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1. Tracking mobile user movements in cellular mobile wireless 

networks 

 

1.1 Introduction 

 

Wireless communication became the fastest growing segment of the telecommunications industry, 

in terms of user number, wireless data traffic volume, the number of available mobile and wireless 

technologies and services. The focus of mobile communication is shifting from voice services to 

mobile data services, such as mobile web browsing, email and mobile video streaming. Mobile 

operators must improve the performance and the efficiency of their networks, in order to cope with 

the new demands. 

Modelling user’s movements in a wireless mobile network is an important task, from QoS, network 

dimensioning and planning, operation, etc. point of view. With the help of an appropriate mobility 

model, one can predict the future number of users in different cells of the network. Based on this 

information, foreseeing call admission control algorithms can be utilized to provide QoS and user 

experience. As the size of radio cells reduces during network evolution (e.g. NMT450, GSM, UMTS) 

the administration of handovers becomes more and more an important task. It is important to 

accurately characterize user motion patterns, in order to form location and paging areas effectively 

in the network. The performance of mobility management algorithms e.g. Hierarchical Mobile IP [1], 

Regional Registrations [2] can be compared analytically by mobility models. Mobility models are also 

used to analyze data dissemination algorithms in Delaty Tolerant Networks, too.  

 

1.2 Describing user movements in wireless, cellular mobile systems 

 

A general architecture of a mobile, wireless cellular network according to UMTS specifications is 

depicted in Figure 1. 

In UMTS release 1 (Rel. '99), a new radio access network UMTS terrestrial radio access network 

(UTRAN) is introduced. Two new network elements are introduced in UTRAN, RNC, and Node B. 

UTRAN is subdivided into individual radio network systems (RNSs), where each RNS is controlled by 

an RNC. The RNC is connected to a set of Node B elements, each of which can serve one or several 

cells. 

The later versions of the UMTS standard introduce further architectural enhanements in the core 

network (e.g. IP Multimedia Subsystem (IMS) in release 5.), and enhanced radio techniques in order 

to increase transmission speed over the radio link (HSxPA). However, the basic network architecture 

remained the same.  
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Figure 1. Network architecture based on UMTS specifications 

 

Base stations (Node-B, or eNodeB) are managing radio communication with the mobile terminals. 

Depending on sectoring (omni/sector cells), one or more cells may be served by a Node B. Each radio 

cell has a unique identifier in the network, called the Cell ID (CID). There are also larger groups of 

cells in the network, called Location area and Routing area. 

The RNC enables autonomous radio resource management (RRM) by UTRAN. It performs the same 

functions as the GSM BSC, providing central control for the RNS elements (RNC and Node Bs). The 

RNC handles protocol exchanges between Iu, Iur, and Iub interfaces and is responsible for centralized 

operation and maintenance (O&M) of the entire RNS with access to the OSS. 

Other wireless mobile networks (e.g. IEEE 802.11 WLAN and IEEE 802.16 WiMAX) are also based on 

the same principles (e.g. utilizing base stations and radio cells to re-use the given frequency range 

spatially). Efficient radio bandwidth management is ensured by spatial frequency resue - radio cells -, 

and therefore managing user’s mobility is also an important task in other wireless networks, too. 

What type of information is available on user movements in the above depicted network from the 

network point of view? 

First of all, an active mobile’s (i.e. the mobile terminal is communicating with a designated Node-B 

during a voice or video call) position is denoted by its serving radio cell. This Radio Cell Identifier 

represents the user’s current position in the network. (Please note: A user’s position can be further 

refined by additional network parameters – e.g. Timing advance – or GPS coordinates, but in this 

work the “granularity” or “unity” is the radio cell (or sector), the results of this work are valid at a 
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cellular level. CID is a pretty widely accessible identifier, and this level of granularity is suitable from 

both analysis and real-life application’s point of view, too. User movements in a cellular network can 

be described as a time-series of radio cells the user visited. The handover event of active connections 

(e.g. cell boundary crossing) is recorded in the network management system’s logs, thus the 

information can be extracted from the management system of cellular mobile networks. The CID of 

an active user can be retrieved from the O&M susbsystem of the network by the operator, or it can 

be extracted from the mobile terminal, too.  

So far, we have considered only individual user characteristics (user centric view). In order to give 

predictions on future number of users in specific cells, we need to generate attributes related to 

cells, not users. Based on the information provided by monitoring a large number of users in the 

mobile network, the characteristics of the cells can be calculated. The radio-cell dwell-time and 

outgoing probabilities describe the cell’s characteristics (the probability of a user leaving for each 

neighbouring cell). These parameters can be determined for each cell based on the time-series of 

visited cells of the users. However, in some cases, these two parameters – dwell-time and outgoing 

probabilities – are not enough to capture all the information present in the time-series of user 

movements. In many situations, the outgoing probabilities are correlated with the incoming direction 

of the users (e.g. users moving along a road, or highway, so the directions are predestined), as to say 

the movement contains certain memory. 

The basic idea of my work is to utilize the additional information available in the time-series of 

mobile users’ movement patterns in cellular mobile networks. In my work I assume that given traces 

can be extracted from the mobile service provider’s network history. The network management 

dataset consists of network management signals that were transferred in the network during the 

examined time interval. Beside many other network parameters and properties, two main 

information sets can be recovered:  

• the cell-path that each user visited before 

• the time intervals users have spent in each cell 

The series of visited cells is crucial to analyze the similarities in the users’ motion. Based on the 

motion patterns of the terminals, one can describe a drift in the users’ motion in a given cell or point. 

A drift may be caused by geographical or infrastructural objects (like highways, etc.) or some time-

dependent circumstances (like mass events, concert, football matches, etc.). 

From a mathematical point of view, the drift of the motion can be interpreted as different 

transition probabilities from one cell to another. A probability-vector can be defined for each cell 

that describes the probabilities of moving from the source cell to an adjacent one. This vector is 

called Handover Vector (HOV). The HOV contains transition probabilities to neighbouring cells on the 

condition that the user moves out from the given cell. The HOV might be time dependent (e.g. the 

morning or the afternoon rush hours).  

The cell dwell time is an important parameter that helps to estimate the velocity of the motion. 

Velocity can vary in a wide range since the users frequently change their speed or motion direction. 

Motion dynamics depends on the speed and the drift. From the network operator’s point of view 

the accurate prediction of these components is useful to estimate the users’ position in the near 

future, especially in case of handoffs. The analytically precise model that is able to predict both helps 

the network operator in dynamic resource planning for short intervals based on actual network state. 

A long-term resource planning scheme (i.e. day-night scheme) can be supported by a short-term 
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prediction that can follow dynamic escalations of call-initiations or degradation of the quality of the 

radio channel.  

In important aspect is the existence of correlation between the incoming and outgoing directions. If 

the directions are correlated, there is a certain “memory” present in the movement patterns. 

The goal of my work is to provide a framework to compare the accuracy of different mobility models, 

with regards to the above mentioned movement types, and suggest new methods or enhancements 

to the present models. 

 

1.3 Mobility models in the literature 
 

Different mobility models have been proposed in the literature to cope with user mobility in different 

wireless and mobile networks (e.g. cellular networks, ad hoc networks etc). In this chapter I give a 

short overview on the most widely employed mobility models.  

In the Random Walk mobility model [24], the node moves from its current location to a new location 

by randomly choosing a direction and a speed. The Random Walk model defines user movement 

from one position to the next with memoryless randomly selected speed and direction. Each 

movement in the Random Walk Mobility Model occurs in either a constant time interval t or a 

constant distance traveled d. When a mobile node reaches a simulation boundary, it simply bounces 

off the simulation border with an angle determined by the incoming direction, then the node 

continues along this new path. Many derivatives of the Random Walk Mobility Model have been 

developed including the one, two, three - and d-dimensional walks.  

Chiang’s mobility model [45] defines the Probabilistic Version of Random Walk model, which utilizes 

a probability matrix to determine the position of a particular mobile network in the next time step. 

The position of the node is represented by three different states for position x and three different 

states for position y. In this mobility model state 0 represents the current (x or y) position of a given 

node, state 1 represents the node’s previous (x or y) position, and state 2 represents the node’s next 

position if the node continues to move in the same direction. The probability matrix used in the 

probabilistic random walk model is 

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

0,0 0,1 0,2

1,0 1,1 1,2 ,

2,0 2,1 2,2

P P P

P P P P

P P P

 
 =  
    (1) 

where each entry ( ),P a b  represents the probability that a node will go from state a to state b. The 

values within this matrix are used for updates to both the node’s x and y position.  

In the Random Waypoint model [25] the user stays at a particular location for a specified time period 

before moving on to the next in a randomly chosen direction with speed uniformly distributed 

between zero and maximum speed. The model derived from the Random Walk model breaks down 

the entire movement of the user into a series of pause and motion periods.  
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A density wave is the clustering of nodes in one part of the simulation area. The Random Direction 

Mobility Model [26] was created to overcome density waves in the average number of neighbours 

produced by the Random Waypoint Mobility Model. In the case of the Random Waypoint Mobility 

Model, this clustering occurs near the center of the simulation area. 

The Modified Random Direction Mobility Model is a slight modification to the Random Direction 

Mobility Model [26]. In this modified version, the node continues to choose random directions but 

they are no longer forced to travel to the simulation boundary before stopping to change direction. 

Instead, a node chooses a random direction and selects a destination anywhere along that direction 

of travel. The node then pauses at this destination before choosing a new random direction.  

In the Boundless Simulation Area Mobility Model, a velocity vector ( ),v v θ=
�

 is used to describe an 

node’s velocity v as well as its direction θ . In this model a relationship between the previous 

direction of travel and velocity of a node with its current direction of travel and velocity exists [27]. 

Both the velocity vector and the position are updated at every t∆  time steps according to Equation 

(2) 

(2) 

Here, 
max

V  is the maximum velocity, v∆  is the change in velocity which is uniformly distributed 

between [ ]max max
,A t A At− ∆ , and 

max
A  is the maximum acceleration of a given node. The parameter 

θ∆ means the change in direction which is uniformly distributed between [ ],t tα α− ∆ ∆ ], and α  is the 

maximum angular change in the direction. 

To adapt different levels of randomness, one can use the Gauss-Markov Mobility Model. In this 

model initially each node is assigned a current speed and direction. In this mobility model at fixed 

intervals of time, n movement occurs by updating the speed and direction of each node. The value of 

speed and direction at the n-th instance is calculated based upon the value of speed and direction at 

the (n+1)-st instance and a random variable using the following equations: 

( ) ( )
( ) ( )

1

1

2

1

2

1

1 1 ,

1 1 ,

n

n

n n x

n n x

s s s s

d d d d

α α α

α α α

−

−

−

−

= + − + −

= + − + −

�

�

 (3)

 

where s
�

 and d
�

 are the new speed and direction of the node at time interval n, and 0α =  is the 

tuning parameter used to vary the randomness, while s and d are constants representing the mean 

value of speed and direction. The parameters 
1nxs
−

 and 
1nxd
−

 are random variables from a Gaussian 

distribution. Totally random values are obtained by setting 0α =  and linear motion is obtained by 

setting 1α = [28], while intermediate levels of randomness are obtained by varying the value of α  

between 0 and 1. 

( ) ( )( )
( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

maxmin max ,0 , ,

,

cos ,

sin .

v t t v t v V

t t t

x t t x t v t t

y t t y t v t t

θ θ θ

θ

θ

 + ∆ = + ∆ 
+ ∆ = + ∆

+ ∆ = + +

+ ∆ = + +
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In the City Section Mobility Model a section of a city is represented, where the ad hoc network exists 

[29]. The streets and speed limits on the streets are based on the type of city being simulated. The 

streets might form a grid in the downtown area of the city with a high-speed highway near the 

border of the simulation area to represent a loop around the city.  

If a flexible mobility framework for hybrid motion patterns is needed, one can rely on the Mobility 

Vector [30] model. A mobility vector expresses the mobility of a node as the sum of two sub vectors: 

the Base Vector ( ),v vB bx by=
�

 and the Deviation vector ( ),v vV vx vy=
�

. The base vector defines the 

major direction and speed of the node while the deviation vector stores the mobility deviation from 

the base vector. The mobility vector M
�

 is expressed as M B Vα= +
�

 where α  is an acceleration 

factor.  

In mobile networks there are many situations where it is necessary to model the behavior of nodes 

as they move together as a group. These models are called group mobility models.  

The most general of these group models is the Reference Point Group Mobility (RPGM) model. In the 

Reference Point Group Mobility model, [34] the motion of the group center completely characterizes 

the movement of its corresponding group of nodes. The RPGM model represents the random motion 

of a group of nodes as well as the random motion of each individual node within the group. The 

logical center for the group is used to calculate group motion via a group motion vector GM
�

.In this 

mobility model the individual nodes randomly move about their own pre-defined reference points, 

whose movements depend on the group movement. When the updated reference points ( )1RP t +  

are calculated, they are combined with a random motion vector RM
�

, to represent the random 

motion of each node about its individual reference point. Specifically, three group mobility models 

(Column, Nomadic, and Pursue) can be implemented as special cases of the RPGM model. 

In the Exponential Correlated Random Mobility Model [31] a motion function is used to create node 

movements. Given a node or group position at time t, and ( )b t
�

 is used to define the next position at 

time (t +1): 

( ) ( )
2

1 1

1 1 ,b t b t e e rτ τσ
− −

   + = + −     

� �

(4)

 

where τ adjusts the rate of change from the node’s previous location to its new location, thus small 

τ equates to large change and r is a random Gaussian variable with variance σ . Note: it is not easy to 

create a given motion pattern by selecting appropriate values for ( ),r σ  in the Exponential Correlated 

Random Mobility Model [31].  

This Column Mobility Model [32] represents a set of nodes that move around a given line or column, 

which is moving in a forward direction. The model useful for scanning or searching purposes and a 

slight modification of the Column Mobility Model allows the individual nodes to follow one another. 

Each node is placed in relation to its reference point in the reference grid; the node is then allowed 

to move randomly around its reference point via an entity mobility model.  

In the Nomadic Community Mobility Model, each node uses an entity mobility model like the 

Random Walk Mobility Model, to roam around a given reference point. The model represents groups 
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of nodes that collectively move from one point to another [33]. However, within each community or 

groups, the individuals move in random ways. When the reference point changes, all nodes in the 

group travel to the new area defined by the reference point and then begin roaming around the new 

reference point.  

The Pursue Mobility Model [33] represents nodes tracking a particular target. The model consists of a 

single update equation for the new position of each node. The random vector value is obtained via an 

entity mobility model like the Random Walk Mobility Model. The amount of randomness is limited in 

order to maintain effective tracking of the node being pursued. The model combines the current 

position of a node, a random vector, and an acceleration function to calculate the next position of 

the node.  

 

1.4 Methods to enhance the accuracy of mobility models 
 

In this section I propose extensions to well known mobility models, in order to model user’s 
directed movement motion drift and velocity with direction and cell dwell time prediction.  
 

Theorem 1.1: I have introduced an extension to Random Walk model (HOV) and a three stage 

Markovian mobility model (M3), thus created more accurate, yet analytically tractable mobility 

models. The accuracy of the models is compared to other mobility models. The new models 

provide 50% to 80% accuracy gain depending on the cell dwell times compared to the Random 

Walk model [J2, J3, J4, C6, C7, C11, C18]. 

 

1.4.1 Random Walk model extensions 

 

My goal is to give an extension to the classical RW model, to be able to use the new model in real-life 

scenarios also, and to be able to deal with directional movements and different cell dwell times. As 

summarized in the previous chapters (chapter 1.3), RW model is widely used in literature to model a 

wide range of motion patterns (from pedestrian walk to highways) despite the shortcomings of this 

model: 

• The basic RW model is not capable of simulating the mobility in an environment where 

geographical or infrastructural objects determine the motion behavior. Beside this, the RW model 

simulates the user distribution in the network in a uniform way which is clearly not applicable in 

real-life situations.  

• The previously visited states or the origin state are recurrent in one and two dimensions, but the 

model does not allow the same state in two following time slots. Thus the time spent in each state 

is not taken into account, each “time tick” means a transition to another cell that can be 

interpreted as a constant velocity motion. However, it is not a realistic assumption, that users are 

allway moving with constant speed, and not remaining still from time to time. 

• The model does not include the user’s motion history, the cells that were visited in the past. The 

uniformly distributed successor directions in a given state are not precise enough in a real-life 

application. It can be seen that the possibility of moving forward in a user drift is higher than 
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stepping backward. The sophisticated weighted possibilities of successor directions can be 

constructed by knowing the previously visited cells or by mapping the geographical or 

infrastructural circumstances of the area covered by the given cell.  

 

An important extension of the RW model is substituting the uniformly distributed random successor 

direction to a special distribution peculiar to the given cell. This cell dependent probability 

distribution is represented by the Handover Vector (HOV). The HOV is derived from user traces 

collected by the Operation and Maintenance (OAM) subsystem of the cellular network. Based on the 

traces, the relative frequency of handoffs between each adjacent radiocell-pair can be calculated, 

and this information is represented by the HOV. The HOV is cell-specific, each cell has its own 

geographical properties that affects the users’ motion drift and the transition probabilities to 

neighbouring cells. The graphical representation of HOV is depicted in Figure 2. 

 

Figure 2. Handover Vector of a cell 

 

The Random Walk model weighted by the handover vector can model non-uniform user movements, 

too. This model is referred to as Extended Random Walk (ExtRW) model. 

An additional drawback of the random walk model is the incapability of handling different cell dwell 

times. Since the RW model assumes a motion with constant absolute value of velocity it cannot be 

used to analyze different movement speeds. In the basic RW model the user remains in the actual 

cell until the end of the actual time slot, and the lengths of the slots are equal.  

In order to make the Random Walk model more realistic, I have introduced an extension ensuring the 

possibility of remaining in the same cell for an arbitrary amount of time. This can be achieved by two 

different approaches that are yielding similar results: a Phase Type system and a modified Handover 

Vector.  

A Phase-type distribution is a compound probability distribution based on series of Poisson 

processes. The distribution can be represented with a special random variable that shows the 

absorption time of a Markov process. This Markov process is constructed by n+1 states where 1..n 

states are considered as transient states, and state number n+1 is the absorbing state. The random 

variable is the elapsed time between the startup of the Markov process (in the transient states) and 

the last transition to the absorbing state.  

A Phase-type distribution can be given by an initial probability row vector (alpha) and a transition 

matrix with n rows and n+1 columns (A). The initial probability vector shows the probabilities of each 

beginning transition state of the Markov process, that is where process is launched. The transition 

matrix has an n*n submatrix which is the regular transition matrix of a Markov process defined by n 

states. The last column of the transition matrix shows the exponentially distributed transition 

h [1 ]

h [6 ]

h [ 5 ]

h [ 4 ]

h [ 3 ]

h [ 2 ]
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probabilities from transient states to the absorbing state. The cumulative distribution function of a 

Phase-type distribution can be derived from the initial probability vector (alpha) and the transition 

matrix (A). 

The handoff trace can be used to calculate the dwell time for each cell. Based on this data-series, I 

have modeled each cell by a phase-type (PH) system, which produces a distribution of the cell dwell 

time with the appropriate absorption time. The phase-type system is defined in Equtaion (5) with a 

transient matrix (A), a vector that contains the transition intensities to the absorbing state (a) and the 

initializing vector (α). 

 (5) 

The Cell Phase Type System derived from the traces is a unique distribution for each cell. The PH 

system is started when a user registers in the given cell, and the model unregisters the user when the 

PH system absorbs. Immediately after the absorption the user registers into one of the neighbouring 

cells. Upon absorption of the PH system, the movement direction (i.e. the next radio cell visited by 

the user) is derived from the previously defined HOV of the cell. 

In Figure 3. the simplest PH system can be seen, combined with the most common HOV structure. 

The PH contains one transient state which means that the absorption time is exponentially 

distributed.  

 

 

Figure 3. Exponentially distributed (exp(λ)) dwell time simulator with HOV 

 

In Figure 4. the transition net of a cell-cluster is shown. Each cell has the unique PH system where the 

absorbing state initializes the next cell’s PH system. Firstly the next cell is drawn based on the HOV, 

secondly the next cells PH system has to be initialized with the PH initialization vector (α). The whole 

cluster can be represented with an integrated transition matrix described by Equation (6.), where 

outgoing transitions are neglected for easier representation. 

