
A Signaling Flow Based Traffic Model for SIP Messages 
in IP Multimedia Subsystem (IMS) 

by 

Jie Xiao 

B.A. Sc 

A thesis submitted to the Faculty of Graduate Studies and Research 

in partial fulfillment of the requirements for the degree of 

Master of Applied Science in Electrical Engineering 

Ottawa-Carleton Institute for Electrical and Computer Engineering (OCDECE) 

Department of Systems and Computer Engineering 

Carleton University 

Ottawa, Ontario, Canada, K1S 5B6 

September 2009 

© Copyright 2009, Jie Xiao 



1*1 Library and Archives 
Canada 

Published Heritage 
Branch 

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada 

Bibliotheque et 
Archives Canada 

Direction du 
Patrimoine de I'edition 

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada 

Your file Votre reference 
ISBN: 978-0-494-60240-9 
Our file Notre reference 
ISBN: 978-0-494-60240-9 

NOTICE: 

The author has granted a non
exclusive license allowing Library and 
Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

AVIS: 

L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lntemet, preter, 
distribuer et vendre des theses partout dans le 
monde, a des fins commerciales ou autres, sur 
support microforme, papier, electronique et/ou 
autres formats. 

The author retains copyright 
ownership and moral rights in this 
thesis. Neither the thesis nor 
substantial extracts from it may be 
printed or otherwise reproduced 
without the author's permission. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. Ni 
la these ni des extraits substantiels de celle-ci 
ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting forms 
may have been removed from this 
thesis. 

While these forms may be included 
in the document page count, their 
removal does not represent any loss 
of content from the thesis. 

Conformement a la loi canadienne sur la 
protection de la vie privee, quelques 
formulaires secondaires ont ete enleves de 
cette these. 

Bien que ces formulaires aient inclus dans 
la pagination, il n'y aura aucun contenu 
manquant. 

1+1 

Canada 



Abstract 

This thesis aims to address the problem of how to develop an efficient traffic model that 

allows the prediction of the Session Initiation Protocol (SIP) server load in IP Multimedia 

Subsystem (EMS). By utilizing the characteristics of SIP messages, a signaling flow based 

approach to the traffic model is proposed. This model is based on an in-depth signaling 

flow analysis of a number of SIP session procedures defined in IMS and on the 

quantification of the SIP signaling traffic at the signaling flow level. The proposed traffic 

model allows the load of servers to be predicted with a simple mathematical calculation. 

Moreover, we develop a measurements architecture based on Event State Publication 

(ESP) and Event Notification Framework (ENF) in order to collect the network statistics 

and user behavior. According to the simulations that we carried out using OPNET, the 

model we proposed is shown to be acceptable. IMS network deployment cost 

optimization issue is formulated as a linear programming problem with various mapping 

strategies. 
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Chapter 1 

Introduction 

This chapter briefly introduces IP Multimedia Subsystem (IMS), discusses the relevant 

network entities in IMS, and describes Session Initiation Protocol (SIP). Then, it shows 

SIP performance is critical to the service's quality of experience. An efficient yet 

representative model for SIP signaling traffic is needed for conducting a SIP performance 

evaluation. Since in the public domain, there is no such reference that can provide an 

efficient traffic model for IMS system. This motivates us to develop an efficient traffic 

model that allows us to predict server load for IMS system by utilizing the characteristics 

of SIP messages that we found. We propose a technique to capture such characteristics, 

so that the traffic model can be built. Moreover, at the end of this chapter, thesis 

contributions and thesis organization are provided, and our publication is listed. 

1.1 Background 

IMS is envisioned as the next generation IP-based multimedia communication system 

that integrates data, speech, and video network technology and covers wireless and 

wireline networks. The IMS [1][2], as a new core network domain, was first introduced 

by the Third Generation Partnership Project (3GPP) in two phases (release 5 and release 



6) [3] for Universal Mobile Telecommunications System (UMTS) networks. 3GPP2 

further defined an IP multimedia framework, which finally harmonized with the IMS. 

Figure 1.1 gives a high level view of IMS core network architecture. The main 

elements are the Call/Session Control Function (CSCF) servers and Home Subscriber 

Server (HSS). CSCF servers are SIP servers. Based on IP technology, IMS provides a 

multimedia session control service that allows mobile users to access new multimedia 

and multisession applications as well as to establish synchronous multimedia sessions 

across fixed and mobile terminals [1][4][5]. Since the service creation interfaces are 

standardized by IMS, they allow for the development of new multimedia and multi-

session applications. IMS offers this session control to the applications by SIP [6] [7]. 

S-CSCF 

Figure 1.1: A high level view of IMS core network architecture 

SIP, as an application layer control protocol, is defined by Internet Engineering Task 

Force (IETF) [8]. SIP lies at the core of EMS architecture and plays the role of session 

establishment, modification, and termination between two or more end users. Moreover, 

SIP is independent of the media being transported and relies on other protocol for 

- 2 -



transporting the media data of the session. The SIP messages are the data exchanged 

between the IMS network elements or between the User Agent (UA) and the network 

elements [7]. Details of the functionalities and roles of IMS network elements are 

discussed in Chapter 2. 

Additionally, in order to perform various signaling functions, IMS defines a large 

number of procedures in [9]. The procedures are classified into five different categories, 

which can be further divided into several cases called session procedures. Each session 

procedure specifies the sequence of SIP messages passing among the involved servers, 

how the servers should process the received messages, and what information should be 

stored for the users. 

Hence, in an IMS network, a number of session procedures are triggered by users 

requesting the available applications or services. It turns out that the SIP messages are 

traversing among SIP servers as defined, namely, SIP signaling traffic, and SIP servers 

keep processing the arrived messages for all the users. More details about this are 

provided in Chapter 2. 

However, in IMS network, there exists a problem when SIP servers encounter an 

overload situation, wherein the traffic load exceeds SIP servers' capacities. Next, we will 

address this problem in detail. 

1.2 Research Problem 

In addition to media traffic, signaling traffic is considered to be another important type of 

network traffic. End users may experience a delay due to signaling network congestion. 

However, nowadays, network bandwidths are large enough for signaling traffic, which 
- 3 -



may be composed of several SIP messages for completing particular signaling purpose; 

therefore, bandwidth is not considered the bottleneck of performance. By contrast, 

processing capacity is more likely to be the bottleneck. In IMS network, when the 

network entities, say SIP servers, have insufficient resources to complete the processing 

of a SIP message, overload occurs [10]. The resources can include all of the capabilities 

of the element used to process the messages, including CPU processing, memory, Input 

or Output (I/O), or disk resources, so called server capacity. Overload can occur for many 

reasons [10]. Below, we discuss five of these reasons in detail. 

1. The first reason is poor capacity planning on SIP servers. SIP servers in IMS 

network need to be designed with sufficient capacity in order to handle the expected 

load based on the expected number of users and their behavior in IMS. Capacity 

planning is the process of determining the expected load with the given user profile. 

However, if this work is not done properly, the server may have insufficient capacity 

to handle the actual load, and this causes a server overload. Thus, in order to avoid a 

server overload, it is essential to have a model that can efficiently predict the load 

for better server capacity planning. 

2. The second reason is component failure. In IMS network, a cluster of SIP servers 

can be implemented for sharing the load of traffic. When one or more members in 

the cluster fail, the remaining members undertake the work of the failed member(s). 

Usually, each member is designed to have enough spare capacity to handle the 

failure of another member. However, unusual failure condition can cause the cluster 

to fail simultaneously. In this case, the network system is required to distribute the 
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load of the failed cluster that can be predicted by a traffic model to other clusters. 

Meanwhile, network system notifies the network providers to fix the problem. 

3. The third reason is one of the most troubling reasons of overload. It is avalanche 

restart, which happens when a large number of users attempt to connect to IMS 

network with a registration procedure at the same time. In the case of the failure of a 

large network connection, the users can detect the failure rapidly. When the network 

connectivity is recovered and detected, all the uses re-register within a short time 

period; this then causes the avalanche restart, which subsequently leads to the 

overload on SIP servers. 

4. The forth reason is dependency failures on SIP servers. There are some dependent 

resources on a SIP server, such as CPU processing, disk resources, and so on, and 

when one resource has failure, the dependent resource may fail, and in this way, the 

SIP server becomes overloaded. 

5. The last reason is flash crowds, which describes a case of an extremely large number 

of users attempt to make a call simultaneously. This can cause SIP servers to go into 

overload. 

Any of above reasons can cause SIP server overload, and this overload can cause the 

failure of other SIP servers, which are trying to process the traffic load. It also brings 

even more load onto the remaining SIP servers. Moreover, SIP server overload causes 

SIP messages to be delayed or lost, which causes retransmission to be sent. It then makes 

more work in the network. This produces the amount of traffic to SIP servers, which 

makes the network performance even worse. 
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Furthermore, while the number of users and their demands on new applications are 

increasing, network providers also need a model to predict the impact of new applications 

on SIP servers when the new applications are introduced to market. A new application 

may trigger a different set of session procedures and can change the existing signaling 

traffic. By having such a traffic model, network providers can predict the network 

availability as well as maintain the stability of the system, and thereby, increasing their 

revenue potential. As a result, establishing a SIP signaling traffic model is necessary for 

performance evaluation. 

IMS system is extremely complex due to the combination of various call scenarios 

and the large number of procedures defined in [11] for various signaling functions. Each 

combination has to be analyzed individually in order for the server load to be obtained 

accurately. This requires both complex and time-consuming work. Thus, it is a 

challenging task to engineer all of the kinds of IMS servers needed in order to satisfy the 

real-time call performance requirements. 

To our best knowledge, in the public domain, there is no such reference that can 

provide an efficient SIP traffic model for IMS system, which can predict the load of 

important IMS servers. An obvious way to characterize the load for servers on each 

session procedure is to simply count the number of messages processed on each server 

for a given session procedure, and then sum up the total number of messages for the set 

of session procedures involved. Eventually, the server load can be predicted. However, 

this approach does not capture the causal relationship among a sequence of messages in 

the session procedures. In a session procedure, one message typically triggers a sequence 
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of messages to complete a transaction, so that the load at their corresponding servers is 

correlated. An increase on server load may bring the increases onto the next set of servers. 

Therefore, we need to capture this correlation in order to develop a new traffic model that 

can predict the server load. 

Thus, the problem we encounter is to develop a technique or a method that is better 

at presenting such a causal relationship among the SIP messages, and then utilizing the 

chosen technique in order to develop an efficient traffic model that allows for the 

prediction of server load for IMS system. The model will be built based on the signaling 

traffic analysis performed by the chosen technique. The formulated model not only 

correctly predict the server load for the identified session procedures, but it will also have 

the capability to adapt to any unidentified procedures defined, or to be defined, in IMS 

system. This model must ensure its validity or accuracy as well as its flexibility. Next, we 

propose a signaling flow based traffic model. 

1.3 Our Approach 

In order to solve this problem, we introduce the signaling flow approach. A signaling 

flow is the aggregation of a sequence of messages that follows the same path in a network 

of IMS servers. This signaling flow concept tries to capture the causal relationship among 

a sequence of messages so that the load at different servers can be correlated as they 

occur in the real network. Then, we perform a signaling flow analysis on a number of SIP 

session procedures and quantify the SIP signaling traffic at signaling flow level. This 

signaling flow based approach maps various combinations of routing scenarios and 

session procedures to the limited number of signaling flows. By utilizing the signaling 
- 7 -



flow analysis, a model is built so that the load of servers can be predicted with a simple 

mathematical calculation. The complex correlation structure of the load across different 

servers is naturally captured by the signaling flow concept we introduce. 

Data flow based modeling has been widely used in data plane traffic characterization 

[12]; however, to our best knowledge, there are no publications on modeling SIP 

signaling traffic using a flow based approach. Signaling flow based modeling for SIP 

traffic is quite different from data flow based modeling of data plane traffic, given that it 

is heavily dependent on signaling procedures. A popular definition for data flow adopted 

for data plane traffic is defined in [13] as a unidirectional packet stream with a unique 

<source-IP-address, source-port, destination-IP-address, destination-port, IP-Protocol> 

tuple. The data plane traffic transported by the protocol among the end users can be 

decomposed based on source, destination, application, and/or transport protocol, 

depending on the definition of the data flow adopted. On the other hand, the proposed 

signaling flow is extracted from the session procedures and is defined to be the 

aggregation of a sequence of messages that follows the same path. The signaling flow 

path identifies the servers that a specific sequence of messages will traverse as well as the 

order that these servers will be traversed; therefore, the signaling flow based modeling for 

signaling traffic is entirely dependent on signaling procedures. Section 4.1.4 provides 

more details about this. 

In this thesis, the five different categories of procedures are selected and each 

category can be further divided into several cases; in total there are 20 session procedures 

considered. Then, we define six routing scenarios, based on the concept of call scenarios, 
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for minimizing the complexity of the IMS signaling traffic. The SIP signaling traffic 

involved in the selected session procedures is analyzed and quantified by the signaling 

flow based approach. By utilizing the signaling flow analysis, the load of servers and the 

mean server queuing delay can be predicted using a simple mathematical calculation. The 

complex correlation structure of the load across different signaling servers is naturally 

captured by the signaling flow concept that we introduce. This model also allows for 

flexibility when expanding the SIP session procedures in IMS network. Lastly, we set up 

the simulations that we carried out using OPNET, and the model we proposed is proven 

to be acceptable when the calculated results fall in 95% confidence interval of the 

simulation results. 

In addition, we develop a measurements architecture based on Event State 

Publication (ESP) and Event Notification Framework (ENF) in order to collect the 

network statistics and user behavior. This architecture is established upon IMS network 

and relies on SIP messages in order to collect and subscribe the information that is of 

interest to the network providers. According to a list of user data collected from the 

network, the input data of the proposed traffic model can be obtained using a set of 

mathematical calculations. 

Furthermore, we formulate IMS network deployment cost optimization issue as a 

linear programming problem by utilizing the signaling flow based approach. The cost 

optimization involves mapping a logical IMS core network topology into a physical 

network topology. Various mapping strategies are discussed and represented with the 

proper mathematical formulation so as to take advantage of the signaling flow based 
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traffic model. One example for each mapping strategy is provided. In the following 

section, a list of contributions we made is provided. 

1.4 Summary of Contributions 

The main contributions of this thesis are as follows: 

1. Defined a signaling flow based approach that captures the causal relationship among 

a sequence of SIP messages, so that the corresponding server load can be correlated. 

This approach maps various combinations of routing scenarios and session 

procedures to a limited number of signaling flows, so that the load of each IMS 

server can be easily estimated. 

2. Developed a measurements architecture based on ESP and ENF frameworks so as to 

collect the network statistics and user profile. This architecture is integrated with the 

EMS network, and it relies on SIP messages in order to collect and subscribe the 

information that is relevant to the network providers. The input data of our proposed 

traffic model can be obtained from the collected data by means of a set of 

mathematical calculations. 

3. Formulated IMS network deployment cost optimization issue as a linear 

programming problem. Created three potential mapping strategies, in which the 

logical IMS network is mapped into the physical IMS network. 

1.5 Thesis Organization 

The remaining chapters of this thesis are organized as followed: 
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Chapter 2: Introduce the background knowledge for the material presented in this thesis. 

Convey the literature review on the current IMS traffic modeling technology and IMS 

network implementation. 

Chapter 3: Define call scenarios and routing scenarios. 

Chapter 4: Analyze SIP signaling traffic by applying the signaling flow based approach 

and formulate our traffic model. Furthermore, develop a measurements architecture based 

on ESP and ENF in order to collect the network statistics and user behavior. 

Chapter 5: Introduce the implementation of an IMS network in OPNET and collect the 

results from the simulation. Also, explain the design and implementation of a source 

model and verify the proposed traffic model. 

Chapter 6: Describe the three mapping strategies and formulate IMS network 

deployment cost optimization problem for each mapping strategy into a linear 

programming problem. 

Chapter 7: Present the conclusion and recommendations for future research. 

1.6 Publication 

J. Xiao, C. Huang, J. Yan, "A Flow-based Traffic Model for SIP Messages in IMS," 

IEEE GLOBECOM, Hawaii USA, November 2009. 
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Chapter 2 

Background Knowledge 

This chapter provides the background information for the material presented in this 

thesis. It reviews the IP Multimedia Subsystem (IMS) and surveys the existing related 

work on modeling SIP traffic in IMS. First, the evolution of IMS is introduced, followed 

by a discussion on the protocols defined in IMS architecture, Session Initiation Protocol 

(SIP), and Diameter Protocol. Furthermore, a simplified IMS core network architecture is 

studied, and the involved network entities are discussed individually. Next, the five 

general categories of procedures defined in IMS are summarized. The diagram for each 

session procedure is also illustrated and used to demonstrate the causal relationship 

among the sequence of messages. Lastly, the related work on the SIP signaling traffic 

model and the IMS network implementation are provided. 

2.1 Review of IP Multimedia Subsystem (IMS) 

In this section, we will provide an introduction to IMS, including IMS protocols, IMS 

core network architecture, and IMS session procedures. 
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2.1.1 Introduction to IMS 

In the last decade, the Internet has experienced a dramatic growth due to a rapid increase 

of services development and the ability of providing these services to millions of users. 

The services are multimedia and include video, audio, and text. Mobile users are able to 

browse the web or other Internet activities via data connections. Third Generation (3G) 

network have now been implemented in order to merge the Internet and the cellular 

network as well as to support high-speed IP-based data, voice, and multimedia services 

[1]. The 3G wireless network [2] defined by the 3GPP are developed on the basis of the 

global system for mobile communication (GSM) and General Packet Radio Service 

(GPRS). 

IMS [1][3] is a key element in the 3G architecture. IMS is designed to act as a 

common platform in order to develop diverse multimedia services [1][12]. As a standard 

framework for the deployment of next generation IP-based application services, IMS 

defines how these services connect and communicate with underlying 

telecommunications network, how end users are able to set up the multiple services in a 

single session or multiple synchronized sessions, and how these services integrate with 

the network provider's end systems. IMS was initially introduced by the 3GPP in two 

phases (release 5 and release 6) [14] for UMTS network. 3GPP2 further defined an IP 

multimedia framework, which finally harmonized with current version of IMS. 

IMS is an IP-based architecture that provides a multimedia session control service 

that allows mobile and fixed users to access new multimedia and multisession services as 

well as to establish synchronous multimedia sessions across fixed and mobile terminals 
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[1][4][5]. Additionally, with a layered design that separates transport and signaling 

services, IMS supports the negotiation of next generation multimedia services between 

end users, and provides the integration of functionalities, such as security, Quality of 

Service (QoS) control and charging [15]. Since the service creation interfaces are 

standardized by IMS, this allows for the development of new multimedia and multi-

session services. Next, we will introduce EMS protocols. 

2.1.2 IMS Protocols 

The architecture of IMS utilizes three general categories of protocols [16], which are 

listed as follows: 

1. Protocols used in the signaling or session control plane (e.g. SIP). 

2. Protocols for security and authentication (e.g. Diameter) 

3. Protocols for carrying the media data in the media plane 

In our thesis, we are concerned with the first two of the listed categories. 

SIP 

The protocol chosen by the 3GPP for session control in IMS is SIP. SIP is defined in [6] 

[7] [17] as an IETF standard. SIP is an application layer control protocol that lies at the 

core of the IMS architecture, and it plays the role of session initiation, modification, and 

termination between two or more end points [18] [19]. Session initiation includes the 

discovery of the user's location and the request of initiating a session by sending an 

INVITE request. Once the user has initiated a session successfully, the session is said to 

have been established, thus allowing the media stream to directly travel among two or 

more end points. After that, the user can modify the parameters regarding an existing 
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session, such as modifying the current QoS (e.g., the new codec if local policies are 

applied). Finally, SIP deals with the session termination, which releases the session. 

Additionally, SIP is independent of the media being transported and relies on other 

protocols for the transporting of the media data of a session. SIP is based on a 

request/response model. The requests can be grouped altogether with the corresponding 

responses into transactions. The SIP messages are the data sent between SIP elements as 

part of the protocol [7]. The body of a SIP message includes a description of the session, 

which is encoded in some other protocol format. One of these formats is Session 

Description Protocol (SDP). SIP messages can be carried by User Datagram Protocol 

(UDP) or Transmission Control Protocol (TCP) [20]. When SIP chooses TCP as a 

transport protocol, the transport layer provides reliability. However, when SIP is carried 

by UDP, reliable delivery procedures are ensured by SIP. Also, UDP is the widely used 

as SIP transport protocol. 

SIP specifies a number of various methods [7]. Appendix A summarizes the 

methods of SIP that are involved in the analysis of SIP signaling traffic with high 

frequency. 

Diameter 

Diameter as security and authentication protocol in the IMS architecture is defined in 

[21]. It improved an earlier version of the authentication protocol called RADIUS [22]. 

Diameter messages are carried by reliable transport protocol, such as TCP and Stream 

Control Transmission Protocol (SCTP). 
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Now that, we know both SEP and Diameter protocols are used in IMS architecture, 

we will introduce IMS architecture and IMS network entities. 

2.1.3 Overview of IMS Architecture 

As illustrated in Figure 2.1, the IMS architecture is composed of three layers [16]. The 

Application Layer is comprised of applications servers, which provide the end user 

services, and the Call/Session Control Layer contains the Call/Session Control Function 

(CSCF) that acts as a central system component of the IMS network infrastructure, and 

Home Subscriber Server (HSS). This layer mainly provides the routing of the SEP 

messages to the appropriate application server. HSS database maintains the unique 

service profile for each user, and other interworking functions. Moreover, the Media 

Transport and Endpoint Layer allows the end users to initiate and terminate SEP signaling 

and to set up sessions; it also allows for the exchange of media data among the end users 

and servers that provide the services. 

f Application Server 

Figure 2.1: IMS layer view: network components and functions per layer 
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As illustrated in Figure 2.1, both CSCF and HSS are important components in the 

Call/Session Control layer of the IMS architecture. CSCF provides the session control 

services including subscription, registration, routing and roaming, and central services, 

based on charging and QoS control [23]. Once CSCF receives a new SIP call from end 

users, it contacts the HSS in order to authenticate the user. Once the successful 

authentication in HSS is completed, the SIP signaling is passed by CSCF over the IP 

Multimedia Service Control (ISC) interface to the application server. The ISC defines a 

set of filters that can be obtained from the HSS and assigned to each user. Thus, CSCF 

decides which application server should provide the requested services by the comparison 

of each SIP message and the filters associated to the corresponding user in the ISC. 

A simplified architecture of IMS network with the network entities is illustrated in 

Figure 2.2. Depending on the functionalities they provide, CSCF servers are classified 

into three types: the Proxy-, Interrogating-, and Serving-CSCF servers (P-CSCF, I-CSCF, 

S-CSCF, respectively [24]). Furthermore, as mentioned previously, SIP, as a signaling 

control protocol, lies at the core of the IMS architecture and plays the role of session 

establishment, modification, and termination between two or more end users; this occurs 

mostly between end user and P-CSCF server or between the two CSCF servers [24]. 

Besides the SIP, Diameter protocol is used by HSS in order to communicate with the 

CSCF servers for Authentication, Authorization and Accounting (AAA) dialog. As 

shown in Figure 2.2, P-CSCF, as a proxy server, is located in the access network, while I-

CSCF, S-CSCF, and HSS servers are located in the home network. 
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Figure 2.2: A simplified IMS core network architecture 

P-CSCF 

P-CSCF is placed between the end user and IMS network as an outbound/inbound SIP 

proxy server for the first core network service access [25] [26]. It implies that all the 

requests initiated by or destined to an IMS end user have to traverse P-CSCF. P-CSCF 

processes the received SIP messages and forwards them to the next appropriate network 

node. During the registration, the end user only keeps in contact with one single P-CSCF 

server. Also, P-CSCF is responsible for authenticating the user, and it asserts the identity 

of the user to the rest of the nodes within the network. By doing so, the repetitive 

authentication work is avoided in the rest of the nodes. In addition, P-CSCF supports the 

verification of SIP requests sent by the IMS end user. This ensures that the SIP requests 

are guaranteed to follow the SIP rules. P-CSCF also includes a compressor and a 

decompressor of SIP messages. This helps prevent the long transmission time of SIP 

messages due to their large size. Usually, an EMS network includes a number of P-CSCFs 
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for the sake of scalability and redundancy. Each P-CSCF serves a number of IMS end 

users, depending on the capacity of the node. 

P-CSCF Location 

Depending on the user's location, P-CSCF is located either in the visited network or in 

the home network. In other words, P-CSCF is the first contact point for the user and is 

located in the same network where the user is located. 

I-CSCF 

I-CSCF, acting as a SIP proxy located at the edge of the administrative domain and 

performs the routing function, is the contact point for external networks [24] [25]. It 

forwards SIP messages to the network based on the decision of whether access from other 

networks is granted. Then, I-CSCF is required to hide the network details from the other 

operators as well as to determine the routing. This facilitates the protection of S-CSCF 

and HSS servers from unauthorized access from other network. Thus, I-CSCF server 

behaves like the gateway into each individual network. Both P-CSCF and I-CSCF 

perform the gateway functionality; however, they are in fact different. P-CSCF is a 

contact point to reach IMS network and acts as a gateway to non-IMS network, while I-

CSCF acts a gateway between two IMS networks. Besides, I-CSCF has another 

important function, which is the assignment of S-CSCF. In general, S-CSCF is assigned 

according its capability or service provider policy. Therefore, I-CSCF plays an important 

role in both security as well as the routing of SIP messages between the different IMS 

networks. An EMS network usually includes a number of I-CSCFs for the sake of 

scalability and redundancy. 
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I-CSCF Location 

I-CSCF is usually located in the home network, except in some especial cases. However, 

in our research, we assume that I-CSCF is always located in the user's home network. 

