each optical connection's quality, the 

issue of optical physical impairments should be resolved in both network architecture and 

ASON's control plane. Here, the meaning of network architecture will be further 

explained in the following sections. To deal with optical physical impairments in the 

control plane means that the routing algorithm within the ASON's control plane should 

consider constraints caused by optical physical impairments, and route the optical 

connections along the paths, which can meet the quality requirements. 

In this chapter, we will propose the island of transparency network architecture. Then we 

will introduce GMPLS-based automatically switched optical network with island of 

transparency network architecture. In the next chapter, we will develop a Constraint-

based Dynamic Wavelength Routing and Assignment algorithm (CDRWA) for the 

proposed GASON with island of transparency network architecture, which will consider 

optical physical impairments from optical layers. 
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5.1 Introduction 

In the technological migration from transmission to networking, optical networks are 

desirable to be protocol and bit-rate independent. All-optical (transparent) networks can 

offer the protocol-independent and bit-rate-independent services. The telecommunication 

industry is moving towards all-optical networks. However, the optical signal is an analog 

signal, which suffers various physical impairments. Some of the notable impairments are 

dispersions (chromatic, polarization, by fiber), attenuation (by fiber and devices), noise 

(by ASE' of optical amplifier), non-linearity (XPM, SPM, FWM®), and inter-charmel 

crosstalk (multiplexers and demultiplexers) [47]. These impairments limit the all-optical 

network in its optical reach (maximum distance between two points without regeneration) 

[48]. Studies have shown that the optical reach of all-optical network is around 1800 km 

[49]. If the physical impairments are not properly dealt with, the bit error rate of optical 

connections will be unacceptably high. A common method to deal with optical physical 

impairments is to perform 3R (Re-amplification, Re-timing, Re-shaping) operations. Due 

to the lack of proper optical processing and optical buffering, 3R is mainly performed in 

the electrical field. That is the reason why OEO is so widely adopted in the current 

optical transport systems [50]. Besides, another advantage of OEO is that it has inherent 

wavelength conversion capability. Electrical signals can be easily modulated into any 

optical wavelength. However, OEO technology has become costly and power consuming 

as the bit transmission rate has become faster, especially at a rate over tens of gigabits. 

Furthermore, OEO technology camiot offer bit-rate-independent and protocol-

^ ASE: Amplified Spontaneous Emission; 
® XPM: Cross-phase Modulation; SPM: Self-phase Modulation; FWM: Four-wave Mixing; 
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independent services. Thus, in order to have a practical, reliable, and cost effective 

optical network, the combination of both all-optical and OEO technologies is a necessity. 

Most currently deployed optical transport networks are still all-opaque networks [51], in 

which the signal is transmitted in the optical domain and processed in the electrical 

domain. Within each router (called opaque router), a received optical signal will be 

converted into electrical form and processed, then converted back to optical form for 

transmission. This approach is too expensive; OEO conversion within each router is 

unnecessary. Besides, since all-opaque network is bit-rate and protocol dependent, when 

a new service needs to be provisioned, all routers should be replaced or updated. To solve 

this problem, researchers have proposed hybrid optical networks; translucent network 

[52] and island of transparency network [53]. The translucent network is formed by 

hybrid routers, which have both all-optical and OEO capabilities. Whether to choose 

OEO or all-optical functionality for each specific connection inside a hybrid router [54] 

depends on how fast noise is accumulated. Optical signal will go through OEO 

conversion when needed. Otherwise, the optical signal will pass through the hybrid router 

transparently. This is managed by opaque router's control plane. An "Island of 

transparency" optical network is formed by organizing the all-optical routers into subnets, 

and then interconnecting the islands with opaque routers to form a larger network. In 

island of transparency network, OEO is needed only for inter-island traffic. As for intra-

island traffic within each island, OEO is not required. It seems that translucent network 

provides more flexibility; however, it suffers complex management problems and high 
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costs. We advocate the island of transparency structure; it will be further explained in the 

following sections. 
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5.2 Hybrid Optical Networks 

In a hybrid optical network [55] (both translucent and island), all-optical transmission is 

the prevailing mode of data transfer. So, all-optical routers are the dominant equipment 

with regenerators sparsely distributed across the networks. OEO operations is only 

invoked whenever it is needed to examine the data, to perform error correction, to clean 

up the signal, to maintain QoS, and to overcome the optical reach. This OEO process is 

sometimes called "sparse regeneration" since OEO operation is normally used as 

minimally as possible. In general, OEO process and equipments are assumed to be more 

expensive than their all-optical counterparts, therefore sparse placement of an OEO 

process becomes a crucial problem in designing a hybrid network. 

From the technical viewpoint, sparse regeneration is used to overcome optical reach. 

However from the service perspective, regeneration is crucially used to ensure data 

integrity and service assurance. To simplify the narration for this section, we assume that 

the quality of optical signal in a light path can only travel 2 hops (maximum) before it 

requires regeneration. That means regeneration is required on every third hop. 

Comparatively, the major difference between translucent network and island network lies 

in the way they place the OEO process. In translucent network, the "flexible" placement 

paradigm is adopted, and in island network, "fixed" placement is used. In a broader 

description, translucent network actually describe the approach on the sparse regeneration 
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placement for all-optical network. Island of transparency depicts the approach of 

connecting the all-optical networks with sparse regenerators. 

5.2.1 Translucent Networks 

In translucent networks, the sparse placement of OEO operations is done flexibly as long 

as it overcomes the problem of the optical reach for the overall network [56]. On one 

extreme, translucent network can be totally comprised of hybrid routers. Deployed under 

ASON, the control plane (might other than GMPLS) will automatically compute the path 

and call the essential OEO operation in the midst of a transparent path. As shown in 

Figure 5-1, an optical path needs to pass through 4 routers. To ensure the QoS and data 

integrity, the third router is called to perform regeneration. The optical signal passes 

through the rest of the routers transparently. Though this network offers the greatest 

flexibility, to realize it would be cost-prohibitive. 

On the other hand, the OEO routers or hybrid routers can be "strategically" placed in the 

network to minimize cost. In this way, the placement of the hybrid routers (or OEO 

routers) can be done with the help of a regenerator placement algorithm [57]. As shown 

in Figure 5-2a, a hybrid router can be placed in the middle of the network to fulfill the 

OEO at every third router mentioned at the beginning of this section. 
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Figure 5-1 Translucent Network, which is totally made up of hybrid routers. 

In terms of scalability, translucent network does suffer drawbacks. If more nodes are 

added to the network, the previously "strategic" OEO location may lose its position, and 

new OEO placement needs to be performed. As shown in Figure 5-2b, a new router is 

installed to form a larger network. The new regeneration placement needs to be 

considered since some routes exceed the impairment limits. 
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Figure 5-2 OEO Placements in Translucent Optical Network 
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Figure 5-3b. If a fiber cut or congestion happens in the original shortest path, dynamic 
routing or restoration will cause the new route to violate the impairment rule. 

Figure 5-3 Problems with Translucent Optical Network 
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Dynamic routing or restoration may cause some problems to the translucent network too. 

For example in 5-3a, if static routing is employed, the three hybrid routers will be 

sufficient to provide the sparse regeneration for the whole network. Nonetheless, if a 

fiber cut or congestion happens within the shortest path, the dynamic routing as shown in 

Figure 5-3b will not be able to provide the necessary sparse regeneration. Thus, a new 

sparse regenerator placement has to be considered. 

In a multiprotocol environment as in a transport network, the sparse regenerator routers 

should contain enough transponders to support all the designated protocols, since 

transponder is bit-format, bit-rate, and protocol specific. If a new protocol or service is 

added into the network, all of the sparse regenerator routers have to be upgraded to 

support the new protocol or service. In addition, supporting such a diverse network under 

ASON will require more complex algorithms to manage both all-optical paths and sparse 

regeneration paths. 

5.2.2 Island of Transparency 

For island of transparency optical network [48] [58], sparse regenerators are placed at the 

borders of the pre-defined all-optical islands. Thus, the locations of the sparse 

regeneration are rather "fixed". Instead of concerning the placement of the sparse 

regenerators, the design of island of transparency concentrates more on ensuring the size 

of the island will not go beyond the impairment limits. The size of these islands of 

transparency is determined by multiple factors: how fast optical physical impairments 
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accumulate, what countermeasures can be brought to minimize or compensate against 

them, and the bit rates of optical channels etc. Since all-optical network is more cost-

effective, it is economically beneficial to maximize the "diameter" of each island of 

transparency. Usually, each transparency island is big enough; some potential routes 

might not have adequate signal quality. The routing algorithm should choose the right 

routes. 

Figure 5-4 shows the proposed "islands of transparency" optical network architecture, 

which consists of three types of routers; Hybrid Router (HR), All-Optical Router (AOR) 

and Edge Router (ER). The "islands of transparency" optical network is composed of 

multiple optical islands. Each island is an island of transparency, consisting of all optical 

routers. Islands are connected to each other with hybrid routers. Fiber links connect 

optical routers into a meshed network. Multiple wavelengths are multiplexed into each 

fiber link. A fiber link is composed of several fiber spans separated by optical amplifiers. 

Some fiber links might have the dispersion compensation unit (DCU). At the network 

boundary, there are edge routers, which have the OEO capability to collect and deliver 

the electronic traffic from and to the access networks. It is assumed that an all-optical 

router has the full wavelength conversion capability. 

In our proposed islands of transparency optical network, there are three types of optical 

connections: 
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• Intra-island-all-optical-path: both source and destination routers stay within the 

same island. As route 1 shows in Figure 5-4, the quality of the path is guaranteed 

by the limited size of each island. 

• Inter-island-OEO-path: source and destination routers geographically far away, 

exist at different islands; OEO regeneration at the intermediate hybrid optical 

router is needed to eliminate the undesirable optical transmission impairments. As 

route 2 in diagram. 

• Inter-island-all-optical-path: since all-optical switching is widely accepted as a 

cheaper alternative for the OEO conversion, it is desirable to allocate OEO 

functionality in a more flexible way. As route 3 in the figure, ER3 and ER4 are 

close to each other geographically, thus the OEO regeneration at intermediate 

hybrid optical router is not needed. Namely, the constrained route selection 

algorithm should figure out whether or not the OEO regeneration is needed. 
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Figure 5-4 The "Islands of Transparency" Optical Network Architecture 

Compared to translucent networks, "islands of transparency" network architecture is 

easier to manage, more cost-effective, and more scalable. When new services need to be 

provided, only the opaque routers are required to be replaced or updated. 