 

( )α,AfpdfPH =







=

00

aA
Q
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Figure 4. Cell cluster where each cell dwell time is simulated with a PH distribution 
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The other method is the modified HOV. Based on the handoff trace another dwell time simulation 

method can be derived, by enabling the user remaining in the same cell (e.g. in discrete time 

simulation systems for the next fixed length time slot). The basic RW model does not allow the user 

to remain in the same state, so the HOV is extended by a new parameter, which symbolizes the dwell 

time. Formally it means the probability of stepping into the same cell at the end of the slot, such as a 

looping step shown in Figure 5.  

 
 

Figure 5. Looping transition in the modified HOV structure 
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With the correct tuning of this extra HOV value, arbitrary exponential distribution of cell dwell times 

can be simulated (if the time slot length is appropriately chosen). This model is referred to as HOV 

model. 

The outgoing transition probabilities have to be weighted according to Equations (7) and (8) in order 

to keep HOV as a valid handover distribution. 

[ ]
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 (8)

(7) 

 

1.4.2 An extended markov model (M3) for modelling two dimensional 

movement 

 

Two-dimensional Markov models can be found in the literature. For example in [44] by defining six 

states for the six adjacent cell’s directions, a two-dimensional Markov model is applied, but it has the 

drawback that it is complex and one could not give a closed form for the steady state probabilities. 

My goal is to define a simple yet appropriate model; therefore I have extended a one-dimensional 

model to two-dimensions retaining its simplicity, by limiting the possible states of the mobile user. 

The main idea of my model is separating the neighbouring cells into two groups according to the 

typical user movement’s direction. In Figure 6. the scheme is applied to a cluster of hexagonal radio 

cells, assuming a typical horizontal movement direction.  

In this model I do not presume anything about the user’s vertical movement; one is limited only to its 

horizontal movement (or the contrary). Usually real-life movements have only one major direction 

(on the street, or in a highway), thus my model is capable of simulating these types of movements. 

I assume that a user is in cell i at the beginning of a time slot, and the direction of a user is identically 

distributed between 0 and 2π. The user’s speed is between 0 and Vmax. After moving in a direction 

with a randomly chosen speed for a given Δt time, the user changes its direction and speed. In a 

simple Markov-chain based model a user can be located in four different states during each time slot, 

the stay state (S), the left-area state (L), the right-area state (R) and outside-area (O). This 

classification of cells can be seen in Figure 6. 

 

Figure 6. Neighbour cells separated into two groups, and the outside area cells 

..
..
..
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The grouping can be derived from the user behavior. If the users in right-hand side cells behave 

similarly from the current cell’s point of view, the neighbouring cells will be merged into a common 

cell group, which represents a state in the Markov model (R state). Other grouping methods can be 

used as well, i.e. a standalone cell can constitute as a group also. In the example model each of the 

two groups (R and L) contains three cells. The state O represents the outside area, from where users 

can come in to the L and R states, and to where users arrive from the L and R state. 

Let us define X(t) random variable, which represents the movement state of a given terminal during 

time slot t. We assume that {X(t), t=0,1,2,...} is a Markov chain with transition probabilities. 

If the user is in state S of Markov model for cell i (current cell), it remains in the given cell. If the user 

is in state R, it is in range of the cells on the right-hand side, if in state L, it is in the left-hand side of 

the dividing line and if in state O, it is in one of the outsider cells.  

Since the transition properties are not symmetric, the left-area state and the right-area state have 

different probabilities. Figure 7. depicts the Markov chain and Equation (8.) is the transition (П) 

matrix of the 3-state M-model (M3). 

My goal is to calculate the steady state probabilities (PS, PR and PL , see Figure 7.) in the Markov chain, 

from the transition probabilities. The steady state probability shows the distribution of users in the 

current cells, which is important input of resource planning for CAC, or a self configuration method of 

network elements in a cell group. The transition probabilities are defined as follows (Figure 7.): 

 pL = the probability of moving from stationary state (S) to Left moving state (L) 

 pR = the probability of moving from stationary state (S) to Right moving state (R)  

 vL,R = the probability of moving from Left moving state (L) to Right moving state (R) 

 vR,L = the probability of moving from Right moving state (R) to Left moving state (L) 

 vL,O = the probability of moving from Left moving state (L) to Outside-area state (O) 

 vO,L = the probability of moving from Outside-area state (O) to Left moving state (L) 

 vR,O = the probability of moving from Right moving state (R) to Outside-area state (O) 

 vO,R = the probability of moving from Outside-area state (O) to Right moving state (R) 

 qR = the probability of staying in Right moving state (R) 

 qL = the probability of staying in Left moving state (L) 

 qO = the probability of staying in Outside-area state (O) 

These probabilities can be determined by measured network parameters, and are time dependent 

and different for each cell.  

 



 

Figure 

 










1

1
=Π

The left-move state and the right

probabilities are not symmetric. 

The balance equations for the Markov chain are 

P=)p+(pP LS 21⋅

L1 q(PL −⋅

R1 q(PR −⋅

1(PO −⋅

Similarly to the one-dimensional case, the steady state probabilities of the transition probabilities

can be calculated. The result can be seen in 
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Figure 7. The state diagram of the 3-state M-model (M3)
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move state and the right-move state have different probabilities, because the transition 

probabilities are not symmetric.  

The balance equations for the Markov chain are then given as: 

pvq(P+)pvq( R RORL2LOLRL 11 −−−⋅−−−⋅

OLRL1 PPvP+PP=) ORS ⋅+⋅⋅   (11) 

ORLR2R PPvP+PP=) OLS ⋅+⋅⋅   (12) 

ROLOO PP+PP=)q RL ⋅⋅−   (13) 

 

dimensional case, the steady state probabilities of the transition probabilities

result can be seen in Equations (14), (15) and (16): 

R

L Divi ding line

 

model (M3) 

move state have different probabilities, because the transition 

)RO
 (10) 

 

 

dimensional case, the steady state probabilities of the transition probabilities 
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With knowledge of the result one can predict the number of mobile terminals for time slot t+1 for 

each cell, using Equation (17), where 
i

radjS )(  is the set of right neighbours of cell i, and 
i

ladjS )(  is the 

set of left neighbours of cell i. 
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This model is expected to perform well when the user’s movement has a typical direction, and the 

neighbouring cells have similar properties on each side. For instance, when the cluster in Figure 6. 

covers a narrow road, the probability of a user stepping to one of the neighbouring cells is not the 

same. However, when the cluster covers a wider road, than the the neighbouring cells will be 

selected by equal probabilities.  

 

1.4.3 An extended markov model (M7) for modelling two dimensional 

movement 

 

If one trie to predict the user’s distribution in a city having irregular, dense road system, or in 

a big park where people are able to move around then the handover intensities could differ. From 

this point of view the best way is to represent all of the neighbour cells as separated Markov states, 

so 8 states are needed, because 7 elements are assumed to be a part of a cluster and an additional 

one represents the outside world (see Figure 8.). 

• stationary state (S) 

• neighbour 1…6 state (MN1.. MN6) 
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• outside area state 

 

Figure 8. State diagram of the seven-state Markov model 

 

The Markov chain and transition matrix are more complex as it can be seen in Equation (18.). The 

steady state probabilities can be evaluated as in the previous case.
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To calculate the number of users in Ci for time slot t, then Equation (19) is to be used, where the 

neighbour cells of cell i are indexed from 1 to 6. 
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I do not claim for the M7 model, I use it solely for performance comparison with the proposed HOV 

and M3 methods. 
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1.4.4 Using network traces to determine model parameters 

 

In this section I introduce a method to process the network traces, to determine the parameters of 

the proposed mobility models.  

 The logs from a network provider contain necessary information on handovers. Namely the 

handover information consists of the user ID and a soruce and destination cell and a timestamp. I 

split the examined interval into Δt parts (discretization). In every timeslot a serving radio cell ID is 

appended to every user. This method serves as input for the determination algorithm (Figure 9.). 
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Figure 9. The format of the result trace (Ux means the user x) 

 

The transition probabilities, as in section 1.4.3, are defined as: 

 pn = the probability of moving from stationary state (S) to Mn  

 qn = the probability of stay in a move state (Mn) 

 vn,m = the probability of moving from a move state (Mn) to another one (Mm) 

These values are calculated based on above mentioned result trace. First, lLet us introduce the 

following terminology: Pa(Ci, Cj) is a two-step movement pattern from Ci to Cj, in other way a user, 

who is in Ci at time t, and in Cj at time t+1. This trace could be used for the extended Random Walk 

models (section 1.4.1) also, in fact this is a “memoryless trace”; The originating cell of the user is 

unknown, only that cell is known, where it is heading to: Pa(Ci, Cj). 
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Figure 10. Example for the movement patterns.  

Blue line: three-step movement pattern, Red line: two-step movekent pattern 

 

For all users and for all timeslots the Pa(Ca, Cb) pattern is to be searched in the trace. The number of 

the patterns found is denoted by Num(Pa(Ca, Cb)). The index of a cell, which is in z direction from the 

current Cj : Ind(z,j). 
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Using these definitions, let Sum[j]  =∑∑
n

=l

k)ind(j,

n

=k

j ))C,Num(Pa(C
0 0

, and the transition probabilities 

(pn, qn, vn,m) belonging to cell Cj are given by (20), (21) and (22).  
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1.5 Simulation results 

 

The inaccuracy of the Random Walk-based mobility models depend on the properties of the 

transition probabilities. Based on theorethical considerations, I expect the Markovian approach of 

user movement modelling and the HOV method to yield better estimation of the users’ distribution 

in a cell cluster. I have created a simulation framework to compare the accuracy of future location 

predictions of mobile users based on different mobility modelling methods (Random Walk, Extended 

Random Walk, M3, M7 and HOV models). In this chapter, the simulation results are presented. 

The estimation procedure was validated by a simulation environment of a cell cluster shown in Figure 

11. The simulation was written in the open source OMNet++ [38] (Figure 12.) using C++ language. 

The cluster consisted of 61 individual radiocells; the simulation environment included geographical 

data that is interpreted as streets on the cluster area. The drift of the movement is represented as a 

heading to the streets from neutral areas.  
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Figure 11. Cell cluster with streets and park, and the mobility simulation environment  

 

 

 

Figure 12. A screenshot of the mobility simulation environment in OMNet++ framework 

 

There are 610 mobile terminals simulated (10 for each cell), in the initial state evenly distributed 

in the cluster. The average motion velocity of the users is parameterized with a simple exponential 

dwell time simulator. The parameters of the simulation are summarized in Table 1. 
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Table 1. Simulation parameters 

Parameter Value 

cell_num=61  Number of cells in the simulation area 

mobiles_num=610  Number of mobile users in the simulation area 

modeling_from=100  Simulation starts at the 100 th. Step 

traceperiod_in_sec=1  The time elapsed during two "time steps" 

modeling_based_the_last_x_trace

=300  

The number of traces used as the basis, to 

calculate model parameters 

generic_lambda = 100…0 

The exponential dweel time of the cell 

(parameter) 

HOV(1)…HOV(cell_num) Unique handover vectors of the cells 

init_mobiles=10   The initial number of users in the cell 

 

The simulation consists of two parts. The reference simulation is the series of transitions between 

cells. It produces a time-trace – a reference data – that contains the actual location data for each 

mobile terminal in the network. I have used this reference simulation as if it was a Mobile Network 

Operator’s (MNO) real network trace. The distribution of users in the cells during the reference 

simulation is shown on Figure 13., where higher peaks mean more users in the cell.  

 

 

Figure 13. User distribution in the cell cluster simulator 



25 

 

The estimation procedure uses the past (ti≤ t0) and the current (t0) reference simulation results to 

estimate future number of users in each cell. The estimation error is interpreted as the measure of 

accuracy of each mobility model.  

The prediction starts 100 timeslots after the reference simulation initiation, because roughly this 

time period is required for the simulation, to reach the desired user distribution from the starting 

even user distribution. During the warm-up process the reference simulation produces enough 

sample data for the correct estimation which uses the previous reference results as an input to 

estimate the future user distribution. Each user-transition in the 100-timeslot reference period is 

used to derive transition probabilities, motion speed and patterns in the simulation cell-space. These 

patterns serve as an input for the simulation threads of each mobility model. The models have the 

same input throughout the simulation process so that the results are comparable.  

The estimation errors of the models in the simulation are measured three different ways.  

The first approach calculates the average error of the user number estimations in the radiocells in 

each timeslot. It produces a time-dependent relative error value (TREV) in each timeslot for the cell-

cluster. TREV shows the average error of the user number estimations compared to the actual user 

number in the cells. During my research, I was focusing on the effects of different user speeds and 

dwell times. It can be seen in Figure 14. that TREV indeed depends on the dynamics of the motion, 

basically on the cell dwell time. The generic lambda (λ) parameter effects the motion velocity of the 

simulated users, the higher value means longer dwell time thus slower motion.  
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Figure 14. TREV values in RW, ExtRW, M3, M7, HOV models with  
λ = (0, 1, 2, 4) 
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TREV oscillates around the average error level (AEL) of the mobility model that is shown in Figure 

15. AEL is calculated from the aggregated error of the model in a simulation run with the given λ 

value. The graph shows that AELRW (AEL parameter of the RWmodel) is independent of λ that can be 

explained by the fact that RW model assumes constant user velocity. The other models’ estimations 

are improving with λ increasing, since the cell dwell time becomes more emphasized in the 

simulation. 

 

 

Figure 15. AEL of the models 

 

The relative gain compared to the standard Random Walk model is summarized in Table 2. The 

results show, that in itself the introduction of different handover probabilites to the Random Walk 

model increases accuracy (ExtRW model), but when combined with the capability of different cell 

dwell time modelling (HOV model), the resulting model yields the greatest accuracy among the 

compared models by means of the average error levels. The amount of the gain depends on the 

speed of the users, described by the λ parameter (generic_lambda) in the simulator. 

 

Table 2. The relative gain compared to the standard Random Walk model 

 λ=0 λ=1 λ=2 λ=3 λ=4 λ=5 λ=6 

ExtRW 23% 34% 43% 49% 51% 54% 55% 

M3 52% 61% 68% 73% 76% 78% 80% 

M7 64% 68% 73% 77% 79% 81% 82% 

HOV 70% 72% 76% 78% 80% 82% 83% 
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The second approach summarizes the error of the estimation in each cell during the simulation 

period. Figure 16. depicts this parameter, the cell-dependent relative error value (CREV) in a given 

cell. 
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Figure 16. CREV values in RW, ExtRW, M3, M7, HOV models with  
λ = (0, 1, 2, 4) 

 

On the last plot-set of error-characteristics I have summarized the estimation error of a cell in 

each timeslot for each model, this is the model-dependent relative error value (MREV). The 

behaviour of the model can be observed through the number and height of the peaks on the graph. 

A high peak means a significant error in the given cell that recurs in each timeslot while a low MREV 

value means that the model predicts well in every timeslot in the given cell. The difference between 

the cells is derived from the initial assumption of the inhomogenity of user distribution due to 

infrastructural parameters (Figure 17.). A model can have different performance in a crowded cell 

(for example urban areas) and an abandoned cell (rural areas).  

Figure 17. shows that the exsistence of the peaks are independent of λ, although their height 

(value) is not. This can be explained by the emphasis of cell dwell time, the dynamics of the motion 

are decreasing, and users tend to stay in cell rather than step towards. 

It is also can be seen that the HOV model is balanced since there is much less difference between 

cell MREV values than in the other models. 

I have also investigated the computational complexlity of the mobility models by menas of 

execution time. The relative performance of the models can be seen in Figure 18. The execution 

times of each model are plotted in each timeslot on logaritmic scale.  
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Figure 17. MREV values in RW, ExtRW, M3, M7, HOV models 

 

 

Figure 18. CPU usage of the models on logarithmical scale 
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Next I discuss the results of two basically different simulation environments. In the first 

environment the trace simulation follows a strict pattern of forward-backward motion. In this case 

the users are on a self-closing straight path and there is no practical chance of stepping out of this 

path. In this case the trace simulation uses only two directions (forward and backward).  

The other environment represents a crowded urbanized area, where each direction has a non-

zero probability. However, the motion is not uniform; each cell has at least one preferred neighbour. 

The following plots show the summarized error of the estimations simulated. In the plot-pair, the 

first shows the forward-backward scenario, while the second plots the result of the urbanized 

environment.  

Figure 19. (a., b.) shows the sum of the absolute value of error for every cell during the 

simulation.  

 

 

Figure 19. 

a. Forward-backward environment error summary 

b. Urbanized environment error summary 

 

Figure 19. a.) shows that the two Random Walk based models cannot follow the patterns in user 

fluctuation, the estimation works with a significantly higher error rate than the 7-state Markovian 
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model. The 7-state Markovian model has a decreasing error rate during the simulation, as a result of 

the Markov-chain „learning” the motion patterns. 

Figure. 19. b.) shows a less sharp difference between the models, the 7-state Markovian model 

produces better results. The patterns of the urbanized environment are closer to the simple uniform 

motion pattern that is used by the Random Walk. This confirms that the RW-like estimations are 

capable of modelling cases where users are fluctuating randomly without significant or strict 

patterns.  

 

1.6 The effect of memory in the model 

 

The proposed extended RW and HOV models eliminate the disadvantages of the RW model with 

variable dwell time and weighted transition probabilities calculated from MNO’s mobile traces.  

The lack of memory limits even the most sophisticated RW based model’s accuracy, since the RW-like 

models (and Markovian models too) do not possess the knowledge of the distribution of visited cells. 

Beside the trends of user movement flows of a longer period in the past (i.e.: the “learning” samples 

to tune the model parameters), the application of the recent user locations have a capital 

importance in variable, directional user motion. By neglecting the actual transition series of a user in 

the cluster (memoryless models), a future user number estimation works with a significantly higher 

error rate. Figure 20. (a., b.) shows a simple example which illustrates the effect of memory in the 

user’s movements. Let’s consider two roads as shown is Figure 20. b.) When the originating cell of 

the users are known, the accuracy of transition probability estimation is better than the RW-like 

estimation which cannot differentiate the users coming from different directions –see Figure 20. a.). 

 

 

Figure 20. User prediction methods  

a. model without memory, it is unknown where is the users come from 

b. model with memory, the previous steps of the users taken in account 

 

To clarify the error rate of a memoryless HOV model compared to an algorithm that possesses 

memory, I use the example cells shown in Figure 20. (a., b.) Let us define the following parameters: 

- the number of incoming users on the upper road at timeslot t is in1t,  

- the number of incoming users on the lower road at timeslot t is in2t,  

- similarly the number of users leaving cell i through the upper road at timeslot t is out1t,  
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- the number of users leaving cell i through the lower road at timeslot t is out2t,  

- and the user movement directions with a simple transition matrix (P), where the first index 
means the incoming directions (1=upper, 2= lower), and the second index represents the 
outgoing direction. Fro example p1 1 is for users arriwing at the upper road, and leaving on the 

upper road. P = 








2212

2111

pp

pp
 

According to the HOV model in Figure 20. a.) the number of leaving users (out1, out2) are calculated 

with a historical estimation of the P matrix, and with the sum of in1 and in2 (the total number of 

users in the observed cell), but without the knowledge of the exact values of in1, in2.  

The use of in1, in2 means that the model takes into consideration the available information of the 

incoming users. The incoming users can be considered uniform or different (marked users). Since the 

latter is more accurate, in this comparison I use marked users.  

Let’s assume that the historical estimation of the HOV model’s P matrix is based on the previous 

timeslot. In this case the P(out1t+1) and P(out2t+1) probabilities are out1t/(out1t+out2t) and 

out2t/(out1t+out2t), respectively. Applying the same assumption on the algorithm which considers 

the memory, the number of leaving users can be calculated with the P matrix itself, that is out1t+1 = 

in1t*p11 + in2t*p21 and out2t+1 = in1t*p12 + in2t*p22. At a given and constant P matrix let us assume 

that the incoming user distribution varies, that is the in1t/in2t ratio (Incomeing Distribution - ID) 

changes. Figure 21. shows the error of the HOV estimation in case of relying or not relying on 

memory.  

 
Figure 21. HOV prediction error in percents –  
Given in1t-1/in2t-1 = 1 and P = {{0.75, 0.25}.{p21, 1-p21}}, 

 p21 plotted with four different values 
 

The HOV model works with error if IDt-1 is different from IDt which is caused by the fact that the HOV 

historical P-estimation in this special case equals to the number of leaving users of the previous 

timeslot. This information is not included in the actual IDt value. However, the memory-model 

calculates with the actual number of incoming users and the P matrix itself, which results the exact 

probabilities of the distribution of the leaving users. The error rate caused by the lack of memory 

increases as the variance of ID is increased, as the in1t/in2t ratio changes.  
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If p21 = p11, one cannot enhance furthermore the accuracy of the estimation relying on movement 

history, Figure 21. shows a constant zero error rate (p11 = p21 = 0.75). In this case the exiting direction 

of each user is independent of the incoming direction – so “marking” the users can not contribute to 

the accuracy - since users arriving from each direction are leaving towards a given direction with the 

same probabilites.  