S-CSCF 

As a SIP server, S-CSCF server is the central node of the signaling plane [1][24]. It 

always resides in its user's home network with the responsibilities of both the registration 

and session control for the users. It acts as a SIP registrar and is responsible for the 

binding between the public user identity (the user's SIP address) and the user's location 

(e.g., the current IP address that the user is logged on). The entire SIP messages initiated 

by (or destined to) IMS users traverse the allocated S-CSCF. S-CSCF inspects the SIP 

messages in order to decide the next destination based on the contents of the messages. 

Moreover, one of the main functions of S-CSCF is the provision of the SIP routing 

services (e.g., translation services) [26]. S-CSCF interacts with the HSS by using the 

Diameter protocol in order to obtain the authentication information of the user who is 

trying to access the IMS, to download the user profile, and to inform HSS that this S-

CSCF is currently assigned to the user for the duration of the registration [27]. Usually, 

an IMS network includes a number of S-CSCFs for the sake of scalability and 

redundancy. Each S-CSCF serves a number of IMS end users depending on the capacity 

of the node. 

S-CSCF Location 

S-CSCF is always located in the user's home network. 
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HSS 

HSS is a central database containing user-related information and serves S-CSCF [27]. It 

stores user profiles, such as the various identities (the private identity and all public user 

identities), the available applications a user is allowed to access, the network a user is 

allowed to roam within, and the location of the user device. However, the information 

stored in HSS is not available to other networks. This means that only S-CSCF within the 

same network has the permission to access HSS within any network, thus securing the 

user data within the home network. Besides, as we discussed earlier, P-CSCF and I-

CSCF guard S-CSCF and HSS from unauthorized access. 

HSS location 

In general, the location of HSS is not specified in the references. However, we assume 

HSS is always located in the user's home network. Next, we will discuss the session 

procedures that we focus on in this thesis. 

2.1.4 IMS Session Procedures and SIP Signaling Traffic 

Before introducing IMS session procedures, several definitions provided as follows, for 

better understanding the following texts. 

1. Procedure: Procedure is accomplished by a set of SIP messages that pass back and 

forth among the involved servers in order to complete a specific signaling purpose. 

There are five different categories of procedures; each category is further divided 

into several cases called session procedures; Section 2.1.4 provides more 

information of session procedures. Figure 2.3 illustrates two session procedures, 

which are basic session setup procedure and termination procedure (mobile terminal 
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initiated session release). The basic session setup procedure starts at User 

Equipment 1 (UE1) by sending the INVITE message to UE2, via P-CSCF and S-

CSCF, and it ends at UE2 when UE2 receives the ACK message sent from UE1, via 

P-CSCF and S-CSCF. When the session is established, the multimedia data passes 

between two users through a SIP session. The termination procedure is initiated at 

UE1 by sending the BYE message to UE2, via P-CSCF and S-CSCF, and it ends at 

UE1 when UE1 receives the 200 message from UE2, via S-CSCF and P-CSCF. 

2. Transaction: Transaction presents an interaction between nodes through a series of 

dependent message exchanges. A transaction can occur between a user and a server, 

between users, or between servers and it comprises the messages including the 

request sent from the sender to the receiver and a response sent from the receiver to 

the sender. A transaction can be established by sending a request and be terminated 

by receiving the response to previous request. As shown in Figure 2.3, there are five 

transactions formed and exist in the shown session procedures. The first transaction 

occurs between UE1 and P-CSCF. UE1 sends an invite message to P-CSCF, then P-

CSCF responses with a 100 message. The second transaction involves the same 

messages, but it happens between P-CSCF and S-CSCF servers. The third 

transaction happens between S-CSCF and UE2, and uses the same type of messages 

as transaction 1 and 2. The forth transaction occurs between UE2 and UE1. UE2 

sends a 200 message to UE1 via S-CSCF, and P-CSCF, and UE1 responses with an 

ACK message using the same path. The fifth transaction starts from UE1, with a 

BYE message. The BYE message travels to UE2 through P-CSCF and S-CSCF. 

- 2 2 -



Once UE2 receives the BYE message, it response with a 200 message via S-CSCF 

and P-CSCF. The transaction ends when UE1 receives the 200 message. 

Transaction 1 
(INVITE, 

100) 

UE1 

Dialog < 

Transaction 4 
(200, 
ACK) 

Transaction 5 
(BYE, 
200) 

<--

<--

Originating Home Network 
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(INVITE, 
100) 
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(INVITE, 
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Procedure 
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Figure 2.3: Basic session setup procedure and termination procedure (mobile terminal 

initiated session release), with transaction, dialog analysis 

3. Dialog: Dialog represents a peer-to-peer SIP relationship between two users that 

persists for some time [11]. In a dialog, two users establish a conversation in which 
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a sequence of messages passes between two users. When the conversation is over, 

the relationship between the two users is released, and the dialog is then terminated. 

A dialog can contain one or more transaction(s), since in a dialog there are many 

requests and the responses to them. The user can initiate new transactions within a 

dialog. As shown in Figure 2.3, two end users, namely UE1 and UE2, remain in a 

communication dialog from the time the session is established until the time of 

termination, including the multimedia data passing between the two end users. There 

are five transactions in this dialog. 

4. Routing Scenario: Routing scenario specifies the status of end users when they enter 

into an IMS network. For example, as shown in Figure 2.3, the routing scenario of 

UE1 specifies UE1 as an originator in his home network, and the routing scenario of 

UE2 specifies UE2 as a terminator in his home network. Section 3.2 provides more 

information on the routing scenario. 

IMS defines a large number of procedures for the various signaling functions in [9]. 

Generally speaking, there are five different categories of procedures [14], which include 

registration and de-registration, session initiation, session termination, session failure, 

and session redirection. As illustrated in Table 2.1, each category is further divided into 

several cases, which are called session procedures. In the last column of the table, a 

diagram and brief explanations of some session procedures are provided in the 

corresponding appendix. 
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Table 2.1: IMS session procedures 

Procedure 
Category 

Session 
Initiation 

Registration 

De-
registration 

Session 
Termination 

Session 
Failure 

Session 
Redirection 

No. 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 

14 

15 
16 
17 
18 

19 
20 

Session Procedures 

Basic Session Setup 
Re-invite for new codec, without I-
CSCF 
Re-invite for reserved codec 
Re-invite, failure happen 
Registration, user not registered 
Re-registration, user currently registered 
Mobile initiated 
Network initiated, registration timeout 
Network initiated by HSS, administration 
Network initiated, service platform 
Mobile terminal initiated session release 
Network initiated session release P-
CSCF initiated 
Failure in session abandon, origination 
procedure 
Failure in obtaining resource, origination 
procedure 
Failure in termination procedure 
Rejection by termination procedure 
Initiated by S-CSCF to CS-domain 
Initiated by S-CSCF to IM CN 
subsystem 
Initiated by P-CSCF 
Initiated by UE 

Appendix 

Appendix C.l 
Appendix C.2 

Appendix C.3 
Appendix C.4 
Appendix B.l 
Appendix B.2 
Appendix B.3 
Appendix B.4 
Appendix B.5 
Appendix B. 6 
Appendix D.l 
Appendix D.2 

Appendix E.l 

Appendix E.2 

Appendix E. 3 
Appendix E.4 
Appendix F. 1 
Appendix F.2 

Appendix F.3 
Appendix F.4 

As a starting point, both new and old end users are required to register in IMS 

network before any session is initiated. After a successful registration, the session 

initiation can be performed by the users' requests. Once the basic session has been 

completely set up, the media traffic can travel between the end users. The de-registration 

procedure may be triggered by mobiles or even the network under some situations. A 

session initiated by the user may fail due to an error detected in the servers; however, the 
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decision to redirect a session to a different destination may be made for different reasons 

in the establishment of a session. At the end of a session, the session termination 

procedure allows the session to be released. 

In session failure, the failure occurs in either the origination procedure or the 

termination procedure. The origination procedure specifies the signaling path between the 

UE initiating a session setup and S-CSCF that is assigned to perform the session 

originating service. By contrast, the session termination procedure specifies the signaling 

path between S-CSCF assigned to perform the session termination service and the UE. 

The signaling paths for both origination and termination procedures are determined at the 

time of UE registration and will remain unvarying for the life of the registration [9]. 

Accordingly, P-CSCF and S-CSCF along this path are fixed as well for one particular 

user during his life of registration. 

The above presented information is all about the IMS system, SIP, IMS session 

procedures, and IMS signaling traffic. Next, we will review the literature regarding the 

current IMS traffic modeling technology and IMS network implementation. 

2.2 Related Work 

Since IMS network is still evolving, the issues related to IMS are a novel research area. 

Currently, most of IMS-related research work has concentrated on IMS architecture and 

IMS service platform [5] [16] [19] [23][25], SIP signaling delay and performance study 

[20][28][29][30][31][32][33], SIP protocol development [15][34], QoS [8][35], and the 

IMS scalability issue [24][36]. However, in the literature, only a few studies on SIP 
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signaling traffic model are published. The related work about modeling the signaling 

traffic and the implementation of IMS network is presented in the following sections. 

2.2.1 SIP Signaling Traffic Model 

In this section, we discuss some of the solutions in the current literature and explain why 

there exists a need for alternative solutions. 

Abhayawardhana and Babbage [37] proposed an analytical traffic model that focuses 

on the signaling traffic created to and from HSS in 3 procedures, which are registration 

procedure, basic session setup procedure and the procedure of presence service in the 

home network. This paper initially made the assumption for a number of network 

parameters, which are treated as a representative of all users in a busy hour. Based on the 

assumed data values, the number of the procedures triggered by users per hour, can be 

derived at the end. Furthermore, according to the interfaces of Diameter messages 

defined in the selected procedures, the load of HSS, which is represented as the number 

of messages processed in HSS, can be calculated. The calculated results have not been 

verified with simulation. This model can be used to predict the HSS load based on the 

number of the procedures triggered by a number of subscribers per hour, which is 

calculated from the assumed network parameters. For comparison, in our proposed traffic 

model, we define a signaling flow concept that can capture a causal relationship among a 

sequence of messages. By using this signaling flow concept, the load of SIP servers is 

correlated and can be predicted by a simple mathematical calculation. The presence 

service is a service that could be provided in EMS. The procedure of presence service is 
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not included in our signaling traffic analysis, since it does not belong to the five general 

categories of procedures that we have classified. 

Urrutia-Valdes [38] examines presence and availability services in the context of 

IMS and describes its architecture defined in 3GPP/3GPP2. It also provides the signaling 

analysis on the procedure of presence service, where a presentity, a P-CSCF, a S-CSCF, a 

presence server and a watcher are involved. A presentity is defined as an entity which 

provides presence information [39]. After that, a user model associated with presence 

service is proposed for calculating the signaling traffic on the network. An analytical 

traffic model is built in order to determine the number of SIP messages sent or received 

for a presentity in a day. The load of P-CSCF and S-CSCF can be derived by the 

modification of the previous calculation. This paper proposed a traffic model that focuses 

on the presence service in IMS. It did not consider which network P-CSCF and S-CSCF 

are located in. It seems that the authors assume that both of them lie in the home network. 

Moreover, the server load has not been verified with simulation. The following section 

provides the related work regarding IMS network implementation. 

2.2.2 IMS Network Implementation 

In addition to above publications, some IMS researches related to the implementation of 

the test bed of IMS network by the simulator are listed below. 

Rajagopal and Devetsikiotis [12] focused on the formulation of queuing models for 

IMS network, and attempted to characterize the server load by monitoring actual traffic. 

It defined a methodology to design an IMS network with optimal performance. IMS 

network is modeled as a tandem queuing network of K servers of type M/M/l/co. The 
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service time distribution of the servers follows the exponential distribution. The users 

enter to the network as a Poisson process. 

The authors, Pandey et al of [4] addressed the problem of measuring the end-to-end 

delay. This paper discussed the implementation of an IMS signaling prototype test bed 

that consists of two parts, the UA and the IMS core network nodes. UA is a client that 

generates the IMS signaling traffic using Seagull, which is an open source, multiple 

traffic generator test tool. The IMS core network is implemented in NS2, which allows 

for the defining of new protocols as well as the new features that satisfy the IMS network 

requirements. Moreover, a sample procedure from UA to IMS core nodes is implemented, 

and the node delay is evaluated after the simulation. 

In [40], the authors studied the presence and instant messaging service defined in 

[39]. They analyzed the signaling traffic in registration and basic session setup 

procedures. The structure of a simulation model is developed and implemented using 

C++. The model consists of four main phases: network input and user profile, network 

initialization, execution of IMS system, and results collection of delay and signaling load. 

Furthermore, Panwar and Singh in [41] presented the IMS SIP core server test bed 

architecture, which is designed to meet the IMS requirements and to be an exact replica 

of the real IMS network. This model allows IMS clients to minimize the interoperability 

with the real IMS network as well as to test all service functionalities. In [42], the authors 

introduce a simulation tool called Diabelli in order to model IMS network. 
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Hence, we know that there are various simulation tools used in order to implement 

IMS network, such NS2, C++, and Diabelli. Usually, the IMS server is implemented as a 

queuing model, M/M/l, or M/D/l. 

In our thesis, an OPNET modeler is chosen as our network simulator. The details of 

implementation are provided in Chapter 5. In the following chapter, the call scenarios and 

routing scenarios in IMS are defined in order to offer a better understanding of the IMS 

signaling traffic in different scenarios. 
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Chapter 3 

Define Call Scenarios and Routing Scenarios in IMS 

The analysis of different call scenarios is necessary in order to better understand the IMS 

signaling traffic in different cases. In this section, we define the call scenarios, which 

identify the different types of calls between two end users. Following the introduction of 

call scenarios, the routing scenarios are defined and used to reduce the complexity of the 

analysis of IMS signaling traffic. 

3.1 Call Scenarios 

An end-to-end session establishment is clearly defined by IMS. It is achieved by 

successfully establishing a call between two end users. As two parties, the end users can 

belong to and lie in two identical/different networks [24]. All possible call scenarios 

between the two parties are shown in Figure 3.1. This figure illustrates four types of 

parties, Hi, H2, Vi, and V2. Both Hi and V2 belong to their home network, Network #1, 

and they are currently located in Network #1 and Network #2, respectively. By contrast, 

both Vi and H2 belong to their home network, Network #2, and they are located in 

Network #1 and Network #2, respectively. The so-called home network in IMS refers to 

an infrastructure provided by the user's network operator. The user uses such an 
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infrastructure when he requires service in the area where he resides. On the other hand, if 

the user roams outside the area of coverage of his home network, the infrastructure used 

by him is provided not by his own operator, but rather, by another operator. In this case, 

the user is a visitor in the network, and this infrastructure is what we call the visited 

network. 

Network #1 

P-CSCF#1 
l-CSCF#1 
S-CSCF #1 

HSS#1 

Network #2 

P-CSCF #2 
l-CSCF #2 
S-CSCF #2 

HSS#2 

<H>>: Network! user 
^ at home network 

<V2>: Networkl user 
x / roaming at network2 

iOj : NetwoK2 user 
--^ at home network 2 

Q l : Network2 user 
roaming at networkl 

Figure 3.1: End-to-end sessions in 2 networks 

Each party, Hi, H2, Vi, or V2 acts either as a caller/originator or as a 

callee/terminator. Any of the parties can call another party in order to establish an end-to-

end session. Therefore, as illustrated in Figure 3.1, there are 16 possible call scenarios 

between these 4 parties. For example, Link 1 represents a complete end-to-end session 

between a non-roaming user (Hi) and one roaming user (Vi); the two users are 

subscribers of different network operators and both lie currently in Network #1. 

Therefore, the possible call scenarios for the session represented by Link 1 are: 
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1. Hi user as originator (Hi,0) —•Call—• Vi user as terminator (Vi,T) 

2. Vi user as originator (Vi,0) —•Call-* Hi user as terminator (Hi,T) 

The descriptions of 16 call scenario are provided in Appendix G. 

Since Network #2 is symmetric, this thesis only focuses on the signaling traffic 

created to and from Network #1. Moreover, it is noted that the traffic generated from H2, 

as originating procedure (H2, O) and terminating procedure (H2, T), will be considered 

unrelated to Network #1 traffic. Then, the 4 parties, which are Hi, Vi, V2, and H2, form 

15 call scenarios; these scenarios are considered in our analysis as shown in Table 3.1. 

Table 3.1: 15 Call scenarios, excluding the case of (H2,0) calling (H2, T) 

No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

Call Scenarios 
H1->H1 
H l ^ V l 
V l ^ H l 
H 1 ^ H 2 
H 2 ^ H 1 
H1-*V2 
V 2 ^ H 1 
V1->V1 
VI ^ H 2 
H 2 ^ V 1 
VI ^ V 2 
V 2 ^ V 1 
V 2 ^ V 2 
V 2 ^ H 2 
H 2 ^ V 2 

Descriptions 
(H1,0) calls (HI,T) 
(H1,0) calls (V1,T) 
(V1,0) calls (HI,T) 
(H1,0) calls (H2,T) 
(H2,0) calls (HI,T) 
(H 1,0) calls (V2,T) 
(V2,0) calls (HI,T) 
(V1,0) calls (V1,T) 
(V1,0) calls (H2,T) 
(H2,0) calls (VI,T) 
(V1,0) calls (V2,T) 
(V2,0) calls (V1,T) 
(V2,0) calls (V2,T) 
(V2,0) calls (H2,T) 
(H2,0) calls (V2,T) 

Any call scenario can establish an end-to-end session, and we have 20 session 

procedures identified in Table 2.1. Thus, we have to analyze the signaling traffic involved 

in the 20 session procedures for the 15 call scenarios individually because they involve 
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different servers; this is a huge task. As a result, we introduce routing scenarios in an 

attempt to help us reduce the complexity of the analysis of IMS signaling traffic. 

3.2 Routing Scenarios 

In this section, we define the routing scenario in IMS network, and determine the server 

location when a routing scenario and a session procedure are given. 

3.2.1 Define Routing Scenario 

When a signaling message is routed through the signaling network, the procedures [9], as 

defined in EMS, can be divided into two parts: the originator part and the terminator part. 

The procedures related to the originator are called originating procedures while the 

procedures related to the terminator are called terminating procedures. Therefore, an end-

to-end call is a concatenation of the originating procedures and the terminating 

procedures. 

For 15 call scenarios discussed above, originating and terminating procedures consist 

of (H,, O), (H2, O), (V,, O), (V2, O), and (H,, T), (H2, T), (V,, T), (V2, T), respectively. 

Also, since Network #1 is our concern, the signaling traffic created from (H2, O) or 

created to (H2, T) is considered within Network #2. Therefore, both (H2, O) and (H2, T) 

are excluded from the scope of our research. Consequently, the relevant routing scenarios 

can be classified into: 

- Originating routing scenarios: (Hi, O), (Vi, O), (V2, O) 

- Terminating routing scenarios: (Hi, T), (Vi, T), (V2, T) 

Next, we will determine the server location in the case of a routing scenario that is known. 
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3.2.2 Determine Servers Locations for a Given Routing Scenario 

As mentioned in the previous section, Network #1 performance is our concern. In order 

to perform the signaling flow analysis within Network #1, we need to identify which 

servers are logically located in Network #1 and carry the signaling traffic for a given 

routing scenario. To get this information, we need to analyze each routing scenario 

separately. 

P-CSCF is the first contact point for the user, and it is located in the same network 

where the user is located. Furthermore, I-CSCF is always assumed to be located in the 

user's home network, and S-CSCF is always located in the home network. However, 

since the location of HSS is not specified, we assume HSS is always located in the home 

network. 

Figure 3.2 illustrates, in the case of the Network #1 users as originator (Hi, O) or 

terminator (H,, T), all of P-CSCF #1, I-CSCF #1, S-CSCF #1, and HSS #1 servers are 

logically located in Network #1. The dash lines connecting P-CSCF #1, I-CSCF#1, and 

S-CSCSF#1 are indicated as the possible links for signaling, depending on the actual 

session procedure. 

Home Network: 
Network 1 

t 
(Hl.O) 
(Hl.T) 

¥* 

• 
3 

Figure 3.2: IMS servers involved in (Hi, O) and (Hi, T) and servers in orange boxes are 

logically located in Network #1 
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The other two examples are shown in Figure 3.3 and Figure 3.4. The first one refers 

to the cases (Vh O) and (V,, T), where only P-CSCF #1 is involved in Network #1. The 

(Vi, O) or (Vi, T) users are roaming at the Network #1, but they belong to Network #2. In 

this case, P-CSCF #1, as a proxy server located in Network #1, is responsible for 

processing the received SIP messages and forwarding them to the next appropriate 

network node, I-CSCF #2 or S-CSCF #2, which is located in Network #2. Thus, in the 

case of (Vi, O) or (Vi, T), only P-CSCF #1 is logically located in Network #1. By 

contrast, the second one is the cases (V2, O) and (V2, T), where I-CSCF #1, S-CSCF #1, 

and HSS #1 are located in Network #1. The users of (V2, O) and (V2, T) are roaming in 

Network #2, yet they belong to Network #1. Also, P-CSCF #2, as a proxy server, is 

located in Network #2, but at the same time, the rest of servers, including I-CSCF #1, S-

CSCF #1, and HSS #1, are located in the home network, Network #1. 

VI Home Network: 
Network 2 

Figure 3.3: IMS servers involved in (Vi, O) and (Vi, T) and servers in orange boxes are 

logically located in Network #1 
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V2 Home Network: 
Network 1 

Figure 3.4: IMS servers involved in (V2,0) and (V2, T) and servers in orange boxes are 

logically located in Network #1 

In summary, the results indicating which servers logically located in Network #1 are 

carrying the signaling traffic for a given routing scenario are shown in Table 3.2. It 

should be noticed that the servers listed in Table 3.2 may not appear in all session 

procedures for a given routing scenario. In other words, in order to confirm the presence 

of a server in a given session procedure of a given routing scenario, we have to look at 

which given session procedure is in discussion. Further details are provided in next 

section. 

Table 3.2: Network #1 server(s) that involved in routing scenarios 

Routing Scenario 

(H,, O) 

(H,,T) 

(Vi, O) 

(V,,T) 

(V2, O) 

(V2, T) 

Involved Server(s) in Network #1 

P-CSCF #1,1-CSCF #1, S-CSCF #1, HSS #1 

P-CSCF #1,1-CSCF #1, S-CSCF #1, HSS #1 

P-CSCF #1 

P-CSCF #1 

I-CSCF #1, S-CSCF #1, HSS #1 

I-CSCF #1, S-CSCF #1, HSS #1 
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3.2.3 Determine Servers Locations for a Given Routing Scenario with a Given 

Session Procedure 

We examine the involvements of servers in a given session procedure with a known call 

scenario, and use two examples in order to effectively illustrate this problem. As we 

mentioned earlier, the routing of an end-to-end call scenario is the concatenation of the 

corresponding originating, and terminating routing scenarios. One example is shown in 

Figure 3.5. The example shows the servers that are involved in the call scenario where 

(Vi, O) calls (V2, T) in order to establish a basic session. It can be observed that P-CSCF 

#1 is not involved at all, while I-CSCF #1 is involved once in the path of the terminating 

routing scenario, and S-CSCF #1 is involved twice in the end-to-end call scenario: once 

in the path of originating routing scenario and once in the terminating routing scenario. 

The HSS #1 server is only in the terminating routing scenario. 

VI Home Network: 
Network 2 

Figure 3.5: IMS end-to-end call scenario where (Vi, O) calls (V2, T), performing basic 

session setup procedure 
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Another example with the same call scenario is shown in Figure 3.6. This example 

depicts the user as (V\, O) starts the session procedure, which is re-invite for new codec 

procedure, with (Vj, O) user. However, in the path of the originating routing scenario, the 

I-CSCF #1 and HSS #1 are not involved as in the basic session setup procedure for both 

paths of originating and terminating routing scenarios. I-CSCF servers are responsible for 

assigning the address of S-CSCF. HSS servers are responsible for offering information 

about S-CSCF. The address of S-CSCF #1 is decided in the first session setup, with the 

help of both I-CSCF and HSS servers. Once the address of S-CSCF is decided, I-CSCF 

and HSS servers are no longer needed in the current session procedure. Therefore, it can 

be observed that only S-CSCF #1 is involved twice in the end-to-end call scenario: once 

in the path of originating routing scenario and once in the terminating routing scenario. 

r V I Visited Network: 
Network 2 

^ 

e © 
P-CSCF 

#2 

(V1,0) 

V I Home Network: 
Network 1 

S-CSCF 
#1 

~T 
Visited Network: 

Network 2 
"N \?2 Home Network: 

/ Network 1 

S-CSCF 
#1 P 

Figure 3.6: IMS end-to-end call scenario where (Vi, O) calls (V2, T), performing re-invite 

for new codec procedure 
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It should be noted that although session procedures are grouped into routing 

scenarios as discussed above, not all servers in a routing scenario will appear in all the 

signaling session procedures. For example, I-CSCF #1 server in Figure 3.5 is not 

involved in the path of the originating routing scenario. In addition, only S-CSCF #1 

server in Figure 3.6 is involved in both the path of the originating routing scenario and 

the terminating routing scenario. Although we defined the routing scenarios that 

somewhat help us reduce the complexity of analysis, the estimation of traffic load on a 

particular server is still complicated due to the different servers involved in different 

session procedures for a given routing scenario. Hence, seeking a technique that can 

capture the load correlation between different servers is our main task. This leads to the 

introduction of signaling flow concept. 