5.2.3 Advocating the Island of Transparency Network Architecture 

In the real world, the service providers (SPs) have already augmented the 

telecommunication network in "islands" geographically and form the "commercial turf'. 

At the border between two SPs' networks, a demarcation router is present. Hence, island 

of transparency network architecture is closer to real world situations. Due to the cost 

and scalability issues, the island of transparency optical network architecture gains more 

momentum than that of translucent optical network. This approach is very practical and 

has been applied to date [48][55][58]. Fault isolation (e.g.: loss of light) has made the 
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domain of transparency attractive. Moreover, error detection can be done at each 

transparency island's boundary. As mentioned previously, as new protocols and services 

are added to the network, we only need to upgrade/replace OEO opaque routers without 

touching the optical-island. 

Contrary to the advocating of pure all-optical networks to overcome the so-called OEO 

bottleneck, the OEO process does not actually form the technological bottleneck of the 

optical network. A typical OEO processing time is around 40|is -50|as. In other words, 

an optical signal takes about that amount of time from the input of the OEO process to 

the output of the OEO process. However, a typical optical signal takes about SOOjas to 

travel down a fiber length of 100 km. The speed of light traveling down a silica fiber is 

about 2*10® m/s given that the refractive index of the fiber is about 1.5. The OEO 

processing time is only 10% of the signal travel time in a 100km fiber. Thus, OEO 

opaque routers in island of transparency optical network do not cause the so-called 

bottleneck problem. 

5.2.4 GMPLS-based Automatically Switched Optical Network with Island of 

Transparency Network Architecture 

In previous sections, we have proposed the island of transparency network architecture to 

cope with optical physical impairments. Within our proposed island of transparency 

optical network, if each individual optical router (Edge router, all-optical router, and 

hybrid router) is controlled and managed by a GMPLS control plane, it will result in a 
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GMPLS-based Automatically Switched Optical Network with Island of transparency 

Network Architecture. Figure 5-5 gives a GASON with island of transparency network 

architecture. As it has been stated in Chapter 3 and Chapter 4, the GMPLS control plane 

is responsible for tracking the network topology and the network resources, and for 

establishing, removing, and maintaining optical connections. 

Island 1 Island 3 

Forwarding Plane 

m 

Island 2 

GMPLS Control Plane 

Legend: """"" 

Logic Signaling Link 

Fiber Link 

Edge Router (ER) 

Hybrid Router (HR) 

All-Optical Router 
(AOR) 

Figure 5-5 GMPLS-based Automatically Switched Optical Network 

with Island of Transparency Network Architecture 

However, the island of transparency network architecture itself can only assure potential 

routes' quality from a high level, which makes it feasible to establish optical connections 
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between each source-destination pair with adequate quality of service (BER). Usually, 

each transparency island is big enough; some potential routes might still not have 

adequate signal quality. So it is the GASON's control plane that should choose the right 

routes, which can offer the adequate signal quality. 

We have already introduced and designed GASON's control plane in Chapter 3; 

however, the control plane has not considered the constraints induced by physical 

impairments from optical layers. To build a practical GASON, its control plane should be 

optical-physical-impairments-aware. Hence, in GASON's control plane, corresponding 

extensions should be made [46]: 

• For each optical router, there should be a physical-impairments-monitoring 

module, which will monitor and calculate optical physical impairments about the 

optical router and its connecting links, such as the dispersion, attenuation, and 

noise figure etc. 

• Additional state information about physical impairments should be originated and 

flooded, 

• The distributed Link state database within each router should not only have 

information about network topology and network resources, but also have data 

about each router and link's optical physical impaiiments. 

• The routing algorithm should be constraint-based, to choose the route which can 

offer adequate signal quality [46]. 



132 

5.3 Summary 

In this chapter, we have brought up the issue of optical physical impairments. In current 

wavelength-switched optical network, Optical physical impairments is an unavoidable 

issue. To cope with optical physical impairments, we propose the island of transparency 

network architecture. Compared with other network architectures (Opaque optical 

network. Translucent optical network). Island of transparency network architecture is 

more cost-effective and scalable. Based on the island of transparency network 

architecture, we propose a GMPLS-based Automatically Switched Optical Network with 

Island of transparency network architecture. The island of transparency network 

architecture itself cannot guarantee each potential route's quality (BER). It is the 

network's control plane that chooses the specific route, which will meet the BER 

requirement. Hence, optical physical impairments related extensions should be made to 

GASON's control plane. 

In the next chapter, we will build a mathematical model to map optical physical 

impairments into constraints, and develop a constraint-based dynamic wavelength routing 

algorithm for the proposed GASON with island of transparency network architecture. 
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CHAPTER 6 CONSTRAINT-BASED ROUTING FOR GASON WITH ISLAND OF 

TRANSPARENCY NETWORK ARCHITECTURE 

6.1 Introduction 

In the last chapter, we have proposed the GASON with island of transparency network 

architecture. The island of transparency optical network can only solve the optical 

physical impairments problem from high level. It solves the feasibility problem. 

However, for each specific optical connection request, it is the routing algorithm within 

GASON's control plane to choose the specific route. Hence, GASON's control plane 

should be optical-physical-impairments-aware and GASON's routing algorithm must be 

constraint-based [46] [59] to guarantee the quality of each successfully established 

optical connection (BER). 

Routing is the process that determines the routes that data traffic will traverse until 

reaching their destination. Generally speaking, routing protocols can be grouped into two 

categories: protocols based on distance-vector algorithm and protocol based on link-state 

algorithm. Most distance-vector protocols are based on a distributed implementation of 

the Bellman-Ford algorithm. Each router sends to its neighboring routers its entire 

routing table. The receiving routers use the received information to update their own 

routing tables, which they then send to their own neighbors. For link-state based 

protocols, each network router will flood link state advertisements (LSA) regarding the 

status of its local links across the whole network. The network routers use the received 
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LSAs to create aad maintain an up-to-date link state database, from which they deduce 

their routing tables [60]. 

Compared with link-vector protocols, link-state protocols will converge faster when 

network topology changes. However, flooding a complete topological network 

description in a routing protocol becomes impractical once the network grows beyond a 

certain size, due to the frequency of updates. It lays excessive communications, storage, 

and processing burden on the network routers. Hierarchical routing will address the 

scalability problem of link-state routing protocol. Hierarchical routing is based on the 

following concepts. First, the network is administratively partitioned into routing areas. 

The routing databases are populated with more detailed information about the local 

routing area, and less detailed information about remote routing areas. Routing areas can 

themselves be partitioned recursively, creating a hierarchy of routing information that 

varies in its level of summarization [60]. 

Currently, WDM/DWDM optical networks offer wavelength services to their clients, 

where routing is known as routing and wavelength Assignment (RWA) [35] [36] [37] 

[38]. Light paths should be set up between optical routers to meet optical connection 

requirements. For each optical connection requirement, routing algorithms should not 

only determine the route over which the connection should be routed, but also assign a 

wavelength for each link of the route. Two Lightpaths through the same link should be 

assigned different wavelengths. Wavelengths have to be identical on every link in the 
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absence of wavelength conversion. RWA is a NP-hard problem; various heuristic 

algorithms have been developed and investigated for it. These heuristic algorithms 

usually divide RWA as two separately subproblems: routing, wavelength assignment. 

The separation of routing and wavelength assignment makes RWA simplified and easier 

to implement. 

However, Most of previous research on RWA [35][36][37][38] are carried out jBrom the 

network perspective while assuming an ideal optical physical layer. In these research, 

topics such as blocking rate, network throughput, protection schemes etc, are studied. 

However, as bit rates become higher (lOGb/s and higher) and channel spacing turn out to 

be narrower (0.8 nm or lower), physical impairments such as ASE, attenuation, 

dispersion and others become a routing issue. If physical impairments are not taken into 

account by the routing algorithm, the bit error rate at the receiving end of a connection 

may become unacceptably high. 

In Chapter 3, we have developed the dynamic routing and wavelength assignment 

algorithm (DRW A). In this chapter, we extend previous research on DRW A one step 

further, optical network's physical impairments are considered; we developed a 

constraint-based dynamic routing and wavelength assignment algorithm (CDRWA). 

CDRWA is intended to island of transparency optical network. (Here, we assume each 

transparency island is big enough that not all the routes within it have adequate signal 

quality). However, CDRWA's basic idea can also be applied to other types of optical 
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networks, such as translucent optical network. Generally, CDRWA not only considers the 

whole network's efficiency, but also takes into account each individual optical 

connection's quality (BER). From network's perspective, CDRWA dynamically assign 

weight to each link based on network traffic conditions, which increases network 

efficiencies (improve network throughput, and decrease blocking rate). For each 

individual connection request, a successfully established connection's quality is 

guaranteed. Otherwise, the connection request is blocked. The network topology and 

resource information needed by CDRWA are flooded by a link state routing protocol, 

such as OSPF-TE, IS-IS. As a result, optical related enhancements to OSPF-TE or IS-IS 

are needed. 

In Section 6.2, we give the network model and assumptions. In Section 6.2, we will 

formulate the routing problem. In Section 6.3, we illustrate the mapping of the optical 

physical impairment into constraints. In Section 6.4, we show our CDRWA. Section 6.5 

will demonstrate our simulation methods and results. And section 6.6 concludes this 

chapter. 
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6.2 Network Model and Architecture 

The network model considered in this chapter is shown as Figure 5-5. It is the GASON 

with "island of transparency" network architecture. The network is composed of multiple 

optical islands. Each island is an island of transparency, consisting of all-optical routers. 

Islands are connected to each other with hybrid routers. Fiber links connect optical 

routers into a meshed network. Multiple wavelengths are multiplexed into each fiber link. 

A fiber link is composed of several fiber spans separated by optical amplifiers. Some 

fiber links might have the dispersion compensation unit (DCU). At the network 

boundary, there are edge routers, which have the OEO capability to collect and deliver 

the electronic traffic from and to access networks. It is assumed that an all-optical router 

has the full wavelength conversion capability. 

Though we partition the whole optical network into transparency islands, maximizing the 

diameter of each transparency island is more cost effective [48]. In this chapter, it is 

assumed that each transparency island is big enough; within each island, some potential 

routes might not have adequate signal quality. The routing algorithm will handle this 

problem. 

Each individual optical router in the island of transparency optical network is controlled 

and managed by a GMPLS control plane, which is responsible for tracking the network 

topology and the network resources, and for establishing, removing, and maintaining 

connections. The control plane has the routing and signaling modules. Link state 
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advertisements (LSAs) are originated and flooded by the routing module. We assume all 

the information needed by the routing algorithm, such as optical network topology, 

network resource and optical physical impairments, is flooded by LSAs. Based on LSAs, 

the control plane of each router can form their internal link state database. 