The results show that using memory in a mobility model siginificantly increases the accuracy of the 

model in cases when the ID distribution in an arbitrary cell has high variance, or has periodicities 

without stationary distribution (e.g. crossroads with traffic lights). In the next chapter, I investigate 

the possibilities of utilizing the history (memory) of the movement traces, to enhance the accuracy of 

Call Admission Control and mobility management algorithms. 
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2. Ring based call admission control algorithm and ring based 

mobility management algorithm 

 

Theorem 2.1: I have introduced a new call admission algorithm called RCAC. RCAC is the mosaic for 

Ring based CAC. The idea is that the number of expected leaving/arriving users in a ring around the 

given cell should also be taken into consideration when making a CAC decision [J1, C1, C2, C3].  

 

2.1 General discussion of ring based mobility models 

 

Mobility prediction provides useful input for dimensioning and planning of wireless mobile networks, 

ad hoc routing algorithms, efficient multicast transmission and call admission. Before I start to 

discuss the working mechanism of my RCAC algorithm, I give an overview of currently available ring 

based mobility models, such as symmetric and random walk models. Then I discuss my RCAC 

algorithm and I make a comparison of currently available methods and my RCAC algorithm. In this 

chapter I present a brief summary on mobility prediction algorithms. 

2.2 Related work  

 

The shadow cluster scheme [39] estimates future resource requirements in a collection of cells in 

which a mobile is likely to visit in the future. The shadow cluster model makes its prediction based on 

the mobile’s previous routes. In this model, the highway traffic with various constant speeds are 

simulated and users travel in forward and backward directions. The shadow cluster model improves 

estimation of resources and decision of call admission. In the study by Chao and Chen (1997) [49], 

user mobility is estimated based on the aggregate history of handoff observed in each cell Shadow 

Cluster Concept takes its prediction, based on the mobile’s previous routes. 

The proximity model [36] minimizes the requirement for precise mobility information and computes 

the initial baseline link availability assuming random independent mobility. This model aims to 

quantify the future proximity of adjacent nodes and reflects the future stability of a given link. The 

model adapts future computations depending on the expected time-to-failure of the link. The total 

link availability between two nodes m and n is expressed as Equation (23). 

( ) ( ) ( )( )= + −, , , 1 ,T i c

m n m n i m n iA t A t P A t P    (23) 

where ( ),
T

m nA t  is total link availability, ( ),
i

m nA t  is the availability when mobility is independent and 

( ),
c

m nA t  is the availability when mobility is correlated. The metric reflects independent or correlated 

behavior as given by the value of 
i

P . A value of =1
i

P  reflects independent movement with respect to 

the total link availability.  

The Sectorized ad hoc mobility prediction scheme [37] achieves maximum accuracy in movement 

prediction. In this model the prediction process should be restricted to areas of high cluster change 

probability. The sectorized ad hoc mobility prediction scheme makes use of the cluster-sector 

numbering scheme to predict user movements in an ad hoc network.  
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In the cluster based [37] model the cluster head has complete knowledge of each of its member 

nodes. In this model the location of the user is defined with respect to its position with that of the 

cluster head. Assuming a circular cluster structure there is a region of the cluster in which all the 

nodes belonging to the cluster are in closest proximity to each other. All nodes in this region of the 

cluster are within communication range of each other, and the nodes in this region of the cluster will 

not satisfy the requirements for membership to any of the neighbouring clusters.  

A prediction mechanism for link expiration time between any two ad hoc nodes has been observed 

[35] to enhance various unicast and multicast ad hoc routing protocols. In this model, if node i and 

node j at positions ( ),i ix y and ( ),i ix y  are travelling at speeds 
i

v  and jv  with moving directions θ
i
 

and θ j  respectively with a transmission range r, then the time period 
t

D  during which they would 

stay connected is predicted as:  

( ) ( ) ( )− + + + − +
=

+

22 2 2

2 2
,

t

ab cd a c r ad bc
D

a c
    (24) 

where θ θ= −cos cos ,i i j ja v v  = − ,i jb x x  θ θ= −sin sin ,i i j jc v v  and = − .i jd y y  

In wireless ad hoc networks, network partitioning occurs when mobile nodes are moving with diverse 

mobility patterns. If the network consists of two mobility groups jC  and 
k

C , moving at velocities ,jW  

and 
k

W , the relative mobility is obtained by fixing one group stationary. The effective velocity jkW  at 

which 
k

C  is moving away from jC  is given as ( )= + − .jk k jW W W  Assuming that all groups have a 

circular coverage region of diameter D wherein the nodes are uniformly distributed and are in 

overlap, 
k

C  must move past a distance of the diameter D of jC  ’s coverage area. The time taken for 

the two groups to change from total overlap to complete separation is given as:  

=
+2 2

, ,

,jk

jk x jk y

D
T

w w
   (25) 

Where ( )= +, , .jk jk x jk yW w w  The partition prediction method employed in a clustering algorithm 

exhibits perfect accuracy of node classification.  

 

2.3  Ring based Call Admission Control algorithm 

 

The basic idea behind foreseeing resource reservation based CAC algorithms is the following. When a 

new call arrives or initiated at a mobile node and requires admission to a radio cell the CAC algorithm 

first checks if the current free bandwidth of the given cell can support the call. The call is rejected if 

the cell does not have enough free bandwidth. Otherwise, the CAC algorithm will check the 

availability of free bandwidth in the Most Likely Cell-Time (MLCT) of this mobile [54]. The MLCT of a 

mobile is a cluster of time units at a cluster of cells when and where a mobile will most likely visit in 

the future. In order to guarantee the handoff dropping probability, an amount of bandwidth is 

reserved based on mobility prediction. To achieve a better balance between guaranteeing handoff 

dropping probability and maximizing resource utilization, the admission threshold is adaptively 

controlled.  
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The first task is to predict the number of mobile terminals for time slot 1i+
t  for each radio cell in the 

PCN, based on the data collected (e.g. mobility traces, handover events) during timeslot 
i

t . Once the 

most likely future positions of mobile terminals are determined, one must calculate the bandwidth 
demand of these mobile terminals (which is not in the scope of the present work) based on the 
traffic models can found in the literature. In a packet switched mobile radio network the most 
commonly used multimedia connections are the Web-browsing, video-conferencing and voice calls. 
In [45] a detailed model can be found to model Web traffic and MIPv6 and MHIPv6 performance 
analysis. For modelling voice connections, exponentially distributed call-holding time is used widely 
in the literature. According to these models, the future bandwidth demand of mobile terminals can 
be estimated. Following the estimation of future user position and bandwidth demand, a foreseeing 
resource reservation based CAC algorithm [54] can be carried out. 
 

What are the main differences between RCAC and other CAC algorithms? 

The foreseeing algorithm’s operation differs in the two following scenarios from common CAC 

algorithms: 

A. There’s a relatively large number of users in the given cell and a small number of users in the 

neighbouring cells, 

B. or on the contrary, there are many users in the surrounding cells, and a small number of 

users in the given cell. 

In both cases there is a large difference in user density between a given cell and it’s surrounding cells 

(the ring). The RCAC algorithm takes advantage of these situations:  

New calls could also be accepted in case A.), because the number of users in the cell is expected to 

drop. Ordinary CAC algorithms do not take into account the future user numbers, simply reject the 

connection request, resulting in lower resource utilization. In this case, revenues will be reduced. 

In case B.), those new connections are rejected, which endanger the quality of ongoing calls, in an 

approaching future moment (i.e. high speed users moving toward a cell, and will reach it with high 

probability). Since ordinary CAC algorithms do not take into account the future user numbers, these 

algorithms would have accepted new connection request, and the network will be forced to drop 

calls due to overlad. In this case service quality degrades, and user satisfaction will be reduced.  

With the help of RCAC method, network operators can achieve better resource usage in the network; 

meanwhile reduce the percentage of dropped connections. RCAC is a fast method, and takes into 

account the future position of mobile users; however, there is an uncertainty in the prediction. 

In the ring based CAC algorithm, the foreseeing property of the algorithm depends on the level of 

rings sorrunding a given cell, which are used to predict the future number – hence bandwidth 

demand – of mobile users in the given cell. From this viewpoint, if the number of rings is reduced to 

zero, one arrives back to the standard CAC operation. In this section I present my results on the 

optimal number of rings, used for prediction of future mobile terminal numbers.  

In this section I will focus on the calculation of the future number of mobile terminals relying on the 

random walk model and my modified Markov mobility model.  
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2.3.1 One-ring and two-ring based predictions based on the symmetric and 

handover vector random walk models 

 

In order to calculate the future number of mobile terminals in cell k, I use the concept of a ring, as 

shown in Figure 22. The ring consists of cells surrounding cell k. If I select cell k (as indicated) as the 

center, cells labeled ‘1’ form the first ring around cell k. Cells labeled ‘2’ form the second ring around 

cell k, and so on. I use this concept to simplify the calculations, because I am interested only in the 

number of users arriving to a given ring, or leaving a given ring during a time period, internal 

movements (inside the rings) are unconcerned. My goal is to predict the number of users in cell k in 

timeslot 1i+
t  and 2i+

t , etc. based on the number of users in cell k (the central cell), the first ring and 

the second ring at timeslot 
i

t .  

 

Figure 22. Ring based random walk model 

 

First I investigate the symmetric random walk model. In this case, there is only one model parameter; 

q, which is the probability of a user leaving it’s current cell. 

I introduce some modifications in the random walk model, in order to make it easier to carry out the 

calculations in cellular systems. The user’s moving directions are limited to only the six neighbouring 

cells. At discrete ∆t time intervals, a mobile user can make a move to one of the neighbouring cells 

with probability q, or stay at the current cell with probability (1-q). When the mobile user leaves a 

cell, there is an equal (p=1/6) probability that it will move to a given neighbouring cell. A user can 

move only from a centre of radio cell to the centre of a neighbouring cell. The maximum distance the 

user can cover during a ∆t discrete time interval is the distance between the centers of two adjacent 

cells. This conception simplifies the analysis, while it requires the measurement of only one network 

parameter: q the mobility. The limitation of this approach is that the typical direction of the mobile 

user’s movement is not taken into account. 

If the probabilities of the six directions are different (e.g. during morning rush hour most of the users 

are moving towards office buildings) one can define handover vector h for each cell. This vector 

consists of six elements and constructed based on measuring the number (occurrences) of cell 

boundary crossings. Each element of the handover vector is the probability of one direction. Let 

kh [i]  mean the probability that a user will move from cell k to an adjacent cell i. By adding this 
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extension to the model, the model becomes more complex, but it can better approximate the 

characteristics of realistic user movements.  

My goal is to calculate ( )0 1N t +  and 0 2N (t + )  if 0N (t) , 1N (t)  and 2N (t) are known. Where 
i

N (t)  is the 

number of mobile users in ring i during timeslot t. If the terminal is at one of the cells in ring i, the 

probabilities that a movement will result in an increase ( p+(i) ) or decrease ( −p (i) ) of the distance 

from the centre cell are [41] according to Equations (26) and (27). 

⋅
1 1

,
3 6

p+(i) = +
i

   (26) 

− −
⋅

1 1
.

3 6
p (i) =

i
   (27) 

For example if a user is in ring 1 then p+(i)=1/2 (moving away from the center cell) and p-(i)=1/6 

(moving toward the center cell). Based on these results, Equations (28) and (29) give the number of 

users in cell 0 in time (t+1) and (t+2). 

⋅ − ⋅0 0 1

1
1 1

6
N (t + ) = N (t) ( q) + N (t) q ,   (28) 

   ⋅ − ⋅ ⋅ ⋅ − ⋅      
2 2 2

0 0 1 2

1 1 1
2 1 1 .

6 3 24
N (t + ) = N (t) q + ( q) + N (t) q ( q) + N (t) q    (29) 

The symmetric random walk model can be further extended, by applying the Handover Vector (HOV) 

concept of chapter 1.4.1. In this case, the results will be more complicated than Equations (28), (29), 

because the number of users has to be weighted by the according elements of the handover vector.  

First let’s examine the one ring case. A column and row number identifies every cell: i and j (see 

Figure 23.).  

 

Figure 23. Cell numbering  

The future number of mobile terminals has to be calculated for the central cell (i,j), so I will give an 

equation to predict +, ( 1)i jN t  assuming the number of mobile terminals in adjacent cells is known for 

the time period t. 
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Figure 24. The directions of the elements of the handover vector  

 

The elements of the handover vector are representing the user’s movement probabilities into the six 

neighbouring cell’s directions, as it can be seen in Figure 24. The index of the vector indicates the 

corresponding cell.  

The future number of users in timeslot t+1 consists of two parts: mobile nodes that were in the given 

cell in timeslot t and a (1-q) part of them will stay in the same cell. The other part is the arriving users 

from adjacent cells, weighted by the corresponding elements of the handover vector. The equation 

concerning these two parts is the following, see Equation (30); 

− −

− − − − − − − − − −

⋅ − ⋅ ⋅ ⋅

⋅ ⋅ ⋅ ⋅
1 1 1, 1,

1, 1 1, 1 1 1 1, 1 1, 1 1, 1,

1 1 1 6
.

5 4 3 2

i, j i,j i, j+ i, j i+ j i j

i+ j i+ j i, j i, j i j i j i j i j

N (t + ) = N (t) ( q) + q (h [ ] N (t) + h [ ] N (t) +

h [ ] N (t)+ h [ ] N (t) + h [ ] N (t) + h [ ] N (t))
     (30) 

To perform the one ring prediction with Equation (30), only the actual number of users in the 

neighbouring cells, and the handover vector values need to be known, which a reasonable 

requirement is. 

The two ring prediction is executed in two steps. First the number of users in timeslot t+1 has to be 

calculated for the centre cell, and separately for the cells in the first ring according to (16). The next 

step is to calculate Equation (31) for timeslot t+2.  

− −

− − − − − − − −

− −

⋅ − ⋅ ⋅ ⋅

⋅ ⋅ ⋅

⋅
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2 1 .

i, j i, j i, j+ i, j i+ j i j

i+ j i+ j i, j i, j i j i j

i j i j

N (t + ) = N (t + ) ( q) + q (h [ ] N (t + ) + h [ ] N (t + ) +

h [ ] N (t + ) + h [ ] N (t + ) + h [ ] N (t + ) +

h [ ] N (t + ))

  (31). 

In Equation (31) a constant q parameter is presumed for every cell, although in a real scenario this 

assumption will fail. For this reason it is advisable to let q be different for every cell in the network. 

The modified equation is the following: 

−

−

− − − − − −

− − − − − −

− −

⋅ − ⋅ ⋅

⋅ ⋅

⋅ ⋅ ⋅ ⋅
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⋅
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i+ j i+ j i j

i+ j i+ j i+ j i,j i,j i, j

i j i j i j

i j i j

N (t + ) = N (t + ) ( q ) + q h [ ] N (t + ) +

q h [ ] N (t + ) +

q h [ ] N (t + ) + q h [ ] N (t + ) +

q h [ ] N (t + ) +

+q h −⋅ 1,2 1 .i j[ ] N (t + ))
    

(32). 
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As a result, I have managed to find a closed formula to predict the future number of users in both 

cases (one and two rings). The model parameters are different for every cell, just like in a real life 

situation.  

2.3.2 One-ring based predictions based on the extended Markovian model 

 

I gave a closed form of the steady state probabilities of the M3 Markov model ( SP ,
R

P ,
L

P ) in Chapter 

1.4.2. With these probabilities one can calculate 0 1N (t + )  if the number of users in the neighbouring 

cell in time t is known, but of course I have to distinguish the left-hand side cells from the right-hand 

side cells (Figure 24.). 

⋅ ⋅ ⋅ ⋅ ⋅∑ ∑
3 3

0 0
1 1

1 1
1 0 .

3 3
S l R r(t) L

l= r=

N (t + ) = N (t) P ( ) + N (t) P (l) + N P (r)    (33) 

In Equation (33) the steady state probabilities are different for each cell, and are time dependent in a 

real network. In the Markov model there is more than one system parameter. Thus the equations are 

more complicated but they can better approach the real movements. The transition probabilities of 

the M3 and M7 models can be determined by measurements; the network management system has 

to register the number of users arriving at a radio cell from different directions. The number of users 

leaving a cell toward a given direction is also to be registered. By exchanging these values between 

adjacent cells (by means of signaling messages), the transition probabilities can be calculated for 

each cell in the network. The measurement based determination of the model’s parameters results 

in flexibility. This is the main advantage of this model, because it adaptively adjusts itself to the time-

varying user movement characteristics. 

 

2.3.3 Accuracy calculation and calculating the required number of rings 

 

Theorem 2.2: I have provided a sophisticated analytical model for RCAC. This model enables the 

determination of optimal size of the ring [J1, C1, C2, C3]. 

 

 
My goal is to determine the required number of rings, in order to support the CAC process.  

First, I give an upper bound on the probability of a user from ring no. 1, 2, etc. moving toward the 

center of the ring is given by Equations (34), (35) and (36), 

− − −
2

6 12 1 1 2 1 2N 1
,

6 6N 6N
inN

+ (N ) + (N )
Edge = = =

N
   (34) 

2

6 12 2N 1
,

6 6N
outN

+ N +
Edge = =

N
   (35) 

⋅
2

6 2N 1
.

6 3
innerNEdge = =

N
   (36) 
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where 
inN

Edge denotes the number of inter cell edges toward the central cell (incoming edges, 

viewed from the central cell), 
outN

Edge  denotes the number of edges on the outer side of the ring 

(outgoing edges) and 
innerN

Edge stands for the internal edges of the ring N. I note that this is the worst 

case scenario because of the unified probability distribution of user movements, e.g. simple RW. The 

change of user movement orientation does not affect the results, as long as vector H is the same for 

every cell.  

In Figure 25. I show the results of the analysis of RCAC method. I have analyzed the probability of a 

user from ring no. 1, 2, etc. moving toward the center of the ring. The results on probabilities of

inN
Edge , 

outN
Edge  and 

innerN
Edge  are illustrated by the blue, yellow and pink lines, respectively.  

 

 

Figure 25. The probabilities of a user from ring no. 1, 2, etc. moving toward the center of the ring. 

As it can be concluded from the results on the probabilities of 
inN

Edge , 
outN

Edge  and 
innerN

Edge  , it is 

not the first ring, which yields the greatest probability. Obviously, the upper bound on the probability 

of a user from ring no. 1, 2, etc. moving toward the center of the ring can be concluded as follows:  

→∞ →∞ →∞= =
1

lim lim lim .
3

N inN N outN N innerNEdge = Edge Edge    (37) 

This statement can be proven easily, since the number of in/out/internal crossings remains the same, 

as I have illustrated it in Figure 26. The first level of the ring consists of six cells, the second layer 

consists of 12 cells, and the third layer has 18 cells. As it can be concluded, a ring in the +1N -th level 

consists of 6 additional cells than the ring in level N, hence if we step from level N to level N+1, the 

number of cells will increase by 6 cells.  
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is given by  

Figure 27. depicts the results on the probability 

center.  

Figure 27. The probability of a user from ring no. 1, 2, etc. reaching the center cell.

As it can be concluded, the probability of a user from ring no. 1, 2, etc. reaching the center decreases 

as the number of rings (parameter 
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Figure 26. Rings around the central cell  

he probability of a user moving toward the central cell, to an inner ring can be expressed as 

 =  
 

1
.

6inN

N

Edgep    (38) 

bound on the probability 
N

P  of a user from ring no. 1, 2, etc. reaching the center of the ring 
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Figure 28. Ring concept in non-uniform HOV distributions. 
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As it can be concluded, with the help of this method, higher accuracy could be achieved for long term 

predictions, since the basic assumptions – i.e. uniform distributions – of Equation (17) on limiting the 

accuracy are not valid in this case. 

The M3 model can adapted to a ring based environment, too. In this case, the three states represent 

the three rings in the RCAC model. The resulting model provides a convenient way to calculate the 

future number of users in the rings surrounding a central cell. The modified model is depicted in 

Figure 29. The central cell is denoted by Cx, the three surrounding rings are R0, R1 and R2 and O 

represents the outside-area. 