In summary, out of 15 call scenarios, we identified 6 routing scenarios. With each 

routing scenario, 20 session procedures are defined. Next, a signaling flow based 

approach for modeling the IMS signaling traffic is presented in Chapter 4; this is the 

main part of our thesis. 
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Chapter 4 

IMS Traffic Model 

This chapter explains the technique that we use to capture the characteristics of signaling 

traffic in IMS network. We also interpret how to apply the technique in order to 

characterize the traffic in each routing scenario for the selected session procedures. A 

mathematical model is successfully formulated in order to evaluate the performance of a 

given IMS system. By applying the model, the server load and the mean server queuing 

time can be predicted by means of a simple mathematical calculation. In order to better 

understand how this model works to predict the server load, we offer an example by 

introducing a new application to the market. The details of the procedures of predicting 

the server load in this example are provided. Moreover, we develop a measurements 

architecture based on ESP and ENF frameworks in order to collect the network statistics 

and user profile. Then, the input data of the proposed traffic model can be obtained from 

the collected data. 
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4.1 SIP Signaling Flows 

We propose the signaling flow in this section. The procedures of characterizing the SIP 

signaling traffic by using the signaling flows are discussed. 

4.1.1 Motivation 

We understand that IMS network is an extremely complex system because of the 

combination of various routing scenarios and the large number of session procedures 

defined in [10] for various signaling functions. Each combination is required to analyze 

individually, so that the server load can be obtained accurately. As we discussed before, it 

is a challenging task to engineer all kinds of IMS servers in order to satisfy the real-time 

call performance requirements; therefore, our task is to propose an effective solution by 

utilizing the characteristics of SIP messages, so that the server load can be easily 

predicted by following a simple procedure. 

After carefully considering the diagrams of session procedures, there are two 

findings that give us the inspiration. We take the registration procedure (user registers for 

the first time), which is shown in Figure 4.1, as an example. The first finding is that one 

message typically triggers a sequence of messages to complete a transaction. For instance, 

as show in Figure 4.1, REGISTER message (1) triggers REGISTER message (2) to be 

sent to I-CSCF server. The following REGISTER message (5) and its response 401 

messages (8, 9, 10) are all triggered by the previous REGISTER message. The same 

concept can be applied to the messages that travel between I-CSCF and HSS and HSS 

and S-CSCF. The request (3) sent by I-CSCF triggers the response (4) to be sent back to 
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I-CSCF. These perfectly present a causal relationship among a sequence of messages, and 

the load at their corresponding servers is therefore correlated. This finding leads us to 

utilize an approach in order to capture such relationship among a sequence of messages. 

Originating Network 

UE1 P-CSCF 

(1). REGISTER 

(2). REGISTER i 
^T> 

l-CSCF HSS S-CSCF 

(3). Diameter UAR 

: c«Q 
(4). Diameter UAA 

(5). REGISTER 

(6). Diameter MAR 
( - ~ j ^ ; 

(7). Diameter MAA 

<5P (10). 401 Unauthorized 401 Unauthorized (8). 401 Unauthorized 
^ fr% _<^9 ; 

(11). REGISTER^r^ ^T ' 

— < 0 ! ! 
(12). REGISTER, ] 

3D„. 

(20). 200 OK 

(13). Diameter UAR 

: ^O 
(14). Diameter UAA 

(15). REGISTER 

(19). 200 OK 

k— -<^> € ^ -

(16). Diameter SAR 

C ^ ! 
(17). Diameter SAA 

(18). 200 OK v - - i - y 

Figure 4.1: The diagram of registration procedure (user registers for the first time) 

Secondly, we found similar sequences of messages existing in different session 

procedures. These similar sequences of messages follow the same path and even contain 

the same messages in some cases. In Figure 4.1, a sequence of messages, (REGISTER, 

401) follows the same path with a sequence of messages (REGISTER, 200). More details 

can be found in Appendix B.2and B.3. 
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Based on these two useful findings, server load can be calculated by utilizing the 

causal relationship among a sequence of messages. Table 4.1 lists the procedures for 

calculating the server load in a registration procedure (user registers for the first time), as 

depicted in Figure 4.1. 

Table 4.1: Server load for registration procedure (user registers for the first time), where 

numberl represents the number of message sequences passed by this server, 

number2 represents the message number, in bold type 

SIP 
Message 
Sequence 

(REGISTER, 401) 

(REGISTER, 200) 

(Diameter UAR, 
Diameter UAA) 
(Diameter SAR, 
Diameter SAA) 

Message 
Number 

2 (for P/I-CSCF); 
1 (for S-CSCF) 
2 (for P/I-CSCF); 
1 (for S-CSCF) 
1 (for HSS & I-
CSCF) 
1 (for HSS & I-
CSCF) 

Total load at server: 

Load on server for each SIP message 
sequence 
unit: number of messages 
numberl x number2 
P-CSCF 

1x2 

1x2 

0 

0 

4 

I-CSCF 
1x2 

1x2 

2x1 

0 

6 

HSS 
0 

0 

2x1 

2x1 

4 

S-CSCF 
lxl 

lxl 

0 

2x1 

4 

In a given session procedure, a SIP message sequence describes a message sent from 

a node, traversing a list of nodes, and arrived at the destination node. If there is a 

response to the previous request, the request along with the response is considered a 

message sequence. However, if there is no response, the request becomes a single 

message sequence. There are four SIP message sequences extracted from the registration 

procedure (user registers for the first time), and they are listed in Table 4.1. The message 

number is defined as the number of messages of the specific message sequence passing a 
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server for a given unit of time. As shown in Table 4.1 , since any of servers, except S-

CSCF, on the routing chain needs to process the message sequences, (REGISTER, 401) 

and (REGISTER, 200). Each of these two message sequences consists of a request and a 

response, the message number of these two message sequences is 2. S-CSCF only 

processes the REGISTER message once as it is received. By contrast, the message 

sequences, (Diameter UAR, Diameter UAA) and (Diameter SAR, Diameter SAA), are 

one way trips, while HSS processes Diameter UAR and Diameter SAR, and I-CSCF 

processes Diameter UAA and Diameter SAA, respectively. The message number of these 

two message sequences is 1. 

Next, the load of a message sequence at one server is equivalent to the number of 

message sequences passed by this server (number 1) times the number of the message 

sequences passing a node (number2), and it is represented as a format of numberl x 

number2, as depicted in Table 4.1, and number2 is in bold type. For example, message 

sequence (REGISTER, 401) is passed by P-CSCF once (numberl = 1), and the message 

number of this message sequence is 2 (number2 = 2), then the load at P-CSCF is 1x2 

(numberl x number2). If a message sequence does not traverse a certain server, the load 

of this message at this server would be zero. For instance, P-CSCF is not involved in the 

message sequence, (Diameter UAR, Diameter UAA), then the corresponding load for this 

node is marked as zero. 

Lastly, the load at different servers involved in registration procedure (user registers 

for the first time) can be obtained, as shown in Table 4.1, where server load is calculated 

as the number of messages to be processed in this server for this session procedure. The 
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calculated results in Table 4.1 can be verified with the diagram of the registration 

procedure (user registers for the first time), as shown in Figure 4.1. It demonstrates this 

approach to characterize server load by using the causal relationship among a sequence of 

messages. 

In addition, this causal relationship not only exists in a registration procedure (user 

registers for the first time), but it also exists in the rest of the identified 20 session 

procedures. Therefore, to better present the causal relationship among the sequence of 

messages, a signaling flow based approach is introduced and applied. Moreover, this 

approach aims to map various combinations of routing scenarios and session procedures 

to the limited number of signaling flows; this allows the load of each IMS server to be 

easily estimated. When a new session procedure is introduced into the IMS system, we 

hope the load can still be characterized through our signaling flow based approach with 

little modification. The detailed procedures of our signaling flow based approach are 

provided in the following sections. 

4.1.2 Introduction to SIP Signaling Flows 

It is well known that the data flow level analysis on user data traffic is appealing since it 

provides a useful assessment of performance requirements for a router [13]. A popular 

definition of data flow adopted for data plane traffic is defined as a unidirectional packet 

stream with a unique <source-lP-address, source-port, destination-IP-address, 

destination-port, IP-Protocol> tuple [13]. We expand the flow concept into signaling 

traffic analysis in IMS network. A signaling flow is defined to be the aggregation of a 

- 4 6 -



sequence of messages that follows the same path in a network of IMS servers. The 

characteristics of a signaling flow include both signaling flow path and signaling flow 

volume. 

The path of a signaling flow identifies the servers that a specific sequence of 

messages will traverse as well as the order that these servers will be traversed, while the 

specific sequence of messages is established by the causal structure among these 

sequences: one message triggers another one. The signaling flow path is determined from 

the session procedures. 

It should be noted that multiple sequences of messages can be mapped to the same 

signaling flow as long as they traverse the same path. This means that a server may need 

to process different types of messages for the same signaling flow, and therefore, the 

message processing times for a signaling flow at a server are variable. Furthermore, 

although a sequence of messages in a signaling flow may have a causal relationship, the 

messages may consist of different types at different servers. Therefore, their processing 

times at different servers are also different. 

The signaling flow volume represents the mean number of messages of the specific 

signaling flow passing a server for a given unit of time. The key characteristic of a 

signaling flow is that its volume stays constant across all the servers that the signaling 

flow traverses. Therefore, the signaling flow concept captures the correlation structure 

among different servers due to various sequences of messages. Below, we will explore 

how to quantify the signaling traffic at signaling flow level. 
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4.1.3 Quantification of SIP Signaling Traffic at Signaling Flow Level 

Next, we will show the method used to extract signaling flows from a typical IMS session 

procedure, namely, registration procedure (user registers for the first time), in the home 

network, with the originating routing scenario (HI, O). As shown in Figure 4.2, since all 

the servers, P-CSCF, I-CSCF, HSS, and S-CSCF are located in the designated home 

network, Network #1, the signaling traffic traversing through these servers is taken into 

account. 

Flow 11 
(REGISTER, 401) 

Flow 11 
(REGISTER, 200) 

Figure 4.2: IMS registration procedure (user registers for the first time), with signaling flow 

analysis, in (Hi, O) 
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As we discussed before, there is a causal relationship existing in the SIP messages 

generated in the session procedure. This leads to the correlation structure among different 

servers. The message sequences, (REGISTER, 401) and (REGISTER, 200), traverse all 

the servers except HSS and follow the same path; therefore, the load at the involved 

servers is correlated and can be easily captured. Once the message sequences follow this 

path, it is considered one signaling flow. This signaling flow is numbered as 11 due to its 

order in our signaling flow analysis, and we have identified 17 signaling flows. Later, we 

will introduce the rest of the signaling flows defined in our analysis. In regards to 

signaling flow 11, as illustrated in Figure 4.2, in total, there are two message sequences 

that follow the same path, and they are (REGISTER, 401) and (REGISTER, 200). Each 

message sequence contributes two messages to the signaling flow for each server. 

Therefore, there are four messages passing any one of the servers along this signaling 

flow, except S-CSCF server. Thus, the volume of this signaling flow is four. As it can be 

seen in the figure, different parts of a session procedure may belong to different signaling 

flows. In the above registration procedure, two more signaling flows are identified. The 

details of these different signaling flows are presented in Table 4.2. The detailed 

explanation of the message sequences in registration procedure (user registers for the first 

time) is provided in Appendix B.l. 
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Table 4.2: Signaling flow summary for registration procedure (user registers for the first 

time), in (Hi, O) 

Signaling 
Flow 

11 

15 

16 

SIP Message Sequence 

(REGISTER, 401), 
(REGISTER, 200) 
(Diameter UAR, 
Diameter UAA) 
(Diameter SAR, 
Diameter SAA) 

Signaling Flow Path 

-*P^I-» S ^ I ^ P ^ 

^•HSS -> I 

-*HSS ^ S 

Signaling Flow 
Volume 

4 

2 

2 

Now, we understand how to extract the signaling flows from a given IMS session 

procedure. Next, we will discuss the differences between signaling flow based modeling 

for signaling traffic and the data flow based modeling for data traffic. 

4.1.4 Differences between Signaling Flow based Modeling for Signaling Traffic and 

for Data Traffic 

Data flow based modeling has been widely used in data plane traffic characterization. A 

popular definition of data flow adopted for data plane traffic is defined in [13]. The data 

flow is defined as a unidirectional packet stream with a unique <source-IP-address, 

source-port, destination-IP-address, destination-port, IP-Protocol> tuple [13]. The data 

plane traffic transported by the protocol among the end users can be decomposed based 

on source, destination, application, and/or transport protocol, depending on the definition 

of the data flow adopted. Figure 4.3 illustrates an example of transporting two types of 

data traffic between two users by UDP. By adopting the above data flow definition 

provided in [13], there are two data flows can be identified, as follows: 

1. Data flow 1 for Video Streaming application: <UserA_IP_address, UserA 
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_source_port_l, UserB_IP_address, UserB _source_port_l, UDP> 

2. Data flow 2 for Internet Gaming application: <UserA_IP_address, UserA 

_source_port_2, UserB_IP_address, UserB source_port_2, UDP> 

y^> c\ 
Video Streaming ^ | Video Streaming ( ( \ 

Internet Gaming 
Internet Gaming -

User A Router U s e r B 

Figure 4.3: An example of data traffic transported by UDP, between two users 

If the ideas of data flow are adopted by the signaling traffic, each SIP message or any 

sequence of messages can be treated as a single flow based on the sender and the receiver 

of message or a sequence of messages. Therefore, there are many different ways of 

formulating the flows in a session procedure. Also, it may procedure many flows 

afterwards. Following the idea of data flow, for a system that has a large number of 

session procedures, there will be huge number of flows that can be formed. Thus, it does 

not reduce the complexity of the signaling traffic analysis, but it also makes it worse. 

On the other hand, our proposed signaling flow is different from the data flow 

concept, given that we utilize the causal relationship among a sequence of messages in 

the session procedures. As long as a sequence of messages follows the same path in a 

chosen set of session procedures, it is considered as a signaling flow. In this case, a 

number of session procedures can be mapped into a limited number of signaling flows, 

so that the signaling traffic analysis is simplified to a certain extent. Thus, the signaling 
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flow based modeling for signaling traffic is quite different from the data flow based 

modeling of data plane traffic, since it is heavily dependent on the session procedures. 

In the following section, we will show the SIP signaling flow analysis. 

4.2 SIP Signaling Flow Analysis 

In this session, we present the signaling flow analysis on another typical session 

procedure, a basic session setup procedure with 6 different routing scenarios. 

4.2.1 Basic Session Setup, (Hi, O) 

Originating Home Network Terminating Network 

UEl P CSCF #1 S CSCF#1 

!<— 

183 

PRACK «--

k--

200 

180 

PRACK 

K— 

Flow 2 
• • ( 1 0 0 ) - -

k— 
K— 

K--

k—-

j !00 

18CV Flow 2 
( 1 8 0 ) " 

2 0 ' F low 2 
(200)- -

ACK 

r r ^ F / o w 3 -

(ACK)~ 

"INVITE _ _ 

- • Flow 1 
(INVITE, 183) 

PRACK Flow 1 
:+__-(PRACK, 200) 

k—-

200-— 

180 

Flow 1 
^(UPDATE, 200) 

200-

Flow 1 
: > „ .-(PRACK, 200) 

¥-- 200 

K — -

Figure 4.4: IMS basic session setup procedure with signaling flow analysis, in (Hi, O) 
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As shown in Figure 4.4, since P-CSCF #1 and S-CSCF #1 are located in the 

designated home network, which is Network #1, the signaling traffic traversing through 

these two servers is taken into account. It is observed that an INVITE message is initiated 

by UE1. Once P-CSCF #1 receives it, P-CSCF #1 sends a 100 message back to UE1 in 

order to inform UE1. Meanwhile, P-CSCF#1 forwards the INIVTE request to the next 

node in the network, and then, a 183 message as the response of INVITE request is sent 

from the terminating network, and it follows the same path as the INVITE does. Thus, 

183 message is a formal response to the INVITE request, compared to the 100 message. 

Furthermore, they are noticed as one response followed by one request, so that the 

correlation between P-CSCF #1 and S-CSCF #1 server load can be captured, namely 1:1. 

They are treated as one signaling flow, which is numbered as 1. Signaling flow 1 is a 

round trip signaling flow; the details are listed in Table 4.3. The detailed explanation of 

the sequences of messages in basic session setup procedure is provided in Appendix C.l. 

Table 4.3: Signaling flow summery for basic session setup procedure, in (Hi, O) 

Signaling 
Flow 

1 

2 
3 

Message Sequence 

(INVITE, 183), 
(PRACK, 200), 

(UPDATE, 200), 
(PRACK, 200) 

100,180,200 
ACK 

Signaling Flow 
Path 

-*P1 -»S1 -» 

-»S1 -»P1 -» 

->S1 ->P\ -» 
-»P1 -»S1 -» 

Signaling 
Flow Volume 

8 

3 
1 
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Moreover, the message sequences (PRACK, 200), (UPDATE, 200), and (PRACK, 

200) follow the same path as (INVITE, 183), and they are also considered as signaling 

flow 1. Then, the volume of signaling flow 1 is 8 messages per dialog. The rest of 

message sequences in the diagram contain 100, 180, 200, and ACK message. Since the 

message sequences 100, 180, and 200 follow the same path, they are treated as signaling 

flow 2; its volume is 3 messages per dialog. ACK message follows in the opposite 

direction of signaling flow 2, and it is considered to be the last signaling flow, called 

signaling flow 3, whose volume is 1 message per dialog. Both signaling flow 2 and 

signaling flow 3 are one way trips in nature. In a conclusion, we divide all the signaling 

messages in this session procedure into three signaling flows; the details are listed in 

Table 4.3. Section 4.2.2 uses the same logic and concludes the signaling flows analysis of 

this session procedure in the other 5 different routing scenarios. 

4.2.2 Signaling Flow Analysis on Basic Session Setup Procedure 

The signaling flow analysis on a basic session setup procedure in the remaining 5 

different routing scenarios is discussed separately in Appendix H. Now, we understand 

how to extract the signaling flows from different routing scenarios. After a performed 

analysis on basic session setup procedure in different routing scenarios, 11 signaling 

flows are found, and the summary is provided in Table 4.4. The numbers in the check 

box represent the signaling flow volume (number of messages) of a particular signaling 

flow for the corresponding routing scenario. Thereby, the signaling flow concept maps 

the combinations of 6 routing scenarios and this session procedure into a limited number 
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of signaling flows. This helps us estimate the server load for a given session procedure 

performed in a particular routing scenario. The detailed procedures of estimating the 

server load are provided in next section. 

Table 4.4: Signaling flow analysis on basic session setup procedure, in 6 different routing 

scenarios 

Routing 

Scenario 

(H,, 0) 

(H,,T) 

(Vi, O) 

(V,,T) 

(V2, O) 

(V2,T) 

Signaling Flow 

1 

8 

2 

3 

1 

3 

1 

4 

2 

5 

6 

6 

3 

7 

12 

7 

8 

2 

9 

3 

10 

12 

12 

15 

1 

1 

4.3 Characterization of Server Load 

Following the same approach, we have analyzed the 20 session procedures with the 6 

routing scenarios as discussed above. As shown in Table 4.5, in the end, 17 signaling 

flows were identified. 
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Table 4.5: Summary of 17 signaling flows 

Signaling Flow 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Signaling Flow Path 

-*P1 -»S1 - > - - - > SI ->P1 -» 

-»S1 ->P1 -» 

-»P1 ->S1 -> 

-Ml -» SI -» PI ->—-» PI -» SI -> 11 -» 

-»S1 ->P1 -»-»-» PI ->S1 -» 

->P1 ->S1 -Ml -> 

— SI — 

-Ml -»S1 -»—-»S1-M1 -> 

-> SI -> 11 -> 

— PI — 

->P1 -Ml -»S1 -Ml -»P1 -» 

-Ml -Mil -Ml -» 

-> 11 -> SI -> PI -> 

-Ml -»S1 -» 

-> HSS -» 11 

-MiSS-M*l 

->S1 -M1SS1 

Figure 4.5 represents the volumes (number of messages) of signaling flows per 

session procedure in one routing scenario, (Hi, O). We will call the table matrix Xi (also 

shown in Appendix 1.1). The matrices for the remaining 5 routing scenarios, X2,..., X<s, 

are all listed in Appendix 1.2,1.3,1.4,1.5, and 1.6. 

- 5 6 -



x,= 

Ftow\ 

cedure\ 

2 

3 

4 

5 

18 

19 

20 

"8 

8 

2 

2 

0 

0 

0 

0 

0 

0 

2 

2 

10 

8 

2 

8 

2 

0 

0 

0 

2 

3 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3 

4 

1 

3 

1 

0 

0 

0 

3 

1 

1 

1 

1 

0 

0 

0 

0 

1 

1 

0 

0 

1 

2 

1 

1 

1 

0 

0 

0 

4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

11 

0 

0 

0 

0 

4 

2 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

16 

0 

0 

0 

0 

2 

2 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

17 

o" 
0 

0 

0 

0 

0 

0 

0 

1 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Figure 4.5: Matrix of session procedures and signaling flows in (Hi, O) 

As discussed in the previous section, every signaling flow traverses different servers 

according to the signaling flow path. We use a matrix in order to identify the relationship 

between the signaling flows and the servers, including P/I/S-CSCF, and HSS. We denote 

this matrix as I, shown in Figure 4.6. If the number of times that a signaling flow 

traverses all of the servers is the same, the corresponding value will be 1. For example, 

signaling flow 1 is a round trip signaling flow, and it traverses both P-CSCF and S-CSCF 

twice. Then, the corresponding value is indicated as 1. Moreover, the signaling flow 2 is 

a single trip signaling flow, and it only traverses the servers once. The corresponding 

value is also marked as 1. If the number of times that a signaling flow traverses one of 

servers is half of the other servers, the values will be 1/2, such as signaling flow 11 at S 

node and signaling flow 12 at S node. If a signaling flow does not traverse a server at all, 

the corresponding value will be 0. 
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Figure 4.6: Matrix represents the relationship between the signaling flows and the servers 
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Figure 4.7: The computation of Mi, by the multiplication of X] and I 
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Through the quantitative analysis from the previous section, we know Xi represents 

the volumes (number of messages) of the signaling flows per session procedure in one 

routing scenario, (Hi, O), and I identifies the relationship between the signaling flows 

and the servers. The multiplication of Xi and I results in a matrix Mi, which represents 

the load carried by each server as generated per session procedure for the (Hi, O) routing 

scenario in terms of message per unit time. The result is shown in Figure 4.7 (also 

presented in Appendix 1.1). Following the same ideas, matrix M2,..., M6 can be obtained 

for the 5 remaining routing scenarios, and they are listed in Appendix 1.2,1.3,1.4,1.5, and 

1.6. 

Furthermore, let Ti be the row vector representing the average arrival rate of the 

session procedures for the routing scenario (Hi, O) in a unit of session procedure per unit 

time. An example is shown in Figure 4.8. The first value in the vector Ti, namely 5, 

stands for an average of 5 session procedures (session procedure here is referred to as 

session procedure 1) arriving every unit time in the routing scenario (Hi, O). 

procedure 1 2 3 4 5 6 7 8 9 10 — ' 19 20 
T j = [5 5 5 5 4 4 4 4 4 4 3 3 2 2 2 2 1 1 1 1 ] 

Figure 4.8: Example of row vector Tj 

Then, Li is calculated by, 

Li=TiMi=Ti(XiI) 4.1 

Li is a row vector, which represents the load carried by each server for the (Hi, O) 

routing scenario in terms of message per unit time. 
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Considering the fact that there are 6 routing scenarios, the total average load of all 

the servers can be calculated as: 

where JI is a row vector denoting the total average load (the number of messages) of all 

servers in terms of message per unit time. Let Xv denote the vth element of the row vector 

JI and piv denote the mean service rate of server v, then the utilization of server v is 

pv= Xv /juv 4.3 

In a conclusion, the signaling flow traffic model is built based on the signaling flow 

analysis of the session procedures. In this traffic model, the server load can be predicted 

by applying the input data Ti into the Equation 4.1 and 4.2. In order to better understand 

how this model works for predicting the server load in a specific example, we offer an 

example by introducing a new application to the market in next section. 

4.4 Example 

IMS supports a wide range of IP-based applications or services over wireline and 

wireless networks. It allows third-party vendors to develop new applications or services 

for both network operators and end users. In order to guarantee the stability of a network 

of servers, it is important for network providers to predict the impact on servers when 

introducing new applications. Now, let us offer an example that shows how to utilize the 

signaling flow analysis in order to predict the impact on different servers when a new 

application is introduced into the market. Now, we assume that there is a new application 
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called ABC, and the involved session procedures are only performed in an originating 

routing scenario, (Hi, O), and a terminating routing scenario, (Hi, T). 

The detailed procedures for predicting server load are as follows: 

1. Find the session procedures involved when end users request this application, as 

shown in Table 4.6. Those session procedures may contain some of the 20 

session procedures discussed above, and they are numbered in Table 2.1. Decide 

the distribution of 6 session procedures, as provided in Table 4.6. 

Table 4.6: Example of predicting the server load by introducing a new application 

New 

Application 

Application 

ABC 

No. 