When optical connection setup request comes, ingress edge router will search its link 

state database, calculating a feasible route; then signaling module will send out packets to 

set up the connections. If a feasible route is not available, or the signaling process fails, 

the optical connection setup request will be denied. 
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6.3 Routing Problem FormulatioH 

From each individual optical connection's perspective, the routing algorithm is to search 

its link state database and find a feasible path to meet the bit error rate requirement. From 

the network's perspective, the goal of routing is to accommodate as many requests as 

possible. The routing algorithm should take both individual routes' QoS and overall 

network's performance into consideration. Our problem can be formulated as a 

constraint-based wavelength routing and assignment problem. 

Formulation of Routing Problem: 

Consider an optical network, which is modeled as an undirected, weighted graph 

G = (V,E), Where V is the set of routers and E is the set of edges. Each edge has 

W wavelength.  Define R as  the set  of  connection requests  within t ime frame [0,  T] ,  

iZ = {r,,r2,- -,rv}, r. is the connection request, which is represented by the tuple 

where o, denotes the source, denotes the destination, 7,,- is i® connection 

request start time. R"' denotes the set of connection requests that are 

successfully established. Here, a successfully established connection means that the 

connection requirement is routed, and wavelength along the route is successfully 

assigned. A connection request could be blocked due to lack of network resources. Each 

successfully established connection would hold for a period of before it is torn down. 

C' = {C|', Cj, • • •=C/} denotes the set of connections passing over edge e,. at time t, C' c R^' 

. ||C-11 = / is the number of connections passing over edge e,- at time t. 
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The problem is to find a solution, that: 

M 
imx — 

N 

Subject to: 

For each successfully established connection pj e R"" , BER{pj)<BER  ̂ , where 

BER{pj)\s connectionbit error rate, and BER^is, the maximum allowed bit error 

rate for each connection. 

3/e[0,T ]  and e ^ & E ,  ||c/||<W  

The problem described above is a constraint-based Path Selection Algorithm [61] [62] for 

QoS Routing [63]. There is no analytical solution, or polynomial-time algorithm that can 

find a solution to this problem. We develop a heuristic routing algorithm - constrained-

based dynamic routing and wavelength assignment (CDRWA) for our proposed island of 

transparency optical network. Similar to the traditional RWA algorithm's routing and 

wavelength assignment strategy, CDRWA does the route searching and wavelength 

assignment separately. CDRWA not only considers the whole network's efficiency, but 

also takes into account each individual optical connection's quality (BER). From 

network's perspective, CDRWA dynamically assigns weight to each link based on 

network traffic conditions, which increases network efficiencies (improve network 

throughput, and decrease blocking rate). For each individual connection request, a 
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successMly established connection's quality is guaranteed. Otherwise, the connection 

request is blocked. 

In the next section, we propose an analytical model to evaluate whether a potential route 

is feasible or not. The physical impairments in the optical layer will be formulated into 

constraints; the routing algorithm will use the constraints to rule out routes, which can not 

meet the QoS requirements. 
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6.4 Mapping and Formulation of Physical Impairment into Constraints 

The main goal of this section is to formulate physical impairments in optical layer into 

constraints, so that the control plane can compute a feasible path (based on the 

constraints) before the actual connection is being made. 

When proceeding through an optical connection, optical signals will degrade in quality 

due to physical-layer impairments, such as attenuation (fibers), crosstalk (all-optical 

router), and ASE (EDFA amplifiers). As a result, the bit error rate at the receiving end of 

a coimection may become unacceptably high. Directly calculating and estimating the 

BER for an optical connection is difficult. The BER of an optical connection depends on 

many factors, such as channel spacing, bit rate of the channel, power launched into each 

channel, the noise added by optical devices and transmitter-receiver technology, etc 

[47][64]. However, physical impairments' (linear or non-linear) degradation of an optical 

signal's quality can be classified into three aspects: (1) Signal Power; (2) Signal's 

Optical-Signal-to-Noise-Ratio (OSNR); (3) Signal Dispersion. To maintain a required 

level of Bit-Error-Rate (BER) for an optical connection, the optical signal at connection's 

receiver side needs to maintain a required amount of power, a minimum level of OSNR, 

and a limited dispersion. Thus, the requirement of BER for an optical connection can be 

translated into constraints on Signal's Power, OSNR, and Dispersion at the connection's 

receiver side [47] [64] [65]. In the following paragraph, we derive an analytical model to 

compute signal's power, OSNR, and dispersion at the receiver side. The routing 

algorithm will use this model to rule out the routes that cannot meet the BER constraints. 
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In our proposed island of transparency optical network, there are 000 all optical paths 

(within islands), and OEO paths (across islands). An OEO path consists of all-optical 

segments joined by opaque routers. As we have know, physical impairments are induced 

by all optical devices, and OEO routers would reshape, retime, and retransmit (3R) the 

optical signal to clean up the accumulated impairments. To evaluate an OEO path's Bite 

Error Rate, we only need to look at its transparent all-optical segments (usually the 

biggest transparent all-optical segment). 

The following two figures give an 000 all optical path, and a transparent segment of an 

OEO path. For simplicity, we call them transparent optical path. 

OEO 

Router 

All-Optical 

Router 
Fiber s 

All-Optical OEO 

Router Router 
Fiber soan 

Receiver • 

Figure 6-la. Transparent segment of an OEO path 

Edge 
Router OA 

All-Optical 
Router 

Fiber span 

All-Optical 
Router 

Edge 
Router 

Fiber scan 

Transmitter Receiver 

Link 

Figure 6-lb. An 000 all optical transparent path 

Figure 6-1 Transparent Optical Path 
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Each transparent optical path consists of fiber links and all-optical routers. A fiber link is 

composed of several fiber spans separated by optical amplifiers. Lasers and detectors 

reside within the OEO routers or edge routers. We first give the fiber link's physical 

impairments model and the all-optical routers' physical impairments model. 

6.4.1 A Fiber Link's Physical Impairments Model 

JL 

sO+P 
OSN% 

Lo 
Do 

f i  

m i  

ASEI 

P.3 

\ u  \ L, 
k  Di \ »2 

OSNR, ^ASE2 OSNRi PASB3 «NR3 
OSNR„ 

~^OS"'"^ON 
p OSNR„ 
"asbv 

Figure 6 - 2 L = Loss, G=Gain, OSNR link model 

OSNRi: optical signal-to-noise ratio at state i  

NFi : Noise figure of amplifier i  

P^sEi '• ASE noise induced by amplifier i. 

: Input Power to the l ink model, of which is the signal power and Pn, is the 

noise power 

Pji: Input signal power to stage i  

P^i: Input Noise Power to stage i  
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P^,: Output Power of the link model, of which is the signal power and is the 

noise power 

G;: The gain of the amplifier at state i, ie (l, N) 

i,-: The loss of the link i, ie (0, N) 

Dr. The dispersion of fiber span /, ie (O, N) 

A link's physical impairment model can be characterized from the following three 

aspects: Attenuation, Noise, and Dispersion. 

A. Attenuation 

As we have know, fiber span will attenuate signal, and amplifiers will boost signal up, 

easily we can derive the following formula: 

p ^ p ^ ^ £L 
 ̂ out  ̂ in r r r 

The whole link's Attenuation Coefficient is defined as: 

GjGj ••• G f f  
T T J 

B. Noise 

In optical network, both active devices (lasers, amplifiers) and passive devices (taps, 

fibers) will generate noise. However, in the calculation of OSNR, optical amplifier noise 

is considered the predominant source. 

p 
By definition: oSNR = 

P 
Noise 
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The input signal's OSNR: ^ 
^iN 

At each stage, the amplifier will bring in new ASE noise, = —5l±5l_, where h is 

Plank's constant (6.6260 x lO'"^"^), v is the optical frequency, and J/is the bandwidth that 

measures the Noise Figure (NF) (it is usually 0.1 nm). 

At stage 1: 

And we have: p„.%. = 

Thus: 

/'jiGl Gi/'jO / Lq 
OSNR, = —— = —— ; 

fn\ + ̂ ASEl ^*0^1 ''̂ 0 + 

At stage 2; 

We have: 

• Ai,' Aa ' 

p ^2 -̂ 2 _ 
A'Fj/ivy/- L^l^NF^hvVf' 

= --̂ 2 -̂  ̂
-̂ 0 

-^2 + ̂ 4S£2 p ^1^2 , ^2 p , p ^nO J J + jT -̂ ^S£l + '^ASEl LqL^ Ly 

Thus at stage N, 
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OSNRf^ - -
^ASE-InN + ̂ ASES 

GiG;- - G f ^  
11 1 

GiGa-G^f „ , GjG^-'G,^ „ Gj •••G,v ^.v n , o 
+7~; ; ^ASEi +*: •^•••7 ^^5£(iv-i) £f f 7 f J /liji-i J J Q^l •"" •^|-^2 ' * * A''—1 2 ' *' iV-l ^N-l 

^ ^ I ^^ASEl j ^h^ASEl I j ^h"'^N-AsEN 
O S N R f f  O S N R f i ,  G i P g o  G ^ G jP^Q • • • G/^Pg^ 

Where p = _osnr̂  

Then we can get: 

1 _ 1 1 Q.sw/?i„ 1 1 oavi?,-„ 
OSJVX ,̂ ~ OSM?,.„ GiNFihvWf OSNR,„ +1 GjNF^hvVf OSNRi^ +1 " '  G^NFf,,h\̂ f OSNRi„ +1 

1  1 , 1  1  1  05iW,-„ 
. +  (  +  +  . . .  +  ) x -

osm  ̂ OSNR  ̂ GiNFihvVf GjNF ĥvVf G^NFf̂ hvVf OSNR „̂ +1 

We define 

1 
- +  + • • • +  ( 6 - 1 )  

GjiVFjftvV/ GjNF^hvVf GfjNF^hvVf 

Apparently p is dictated by the link's physical impairment characteristics, we call it Link 

OSNR Coefficient (LOC). 

Thus: 

P-OSNRI +OSNRi„ 4- 1  

We have OSNR^ = OSNR^ 
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Thus: 0sm„f = OSNRi^{OSNR^ +1) (5.2) 

fi-OSNRl +OSNRi^ +1 

The formula above describes the link's output signal's signal-to-noise ratio is a function 

of OSNRi„, which is the input signal's OSNR. This model is particular useful to calculate 

transparent optical path's output signal's signal-to-noise ratio. 