  

Figure 29. The modified M3 model in a ring environment 

 

To demonstrate the practical gain of RCAC over a standard CAC algorithm, let us assume a sudden 

increase in user number in the cells of the first and the second rings around the center cell. In the 

real life, a rise of user number can be a result of an ending sport event, when the fans are exiting the 

grounds, and moving toward a parking area or public transport line meanwhile using their mobile 

phones to inform their friends of the outcome of the match. The ending of a theater performance, a 

movie, user exiting and underground station has the same effect on the cellular mobile network.  

Let us assume an even user number distribution among the cells, for the sake of simplicity say 10 

users per cell. A 10% increase in the user number of the rings results in a resource reservation for an 

additional two users expected to arrive from R1, and one user is expected from R2 (for R3, the 10% 

growth in user number would yield 0,4 user). The gain of using RCAC is the following; RCAC takes 

these users into account, and reserves resources for them, then when these expected handovers 

happen, the central cell will have enough resources to server these users, and their calls (or data 

sessions) will not be dropped. The trade-off is the reserved resource, which cannot be used to serve 

users present in the central cell. By applying RCAC, the mobile network operators can optimize their 

service by means of quality (user satisfaction, less dropped calls) versus network utilization. 

 

R2 R0R1 Cx

O



47 

 

2.4 Introduction of Ring Based Mobility Model (RBMM)  

 
Theorem 2.3: I introduced a ring based mobility management protocol, called RBMM (Ring Based 

Mobility Management). I have made simulations on the performance of RBMM mobility 

management protocol, which show the efficiency of my RBMM algorithm and have provided a way 

to examine how changes in various parameters affect the performance of my algorithm. 

 

The proposed RBMM mobility management protocol is similar to HMIPv6 protocol [43], however its 

performance is better. The proposed RBMM model uses the MAP - Mobility Anchor Point, which was 

originally introduced in HMIPv6. The MAP is integrated into RBMM as a proxy for HA. In the RBMM 

mobility management, if a user moves into a network domain, it needs to register with the HA and 

CN. If a user moves into a new subnet in the same domain, then only the MAP has to be informed, 

similarly to HMIPv6. In this solution, the user's movement within the domain are hidden from the HA 

and the CN, and the user can send the periodic binding update message to the MAP. The RBMM 

mobility management scheme is similar to classical HMIPv6 architecture; however RBMM scheme 

accommodates to frequent mobility and reduces the signaling load in the Internet. 

As mentioned earlier, the proposed RBMM method uses the Mobility Anchor Point (MAP), similarly 

to HMIPv6. In the performance analysis of RBMM protocol, the functionality of the MAP is placed on 

the first layer node in the hierarchical network structure. The MAP works as a proxy and if a mobile 

node moves into a new ring, the RBMM method changes the actual MAP, and the user will be 

controlled by a new one. This scheme has lower signaling load than global mobility handling. In the 

RBMM method a mobile node does not have to send binding update message to its Home Agent. The 

RBMM method does not cause excessive signaling traffic, and it is a well scalable method since the 

signaling traffic generated by the mobile nodes cannot increase as the number of mobile nodes 

increases. In the ring based RBMM method, if the user enters a ring, and then it moves to a new sub-

ring in the same ring domain, then only the MAP has to be informed.  

The RBMM mobility management protocol uses a ring based algorithm, and I use an analytical model 

to analyze the performance of the proposed RBMM mobility management protocol. I investigate the 

following performance parameters of RBMM:  

• location update cost,  

• relative signaling cost compared to MIPv6 (RBMM /MIPv6). 

My goal is to show, that using my ring based RBMM mobility management protocol, the location 

update cost and the relative signaling cost will be lower compared to existing mobility management 

protocols, such as MIPv6 and HMIPv6.  

MIPv6 handles local mobility of a mobile node (MN) in the same way as it handles global mobility. As 

a result, an MN sends binding update message to its Home Agent (HA) and its correspondent node 

(CN) each time it changes its point-of-attachment regardless of locality. I will show, that my ring 

based method can be used in this framework. After MIPv6 was introduced, the Hierarchical Mobile 

IPv6 (HMIPv6) [43] has been proposed to accommodate frequent mobility of the MNs, and reduce 

the signaling load in the Internet. The HMIPv6 introduced a new entity, the Mobility Anchor Point 
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(MAP) which works as a proxy for the HA in a foreign network. The MAP is applied, if a MN moves 

into a network controlled by a new MAP, it is assigned two new care-of-addresses (CoAs). In HMIPv6 

protocol, if the MN first enters a domain, it needs to register with the HA and the CN. Later, when 

the MN moves into a new subnet in the same domain, only the MAP has to be informed. The 

performance of IP mobility protocols such as MIPv6 and HMIPv6 depend heavily on the various 

mobility and traffic related parameters.  

In this section, I will use an analytical approach to study the performance of IP mobility protocols, 

such as Mobile IPv6 (MIPv6) and Hierarchical Mobile IPv6 (HMIPv6), and compare the results to my 

method. I use the same framework that has been presented in [45] to analyze the performance of 

the proposed ring based mobility management method, in order to provide comparable results to 

other well known mobility management algorithms. I derive the location update costs functions (i.e., 

binding update costs and binding renewal costs), packet tunnelling costs, and total signaling costs. 

The performance of the compared IP mobility protocols is highly depending on user mobility. I 

analyze the effects and impacts of user mobility on my RBMM method, and I make an in-depth 

performance study and compare the Anycast based solution to these well-known and applied 

algorithms. I investigate the effects of various parameters of my ring based method such as the 

speed of a mobile node, binding lifetime, the ratio of the network scale and packet arrival rate on the 

performance. I also analyze the overall performance of the RBMM method integrated into a larger 

network framework, with call admission and user management control. My goal is to demonstrate, 

that my ring based method could help to gain over the performance of MIPv6 and HMIPv6 mobility 

management protocols, and with the help of my analysis, the performances of these methods can be 

compared. 

In Figure 30., I show the integration of the proposed ring based mobility management algorithm into 

the analyzed framework model.  
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Figure 30. The integration of ring based RBMM mobility management protocol into the analyzed framework. 

Moreover, while the previous analyses do not consider either the periodic binding update or the 

extra packet tunneling, my work considers both of them for the analysis. I investigate the effects of 

various mobility and traffic related parameters on these costs of my ring based method. In addition, I 

conduct the performance comparison between MIPv6 and HMIPv6, and evaluate the conditions 

where the performance gain between the two protocols is the largest or the smallest in terms of the 

total signaling cost. The aim is to analyze the performance that can be expected for each protocol, 

broaden the understanding of the various parameters that influence the performance, and help in 

network design decision. 

 

2.4.1 Framework for comparison of RBMM of MIPv6 and HMIPv6 protocols  

 

To analyze the performance of RBMM protocol, I have studied on the effect of various system 

parameters, and I compared the results with MIPv6 and HMIPv6. The performance of ring based 

mobility management protocol, Mobile IPv6 and Hierarchical MIPv6 protocols are derived using an 
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analytical model, based on location update cost and fluid flow mobility model. I have chosen the fluid 

flow model, because it is widely used in the literature to analyze the performance of mobility 

management protocols [53]. I have studied the impact of  

• cell residence time,  

• cell residence probability and  

• user mobility in RBMM, MIPv6 and HMIPv6 [40].  

 

To simulate the performance of RBMM, I have made a comparative performance analysis of RBMM, 

MIPv6 and HMIPv6 in terms of location update cost. (I notice that the cost generated by the packet 

tunneling can be omitted from the performance analysis.) I proposed an all-IP architecture based 

wireless network system model, with hexagonal cell structure. In the analyzed model, each cell is 

served by one access router, and the number of rings represents the MAP domain size, which is 

denoted by R. The MAP in the proposed model is always an integer number and each MAP domain 

consists of the same number of rings. The network configuration is illustrated in Figure 31., with R=3 

[40, 42].  

 

Figure 31. Ring network configuration [53] 

The signaling cost can be determined by the proportion of the distance between two network 

entities and also the processing cost at the nodes. The global update cost can be given by  

( )( ) ( )( )τ τ τ τ− − − −= + + + + +

+ + +
1 2 1 22 2

      ,

g AR MAP MAP HA CN AR MAP MAP CN

HA MAP CN CN

C d d N d d

P P N P
   (42) 

where τ1  and τ2  are unit transmission costs in wireless and wired environment, 
CN

N  is the average 

number of corresponding nodes which are communicating with mobile node [53]. There are many 

distances in the model denoted by d with a sub-index in the proposed model, which distances are 

measured in the number of average hops between the network elements:  

• − :
AR MAP

d  Average number of hops between AR and MAP,  

• − :
MAP HA

d  Average number of hops between MAP and HA, 

• − :
MAP CN

d  Average number of hops between MAP and CN,  

• − :
HA CN

d  Average number of hops between HA and CN. 
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The processing cost for binding update is denoted by P , and at different network elements it can be 

expressed as:  

• :
HA

P  processing cost for binding update at HA,  

• :
CN

P  processing cost for binding update at CN,  

• :
MAP

P  processing cost for binding update at MAP.  

The average location update cost per unit time for the Random Walk model can be given by 

{ } { }( )→ + + − → +
=

Pr 1 1 Pr 1
,

g lRW

loc

C

R R C R R C
C

T
   (43) 

where 
C

T  is the average cell residence time of mobile node [53]. The location update cost for the 

fluid flow model is defined in the following way:  

( )( )
( )ρ

+ −
= ,

domain g cell domain lFF

loc

MAP

X C N R X X C
C

A R
    (44) 

with ( )N R  the number of cells in the network [53].  

The presented location update cost analysis of RBMM, MIPv6 and HMIPv6 schemes is based on the 

fluid flow model. I have chosen the fluid flow model, because it is a more suitable model for mobile 

nodes with high mobility [53].  

In the following two chapters, I will present a location update analysis and a packet signaling 

bandwidth analysis based on Equations (42), (43) and (44).  

 In the location update cost analysis I will analyze the effect of various system parameters, which 

parameters have relevance in the performance of RBMM. In this numerical analysis I will use several 

different input parameters, such cell residence probability and the probability of user mobility. In the 

location update cost analysis, the velocity of a mobile node is assumed to be uniform across the ring 

area. In the location update analysis I will study the location update cost as a function of cell 

residence time and I will change the cell residence probability parameter denote by q between 0.2 

and 0.5. In this representation, the higher value of parameter “q” implies that the mobile node will 

perform fewer movements between rings, and RBMM requires less number of updates. Moreover, I 

will analyze the effect of changing of MAP domain size, and average user speed in the ring model. 

In the second part of the performance analysis of RBMM, I will concentrate on the effects of signaling 

bandwidth generated by the binding and tunneling. I also investigated some new input parameters 

for the performance analysis of RBMM, such as binding lifetime, ratio of network scale, and size of 

ring and subcell area. In this performance analysis, the performance measure used is the signaling 

bandwidth consumption per packet, which value will be multiplied by the number of link hops. The 

multiplication by the number of link hops is required, since a packet traverses during an mobile 

node’s average domain residence time. In the second part of the performance analysis, I have used 

different input parameter values. As a comparison of the first part of the analysis, I have added new 

input parameters, such as binding update message and the signaling bandwidth generated by 

tunneling per packet which occurs if a user changes between the ring domains. I have chosen typical 
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values for the performance analysis, which can be found in the studies on performance analysis of 

MIPv6 and HMIPv6 protocols. 

 

2.4.2 Location update cost analysis 

 

In the location update cost analysis I make a comparative performance analysis of the ring based 

approach, MIPv6 and HMIPv6. I will obtain an analytical model, and I will present numerical results to 

analyze the performance of ring based scheme. I compare the performance of my model with MIPv6 

and HMIPv6.  

The system parameters for numerical system analysis can be summarized as follows:  

• q: cell residence probability,  

• session arrival rate,  

• number of CNs,  

• average cell residence time,  

• session size,  

• cell perimeter.  

 

To make an appropriate comparison of RBMM, MIPv6 and HMIPv6, I have used the following system 

parameters [40] summarized in Table 3.  

Table 3. Parameters of location update cost analysis I. 

Parameter Value 

Cell residence probability 0.2-0.9 

Session arrival rate 10 sessions/sec 

Number of CNs 5 

Average cell residence time 0.1-10 sec 

Session size 10 packets 

Cell perimeter 120 m 

 

I analytically derive the location update cost and total signaling costs in MIPv6, HMIPv6 and RBMM, 

generated by a mobile node during its average domain residence time. In my numerical analysis I 

have used the fact, that there are two kinds of binding messages in RBMM, MIPv6 and HMIPv6. In my 

numerical analysis, I compare the performance of RBMM, MIPv6 and HMIPv6 based on the various 

cost functions. I analyze the effects of user speed, binding lifetime, ratio of network scale, packet 

arrival rate.  
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The ratio of network scale parameter describes the ratio of the number of link hops between the first 

layer nodes and the number of link hops between the first and second layer nodes. The ratio of 

network scale parameter describes the distance between the mobile node and the Home Agent or its 

corresponding node. If the number of links hops between the first layer nodes is α , and between 

the first and second layer is β , then r
β
α

= . For large values the user is located close to the HA. On 

the other hand, for the small value of ratio of network scale parameter, the mobile node is far away 

from the Home Agent.  

The performance measure used is the signaling bandwidth consumption per packet, multiplied by 

the number of link hops that the packet traverses during the mobile node’s average domain 

residence time.  

In this section, I have made a comparative performance analysis of MIPv6 and HMIPv6 and my ring 

based method, in terms of location update cost. As my numerical results show, the performance of 

MIPv6 and HMIPv6 and ring based method is relative to each other and depends on the mobility of 

the users. However, the performance of RBMM method is higher than the MIPv6 and HMIPv6 

protocols.  

In the numerical analysis of location update cost, I considered the cell residence time for various 

settings of cell residence probabilities. The results for location update cost analysis and average cell 

residence time with R=1 MAP size, and cell residence probability q=0.2 is illustrated in Figure 32.  

 

Figure 32. Location update cost as function of average cell residence time, R=1, q=0.2 

For high mobility users RBMM approach outperforms the MIPv6 and HMIPv6. The ring based method 

is optimal in a high mobility environment in terms of optimal resource utilization.  

Figure 33. illustrates the results of my numerical analysis for R=1, and cell residence probability 

q=0.5. The results show, that for smaller average residence time values, the location update cost is 

lower for higher cell residence probabilities, and for greater average residence times, the cost values 

are converge to the cost measured at lower cell residence probabilities. 
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Figure 33. Location update cost as function of average cell residence time, R=1, q=0.5 

The location update cost decreases with an increase in average cell residence for the analyzed ring 

based approach, MIPv6 and HMIPv6 schemes, because the more static user demands less location 

updates with CNs and HA.  

From the results I can conclude, that RBMM yields less signaling overhead than HMIPv6 and MIPv6, 

because of the presence MAP domains, by handling intra-domain registration locally. And I can 

conclude, the reduction rate is more prominent at higher values of cell residence probability, while 

larger residence time indicates less mobility. At higher residence time the location update cost 

functions almost overlap for MIPv6 and HMIPv6, while for RBMM the location update cost is lower.  

In Figure 34., I illustrated the numerical results for MAP radius size R=4. As I can conclude, the update 

cost of RBMM is decreased, as depicted for MAP domain size R=1. RBMM requires lesser global 

location updates compared with MIPv6 and HMIPv6. As I can conclude, the RBMM reduces location 

update cost for static users and for dynamic users. The numerical results show, that larger size of 

MAP domain is more effective in reducing the location update cost of RBMM.  

 

Figure 34. Location update cost as function of average cell residence time, R=4, q=0.5 

In order to evaluate the performance of my new ring based protocol, I designed a ring based user 

mobility model and network model. Using my model I analytically derived the location update costs, 

packet tunnelling costs, and the total signaling costs, in MIPv6 and HMIPv6, generated by an MN 

during its average domain residence time.  
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I analyzed the effects of various mobility and traffic related parameters and its derived costs. With 

the help of my method, the overall performance of my ring based method can be studied, and it can 

be compared efficiently with HMIPv6 and MIPv6 protocols. As I concluded, the performance of my 

method will increase as the speed of an mobile user and binding lifetime get larger, and its packet 

arrival rate gets smaller. 

I analyzed the effect of user mobility in terms of velocity on location update cost in RBMM, MIPv6 

and HMIPv6. The numerical results are illustrated in Figure 35.  

 

Figure 35. Location update cost as a function of average user speed  

As I can conclude, as the user’s velocity increases, the location update cost under RBMM, MIPv6 and 

HMIPv6 increases linearly. From my numerical results I can conclude, that the RBMM performs 

better with less cost value than MIPv6 and HMIPv6, due to the presence of MAP. From the results of 

numerical analysis, I can conclude, that the provision of MAP improves the performance of RBMM, 

MIPv6 and HMIPv6 protocols. In case of RBMM, the improvement is more prominent at higher user 

velocity, and the location update cost of RBMM can be reduced significantly. As a final conclusion, 

the RBMM is a more suitable solution for high mobility environment than MIPv6 or HMIPv6.  

As a conclusion, for static users the performance of RBMM and MIPv6, HMIPv6 is almost equivalent 

to each other. On the other hand, for high mobility users, my RBMM scheme has better performance 

than MIPv6 or HMIPv6. I showed, that for optimal resource utilization in a high mobility 

environment, the RBMM scheme should be the best implementation, however for static users the 

MIPv6 could be implemented easier.  

 

2.4.3 Packet signaling bandwidth analysis  

 

In the Packet Signaling Bandwidth analysis, I compare the performance of RBMM and MIPv6, 

HMIPv6, and I investigate the effects if various parameters. In this comparison, I use a different 

analytical model, and for this purpose I define the following new parameters: 

• speed of MN,  

0

20

40

60

80

100

120

1 2 3 4 5 6

Average user speed (m/s)

L
o
c
a
ti
o
n
 u
p
d
a
te
 c
o
s
t

MIPV6

HMIPv6

RCAC

5                 10                  15                  20    25                 30 

RBMM



56 

 

• binding lifetime,  

• ratio of the network scale,  

• packet arrival rate,  

• probability of CN binding cache for an MN.  
 

To analyze the performance of RBMM, I measure the signaling bandwidth per packet, multiplied by 

the number of link hops that the packet traverses during an MN’s average domain residence time. 

The default values used for the performance analysis of RBMM, HMIPv6 and MIPv6 can be 

summarized as follows [45]:  

• N: domain size,  

• S: subset area,  

• T: binding lifetime,  

• v: user speed,  

• 
BU

M : signaling bandwidth generated by a binding update message,  

• 
PD

M : signaling bandwidth generated by tunneling per packet.  

• Binding update message: size of IPv6 header (40 bytes)+ size of binding update extension 

header (28 bytes) 

• Additional signaling bandwidth consumption generated by tunneling per packet (40 bytes), 

• The binding lifetimes are the same in my numerical analysis.  

 

In the analysis of a mobile node’s movement behavior, I assume a fluid flow mobility model. In this 

model the mobile nodes are moving at an average speed of v, and their movement direction is 

uniformly distributed over [ ]π0,2 , and all the subnets have the same rectangular shape and size. The 

parameters of the mobility model can be summarized as follows [43, 44]:  

• γ : the border crossing rate for a mobile node leaves a subnet,  

• λ : the border crossing rate for which a mobile node remains in the same domain,  

• µ : the border crossing rate for a mobile node leaves a domain.  

For a mobile node leaving a subnet, the border crossing rate γ  can be calculated as 

γ
π

=
4v

S
,   (45) 

where S  is the subnet area. The domain is composed of N equally subnets and the border crossing 

rate µ  can be expressed as:  

µ
π

=
4v

NS
.   (46) 

The mobile node that crosses a domain will also cross a subnet, thus the border crossing rate λ  for 

which the mobile node still stays in the same domain can be expressed as  

λ γ µ γ 
= − = − 

 

1
1 .

N
   (47) 
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In this location analysis, I will use the defined parameters with the following values, summarized in 

Table 4.  

Table 4. Parameter values for location update cost analysis II. 

Parameter Value 

N 64 

S 10 2km  

T 0. 3 h 

V 10 km h  

BU
M  68 byte 

PD
M  40 byte 

 

These parameter values are set to typical, which typical values are based on the IPv6 protocol, IPv6 

header, etc. In the performance analysis, I assumed the fact, that the size of a binding update 

message is the same as the size of an IPv6 header, plus the size of binding update extension header, 

hence I have a 68 bytes length binding update message. Moreover, the consumption of additional 

signaling bandwidth by the tunneling is equal to the size of the IPv6 header.  