1 
2 
5 
6 
11 
21 

Involved Session Procedures 

ABC session setup 
Re-invite for new codec, without I-CSCF 
Registration, user not registered 
Re-registration, user registered 
Mobile terminal initiated session release 
A new session procedure: involved signaling 
flow 1, 2, 3, 21 

Frequency 

30% 
2.5% 
30% 
2.5% 
30% 
5% 

2. Determine the signaling flows extracted from the involved session procedures 

and their volume (number of messages) of corresponding signaling flow, as 

shown in Table 4.7 and Table 4.8 for the two routing scenarios. Those signaling 

flows may contain some of the 17 signaling flows already extracted. If new 

session procedure(s) is/are introduced, an approach similar to the one above can 

be used in order to identify the signaling flows. Insert the new signaling flow(s) 

into the signaling flows table. 
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Table 4.7: Signaling flow analysis on the session procedures involved in the example, in (Hi, 

O) 

Involved Session 
Procedures 

1 
2 
5 
6 
11 
21 

Signaling Flow 
1 
8 
8 

2 
2 

2 
3 
3 

3 

3 
1 
1 

4 

11 

4 
2 

15 

2 
1 

16 

2 
2 

5 

Table 4.8: Signaling flow analysis on the session procedures involved in the example, in (Hi, 

T) 

Involved Session 
Procedures 

1 
2 
5 
6 
11 
21 

Signaling Flow 
2 
1 
1 

2 
2 

3 

3 

3 

4 
2 

4 

5 
6 

6 
3 
8 

15 

5 

3. Estimate Ti and T2, the average arrival rate of the session procedures for both of 

routing scenarios, (Hi, O) and (Hi, T). 

We assume the following situation: 

Step a. The average number of users arriving at the network to request the new 

application in an hour is 3.6xl03. 

Step b. The average number of session procedures triggered by one user is 2 per 

hour. 

Step c. The distribution of these two routing scenarios is 50% and 50%. 
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Step d. The distribution of these 6 session procedures is provided in Table 4.6. 

The procedures of calculating Ti and T2: 

1. The average rate of session procedures triggered by the new application that 

requested by users arriving at the network every second is, 

3.6xl03 (users/hour, from Step a) x 2 (session procedures/user, from Step b) / 
4.4 

3600 (seconds/hour) = 2 (session procedures/second) 

2. The average rate of session procedures in each routing scenario per second is, 

2x50% = 1 4.5 

3. Ti and T2 are row vectors, and they are equal to the above value (=1) times the 

distribution of 6 session procedures that is presented in Table 4.6. Then, 

T, =T2 = [1x30% 1x2.5% 1x30% 1x2.5% 1x30% 1x5%] 
4.6 

= [0.3 0.025 0.3 0.025 0.3 0.05] 

4. On the basis of all the signaling flows we obtained from the involved session 

procedures, the matrices Xi and X2 are obtained from Table 4.7 and Table 4.8, 

for routing scenario (Hi, O) and (Hi, T), respectively. Matrix I shrinks from 

Figure 4.6 for the attendance to the involved signaling flows. The matrices are 

all shown in Figure 4.9. 

1 0 1 0" 

1 0 1 0 

1 0 1 0 

1 1 1 / 2 0 

0 1 0 1 

0 0 1 1 

Figure 4.9: The matrices X], X2, and I in the example 
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X , = 

8 3 1 0 0 0 

8 3 1 0 0 0 

0 0 0 4 2 2 

0 0 0 2 1 2 

2 0 0 0 0 0 

2 3 4 0 0 5 

, X , — 

1 0 2 6 3 1 

1 3 0 0 8 0 

0 0 0 0 0 0 

0 0 0 0 0 0 

2 0 0 0 0 0 

2 3 4 0 0 5 

,1 = 



5. Then, apply Xi, X2, I, Ti and T2 into Equations 4.1 and 4.2. The calculation 

steps are provided below. 

Step a. Apply Equations 4.1, we obtain the load carried by each server for the 

(Hi, O) and (H2, O) routing scenarios, Li and L2. 

M, =X, I = 

M2 =X 2 I = 

12 

12 

4 

2 

2 

9 

"9 

4 

0 

0 

2 

9 

0 

0 

6 

3 

0 

0 

9 

8 

0 

0 

0 

5 

12 

12 

4 

3 

2 

14 

7 

4 

0 

0 

2 

14 

0 

0 

4 

3 

0 

5 

4" 

8 

0 

0 

0 

5 

1^ = T ^ = [6.2 8.075 14.55 16.075] 

L 2 =T 2 M 2 =[3.85 7.0 10.5 12.15] 

4.7 

4.8 

4.9 

4.10 

Step b. Apply Equation4.2, we obtain the total average load of all the servers, 

JI. 

JI = L ,+L 2 =[ l0 .05 15.075 20.05 28.225] 4.11 

Now we understand how this traffic models works for predicting the server load in a 

specific example. Next, we will discuss the proposed measurements architecture that 
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collects the useful event information from the network. The collected event information 

can be calculated in order to obtain the input data of the proposed traffic model, Tr. 

4.5 Measurements Architecture Based on Event State Publication (ESP) 

and Event Notification Framework (ENF) 

In this section, we propose a measurements architecture that is based on Event State 

Publication (ESP) and Event Notification Framework (ENF). The details regarding how 

to calculate the input data of the proposed traffic model, Tr, based on the collected data 

are provided. 

4.5.1 Motivation 

The server load can be predicted by the proposed signaling flow based traffic model with 

a given input data, Tr, which represents the average arrival rate of 20 session procedures 

in routing scenario r. The formulation of computing the server load by applying T r is 

presented in Equation 4.1 and 4.2. In general, T r is given as a statistic for user profile 

from the network provider. However, we know that the users' behavior is dynamic, and 

real-time network conditions are determined by various network factors at the time. For 

example, users request different applications according to their needs in different time 

slots. The value of Tr is then unknown; therefore, we need to obtain T r from IMS 

network during the run time.. The obtained T r should guarantee to effectively reflect 

network information in time. Thus, we need to collect system statistics and user profile 

during the run time, which can directly reflect the user behavior and network conditions 

at the moment. The system statistics can include the number of physical nodes failed, the 
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number of physical nodes overload, and the number of certain session procedures 

triggered, which are all measured within a given time period. In addition, the user profile 

is a collection of personal data, including the number of users entering to the network, the 

number of certain applications requested, and the average duration of users staying in the 

network, all of which are measured within a given time period, and so forth. 

In order to obtain the input data of the proposed traffic model, Tr, we have to 

develop a method to collect user profile. Meanwhile, such a method can be applied in 

order to collect all the network statistics, so that it is more convenient for network 

providers. The collected data can be evaluated in order to obtain information regarding to 

server overload, network entity failure, and application-dependent user behavior. Then, 

network providers can rely on this conclusion in order to perform the next tasks, for 

example, inserting backup node, increasing server capacity, creating different marketing 

strategies, among other things. The network providers are allowed to subscribe to the 

network statistics and the user profile at anytime online or offline according to their 

needs. 

Therefore, a method for collecting network statistics and user profile during the run 

time in IMS network is developed. In our method, we proposed a new measurements 

architecture that can be integrated into existing IMS network. The proposed 

measurements architecture is based on ESP and ENF frameworks for collecting, 

evaluating, and subscribing the network and user data for network providers. According 

to a list of network statistics and user profile collected from the network, T r can be 
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obtained by applying a set of mathematical calculations. In the following section, we 

introduce the proposed measurements architecture and the computation of Tr. 

4.5.2 Measurements Architecture in IMS 

The measurements architecture is designed for collecting network statistics and user 

profile from UA and SIP servers; it is also designed to allow SIP nodes to subscribe the 

data. The proposed measurements architecture is established based on ESP and ENF 

frameworks. The definitions for the involved network entities and SIP messages are 

shown below: 

Event Publication Agent (EPA): A network entity that can provide certain event 

information to Event Server (ES) through PUBLISH SIP messages periodically or when 

the event information is updated. 

Event Server (ES): A network entity that collects the event information from EPA(s) 

through PUBLISH SIP messages. ES is also responsible for managing event information 

and notifying the watcher about the requested event information through a NOTIFY SIP 

messages. 

Watcher: A network entity that subscribes to or requests event information from an ES 

through SUBSCRIBE SIP messages. 

"PUBLISH": A SIP method for EPA to publish event information to ES. 

"SUBSCRIBE": A SIP method that is used to request an asynchronous notification of an 

event or set of events at a later time. SUBSCRIBE requests are generated by a watcher, 

and sent to ES. 
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"NOTIFY": This SIP method is used by the ES in order to notify watcher of event(s) 

information, which has been requested by an earlier SUBSCRIBE method. The NOTIFY 

method contains information about the event which the watcher is interested in. 

ESP is defined in [43] as a framework for the publication of certain event 

information from an EPA to a network entity, namely, ES that composites this event 

information through a PUBLISH SIP message and distributes it to interested network 

nodes, namely watcher. The distribution of event information is standardized in ENF, 

which is discussed in more detail later on. ESP consists of two network entities, ES and 

EPA. We use the ESP framework in order to collect the network statistics and the user 

profile from a network entity, which is EPA. An UA can become an EPA, because user 

information, like applications requested, duration of certain application, and routing 

scenarios can be collected. A SIP server implemented with a function that collects certain 

network events can also be an EPA. Such an SIP server can provide information on 

server utilization, the average server queuing delay, and the node failure rate. All 

information is sent to ES periodically or once the information is updated by using the 

PUBLISH SIP message. Then, ES can apply data filtering and the calculation of useful 

information, such as the average number of certain applications requested by users. In 

this thesis, we apply it on collecting network statistics and user profile, which are used to 

calculate the input data of the proposed traffic model, Tr. Further details are provided in 

Section 4.5.3. 

ENF is defined in [44] as an extensible framework. It is a general-purpose 

infrastructure for all classes of SIP asynchronous event subscriptions and notifications 
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[44]. ENF consists of two network entities, a watcher and an ES. A watcher can be a 

server that subscribes information from the ES in order to optimize service. An ES can 

also send notifications to the watecher when those event information is updated. Network 

providers can request the information of a certain event that is of interest through the 

watcher. ENF allows the watcher to request information from ES, which indicates the 

occurrence of certain events. In this thesis, we apply ENF to subscribe the value of Tr. 

Further details are provided in Section 4.5.4. 

The proposed measurements architecture based on ESP and ENF frameworks has 

three advantages. First, the measurements architecture is SIP based, and it can be 

implemented as a new application, which can be integrated into current the IMS 

architecture smoothly. Once an application of this measurements architecture is 

developed, it can be installed on different network entities just like other applications. 

Moreover, it allows massive deployment of this measurements architecture to different 

networks. Second, the network data can be effectively collected during the run time, since 

the proposed measurements architecture collects information from both network entities 

and end users using ESP. Measurements of asynchronous events can be processed and 

stored at ES as a later supply for network providers. Finally, since ENF uses ES in order 

to process raw data and to store a large number of network information, network provides 

can subscribe the information from ES according to their needs in a timely and efficient 

manner. This allows the providers to monitor the IMS network system during the run 

time and take effective actions before problems occur. Thus, the working efficiency of 

network providers can be improved. 
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Figure 4.10 illustrates the measurements architecture based on ESP and ENF 

frameworks. The watcher can request the information of certain event that they interested 

in by sending the SUBSCRIBE message to ES, as illustrated in Figure 4.10. When ES 

receives the SUBSCRIBE message from a watcher, it verifies whether this watcher is 

authorized to subscribe to this ES. If so, ES acknowledges the watcher with a 200 

message. At the same time, the information regarding the requested event is sent to the 

watcher via a NOTIFY message. Meanwhile, the watcher acknowledges ES with a 200 

message. The updated event information is sent to ES by EPA using the PUBLISH 

message periodically or once the information is updated. Similarly, ES uses the NOTIFY 

message to notify the subscribed watcher for updating the event information. 

ENF 

r 

ESP 

Watcher IS EPA1 

Request event subscription 

Acknowledge Subscription i£-

Return current event information 

Return current event information 

SUBSCRIBE 

K--

200 

NOTIFY 

200 

NOTIFY 

200 

o—Authorize watcher 

—o—Notify watcher of current 
. _ |̂ state 

I PUBLISH 

200 
,<--

O— Notify watcher of state 
_i 

] change PUBLISH 

200 

*e-

EPA2 

Status Update 

Figure 4.10: The measurements architecture based on ESP and ENF frameworks 
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In the next section, we provide the procedures of computing Tr, by applying a series 

of the network statistics and user profile, which are obtained in the proposed 

measurements architecture. After that, we offer an example in an attempt to describe how 

ESP and ENF work for collecting, evaluating, and subscribing the network statistics and 

user profile from SIP servers and UA, respectively. In this case, both the SIP server and 

the UA act as an EPA. Eventually, the value of T r is calculated, and the server load can 

be obtained from the proposed traffic model for the network design. 

4.5.3 The Computation of the Input Data, Tr 

Tr, which is a row vector, represents the average arrival rate of 20 session procedures in 

routing scenario r, as the input data of the proposed traffic model for the calculation of 

the server utilization and the mean server queuing delay. However, T r is calculated from 

three useful data, and they are as follows: 

1. N, average arrival rate of session procedures requested by users, in a unit of 

session procedure per second. 

2. A, a 1x20 row vector represents the distribution of 20 session procedures. For 

example, 

^ = [0.1 0.1 0.1 0.1 0.05 0.05 0.05 0.05 0.05 0.05 0.02 0.02 0.03 0.03 0.03 0.03 0.035 0.035 0.035 0.035] 

3. Br, the frequency of routing scenario r, where r = 1,2,3,4,5,6. 

Then, following the equation shows the calculation of Tr. 

Tr=NBrA, r = 1,2,3,4,5,6 4.12 
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In order to obtain N , A, and Br, a list of network statistics and user profile is needed to 

be gathered from the network by applying the proposed measurements architecture, as 

shown in Table 4.9. 

Table 4.9: A list of network and user data 

Parameter 

# i 

u* 

UJ 

QJ 

z , 

Z , 

Network Statistics and User Profile 

Average arrival rate of users (user per second). 

The number of users entered to the system in routing scenario r at 

time pointy, where r = 1,2,3,4,5,6, 7=1, 2, 3,4..., J, / i s the number 

of time points. 

The number of users entered to the system at time pointy, where j=l, 

2, 3, 4..., /. 

The number of applications requested by users in the system at time 

pointy ,where 7=1, 2, 3, 4..., /. 

The number of session procedures triggered at time pointy, where 

7=1,2,3,4. . . , / . 

The number of session procedure s triggered at time point j , where 

5 = 1,2,3,...,20, and7=1, 2, 3,4. . . , / . 

Besides, there are parameters need to be introduced. They are N2 and N3 . N2 

represents the average number of applications requested by one user in a unit of 

application per user. iV3 denotes the average number of 20 session procedures triggered 

by one application in a unit of session procedure per application. 

The procedures of calculating TV, A, and Br are listed below. 
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1. Computing N , in a unit of session procedure per second 

-. , user „ _T .application^ 1T session procedure^ 
N = Ni( -)-N2(-^ )-N3( -^— ) 4.13 

second user application 

a. Computing N2, by taking the average number of applications requested by 

one user. 

^ 2 = y Z - - . ^ - « j=1.2,3 ,4 . . . ,7 4.14 
; 

b. Computing N3 , by taking the average number of session procedures 

triggered by one application. 

1 ^ Zj_ 

QJ 
^ y X ^ T f ' j=l,2,3,4...,J 4.15 

2. Computing A. At the time point j , the frequency of one session procedure is 

obtained by taking the average of the number of the session procedures and 

dividing it by the total number of 20 session procedures triggered. 

A = [ ) S ; , ^ J?H
Zf - j Z . ^ - ;=1.2.3,4...,y 4.16 

3. Computing Br. This follows the ideas of computing A. 

jTvjf;- /=1.2,3 ,4 . . . ,7 4.17 5 

Now we conclude a list of network statistics and a user profile, which are required in 

order to calculate Tr. In the following section, we offer an example in an attempt to 

explain the procedures of obtaining Tr, and then, the server load can be calculated. 
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4.5.4 Example 

In this thesis, we collect the network statistics and user profile using the proposed 

measurements architecture to obtain T r ( r = 1,2,3,4,5,6 ) by a set of mathematics 

calculations. A list of network statistics and user profile is summarized in Table 4.9. Four 

of them, N\,Urj,U. ,Qj, are the user information, which are provided from UA. The 

remaining two network statistics are Z.andZ ., which are collected from SIP servers, 

P/I/S-CSCF and HSS. So, both UA and SIP servers become EPA. Figure 4.11 illustrates 

the proposed measurements architecture based on ESP and ENF frameworks 

implemented in the IMS network system. The procedures of collecting, evaluating, and 

subscribing the list of network and user data are provided in the following. 

When a UA joins a network, it sends a PUBLISH message to notify ES the time it 

joins the network. ES can calculate ./V, and (/ • during a period of time. In addition, when 

a user requests an application, it publishes the type of application and the type of its 

routing scenario to ES, so thatg, and Urj can be obtained at ES. 

Session procedures are processed in different types of SIP servers in IMS network, 

and each of them has a corresponding starting SIP server, as shown in Table 4.10. In 

order to obtain the number of session procedures triggered in the network, we need to 

collect information from its starting SIP server. In Figure 4.11 SIP servers are shown as 

EPA2 for P-CSCF, EPA3 for I-CSCF, EPA4 for S-CSCF, and EPA5 for HSS. Each SIP 

server maintains a session procedure table that records the number of different types of 

existing session procedures that started from it. Each of them publishes this information 
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to the ES periodically. During the run time, Z •, which is the number of session procedure 

s triggered in the system at time point j , can be obtained by evaluating the session 

procedure tables from EPA2, EPA3, EPA4, and EPA5. The total numbers of session 

procedures in the system trigged at time pointy, Z. can be obtain by adding the number 

of existing session procedures from EPA2, EPA2, EPA3, EPA4, and EPA5. 

Event Server 
(ES} 

SUBSCRIBE 

/ 
/ m 

m "~ 

/ 
/ 

PUBLISH"' / 
/ PUBLISH 

' / PUBLISH \ 

/ /fxi , X 
PUBLISH 

Event publication Agent 
(EPA5J 

r 

User Agent {UAJ 
Event Publication Agent (EPA1) 

P1 

/ = * 

/ Ewerft Publication Ajeent 
F (EPA3J N. 

I Pi J 

snt Publication Event Publication Agent 
(EPA2J Event Publication Agent 

(EPA4J 

Figure 4.11: The measurements architecture based on ESP and ENF frameworks 

implemented in IMS network system; UA and SIP servers become EPA 
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Table 4.10: The starting SIP servers for different session procedures 

Procedure 
Category 

Session 
Initiation 

Registration 

De-
registration 

Session 
Termination 

Session 
Failure 

Session 
Redirection 

No. 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 

14 

15 
16 
17 
18 

19 
20 

Session Procedures 

Basic Session Setup 
Re-invite for new codec, without I-
CSCF 
Re-invite for reserved codec 
Re-invite, failure happen 
Registration, user not registered 
Re-registration, user currently registered 
Mobile initiated 
Network initiated, registration timeout 
Network initiated by HSS, administration 
Network initiated, service platform 
Mobile terminal initiated session release 
Network initiated session release P-
CSCF initiated 
Failure in session abandon, origination 
procedure 
Failure in obtaining resource, origination 
procedure 
Failure in termination procedure 
Rejection by termination procedure 
Initiated by S-CSCF to CS-domain 
Initiated by S-CSCF to IM CN 
subsystem 
Initiated by P-CSCF 
Initiated by UE 

Starting SIP 
Server 

P-CSCF 
P-CSCF 

P-CSCF 
P-CSCF 
P-CSCF 
P-CSCF 
P-CSCF 
S-CSCF 

HSS 
P-CSCF 
P-CSCF 
P-CSCF 

P-CSCF 

P-CSCF 

P-CSCF 
P-CSCF 
S-CSCF 
S-CSCF 

P-CSCF 
P-CSCF 

Since Nt, U •, Urj, Qj, Z . , and Zsj can all be obtained periodically from EPAs, T r 

can be calculated at the requested time frame. Thus, the server load can be obtained. The 

following chapter presents the simulation for verification of the proposed traffic model. 

In the simulation, the proposed measurements architecture is implemented in order to 

collect the network statistics and user profile, and then, the input data is obtained by the 

list of calculations discussed above. 
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Chapter 5 

Simulation Results and Discussions 

The purpose of this chapter is to evaluate the behavior of the proposed traffic model in 

EMS network with known traffic parameters such as Tr, which is the average arrival rate 

of the session procedures for routing scenario r, where r = 1,2,3,4,5,6. We devise a 

source model that simulates the users' behaviors in the IMS network, and we implement 

the measurements architecture based on ESP and ENF frameworks for collecting the 

network statistics and user profile. Accordingly, the average arrival rate of session 

procedures requested by users, N, the distribution of session procedures, A, and the 

frequency of routing scenario r {r = 1,2,3,4,5,6),Br, are obtained by collecting the user 

data during the simulation. These information are then use to calculate the input data of 

the proposed traffic model, Tr. The results calculated from the proposed traffic model and 

the server utilization and the mean server queuing delay obtained from the simulation are 

used to verify the proposed traffic model. The proposed traffic model is proven to be 

acceptable. 
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5.1 Network Model 

Event_Server(ES) 

vm* 
HSS 2 

Figure 5.1: Test bench of IMS core network in OPNET, with one traffic generator 

Figure 5.1 illustrates the test bench we developed in the OPNET Modeler 14.5 for 

verifying the proposed traffic model. This model allows us to collect and monitor the 

network statistics and user profile during the run time. It is a simplified IMS core network, 

and contains main IMS entities. It effectively realizes the session interactions that allow 

SIP messages to be exchanged within the network. As shown in Figure 5.1, the network 

topology consists of 4 types of IMS servers: P-CSCF, I-CSCF, S-CSCF, and HSS, a 

single unit for UEs, a traffic generator, an ES, a watcher, and a center switch. Traffic 
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generator acts like EPA, and it publishes network statistics and user profile to ES during 

the run time. Watcher can subscribe information from ES. The measurement architecture, 

based on ESP and ENF frameworks, is implemented with the purpose of obtaining Tr. 

For simplicity, we deployed two parallel load balancing servers for every type of 

IMS server. The two paralleled servers are connected to a switch presented in Figure 5.1 

with suffix ServerName_Switch. This switch plays two roles: first of all, it exchanges 

messages between the servers and the center switch. Second, it assigns the server to new 

coming users. Once a server is assigned to a user, this server is attached to this particular 

user during his period of registration. 

One unit of the UE named User_Equipment_Switch in Figure 5.1 acts like the end 

users. The traffic generator in Figure 5.1 is implemented with a source model with the 

purpose of providing the input data to the simulation. The source model simulates the 

behavior of users requesting applications in a real network. Each requested application 

triggers different session procedures. These session procedures generate different SIP 

messages between IMS servers, which form SIP signaling traffic we discussed in 

previous chapter. Details on this source model are provided in the next section. The 

generated traffic sent by the traffic generator is initially received by the UEs, and then 

forwarded to the destination through the center switch. 

Since the traffic generator generates both network and user information, as an EPA, 

it sends the information to ES every 30 seconds. ES is devised to analyze the network 

conditions and the characteristics of the IMS users. During the run time, the collected 

network statistics and user information are used to calculate Tr. 
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ES has functions to collect the network statistics and user profile, which 

includeN^UjMrj, Qt,,Zj ,Zsj, where y=l, 2, 3, 4..., J , r=l,2,3,...,6, and s=l,2,3,...,20, 

as shown in Table 4.9. The details of how to calculate T r are discussed in Section 4.5.3. 

The results, Tr, are stored in ES. Once the received information is updated, it requires 

recalculation. The calculated results, Tr, are sent to watcher every 30 seconds when the 

watcher subscribes to ES. 

The watcher connects directly to the ES. It subscribes to the value of T r from ES. T r 

represents the average arrival rate of 20 session procedures in routing scenario r in the 

simulation. 

In the simulated IMS network, each server records its utilization and the mean server 

queuing delay during the simulation. The server utilization, pv, is obtained by dividing 

the server busy time by the sum of the server busy time and server idle time. The method 

of obtaining server utilization is identical to the formulation provided in Equation 4.3, 

and the mean server queuing delay is the average waiting time in which SIP messages 

waiting for the process. The calculations are performed every 60 seconds. These data is 

used to verify the proposed traffic model. If two calculated results obtained from the 

proposed traffic model fall in the 95% confidence interval of the simulation results, we 

say the proposed traffic model is acceptable. 

In order to facilitate message exchanges among the individual entities, a center 

switch is used to connect the servers and the traffic generator. The center switch emulates 

the operation of an IP network. Messages are routed as defined in IMS. In the following 

section, we provide the assumptions made to the simulation. 
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5.2 Network Assumptions 

In the simulation, we need to develop a source model for the traffic generator, which can 

simulate the user behavior in IMS network. The IMS servers are implemented as a 

queuing model for processing the received SIP messages. 

Source Model 

The purpose of developing a source model for the simulation is to provide input data to 

later verify the proposed traffic model. This input data should be a representative of the 

users' behavior in the IMS network in real life. Therefore, we develop a source model to 

replicate the behavior of IMS users as they act in reality. 

Before devising the source model, we should understand the general users' behavior 

in IMS network. Every user enters into the IMS network with the purpose of requesting 

various available applications. In general, users request one application at a time and stay 

for this application within a time period, say, 10 minutes on average. They may request 

another application after some time, say, 30 minutes on average. The users may request a 

number of applications in total during their stay in the IMS network. Then, users leave 

the IMS network when no more applications needed to be requested. The user's life in 

IMS generally lasts several hours, say 6 hours on average. 

From the understanding of users' behavior in the IMS, a source model takes into 

account: i) the user inter-arrival time, ii) the number of applications requested by one 

user, iii) the application inter-arrival time, iv) the application duration, v) the duration of 

the user's staying in the system. Since we need to simulate the behavior of IMS users in a 
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source model, we make the assumptions for each of above listed factors, so that they can 

approach the real case. 