C. Dispersion 

In a dispersion-limited system in which the total accumulated dispersion for a traveling 

pulse is greater than the maximum allowable dispersion, the system cannot function 

because of Inter-Symbol-Interference (ISI) [65]. Dispersion is mainly caused by fibers. 

No matter what the main reasons are causing dispersion (PMD, GVD etc), or whether or 

not dispersion compensation methods are taken, the link's dispersion is the siunmation of 

each individual fiber span's dispersion; 

Dim = -Dfl + A + • •• + 

Obviously, a link's physical impairment model can be characterized by the three 

coefficients: link attenuation coefficient a,i„^ , link OSNR coefficient , and link 

dispersion coefficient . 

6.4.2 An All-Optical Router's Node Physical Impairments Model: 

All-optical router will induce insertion loss and crosstalk (Dispersion can be ignored). 

Insertion losses are caused by multiplexer, demultiplexer, and switching fabric. To 
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compensate against insertion loss, some all-optical router has internal amplifiers. 

Crosstalk happens due to the imperfect filter technology, a channel's signal will leak into 

other channels. Crosstalk will degrade optical signal's OSNR. Sometimes, all-optical 

router will convert optical signals from one wavelength to another wavelength. This 

might degrade the signal's OSNR too. 

U L l  

Figure 6 - 3 An All-optical Router Model 

Generally an all-optical router's physical impairment model can be modeled by two 

coefficients: attenuation and noise figure nf^ . 

Attenuation: , Ifa„^^ > i, signal is amplified; ifa„<^,. < i, signal attenuates. 
Pin 

Noise figure: , 
OSRN,^ 

They can be obtained from vendor's data sheet. 
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6.4.3 Transparent Optical Path 

As we have known, an optical connection's BER depends on its transparent optical path. 

For a transparent optical path, what should be cared about is the optical signal's quality at 

the receiver side: power, OSNR, and dispersion. 

It can be assumed that the bit rate is known for each channel, the launch power of the 

transmitter, and transmitter output signal's OSNR. Based on the link and node physical 

impairment model given above, we can easily derive the optical signal's power, OSNR, 

and dispersion at the receiver side. 

For example, we have the following transparent optical path, which consists of two all-

optical routers and three fiber links. Their parameters are given below. 

Edge All-Optical All-Optical Edge 
Router 1 Limkl Router 1 Link! Router 2 links Router 2 

P,, OSNR, P,. OSNR, Pj,0SNRj Pj, OSNR, P«. aSNR, P,,OSNR, 

Figure 6 - 4 Transparent Optical Path 

P,: Signal power launched by transmitter 

OSNR,: Transmitter output signal's OSNR 

: Signal power at receiver 
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OSNR,: Signal's OSNR at receiver 

D,: Signal's Dispersion at receiver 

Link 1: y, y 

Link 2: ounk iy PtM j •> i 

Link 3: aii„ic_3, Amic_3 

All-Optical Router 1: j, nf^ j 

All-Optical Router 2: a^_2, ^ 

A. Power: 

Optical signal's power at receiver side is as follows: 

P r  =  P ,  X « / / « * _ 2  X « M _ 3  ̂ ^ n o d e j  ̂ < ^ n o d e  2  

B. OSNR: 

Based on the link and node OSNR model described above, osnr, at the receiver side can 

be derived as follows: 

OSNR,(OSNR, +1) 
OSNRy = 

Pink I • OSNR, + OSNR, +1 

OSNR2 = 
^^node 1 

jr\cfii7TiyZ ^link 2 ° OSNK2 OSNR2 ^ 

0SA«4 =-

2 
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OSNR OSNR^(OSNR^+\) 

' fiiM 3 • OSNR^ + OSNR^ +1 

C Dispersion: 

The optical signal's dispersion at the receiver side can be calculated as follows: 

= Airttl + Awi _ 2  +  Am  3  

4.'# Mapping physical impairments into constraints 

As pointed out previously, the requirement of BER for an optical connection can be 

translated into constraints on Signal's Power, OSNR, and Dispersion at the connection's 

receiver side. To maintain a required level of BER, the following constraints should be 

met: 

•  R < P , <  ; Where R is the minimum power requirement of the receiver, called 

the receiver sensitivity. R^^ is the maximum power range for the receiver. Power 

forms the most important constraint; the optical power at the receiver end has to 

be within the dynamic range of the receiver; otherwise, it damages the receiver (if 

it exceeds the maximum value) or the receiver will not detect if the power level is 

less than the minimum value 

• OSNR, > OSNR^ ; OSNR^ is the minimum required OSNR at the receiver. 

Presently, OSNR compensation is almost impossible for DWDM systems, except 

OEO regeneration. Therefore, for an all-optical transparent path, we need to 
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ensure OSNR at the final stage (at the receiver) is in conformity with the OSNR 

that is desired to achieve the required BER. 

•  D^< is a fraction of bit period of the channel. Dispersion will cause 

power penalty and severe Inter-Symbol-Interference, which will degrade signal's 

quality greatly. When the signal's bit rate and each channel's bandwidth are 

given, the signal's dispersion should be less than a fraction of its bit period. 

The routing algorithm will use the above constraints to rule out routes that cannot meet 

bit error rate requirement. 

6.5 Constraint-based Dynamic Routing and Wavelength Assignment (CDRWA) 

Algorithm 

Before presenting our CDRWA algorithm, we redefine the definitions given in Chapter 3. 

Definition 1 ;  Assume a directed connected graphG  = ( V ,  E ) , where A^ = {.V,-}, i - l : n  is the 

set of nodes and E  =  } ,  /  e (i;  n ) ,  j e  (l, n )  is the set of edges. 

L^ij^ is the edge from node A',- to Nj in graph G , W,- e N  , N j  e N ,  e  E ;  

w\i,j) - The weight of edge , 0 < w\i,j) < •». 

W"(,) - The weight of node , Wa) > 0. 
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Definition 2: A path Pc(',j) from node /V,to Nj in graphG , Nj eN , Nj eN , it is an 

alternating sequence of nodes and edges, of the form (/</•,•= F,, , F2 ,•••, ,V^=Nj), where 

V/, e N, For any ^ = l,--,r,and 4 e E for any i = 

Paths with the same source and destination could be different, if their sequences of nodes 

and edges are different. There could be multiple paths between and Nj in graph G. 

The path with minimum weight is defined as SPdij), If there is no path from node to 

Nj , w{P(i,j) = a2 and SP(;(iJ) = oc . Usually the edges are ignored, and the path is 

represented only by the node sequence (F,,Kj,• • •,) • Nodes are called as 

pathPc(i.y) 's intermediate nodes. 

h = e £, For any k  =  \ ,  ; r - l .  

r-l r 

The weight of the path W ( P ( i ,  j )  =  J] f r ' ( / { * > )  W ' i V ^ ^ y ) .  

Rj Island 3 

Island 2 

Figure 6-5 Island of transparency optical network's graph model 
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CDRWA models the island of transparency optical network as a directed, weighted 

graph, where the nodes represent routers, and edges stand for links between routers. Each 

point-to-point link between routers is modeled as two direction edges, one for each 

direction. Weight will be assigned to each link and node in the graph. For example, the 

island of transparency optical network in Figure 5-5 is modeled as the graph in Figure 6-

5. 

Generally, The CDRWA algorithm works this way: it first calculate the A'-shortest paths 

with respect to the cost function defined based on link and node weights, hoping one of 

these path is feasible and meet some constraints. If none of the AT-shortest paths meet the 

constraint requirement, the connection request will be blocked. Otherwise one path will 

be chosen as the route, the signaling packets will be sent out to set up the connection over 

the route. Figure 6-6 gives CDRWA's route searching algorithm. 

As DRWA in Chapter 3, the weight assigned to each link is dependent on the availability 

of free wavelengths within each link. We adopt the following weight function for each 

link: 

« 2 = 0; 

w = i a A = l; 

-a*log(l-|) 1>1; 
A' 

A is the free available wavelength on each link 
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a is a positive constant, which should be large enough to differentiate the cost for each 

link with different k s. 

Assigning link weight this way will result in a network traffic aware algorithm. CDRWA 

avoids congested areas automatically. 

The weight assigned to each node depends on its router type. As we have mentioned 

above, OEO conversion is costly and time-consuming. Unnecessary OEO conversions 

should be avoided. CDRWA assigns big weight to each opaque router; the weight will be 

big enough that unnecessary OEO conversions are prevented for each successfully 

established optical connection. CDRWA assigns 0 to other types of router. Assigning 

node weight this way will result in the least island-hoping algorithm. Hence, unnecessary 

OEO conversion is avoided. 

CDRWA calls a k-shortest paths algorithm [66] to calculate the first k shortest paths from 

source to destination in the graph. The value of K determines CDRWA's performance 

and overhead; if K is large, CDRWA has more chance to find a route to meet constraints. 

However, the computational cost to calculate the k shortest path is prohibitive. Currently 

the best-known Z'-shortest path algorithm has the complexity is 0{K n login)) [66]. 

For each tentative route, CDRWA will use the analytical model in section 6.3 to calculate 

receiver side signal's power, OSNR, and dispersion. Then CDRWA will check whether 
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they meet the constraints. If any of the parameters do not meet the BER requirement, the 

next route will be tried. Figure 6-7 gives the route's constraints compliance checking 

procedure. 



Route searching procedure 

{ 

Calculate the Z'-shortest paths set S from source to destination 

I f  ( S =NULL) 

STOP. 

Else 

{ 

Get a path p. from path set S; 

A: If (path meets constraint requirements) 

Path ft is the selected route for the connection, STOP. 

Else 

{ 

Get the next path p, from path set S, 

I f  { P j = N U L D  

STOP. 

Else goto A. 

} 

} 

} 

End route searching procedure 

Figure 6-6 CDRWA's route searching algorithm 
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No 

OmR , > OSNR 
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No 

Yes 

calculate D, path 

Return 
No 
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Cafculate the 
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Figure 6-7 Constraints compliance-checking procedures 
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As DRW A, CDRWA's Wavelength assignment happens when the routers along the route 

receive connection setting up signaling messages. Here the adopted wavelength 

assignment is fixed-order, the first available wavelength will be assigned. Wavelength 

de-assignment happens when the router receives the connection tear down signaling 

messages. When the wavelength assignment or de-assignment happens, the cost for each 

affected link will be recalculated, and new LSA will be flooded to reflect the changes. 
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6.6 Simulation & Evaluation 

The goal of the simulation experiments is to evaluate the effectiveness of our proposed 

islands of transparency optical transport network and the constrained-based dynamic 

routing and wavelength assignment algorithm (CDRWA). 