To determine the location update cost of RBMM, I will analyze the following effects:  

• user speed,  

• binding lifetime,  

• ratio of the network scale.  

 

In Figure 36., I have illustrated the effect of user speed on the average location update costs in 

RBMM, compared with MIPv6 and HMIPv6. In the numerical analysis I have used binding lifetime 

parameter T=0.5. The location update cost is measured in bytes, and it consists of the following 

parameters:  

• binding update cost generated by user mobility,  

• periodic binding reneweal cost generated by the expiration of the binding lifetime.  

Figure 36. shows, that the location update costs in RBMM, MIPv6 and HMIPv6 decrease as the user 

speed increases. Moreover, as the speed of the mobile node increases, the number of periodic 

binding messages decreases and the binding update messages will dominate in the signaling traffic 

[46, 47, 48].  
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Figure 37. Location update cost as a function of average user speed, T=0.5 

 

The location update cost in MIPv6 remains the same when the user speed exceeds a given speed, as I 

have illustrated in Figure 37. In this case, as the user speed exceeds this limit, the average location 

update cost is equal to the average binding update cost, and the average binding renewal cost is 

zero. As summarize, the RBMM protocol has lower location update cost, than HMIPv6. 

 

2.4.4 Effect of binding lifetime  

 

In Figure 38., I illustrate the effect of binding lifetime parameter T, on the average location update 

cost in RBMM, and MIPv6 and HMIPv6, at average user speed 20 km/h. From the results I can 

conclude, that the average location update cost of the analyzed protocols decreases as the binding 

lifetime parameter gets larger.  

 

Figure 38. Location update cost as a function of binding lifetime, v=20 km/h 
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The results show, that as the binding lifetime increases, the location update cost of RBMM protocol 

is lower than the location update cost of MIPv6 and HMIPv6. As the numerical analysis shows, the 

binding lifetime has a significant effect on the location update cost for both protocols, and for 

smaller value of binding lifetime, the cost of binding renewal cost will be larger. As a conclusion, too 

small value of the parameter T may result in significant signaling load through the networks, and the 

larger value of binding lifetime will result in larger binding cache entry size of the mobility agent. On 

the other hand, the larger cache entry size may result in an increase of the binding cache lookup time 

and memory consumption in the mobility agent. From the comparison of RBMM, HMIPv6 and MIPv6 

it can be concluded, that for given binding lifetime parameter T, the best results can be achieved by 

using RBMM scheme. 

 

2.4.5 Effect of ratio of the network scale  

 

In Figure 39., I have illustrated the effects of ratio of network scale r on the average location update 

cost in RBMM, MIPv6 and HMIPv6. The ratio of network scale parameter describes the ratio of the 

number of link hops between the first layer nodes and the number of link hopes between the first 

and second layer nodes. The ratio of network scale parameter describes the distance between the 

mobile node and the Home Agent or its corresponding node. If the number of links hops between the 

first layer nodes is α , and between the first and second layer is β , then r
β
α

= . If r value is large, 

then the mobile node is located close to the HA or CN, and for small value of r the mobile node is 

located far away from the HA or the CN. The analytical results are shown for average user speed 20 

km/h. The ratio of the network scale r, can be computed by the ratio of input and output messages.  

 

Figure 39. Location update cost as a function of ratio of inputs and outputs, v= 20km/h 
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As I can conclude, the cost gain of RBMM over HMIPv6 and MIPv6 gets larger as r decreases. If the 

user speed is fixed, an increase of r will result in relative reduction of the gain of RBMM and the gain 

of HMIPv6 and MIPv6 relatively increases, and it becomes more prominent as user speed decreases. 

 

2.4.6 Total signaling cost 

 

In this section I analyze the total signaling cost gain between RBMM and MIPv6 and HMIPv6, by 

comparing the relative total signaling costs of the analyzed protocols.  

The total signaling cost shows the variation in the relative total signaling cost of RBMM, HMIPv6 and 

MIPv6 according to the change of following parameters:  

• user speed,  

• binding lifetime T,  

• p: average packet arrival rate for a mobile node.  
To analyze the performance of RBMM, I define the relative total signaling cost of RBMM as the ratio 

of the total signaling cost for RBMM, to the of HMIPv6 and MIPv6. The relative total signaling cost of 

1 is equal to that the total signaling cost under the three schemes is the same.  

In Figure 40. and Figure 41., I have illustrated the results for relative total signaling cost of MIPv6, as 

the function of my average user speed (km/h). The relative total signaling cost of HMIPv6 and MIPv6 

can be computed as  

6

6
MIPv

rel

RBMM
C

MIPv
= , and 6

6
HMIPv

rel

RBMM
C

HMIPv
=    , (48) 

as a parameter of binding parameter T, and various packet arrival rate. In my numerical analysis I 

have used binding parameter value T=0.2 and T=0.5. The packet arrival rate has been changed 

between p=30 and p=300.  

The 6MIPv

relC  relative signaling cost of RBMM and MIPv6 schemes is illustrated in Figure 40. (lower is 

better). 

 

Figure 40. Relative Signaling cost ratio to MIPv6 as a function of user speed. 
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The 6HMIPv

relC  relative cost of RBMM and HMIPv6 is illustrated in Figure 41.  

 

Figure 41. Relative Signaling cost ratio to HMIPv6 as a function of user speed. 

 

From the results I can conclude, that as user speed decreases, the signaling cost reduction of MIPv6 

and HMIPv6 over RBMM gets larger, and this trends go to reverse as the user speed increases. Under 

the same value of user speed, the signaling cost reduction of MIPv6 and HMIPv6 over RBMM grows 

as parameter p increases or binding lifetime T is set to smaller value. The signaling bandwidth 

consumption inside the domain in HMIPv6 is generally larger than that in MIPv6, and smaller than 

that it RBMM, because of the additional periodic renewal message to the MAP and the packet 

tunneling to at the MAP. The domain residence time and packet arrival rate are proportional to the 

binding renewal cost and packet tunneling cost, thus the gain of RBMM over HMIPv6 and MIPv6 gets 

larger as the user speed and binding lifetime increases. The cost gain of ring based approach over 

HMIPv6 and MIPv6 gets larger as the user speed increases, and it becomes more prominent as 

parameter p decreases or the parameter lifetime T is set to a larger value. 

 

2.4.7 Conclusions  

 

I proposed an analytical approach for the performance analysis of the ring based RBMM algorithm. 

To evaluate the performance of RBMM, I made a comparison of the performance of MIPv6 and 

HMIPv6 protocols, using a user mobility model and network model. Analytically I derived the location 

update costs and the total signaling costs generated by a mobile node during its average domain 

residence time.  

The analytical results demonstrated that the gain of RBMM over HMAPv6 and HMAPv6 will increase 

as the speed of a mobile node and binding lifetime get larger and its packet arrival rate gets smaller. 

The proposed RBMM scheme supports mobility management and QoS resource provisioning in 
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wireless networks. The RBMM method limits the range of signaling messages to a local area, and the 

long handoff mechanism can be avoided.  

Using analytical approaches, I compared the proposed ring based method with existing solutions like 

MIPv6, HMIPv6. From the analytical results I have concluded, that RBMM scheme achieves 

substantial cost and link usage reduction. Due to local administration of handoffs, the RBMM method 

has smaller handoff latency, which is crucial for real-time applications. Moreover, from the analytical 

results I have concluded that the RBMM scheme has the lowest registration constant handoff 

latency. From the results of my performance analysis, I can conclude, that for delay sensitive 

applications the proposed ring based scheme has many advantages over the existing protocols.  
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3. Performance evaluation of the Anycast based micro-mobility 

management scheme 

 

Theorem 3.1: I have provided an analytical model for the Anycast based micro-mobility 

management scheme. This model enables the direct comparison with other micro-mobility 

solutions, and the computation of performance indicators such as maximum user speed and 

stability criterion. I have provided an optimization scheme in order to minimize the delay of the 

Anycast Based Micro-mobility Management method [J8, C 15, C16, C17]. 

 

The common goal of micro-mobility proposals is to minimize delay, signaling load and packet loss 

during handover. Most of the existing mobility management protocols rely on hierarchical 

architecture, to reduce routing update latency. The main drawbacks of hierarchical architectures are 

the vulnerability to failures at the higher levels of hierarchy, and the increasing load of network 

nodes at these levels. Together with my co-authors, we propose a novel method, based on IPv6 

anycast addresses [C15], called the anycast based micro-mobility protocol. The anycast based micro-

mobility protocol is not sensitive to node or link failure, since it contains no centralized database, the 

routing information is distributed among the network nodes. This solution is highly decentralized, 

according to the philosophy of IP, and uses an enhanced IP based mobility detection method. The 

proposed method is independent of the radio layer, and does not introduce extra signaling load on 

the wireless interface. The signaling load introduced by the routing information updates is 

proportional to the number and the speed of mobile nodes in the network.  

In my dissertation, I do not claim the invention of the anycast based micro-mobility protocol itself, 

presented in [C15], I claim the performance evaluation of the proposed method. 

 

3.1 Introduction 

 

In the IPv6 world the communication between any nodes can be realized by unicast, multicast or 

anycast addressing. The IPv6 global unicast addresses can be used to both general Ipv6 

communication to any node in the network and one-to-one communication. The unicast addresses 

can be configured to multiple interfaces of a node, while in multicast the address is allocated to node 

group. The anycast addressing is not allocated to nodes or any interface, and the packets are sent to 

the nearest node in the group, in contrast to multicasting, where the nodes are attended to groups. 

The anycast technology uses address range based on unicast address range.  

The anycast routing and IP anycast has an important role in IP based services, since there are a few 

notable uses of IP anycast (e.g. Home Agents). On the other side, IP anycast can be used by 

applications over IP/above the IP layer, and it can automatically discover nearby resources, without 

complex discovery mechanisms. IP anycast is a powerful packet addressing and packet delivering 

technique, an efficient, transparent and robust service. 
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To date there is no such work related to anycast performance evolution, which can give a 

correspondence between the number of routers in the network topology and the delay related 

stability issues in anycast. In my present work, I investigate the performance of the proposed anycast 

based micro-mobility method, to validate the application of anycast technology in mobility 

management. 

 

3.2 Related work 

 

In the Global IP-Anycast solution proposed in [18], anycast addresses can be mapped to a default 

unicast address, thus the routers can simply forward the packet to the unicast address. The Global IP-

Anycast requires al routers to be modified, while in IAS (Internet Anycasting Service) the groups are 

divided into sets [19]. In IAS the routers are assigned one of the sets and it is required to know how 

to route to al of the anycast groups in the set. IAS requires the modification of all routers and anycast 

addresses have to be distinguishable from unicast network addresses. In [9] Szymainak has proposed 

a mobile-IP based anycast mechanism, which reveals the unicast IP address of the group members. 

The method designed by Akamai [3] directs a client to a nearby web cache by returning the web 

cache’s unicast IP address in the DNS query response.  

The IPv4 anycast originally was proposed by Patridge, where the packets addressed to an IP 

address was forwarded to the nearest host to the packet source, where the metrics is the same as in 

the routing protocol. IPv6 anycast inherits all the other limitations of IPv4 anycast. The IPv6 

implemented anycast into the addressing architecture and anycast addresses for groups confined to 

a topological region. The architecture, proposed by Katabi and Wroclawski, allows IP anycast to scale 

by the number of groups. Their model is a router based approach, thus it suffers from the limitations 

of IPv4 anycast [4].  

In generally, the anycast implementations are integrated at the application layer. The DNS based 

approaches use DNS redirection while URL rewriting approaches dynamically rewrite the URL links. In 

these approaches, at the beginning of the communication, the group is mapped to the unicast 

address of the group member.  

The i3 architecture [5] requires a new layer inserted below transport for anycast, while the PIAS 

architecture [6] requires no changes in the protocol stack. PIAS uses native IP anycast, and PIAS 

measures the distances between proxies, while i3 measures the distances to clients and targets.  

In IPv4 many anycast-like systems have been proposed to achieve anycast-like functionality. 

However, each practical implementation fails to meet at least one requirement, thus none of them is 

totally suitable for real-scale applications. The Proxying Frontend approach does not meet with the 

requirements of efficient communication, while the Client-side software approach has a complex, 

hard to deploy architecture and low traffic control. The anycast functionality can also be 

implemented using distributed hash tables (DHTs), but it has the same disadvantages as the Client-

side Software based approach. Moreover, the DHTs based anycast implementations has only a low 

handoff support.  
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The routing based anycast can be implemented well in critical applications, but it has no well 

developed traffic control mechanism and it has no handoff support. Finally, the anycast-like 

communication can also be implemented with DNS, however similarly to DHTs and Routing based 

Anycast, it has no Handoff support. The DNS based scheme has been successfully integrated in 

content delivery networks [7].  

On the other hand, the Proxying frontend and Client-side software implementations have a well 

achieved handoff support, and the Routing based anycast and the DNS redirection approaches can 

provide an efficient communication mechanism. The best traffic control maintenance is implemented 

in the Proxying Frontend approach, while this method has the worst communication efficiently.  

The Mobile IPv6 based versatile anycast method allows to organize widely distributed nodes into 

anycast groups addressable by anycast addresses, and the only overhead delay is caused by the client 

handoff. In this approach, the client handoff delay is 6 3 ,
CS SS

L L× + ×  where 
CS

L  is the one-way 

latency between the client and the contact node, and 
SS

L  is the one way latency between the 

contact node and the anycast node that services the client [8]. The clients during handover can 

communicate with some anycast node, thus the handoff delay can be reduced to 4 1 .
CS SS

L L× + ×  [8].  

The proposed implementation in [8] does not require any special changes to the internet 

infrastructure as Mobile IPv6 is a standard Internet protocol, which has already been implemented in 

many operating systems.  

The performance of single-path and multi-path anycast routing protocols under different traffic 

load have been studied in [11]. The analyzed results showed that the performance of single-path and 

multi-path anycast protocols is very much dependent on the source-receiver distribution. The results 

show that if the traffic load is very high, multi-path anycast routing does not perform better than 

single-path anycast routing [11].  

The active anycast-based server selection model proposed in [13] enables roaming mobile client 

to detect and access a mirror server that gives better performance based on the mobile client's latest 

network location. The Best Performance Scheme (BPS), and Acceptable Performance Scheme (APS) 

schemes are proposed for such performance enhancement. In BPS, mobile client re-initiates the 

server selection process whenever it roams into a foreign network. In APS, mobile client re-initiates 

the server selection process only if the throughput of the current server drops to a dissatisfactory 

level [13].  

A mobile node tree technology based mobile Ipv6 anycast communication model has been 

proposed in [14]. The analyzed mobile node tree technology combines unicast technology and 

multicast technology. The proposed model adopts the unicast routing technology to forward anycast 

packets and utilizes the multicast tree technology to manage and maintain anycast members. As the 

authors concluded, the experimental data in IPv6 simulation indicate that the performance of 

Anycast service acquired in this model is better than the one in tunnel model of mobile IP 

communication [14].  

The 3-tier Multimedia Mobile Transmission Platform (MMTP) proposed in [15], designed to solve 

the proxy handoff problem in the IPv6-based mobile network. A proxy handoff scheme based on the 

application-layer anycasting technique is proposed in MMTP. A proper proxy is selected from a 
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number of candidate proxies by using the application-layer anycast. An experimental environment 

based on MMTP is also built to analyze the performance metrics of MMTP, including load balance 

among proxies and handoff latency. 

The authors in [16] presented the Anycast Address Resolving Protocol (AARP) to establish TCP 

connections with a specific anycast address. They proposed a routing protocol for inter–segment 

anycasts, which architecture made anycast addresses more useful without the need for modifications 

to existing applications and upper–layer protocols. 

Anycast solutions like DVARP (Distance Vector Multicast Routing Protocol) [17], exchange routing 

information periodically, and the routers send their own routing information to their adjacent 

routers. In AOSPF (Anycast extension of OSPF) [17], the routing operation is similar to that of 

DVARP’s except there is a difference in the frequency of routing information exchanges, since DVARP 

periodically exchanges information while AOSPF does this at topology change events.  

Our anycast based mobility management solution does not require always coherent routing 

information in the whole network. 

The authors in [17] defined three anycast routing protocols by focusing on the similarities 

between anycasting multicasting, modifying existing routing protocol, namely the Distance Vector 

Anycast Routing Protocol (DVARP), the anycast extension of OSPF (AOSPF), and the Protocol 

Independent Anycast Sparse Mode (PIA-SM). The comparison of the three proposed anycast routing 

protocols showed, that DVARP and AOSPF have network overhead ( )gmO , and router overhead 

( )gsO  and ( ) ( )( )log+ ×gs l gmO O , if there are n nodes in the network, g anycast groups, and m is 

the mean number of nodes which share the same anycast address, s is the mean number of anycast 

routing entries, and l is the total number of links. The DVARP and AOSPF has hop by hop 

convergence, and the PIA-SM protocol has network overhead ( )ngO , with router overhead ( )gsO . 

The PIA-SM protocol is more scalable than DVARP and AOSPF, and it is not necessary to exchange 

routing information in PIA-SM [17].  

 

3.3 Overview of the Anycast based micro-mobility solution 
 

The anycast based microbility solutions have to be scalable, however to date there is no such robust 

IPv6 anycast based mechanism that can achieve a localised mobility management mechanism and 

afford to overcome efficiently its scalability limitations. To overcome the problem of increasing size 

routing updates as the number of mobile nodes rises in a micro-mobility area, it is feasible to create 

new logical subnets on-demand dynamically, with the help of different IP address prefixes. 

In the proposed scheme anycast addresses are used to identify mobile IPv6 hosts entering a micro-

mobility domain while ARIP routing protocol is used to maintain the anycast address routing 

information exchange. As a result the Care-of-Address obtained if the mobile terminal moves into a 

micro-mobility area is an anycast address. According to the proposal in [C15] an anycast address 

identifies a single mobile node. Therefore IP packets sent to the CoA of the mobile terminal have no 

chance to reach an other “nearest” mobile node, since in this sense anycast addresses identifying 
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mobile nodes are unique. The mobile node with a unique anycast Careof- Address matches the 

Correspondent Anycast Responder (CAR) in anycasting terminology. Also it has to be noted that in 

case of anycast address based mobility there is no need for a Peer Unicast Address since the CoA 

obtained is unique (see Figure 42.).  

 

Figure 42: IPv6 anycast terminology basics 

 

The reason why unique anycast address is used instead of unicast address is the fact that anycast 

addresses are valid in the whole micro-mobility domain. Therefore the same anycast address can not 

be assigned to a second mobile node when the first mobile node is situated not in the cell where it 

obtained it’s Care-of-Address [C15]. The mobile node with a unique anycast address forms a virtual 

group. The members of this virtual group are the possible positions of the mobile node in the micro-

mobility domain (that equals the validity area of the anycast address defined by the anycast P prefix) 

and the “nearest” mobile equipment is at the actual position of the mobile node. Therefore the 

mobile node remains reachable at any time as it is illustrated in Figure 43.  
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Figure 43: Virtual group 

 

In the analyzed anycast based micro-mobility model, as a mobile terminal leaves its home link and 

enters a local administrative mobility domain (like a micro-mobility domain) it obtains a unique 

anycast address that is valid in the whole area due to the properly set prefix of the anycast address 

[C15]. The use of anycast address as a unique identifier for mobile node is not obvious since the 

anycast addresses were introduced to identify the “nearest” member out of a set of interfaces: the 

“nearest” node is concerned in a meaning nearest according to routing metrics. In case of mobility 

the node is moving from a router to an other one in the micro-mobility domain hence at every 

handover a new Care-of-Address (CoA) is needed. When anycast address is used there is no need to 

change the address as the mobile passes from a router to an other since the anycast address is still 

valid. As the mobile node moves in the micro-mobility area handover caused outages in 

communication arise less frequently because the unique anycast address of the mobile terminal is 

valid in the whole micro-mobility domain [C15]. 

The purpose of using anycast address as an identifier for mobile nodes is that routing and handover 

management can be simplified with the help of changing the routing metrics. With the proper 

selection of the P prefix the size of the Virtual Anycast Group (VAG) can be adjusted easily. The size 

of the VAG – the number of the members of the virtual group – does not change during the anycast 

CoA is being used in a micro-mobility domain. The Virtual Anycast Group equals Anycast Group 

Membership (AGM) while the virtual copies of the mobile node match the Anycast Responders.  