Figure 5.2 shows the procedures of every user's behavior in IMS network. The user 

entered into the IMS network is assumed to follow with the exponential distribution with 

the mean of 0.5 second. The user is assumed to request one available application at a time 

as well as to stay for this application, with a mean duration of 10 minutes. We assume 

that the inter-arrival time of the requested applications follow an exponential distribution 

with the mean of 30 minutes, respectively. The duration of users staying in the system is 

assumed to be exponential distributed and is set to be 6 hours (9:00am to 3pm) per user. 

User Inter-arrival Time: Exponential (0.5 sec) 

• 

* 1 

Users Arrival 

Figure 5.2: A source model developed for the simulation 

The routing scenario that a user belongs to, as a parameter of source model, is 

determined and applied into the simulation. The frequencies of 6 routing scenarios should 

be given by the network operators from the statistics of the past user data. However, since 
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there are no such publications that are related to this issue, we have to make assumptions 

regarding the frequencies of 6 routing scenarios to the system for the time being. Since 

we understand that the users request the applications from their own network operator 

with a much higher possibility rather than from other network operators, we assume there 

are 60% chances that a user as originator in (Hi, O) routing scenario. Moreover, we 

assume the user is located in a different network operator from his own as an originator in 

(Vi, O) or (V2, O) routing scenario with the same possibility. Then, each of (Vi, O) and 

(V2, O) routing scenarios is assumed to be 20% chances. As we know, one session 

procedure is composed of both originating and terminating routing scenarios. We also 

understand that a user, as terminator in his own network operator, (Hi, T), is called and 

involved in the session with the callee/originator, with a much higher chances, compared 

with the user as terminator in (Vi, T) or (V2, T). Then, we assume 60% chances that a 

user as terminator in (Hi, T) routing scenario as well as each of (Vi, O) and (V2, O) 

routing scenario accounts for 20% chances. 

When a user arrives, he requests one or more applications during his stay in the IMS. 

Table 5.1 lists five general application classes as well as the available applications for 

each class. The distribution of the five application classes is obtained from the 

measurements of the real experiments provided in [45]. We assume there are 5 

application classes available for requesting by the users, and the user can only request 

one application class at one time. The frequency of requesting the application classes are 

assumed to follow the data presented in Table 5.1. For simplicity, we use the word 

"application" to replace the application class, in later text. 
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Table 5.1: Distribution of application classes requested by users through laptop PC 

Class # 

1 

2 

3 

4 

5 

Application Class 

Internet Gaming 

Voice over IP 

(VoIP)/Video 

Conference 

Streaming Media 

Information 

Technology 

Media Content 

Download/B ackup 

Packet Data Applications 

Quake II, World of Warcraft 

VoIP, Video Conference 

Video Clip, Movie 

Streaming, Music/Speech 

IM, Email(POP3, IMAP), 

Telemetry 

FTP, P2P 

Frequency (%) 

2.62 

26.19 

10.37 

59.08 

1.74 

In a real IMS network, a number of session procedures are sequentially triggered by 

the requested applications, and the procedures for triggering the session procedures are 

logical. Figure 5.3 shows the logical diagram of 20 session procedures that are triggered 

one by one. It is well known that every user is required to register before requesting any 

available applications for the first time, and re-registration may be required after some 

time, due to the new requested applications or other reasonable cases. In our case, for 

simplicity, we require the user to register at the time of requesting any new application. 

The registration procedure, session procedure 5 or 6, is triggered and determined by a 

system randomly. In either of these two session procedures, the user registers 

successfully, thus the authorized user to start requesting the applications. Any requested 

applications require a session establishment, where a session redirection may occur by 

the determination of various network nodes; the involved session procedure includes 
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session procedure 17, 18, 19, and 20. If the session redirection does not take place, the 

session initiation, session procedure 1, 2, 3 or 4, is triggered. Session procedures 1, 2, and 

3 allow the users to establish the session successfully. Users fail to establish the session 

in session procedure 4. Moreover, the session may also fail due to the potential factors in 

a real network. In this case, a session failure, session procedure 13, 14, 15, or 16, is 

performed. For simplicity, the session is only allowed to be established once, and if it 

fails, it is final. After the session is established, the media data passes between two or 

more end users. At the same time, network nodes or end users may attempt to deregister 

in some particular cases. Accordingly, in the case of deregistration (session procedure 7, 

8, 9, 10), the session will be automatically terminated. For simplicity, a deregistration 

attempt is only allowed to happen after the session is successfully established in our case. 

If the ongoing session is terminated at the users' request or network's request, a session 

termination, session procedure 11 or 12, is performed. At this point, the session is finally 

released. The choices of session procedures are made by a system of random selection at 

the particular points, as shown in Figure 5.3. Therefore, every requested application 

triggers different session procedures. 
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(Session Procedures 5 & 6) 

Fail in registration, user 
is not allowed to request 

the application 

MSess (Session Procedures 17. 18. 19 & 20) 

(Session Procedures 4, 13-16) 

Authorized User, 
requests application 

(Session Procedures 1,2,3) 

Session Procedures 11 & 12) 

Figure 5.3: The logical diagram for 20 session procedures SIP Servers 
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We used the M/M/l queuing model for the network IMS servers, as illustrated in 

Figure 5.4, and assumed service time for each SIP message arrived at IMS servers 

follows the exponential distribution. The simulation results, server utilization, and the 

mean server queuing delay are collected and discussed in the following section. 

Source -> P-CBdF - > l-CSCF - ^ S-CBdF - > H$S - > Destination 

Figure 5.4: IMS queuing network 

5.3 Simulation Results 

We collect two sets of simulation results based on the different service time settings. In 

the first simulation, the average service times for four IMS servers are set to be the same, 

which are 2.5 milliseconds per message. As mentioned earlier, the service of every two 

parallel servers is equally distributed. The utilization values of these two servers remain 

at the same level; therefore, we only collect one of them. Then, the simulation is set up 

and has duration of 48 hours. Figure 5.5 demonstrates the instantaneous utilizations of the 

four EMS servers recorded by every 60 seconds within the 48 hours of simulation period. 

Moreover, the mean server queuing delays are shown in Figure 5.6. In this simulation, the 

service times for all servers are set to be the same. Subsequently, the utilization of S-

CSCF server is shown to be the highest value than the rest of servers. 
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Figure 5.5: Server utilization recorded every 60 seconds for 48 hours, with the service time 

of 2.5 milliseconds per message for 4 IMS servers 

2.8 

2.75 

2.7 

05 2.65 

X 10 Server Queuing Delay 

2.6 

2.55 

2.5 L 

'Hi i | . 

^mmwm^ 
I i . ,.'.;.;''Ai. ̂ ^ l̂.-^^^VJ '̂VCvV îK '̂V^^^V'--
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Figure 5.6: Mean server queuing delay recorded every 60 seconds for 48 hours, with the 

service time of 2.5 milliseconds per message for 4 IMS servers 
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However, in EMS systems, every EMS server is defined to have their task of 

processing messages that contain various information come from users. Some servers are 

designed to perform more complex and time-consuming message processing tasks. For 

instance, S-CSCF, as a central node of the signaling plane, not only takes on the 

responsibilities of the registration for the users, but it also performs the service control for 

them via the interaction with the HSS. Therefore, the service times for four servers 

should be set differently. According to message processing capability of each server, the 

service times in the second set simulation are set to be 1/100, 1/70, 1/50, and 1/50 

seconds per message for S-CSCF, P-CSCF, I-CSCF, and HSS, respectively. The 

simulation also has the duration of 48 hours. The simulation results, instantaneous 

utilizations and the mean queuing delay for the 4 servers are discussed in Section 5.5. 

In these two sets of simulations, a source model that simulates the user behavior is 

implemented. We require the data from the second simulation for calculating the input 

data of the proposed traffic model, Tr. During the second simulation, a list of user profile 

and network statistics are stored in ES, as presented in Table 4.9. The following section 

discusses the computations performed on ES in order to calculate the three data N, A, 

Br, where r=l,2,3,.. .6; this is done so that T r can eventually be obtained. 

5.4 The Computations of the Input Data Tr Based on Simulation Results 

This section provides details regarding the calculation of N , A, Br , based on the 

collected information on ES. Also, the procedures of the computations are provided in 

Section 4.5.3. Finally, the input data of the proposed traffic model, Tr, can be obtained. 
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All the computations are performed and stored at ES. The network provider can subscribe 

T r through the watcher when the simulation is finished, so that we can verify the 

proposed traffic model, since we obtained the simulation results from previous section. 

5.4.1 Average Arrival Rates of Session Procedures, N 

As mentioned, the users enter into the EMS network following the exponential 

distribution with the mean of 0.5 second. The average user arrival rate, Ni (user/second) 

is 2, and the duration in which users remain in the system is assumed to be exponential 

distribution and is set to be 6 hours. Figure 5.7 demonstrates the current number of users 

in the system during the 48 hours simulation. We can see that during the first 6 hours of 

the simulation, the number of users in the system increases linearly. This indicates that 

there are few or no users leaving the system. However, in the next 6 hours, the increase in 

the number of users in the system decreases in comparison to the previous 6 hours. This 

implies that some users who entered into the system during the first 6 hours are now 

leaving, yet the number of users entering is still larger than the number leaving. Up to this 

point, the number of users in the system is still increasing and does not reach the stable 

point. Moreover, in the fourth 6 hours, namely, during the 18th and 24th hours, the number 

of users in the system is nearly constant. After this time point, the number of users which 

entered and left the system almost stabilizes. Finally, the system reaches stability after the 

18th hour of simulation. In addition, Figure 5.8 illustrates the cumulative number of users 

which entered the system up to the time point during the simulation, which reaches 

3.5xl05. 
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Figure 5.7: The current number of users in the system during the 48 hours simulation 
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Figure 5.8: The cumulative number of users entered the system and the current number of 

users in the system 
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Every user can request one or more applications during his staying in the system. 

There are five applications available for users to choose from. The application's duration 

and inter-arrival time of requested applications both followed exponential distribution 

with the means of 10 minutes and 30 minutes, respectively. Figure 5.9 demonstrates the 

number of applications currently running in the system. During the 12th hour, the number 

of applications reaches 6000 and remains constant for the duration of the simulation. 
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Figure 5.9: The current number of applications running in the system. 

In addition, Figure 5.10 shows the total number of applications requested by the 

users at the time point j , Qi, and the total number of users which enter the system at the 

time point j , U., where 7=1, 2, 3, 4..., J, and J is the number of time points. These two 
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sets of data increase linearly as the simulation time passed. The average number of 

applications requested by one user, N2, can be calculated via Equation 4.14 using the 

values of 3 points picked from Figure 5.10. 

AT, = 4.67 5.1 

The value of N2 is close to the network setting for the number of requested 

applications by one user, which abides by the geometry distribution with the mean of 5, 

as illustrated in Figure 5.2. 
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Figure 5.10: The cumulative number of applications requested and the cumulative of users 

entered the system up to the time point 

- 9 3 -



Furthermore, as we have discussed, a number of session procedures are sequentially 

triggered by the requested applications. The relationship between the total number of 

requested applications at the time point j , Qj , and the total number of session 

procedures triggered by applications at the time pointy , Z. , where7= 1, 2, 3, 4..., 7, are 

shown in Figure 5.11. Then, the average number of session procedures triggered by one 

application, N3, can be calculated via Equation 4.15 using the values of 3 points picked 

from Figure 5.11 as follows: 

Thereby, the first useful user data is the average arrival rates of session procedures 

triggered, N, and it can be calculated by Equation 4.13, as follows: 

TV = AT, • N2 • N3 = 2 • 4.67 • 2.151 = 20.09 (session procedure/second) 5.3 

It indicates that there are 20 session procedures triggered by every second. The following 

section focuses on calculating A. 
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Figure 5.11: The cumulative number of applications requested and the cumulative number 

of session procedures triggered up to the time point 

5.4.2 Distribution of Session Procedures, A 

In order to obtain the distribution of 20 session procedures, A, the total number of every 

session procedure triggered in the system is recorded by the ES, and it is shown in Figure 

5.12. There are five different categories of procedures. Each category is further divided 

into several cases. However, deregistration is considered a separate category and is now 

split from the registration category. It is noticed that there is an overlap between the 

values of the failure category and the termination category, as shown in Figure 5.12. 
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Figure 5.12: The cumulative number of 6 procedure categories triggered up to the time 

point 

Figure 5.13 is a zoom in version of Figure 5.12 in the first 6 hours of simulation. The 

distribution of 6 procedure categories is calculated by the data collected from Figure 5.12, 

given that their values appear linearly. Table 5.2 provides the final distribution of the 6 

procedure categories. We know that the session procedures for each category are selected 

randomly by the program, and that in a long run, their amounts are showed as equally 

distributed. Finally, Table 5.3 provides the distribution of 20 session procedures for all 

the requested applications that is A, which is calculated by Equation 4.16 according to the 
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points picked from Figure 5.12. Since we obtain N and A, Br is calculated in the 

following section. 
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Figure 5.13: Zoom in Figure 5.12, the cumulative number of session termination and the 

cumulative number of session failure up to the time point 

Table 5.2: The distribution of 6 categories procedures obtained from Figure 5.12 

Procedure Category 
6 categories 
Registration 

Session Initiation 
Session Redirection 

De-registration 
Session Failure 

Session Termination 

The number of 6 categories of procedures 
3.129x10° 
1.449x10° 
2.902x10s 

1.159xl06 

1.091x10s 

5.435xl04 

5.435xl04 

Proportion 
100% 

46.3% 
9.27% 

37.33% 
3.5% 
1.8% 
1.8% 
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Table 5.3: The distribution of 20 session procedures obtained from Figure 5.12 

Procedure 
Category 

Session 
Initiation 

Registration 

De-registration 

Session 
Termination 

Session 
Failure 

Session 
Redirection 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 

Session Procedures 

Basic Session Setup 
Re-invite for new codec, without I-CSCF 
Re-invite for server codec 
Re-invite, failure happen 
Registration, user not registered 
Re-registration, user registered 
Mobile initiated 
Network initiated, registration timeout 
Network initiated by HSS, Administration 
Network initiated, service platform 
Mobile terminal initiated Session release 
Network initiated session release P-CSCF 
initiated 
Failure in Session abandoned, or resource 
Failure in origination procedure 
Failure in termination procedure 
Rejection by termination procedure 
Initiated by S-CSCF to CS-domain 
Initiated by S-CSCF to IM CN subsystem 
Initiated by P-CSCF 
Initiated by UE 

Frequency 

2.3175% 
2.3175% 
2.3175% 
2.3175% 
23.15% 
23.15% 
1.75% 
1.75% 
1.75% 
1.75% 
0.9% 
0.9% 

0.45% 
0.45% 
0.45% 
0.45% 

9.3325% 
9.3325% 
9.3325% 
9.3325% 

5.4.3 The Frequency of Routing Scenario r, Br 

As reviewed, the implementation of this network determines the status of the users before 

entering the system, namely, which routing scenario the user belongs to. There are 60% 

chances that a user as originator in (Hi, O) routing scenario, and for the remaining 40% 

chances, each of (Vi, O) and (V2, O) routing scenarios accounts for half. Moreover, 60% 

chances are set up for (Hi, T) routing scenario, and each of (Vi, O) and (V2, O) routing 

scenarios accounts for a half of the remaining 40% chances. Let's see if the simulation 

results match the assumption made to the system. Figure 5.14 presents the number of 
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users in each routing scenario throughout the 48 hours simulation. In this figure, we can 

see that the values of (Vi, O), (Vi, T), (V2, O), and (V2, T) are well matched together in a 

long run, since each of them accounts for 20% chances. Moreover, the value of (Hi, O) 

matches together with (Hi, T) due to 60% chances. In order to examine the small 

differences among them in the short run, both Figure 5.15 and Figure 5.16 present a zoom 

in version of Figure 5.14 in the first 20 minutes, for originating and terminating routing 

scenarios, respectively. Then, we need to calculate the frequency of routing scenario r, 

Br, where r=l,2,3,...6, by means of Equation 4.17 and using the data collected from 

Figure 5.14. 
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Figure 5.14 The cumulative number of user belongs to each routing scenario and the 

cumulative number of users entered to the system 
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Table 5.4 provides the final frequency of routing scenario r, Br. Then, we utilize the 

values of N, A, and Z?,. in order to calculate T r for further verification of the proposed 

traffic model in the next section. Now, N, A, and Br ,are obtained from the previous 

sections, the input data of the proposed traffic model, Tr, can be calculated in next 

section. 

Table 5.4: The frequency of routing scenario obtained from Figure 5.14 

Routing Scenario 

6 Routing Scenarios 

(Hi,0),(H,,T) 

(V1 ,0),(V2,0)(V1 ,T)(V2 ,T) 

Average Frequency (%) 

100 

59.97%~60% 

20.01%-20% 
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Figure 5.15 Zoom in Figure 5.14, for originating routing scenarios 
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Figure 5.16: Zoom in Figure 5.14, for terminating routing scenarios 

5.4.4 The Computations of Input Data, Tr 

Based on the distribution of session procedures, A, the frequency of routing scenario r, 

Br, and the average arrival rate of session procedures, N, the average arrival rate for 

the session procedures in routing scenario r, namely, a row vector T r , can be estimated 

according to Equation 4.12. The following section presents the verification of the 

proposed traffic model by applying T r as the input data. 

5.5 Verification of the Proposed Traffic Model 

We apply T r into Equation 4.1 and 4.2 in order to obtain the load of each IMS server. 

Since the mean service time is set up for each server differently and the mean service 

rates JUV can be obtained by taking the reciprocal of the mean service time. The utilization 

of each server, pv, is calculated based on Equation 4.3. 
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The utilization values, pv, which are calculated via Equation 4.3, are illustrated in 

Figure 5.17 as straight lines; their values are 0.375 for S-CSCF (95% confidence interval, 

0.294 to 0.3797), 0.447 for P-CSCF (95% confidence interval, 0.376 to 0.498), 0.482 for 

I-CSCF (95% confidence interval, 0.415 to 0.4747), and 0.342 for HSS (95% confidence 

interval, 0.278 to 0.358). The utilization values in Figure 5.17 remain constant throughout 

the 48 hours simulation for all four servers. Since the calculated results fall in the 95% 

confidence interval of the simulation result, the proposed traffic model is verified. 
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0.5 r 

0.4 

'•{l)JUii iif:!-'!i\ <,,''U''.li-'ilj||f,:'viUil, 

0.3 

0.2 

0.1 

;$M> ^ r - _ - - j i - - - . - ' j , J - - - J - r i 

S-CSCF #1 

P-CSCF #1 

l-CSCSF #1 

HSS#1 

12 18 24 30 
Time (Hours) 

36 42 48 

Figure 5.17: Server utilization recorded every 60 seconds for 48 hours, with the different 

service times for 4 servers, and calculated server utilization as straight lines 

Figure 5.18 shows the average server queuing delay recorded by 60 second 

observation instances over a period of 48 hours. Since the M/M/l queuing model is 
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assumed for the network servers P/I/S-CSCF and HSS by using results from the queuing 

theory [46], the average queuing delay at the server v is as follows, 

1 1 5.4 

where juv is the mean service rate (message/second) for server v, Xv is the average 

arrival rate (message/second) for server v, and pv is the utilization of server v. The 

server utilization for four servers can be calculated as followed: 

S-CSCF#1: 

P-CSCF #1: 

I-CSCF #1: 

HSS #1: 

D , = — ! — = ! 
1 / / , - / / , A 100* (1-0.357) 

= 0.015552 sec 

D„ = 
2 U2-M2P2 70* (1-0.447) 

= 0.02583 sec 

D„ = 
3 / / 3 - / / 3 /7 3 50* (1-0.482) 

= 0.03861 sec 

5.5 

5.6 

5.7 

D„ = 
4 ju4-ju4p, 50* (1-0.342) 

= 0.03039 sec 5.8 

The mean server queuing delays for the four servers are illustrated in Figure 5.18 as 

straight lines; they are 15.52 ms for S-CSCF (95% confidence interval, 13.78 to 15.88), 

25.83 ms for P-CSCF (95% confidence interval, 24.78 to 27.16), 38.61 ms for I-CSCF 

(95% confidence interval, 35.22 to 39.38), 30.39 ms for HSS (95% confidence interval, 
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29.06 to 31.56). From the simulation results, the proposed model is proven to be 

acceptable. 
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Figure 5.18: Mean server queuing delay recorded for 48 hours, with the different service 

times for 4 servers, and calculated mean server queuing delays as straight lines 

- 104-



Chapter 6 

IMS Network Design Problem 

This chapter concentrates on formulating IMS network deployment cost optimization 

issue as a linear programming problem. The proper mathematical notations for network 

modeling are introduced. The logical IMS network can be mapped to different IMS 

physical networks with different mapping strategies, where the logical SIP servers are 

mapped into the physical node(s). In this chapter, we discuss on three potential mapping 

strategies. In addition, the proposed signaling flow based traffic model is used to 

characterize the SIP traffic and reflect the traffic load on SIP servers. Then, the load of 

the physical nodes can be obtained, depending on the applied mapping strategy. Each 

mapping strategy is formulated as an IMS network deployment cost optimization 

problem. In order to better understand how to formulate the cost optimization in a 

specific strategy, we present an example for each mapping strategy and provide the 

detailed procedures. 

6.1 Motivation 

Modeling and design of IMS network have always been an important area to both 

researchers and network providers. Our interest is in the area of developing efficient 
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design models and optimization methods for IMS network. In our research, we focus on 

IMS network deployment cost optimization to produce a good network design potentially 

capable of securing considerable saving. In this Chapter, the mathematical modeling and 

the application of efficient optimization methods are applied. We, as designers, have to 

make selective use of various available theoretical models and different approximations, 

such as physical node capacity and physical link bandwidth. Also we consider various 

practical constraints in specific models. 

Previously, all the works we have done are in IMS logical network domain. The SIP 

servers (P/S/I-CSCF and HSS) discussed are all logical entities. In a real network, all 

logical servers need to be implemented on the physical node(s). How to map logical 

servers located in a logical IMS core network topology to physical node(s) located in 

physical IMS network topology is not standardized [5], but is of great interest to the 

network providers. Network providers may choose different mapping strategies to 

achieve their own objective. For example, a starting network provider may want to 

choose a mapping strategy that can minimize the cost, while maintaining acceptable 

applications to users. On the other hand, an industry-leading network provider may want 

a mapping strategy that provides high reliability and high expandability. Moreover, each 

mapping strategy has its own advantages and disadvantages. 

There are various mapping strategies available on the public domain for network 

providers to choose. The providers select the one with the best performance results 

according to their needs and actual network conditions, including the number of users, 

the capacity of physical nodes, the budget plan, and so forth. This requires the providers 
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to consider both advantages and disadvantages of each mapping strategy, in order to 

determine the one that is satisfied by themselves and their users. In the following sections, 

we start with a generic mapping strategy, and then focus on two special mapping 

strategies, which can be widely used in the public domain. 

More importantly, we use our proposed signaling flow based traffic model to provide 

constraints to the cost optimization problem, so that the optimization method can be 

developed. In the mean time, the disadvantages and advantages of different mapping 

strategies are discussed in detail. 

6.2 A Generic Mapping Strategy 

A generic mapping strategy is a method that allows for the mapping of a logical IMS core 

network topology into a physical IMS network topology in a general case. The 

description of this mapping strategy is provided in this section. The strategy is 

represented with the proper mathematical formulation in order to take advantage of the 

signaling flow based traffic model. An example of showing the formulation is also 

provided. 

6.2.1 Introduction 

The upper part of Figure 6.1 illustrates a logical IMS core network topology, which is the 

way that the SIP messages pass through the network from one logical SIP server to the 

next without regard to the physical interconnection of the physical nodes. The load of 

each logical server can be predicted by applying the proposed traffic model. However, in 

the physical structure of the IMS network, also called physical IMS network topology, 
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which is depicted in the lower part of Figure 6.1, the load of each physical node can be 

estimated according to the different mapping strategies, each determining how the logical 

servers are mapped into the physical node(s). Therefore, we need to study various 

strategies for this mapping while meeting all the available network requirements. 

Figure 6.1 shows a generic strategy of mapping logical servers in the IMS core 

network into physical nodes interconnected through a network. The physical network 

topology consists of 5 physical nodes. In this case, any one physical node can host one or 

more logical server(s). On the other hand, two or more physical nodes can host one or 

more identical logical servers. Any two or more physical nodes can be identical, which 

means that they can host the same logical servers. A generic mapping strategy includes 

all possible mapping ways. 

Logical Topology 

*"1 Diameter — ^ 

P-CSCF 

S-CSCF 

Physical Topology 

Figure 6.1: A generic mapping strategy 
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The generic mapping strategy is suitable for all network providers with different 

network conditions. The assignment of logical servers into physical nodes depends on the 

traffic load on logical servers and the capacity of the particular physical node. When the 

capacity of a physical node is large enough for implementing two logical servers, this 

physical node can host two different logical servers. The network conditions can include 

the number of physical nodes available, and the cost of implementation and maintenance 

on physical nodes, and so on. Therefore, compared to the other two special mapping 

strategies that we discuss later, the generic mapping strategy provides the flexibility to 

determine the number of, and the type of logical server(s) mapped to a physical node. In 

conclusion, the generic mapping strategy satisfies the needs of different providers. Next, 

we will discuss the assumptions made to the generic mapping strategy. 