Island 4 

Figure 6-8 Simulation Topology for GASON 

with Islands of Transparency network architecture 

In Figure 6-8, there are four islands of transparency interconnected by hybrid optical 

routers. Within each island are the all-optical routers, and at the edge of the network are 

the edge routers. In running the simulation, we make the following assumptions: 

• Due to the limitation of the current simulation tool, it is difficult to model and 

simulate optical physical impairments. To simplify the constraint-based formulation. 
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physical impairments are mapped as a restriction of maximum number of transparent 

spans and maximum length of a transparent segment in an optical connection. 

All links between optical routers are of equal length. Thus, the length constraint 

for the transparent segment can be converted into a hop number constraint. 

The maximum hop number for the transparent segments of optical connection is 

3. 

Optical connection blocking rate is defined as the probability that a connection 

cannot be established due to resource contention along the desired route. 

No reattempt to send packets is performed when a connection is blocked. 

Each link within the simulation network has the same amount wavelength 

number, which is assumed to be w. 

Optical connections are set up and torn down between ERl and ER4. 

All the nodes have full-wavelength conversion. 

Optical connections set up requests arrive at edge optical router as a Poisson 

process with arrival 1. If the optical connection is set up successfully, it will 

operate for a t time before it is torn down, where the time / is represented as an 

exponential distribution, with parameterIIT. 

Let r = T x  A  Where f  represents the traffic load to the network. 
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Wavelength Number 

Figure 6-9 Blocking Rate at different K and Wavelength number 

We inspect the network's overall blocking rate with different K values and different 

wavelength number. When the traffic load to the network is ?* = 16, Figure 6-9 shows the 

simulation results for different values of K. The simulation clearly shows that the K value 

has an influence over the network's overall blocking rate. When K is small, the optical 

connections have more chances to be blocked. When K increases, the blocking rate will 

decrease accordingly. CDRWA's route searching algorithm will compute the first K-

shortest paths in respect of the weight assigned to each link. It has nothing to do with the 

constraints imposed by the physical impairments (hop-number constraint). The shortest 

path might not meet the hop-number constraint. When K value is increased, the CDRWA 

will have more chances to find a route to meet the constraint requirement. The simulation 

also demonstrates that when K increases beyond some threshold, its effect on the overall 
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blocking rate will decrease. As shown in Figure 6-9, any K value greater than 50 does not 

bring significant benefit to the overall system. 

Figure 6-10 gives the average hops of optical connections at different K values 

(Wavelength Number w = 10, Traffic Load r = 16). The simulation shows when the K 

values increase, the average hops of optical connections will increase. That means that 

when the K values increase, more network resources are available, that is the reason why 

the blocking rate will decrease. For example, when K is 100, the average hops is around 

6.8; and the blocking rate is 0.59. However, when iC is 1, the average hops is 6; and the 

blocking rate is 0.82. 
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Figure 6-10 Average Hops of Optical Connections 
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Figure 6-11 gives the number of optical connections crossing HORl at different K values. 

And Figure 6-12 shows the number of optical connections crossing H0R2 at different K 

values. (Wavelength Number w = 10, Traffic Load r = 16). These two figures have 

showed from another point of view that when K value is increased, the CDRWA will 

have more chances to find a route to meet the constraint requirement. 

CDWRA Computation Time at Different K values 

0.14 -r 

I 0.12 

0.1 

I 0.08 

c 0.06 

0.04 

0.02 -

K=100 K=10 K=50 K=1 k=5 

Different K values 

Figure 6 - 1 3  CDRWA Computation Time at different K values 

The selection of an optimum K value is not an easy design task. When the K is selected 

too large, the algorithm will consume too much CPU time and its effect on the blocking 

rate is not apparent. When K is selected too small, the network's overall blocking rate 

will increase. Figure 6-13 shows the CDRWA computation time for different K values 

(Upon OPNET platform). It shows when K increases, the CDRWA's computation time 

will increase in a rather exponential way. 
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The choice of an optimum K value depends on many factors, such as the network 

topology, traffic arrival pattern, and wavelength number within each link. There is no 

existing analytical formula to calculate the K value. The only way is to adopt simulation 

method to derive an approximate K value. 

In addition to the selection of wavelength number forms, another important design issue 

since it determines the resource availability, which directly affect the building cost of the 

router. As it is shown in Figure 6-9, increasing the wavelength numbers does improve the 

overall blocking rate. Figure 6-9 alone is not sufficient to make a final decision on the 

optimum value of the wavelength number. Further studies such as laser cost and actual 

traffic load helps to balance between the performance and the cost of the router. 

Due to page limitation, we are only able to demonstrate the impact of both the K value 

and wavelength number on the overall performance of island of transparency. In our 

future work, we hope to detail more on the impairment mapping and constraint 

formulation in the design of our routing algorithm. 

6.7 Conclusion 

In this chapter, we develop the constraint-based dynamic routing and wavelength 

assignment algorithm (CDRWA). The CDRWA algorithm considers not only each 

individual optical connection's QoS characteristics, but also take into account the 
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network's overall performance, which enables it to have the practical use. How to choose 

the K value for CDRWA algorithm is not an easy task. There is no existing analytical 

formula to calculate K; hence modeling and simulation methods have to be used to derive 

it. 

Currently, CDRWA only uses hop-number as its constraint. The hop-number constraint 

does make some difference in the algorithm's performance. However, in this study the 

relationship between Bit Error Rate and hop-number is not fully illustrated, which is the 

basis of why and how to use hop-number as the algorithm's constraint. The exact 

relationship between BER and hop-number must be studied, which will be left for future 

research. 

Furthermore, since there are no existing constraint-based RWA algorithms, CDRWA has 

not been compared with other types of algorithms. The comparison between CDRWA 

and other types of algorithms is also left for future research. 
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CHAPTER 7; CONCLUSION & FUTURE WORK 

7.1 Summary of Contributions 

Automatically switched optical network is expected to be the next generation 

carrier transport network. This dissertation will investigate GMPLS-based 

Automatically Switched Optical Network (GASON). This dissertation has made 

contributions in these aspects: 

In Chapter 2, a review the history of GMPLS and its key aspects are presented. 

Then in Chapter 3, the application of the GMPLS concept to control and manage 

optical networks is discussed. Also the design and implementation of a GMPLS-

based Optical Switching Router (GOSR) is illustrated. The developed GMPLS-

based Optical Switching Router has the capability of giving a more integrated and 

realistic simulation on routing, signaling, wavelength switching, dynamic optical 

connection setup, distributed routing table calculation, and blocking mechanism 

of GMPLS light paths, all within a scenario, which offers a good platform to carry 

out further research in Automatically Switched Optical Network. Based on the 

developed GOSR model, GMPLS-base Automatically Switched Optical Network 

is constructed and simulated. The key aspects of a GASON network is simulated 

and identified. 

In most previous research on wavelength routed optical network, optical physical 

impairments are ignored. The research are more focusing on topics such as 

routing algorithms, wavelength assignment strategies, and protection schemes. 

However, as the optical network's bit rate is getting faster, and channel spacing is 

getting narrower, optical physical impairments (fiber attenuation, ASE, XPM, 

GVD) is an unavoidable issue. Optical physical impairments are affecting an 

ASON both in its network architecture designing and in its control plane 
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implementation. To cope with optical physical impairments, Chapter 5 proposes 

the island of transparency optical network architecture. To advocate the island of 

transparency optical network, the comparison between island of transparency 

optical network and translucent optical network are made. The reasons why 

translucent optical network is not favored are pointed out. 

Chapter 6 develops a constraint-based dynamic wavelength routing algorithm 

(CDRWA). CDRWA is intended to island of transparency optical network. (Here, 

it is assumed each transparency island is big enough that not all the routes within 

it have adequate signal quality). However, CDRWA's basic idea can also be 

applied to other types of optical networks, such as translucent optical network. 

Generally, CDRWA not only considers the whole network's efficiency, but also 

takes into account each individual optical connection's quality (BER). From 

network's perspective, CDRWA dynamically assign weight to each link based on 

network traffic conditions, which increases network efficiencies (improve 

network throughput, and decrease blocking rate). For each individual connection 

request, a successfully established connection's quality is guaranteed. Otherwise, 

the connection request is blocked. Combined with island of transparency network 

architecture, the developed CDRWA has more practical sense. 

7.2 Future Work 

Although significant progresses have been made on GMPLS and ASON over the past 

several years, additional research in how to apply GMPLS to optical network to construct 

automatically switched optical network are still needed before a GMPLS-based 

automatically switched optical network (GASON) is successfully physically deployed. 

Below we outline some possible future directions for GASON research. 
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7.2.1 GMPLS protocols 

GMPLS aims to enhance routing over optical networks by creating a common control 

plane between the IP data network and optical network, essentially allowing them to 

respond more flexibly to changing bandwidth demands. Currently, GMPLS protocols are 

mainly extended from IP-based protocols, such as MPLS, OSPF, and RSVP etc. 

However, GMPLS itself is not restricted to any single routing or signaling protocol. 

Applying IP-based protocols to manage optical networks will enable a unified control 

plane for IP data networks and optical networks, which will greatly simplify the network 

management and control. However, IP protocols are designed and implemented 

specifically for IP data network. Since optical network has its own characteristics, some 

IP protocols or some of their functions might not suitable for optical networks. For 

example, in IP data network, OSPF defines areas that correspond to well-defined portions 

of the network. There is a backbone area to interconnect all other areas, and all inter-area 

traffic must be routed via the backbone. Wavelength route optical network offer the 

"circuit connection service" to its clients or access network. Optical connections are 

established explicitly end-to-end. All inter-area traffic having to route through the 

backbone is not necessarily, it will waste network resources, and increase network 

complexities. 

Hence, research of designing and implementing new protocols, which is more suitable for 

optical network, are required and necessary under the context of GMPLS architecture. 
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7.2.2 Interface between IP data network and optical network 

In this dissertation, the debate over overlay model and peer model has been ignored; the 

dissertation is focusing more on the internal behaviors of GASON. However, no matter 

which model is adopted, the interface between data networks and optical networks is a 

very important research field. 

As for the overlay model, the User Network Interface allows attached clients of an optical 

network to establish optical connections dynamically across the optical cloud, using a 

neighbor-discovery mechanism and a service-discovery mechanism. There are different 

types of clients data network, such as Ethernet, ATM, Frame Relay etc. Each type of data 

network requires a particular interface with ASON. This part of work needs lot of 

research efforts. 