Using anycast address has some other very important advantages. Nowadays in the protocols 

designed for Mobile IPv6 the Home Agent should be notified every time when the CoA changes. Once 

anycast address is used the change of CoA becomes less frequent since the anycast address is 

functioning as a Care-of-Address that can be used in several routers’ domain. As a result the message 

overhead in the network and overhead at the Home Agent and at the Correspondent Node could 

decrease. 
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The authors also present a testbed in [52], to implement, validate and analyze the proposed anycast 

addressing supported mobility, and measure the functional behavior of the future network protocols 

and methods, meanwhile my work approaches the question of validation and performance from a 

theorethical angle. The operation of the anycast addressing based mobility has been investigated in 

case of different scenarios in [C15], and [50, 51, 52] provides further information on the topic. 

 

3.3.1 Advantages of the Anycast based micro-mobility solution 

 

The number of anycast address groups does not put a limit on the number of nodes in the micro-

mobility network. It has to be emphasized that the usage of anycast addresses does not result in 

unscalability and routing problems since the proposed Anycast based solution is used only inside the 

domain of a micro-mobility area.  

IPv6 micro-mobility scalability can be defined as the ability of the signalling to sustain near-linear 

growth for realistic measures of increase in MN population size. From a scalability and performance 

tradeoff perspective, macro-mobility management design strategies maintain an architectural 

advantage over micro-mobility techniques like the fast handoff extensions for Mobile IPv6, due to 

the localised nodes and additional architectural levels present in micro-mobility solutions.  

The micro-mobility solutions like Cellular IP and HAWAII [12] mechanisms encounter significant 

trade-off limitations of network scalability. However, despite scalability limitations, in these micro-

mobility protocols path rerouting can be effected efficiently by identifying the crossover point 

between the previous and new route of the MN. In case of the anycast based micro-mobility 

solution, there is no need to employ new protocol like in case of CIP or HAWAII, but only the 

capabilities of IPv6 and MIPv6 are used. 

According to [C15, C16], the anycast address as mobile host identifier has the ability to back up either 

soft state handover (the mobile node is connected to both the new and the old base station) or hard 

handover (the mobile node is connected to only one base station at a time). The cause of this 

property is the routing metrics.  

The anycast address is used to identify a single mobile terminal; as a result the problem of reaching 

an other mobile node is avoided. The movement of the mobile host is completely transparent in the 

direction of the Home Agent and the Correspondent Node [C15, C16].  

 

3.3.2 Comparison of anycast based mobility management solutions and 

traditional micro-mobility proposals 

 

Several proposals are presented in the literature to deal with the performance problems of Mobile IP 

in micro-mobility scenarios. In general, IP micro-mobility protocols are designed to support and 

handle local mobility of mobile hosts, without interacting with Mobile IP-enabled Internet. In such an 

environment, the Mobile IP mechanism implies frequent registration between mobile hosts and 
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distant Home Agents. The registration mechanism causes significant network-overhead, resulting 

increased delay, packet loss and signal degradation. To reduce the signaling overhead and provide 

smooth handoffs, many micro-mobility protocols have been proposed. 

In [10] a comprehensive study is given on the performance of seven IP micro-mobility protocols. I use 

the performance analysis framework presented in [10] to compare the performance of the proposed 

anycast based solution to the existing ones. I give an overview on the performance of some well 

known IP micro-mobility architecture, like HAWAII (Handoff-aware Wireless access Internet 

infrastructure), Cellular IP and HMIP (Hierarchical Mobile IP). These IP micro-mobility protocols 

purposed to enhance quality of real-time communications, by effectively reducing delay and packet 

loss during handoff. 

The evaluation of the protocols within the framework consists of five key performance measures: 

• handoff performance,  

• passive connectivity and paging, 

• intra-network traffic, 

• scalability and robustness.  

In my handoff performance overview, I have selected IP micro-mobility protocols HMIP, Cellular IP 

and HAWAII, since they are particularly suitable for communication environments where hosts 

change their localization frequently.  

 

3.3.3 Handoff performance 

 

Handoff performance includes handoff management parameters (e.g. radio layer interaction, 

initiation of the handover process), handoff latency, potential packet losses during handoff and the 

number of involved stations, whose routing tables must be updated, or must process signaling 

messages. The common goal of micro-mobility proposals is to minimize delay, signaling load and 

packet loss during handover.  

The total handoff latency consists of several parts, e.g. movement detection and signaling delay. The 

detection of the handover event is an important source of delay, since IP handover management 

occurs after the movement detection, many packets might have been already lost if the mobile node 

movements are detected too late. Micro-mobility proposals might rely on signals acquired from the 

radio layer, or use the information available in the IP layer.  

The possibility of interworking with the radio layer depends on the type of the radio access network. 

The information at the IP layer is represented by ICMP router discovery messages; a mobile terminal 

receives a mobility agent advertisement with a new source address, or the lifetime of the previous 

advertisement expires. In general, the terminal first has to acquire a new IP address, and with this 

new address it can start transmitting packets again, and receiving packets from the network.  

The HMIPv6 protocol reduces the amount of signaling required and improves handoff speed for 

mobile connections [18]. Comparing to HMIP, a new node called MAP (Mobility Anchor Point) has 

been added to serve as a local entity, which replaces MIPv4's (Mobile Internet Protocol versions 4) 



71 

 

foreign agent. In HMIPv6 the MAP helps in mobile handoffs, and it decreases the latency  due to 

handoffs. Using MIPv6, a mobile node can send location updates to any node it corresponds with 

each time it changes its location, although it is not necessary for external hosts to be updated when a 

mobile node moves locally. HMIPv6 separates local from global mobility, since global mobility is 

managed by the MIPv6 protocols, while local handoffs are managed locally. Since updates occur for 

both local and global moves, it is not necessary for external hosts to be updated when a mobile node 

moves locally [18].  

In the Mobile IPv6 REGREGv6 (Regional Registrations) approach [19] the routing hierarchy is 

achieved on local mobility agents co-located with network routers within a local domain. REGREGv6 

specifies the use of multiple tunnels between routing hops that introduce processing complexity in 

the intra-domain routing function [19].  

The performance of REGREGv6 protocol depends significantly on additional routing over all network 

domain routers, in addition to dynamic routes maintained by IP, similar to the HAWAII protocol [19]. 

FMIPv6 (Fast Mobile IPv6) has been proposed to minimize the handoff latency of MIPv6 [20]. The 

FMIPv6 proposal requires link-layer information from the underlying wireless technology. The link-

layer information required to properly aid the configuration of the MN on the new AR before MN 

upcoming IPv6 handoff. Moreover, the link-layer has a share in establishing a unicast tunnel between 

the previous and new point of IP attachment.  

The results on performance analysis of FMIPv6, report large handoff delays as a result of an 

increased number of wireless hosts attached to a wireless link due to the dependency of FMIPv6 

signaling on access contention, and accuracy of unicast tunnel setup. An experimental work [21] 

reports that handoff anticipation under FMIPv6 can be erroneous or imprecise resulting in increased 

handoff delays. 

 

3.3.4 Passive connectivity and intra network traffic 

 

In order to reach idle mobile nodes efficiently, some proposals include paging support, e.g. CIP and 

HAWAII. In most cases, a paging area includes a few radio cells, and idle mobiles have to notify the 

network upon paging area boundary crossing. In the proposed anycast based solution using access 

routers’ service area as paging area is a straightforward choice. The location of a terminal in idle 

mode is determined by flooding the access routers sub network with ARD query messages.  

It is very common in today’s cellular wireless networks, that two mobile terminals that communicate 

with each other are connected to the same wireless network. For this reason, it is important to route 

intra network packets optimally between these terminals. Since the proposed anycast based solution 

relies on IP anycast routing to route packets to their destinations, always the optimal path is used, 

regardless of the type of the destinations. Most micro-mobility protocols do not provide efficient 

support for intra network traffic; e.g. in case of CIP, all intra network traffic is routed through the CIP 

domain Gateway. In the Anycast based solution there is not any central node, so the network will not 

get congested at the gateway (root of the tree structure). 
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3.3.5 Scalability and robustness 

 

Most of the existing mobility management protocols rely on hierarchical architecture, to reduce 

routing update latency. The main drawbacks of hierarchical architectures are the vulnerability to 

failures at the higher levels of hierarchy, and the increasing load of network nodes at these levels. 

The anycast based micro-mobility protocol is not sensitive for node or link failure, since it contains no 

centralized database (e.g. GMA at HMIP, or CIP domain Gateway), the routing information is 

distributed among the network nodes. The Anycast based solution is highly decentralized, according 

to the philosophy of IP. 

 

3.4 Perfomance evaluation of the Anycast Based Micro-mobility solution 

 

In this chapter, I present a performance analysis of the proposed anycast based mobility 

management method presented in [C15].  

In the general anycast network models, the nodes are not connected directly, the connection 

between them is realized by logical connections like virtual path, tunneling or encapsulation. The 

logical connections can be modelled by binary-trees or n-ary trees.  

The anycast router is upward-compatible, does anycast routing functions, and has an anycast 

routing table to handle anycast addresses. The anycast router checks the anycast routing table, and if 

it is possible then forwards the packet to the next anycast router according to the anycast routing 

table.  

In Figure 44. I have illustrated a three-level (k=3, binary-tree) anycast topology model. The access 

routers on levels 0k >  are denoted by
i

AR , while the gateway router on level 0k =  is denoted by

GwR .  
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Figure 44. The analysed anycast network topology 

 

In order to analyze the effect of network topology on anycast routing performance, I define the 

following parameters to analyze the network topology: 

• ( )No
AR k : denotes the number of access routers in a tree of k-depth. Mobile nodes are 

connected to access routers. 

• ( )No
HO k : denotes the number of possible handovers of k-depth.  

• ( )HO k : denotes a handover of k-depth, meaning during the handover, routers on the depth 

of k are involved. 

• ( )( )D HO k : denotes the delay during a handover of k-depth. 

• 
Crossover

T : denotes the downlink routing update delay for Inter-network traffic. It represents the 

average delay in ms between the MN and the so called crossover node for a given handoff.  

• 
root

T : denotes the needed delay time to reach the previous WIPPOA, when the correspondent 

node is attached to the old WIPPOA. 

• 
kNo t

UR : denotes the number of routers with updated routing information. 

• 
No

Tr : denotes the number of possible transitions. 

•  

Based on ( )No
HO k , the number of possible handovers of level 0, 1…k can be calculated for a given 

tree, which will be important in the optimization process.  

In the performance analysis, I will use a simplified representation, where the access routers of the 

presented anycast topology are assigned to the leaves of a tree. In Figure 45. a four level (k=4, 

binary-tree) hierarchy is illustrated.  
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Figure 45. The simplified binary tree anycast network model 

 

In my analysis, I have analyzed a binary-tree model, but the results can be generalized for an n-ary 

tree model. In the binary-tree model, every node has at most two children, where the lowest nodes 

represent the access routers (AR). The root node is the gateway router (GwR, k=0), this node has no 

parents, while all the access routers have a parent, but not every access router have a children node.  

For the sake of simplicity, I used a complete binary tree model, where every node other then the 

leaves has two children, and every level, except the last is completely filled. The number of nodes n 

in a complete binary tree is between  

2kn =  and 1
2 1,

k
n

+= −   (49) 

where k is the level or height of the tree. 

To generalize the results for complete binary-tree model, I use the full n-ary tree model. The full n-

ary tree is a rooted tree, in which every node has either zero or n children. The binary tree model can 

be viewed as the special case, where n=2. For an n-ary tree with level k, the upper bound for the 

maximum number of leaves is kn .  

3.4.1 Performance indicator parameters of the Anycast based micro-mobility solution 

 

In this section I analyze the performance of the anycast based micro-mobility method. I calculate the 

possible number of access routers, the number of updated routers in downlink and uplink direction, 

and the possible number of handovers of a k-level sub-tree.  

The performance evaluation confirms, that the analysed anycast based solution proposed in [C15] is 

a well scalable microbility model, prevents performance bottlenecks, while minimising signalling 

overheads.  

Based on the anycast address based micro-mobility model proposed in [C15], the main parameters of 

the performance analysis are:  

4k =
0k =

1k =

2k =

3k =

4k =
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• N: number of network nodes (routers), 

• l: number of links in the network, 

• n: number of users, 

• v: cell changing frequency, 

• m: size of update message.  

 

The actual signaling load in the network depends on the following factors: 

• the size of the routing messages, 

• the frequency of the different messages, 

• network topology, 

• the number and the degree of mobility of the mobile users. 

 

In order to be able to compare the performance of the different mobility management solutions, 

the total load related to routing messages is divided in two parts, the wired and the wireless 

segments of the network. The signalling load on the wired network part is typical of the applied 

routing protocol, e.g. routing information update, maintenance messages etc.  

 

3.4.2 Topology analysis  

 

Using an k-level binary-tree model, the gateway router (GwR) is denoted by the level k=0, thus the 

number of possible access routers in a binary tree of k-depth can be given by  

( ) 2k

No
AR k = .    (50) 

The total number of Access Routers of an n-level tree denoted by 
No

AR , and it can be calculated 

as 

( ) 1

0

2 1+

=

= = −∑
n

n

No No

k

AR AR k .   (51) 

where k=0 is the gateway router.  

The number of updated routers during the handover in a k-deep binary tree is denoted by 
No

UR . 

In the binary tree model, it can be defined by  

12 1k

No
UR += − .   (52) 

The number of handovers in a k-depth binary tree can be given by the number of possible Access 

Routers of level j, multiplied by the number of possible Access Routers of level ( )k j− : 

( ) ( ) ( ) ( )2 j

No No No No
HO j AR j AR k j AR k j= × − = × − .    (53) 



76 

 

If the number of Access Routers in a binary tree is 12 2+= =n m

No
AR , then the number of possible 

handovers  

( ) ( )2 2 1
m m

HO n = × − .    (54) 

The number of possible handovers ( )HO k  in a k-depth binary tree can be given by 

( ) 12kHO k −= .   (55) 

In case of anycast routing protocols, stability is always an important issue. In my case the movements 

of the mobile users are triggering routing information updates, and the network has to react quickly 

to the movements by spreading updated routing information among network nodes. This process 

can take a considerable amount of time in large networks and in case of special network topologies. 

 

3.4.3 Number of access Routers  
 

As the mobile terminal moves and changes the routing metrics in routing tables the IP packets thats 

destination is the mobile node are routed toward the nearest node, namely the mobile node itself. 

As a result the mobile host should remember the recently sent routing metrics. It should also send 

the same value from the new location if soft state handover is needed and a smaller value is sent. 

This solution needs some adjustment on the available routing protocols, since the protocols of today 

select only one destination where the packet is forwarded.  

In case of hard handover no adjustment is needed on routing protocols since the mobile terminal 

should send a smaller routing metric value than the last one sent. It has to be emphasised that the 

using of anycast addresses does not result in unscalability and routing problems since Anycast based 

solution is used only inside the domain of a micro-mobility area.  

For a k-depth binary tree, the number of updated access routers 
No

AR  in the j –th iteration step, can 

be given by the actual step j and the sum of upper level routers for 1, ,= …i j : 

( )
1

1

2 1

2

kj

No j
i

AR k j
+

=

 −
= +  

 
∑ .   (56) 

 

As one can conclude, the number of access routers increases exponentially as the level k of the tree 

increases. This fact underlines the importance of hnadover depth minimalization presented in 

chapter 3.5. 
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3.4.4 Handover depth analysis 

 

In the binary tree model, the possible number of handovers ( )No
HO k  in a k-level sub-tree, can 

derived using Equation (51). 

The number of handovers on different depths of the binary tree are showed in Table 5.  

 

Table 5. Number of handovers on different depths 

k ( )No
HO k  

1 ( )3 2 2 2
No

AR k − × × ×  

2 ( )2 2 2
No

AR k − × ×  

3 ( )1 2
No

AR k − ×  

 

In Figure 46. I have illustrated the number of handovers of different depth in the Anycast based 

micro-mobility model, for a 2k =  level binary tree. The actual level is denoted by L, the full arrow 

represents the 1L =  handovers, the dashed arrow illustrates the 2L =  handovers.  

 

Figure 46. The handover distribution on different levels in the Anycast based model 

In Figure 47. I have illustrated the distribution of handover vectors ( ),  1,2,3,4HO k k = , which denotes 

the number handovers of a k-depth tree. The routers on the depth of k are involved during the 

handover.  

2k =

1L = 2L = 1L =

2L =

2L =

2L =

1L =
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Figure 47. Number of handovers for HO(1), HO(2), HO(3) and HO(4). 

 

The number of handovers denoted by ( )No
HO k , the thick line with circles denotes the number of 

handovers in level 1k = , the thin line with triangles denotes the number of handovers in level 2k = . 

Similarly, the dotted line with squares and the dashed line denote the number of handovers in level 

3k =  and 4k = , respectively. 

The number of possible handovers of j-depth in a k-depth binary tree can be given by the number of 

access routers of level-k and the sum of previous layers for 1, , 1j k= −…  as 

( ) ( )
1

1

2 .
−

=

= ×∑
k

j

No No

j

HO k AR k    (57)  

As one can conclude, the number of handovers is increasing exponentially, therefore it is appropriate 

to minimize the handovers of great depths in the tree (see chapter 3.5).   

 

3.4.5 Router updating mechanism 

 

One advantage of the Anycast address based mobility management scheme is the elimination of time 

consuming address seizing process. In case of handover, the mobile terminal can use it’s former 

anycast address and transmit data packets continuously during handover. Anycast address based 

mobility management scheme uses an enhanced IP based mobility detection method, and it is 

independent of the radio layer. Unlike other solutions, in case of the anycast based mobility 

management scheme, there is no need of implicit movement detection in the uplink direction; the 

mobile terminal may continuously transmit packages during handover. If the terminal enters a new 

WIPPOA (Wireless IP Point of Attachment), it still uses its old anycast address, which is valid in the 

whole logical subnetwork. There is no need for the time consuming new address seizing process. In 

my case, the communication disruption in the uplink direction is limited to the time required by the 

radio layer handover.  
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Downlink routing tables are automatically adjusted, triggered by the first uplink data packet 

arriving at the new WIPPOA. Upon receiving a data packet from a terminal on the radio interface, the 

edge router changes the metric for the given anycast address in its routing table. This event triggers 

an ARI (Assist Request Information) message generation at the lowest level access routers, and the 

routing information spreads in the logical subnetwork. After this update message has reached the 

crossover router, the downlink packets are routed correctly to the new location of the mobile node. 

 

For the Anycast solution it is sufficient, if the routing information is correct under the so-called 

crossover node corresponding to the nodes in the lower levels of the tree. 

The total handover delay experienced by mobile hosts consists of two parts:  

• Uplink handover delay,  

• Downlink handover delay.  

 

The downlink traffic analysis is divided in two parts: the inter domain traffic and the intra domain 

traffic.  

In case of intra domain traffic the handover delay is 
Crossover

T . In this case the packet flow originates at 

the root router, and reaches the access router through the crossover router. In case of handover, it 

takes 
Crossover

T  amount of time to refresh the routing tables in all nodes of subset A . After 
Crossover

T  

time, routing tables are refreshed along the path of the downlink messages. In case of inter domain 

traffic, the time needed to refresh the rest of the routers has got no relevance, because all the nodes 

of subset B  are not involved between the crossover router, and the new access router of the mobile 

terminal.  

In Figure 48. the involved subset of nodes in intra domain traffic is illustrated.  
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A

B

  

Figure 48. The involved subset of nodes in intra domain traffic 

 

On the other hand, for inter domain traffic, the upper bound of the delay is 2
Crossover

T× . There exists 

only one common router in the new and the old path, which is called the crossover router. All other 

routers involved along the path between the crossover router, the former and the new access router 

of the mobile terminal are distinct.  

Let subset B  denote routers of the former path, ie. routers between possible access routers and the 

crossover router, then subset A  denotes the routers along the path between the possible new 

access routers and the crossover router.  

In Figure 49. the subsets during inter domain traffic is illustrated:  
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Figure 49. The involved subset of nodes in inter domain traffic 

In inter domain traffic both subsets are involved in the updating mechanism. In this representation, it 

takes 
Crossover

T  amount of time to refresh the routing tables in all nodes of subset B . An additional 

Crossover
T  is needed to refresh the routing entries in nodes of subset A , thus 2

Crossover
T×  is the upper 

bound. 

The number of updated routers of the tree in uplink direction during the handover of a k-depth 

binary tree can be given as the sum of previous levels for 1, ,k n= …  and the level number n of the 

tree, as 

( )
1 0 1

2 1 1 2 1 2 .
n n n

uplink k k k

No

k k k

UR n n
= = =

 
= − + = − + = − 
 
∑ ∑ ∑    (58) 

The number of updated routers of j-depth in the new sub-tree at time 
k

t  is denoted by  

1

1

2 1.
k

k

No t
j

UR j
−

=

 
= − 
 
∑    (59) 

The updating mechanism in uplink direction at time t=j, creates a new sub-tree. The number of 

updated routers at time t=j+1 can be given by Equation (60).  