6.2.2 Assumptions and Conditions 

Although the mapping strategy is called generic, certain constraint is necessary to 

minimize the search for the optimal solution. The constraint is related to the signaling 

flow concept. All signaling flows listed in Table 4.5 can be classified into two types: 

round trip signaling flow and single trip signaling flow. The round trip signaling flow is 

defined as a signaling flow that traverses the involved logical servers twice: one in the 

forward direction and one the reverse direction. The single trip signaling flow passes the 

involved logical servers only once. The selection of physical nodes for performing both 

directions in a round trip signaling flow should be identical. This is because the physical 

nodes chosen in the forwarding direction may hold some information regarding the end 

users. It will minimize the information to be duplicated on different physical nodes by 
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choosing the reverse path to be the same physical nodes except the order is reversed. 

Next, we introduce the proper mathematical notations for modeling EMS network. 

6.2.3 Notation for Network Modeling 

In this section, we introduce the mathematical notations for network entities. As you will 

see, a good mathematical notation can represent a specific design problem in a compact 

and unambiguous way. Furthermore, it helps us to understand the formulation better. 

Physical Node, Logical Server, and Signaling Flow 

We first introduce the generic labels for physical node, logical server, and signaling flow. 

The four different logical SIP servers in logical IMS network are labeled with the generic 

label v, where v = 1,2,3,4, and the physical nodes are denoted as y , where v = 1,2, • • •, Y , 

and Y is the number of physical nodes in the physical IMS network topology. A signaling 

flow is measured in IMS logical network topology, with label/ , where/ = 1,2,-•-,17. A 

direct physical link connects its physical end nodes directly. 

Signaling Flow demand, Physical Path 

Secondly, we introduce signaling flow demand volume. It is denoted as hf , 

where / = 1,2, • • • ,17, and it represents the traffic volume (number of messages) in a given 

unit of time. Since we have a list of matrices X r , which represents the volume (number of 

messages) of signaling flows per session procedure in one routing scenario r, where 

r = 1,2,...,6 , and a list of row vectors Tr, the average arrival rate of the session procedures 

for routing scenario r, where r = 1,2,...,6, a row vector H representing the total traffic 
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volume (number of messages) of the signaling flows for 6 routing scenarios in a given 

unit of time, can be calculated as follows: 

H = £ ^ T r X r , r = \,2,...,20 6.1 

Let hf denotes the/h element of the row vector H, where / = 1,2, • • • ,17. 

For signaling flow / , the total number of available physical paths is denoted by Pf, and 

they are labeled with p from the first physical path to the total number of physical paths, 

i.e. p = \,2,---,Pf . This sequence is called the list of candidate physical paths. Each 

physical path p connects the physical end nodes of signaling flow/, and it is described as 

the set of physical links of which the physical path is composed of. In this paper, we 

assume the candidate paths for a signaling flow are known to the carrier. A carrier may 

decide the candidate paths based on its own policy. 

Figure 6.2 depicts an example of mapping the logical servers into four physical 

nodes, which are hosting the corresponding logical servers, as shown in the bracket. A 

list of physical paths that can carry signaling flow 3 (signaling flow path: ->P->S->) is 

drawn in the lower part of Figure 6.2. Table 6.1 lists the candidate physical paths for 

signaling flow 3 under the network topology in Figure 6.2. Note that, since there is no 

physical link connecting physical node #2 to #3, the physical path 3 traverses the physical 

node #4 in order to reach the destination, which is physical node #3. Physical node #4 

plays the role of a passer-by and does not process the messages of this signaling flow. 

Moreover, for physical path 5, physical node #3 can perform signaling flow 3 alone. 
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Logical Topology 
Flow 3, f=3 

Figure 6.2: An example of mapping, 6 available physical paths for signaling flow 3 

(signaling flow path: ->P->S->) 

Table 6.1: A list of candidate physical paths for signaling flow 3, under the network 

topology in Figure 6.2 

p 

1 

2 

3 

4 

5 

6 

Candidate physical paths for signaling flow 3 
(signaling flow path: ->P->S->) 
Physical node #1 -» #3 

Physical node #1 -> #4 

Physical node #2 -» # 4 ^ #3 

Physical node #2 -> #4 

Physical node #3 

Physical node #3 -> #4 

wiP 

w31 

w32 

W 3 3 

w34 

w35 

W 3 6 
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Now, signaling flow demand volume is assigned to the available physical paths. The 

load assigned to physical path, a candidate physical path of signaling flow / is denoted 

by Wfy, where / = 1,2, •••,17 and p = 1,2, • • •, Pf , as shown in Table 6.1. Since the demand 

volume of signaling flow /needs to be realized by the traffic on all the candidate physical 

paths, we can write the following equation: 

W3l + ^32 + ^33 + WU + *>35 + ^36 = hl 6.2 

It leads to the demand constraint, which can be written in a general form as follows: 

wfl+wf2+wf3+--- + Wjpf=hf, / = 1,2,---,17 6.3 

In summation notation, we can write this as: 

?,%wjp=hf> P = U , - , P / / = 1,2,-,17 6.4 

And, we know the physical path p is numbered from 1 to Pf for each signaling flow / , 

the previous expression becomes as follows: 

Y<p
wfP=hf> P = l2,-,Pf / = 1,2,-..,17 6.5 

where Pf is the number of candidate physical paths for signaling flow/. 

Indicator 

Thirdly, we define two indicators here for formulating the design problem. The first 

indicator, denoted by a^ , indicates the relationship among physical node 

v (y = 1,2,---,F) , logical server v (v = 1,2,3,4) , physical path p (p = \,2,---,Pf) , and 

signaling flow/ ( / = 1,2,-•-,17). When it is one, the physical node y hosts logical server 
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v along physical path/? that is one available physical path of signaling flow/; it is zero for 

the rest of the cases. The advantage of defining the indicator here is to provide a nice 

compact manner by using the notation, a^, , to present the required information. 

Formally, the indicator a^ is defined for each quadruple (f,p,v,y), and it is written 

as: 

a j ^ = < 

1, if physical node y hosts logical server v along 

physical path p that is one physical path of signalling flow f 6.6 

0, otherwise. 

where / = 1,2,• • • ,17 , p = 1,2,•••,Pf , v = 1,2,3,4 , and y = 1,2,• • •,Y . fl^vy is constant and 

obtained from the analysis performed on network topology assuming that the carrier 

knows all candidate paths for each flow based on its policy.. 

The second indicator determines the number of times that logical server v is involved 

in signaling flow/, and it is denoted by/?^,. As we know, there are two types of signaling 

flow, which are the round trip signaling flow and the single trip signaling flow as 

summarized in Table 4.9. The logical servers along a round trip signaling flow are 

involved twice. And, the logical servers along a single trip signaling flow are involved 

once. However, signaling flow 11 and signaling flow 12 are special cases due to the 

signaling flow traverses logical S-CSCF server only once although they look like a round 

trip flow. Although both coefficient fi^ and the previously defined matrix I identify the 

relationship between the signaling flows and the logical servers, fi^ records the values 

that are different from matrix I. 
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Ph is written as follows: 

2, if logical server v is involved in signalling flow f, 

and signallingflow f is a round trip 

l,if logical server vis involved in signallingflow f, 

and signallingflow f is a single trip 

2, if logical server v is P - CSCF, for signalling flow 11 
Pfv = I 

2, if logical server v is I - CSCF, for signalling flow 11 

l,if logical server v is S - CSCF, for signalling flow 11 

2, if logical server v is I - CSCF, for signalling flow 12 

1, if logical server v is S - CSCF, for signalling flow 12 

0, otherwise. 

where / = 1,2, •••, 17 and v = 1,2,3,4. 

Table 6.2: The types of signaling flows 

Single Trip Signaling 
Flow 

Signaling 
Flow 

2 

3 

6 

7 

9 
10 
13 

14 
15 
16 
17 

Signaling Flow 
Path 

->S1 ->P1 -» 

-»P1 -*S1 -> 

- M l -»S1 -> 
11-> 

___S1 — 

- » S l - M l - » 
. . . pi . . . 

PI •* 
^ I l ^ S l ^ 
-> HSS -» 11 
-> HSS -» SI 
->S1 -MiSSl 

Round Trip Signaling Flow 

Signaling 
Flow 

1 

4 

5 

8 

Signaling Flow Path 

-»P1 -> SI -» — -» 
S1-»P1 -> 

-»I1 ->S1 - M l •*--
--» PI -» SI - M l -» 
-* SI -» PI -»----» 

PI ->S1 -> 
->I1 -> SI -»—-» 

SI -> 11 -> 

Special Case 

Signaling 
Flow 

11 

12 

Signaling Flow 
Path 

-»P1 - M l - » 
SI - M l -»P1 

-> 
^ I l ^ S l ^ 

1 1 ^ 
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Load, Rate, Capacity 

Lastly, we introduce additional issues that help to formulate the network deployment cost 

optimization problem. We want to lower the cost of deploying the physical nodes in the 

network, and the cost of a physical node mainly depends on its capacity. Thus, we should 

predict the traffic load on physical node, and determine the best choice for the capacity of 

a physical node. 

The load on each physical node indicates the number of actual SIP messages 

processed in a given unit of time, and we denote this load as ky for physical node v. As we 

can see in Figure 6.2, the load of physical node is associated with the traffic of the 

individual physical link connected to the physical node. Thereby, the load of the physical 

node is calculated from the load on each connected physical link and can be represented 

in a linear mathematic expression. We take the physical nodes in Figure 6.2 as examples 

here. 

&, = W31 + W32 

k2 = w33 + u>34 

k3 = w31 + w33 + w35 + w36 

k4 = W33 + W34 + W36 

Since we define the indicators, a^ and fi^ , the use of notation is extremely 

helpful to correctly present the relationship between physical link traffic and the load of 

the physical node in a nice compact way, in terms of signaling flows and the available 
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physical paths for each signaling flow. Hence, the load of physical node y is defined as 

follows: 

6.9 
y = l,2,---,F, / = 1,2,-,17, p = 1,2,-,P,, v = 1,2,3,4 

Next, we utilize the example illustrated in Figure 6.2 to better explain the Equation 

6.9, and the details are drawn in Figure 6.3. In general, this equation expression can be 

divided into three steps. 

Step a. a^ =1 if physical node y hosts logical server v along physical path p that 

is one available physical path of signaling flow /, and a^ =0, otherwise. 

Then, QT a^^w^J, accumulates the load allocated to each available 

physical path p of the signaling flow /, with a given logical server v and 

physical node y. 

a) In Figure 6.3, we assume y = 3 (physical node #3), v = 1 (logical 

server P-CSCF),/= 3 (signaling flow 3). 

b) Then, fepa3pi3w3p)= w31 + w33 + w35 + wi6 

Step b. fip, * 0 in the case of logical server v is traversed by signaling flow/; =0, 

otherwise. Then, \£ fi^ QT a^ w^ jj, represents the total load on physical 

node y, for one signaling flow, namely, signaling flow/, 

a) Since physical node #3 hosts P-CSCF, I-CSCF and S-CSCF, then 
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Ll-v Av E , °3 ,F3 W 3 , 1= 1 • (W31 + W33 + W3j + W36 ) + 0 +1 • (W31 + W33 + W33 + Wj6) 
' \ > "—Y-*1 V „ > 

- y • V~" 
For logical server ^ togiral server For logical server 

P-CSCF l-W>U- S-CSCF 

Stepc. ^ ] , E PfvVl a/pvywjp)\> s u m s UP the load for the involved signaling 

flows. 

a) Since in Figure 6.3, only one signaling flow is involved. 

Step 3: E, 

Check which signaling 
flows that node y is 
involved in 

17 Signaling Flows Available 

Step 2: Zv 

Determine the load on 
node y, for signaling 
flowf 

Logical Topology 
Signaling Flow 3 (->Fs>S->) 

Sum of load 
allocated to each 
available path p for 
one signaling flow f 

Figure 6.3: 3 steps for explaining Equation 6.9, with an example of Figure 6.2 

- 1 1 8 -



However, we notice that indicator a^vy holds the important information extracted 

from the physical network topology, and the value of it is obtained through processing 

the given network construction. When the number of physical nodes located in the 

physical topology is low, it is easily to obtain the information for the indicator a^ , 

which can even be found by manual computation. However, in the case of a large and 

complex network topology that holds tons of physical nodes and a large set of physical 

links, more time is required as well as more power for processors to obtain the value 

Our goal is to find the capacity of a physical node that can satisfy the load 

requirement. Let c represents the processing capability of a physical node. cycan be in 

various units that are related to the cost of the physical node. For example, cy can be the 

number of certain CPUs the physical node carries. 

Since in IMS network, each logical server has different message functions to be 

processed, we need to decide how much capacity is required to process messages for each 

type of logical server. This capacity coefficient is denoted as KV for logical server v. Kv is 

in the unit of time-capacity product. For example, Kv =2 can mean that a message requires 

two time units for a logical server with a single CPU or one time unit for a logical server 

with two CPUs. Here we assume the overhead associated with multiple CPUs is 

negligible to simplify the analysis. However our analysis can be generalized to include 

those overheads. 
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It should be noted that messages processed by the same logical server do not 

necessarily take the same amount processing time due to their different types. To simplify 

our analysis, we take KV as the statistical mean of the capacity required by all types of 

messages processed by the logical server. 

Equation 6.9 calculates the load of physical node v, which is represented in the 

number of messages processed within a unit of time, and it is a sum of the load on 

logical server v that is hosted in physical node y. Hereby, the capacity of physical node v 

should be greater than the accumulation of the load of logical server v times KV , for all 

possible logical server v that the physical node v hosts. This is a second set of constraints 

that can be generally written as: 

6.10 

/ = 1,2,-,17, v = 1,2,3,4, p = l,2,-,Pf, y = l , 2 , - , 7 

Furthermore, in the design problem, we aim to minimize the physical node capacity 

cost. Therefore, we introduce a rate e that represents the cost per unit processing 

capability for node v. A list of notations we defined is listed in Table 6.3. The details of 

formulating the cost optimization problem are provided in the following section. 
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Table 6.3: Mathematical notations defined for the generic mapping strategy 

Parameter 

Physical Node, 
Logical Server 
Signaling Flow 

Physical Path, 
Demand Volume 

Indicator 

Rate 

Load, Capacity 

Notation 
y 

V 

f 

p 

hf 

wfp 

afpvy 

P* 

*; 

£y 

ky 

cy 

Description 
Physical node, y = 1,2, • • •, Y , where Y is the number of 
physical nodes in the network. 
Logical server, v = 1,2,3,4. 

Signaling flow, / = 1,2, •••,17. 

Candidate physical path for signaling flow/, 
p = 1,2, •••, / / , where Pf is the number of candidate 

physical paths for signaling flow/ 
Signaling flow demand volume for signaling flow/ 
(message per unit time). 
Load allocated to physical path p that is one available 
physical path of signaling flow/(message per unit 
time). 
=1, if physical node y hosts logical server v along 
physical path p that is one available physical path of 
signaling flow/; =0, otherwise. 
The number of times that logical server v is involved 
in signaling flow/ 
The capacity coefficient in time-capacity product unit 
for each logical server v. 
The cost of processing one message on physical node 

The load of physical node y (message per unit time). 

The cost coefficient per unit processing capacity. 

6.2.4 Formulation of Cost Optimization Problem 

The performance of physical nodes is our main concern in physical IMS network 

topology, and we assume the physical link bandwidth to be large enough so that they are 

not the bottleneck of performance. Also, the physical node performance is usually 

evaluated by service response time. However, the service response time is dependent on 
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the capacity of physical node, which decides the physical node cost. Thereby, we concern 

the physical node cost. 

In this section, we consider IMS network deployment cost optimization issue with a 

set of given signaling flow demand volume in the IMS physical network and provide a 

complete version of formulating the cost optimization issue as a linear programming 

problem for a generic mapping strategy. When the physical network topology is given, 

the formulation can be formed. 

Cost Optimization Problem Formulation: 

Indices 

• f=\, 2,..., 17, signaling flow 

• v= 1, 2, 3, 4, logical server 

• p =1, 2, ... Pf , candidate physical path for signaling flow/ 

• y= 1, 2 , . . . Y, physical node 

Constants 

• (XfaV :=1, if physical node y hosts logical server v along physical path p that is one 

available physical path of signaling flow/; 0, otherwise. 

• (3^ :The number of times that logical server v is involved in signaling flow/ 

• hf :Signaling flow demand volume for signaling flow/ 

• Kv: The capacity coefficient in time-capacity product unit for each logical server 

v. 
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• £y: The cost coefficient per unit processing capacity for physical node y. 

Variables 

• Wfr :The load allocated to physical path p that is one available physical path of 

signaling flow/ 

Objective 

• Minimize total network physical nodes cost: 

F = lty
£y'cy' 3«=1.2,...y 6.11 

Constraints 

• Demand Constraints: 

!LP
wfP=hf> P = l2,-,Pf / = 1,2,-,17 6.12 

• Capacity Constraints: 

ky=Hf\Zj^P
a^ywJ 

6.13 
y=l,2, . . T , / = 1,2,-,17, v = 1,2,3,4, /> = l , 2 , - , P r 

6.14 
/ = 1,2,-,17, v = 1,2,3,4, p = 1,2,-,Pf, y=l,2,...Y 

• Constraints on variables, 

Wjp > 0(continuous, non - negative), / = 1,2,---,17 p = l,2,-~,Pf 6.15 

According to Equation 6.12, 6.13, and 6.14, the cost optimization issue can be 

formulated as a linear programming problem. In the optimal solution of this problem, all 
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constraints presented in Equation 6.14 are binding, i.e., the physical node load is equal to 

the physical nodes capacities; however, the capacity of the physical node may not come 

in continuous value. To reduce the unused capacity, we can set cy to integer. Then the 

problem becomes an integer programming problem which is more difficult to solve. 

6.2.5 Example 

Here, we give an example to show the formulation of the cost optimization problem. The 

simple network is shown in Figure 6.4, with 5 physical nodes. Each physical node is 

hosting one or more logical server(s), as shown in the bracket after the name of physical 

node. The assumptions are made as follows: 

1. There are 3 signaling flows involved; they are signaling flow 11, signaling flow 15, 

and signaling flow 16, i.e. / = 11,15,16. It is easy to see that the number of potential 

paths that can be used as candidate paths is large. To simplify the example, we 

assume only the paths listed in Table 6.4 are the candidate paths. 

2. Signaling flow 11 is a round trip signaling flow. P-CSCF and I-CSCF logical servers 

are involved twice. The selected physical nodes, hosting either P-CSCF or I-CSCF 

logical servers, should be identical for both forward direction and back direction in 

signaling flow 11. 

-124-



Physical Topology 
Flow11,f=11 
Flow 15, f=15 
Flow 16, f=16 

Figure 6.4: An example of formulating cost optimization problem, with 3 signaling 

flows involved, for a generic mapping strategy 

Table 6.4: The candidate physical paths for signaling flow 11,15 and 16, reference to Figure 

6.4 

p 

1 

2 

1 

1 

2 

The choice of 

physical nodes 

P 

#1 

#1 

I 

#4 

#4 

#4 

S 

#2 

#3 

#2 

#3 

HSS 

#5 

#5 

#5 

Candidate physical paths for 3 signaling flows 

Signaling Flow 11 ( - » P - M ^ S ^ I ^ P ^ ) 

-*#1(P) -* #4 (I) -> #2 (S) -* #4 (I) -*#1(P) -* 

->#1(P) -*#4(I) -* #3 (S) -* #4(1) -»#1(P) -> 

Signaling Flow 15 (-»HSS-M^) 

-*#5 (HSS) -^ #4 (I) -* 

Signaling Flow 16 ( -»HSS^S-» 

-*#5 (HSS) -* #2 (S )^ 

-*#5 (HSS) -*#3 (S) ^ 
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The Given information is provided as follows: 

a) Signaling flow demand volume, 

hf=. 

400,f = 11 

250, f =15 

200, f = 16 
6.16 

b) Coefficient in a ratio for logical server v, 

2,v = l 

l,v = 2 

5,v = 3 

2,v = 4 

S-CSCF (v=3) requires more information processing on the received messages. The 

K, 6.17 

£y=i 

processing time for processing S-CSCF messages are larger than other logical servers. 

c) Cost of one message processed on physical node y, 

5,y = l 

10,y = 2 

10, y = 3 6.18 

5,y = 4 

5,y = 5 

Physical node #2 and #3 are hosting S-CSCF that is required more power in order to 

process the messages. Then, the unit cost of processing a message on these two 

physical nodes is higher than the others. 

d) fi, , an indicator determines the number of times that logical server v is involved in 

signaling flow/. 
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p,= 

2, if logical server v is involved in signalling flow f, 

and signallingflow f is round trip 

l,if logical server v is involved in signallingflow f, 

and signallingflow f is single trip 

2, if logical server v is P - CSCF, for signalling flow 11 

2, if logical server v is I - CSCF, for signalling flow 11 

l,if logical server vis S - CSCF, for signalling flow 11 

2, if logical server v is I - CSCF, for signalling flow 12 

l,if logical server v is S - CSCF, for signalling flow 12 

0, otherwise. 

6.19 

e) a^yv, a coefficient can be extracted from the network topology, as shown in Figure 

6.4. The candidate physical paths for each signaling flow and the involved physical 

nodes are listed in Table 6.4. 

The variables we need to obtain: 

* ' f o r " 

/? = l,2,forf = 11 

p = l,forf = 15 

p = l,2,forf =16 
6.20 

The objective function can be written as: 

Minimize F = 5 c, + 10c2 + 10c3 + 5c4 + 5c5 

To obtain constraints: 

a) Demand Constraints: 

6.21 

W l l , l + W l 1 .2=^11 = 4 0 0 6.22 
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wi5,i = h\5 = 2 5 ° 6.23 

^16,1+^16,2 = ^16 = 2 0 0 6.24 

b) Capacity Constraints: 

2-2-(w111+w>u2)<c1 6.25 

5-(w1M) + 5-(wI6il)<c2 6.26 

5-(vt/112) + 5 - 0 1 6 2 ) < c3 6.27 

2 • (wl u +vq, 2) + (w15>1) < c4 6.28 

2 • (w lsJ) + 2 • (w16, + w16t2) < c5 6.29 

c) Constraints on variables: 

wMil >0,w112 >0 6.30 

Wis.i ^ ° 6.31 

^16.1 ^ 0 ' W 1 6 , 2 ^ 0 6.32 

In this example, there are only 5 physical nodes, and each logical server is hosted in 

each 2 physical nodes. We will introduce two mapping strategies in the following 

sections. 

6.3 Customized Mapping Strategy 1: One Physical Node Hosts One 

Logical Server 

The customized mapping strategy 1 is a method that only allows one physical node to 

host one logical server. In this section, we discuss this mapping strategy, including its 
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advantages and disadvantages. Follow this, the cost optimization problem for this 

mapping strategy is formulated, and an example of presenting the formulation is provided 

at the end of this section. 

6.3.1 Introduction 

In EMS core network architecture, the logical IMS servers are classified into four 

different categories, which are P-CSCF, S-CSCF, I-CSCF, and HSS, according to their 

own assigned tasks in IMS. Four logical servers that we concentrated on play different 

roles in IMS system. When using customized mapping strategy 1 to map these logical 

servers to the physical nodes, each physical node only hosts one logical server, and it 

focuses on performing one type of task. The task on each physical node is clearly 

demarcated. This mapping strategy is desired when the load of two or more logical 

servers exceeds the capacity of a physical node. This is often the case for the network 

providers with a large number of users. 

Overall, there are three advantages by using this mapping strategy. First, it is easier 

to create a backup physical node and upgrade capacity for the future. Second, this 

strategy brings a small impact to the system when the failure occurs on the physical 

nodes, because each physical node only takes care of one type of tasks. If a physical node 

that hosts two or more logical servers fails, other physical nodes take over the work of the 

failed physical node. The work contains the processing of all SIP messages, which are 

needed to be processed in two or more logical servers. In this case, a network system is 

required in order to deal with the distribution of different types of SIP messages. 

Therefore, it brings a large impact to the network system, compared to the case of a 
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physical node only hosting a logical server. Third, it is easy to implement and maintain 

the physical nodes. The main disadvantage of this mapping strategy is cost. The 

remaining capacity of the physical nodes which host one type of logical server can not be 

allocated to other logical servers and therefore will be wasted. 

Figure 6.5 depicts this mapping strategy, where each physical node hosts only one 

logical server. Multiple physical nodes, which host the same type of logical server, can 

then perform a load balance. Next, the formulation of the cost optimization issue is 

presented. 

Logical Topology 

S-CSCF 

Figure 6.5: Customized mapping strategy 1 
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6.3.2 Formulation of Cost Optimization Problem 

In this mapping strategy, it is easy to see that the physical nodes that support one 

logical server play load balance among themselves. Because there is no sharing of 

residual capacities among different logical servers, the physical nodes that support 

different types of logical servers can be optimized separately. This can significantly 

simplify the optimization process because the number of variables to be optimized only 

depends on the number of physical nodes hosting the same logical server rather than the 

number of candidate paths. The optimization problem described in the last section can be 

reformulated as follows. 

Cost Optimization Problem Formulation: 

Indices 

• / = 1 , 2,..., 17, signaling flow 

• v= 1, 2, 3, 4, logical server 

• yv=l, 2,...Yv, physical node that hosts logical server v 

Constants 

• (Xp: =1, if signaling flow/traverses logical server v; =0, otherwise. 

• ftp :The number of times that logical server v is involved in signaling flow/ 

• hf Signaling flow demand volume of signaling flow/ 

• Kv :The capacity coefficient in time-capacity product unit for each logical server 

v. 
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• £vy :The cost coefficient per unit processing capacity for physical node y that 

hosts logical server v. 

Variables 

• w^ :The loads allocated to physical node y of signaling flow/for logical server v. 