The peer model allows complex layered networks to scale by building a forwarding 

hierarchy of interfaces, from fibers all the way up to routers. Generalized Label-switched 

Paths (GLSPs) are required to be established within each layer and "nested" within others 

so that a GLSP beginning and ending on optical switch interfaces may contain many 

GLSPs within it that begin and end on routers. So, in a peer model with different 

forwarding technologies, how to build a hierarchy of GLSP is a research topic. Besides, 

in a peer model, when different forwarding technologies exist, the network resources are 

of different types. How to efficiently mange and maintain the link state database, and 

how to effectively make routing decision is another research topic. 
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7.2.3 The relationship between hop number and Bit Error Rate 

In this dissertation. Chapter 6 has proposed a link optical physical impairment model and 

a node optical physical impairment model to map ASON's optical physical impairments 

into constraints. However, due to the limitation of OPNET Modeler (cannot model 

optical physical impairments) and time constraint, CDRWA only uses hop-number as its 

constraint in the simulations. The developed link and node optical physical impairment 

models are actually not verified in the simulations. Also, the relationship of how to map 

hop-number constraint into the constraints given in Section 6.4.4 is not fully illustrated. 

Hence, in the near future, the following two tasks should be accomplished as an extension 

to this dissertation: 

• Verify the link and node optical physical impairment model, to prove the 

constraints mapping relationship given in Section 6.4.4 is effective. 

• Build up the relationship of mapping hop-number constraint into "Power, OSNR 

and Dispersion" constraints given in Section 6.4.4. 
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Appendix 1: 

Monitored RSVP-TE Messages 
From time 150s to time 220s 

odb> Itrace rsvp 
odb> tstop 220 
odb> c 

(ODE 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

150 sec, [cod OOh 02m 30s . 000ms OOOus 000ns OOOps] 
execution ID (21000), schedule ID (#245), type (self intrpt) 
execution ID (191), top.USA.node_l.rsvp (processor) 
code (7) 
top.USA.node_l.rsvp (processor) 

RSVP process created path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.000000 
Bucket Size (bytes): 0.000000 
Incoming interface: Local 
Interface Address(es): 192.0.8.2 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.3.2 
192.0.26.1 
192.0.29.1 

(ODE 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

150.003892697 sec, [OOd OOh 02m 30s . 003ms 892us 696ns 717ps] 
execution ID (21013), schedule ID (#22318), type (stream intrpt) 
execution ID (21012), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (3165), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.1 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0 . 0 0 0 0 0 0  
192.0.8.1 
192.0.5.1 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.1 
192.0.26.1 
192.0.29.1 

(ODE 8.0.C: Event) 

• Time 
• Event 

150.008341811 sec, [OOd OOh 02m 30s . 008ms 341us 811ns 255ps] 
execution ID (21026), schedule ID (#22331), type (stream intrpt) 
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Source : execution. ID (21025) , top.USA.iiode_9.ip_encap (processor) 
Data : instrm (0), packet ID (3167), ICI ID (-1) 
Module ! top.USA.node_9.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.2 
X92.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0 .000000 
Bucket Size (bytes): 0.000000 
Incoming interface: 192.0,5.2 
Ho outgoing interfaces. 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

150.008341811 sec, [OOd OOh 02m 308 . OOSms 341us 811ns 255ps] 
execution ID (21027), schedule ID (#22332), type (self intrpt) 
execution ID (21026), top.USA.node_9.rsvp (processor) 
code (8) 
top.USA.node_9.rsvp (processor) 

wenji's trace, 
the label assigned by RWA, the incoming label: 0 

(ODB 8.0.C: Event) 

* Time 
* Event 
* Source 
* Data 
> Module 

150.01272875 sec, [OOd OOh 02m 30s . 012ms 728us 749ns 62Sps] 
execution ID (21040), schedule ID (#22345), type (stream intrpt) 
execution ID (21039), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (3169), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Resv message. 
Interface address; 192 .0.5.1 
Source Address: 192.0.29.1 

wenji's trace 
the label assigned by RWA, the outgoing label: {o}  

wenji's trace 
the label assigned by RWA, the incoming label: {0} 

wenji's trace, 
switch list 0,incoming interface:4,incoming label:0, -- outinggoing interface 

6, outgoing label 0 

wenj i's trace 
resv state's lap name 
node 1 - node 9 

(ODB 8.0.C: Event) 

* Time : 150.029489011 see, [OOd OOh 02m 303 . 029ms 489US 011ns llOps] 
 ̂Event : execution ID (22199), schedule ID (#23601), type (stream intrpt) 
* Source : execution ID (22198), top.USA.node_l.ip_encap (processor) 
* Data : instrm (0), packet ID (3171), ICI ID (-1) 
> Module : top.USA.node_l.rsvp (processor) 
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Received a Resv message. 
Interface address: 192.0.8.2 
Source Address: 192.0.21.1 

weaji's trace 
tJie label assigned by HWA, the outgoing label: {0} 

wenji's trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

170 sec, (OOd OOh 02m 50s . OOOms OOOus 000ns OOOps] 
execution ID (25281), schedule ID (#22305), type (self intrpt) 
execution ID (21000), top.USA.node_l.rsvp (processor) 
code (7) 
top.USA.node_l.rsvp (processor) 

RSVP process created path state. 
Destination Address: 192 .0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0 .000000 
Bucket Size (bytes): 0.000000 
Incoming interface: Local 
Interface Address(es): 192.0.8.2 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.2 
192.0.26.1 
192.0.29.1 

(ODB a.O.C: Event) 

Time 
Event 
Source 
Data 
Module 

170.003892697 sec, [OOd OOh 02m 50s . 003ms 892us 696ns 717ps] 
execution ID (25294), schedule ID (#26859), type (stream intrpt) 
execution ID (25293), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (3791), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.1 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0.000000 
192.0.8.1 
192.0.5.1 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.1 
192.0.26.1 
192.0.29.1 

(ODB 8.0.C: Event) 

• Time : 170.008341811 sec, [OOd OOh 02m 50s . 008ms 341us 811ns 2S5ps] 
• Event : execution ID (25307), schedule ID (#26872), type (stream intrpt) 
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Source 
* Data 
> Module 

execution ID (25306), top.OSA.iiode_9.ip_encap (processor) 
instrm (0), packet ID (3793), ICI ID (-1) 
top.OSA.node_9.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.2 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.000000 
Bucket Size (bytes): 0.000000 
Incoming interface: 192.0.5.2 
Mo outgoing interfaces. 

(ODB 8.0.C: Event) 

* Time 
« Event 
* Source 
* Data 
> Module 

170.008341811 sec, [OOd OOh 02m 50s . 008ms 341US 811ns 255ps] 
execution ID (25308), schedule ID (#26873), type (self intrpt) 
execution ID (25307), top.USA.iiode_9.rsvp (processor) 
code (8) 
top.USA.node_9.rsvp (processor) 

wenji's trace, 
the label assigned by RWA, the incoming label: 1 

» Time 
* Event 
* Source 
* Data 
> Module 

(ODB 8.0.C: Event) 

170.01272875 see, [OOd OOh 02m 50s . 012ms 728US 749ns 62Sps} 
execution ID (25322), schedule ID (#26887), type (stream intrpt) 
execution ID (25321), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (3795), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Resv message. 
Interface address; 
Source Address: 

192.0.5.1 
192.0.29.1 

wenj i's trace 
the label assigned by RWA, the outgoing label: {l} 

wenj i•s trace 
the label assigned by RWA, the incoming label: {l} 

wenj i's trace, 
switch list 0,incoming interface:4,incoming label:0, -- outinggoing interface 

6, outgoing label 0 

wenji's trace, 
switch list 1,incoming interface:4,incoming label:1, -- outinggoing interface 

6, outgoing label 1 

wenj i•s trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

* Time : 170.029489011 sec, [OOd OOh 02m 50s . 029ms 4a9us 011ns llOps] 
Event : execution ID (26490) , schedule ID (#28152) , type (stream intrpt) 
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Source 
Data 
ffodule 

executioa ID (25489), top.USA.node_l.ip_encap (processor) 
instrm (0), packet ID (3797), ICI ID (-1) 
top.OSA.node_l.rsvp (processor) 

Received a Resv message. 
Interface address; 192.0.8.2 
Source Address: 192.0.21.1 

wenj i's trace 
the label assigned by RWA, the outgoing label: {l} 

wenj i's trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190 sec, [OOd OOh 03m 10s . 000ms OOOus 000ns OOOps] 
execution ID (29581), schedule ID (#26846), type (self intrpt) 
execution ID (25281), top.USA.node_l.rsvp (processor) 
code (7) 
top.USA.node_l.rsvp (processor) 

RSVP process created path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.000000 
Bucket Size (bytes): 0.000000 
Incoming interface: Local 
Interface Address(es): 192.0.8.2 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.2 
192.0.26.1 
192.0.29.1 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.003892S97 sec, [OOd OOh 03®! lOs . OOSms 892us S96as 717ps] 
execution ID (29594), schedule ID (#31419), type (stream intrpt) 
execution ID (29593), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (4417), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.1 
192.0.26.1 
192.0.29.1 

HSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0 . 0 0 0 0 0 0  
192.0.8.1 
192.0.5.1 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.1 
192.0.26.1 
192.0.29.1 
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(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.008341811 sec, [OOd OOh OSm 10s . OOSms 341us 811ns 255ps] 
execution ID (29607), schedule ID (#31432), type (stream intrpt) 
execution ID (29606), top.USA.node_9.ip_encap (processor) 
inatrm (0), packet ID (4419), ICI ID (-1) 
top.OSA.node_9.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.2 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Ho outgoing interfaces. 