1

1

1

2 2 2

2j

j j j ij
UP

No t
i

UR j
+

− −

=

 + + +
= +  

 
∑ …

,   (60) 

where j denotes the number of routers updated in uplink direction. Every updated link on level k 

creates a new sub-tree at time 
1j

t + .  

In every level change, the number of updated routers in uplink direction is one, and 1 2 j i−+  in 

downlink direction at time t=j, thus the number of updated routers at a level change can be given by 

the actual time parameter j and the sum of the number of previous updates for 1, ,i j= …  as 

A

B
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1

1

1 2
j

j
levelchange j i

No t
i

UR j
+

−

=

 
= + + 

 
∑ .   (61) 

In Figure 50. I have illustrated the router updating mechanism.  

 

 

 

Figure 50. The node updating mechanism in a k=3 level tree. The steps of updating process are illustrated by 

different colors and marks. 

 

At level k the number of routers in the tree is 2k , and in every level change two routers are updated 

in downlink direction and 2 1k −  in uplink direction.  

In Figure 51. I have depicted the cumulative number of updated routers upon interdomain handover 

according to Figure 49. The update process starts at t=0 with the handover event and it takes 8t 

duration to update all the routers in the network. The speed of the update process – the actual, 

instantaneous number of routers peing updated at the given time – is illustrated in Figure 52. As it 

can be seen, the speed of the update process differs in the subsets, the speed increases in subset B . 

However, it takes 2
Crossover

T×  time to completely refresh all routers in subset B  for interdomain 

handovers. For this reason, it is important to optimize the depth of the handovers according to 

handover probability; the optimization process proposed in chapter 3.5 reduces the convergence 

time, and enhances the performance of the anycast based micro-mobility approach. 
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Figure 51. The cumulative number of updated routers upon interdomain handover. 

 

Figure 52. The instantaneous number of updated routers upon interdomain handover. 
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3.4.6 N-ary tree model 

 

In previous sections, the binary-tree topology is used to analyze the performance the anycast model. 

In this section, I introduce the n-ary tree model.  

The number of access routers ( )n

No
AR k  in a k-level n-ary tree can be calculated as the factorial of the 

number k of the levels, in the following way 

( ) .=n k

No
AR k n    (62) 

In the n-ary tree model, the number of handovers in an n-level tree can be given by Equation (63). 

( ) 1 1.+= −n k

No
HO n n    (63) 

The number of k-depth handover transitions ( )No
HO k  in an n-level tree can be calculated According 

to Equation (64). 

( ) ( )( )1 1 .+= −n k k

NoHO k n n    (64) 

 

3.4.7 The load caused by the signalling messages 

 

The level of mobility of the users also influences the signalling load, since upon user movement, 

update messages has to be sent. The number of required update messages is independent of the 

routing protocol itself, it depends only on the applied mobility model during the analysis and the 

number of users in the system.  

The proposed solution in [C15] manages mobility locally, and the routing information stays inside the 

micro-mobility domain. In the analyzed model the registration of mobile equipment is simplified, and 

the gateway router of the micro-mobility area should not flood the wired IP network with ICMPv6 

messages [22, 23].  

Upon handover, mobile users are sending MLD (Multicast Listener Discovery) messages [10]. The 

general form of the total signalling load is  

1 1
,

 = × × × + × 
 

load LU RUS l N s s
v t

   (65) 

where  

• l: the number of network links affected by the message/handover, 

• N: number of users in the network, 

• 1/v: frequency of handover events, 

• 1/t: frequency of maintenance messages, 

• 
RU

s : size of the routing protocol update messages, 
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• 
LU

s : size of the location update messages. 

 

Based on Equation (65)., the actual signalling load of the different anycast routing protocols can be 

calculated.  

   

3.5 Performance optimization 
  

 

My goal is to optimize the access network topology based on the information derived from the 

handover vector (H), with respect to the handover delay in order to minimize convergence time of 

the anycast based micro-mobility approach. I propose to group radio cells with high values of mutual 

handover probabilities (according to the Handover vectors) to the same router at the lowest level 

possible. This way, the number of handovers of great depth is reduced. Many possible hierarchical 

radio cell combinations exist, in which the optimal configuration satisfies the requirements for 

minimal delay. In hierarchical radio cell systems, the handover time can be minimized by Equation 

(66). 

min ( ( )).No

k

HO k∑    (66) 

The convergence time 
c

t  in an n-ary tree can be given by the multiplication of the number of nodes 

denoted by [ ]node  and the link delay, and the number of links [ ]link  multiplied by the processing 

delay, in the following way: 

[ ] [ ] [ ] [ ]( )1c p l p lt node d link d node d node d= × + × = × + − × ,   (67) 

where 
l

d  denotes the link delay, 
p

d  is the process delay, and [ ] [ ] 1link node= − .  

Using link delay 
l

d  and process delay 
p

d  for a k-level tree, the overall delay D for a k-level tree can be 

calculated as the product of the previous link number c for the routers on the previous levels 

0, ,i k= …  as 

( ) ( )
0

1 ,
k

i

l p

i

D d d k c c
=

= + × = −∏    (68) 

where 
l

d  denotes the link delay, 
p

d  is the process delay, and c is the number of previous links for the 

routers. 

The cumulative delay 
cummulative

d  of a k-level tree can be calculated as the sum of the number of 

handovers of k-depth ( )No
HO k , multiplied by the delay D for a k-level tree, in the following way  

( ) ( )
( )

( )
( )

,
No p l No

cummulative

No No

HO k d d HO k
d D

AR k AR k

× +
= = ×∑ ∑∑ ∑

   (69) 
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where ( ) ( )
0

1 .
k

i

l p

i

D d d k c c
=

= + × = −∏  

In my model, the number of possible handovers of k-depth tree ( )No
HO k  can be calculated as the 

product of number of Access Routers on the previous levels ( )No
AR k i−  for 0, ,i k= … , divided by 

( )1No
AR k i− − , and the number of access routers ( )No

AR k  of k-depth: 

( ) ( )
( )

( )
0 1

k
No

No No

i No

AR k i
HO k AR k

AR k i=

−
= ×

− −∏    (70) 

 

3.6 Delay comparison of other handoff mechanisms 

 

Cellular IP and HAWAII mobility protocols aim at low latency Layer 3 handoff based on Layer 2 

information through the use of L2 triggers. In the case of Cellular IP and HAWAII, the semi-soft 

handoff mode uses a semi-soft packet, thus there is a constant time delay to complete the handoff, 

which is denoted by SHRT in Table 6. 

 

Table 6. Comparison of handoff mechanisms 

 

Protocol Handoff type 
L2 

trigger 

Move detection 

latency 

Total IP 

latency 
Uncertainty time 

Stations 

involved 

 

HMIP 

Inside a hierarchy No tmip 2 tcross tmip+ tcross 2 ncross 

Between 

hierarchies 
No tmip 2 tHA tmip+ tprev ngate +1 

Cellular 

IP 

Semi-soft handoff SHRT Radio layer 2 tgate 
max (tcross- 

dttrigger) 
ngate 

Hard handoff No tmip 2 tgate tmip+ tcross ngate 

HAWAII 

Forwarding 

scheme 
SHRT Radio layer 2 tprev tmip+ tprev nprev 

Non-forwarding 

scheme 
SHRT Radio layer 2 tprev 

max (tcross- 

dttrigger) 
nprev 

 

The downlink routing update delay is 
crossover

t  for Inter-network traffic (
crossover

t  is the average delay in 

ms between the MN and the so called crossover node for a given handoff). In the special case of intra 

network traffic, when the correspondent node is attached to the old WIPPOA this delay is 
previous

t , 
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since routing update message has to reach the former WIPPOA (
previous

t  is the time needed to reach 

the previous WIPPOA).  

This delay is less than the delay of other micro-mobility solutions, e.g. CIP - 2
gate

t× , (
gate

t is the time 

needed to reach the CIP domain gateway) HAWAII - 2
previous

t× , HMIP - 2
crossover

t× . Besides handover 

delay, the number of involved stations is low, 
crossover

n  or 
previous

n regarding. (
crossover

n  is the number of 

network nodes between the MN and the crossover node for a given handoff). 

 

3.7 Conclusions and future work 

 

Most micro-mobility protocols do not provide efficient support for intra network traffic. The anycast 

based proposal relies on IP anycast routing to route packets to its destination, regardless of the 

destinations. The re-using of IP anycast routing results in faster handoff process, since there is no 

need for explicit acknowledgement message. The lack of explicit management messages also cancels 

unwanted signaling overhead on the wireless interface. The signaling load is rather shifted from the 

wireless link to the wired network, where more resources are available. The usage of anycast 

addresses does not result in unscalability and routing problems since the Anycast based solution is 

used only inside the domain of a micro-mobility area. 

The common goal of micro-mobility proposals is to minimize delay, signaling load and packet loss 

during handover. In the model, the communication disruption in the uplink direction is limited to the 

time required by the radio layer handover. The location of a terminal in idle mode is carried out with 

flooding the access routers subnetwork with ARD query messages. In the Anycast based solution 

there is no central node, so the network will not get congested at the gateway (root of the tree 

structure), compared to other solutions. 

The Anycast based solution requires only minimal modifications to the network. The results of the 

performance analysis have deep relevance in anycast micro-mobility optimization. As future work I 

would like to work on a framework for the anycast optimization based on the analytical results, and 

make a study on the effectiveness of the optimized model. 

4. Application of the Results 

 

The results of the first chapter related to mobility modelling were utilized indirectly in the framework 

of the BIOlogically inspired NETwork and Services (BIONETS) [6] EU FP6 project, during the analysis 

and simulation of different data spreading algorithms [C4, C5, C9, C10]. The results are also beneficial 

for mobile operators and mobile network vendors in the field of self-configuration and self-healing. 

In case of self-healing a base station runs a prediction of the most likely user numbers, and if it 

experiences significcantly less connected users, a problem with the radio unit is presumed. The 

results of mobility modelling can ser vas an input data for self-configuration, for example to 

reconfigure the radio interface if a higher level of traffic is expected during rush hours. 



88 

 

The RCAC method provides a method to enhance the network performance meanwhile maintain the 

desired QoS level by foreseeing administration of resources. Mobile network operators might benefit 

from the proposed methods; by appling the RCAC method, better resource usage in the network can 

be achieved. Mobile network operators can optimize their service by means of quality (user 

satisfaction, less dropped calls) versus network utilization. Currently I’m working on to validate the 

theoretical and simulation results based on real-life operator traces. 

The proposed anycast based mobility management method, and its performance analysis 

represents an effective technique for mobile operators during the ongoing IPv4 – Ipv6 transition. As 

the IPv6 transition emerges, the analysis can be extended to examine other IPv6 mobility 

management system’s performance, too. To my knowledge, there is no such work published in the 

literature related to anycast performance evolution, which can give a correspondence between the 

number of routers in the network topology and the delay related stability issues in anycast. In my 

present work, I have investigated the performance of the novel anycast based micro-mobility 

method, to validate the application of anycast technology in mobility management. 
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List of abbreviations 

 

AEL Average Error Level 

AOSPF Advanced Open Shortest Path First 

APF  Adaptive Periodic Flood  

APS Acceptable Performance Scheme  

AR  Access Router  

ARD Anycast Receiver Discovery 

BPS Best Performance Scheme  

BS  Base Station  

BSC Base Station Controller 

CID Cell ID 

CIP  Cellular IP  

CN  Correspondent Node  

COA Care-of-Address 

CREV Cell-dependent Relative Error Value  

DHT Distributed Hash Tables  

DNS Domain Name Service 

GPS Global Positioning System 

GREAL  Greedy Algorithm  

GSM  Global System for Mobile Communications  

HA  Home Agent  

HAWAII  Handoff-aware Wireless Access Internet Infrastructure  

HMIPv6  Hierarchical Mobile Internet Protocol version 6  

HOV Handover Vector 

HSDPA High Speed Data Packet Access 

IAS Internet Anycasting Service 

ICMP Internet Control Message Protocol 

ID Identifier 

IMS IP Multimedia Subsystem 

IP  Internet Protocol  

IPv4  Internet Protocol version 4  

IPv6  Internet Protocol version 6  

LA  Location Area  

LCoA  On-link Care-of Address  

LM  Location Management  

LU  Location Updating  

MANET  Mobile Ad Hoc Network  

MAP  Mobility Anchor Point  

MAP  Mobile Application Part  

MCS  Mobile Communication System  
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MIPL Mobile IPv6 for Linux 

MIPv6  Mobile Internet Protocol version 6  

MMTP Multimedia Mobile Transmission Platform  

MN  Mobile Node  

MNO Mobile Network Operator 

MREV Model-dependent Relative Error Value  

MSC  Mobile Switching Centre  

MT  Mobile Terminal  

O&M Operation And Maintenance 

OAM Operation And Maintenance 

OSPF Open Shortest Path First 

OSS Operations Support System 

PCN Public Cellular Network 

PH phase-type  

PIAS Proxy IP Anycast Service 

PIA-SM Protocol Independent Anycast Sparse Mode 

PLMN  Public Land Mobile Network  

QoS  Quality-of-Service  

RA  Routing Area  

RBMM Ring based Mobility Management 

RCAC Ring based Call Admission Control 

RNC Radio Network Controller 

RPGM Reference Point Group Mobility  

RRM radio resource management  

RW Random Walk 

TREV Time-dependent Relative Error Value  

UMTS Universal Mobile Telecommunications System 

URL Universal Resource Locator 

UTRAN UMTS Terrestrial Radio Access Network 

WIPPOA Wireless IP Point of Attachment 

 

  



91 

 

References 
 

1. Hierarchical Mobile IPv6 Mobility Management (HMIPv6),IETF RFC 4140, 2005. http://www.rfc-

archive.org/getrfc.php?rfc=4140 

2. Malinen J. , Perkins Charles (Nokia Research Center): Title: Mobile IPv6 Regional Registrations draft- 

Malinen—Mobile IP- Regreg6-00.txt. 2000. https://datatracker.ietf.org/drafts/draft-malinen-

mobileip-regreg6/ 

3. Akamai Technologies Inc., “Internet Bottlenecks: the Case for Edge Delivery Services,” 2000, 

www.akamai.com/en/resources/pdf/whitepapers/Akamai Internet Bottlenecks Whitepaper.pdf. 

4. D. Katabi and J. Wroclawski, “A framework for scalable global IP-anycast (GIA),” in Proc. of ACM 

SIGCOMM, 2000. 

5. I. Stoica, D. Adkins, S. Zhuang, S. Shenker, and S. Surana, “Internet Indirection Infrastructure,” in 

Proc. of ACM SIGCOMM, 2002. 

6. X. Zhang, J. Wang, and P. Francis, “Scaling the Internet through Tunnels,” 

pias.gforge.cis.cornell.edu/tbgp.pdf. 

7. M. Castro, P. Druschel, A. Kermarrec, and A. Rowstron. Scalable Application-Level Anycast for Highly 

Dynamic Groups. In International Workshop on Networked Group Communication, Sept. 2003. 

8. Mobile IPv6 Systems Research Lab.http://www.mobileipv6.net/. 

9. M. Szymaniak, G. Pierre, M. Simons-Nikolova, and M. van Steen. A Single-Homed Ad Hoc Distributed 

Server. Technical Report IR-CS-013, Vrije Universiteit Amsterdam, Mar. 2005. 

10. Pierre Reinbold, Olivier Bonaventure: „IP Micro-mobility Protocols”, IEEE Communication Surveys, 

Third quarter 2003, Volume 5, No. 1.  

11. Abley, K. Lindqvist, Operation of Anycast Services, RFC 4786, 2006.  

12. Saraswady, D.; Shanmugavel, S., "Performance analysis of Micro-mobility Protocols in Mobile IP 

Networks”, Networking, Sensing and Control, 2004 IEEE International Conference on, 2004, p. 1406 - 

1411 Vol.2 

13. R. Hinden, S. Deering, Internet Protocol Version 6 (IPv6) Addressing Architecture, RFC 4291, 2006.  

14. Wang Xiaonan, "Study and Implementation of Anycast Service in Mobile IPv6 Network," icnds, vol. 1, 

pp.277-280, 2009 International Conference on Networking and Digital Society, 2009 

15. Chung-Ming Huang, Chao-Hsien Leea, Yuan-Tse Yua, Chung-Yi Laia, Location-aware multimedia proxy 

handoff over the IPv6 mobile network environment, open Journal of Systems and Software Volume 

79, Issue 8, August 2006, Pages 1037-1050  

16. S. Ata, H. Kitamura, and M. Murata, “A protocol for anycast address resolving,” Internet draft draft-

ata-ipv6-anycast-resolving-01.txt, Feb. 2004 

17. IPv6 anycast for simple and effective service-oriented communications Doi, S.; Ata, S.; Kitamura, H.; 

Murata, M. Communications Magazine, IEEE Volume 42, Issue 5, May 2004 Page(s): 163 – 171 Digital 

Object Identifier 10.1109/MCOM.2004.1299362 

18.  H. Ballani and P. Francis. Towards a Global IP Anycast Service. In SIGCOMM, Aug. 2005. 



92 

 

19. H. Ballani and P. Francis, “Root-Server Anycast Deployment: A Meaurement Study,” 

pias.gforge.cis.cornell.edu/am.pdf.  

20. R. E. Koodli, \Fast Handovers for Mobile IPv6," Internet Draft, Oct. 2004, draft-ietf-mipshop-fast-

mipv6-03.txt. 

21. N. Montavont and T. Noel, Analysis and evaluation of mobile ipv6 handovers over wireless lan, ACM 

Journal in Mobile Networking and Applications, vol. 8,no. 6, pp. 643-653, 2003. 

22. István Dudás, László Bokor, Sándor Szabó, Sándor Imre, Anycast-based Micro-mobility: A New 

Solution for Micro-mobility Management in IPv6 (MoMM 2005, The 3rd Inernational Conference on 

Advances in Mobile Multimedia), organized by @WAS, Kuala Lumpur Malaysia 19. 09. 2005. - 21. 09. 

2005. 

23. István Dudás, László Bokor, Sándor Szabó, Sándor Imre, Anycast-Based Micro-mobility (SoftCom 

2005), organized by , Split, Marina-Frapa Croatia 15. 09. 2005. - 17. 09. 2005. 

24. 24. M. M. Zonoozi and P. Dassanayake, “User mobility modelling and characterization of mobility 

patterns”, IEEE Journal on Selected Areas in Communications, Volume 15, No.7, September 1997. 

25. 25. D. B. Johnson and D. A. Maltz, “Dynamic Source Routing in Ad-Hoc Wireless Networks”, Mobile 

Computing, Kluwer, 1996 

26.  E. Royer, P.M. Melliar-Smith, and L. Moser. An analysis of the optimum node density for ad hoc 

mobile networks. In Proceedings of the IEEE International Conference on Communications (ICC), 

2001. 

 27.  Z. Haas. A new routing protocol for reconfigurable wireless networks. In Proceedings of the IEEE 

International Conference on Universal Personal Communications (ICUPC),  

28.  B. Liang and Z. Haas. Predictive distance-based mobility management for PCS networks. In 

Proceedings of the Joint Conference of the IEEE Computer and Communications Societies 

(INFOCOM), March 1999 

29.  V. Davies. Evaluating mobility models within an ad hoc network. Master’s thesis, Colorado School of 

Mines,2000 

30.  X. Hong, T. Kwon, M. Gerla, D. Gu and G. Pei, “A Mobility Framework for Ad Hoc Wireless Networks”, 

Proceedings of ACM 2nd International Conference on Mobile Data Management, MDM 2001,Hong 

Kong, January 2001. 

31.  X. Hong, M. Gerla, G. Pei, and C. Chiang. A group mobility model for ad hoc wireless networks. In 

Proceedings of the ACM International Workshop on Modeling and Simulation of Wireless and Mobile 

Systems (MSWiM), 

32.  T. Camp, J. Boleng, V. Davies, “A Survey of Mobility Models for Ad Hoc Network Research”, Wireless 

Communications and Mobile Computing (WCMC): Special issue on Mobile Ad Hoc Networking: 

Research, Trends and Applications, Volume 2, No.5, 2002. 