Objective 

• Minimize total physical nodes cost for logical server v : 

Fv=Zyv
£yvvCvvv. yv=l,2,-,Yv 6.33 

Constraints 

• Demand Constraints: 

Xv,w*yv =hfaJv 
6.34 

y v = l , 2 , - , F v , / = l,2,---,17, v = 1,2,3,4 

• Capacity Constraints: 

6.35 
yv = 1,2,-,7V, / = 1,2,-,17, v = 1,2,3,4 

6.36 
/ = 1,2,-,17, v = 1,2,3,4, yv=l,2,-- ,Fv 

• Constraints on variables: 
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w M > 0 , / = 1 , 2 , - , 1 7 , v = 1,2,3,4, y v = l , 2 , - , y v 6.37 

y v > 0 , v = 1,2,3,4, yv=l,2,-,Yv 6.38 

Next, we provide an example to show the formulation of customized mapping 

strategy 1. 

6.3.3 Example 

An example is provided to formulate the cost optimization problem when using 

customized mapping strategy 1. The network topology illustrated in Figure 6.6 is the 

topology shown in Figure 6.4 with the relocation of logical servers in 5 physical nodes. 

The assumptions and given information remain the same as provided in. In this case, only 

Nodes #2 and #3 need to be optimized for logical server S-CSCF. 

Physical Topology 
Flow11,f=11 
Flow15,f=15 
Flow 16, f=16/ 

JU1 Node #1 (P) 
Node #2 (S) Node #3 (S) 

Figure 6.6: An example of formulating the network cost optimization problem, with 3 

signaling flows involved, for customized mapping strategy 1 
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The objective function can be written as: 

Minimize F3 = 10c32 + 10c33 6.39 

To obtain constraints: 

Demand Constraints: 

W113.2 + v v i u,3 = hn = 4 0 0 6.40 

^16,3,2+^16,3,3=^16 = 2 0 0 6.41 

Capacity Constraints: 

5 • (^11,3,2 + W16,3,3 ) ^ C3,2 6.42 

5 " (^11,3,2 + ̂ 16,3,2 ) ^ c3,3 6.43 

Constraints on variables: 

w n 3 2 >0,w,li3i3 >0 6.44 

W16.3,2^°.W16,3,3^0 6.45 

In this example, each physical node hosts only one logical server. It reduces the 

complexity of the problem formulation. Moreover, it carries a small number of variables 

so that it requires the less computation time to solve the problem, compared with the 

generic mapping strategy. Next, the discussion of customized mapping strategy 2 is 

provided. 
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6.4 Customized Mapping Strategy 2: One or More Logical Server(s) 

Map(s) to One Type of Physical Node 

The customized mapping strategy 2 is a method in which one or more logical server(s) 

can map to one type of physical node. In this section, we discuss this mapping strategy, 

including its advantages and disadvantages. Following this, the cost optimization issue 

for this mapping strategy is formulated, and an example of presenting the formulation is 

provided at the end of this section. 

6.4.1 Introduction 

While the customized mapping strategy 1 discussed in the last section fits large 

carriers with numerous users, the mapping strategy discussed in this section fits small 

carriers who try to pact different logical servers into the same physical node to save 

footprint and cost. The customized mapping strategy 2 is illustrated in Figure 6.7. In this 

strategy, physical nodes are divided into different groups. One logical server can be 

hosted by the physical nodes located in one group only. One group of physical nodes can 

host one or more than one logical servers. Furthermore, we assume that a message that 

traverses the logical servers that belong to the same group will be processed by one 

physical nodeonly in the group. This constraint can reduce the traveling time within a 

group. In the extreme case, if each group hosts only one logical server, this becomes the 

customized mapping strategy 1. 
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Logical Layer 

P-CSCF 

S-CSCF 

Physical Layer 

Group #1 

HSS#1 f?f 

Figure 6.7: Customized mapping strategy 2 

The customized mapping strategy 2 allows a physical node to host two or more 

logical servers. For many network providers, the capacity of one physical node may be 

more than the load of one logical server. This mapping strategy is more practical than the 

previous strategy for this type of carriers. 

In general, there are two main advantages of using this mapping strategy over the 

first one. First, mapping more than one logical server to a physical node can utilize the 

existing physical node capacity, thus reduce costs. Second, this method can reduce the 

messages' traveling time. 

The main disadvantage of this mapping strategy over the previous one is the 

complexity involved. When a physical node hosts more than one logical server, the 
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physical node has to handle more types of tasks which may interfere with each other. The 

maintenance cost will clearly be higher. The details of formulating cost optimization 

problem are presented in next section. 

6.4.2 Formulation of Cost Optimization Problem 

In this mapping strategy, the group concept is introduced. A group of physical nodes 

is denoted asg , where g = 1,2,3,.~,G and G is the total number of groups we have in the 

network topology. In a group, the physical nodes host the same logical servers. Every 

physical node y belongs to one group. Because the residual capacities of the physical 

nodes can only be shared among the physical nodes in the same group, the optimization 

can be decomposed into the optimization of each group of physical nodes. It can be 

formulated as the follows. 

Cost Optimization Problem Formulation: 

Indices 

• f=l, 2,..., 17, signaling flow 

• v= 1, 2, 3,4, logical server 

• g= 1,2,3,...,G, group number 

• yv=l, 2,...Yv, physical node that hosts logical server v 

Constants 

• af: =1, if signaling flow/traverses group g; =0, otherwise. 

• 8^ : =1, if signaling flow f traverses logical server v mapped to group g. 

• hf :Signaling flow demand volume of signaling flow/ 
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• Kv :The capacity coefficient in time-capacity product unit for each logical server 

v. 

• £ :The cost coefficient per unit processing capacity for physical node v in group 

8-

Variables 

• wf : The loads of signaling flow /allocated to physical node y in group g. 

Objective 

• Minimize total physical nodes cost for logical server v : 

Fs = £,„£gy,c«y,' 8 = ! ' 2 ' • ' • ' G ' ^ = 1.2,~;YV 6.46 

Constraints 

• Demand Constraints: 

T,,wfSyg =hfafg 

6.47 
yv=l,2,-,yv, / = l,2,-,17,g=l,2,-,G 

• Capacity Constraints: 

ky=YafYvPf*SteWfgyg 

6.48 
v = 1,2,---,F, f = 1,2,- -,17, v = 1,2,3,4, g = 1,2,-,G 

6.49 
/ = 1,2,-,17, v = 1,2,3,4, g= l , 2 , - - ,G , v = l,2,--,F 

• Constraints on variables: 
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wfsy >0, / = 1,2,-,17, g = l , 2 , - , G , y = l ,2,- ,7 6.50 

r >0 , g=l,2,--- ,G, y = l , 2 , - , r 6.51 

An example is given in the next section in an attempt to illustrate the procedures of 

formulating the cost optimization problem for customized mapping strategy 2. 

6.4.3 Example 

The network topology illustrated in Figure 6.8 is provided to show the formulation of 

cost optimization problem using the customized mapping strategy 2. This network 

topology is the topology discussed in Section 6.2.5 with a relocation of the logical servers 

in the 5 physical nodes. The assumptions and given information remain the same as 

provided in Section 6.2.5. Clearly only Groups #1 and #2 can be optimized. 

Physical Topology 
Flow 11, M 1 
Flow 15, M 5 
Flow 16, f=16 

Figure 6.8: An example of formulating network cost optimization problem, with 3 signaling 

flows involved, for customized mapping strategy 2 
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The objective function can be written as: 

Minimize F, = 5c,, +10c, 2 fi-2 

Minimize F2 = 10c21 +5c2 2 6 -~ 

To obtain constraints: 

Demand Constraints: 

w\ 1,1,1 + w i 1,1,2 = fyi = 4 0 0 6.54 

W\ 1,2,1 + Wl 1,2,2 = fyl = 4 0 0 6-55 

VV15,2,1+VV2 ,2=/*15=250 6.56 

W16,2,1+VV16,2,2=^6=200 6 - 5 7 

Capacity Constraints: 

2-2w l u l < c u 6.58 

2-2w,U2 <c1 2 6.59 

2wn,2,i +5wU21 + w15i2il +5w16i2i, < c21 6.60 

2wI1A2 +5wlli2i2 + wnX2 +5w16i2i2 < c22 6.61 

Constraints on variables: 

w\i,i,i ^ 0 , w 1 U 2 >0,w11?2i3 >0 ,w> l l 2 4 > 0 , 

w15,2,3 S °> W15,2,4 ^ 0, W,6 2 i 3 > 0, W,6 2 4 > 0 
6.62 

w\ 5,1 ^0,w15i2 >0 6.63 
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w16,l ^ ° . w 1 6 , 2 ^ ° 6.64 

6.5 Discussion 

There are three potential mapping strategies introduced in this paper. One of them is 

the Generic Mapping Strategy that includes all the possible mapping ways. Network 

providers can decide the type and the number of logical servers hosted in the physical 

nodes according to their needs. Therefore, once the physical network topology is given 

by the network provider, cost optimization problem can be formulated. Since the physical 

node can host one or more logical servers, the complexity of the optimization formulation 

increases quickly due to the dramatic increase of potential candidate paths. 

However, when new constraints are introduced into the formulation, the computation 

time can be reduced significantly. This has been shown in the two special mapping 

strategies. The customized mapping strategy 1 only allows a physical node host one 

logical server. The overall optimization problem can then be decomposed into the 

optimization problem for each logical server. The complexity only depends on the 

number of physical nodes that support the specific logical server. This mapping strategy 

can be applied to networks owned by large carriers. The customized mapping strategy 2 

is, on the other hand, designed for small carriers. In this strategy, physical nodes are 

divided into groups. Its complexity then depends on the number of physical nodes in a 

group. While the optimization complexity is reduced, it also allows multiple logical 
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serves mapped to the same physical node. This will also make server utilization more 

efficient. 

Last but not the least, the formulations of the mapping strategies proposed in this 

paper are all based on the novel signaling flow concept we proposed. Without the 

signaling flow concept, it's not possible to formulate the problems in a scalable way. The 

next chapter is a summary of this thesis and concludes the main contributions we made. 
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Chapter 7 

Conclusion and Suggestions for Future Work 

7.1 Conclusion 

As we know, the number of IMS users and their demands on new applications or services 

are rapidly increasing; therefore, network providers need a model in order to predict the 

impact of new applications on servers when the new applications are introduced into the 

market. By having such a model, network providers can predict the network availability 

as well as maintain the stability of the system, and thereby, increasing their revenue 

potential. Moreover, due to the combination of various routing scenarios and a large 

number of session procedures, IMS is an extremely complex system. This leads to 

difficulty in developing a traffic model that allows for predicting the impact on IMS 

servers when various available applications are requested by users. Besides, we found in 

the public domain that there is no such reference related to propose an effective model for 

IMS system, and the model can ensure the prediction of the load of important IMS 

servers. 

Therefore, in this thesis, we mainly address the problem of developing an efficient 

traffic model that allows us to predict the server load for IMS system by utilizing the 
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characteristics of SIP messages. We found there is a potential causal relationship among 

a sequence of messages in the session procedures, so that the load at their corresponding 

servers is therefore correlated. Then, we propose a signaling flow based approach in 

order to present such a relationship among SIP messages, so that the complex correlation 

structure of the load across different signaling servers can be captured. This approach 

defines the signaling flow as the aggregation of a sequence of messages that follows the 

same path in a network of IMS servers. Various combinations of routing scenarios and 

session procedures can be mapped to the limited number of signaling flows. The routing 

scenario is defined so as to simplify the signaling flow analysis based on the analysis of 

call scenario in IMS network. By utilizing the signaling flow analysis, the model is built 

so that the load of servers can be predicted with a simple mathematical calculation. Thus, 

information becomes available for us to access the impact on the different servers, while 

new applications are introduced into the telecommunication market. This model also 

allows for flexibility when expanding the SIP session procedures in IMS network. 

In addition, we develop a measurements architecture based on ESP and ENF in order 

to collect the network statistics and user behavior. This architecture is established upon 

IMS network and relies on SIP messages in order to collect and subscribe the information 

that is of interest to network providers. According to a list of user data collected from the 

network, the input data of the proposed traffic model can be obtained by a set of 

mathematical calculations. 

We perform the simulation in OPNET. We devise and implement a source model to 

simulate the users' behavior in IMS network. During the simulation, a set of the network 
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statistics and user data is collected from the network in order to calculate the input data of 

the proposed traffic model. The results calculated from the proposed traffic model are 

verified with the server utilization and mean server queuing delay from the simulation. 

The proposed traffic model is proven to be acceptable. 

Lastly, we formulate IMS network deployment cost optimization issue as a linear 

programming problem by utilizing the signaling flow based approach. The IMS network 

mapping strategies are discussed, and we represent them into the proper mathematical 

notations. Also, the example for each mapping strategies is provided, and we show the 

formulation for each of them. 

In conclusion, the SIP traffic model with a proposed signaling flow based approach 

is verified through OPNET simulation. It achieves our goal and becomes a new traffic 

modeling field for IMS system. 

7.2 Suggestions for Future Work 

In order to perform a real IMS network, retransmission scenario needs to be considered. 

In the future, the work will extend the proposed traffic model to cover this issue. The 

retransmission occurs among the physical nodes, in the case of time out for sequential 

messages, when SIP chooses UDP as a transport protocol. We can formulate each of 

possible retransmission paths as one individual signaling flow. We set up the packet loss 

possibility for each signaling flow and apply them into the proposed traffic model. 

Thereby, we can easily access the impact of retransmission on different IMS servers. 

Moreover, since we formulate IMS network deployment cost optimization issue, the 

capacity of each physical node can be obtained. The assignment of users to each physical 
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node is considered another potential network mapping issue. Within this topic, IMS 

network constraints in terms of physical node, logical server, and user are required to 

consider. One constraint is mentioned in Section 2.1.4, and it is the selection of P-CSCF 

and S-CSCF always remains fixed for one particular user during his life of registration. 
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Appendix A Methods of SIP 

INVITE: 

o When a user agent desires to initiate a session, it formulates an INVITE 

request. The request asks a server to establish a session and will be forwarded 

by proxies, and finally arriving at one or more servers that can potentially 

accept the invitation. 

REGISTER: 

o When a user agent desires to register to start the services, it formulates a 

REGISTER request. The request can bind a permanent address to the current 

location, namely, to notify the SIP network servers about a user agent's 

current location information. 

ACK: 

o When the response of the INVITE request is being acknowledged, it 

formulates a ACK message that contains the header fields of the INVITE 

request. This message is used in order to confirm the session establishment. 
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BYE: 

o When a user agent or server desires to terminate the session, it formulas the 

BYE message. The BYE requires a response and acknowledgment prior to the 

session being released. 

CANCEL: 

o This request is used to cancel a previous request sent by a client. In the case 

where a final response to a previous request is given, the CANCEL request 

has no effect. 

UPDATE: 

o This message is used to send new information about the session without 

altering the current established session. 
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Appendix B IMS-Level Session Registration & De-

registration 

IMS registration is a procedure where the EMS user requests authentication in order to 

access IMS services in the IMS network [1][5][14][47]. The registration to the IMS 

network happens prior to the performance of other session procedures; it is mandatory 

before the IMS user can establish a session. This registration process requires the binding 

of the IP address of the user device and the user's public identities (e.g. his phone number 

or SIP address). By doing that, both the device and the core network are protected from 

unsafe access or attack to the IMS network. The basic registration procedure, when user 

registers for the first time, is illustrated in Appendix B.l. It is noticed that the originating 

network can be the home network or the visited network. 

Besides the basic registration procedure (when user registers the first time), another 

scenario, re-registration procedure (when user currently registered), is illustrated in 

Appendix B.2. The re-registration is initiated by the user who needs to refresh the 

existing registration or to update a change in the registration status. The details of 

message sequences are provided in [9]. 

The de-registration procedure is performed either by the user or the IMS network. 

When the user wants to de-register from the IMS network, the mobile initiated de-
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registration is triggered. Also, the de-registration procedure is illustrated in Appendix B.3; 

it follows the same signaling path as a basic registration procedure. On the other hand, 

the IMS core network initiates a network initiated de-registration procedure due to some 

potential reasons discussed in [9]. In addition, there are two types of network-initiated de-

registration procedures specified. One type is designed to deal with the case of 

registration expiration, and the other type is designed to deal with the cases of network 

forcing de-registration under any of the approved possible cases. Thus, the network 

initiated de-registration we covered in the thesis includes de-registration initiated by 

registration timeout, initiated by HSS, and initiated by service platform [9]. The diagrams 

of session procedures are illustrated in Appendix B.4, B.5 and B.6, respectively. 
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B.l IMS Registration, when user registers for the first time 
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As shown above figure, the registration process is completed with two round trips of 

message exchange. A SIP REGISTER message (1) is sent by a user (UE1), who requests 

the registration to a P-CSCF. As we discussed previously, the P-CSCF is located in the 

same network where the user is located. It continues with the REGISTER message (2) 

forwarded to the I-CSCF. Once I-CSCF receives it, it does a Diameter UAR (User-

Authorization-Request) / UAA (User-Authorization-Answer) dialogue (3, 4) [21] with 

HSS in order to download a set of S-CSCF capability for I-CSCF to perform an S-CSCF 

selection procedure. This process mainly requires choosing an appropriate S-CSCF for 
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this particular UE based on the capabilities received from the Diameter UAA message (4). 

Then, the REGISTER message (5) is forwarded to the chosen S-CSCF. Once S-CSCF 

receives the message (5), it contacts the HSS in Diameter MAR (Multimedia-Auth-

Request) / MAA ((Multimedia-Auth-Answer) (6, 7) with two purposes, 1). Download 

authentication vectors for authenticating this particular user; 2). Store this S-CSCF URI 

in the HSS for future routing this user to the assigned S-CSCF. After that, S-CSCF 

creates a SIP 401 Unauthorized response (8) to the user, via the I-CSCF and P-CSCF. 

This message contains a challenge that the user needs to answer. When the user receives 

the 401 message (10), it produces an appropriate response (11) to this message sent by 

the user in another REGISTER message. Then, the recipients, P-CSCF and I-CSCF do 

the same operation as the first REGISTER message. In particular, S-CSCF performs the 

authentication to the user by received message (15) that contains the user credentials. If 

the authentication is successful, the S-CSCF does Diameter SAR (Server-Assignment-

Request) / SAA (Server-Assignment-Answer) (16, 17) [21] in order to inform the HSS 

that the user is now registered and to download the user profile. The 200OK response (18) 

is created and forwarded to the user, and it indicates the success of the registration. 
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B.2 IMS Re-registration, when user registered already 
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B.3 IMS De-registration, mobile initiated 
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B.4 IMS De-registration, network initiated, registration timeout 

Originating Network 

UE1 P-CSCF 

i 
i 

1. Timer Expires 

HSS S-CSCF 

1. Timer Expires 

_i_ 
2. Service Control 

(3). Cx-Put i 
« J 
(4). Cx-Put Resp. 
i ^ 
i i 
i i 
i i 

-154 



B.5 IMS De-registration, network initiated by HSS, administration 
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B.6 IMS De-registration, network initiated, service platform 
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Appendix C IMS-Level Session Initiation 

Basic session setup [9] [34], as a typical IMS session procedure, is responsible for 

establishing the multimedia session, where the two end-users are involved in order to 

start the communication. This session procedure allows the participant parties to 

negotiate the characteristics of the media data exchanged during the session and also to 

reserve adequate resources to support the multimedia session. A diagram that describes 

the signaling involved in basic session setup procedure is presented in Appendix C.l. For 

the sake of simplicity, we assume as following: 1). the two IMS users establish a session. 

2). the two IMS users support the same sort of capabilities. 3). the services are provided 

by application server, the message exchange with application server is ignored here. 4). 

both users are roaming at two different visited networks. P-CSCF #1 and S-CSCF #1 

located in the originating network are serving UE1, while P-CSCF #1 resides in the 

visited network of UE1, and S-CSCF #1 is in home network of UE1. P-CSCF #2, S-

CSCF #2,1-CSCF #2, and HSS #2 located in the terminating networks, are serving UE 2, 

while P-CSCF #2 is in the visited network, and S-CSCF #2,1-CSCF #2, and HSS #2 are 

in home network of UE 2. This assumption constructs the most complicated and complex 

situation when establishing the session. 
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In addition to the basic session setup procedure, three re-invite session procedures 

are listed in Table 2.1. One of them, re-invite for new codec (without I- CSCF) procedure 

[5] [9], shown in Appendix C.2, deals with the case of user generating an invite that is 

adding another video media to existing established session. Moreover, once the 

multimedia session is established, a set of media data or codec for a media data may be 

requested to change, and such a change within the resource is reserved, the re-invite for 

reserved codec [5][9] is triggered as shown in Appendix C.3. At the end, this procedure at 

the end successfully executes the new resource request. Nevertheless, if the error occurs 

in changing codec or media data, the requesting of new resource fails. This refers to the 

re-invite session procedure (failure happen) [5] [9], and it is illustrated in Appendix C.4. 
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C.l Basic session setup 
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As shown in the above figure, we might observe some features from the signaling 

messages exchange. Firstly, the signaling and media plane are completely separate, since 

the signaling messages traverse a set of CSCFs and HSS servers, while the media data is 
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passing between the two end-users. Secondly, all the signaling messages traverse both P-

CSCF and S-CSCF in the originating network. This is because P-CSCF is in charge of 

compressing/decompressing the SIP messages for the end user. At the same time, S-

CSCF provides the multimedia services, which the users potentially request, no matter 

whether the user is roaming or not. The third observation is the interaction between the I-

CSCF and the HSS in the terminating network, whereas there is no such interaction in the 

originating network. This is because the I-CSCF #2 requires discovering the address of S-

CSCF #2 serving the destination user. Thus, the signaling message sequences are 

asymmetric and this requires we do the signaling traffic analysis on the originating and 

terminating networks separately. 

The above figure illustrates that the basic session setup procedure starts with the 

sending of SIP INVITE request (1) from one user (UE1) as the caller to S-CSCF #1, via 

P-CSCF #1. As the INVITE request (3) arrives at S-CSCF #1, who is allocated to the 

caller at the registration procedure, S-CSCF #1 identifies the user who originated the 

ESrrVTTE request. Since the user file was downloaded by the S-CSCF #1 at the 

registration, the so-called initial Filter Criteria (iFC) stored in the user file can be 

obtained. Based on the iFC, S-CSCF #1 can control the services being requested by the 

user from application server. Besides that, S-CSCF #1 is the first node that tries to route 

the INVITE request according to the destination stored in the Request-URI (Uniform 

Resource Identifier) field of the request. There are two types of contents of Request-URI, 

a SIP URI [48], or a TEL URL (Uniform Resource Locator) [49]. In the case of a SIP 

URI found in a Request-URI filed, the regular SIP routing procedures are applied; 

-159-



however, in the case of finding a TEL URI, the mapping of the TEL URL to a SIP URI is 

applied. Sequentially, a SIP server in the destination home network is found through 

querying DNS. Then, S-CSCF #1 forwards the request (5) to it, I-CSCF #2. After I-CSCF 

#2 identifies the callee through the Request-URI of the INVITE request and it obtains the 

address of S-CSCF #2 from the HSS by message (7, 8), the INVITE request (9) is 

forwarded to S-CSCF #2 allocated to the callee. As the S-CSCF #2 receives the request 

(9), the evaluation of iFC of the called user is performed, which includes the search of 

services that apply to sessions established towards the user. Finally, after S-CSCF #2 

completes the evaluation of iFC, the request (11, 13) is replayed to UE2 via P-CSCF #2. 

The following SIP messages, 183 SESSION IN PROGRESS (15-20) , PRACK (21-25) 

and UPDATE (31-35), and the first INVITE request (1,3,5,9,11,13) carry an SDP part in 

the body of message that describes the media available and the resource requested to 

reserve at either end users. Then, the media negotiation and resource reservation are 

completed under the process of SIP messages (3-40) [9][34]. 

After the resource is successfully reserved at UE1, the UPDATE message (31-35) as 

a notification is sent to UE2. The SIP 200OK message (36-40) sent to UE1 is used to 

confirm the UEl's resource reservation. The rest of SIP messages (41-67) passing 

between two UEs are used in order to complete the session establishment. This is the 

simplified description of a basic session setup procedure; please refer to [5] [9] for more 

details. 
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C.2 Re-Invite for new codex, without I-CSCF 

Originating Network Terminating Network 

UE1 P-CSCF S-CSCF S-CSCF P-CSCF UE2 

(4). 100 

(15). 183 I (14). 183 

(16). PRACK ! 

(25). 200 i (24). 200 

(26). COMET i 

(1). INVITE | 
-M 

(2). 100 ! (3).INVITE 

(17). PRACK 

(27). COMET 

(35). 200 i (34). 200 
K ^ 

(40). 180 i (39). 180 

'6 -k 
(41). PRACK i 

(42). PRACK 

(60). ACK i (59). 200 

(59). 200 i (62). 200 
£ ^ 

(60). ACK i 

(61). ACK 

(5). INVITE 

(6). 100 

K--

(13). 183 

(18). PRACK 

(23). 200 
K-

(28). COMET 

(33). 200 

(38). 180 

(43). PRACK 

• k — 

(58). 200 

(54). 200 

—&-

(62). ACK 

(7). INVITE 

(8)100 

(12). 183 

(19). PRACK 

fe--

(22). 200 

-<--

(29). COMET 

(32). 200 

K - -
(37). 180 

K - -

(44). PRACK 

(57). 200 

— ^ — 7 - 7 -(55). 200 

(63). ACK 

(9). INVITE 

(10). 100 

(11). 183 

(20). PRACK 

(21). 200 

(30).COMET 

(31). 200 

* - - (36). 180 

<--

(45). PRACK 

(56). 200 

(56). 200 

(64). ACK 
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C.3 Re-Invite for reserved codec 

Originating Network Terminating Network 

UE1 P-CSCF S-CSCF S-CSCF P-CSCF UE2 

(1). INVITE 

(10). 200 

(11).ACK 

(2).INVITE 

(9). 200 
r^" 

<— 

(12). ACK 

(3). INVITE 

(8). 200 
<— 

(13). ACK 

(4). INVITE 

(7). 200 K--

(14). ACK 

(5). INVITE 

(6). 200 

(15). ACK 
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C.4 Re-Invite, failure happen 

Originating Network Terminating Network 

UE1 P-CSCF S-CSCF S-CSCF P-CSCF UE2 

(1). INVITE 

(14).415 Fall 

<--
(15). ACK 

(2).INVITE 

(12)415 Fall 
r^" 

<— 
(13). ACK 

(3). INVITE 

(10). 415 Fall 

(11). ACK 

<--

(4). INVITE 

(8). 415 Fall 

(9). ACK 

fc--

(5). INVITE 

(6). 415 Fall 

(7). ACK 
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Appendix D IMS-Level Session Termination 

Session termination allows the session to be released, as listed in Table 2.1. Session 

termination is either initiated by mobile terminal or network. Once data in a particular 

session has been exchanged, the end users from either side can request to release the 

session. This refers to the session procedure of mobile terminal initiated session release. 