192.0.29.1 
-1 

Unknown 
0 . 0 0 0 0 0 0  
0 . 0 0 0 0 0 0  
192.0.5.2 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.008341811 sec, tOOd OOh 03m 10s . OOSms 341us 811ns 255ps] 
execution ID (29608) , schedule ID (#31433), type (self intrpt) 
execution ID (29607), top.USA.node_9.rsvp (processor) 
code (8) 
top.USA,node_9,rsvp (processor) 

wenji's trace, 
send out a Path_error message 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.01272875 sec, [OOd OOh 03m lOs . 012ms 728uS 749ns 626ps] 
execution ID (29622), schedule ID (#31447), type (stream intrpt) 
execution ID (29621), top.USA.node_4.ip_encap (processor) 
inetna (0), packet ID (4421), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

weaj i's trace 
I receive the path error message 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.01655927 sec, [OOd OOh OSm 10s . 016ms 5S9us 270ns 178ps] 
execution ID (29635), schedule ID (#31460), type (stream intrpt) 
execution ID (29634), top.USA.node_l.ip_encap (processor) 
instrm (0), packet ID (4423), ICI ID (-1) 
top.USA.node_l.rsvp (processor) 

wenj i's trace 
I receive the path error message 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.01655927 sec, [OOd OOh 03m 10s . 016ms 559us 270ns 17Sps] 
execution ID (29636), schedule ID (#31461), type (self intrpt) 
execution ID (29635), top.USA.node_l.rsvp (processor) 
code (11) 
top.USA.node_l.rsvp (processor) 
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Sending a Path Tear message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.2 
192.0.26.1 
192.0.29.1 

RSVS process deleted path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0.000000 
Local 
192.0.8.2 

{ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

190.020265438 sec, [OOd OOh OSm 10s . 020ms 265us 438ns 398ps] 
execution ID (29651), schedule ID (#31476), type (stream intrpt) 
execution ID (29650), top.USA.node_4.ip_encap (processor) 
inatrm (0), packet ID (4425), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Path Tear message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.1 
192.0.26.1 
192.0.29.1 

wenj i's trace 
tear down Isp's Isp name 
node 1 - node 9 

Sending a Path Tear message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.5.1 
192.0.26.1 
192.0.29.1 

RSVP process deleted path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0 .000000 
Bucket Size (bytes): 0 .000000 
Incoming interface: 192.0.8.1 
Interface Address(es): 192.0.5.1 

wenji's trace, 
switch list 0,incoming interface:4,incoming label:0, 

6, outgoing label 0 
outinggoing interface 

wenji's trace, 
switch list 1,incoming interface:4,incoming label:1, 

6, outgoing label 1 
-- outinggoing interface 

(ODB 8.0.C: Event) 

* Time : 190.024528024 sec, [OOd OOh 03m lOs . 024ms 528US 024n3 437ps] 
Event : execution ID (29566) , schedule ID (#31491) , type (stream intrpt) 

* Source : execution ID (29665), top.USA.node_9.ip_encap (processor) 
* Data : instrm (0), packet ID (4427), ICI ID (-1) 
> Module : top,USA.node_9.rsvp (processor) 

Received a Path Tear message. 
Interface address: 192.0.5.2 
Source Address: 192.0.26.1 



Destination Address: 192.0.29.1 

wenj i's trace 
tear down lap's Isp name 
node 1 - node 9 

RSVP process deleted path state. 
Destination Address: 192.0.29.1 
iJestination Port; -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.000000 
Bucket Size (bytes): 0.000000 
Incoming interface: 192.0.5.2 
No outgoing interfaces. 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

210 sec, [OOd OOh 03m 30s . OOOms OOOuB 000ns OOOpa] 
execution ID (30943), schedule ID (#31406), type (self intrpt) 
execution ID (29581), top.USA.node_l.rsvp (processor) 
code (7) 
top.USA.node_l.rsvp (processor) 

RSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
- 1  

Un)cnown 
0 . 0 0 0 0 0 0  
0 . 0 0 0 0 0 0  
Local 
192.0.20.1 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.20.1 
192.0.26.1 
192.0.29.1 

(ODB 8.0.C: Event) 

* Time 
* Event 
* Source 
* Data 
> Module 

210.002607426 sec, [OOd OOh 03m 30s . 002ms 607US 425ns 626ps] 
execution ID (30956), schedule ID (#32862), type (stream intrpt) 
execution ID (30955), top.USA.node_2.ip_encap (processor) 
inetrm (0), packet ID (4589), ICI ID (-1) 
top.USA.node_2.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.20.2 
192 .0.26 .1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 
Destination Port; 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0.000000 
192.0.20.2 
192.0.4.2 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.4.2 
192.0.26.1 
192.0.29.1 
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(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

210.00S650742 see, tOOd OOh 03m 30s . 006ms 650us 741ns 927ps] 
execution ID (30969), schedule ID (#32675), type (stream intrpt) 
execution ID (30968), top.0SA.node_7.ip_eacap (processor) 
instrm (0), packet ID (4591), ICI ID (-1) 
top.USA.node_7.rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.4.1 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0 .000000  
0 .000000  
192.0.4.1 
192.0.17.1 

Sending a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.17.1 
192.0.26.1 
192.0.29.1 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

210.010092869 sec, [OOd OOh 03m 30s . 010ms 092us 859ns 212ps] 
execution ID (30982), schedule ID (#32888), type (stream intrpt) 
execution ID (30981), top.USA.node_9.ip_encap (processor) 
instrm (0), packet ID (4593), ICI ID (-1) 
top. OSA.iiode_9. rsvp (processor) 

Received a Path message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.17.2 
192.0.26.1 
192.0.29.1 

RSVP process created path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.OOOOOO 
Bucket Size (bytes): 0.OOOOOO 
Incaning interface: 1S2.0.17.2 
No outgoing interfaces. 

(ODB a.O.C: Event) 

Time 
Event 
Source 
Data 
Module 

210.0100928S9 sec, [OOd OOh 03m 30b . OlOitiB 092us 869ns 212ps] 
execution ID (30S83), schedule ID (#32889), type (self intrpt) 
execution ID (30982), top.USA.node_9.rsvp (processor) 
code (8) 
top.USA.node_9.rsvp (processor) 

wenji's trace, 
the label aesigned by RWA, the incoming label: 0 

(ODB a.O.C: Event) 
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* Time 
* Event 
* Source 
* Data 
> Module 

210.01347282 sec, [OOd QOh 03m 30s . 013ms 472us SaOns 332ps] 
execution ID (30997), schedule ID (#32903), type (stream intrpt) 
execution ID (30996), top.USA.node_7.ip_encap (processor) 
iastrm (0), packet ID (4595), ICI ID (-1) 
top. OSA.iiode_7. rsvp (processor) 

Received a Resv message. 
Interface address: 192.0.17.1 
Source Address: 192.0.29.1 

wenj i's trace 
the label assigned by RWA, the outgoing label: { o }  

wenj i'3 trace 
the label assigned by RWA, the incoming label: {o} 

wenji's trace, 
switch list 0,incoming interface:3,incoming label:0, -- outinggoing interface 

1, outgoing label 0 

wenji'3 trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

* Time 
* Event 
» Source 
* Data 
> Module 

210.023368883 sec, [OOd OOh 03m 30s . 023ms 368us 8S2ns 747ps] 
execution ID (31640), schedule ID (#33620), type (stream intrpt) 
execution ID (31639), top.USA.node_2.ip_encap (processor) 
instrm (0), packet ID (4597), ICI ID (-1) 
top.USA.node_2.rsvp (processor) 

Received a Resv message. 
Interface address: 192.0.4.2 
Source Address: 192.0.24.1 

wenj i's trace 
the label assigned by RWA, the outgoing label: { o }  

wenji's trace 
the label assigned by RWA, the incoming laibel: { o }  

wenji's trace, 
switch list 0,incoming interface:0,incoming label:0, -- outinggoing interface 

outgoing label 0 

wenji's trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

* Time 
* Event 
* Source 
 ̂Data 
> Module 

210.031769054 see, [OOd OOh 03m 30s . 031ms 7S9uB 054ns 487ps] 
execution ID (32256), schedule ID (#34295), type (stream intrpt) 
execution ID (32255), top.USA.node_l.ip_encap (processor) 
instrm (0), packet ID (4703), ICI ID (-1) 
top.USA.node_l.rsvp (processor) 

Received a Resv message. 
Interface address: 192.0.20.1 
Source Address: 192.0.27.1 

wenji's trace 
the label assigned by RWA, the outgoing label: { o }  
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wenj i's trace 
resv state's Isp name 
node 1 - node 9 

(ODB 8.0.C: Event) 

* Time : 21S sec, [OOd OOh 03ni 35s . 000ms OOOus 000ns OOOps] 
* Event : execution ID (33139), schedule ID (#246), type (self iatrpt) 
• Source : execution ID (191), top.0SA.node_l.rsvp (processor) 
• Data : code (11) 
> Module : top.USA.node_l.rsvp (processor) 

wenji's trace 
tear down lap's Isp name 
node 1 - node 9 

Sending a Path Tear message. 
Interface address: 
Source Address: 
Destination Address: 

192.0.8.2 
192.0.26.1 
192.0.29.1 

RSVP process deleted resv state. 
Session Address: 
Session Port: 
Protocol: 
Resv style: 
Kesv interface: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 

192.0.29.1 
- 1  

Unknovm 
Unknown 
192.0.8.2 
0 .000000  
0 . 0 0 0 0 0 0  

RSVP process deleted path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0 . 0 0 0 0 0 0  
0 . 0 0 0 0 0 0  
Local 
192.0.8.2 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

215.003706168 sec, [OOd OOh 03m 35s . 003ms 706US 168ns 22Ops] 
execution ID (33152), schedule ID (#35199), type (stream intrpt) 
execution ID (33151), top.USA.node_4.ip_encap (processor) 
instrm (0), packet ID (4921), ICI ID (-1) 
top.USA.node_4.rsvp (processor) 

Received a Path Tear message. 
Interface address: 192.0.8.1 
Source Address: 192.0,25.1 
Destination Address: 192.0.29.1 

weaj i'3 trace 
tear down Isp•s Isp name 
aode_l - node_9 

Sending a Path Tear message. 
Interface address: 192.0.5.1 
Source Address: 192.0.26.1 
Destination Address: 192.0.29.1 

wenj i's trace 
the label are going to be freed: 0 

RSVP process deleted resv state. 
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Session Address: 
Session Port: 
Protocol: 
Resv style: 
Resv interface: 
Bucket Rate (bytes/sec) 
Bucket Sise (bytes): 

192.0.29.1 
-1 

Unknown 
Unknown 
192.0.5.1 
0.000000 
0.000000 

RSVP process deleted path state. 
Destination Address: 
Destination Port: 
Protocol: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 
Incoming interface: 
Interface Address(es): 

192.0.29.1 
-1 

Unknown 
0.000000 
0.000000 
192.0.8.1 
192.0.5.1 

wenji'a trace, 
switch list 0,incoming interface:4,incoming label:1, 

6, outgoing label 1 
out inggoing interface 

(ODB 8.0.C: Event) 

Time 
Event 
Source 
Data 
Module 

215.007968754 sec, [OOd OOh 03m 35s . 007ms 968us 754ns 260ps] 
execution ID (33165), schedule ID (#35212), type (stream intrpt) 
execution ID (33164), top.USA.node_9.ip_encap (processor) 
instrm (0), packet ID (4923), ICI ID (-1) 
top.USA.node_9.rsvp (processor) 

Received a Path Tear message. 
Interface address; 
Source Address: 
Destination Address: 

192.0.5.2 
192.0.26.1 
192.0.29.1 

wenji'8 trace 
tear dovm lap's Isp name 
node_l - node_9 

wenji's trace 
the label are going to be freed: 0 

RSVP process deleted resv state. 
Session Address: 
Session Port: 
Protocol! 
Resv style: 
Resv interface: 
Bucket Rate (bytes/sec): 
Bucket Size (bytes): 

192.0.29.1 
-1 

Unknown 
Unknown 
Invalid 
0.000000 
0 . 0 0 0 0 0 0  

RSVP process deleted path state. 
Destination Address: 192.0.29.1 
Destination Port: -1 
Protocol: Unknown 
Bucket Rate (bytes/sec): 0.000000 
Bucket Size (bytes): 0.000000 
Incoming interface: 192.0.5.2 
Mo outgoing interfaces. 