33.  M. Sanchez: Mobilitymodels. http://www.disca.upv.es/misan/mobmodel.htm. May 30th, 2002. 



93 

 

34.  X. Hong, M. Gerla, G. Pei, and C. Chiang. A group mobility model for ad hoc wireless networks. In 

Proceedings of the ACM International Workshop on Modeling and Simulation of Wireless and Mobile 

Systems (MSWiM),August 1999 

35.  J.J. Garcia-Luna-Aceves and M. Spohn. Source-tree routing in wireless networks. In Proceedings of 

the 7th International Conference on Network Protocols (ICNP), 1999.  

36.  A. McDonald and T. Znati, “Predicting Node Proximity in Ad Hoc Networks: A Least Overhead 

Adaptive Model for Selecting Stable Routes”, Proceedings of First Annual Workshop on Mobile Ad 

Hoc Networking and Computing, MobiHoc 2000, Boston  

37.  R. Chellappa, A. Jennings, N. Shenoy “A Comparative Study of Mobility Prediction in Cellular and Ad 

Hoc Wireless Networks”, Proceedings of the IEEE Int’l Conference on Communications 2003 

(ICC2003), Alaska, USA, May 2003. 

38.  OMNet++ discrete simulator, http://www.omnetpp.org/ 

39.  D. Levine et al, “A Resource Estimation and Call Admission Algorithm for Wireless Multimedia 

Networks Using the Shadow Cluster Concept”, IEEE/ACM Trans. On Networking, Feb. 1997 

40. Montavont, N. Noel, T., “Handover Management of Mobile Nodes in IPv6 Networks”, IEEE 

Communication Magazine, Vol. 40. No. 8, 2002,.pp. 38-43. 

41.  Han Y.H. & Jeong D., “A Comprehensive Study on Handover Performance of Hierarchical Mobile 

IPv6”, Proc. of EUC 2006, LNCS, pp.1108-1118, October 2006. 

42.  Castellucia C, “HMIPv6: A Hierarchical Mobile IPv6 Proposal”, IEEE/ACM SIGMOBILE Mobile 

Computing and Communications Review (MC2R), vol.4, no.1, pp.48-59, January 2000. 

43. Kong K-S., Roh S-J., & Hwang C-S., “Signaling Load of Hierarchical Mobile IPv6 Protocol in IPv6 

Networks”, Proc. of PWC 2004, LNCS, vol.3260, pp.440–450, September 2004. 

44.  Pack S., Nam M., Kwon T., & Choi Y., “A Performance comparison of mobility anchor point selection 

schemes in Hierarchical Mobile IPv6 networks”, Science Direct, Computer Networks, vol.51, no.6, 

pp.1630-1642, April 2007. 

45.  Ki-Sik Kong, Sung-Ju Roh and Chong-Sun Hwang, A Comparative Analytical Study On The 

Performance of IP Mobility Protocols: Mobile IPv6 And Hierarchical Mobile IPv6 

46.  D. Johnson and C. Perkins, “Mobility Support in IPv6,” RFC 3775, Jun. 2004. 

47. H. Soliman, C. Castelluccia, K. Malki, L. Bellier, “Hierarchical Mobile IPv6 Mobility Management 

(HMIPv6),” draft-ietf-mipshop-hmipv6-02.txt, Jun. 2004. 

48.  K. Kong, S. Roh, and C. Hwang, “Signaling Load of Hierarchical Mobile IPv6 Protocol in IPv6 

Networks,” in Proc. IFIP PWC 2004. 

49. C. Chao, W. Chen, „Connection admission control for mobile multiple class personal communication 

networks”, 1997, IEEE Journal on Selected Areas in Communications Networks. 

50.  István Dudás, László Bokor, Sándor Imre: "Survey and Extension of Applications and Services in IPv6 

Anycasting", Encyclopedia of Mobile Computing & Commerce, 2007. Idea Group Inc., ISBN: 978-1-

59904-002-8 (hardcover), 978-1-59904-003-5 (ebook), New York, NY, USA.  



94 

 

51.  László Bokor, Vilmos Simon, István Dudás, Sándor Imre: "Anycast Subnet Optimization for Efficient 

IPv6 Mobility Management", IEEE GIIS 2007, DOI: 10.1109/GIIS.2007.4404188, ISBN 978-1-4244-

1376-8, pp. 187-190, Marrakesh, Morocco, 2-6. July, 2007. 

52.  István Dudás, László Bokor, Gábor Bilek, dr. Sándor Imre: "MC2L Mobile IPv6 Testbed & Anycast 

Supported Mobility Management", Polish-Hungarian-Czech Workshop 2004 (2004.09.20-21), Prague, 

Czech Republic, pp.53-58. 

53.  Brahmjit Singh: „Location Update Cost Analysis of Mobile IPv6 Protocols”, World Academy of 

Science, Engineering and Technology 43 2008 

54. Fei Yu, and Victor Leung, „Mobility-Based Predictive Call Admission Control and Bandwidth 

Reservation in Wireless Cellular Networks”, Computer Networks Volume 38, Issue 5, 5 April 2002, 

Pages 577-589 

 

  



95 

 

Publications 

 

Number of publications: 44 

Number of citations: 17 

Number of independent citations: 17 

Number of self citations: 0 

Citations not classified: 0 

Cumulated impact factor: 1,387 

 
Chapter in Book 

Chapter in edited volume 

[B1]. Róbert Schulcz, Sándor Szabó, Sándor Imre, László Pap 
The Effect of Radio Cell Size In wmATM Based Third Generation Mobile Systems. 
In: H Afifi, D. Zeglache (ed.) Applications and Services in the Wireless Networks. 
London: HERMES Scientific Publications, 2002. pp. 46-58 

(ISBN:1-9039-9630-9) 

 

Journal Papers in English 
Article 

[J1]. P Fülöp, S Imre, S Szabó, T Szálka 
The Accuracy of Location Prediction Algorithms Based on Markovian Mobility Models. 
INTERNATIONAL JOURNAL OF MOBILE COMPUTING AND MULTIMEDIA 
COMMUNICATIONS 1:(2) pp. 1-21. Paper ITJ5114. (2009) 
 

[J2]. Fülöp Péter, Szálka Tamás, Szabó Sándor 
Markov model based location prediction in wireless cellular networks. 
HÍRADÁSTECHNIKA LXIV:(3) pp. 40-47. (2009) 
 

[J3]. Fulop P, Imre S, Szabo S, Szalka T 
Accurate mobility modelling and location prediction based on pattern analysis of handover 
series in mobile networks. 
MOBILE INFORMATION SYSTEMS 5:(3) pp. 255-289. (2009) 
DOI: 10.3233/MIS-2009-0084 

 
Independent citations: 2 All citations: 2 

[J4]. Burulitisz A, Szabo S, Imre S 
On the Accuracy of Mobility Modelling in Wireless Networks. 
PERIODICA POLYTECHNICA-ELECTRICAL ENGINEERING 48:(1-2) pp. 39-54. (2004) 
 

[J5]. Á Huszák, T Kiefer, V Simon, G L Tilk, S Imre, S Szabó 
Handling of Mobility in IP based Networks. 
HÍRADÁSTECHNIKA LVIII:(4) pp. 4-13. (2003) 
 

[J6]. P Fazekas, S Imre, L Pap, R Schulcz, S Szabó 
Call Admission Methods in Third Generation Mobile Systems. 
MAGYAR TÁVKÖZLÉS XI: pp. 38-42. (2000) 
 

[J7]. Fazekas P, S Imre, L Pap, R Schulcz, S Szabó 
Call Authentication Methods in Third Generation Mobile Systems. 
MAGYAR TÁVKÖZLÉS X:(1) pp. 18-21. (1999) 
 

[J8]. Laszlo Gyongyosi, Sandor Imre S Szabó 



96 

 

Performance Evaluation of Anycast-Based Micro-mobility Management. 
submitted to ELSEVIER PERFORMANCE EVALUATION, (2010) 
 

 
Journal Papers in Hungarian 

Article 

[J9]. Fazekas Péters, Imre Sándor, Jeney Gábor, Pap László, Schulcz Róbert, Szabó Sándor 
Nagysebességű vezetéknélküli hálózatok – a közeljövô technológiái. 
HÍRADÁSTECHNIKA LXIV: pp. 34-42. (2009) 
 

[J10]. Lendvai Károly, Szabó Sándor 
Azonnali üzenetküldő rendszerek mobil IMS környezetben. 
HÍRADÁSTECHNIKA LXIII: pp. 36-43. (2008) 
 

[J11]. Szabó Sándor, Bokor László 
Az IMS megjelenése és alkalmazása fix és vezetéknélküli mobil hálózatokban. 
HÍRADÁSTECHNIKA LXI:(10) pp. 11-19. (2006) 
 

[J12]. Szabó Sándor, Bokor László 
Multimédia szolgáltatás a következő generációs (NGN) hálózatokban. 
MAGYAR TÁVKÖZLÉS XVI: pp. 14-19. (2005) 
 

[J13]. Szabó Sándor 
A WIMAX-rendszerek alkalmazási lehetőségei. 
HÍRADÁSTECHNIKA LX:(8) pp. 2-7. (2005) 
 

[J14]. R Schulcz, S Szabó, S Imre 
Handover-támogató eljárások vizsgálata mobil ATM hálózatokban.: Handover Support 
Procedures Tested in Mobile ATM Networks. 
HÍRADÁSTECHNIKA LVI:(6) pp. 25-35. (2001) 

 
Independent citations: 1 All citations: 1 

[J15]. Fazekas Péter, Imre Sándor, Pap László, Schulcz Róbert, Szabó Sándor 
3. generációs mobil rendszerek hívásengedélyezési módszerei. 
MAGYAR TÁVKÖZLÉS 10:(1) pp. 18-21. (1999) 
 

 
Proceedings paper 

[P1]. Simon V, Huszak A, Szabo S, Imre S 
QoS Provision in IP Based Mobile Networks. 
LECTURE NOTES IN COMPUTER SCIENCE 2790: pp. 1137-1140. (2003) 
 
 

[P2]. Imre S, Pap L, Balazs F, Horvath J, Schulcz R, Szabo S 
The Song (solutions for Next Generation Mobile Systems) Project. 
LECTURE NOTES IN COMPUTER SCIENCE 2775: pp. 207-212. (2003) 
 
 

[P3]. Szabo S, Imre S 
An Adaptive Handover-supporting Routing Method for ATM Based Mobile Networks, and its 
Adaptation to Ip Scenarios. 
LECTURE NOTES IN COMPUTER SCIENCE 2094: pp. 11-19. (2001) 
IF: 0.415  



97 

 

 

Conference Paper 
Regular or poster paper 

[C1]. Lendva Károly, Szabó Sándor 
QoS Enabling Call Admission Control In UMTS, LTE Networks. 
In: 17th SoftCom - International Conference on Software, Telecommunications and 
Computer Networks. Split, Croatia, 24/Sep/2009-26/Sep/2009. 
pp. 1-6. Paper 1569231547. 
Conference Paper/Paper of lecture or poster/Scientific 
 

[C2]. Péter Fülöp, Sándor Szabó, Tamás Szálka, Károly Lendvai 
Precise Location Prediction Algorithms Using Improved Random Walk-based and 
Generalized Markovian Mobility Models. 
In: Networks 2008: 13th International Telecommunications Network Strategy and 
Planning Symposium. Budapest, Hungary, 28/Sep/2008-02/Oct/2008. (IEEE) 
Paper 1569110835 . (ISBN: 978-963-8111-68-5) 

 

[C3]. P Fülöp, T Szálka, S Szabó, K Lendvai, S Imre 
Accurate Mobility Modeling and Location Prediction Based on Pattern Analysis of 
Handover Series in Mobile Networks. 
In: 6th Inter. Conf. On Advances in Mobile Multimedia, MOMM2008. Linz, Austria, 
24/Nov/2008-26/Nov/2004. 
pp. 219-226. 

Independent citations: 1 All citations: 1 

[C4]. V Simon, L Bacsárdi, M Bérces, E Varga, T Csvorics, S Szabó, S Imre 
Overhead Reducing Information Dissemination Strategies for Opportunistic 
Communications. 
In: IFIP/IEEE MWCN 2007. Cork, Ireland, 19/Sep/2007-21/Sep/2007. 
Cork: IFIP, pp. 171-175.(ISBN: 978-1-4244-1719-3) 

 

[C5]. V Simon, L Bacsárdi, S Szabó, D Miorandi 
BIONETS: a new vision of opportunistic networks. 
In: Wireless Rural and Emergency Communications Conference. Rome, Italy, 01/Oct/2007-
02/Oct/2007. (IEEE) 
pp. 1-7. 

 

[C6]. Tamás Szálka, Péter Fülöp, Sándor Szabó 
Location Prediction Methods with Markovian Approach and Extended Random Walk 
Model. 
In: CISIM 2007 6th Computer Information Systems and Industrial Management 
Applications. Elk, Poland, 28/Jun/2007-30/Jun/2007. 
pp. 85-91. Paper 110. 

 

[C7]. Péter Fülöp, Sándor Szabó, Tamás Szálka 
Accuracy of Random Walk and Markovian Mobility Models in Location Prediction 
Methods. 
In: SoftCOM 2007 Conference. Split ; Dubrovnik, Croatia, 27/Sep/2007-29/Sep/2007. 
Paper 7091., (IEEE Catalog Number: 07EX1779C)(ISBN: 953-6114-95-X) 

 

[C8]. László Bokor, László Lois, Csaba A Szabó, Sándor Szabó 
Testbed of a Novel Media Streaming Architecture for Heterogeneous Wireless 
Environment. 
In: Location Prediction Methods with Markovian Approach and Extended Random Walk 



98 

 

Model. Orlando, United States of America, 21/May/2007-23/May/2007. 
Orlando: pp. 85-91. Paper 110. 

 

[C9]. L Bacsárdi, M Bérces, E Varga, T Csvórics, V Simon, S Szabó 
Strategies for Reducing Information Dissemination Overhead in Disconnected Networks. 
In: The 16th IST Mobile and Wireless Communications Summit. Budapest, Hungary, 
01/Jul/2007-05/Jul/2007. 
Budapest: pp. 1-5.(ISBN: 978-963-8111-66-1) 

 

[C10]. E Varga, T Csvórics, L Bacsárdi, M Bérces, V Simon, S Szabó 
Novel Information Dissemination Solutions in Biologically Inspired Networks. 
In: The 9th International Conference on Telecommunications- ConTEL 2007. Zagreb, 
Croatia, 13/Jun/2007-15/Jun/2007. 
Zagreb: pp. 279-284. 

 

[C11]. A Burulitisz, B Rózsás, S Szabó, S Imre 
On the Accuracy of Mobility Modelling in Wireless Networks. 
In: Location Prediction Methods with Markovian Approach and Extended Random Walk 
Model. Split ; Dubrovnik, Croatia, 27/Sep/2007-29/Sep/2007. 
Split: pp. 481-485. 

 

[C12]. Péter Fülöp, Károly Lendvai, Viktor Schlaffer, Sándor Szabó, Tamás Szálka 
Accessing Private Intranet Using Heterogeneous Network Infrastructure. 
In: EUNICE 2006 - 12th Open European Summer School. Stuttgart, Germany, 18/Sep/2006-
20/Sep/2006. 
pp. 85-92. Paper 14. 

Technical Session 3: Services in Wireless Networks 

[C13]. P. Fülöp, S. Szabó, T. Szálka 
Mobility managament with vertical handover in streaming networks. 
In: The 7th European Conference of Young Research and Science Workers in Transport 
and Telecommunications (TRANSCOM 2005). Zsolna, Slovakia, 27/Jun/2005-29/Jun/2005. 
pp. 87-90. 

 

[C14]. P Fülöp, S. Szabó, T. Szálka 
Seamless vertical handover with simplified tunneling. 
In: The 5th EURASIP Conference focused on Speech and Image Processing, Multimedia 
Communications and Services. Smolenice, Slovakia, 29/Jun/2005-02/Jul/2005. 
pp. 305-311. 

 

[C15]. I Dudás, L Bokor, S Szabó, S Imre 
Anycast-Based Mobility: A New Solution for Micro-mobility Management in IPv6. 
In: 3rd Inter. Conf. On Advances in Mobile Multimedia, MOMM2005. Kuala Lumpur, 
Malaysia, 19/Sep/2005-21/Sep/2005. 
Österreichische Computer Gesellschaft, pp. 157-168.(ISBN: 3-85403-195-5) 

In the book serie books@ocg.at 

[C16]. I Dudás, L Bokor, S Szabó, S Imre 
Anycast-Based Mobility. 
In: 13th. Int. Conf. On Software, Telecommunications and Computer Networks, 
Softcom2005. Split, Croatia, 15/Sep/2005-17/Sep/2005. 
pp. 1-4. Paper S6-5076-1509. (ISBN: 953-6114-78-X) 

 

[C17]. Dudas I, Bokor L, Bilek G, Imre S, Szabo S, Jeney G 
Examining Anycast Address Supported Mobility Management Using Mobile Ipv6 Testbed. 



99 

 

In: Proceedings of the Mediterranean Electrotechnical Conference - Melecon. Dubrovnik, 
Croatia, 09/May/2004-12/May/2004. 
(2)pp. 555-558. 

Independent citations: 3 All citations: 3 

[C18]. Burulitisz A, Imre S, Szabo S 
On the Accuracy of Mobility Modelling in Wireless Networks. 
In: IEEE International Conference on Communications. Paris, France, 20/Jun/2004-
24/Feb/2004. 
(4) IEEE, pp. 2302-2306.(ISBN: 0-7803-8534-9) 

 
Source: Scopus 

Independent citations: 6 All citations: 6 

[C19]. Vilmos Simon, Árpád Huszák, Sándor Szabó 
Hierarchical Mobile IPv6 and Regional Registration Optimization. 
In: ELMAR 2007: 45th International Symposium Electronics in Marine. Zadar, Croatia, 
16/Jun/2003-18/Jun/2003. (ELMAR) 
pp. 292-296. 

Independent citations: 1 All citations: 1 

[C20]. I Dudás, G Zs Bilek, S Szabó, S Imre 
New Methods for Providing QoS in IP Mobility. 
In: Eunice 2003 (European Network of Universities and Companies in Information and 
Communication Engineering) 9th Open European Summer School on Next Generation 
Networks. Balatonfüred, Hungary, 08/Sep/2003-10/Sep/2003. 
pp. 145-150.(ISBN: 963-421-576-9) 

 

[C21]. G Zs, Bilek, I Dudás, S Szabó, S Imre 
Providing QoS in IP Micro-mobility Networks. 
In: 12th International World Wide Web Conference. Budapest, Hungary, 20/May/2003-
24/May/2003. 
pp. 1-6. Paper 1. 

 

[C22]. A Burulitisz, B Rózsás, S Szabó, S Imre 
On the Accuracy of Mobility Modelling in Wireless Networks. 
In: 10th SoftCOM2002. Split ; Dubrovnik, Croatia, 08/Oct/2002-11/Oct/2002. 
FESB, pp. 481-485.(ISBN: 953-6114-52-6) 

Independent citations: 3 All citations: 3 

[C23]. S Szabó, S Imre, R Maka, B Rózsás 
Real-Time Handover Support In Mobile IP Networks. 
In: 6th International Conference on Telecommunications, Contel2001. Zagreb, Croatia, 
13/Jul/2001-15/Jul/2001. 
pp. 105-112. 

 

[C24]. S Szabó, S Imre 
Designing and Optimizing Wireless IP Networks using Genetic Algorithms. 
In: Ifip Workshop on IP amd ATM Traffic Management, Watm-eunice 2001. Paris, France, 
03/Sep/2001-05/Sep/2001. 
pp. 123-129. 

 

[C25]. Róbert Schulcz, Sándor Szabó, Sándor Imre, László Pap 
The Effect of the Reduced Radio Cell Size in Mobile Data Networks?2001 Polish-Czech-
Hungarian Workshop on Circuit Theory, Signal Processing, and Telecommunication 
Networks. 
In: 11th Symposium of AER (Atomic Energy Research). Csopak, Hungary, 24/Sep/2001-



100 

 

28/Sep/2001. 
pp. 85-95. 

 

[C26]. Róbert Schulcz, Sándor Szabó, Sándor Imre, László Pap 
The Effect of Radio Cell Size In wmATM Based Third Generation Mobile Systems. 
In: Applications and Services in the Wireless Networks, Aswn 2001. Evry (Paris), France, 
25/Jul/2001-27/Jul/2001. 
HERMES Scientific Publications, pp. 59-72.(ISBN: 2-7462-0305-7) 

 

 