The network initiated session release (P-CSCF initiated) procedure is triggered by some 

possible reasons, such as UE out of signaling coverage, or UE accidental removal [5] [9]. 

The illustrations for these two session procedures are given in Appendix D.land D.2, and 

the details of SIP message sequences are provided in [5] [9]. 
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D.l Mobile terminal initiated session release 

Originating Network Terminating Network 

UE1 P-CSCF S-CSCF S-CSCF 

(1).BYE | 

V 

Remove Resource Reservation ion 

(10). 200 

K— 

(2). BYE i 

Service Control 

(9). 200 

* - -

(3). BYE 

P-CSCF 

Service Control 

(8). 200 

-<— 

trol ] 

r^BYE 

Service Control 

(7). 200 

^ -

UE2 

(5). BYE 

(6). 200 
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D.2 Network initiated session release P-CSCF initiated 

Originating Network 
I 

Terminating Network 

P-CSCF S-CSCF S-CSCF P-CSCF 

(1). BYE 

Service Control 

(8). 200 

K--

(2). BYE 

^ Service Control 

(7). 200 

* 

(3). BYE 

G 

UE2 

Remove Authorization for bearer resource 

(4). BYE 

(6). 200 J (5). 200 
* K 
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Appendix E IMS-Level Session Failure 

Session failure specifies a set of session procedures in IMS for handling failures in the 

session establishment. In general, they are classified into two categories, failure in 

origination procedure and failure in termination procedure. Furthermore, the failure 

occurs in origination procedure due to two possible cases, depicted in Appendix E. 1 and 

Appendix E.2, respectively. One case specifies that session is abandoned due to user 

command as shown in Appendix E.l; it could happen at any point between messages #11 

to #50. However, in our signaling analysis, we assume that the failure occurs at message 

#50 for this case. Also, another case, in Appendix E.2, describes the session as aborted 

due to a failure to obtain resources by the originator; it could occur prior to message #26. 

However, in our signaling analysis, we assume that the failure occurs at message #26 for 

this case. 

Besides that, in the case where failure happens in the termination procedure, the end 

user that initiates a session encounters a failure due to an error detected in the termination 

procedure, depicted in Appendix E.3. This error could be from, for example, destination 

busy (error code 486), destination service denied (error code 403), destination currently 

out of coverage (error code 480), or some other error [5]. When the error situation is 

detected during a set of procedures in Session Initiation, UE could be at different stages 
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between messages #6 to #50, as shown in Appendix E.3. In our signaling analysis, we 

assume the error happens at message #50. The last failure case is that terminator rejects to 

establish the session with originator, and it is illustrated in Appendix E.4. 
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E.l Failure in session abandon, in origination procedure 

Originating 
Visited Network 

J-Originating 
| UE1 Home 

Network 

Terminating 
UE2 Home Network 

Terminating 
Visited Network 

UE1 P-CSCF#1 S-CSCF #1 S-CSCF #2 

(1). INVITE 

(2). 100 

K--

(3).INVITE 

(4)100 

(14). 183 

(5). INVITE 

(6). 100 

P-CSCF #2 UE2 

(7). INVITE 

(8)100 (9). INVITE 

fc: 
Service Control 

(13). 18!<_ 

(10). 100 

J2). 183 (11). 183 

- < - -
Authorize QoS Resources 

(15). 183 V. , 

«e-(16). PRACK \ (17). PRACK (18). PRACK 

(25). 200 \ (24). 200 i (23). 200 
* J < ^ 

d Resource Reservation Dn ] 

(35). 200 i (34). 200 ] (33). 200 
^ ^ ^ 

(40). 180 ] (39). 180 ] (38). 180 
£ j< -U 

(41). PRACK ] (42). PRACK \ (43). PRACK 

(50). 200 | (49 )200 i 
^ M 4e-

(51). CANCEL! ' 

+ ! 
(52). 200 i (53). CANCEL i 

< j » 

(26). UPDATE i (27). UPDATE (28). UPDATE 

(32). 200 ] (31). 200 
Kj j<c 

(37). 180 | (36). 180 

(44. PRACK | (45). PRACK 

(48). 200 (47). 200 I (46). 200 

K M 

(54). 200 (55). CANCEL 

;<e- (56). 200 

(67). 487 Cancelled 

(69). 487 Cancelled (68). ACk | 
< i » 

(70). ACK i 

(65). 487 Cancelled 

(66). ACK 

(19). PRACK I (20). PRACK 

(22)200 i (21). 200 

< k 

(29) UPDATE ] (30). UPDATE 

(57). CANCEL ' 

(58). 200 ] (59). CANCEL 

<— 
| (60). 200 

(61 ).487 Cancelled 
\4 1. 

(63). 487 Cancelled (62). ACK | 

(64). ACK 
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E.2 Failure in obtaining resource, in origination procedure 

Originating 
Visited Network 

TOrig 
| UE1 

Originating 
Home 

Network 

Terminating 
UE2 Home Network 

Terminating 
Visited Network 

UE1 P-CSCF #1 

<^~ 

(1). INVITE 

(2). 100 

,<--

S-CSCF #1 

(3).INVITE 

(4).100 

(14). 183 

S-CSCF #2 P-CSCF #2 UE2 

(5). INVITE 

(6). 100 

fc— 
(7). INVITE 

(8). 100 
J^r 

Service Control 
(13). 18V J2). 183 

(15). 183 
Authorize QoS Resources 

- f c — T < — 

<— (16). PRACK ; (17). PRACK 

(25). 200 

^ 
Resource Reservation D 

i<— 

(26). CANCEL 

(27). 200 

(24). 200 

K--

(28). CANCEL 

(29). 200 

*--

(18). PRACK 

(23). 200 

(30). CANCEL 

(31). 200 

K--

(19). PRACK 

(22). 200 

<--

(32). CANCEL 

(33). 200 
<r— 

(9). INVITE 

(10). 100 

(11). 183 

(20). PRACK 

(21). 200 

(34). CANCEL 

(42). 487 Cancelled 

k 
(44). 487 Cancelled (43). ACk 

(40). 487 Cancelled 

(41). ACK 

(35). 200 
< J 

(|36).487 Cancelled 

* 
(38). 487 Cancelled (37). ACK 

(45). ACK 

(39). ACK 
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E.3 Failure in termination procedure 

Originating 
Visited Network 

Originating 
UE1 Home 

Network 

Terminating 
UE2 Home Network 

Terminating 
Visited Network 

UE1 P-CSCF #1 S-CSCF #1 S-CSCF #2 P-CSCF #2 UE2 

*--

(1). INVITE 

(2). 100 

l ^ -

(3).INVITE 

(4)100 

(14). 183 

(5). INVITE 

(6). 100 

(15). 
( Autho 

183 V 

<--

d^z 

(7). INVITE 

(8). 100 (9). INVITE 

Service Control 
(13). 18V. 

J f c S " -
ontrol 

J2). 183 
- l ^ -

(10). 100 

(11). 183 

Authorize QoS Resources 

<--(16). PRACK i (17). PRACK (18). PRACK 

(25). 200 (24). 200 (23). 200 

K-- - r < - -

t Resource Reservation 

(39). 180 | 

(41). PRACK | (42). PRACK \ 
*i, 

<--

(26). UPDATE | (27). UPDATE ] 
*. ••-

(28). UPDATE 

(35). 200 

(40). 180 

(34). 200 

-^~ 
(33). 200 

(38). 180 

(43). PRACK 

r^" 

f ^ -

(50). 200 

--k--
(49). 200 (48). 200 

- T ^ -

(55).xxx Error 

(56). ACK 

] (57). xxx Erroi 
X 
| (58). ACK 

Service Control 

(59). xxx Error\ 
K 

(60). ACK 

Revoke QoS Resources 

(19). PRACK ' (20). PRACK 

(22). 200 | (21). 200 

< K 

(29). UPDATE i (30). UPDATE 

(32). 200 

(37). 180 

(31). 200 

(36). 180 

(44. PRACK ' (45). PRACK 

(47). 200 (46). 200 
• < - -

| (51). xxx Error 
^ 

(53). xxx Error ] (52). ACK 
K H • 

(54). ACK | 
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E.4 Rejection by termination procedure 

Originating 
Visited Network 

Originating 
UE1 Home 

Network 

Terminating 
UE2 Home Network 

Terminating 
Visited Network 

UE1 

* - -

P-CSCF #1 S-CSCF #1 S-CSCF #2 P-CSCF #2 UE2 

(1). INVITE 

(2). 100 (3). INVITE 

(4). 100 
K— 

<— 

'4— 
(18). 486 BUSY HERE (17). ACK 

k 1 
| (19). ACK i 
I h 

(5). INVITE 

(6). 100 (7). INVITE 

(8). 100 

S--
(9). INVITE 

(14). 486 BUSY HERE 
k? 

(16). 486 BUSY HERE (15). ACK 

()0). 486 BUSY HERE 
i £ J 

(12). 486 BUSY HERE (11). ACK 

(13). ACK 
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Appendix F IMS-Level Session Redirection 

The session redirection performs the purpose of redirecting a session to a different 

destination. However, the decision to redirect a session can be made by many different 

reasons and at different points during the session establishment. It also may be involved 

in a large number of different functional elements. The detailed interpretation of causing 

a redirection is provided in [5]. Generally speaking, session redirection is initiated by S-

CSCF to CS-domain, by S-CSCF to EVI CN Subsystem, by P-CSCF, or by UE, illustrated 

in Appendix F.l, F.2, F.3, and F.4, respectively. The explanation of message flows in 

each session procedure can be found in [5]. 
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F.l Redirection initiated by S-CSCF to CS-domain 

Originating Network Terminating Network 

UE1 P-CSCF #1 

fc-

Ci). INVITE 

(2). 100 

£--

(17). 302 Redirect (16). ACK 
< 
1 (18). ACK 

UE initiates call in CS domain 

S-CSCF #1 l-CSCF #2 HSS#2 S-CSCF #2 

(3).INVITE 

(4). 100 

Service Control 
* ). INVITE 

K— 
(6). 100 (7). Location Query 

(8). Response 

K-- (9). INVITE 

(10). 100 

K--

(13). 302 Redirect 
'< 

(15). 302 Redirect (14). ACK 

fe--
(11). 302 Redirect 

(12). ACK 

Service Control I 
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F.2 Redirection initiated by S-CSCF to IM CN subsystem 

Originating Network Terminating Network 

P-CSCF#1 S-CSCF #1 

(1). INVITE 

(2). 100 

r^-

K--

(25). 183 

(3J.INVITE 

(4). 100 

Service Control 
V JiY INVITE 

(24). 183 

- £ — 

(6). 100 <7). Location Query 

<r— 

*--

(23). 183 

1 ^ -

(8). Response 

!). INVITE 

(10). 100 

•le-
(22). 183 

Other Network 

S-CSCF #2 l-CSCF #F 

Service Control 

K--

(11). INVITE 

HSS#F 

(12). 100 (13). Location Query 

(14). Response ] 

(15). INVITE 

(21). 183 

• f c - -

(16). 100 

(20). 183 

K--

S-CSCF #F 

I Service Control 

(18). 100 
K 

(19). 183 
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F.3 Redirection initiated by P-CSCF 

Originating Network Terminating Network 

UE1 P-CSCF #1 S-CSCF #1 

(1). INVITE 

(2). 100 

re-
(3).INVITE 

(4). 100 

l-CSCF #2 HSSJ2 

i ^ _ -, 

i I Service Control I 
). INVITE 

K--
(6). 100 !(7). Location Query 

(8). Response 

K--

S-CSCF #2 P-CSCF #2 UE2 

(9). INVITE 

(10). 100 

K--

Service Control 

•(11). INVITE 

(12). 100 (13). INVITE 
<--

Timeout 

(14). 480 Inavailable 
^ 

(15). ACK 

J 

Service Control 
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F.4 Redirection initiated by UE 

Originating Network Terminating Network 

UE1 P-CSCF #1 

(1). INVITE 

(2). 100 

<S— 

K— 

S-CSCF #1 

(3).INVITE 

(4). 100 

l-CSCF #2 HSS#2 S-CSCF #2 

Service Control 
J$). INVITE 

K--
(6). 100 p). Location Quen/i 

(8). Response 

^ -

P-CSCF #2 UE2 

(9). INVITE 

(10). 100 

K--

Service Control 

' r—(11).'INVITE 
0 

* - -
(12). 100 

(16). Redirect 
£ 

(17). ACK 

Service Control 

(13). INVITE 

(14). Redirect 

<-- (15). ACK 
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Appendix G All Possible Call Scenarios 

No. 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Call Scenarios 
H1->H1 

H l ^ V l 

V1->H1 

HI -+H2 

H 2 ^ H 1 

H 1 ^ V 2 

V2->H1 

V l ^ V l 

VI -+H2 

H 2 ^ V 1 

VI ^ V 2 

V2-*V1 

V 2 ^ V 2 

V2--H2 

H 2 ^ V 2 

H 2 ^ H 2 

Descriptions 
(H1,0) calls (H1,T): A non-roaming Network #1 user calls a non-
roaming Network #1 user. 
(H1,0) calls (V1,T): A non-roaming Network #1 user calls a 
Network #2 user roaming at Network #1. 
(V1,0) calls (H1,T): A Network #2 user roaming at Network #1 
calls a non-roaming Network #1 user. 
(H1,0) calls (H2,T): A non-roaming Network #1 user calls a non-
roaming Network #2 user. 
(H2,0) calls (H1,T): A non-roaming Network #2 user calls a non-
roaming Network #1 user. 
(H1,0) calls (V2,T): A non-roaming Network #1 user calls a 
Network #1 user roaming at Network #2. 
(V2,0) calls (H1,T): A Network #1 user roaming at Network #2 
calls a non-roaming Network #1 user. 
(V1,0) calls (V1,T): A Network #2 user roaming at Network #1 
calls a Network #2 user roaming at Network #1. 
(Vl.O) calls (H2,T): A Network #2 user roaming at Network #1 
calls a non-roaming Network #2 user. 
(H2,0) calls (V1,T): A non-roaming Network #2 user calls a 
Network #2 user roaming at Network #1. 
(V1,0) calls (V2,T): A Network #2 user roaming at Network #1 
calls a Network #1 user roaming at Network #2. 
(V2,0) calls (V1,T): A Network #1 user roaming at Network #2 
calls a Network #2 user roaming at Network #1. 
(V2,0) calls (V2,T): A Network #1 user roaming at Network #2 
calls a Network #1 user roaming at Network #2. 
(V2,0) calls (H2.T): A Network #1 user roaming at Network #2 
calls a non-roaming Network #2 user. 
(H2,0) calls (V2,T): A non-roaming Network #2 user calls a 
Network #1 user roaming at Network #2. 
(H2,0) calls (H2,T): A non-roaming Network #2 user calls a non-
roaming Network #2 user. 
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Appendix H Signaling Flow Analysis on Basic Session 

Setup, in 5 Routing Scenarios 

H.l Basic session setup, (Hi, T) 

In a routing scenario, (Hi, T), all the servers, P-CSCF #1, HSS #1, S-CSCF #1, and I-

CSCF #1, at the terminating network are located in the home network, Network #1, as 

shown in Figure 1. The signaling traffic traversing through these four servers is taken into 

account. The detailed explanation of the message sequences is provided in Appendix C.l. 

It is found that the message sequences, (INVITE, 183) are forwarded from the originating 

network via I-CSCF #1, S-CSCF #1, and P-CSCF #1. This message path is considered to 

be a signaling flow, numbered as 4. Since signaling flow 4 is a round trip and has no 

more coming message sequences following the same path, the volume of this signaling 

flow is 2. For the message sequences, (PRACK, 200), the PRACK message received by 

S-CSCF #1 is forwarded to P-CSCF #1. Then, the 200 message, as a response to PRACK, 

follows the reversed path as the PRACK message has. This message path, -> SI -> PI 

->—-> PI -> Sl->, is treated as signaling flow 5. Other two message sequences, 

(UPDATE, 200) and (PRACK, 200) are found to follow this path, and the volume of this 

signaling flow is 6. Finally, signaling flow 2 and signaling flow 6 are extracted from the 

procedure. The details are shown in Table 1. 
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Terminating Home Network 

l-CSCF »1 

(5). INVITE 

HSSB1 S-CSCF m P-CSCF #1 UE2 

(6). 100 (7). DiBmeter-LIBJ _ 
< ; v~ 

(8). Diameter LIA] 
l̂ _ Flow 15 i 

<J | (LIR. UA)9). INVITE 
(10). 100 

K— 
(11). INVITE 

Roive 
d o o j ' 

(12).100 

(18). 183 i (17). 183 

(23). PRACK 

(28). 200 

<--

(33). UPDATE 

(38). 200 

<-- (44). 180 (43). 18 

(49). PRACK 

(54). 200 

<— (60). 200 (59). 200 

(65). ACK 

*--
--(16).-183" 

(24). PRACK 

(27). 200 

«--

(34). UPDATE 

- - f 3 — 
Flow 6 

" (180)' 

(37). 200 

(42). 180 

(50). PRACK 

(53). 200 
— - K f - T 

Flow 6 
" (200) 

(58). 200 

(13). INVITE 

(14). 100 . 

(15). 183 

(25). PRACK 

(26). 200 

(35). UPDATE 

•ie-
(36). 200 

(41). 180 

(51). PRACK 

(52). 200 

(57). 200 

- f c — 

(66).-ACK p. < 

(AcK) (67). ACK 

Flow 4 
(INVITE, 183) 

Flow 5 
(PRACK, 200) 

Flow 5 
(UPDATE, 200) 

Flow 5 
(PRACK, 200) 

Figure 1: IMS basic session setup procedure with signaling flow analysis, in (Hi, T) 
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Table 1: Signaling flow summery for basic session setup, in (Hi, T) 

Signaling 
Flows 

2 
4 

5 

6 
15 

Message Sequences 

ACK 
(INVITE, 183) 

(PRACK, 200), 
(UPDATE, 200), 

(PRACK, 200) 
100,180,200 

(Diameter LIR, 
Diameter LI A) 

Signaling Flow Path 

-» SI ->P1 -» 
-»I1 -»S1 -»P1 -»— 
-» PI -» SI -» 11 -» 
->S1 -»P1 -> —-» 

PI -»S1 •* 

-»P1 -» SI -Ml -> 
-> HSS -» 11 

Signaling 
Flow Volume 

1 
2 

6 

3 
1 

H.2 Basic session setup, (Vi, O) 

When a basic session setup procedure is performed in an originating routing scenario, (Vi, 

O), Network #2 user is roaming at the visited network, Network #1, to initiate the 

invitation, as show in Figure 2. Also, the P-CSCF is our concern since it is located in 

Network #1, as stated in Table 3.2. The signaling traffic traversing through the P-CSCF 

#1 server is taken into account, no matter which direction that the traffic travels from. 

Since only P-CSCF #1 is involved in this case, the signaling flow can be defined as the 

SIP message traversing the server, P-CSCF #1. The path of this signaling flow can be in 

two directions, which are -> PI and <- PI. This signaling flow is numbered as 10. There 

are 12 message sequences found in this procedure and that follow this path; the volume 

of signaling flow 10 is 12. The details are presented in Table 2. 
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Originating Network 

V1 Visited Network: 
Network #1 

V1 Home Network: 
Network #2 

UE1 P-CSCF #1 S-CSCF #2 

(1). INVITE 

(2)7T00, Flow 70 
__0NIVITEI 
— _ - F , ° W 10 

(100) 

J)JNVITE 

>J4).100 

. < 2 0 > - 1 8 3 F l o w 1 0 ( 1 9 ) - 1 8 3 

(21). PRAC.<183) 

~ Flow JO > 
— i u / \ 

(PRACK^Z 
:). PRACK 

( 3 0 ) - 2 0 0 F , o w 1 0 ( 2 9 ) - 2 0 ° 

(31). UPDA 1200) ^ 
~— Row 10 UPDATE 

(UPDATP\——~~ 

( 4 0 ) - 2 0 0 F l o w 1 0 < 3 9 ) - 2 0 0 

^ 4 6 ) : i 8 0 F l o 2 w 0 1 0 ( 4 5 ) - 1 8 ° 

(47). PRAC <1^0) 

~— _ Flow ; 

( p f ^ C K , r — — ,j 

( 5 6 ) - 2 0 0 F l o w 1 0 ' 5 5 ' - 2 0 0 

(62). 200 <20°) 61). 200 v ' Flow 10 ' 

(63). ACK (2 0°) 

- Flow 1 
WCK>3 

:»i64). ACK 

= = * ! 

(5). INVITE 

(6). 100 

(18). 183 

(23). PRACK 

(28). 200 

(33). UPDATE 

(38). 200 

(44). 180 

(49). PRACK 

(54). 200 

(60). 200 

(65). ACK 

Figure 2: Signaling flow analysis on basic session setup, in (Vt, O) 
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Table 2: Signaling flow summery for basic session setup, in (Vi, O) 

Signaling Flows 

10 

Message Sequences 

INIVITE,100,183, PRACK, 
200, UPDATE, 200, 180, 
PRACK, 200, 200, ACK 

Signaling 
Flow Path 
— PI ... 

Signaling Flow 
Volume 

12 

H.3 Basic session setup, (Vi, T) 

In the case of a terminating routing scenario, (Vi, T), as illustrated in Figure 3, P-CSCF 

is still our concern since it is located in the Network #1, as stated in Table 3.2. The 

signaling traffic traversing through the P-CSCF #1 server is taken into account, no matter 

which direction the traffic travels from. Following the same idea of an originating routing 

scenario, (Vi, O), the signaling flow 10 is used in order to qualify all the message 

sequences traversing the P-CSCF #1. The details are provided in Table 3. 
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Figure 3: IMS basic session setup procedure with signaling flow analysis, in (Vi, T) 
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Table 3: Signaling flow summery for basic session setup, in (Vi, T) 

Signaling Flows 

10 

Message Sequences 

INIVITE,100,183, PRACK, 
200, UPDATE, 200, 180, 
PRACK, 200, 200, ACK 

Signaling 
Flow Path 
... PI ... 

Signaling 
Flow Volume 

12 

H.4 Basic session setup, (V2, O) 

(V2, O) user belongs to Network #1, and he is roaming at a visited network, namely, 

Network #2. Then, P-CSCF is located in the same network, Network #2, as the user 

resides, as opposed to S-CSCF, who resides in the user's home network, Network #1. 

Figure 4 illustrates the case of a basic session setup procedure in (V2, O). Then, S-CSCF 

#1 becomes our concern. The signaling traffic traversing through S-CSCF #1 server in 

the originating network is taken into account, no matter which direction that the traffic 

travels from. As long as the traffic traverses the S-CSCF #1, it is considered as a new 

signaling flow, numbered as 7. In total, there are 12 message sequences found. The 

summary of signaling flow 7 is given in Table 4. 
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Figure 4: IMS basic session setup procedure with signaling flow analysis, in (V2 ,0) 
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Table 4: Signaling flow summery for basic session setup, in (V2, O) 

Signaling Flows 

7 

Message Sequences 

INIVITE,100,183, PRACK, 
200, UPDATE, 200, 180, 
PRACK, 200, 200, ACK 

Signaling 
Flow Path 
— SI — 

Signaling Flow 
Volume 

12 

H.5 Basic session setup, (V2, T) 

The last case refers to the Network #1 user as callee/terminator roaming at Network #2. 

Figure 5 shows the basic session setup procedure in a routing scenario, (V2, T). In this 

case, I -CSCF #1, HSS #1, and S-CSCF #1 are involved and found to be located in 

Network #1. The signaling traffic traversing through them is taken into account. The 

signaling flow analysis in this particular case is similar to the case of (Hi, T), except that 

P-CSCF #1 is not of our concern. The signaling flow analysis is provided in Figure 5. 

Four signaling flows are found, and the SIP messages are well qualified by them. Table 5 

provides the information. 
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Figure 5: IMS basic session setup procedure with signaling flow analysis, in (V2, T) 
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Table 5: Signaling flow summery for basic session setup, in (V2, T) 

Signaling 
Flows 

7 

8 

9 
15 

Message Sequences 

PRACK,200, 
UPDATE,200, PRACK, 
200, ACK 

(INVITE, 183) 

100,180,200 
(Diameter LIR, Diameter 

LIA) 

Signaling Flow 
Path 

— SI — 

-*I1 -»S1 -»----» 
si -*n -» 

->S1 -»I1 -» 
-> HSS -» 11 

Signaling 
Flow Volume 

7 

2 

3 
1 
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