Appendix 2: 

Simulation Results with 
Different Routing Schemes with R = 35 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 
SR=1 2.58 2.8 2.82 2.75 2.86 2.78 2.79 

AR K=2 5.24 4.63 4.316 3.96 3.74 3.4 3.18 
AR K=3 7.86 7.38 6.6 5.9 5.36 4.46 4.01 
AR K=4 10.33 9.4 8.52 7.74 6.37 5.7 4.96 
DRWA 3.36 3.466 3.24 3.28 3.33 3.4 3.24 

Appendix 2-1 Blocking Rate at Seed =128 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 3.06 3.16 3.13 3.16 3.173 3.186 3.21 
AR K=2 3.09 3.13 3.16 3.147 3.186 3.186 3.24 
AR K=3 3.25 3.28 3.24 3.25 3.26 3.25 3.24 
AR K=4 3.266 3.32 3.28 3.3 3.29 3.32 3.3 

DRWA 3.63 3.64 3.64 3.7 3.81 3.74 3.76 

Appendix 2-2 Average Hop Lengths at Seed = 128 

W=10 W=15 W=20 W=25 W=30 W=35 w=40 

SR 2.58 2.8 2.82 2.75 2.86 2.78 2.79 
AR K=2 5.24 4.63 4.316 3.96 3.74 3.4 3.18 
AR K=3 7.86 7.38 6.6 5.9 5.36 4.46 4.01 
AR K=4 10.33 9.4 8.52 7.74 6.37 5.7 4.96 
DRWA 3.36 3.466 3.24 3.28 3.33 3.4 3.24 

Appendix 2-3 Average RSVP-TE Messages 

(Packet/Second) at Seed = 128 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 0.725 0.62 0.49 0.373 0.3 0.2 0.15 
AR K=2 0.709 0.616 0.47 0.372 0.283 0.195 0.12 
AR K=3 0.67 0.536 0.42 0.32 0.25 0.164 0.105 
AR K=4 0.637 0.516 0.39 0.3 0.2 0.137 0.07 
DRWA 0.67 0.528 0.38 0.273 0.132 0.06 0.0125 

Appendix 2-4 Blocking Rate at Seed = 821 
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W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 3.09 3.13 3.13 3.16 3.18 3.18 3.19 
AR K=2 3.1 3.15 3.16 3.17 3.186 3.186 3.2 
AR K=3 3.25 3.26 3.25 3.28 3.26 3.25 3.24 
AR K=4 3.33 3.29 3.33 3.34 3.3 3.32 3.29 
DRWA 3.7 3.66 3.68 3.72 3.77 3.76 3.74 

Appendix 2-5 Average Hop Lengths at Seed = 821 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 2.81 2.83 2.85 2.81 2.87 2.79 2.79 
AR K=2 5.26 5.06 4.42 4.08 3.78 3.42 3.18 
AR K=3 7.98 7.34 6.36 5.87 5.38 4.49 4 
AR K=4 10.5 9.59 8.5 7.67 6.42 5.79 5 
DRWA 3.45 3.48 3.34 3.4 3.31 3.34 3.25 

Appendix 2-6 Average RSVP-TE Messages 

(Packet/Second) at Seed = 821 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 2.81 2.8 2.81 2.81 2.83 2.81 2.81 
AR K=2 5.22 4.89 4.42 4.18 3.78 3.42 3.31 
AR K=3 8.09 7.4 6.6 6 5.3 4.52 4.04 
AR K=4 10.8 9.86 8.5 7.68 6.47 5.63 4.62 
DRWA 3.37 3.34 3.34 3.45 3.26 3.34 4.93 

Appendix 2-7 Blocking Rate at Seed = 123 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 3.12 3.1 3.17 3.17 3.17 3.18 3.186 
AR K=2 3.12 3.12 3.15 3.17 3.2 3.2 3.2 
AR K=3 3.22 3.23 3.25 3.28 3.26 3.25 3.25 
AR K=4 3.35 3.28 3.32 3.333 3.33 3.29 3.29 
DRWA 3.65 3.65 3.65 3.78 3.74 3.77 3.31 

Appendix 2-8 Average Hop Lengths at Seed = 123 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 2.81 2.8 2.81 2.81 2.83 2.81 2.81 
AR K=2 5.22 4.89 4.42 4.18 3.78 3.42 3.31 
AR K=3 8.09 7.4 6.6 6 5.3 4.52 4.04 
AR K=4 10.8 9.86 8.5 7.68 6.47 5.63 4.62 
DRWA 3.37 3.34 3.34 3.45 3.26 3.34 4.93 

Appendix 2-9 Average RSVP-TE Messages (Packet/Second) at Seed = 123 
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W=10 W=15 W=20 W=25 W=30 W=35 W=40 
SR 2.81 2.77 2.81 2.93 2.85 2.77 2.77 

AR K=2 5.14 4.93 4,52 4.01 3.89 3.61 3.29 
AR K=3 7.83 7.56 6.68 5.98 5.1 4.65 4.18 
AR K=4 10.6 9.52 8.77 7.89 6.53 5.47 4.96 
DRWA 3.37 3.43 3.35 3.51 3.35 3.34 3.37 

Appendix 2  - 1 0  B l o c k i n g  R a t e  a t  S e e d  =  3 2 1  

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 3.09 3.13 3.13 3.17 3.2 3.2 3.18 
AR K=2 3.09 3.12 3.14 3.16 3.18 3.21 3.21 
AR K=3 3.24 3.25 3.24 3.28 3.26 3.26 3.24 
AR K=4 3.36 3.3 3.32 3.32 3.33 3.32 3.3 
DRWA 3.68 3.61 3.65 3.85 3.76 3.81 3.78 

Appendix 2-11 Average Hop Lengths at Seed = 321 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 2.81 2.77 2.81 2.93 2.85 2.77 2.77 
AR K=2 5.14 4.93 4.52 4.01 3.89 3.61 3.29 
AR K=3 7.83 7.56 6.68 5.98 5.1 4.65 4.18 
AR K=4 10.6 9.52 8.77 7.89 6.53 5.47 4.96 
DRWA 3.37 3.43 3.35 3.51 3.35 3.34 3.37 

Appendix 2-12 Average RSVP-TE Messages (Packet/Second) at Seed = 321 

W=10 W=15 W=20 W=25 W=30 W=35 W==40 

SR 2.79 2.88 2.76 2.85 2.81 2.81 2.81 
AR K=2 5.4 4.79 4.49 4.21 3.84 3.59 3.46 
AR K=3 7.89 7.23 6.58 5.98 5.26 4.65 3.9 
AR K=4 11 9.87 8.5 7.67 6.8 5.55 4.62 

DRWA 3.32 3.46 3.35 3.43 3.45 3.31 3.29 

Appendix 2-13 Blocking Rate at Seed = 246 

W=10 W=15 W=20 W=25 W=30 W=35 W=40 

SR 3.1 3.13 3.14 3.15 3.2 3.19 3.2 
AR K=2 3.1 3.133 3.14 3.17 3.2 3.19 3.21 
AR K=3 3.24 3.27 3.23 3.27 3.28 3.25 3.25 
AR K=4 3.3 3.32 3.333 3.35 3.33 3.3 3.28 
DRWA 3.63 3.58 3.65 3.72 3.8 3.77 3.77 

Appendix 2-14 Average Hop Lengths at Seed = 246 
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W=10 W=15 W=20 W=25 W=30 W=35 W=40 

AR 2.79 2.88 2.76 2.85 2.81 2.81 2.81 
AR K=2 5.4 4.79 4.49 4.21 3.84 3.59 3.46 
AR K=3 7.89 7.23 6.58 5.98 5.26 4.65 3.9 
AR K=4 11 9.87 8.5 7.67 6.8 5.55 4.62 
DRWA 3.32 3.46 3.35 3.43 3.45 3.31 3.29 

Appendix 2-15 Average RSVP-TE Messages (Packet/Second) at Seed = 246 
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GLOSSARY 

ASON Automatically Switched Optical Network 

ASE Amplified Spontaneous Emission 

ATM Asynchronous Transfer Mode 

BER Bit Error Rate 

DWDM Dense Wavelength Division Multiplex 

DXC Digital Cross Connect 

ERO ExplicitRoute Object 

FWM Four-wave Mixing 

GASON GMPLS-based Automatically Switched Optical Network 

GLSP Generalized Label Switched Path 

GMPLS Generalized Multiprotocol Label Switching 

GOSR GMPLS-based Optical Switching Router 

GVD Group Velocity Dispersion 

IETF Internet Engineering Task Force 

BP Internet Protocol 

ITU International T elecommunication Union 

LER Label Edge Router 

LMP Link Management Protocol 

LOS Loss of Signal 

LSA Link State Advertisement 

LSP Label Switched Path 

LSR Label Switch Router 

MPLS Multiprotocol Label Switching 
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NM Network-to-Network Interface 

OEO Optical-Electrical-Optical 

OIF Optical Internetworking Forum 

OSNR Optical Signal-to-Noise Ratio 

OSPF-TE Open Shortest Path First - Traffic Engineering 

OSR Optical Switching Router 

OXC Optical Cross Connect 

PDH Plezychronous Digital Hierarchy 

QoS Quality of Service 

RSVP-TE Resource Reservation Protocol - Traffic Engineering 

RWA Routing & Wavelength Assignment 

SDH Synchronous Digital Hierarchy 

SONET Synchronous Optical Network 

SPM Self-phase Modulation 
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TDM Time Division Multiplex 

UNI User Network Interface 

WDM Wavelength Division Multiplex 

XPM Cross-phase Modulation 
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