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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 timedependent 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
 P ( 0,0 ) P ( 0,1) P ( 0, 2 ) 


P =  P (1,0 ) P (1,1) P (1, 2 )  ,
 P ( 2,0 ) P ( 2,1) P ( 2, 2 ) 
(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)
v ( t + ∆t ) = min  max ( v ( t ) + ∆v,0 ) ,Vmax  ,

θ ( t + ∆t ) = θ ( t ) + ∆θ ,
x ( t + ∆t ) = x ( t ) + v ( t ) + cos θ ( t ) ,
y ( t + ∆t ) = y ( t ) + v ( t ) + sin θ ( t ) .

(2)
Here, Vmax is the maximum velocity, ∆v is the change in velocity which is uniformly distributed
between [ − Amax ∆t , Amax At ] , and Amax is the maximum acceleration of a given node. The parameter
∆θ means the change in direction which is uniformly distributed between [ −α∆t ,α∆t ] ], 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:

sn = α sn−1 + (1 − α ) s + (1 − α 2 ) sxn−1 ,

d n = α d n −1 + (1 − α ) d + (1 − α 2 )d xn−1 ,

(3)



where s and d are the new speed and direction of the node at time interval n, and α = 0 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 sx and dx are random variables from a Gaussian
n−1

n−1

distribution. Totally random values are obtained by setting α = 0 and linear motion is obtained by
setting α = 1 [28], while intermediate levels of randomness are obtained by varying the value of α
between 0 and 1.
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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 B = ( bxv , byv ) and the Deviation vector V = ( vxv , vyv ) . 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 + αV 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 RP ( t + 1)


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):

1


−
 −1 
b ( t + 1) = b ( t ) e τ +  σ 1 −  e τ 





2


 r,

 (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.
h [2 ]
h [1 ]

h [3 ]

h [6 ]

h [4 ]
h [5 ]

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
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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).
A
Q=
0

a
0 

pdfPH = f ( A, 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.
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Figure 4. Cell cluster where each cell dwell time is simulated with a PH distribution

A0

 h 1[ 4 ] a 1 α 0

 h 2[ 5 ] a 2 α 0

 h 3[ 6 ] a 3 α 0
 h 4 [1 ] a 4 α 0

 h 5[ 2 ] a 5 α 0
 h 6[ 3 ] a 6 α 0


h 0 [1 ] a 0 α 1

h 0[ 2 ] a 0 α 2

A1

h 1[ 3 ] a 1 α 2

h 2[ 6 ] a 2 α 1

A2
h 3[ 1 ] a 3 α 2

h 0[ 3 ] a 0 α 3

h 0[ 4 ] a 0 α 4

h 2[ 4 ] a 2 α 3
A3

h 3[ 5 ] a 3 α 4

h 4[ 2 ] a 4 α 3

A4

h 4[ 6 ] a 4 α 5

h 5[ 3 ] a 5 α 4

A5

h 6[ 2 ] a 6 α 1

h 0[ 5 ] a 0 α 5

h 6[ 4 ] a 6 α 5

h 0[ 6 ] a 0 α 6 
h 1[ 5 ] a 1 α 6 





h 5[1 ] a 5 α 6 

A6


(6)

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.
h[2]
h[3]
h[1]
h[0]
h[6]

h[4]
h[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.
h ' = [h ' [ 0 ], h ' [ 1 ], h ' [ 2 ], h ' [ 3 ], h ' [ 4 ], h ' [ 5 ], h ' [ 6 ] ]
h' [ 0 ] = p stay

(7)

h' [ i ] = ( 1 − p stay ) ⋅ h [ i ]

(8)

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.

17

L

vD
i

dnigle

R

Figure 7. The state diagram of the 3-state M-model
model (M3)
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1 − q − v − p
L
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1 − q2 − vRL − pRO
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p2

qL
vRL

vLR
qR

pOL

pOR

0 
pLO 
pRO 

qO 
(9)

The left-move
move state and the right
right-move
move state have different probabilities, because the transition
probabilities are not symmetric.
The balance equations for the Markov chain are then given as:

PS ⋅ (p1 + p2 ) = PL ⋅ ( 1 − q L − vLR − p LO ) + PR ⋅ ( 1 − q2 − vRL − pRO ) (10)
PL ⋅ ( 1 − qL ) = PS ⋅ P1 + PR ⋅ vRL + PO ⋅ POL

(11)

PR ⋅ ( 1 − q R ) = PS ⋅ P2 + PL ⋅ vLR + PO ⋅ POR

(12)

PO ⋅ ( 1 − qO ) = PL ⋅ PLO + PR ⋅ PRO

(13)

Similarly to the one-dimensional
dimensional case, the steady state probabilities of the transition probabilities
can be calculated. The result can be seen in Equations (14), (15) and (16):

18

PS =

1
+
v1 ⋅ ( p1 + p 2 ) + p1 ⋅ (1 − q 2 − v1 )
(1 +
v1 ⋅ (1 − q1 − v 2 ) + (1 − q1 ) ⋅ (1 − q 2 − v1 )
1
v 2 ⋅ ( p1 + p 2 ) + p 2 ⋅ (1 − q1 − v 2 )
v 2 ⋅ (1 − q 2 − v1 ) + (1 − q 2 ) ⋅ (1 − q1 − v 2 )

(14)

PL = PS ⋅

v1 ⋅ (p1 + p2 ) + p1 ⋅ ( 1 − q2 − v1 )
v1 ⋅ ( 1 − q1 − v2 ) + ( 1 − q1 ) ⋅ ( 1 − q2 − v1 )

(15)

PR = PS ⋅

v 2 ⋅ ( p1 + p 2 ) + p 2 ⋅ (1 − q1 − v 2 )
v 2 ⋅ (1 − q 2 − v1 ) + (1 − q 2 ) ⋅ (1 − q1 − v 2 )

(16)

With knowledge of the result one can predict the number of mobile terminals for time slot t+1 for
i

i

each cell, using Equation (17), where S adj ( r ) is the set of right neighbours of cell i, and Sadj(l ) is the
set of left neighbours of cell i.

N i ( t + 1) = N i ( t ) ⋅ PS ( i ) +
+

1
3 l ,C

∑N

l

( t ) ⋅ PR ( l ) +

i
l ∈ S adj ( l )

1
3 r ,C

∑N

r
i
∈
S
r
adj ( r )

( t ) ⋅ PM ( r )
(17)

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
q2
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qO

vO,1

......

O
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v1,3
p2 p
3

MN3

p5

p4

MN5

MN4

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.
6

1
−
pm
∑

m=1

6
 1− q − v − v
1 ∑ 1,m
1,O

m=2
6

1− q2 − ∑v2,m − v2,O

m=1,m≠2
6

1− q3 − ∑v3,m − v3,O
Π=
m=1,m≠3
6

1
−
q
−
v4,m − v4,O
∑
4

m=1,m≠4

6
1− q −
v5,m − v5,O
∑
5
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5
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0
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v6,O 

qO 

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.
6

Ni (t +1) = Ni (t) ⋅ (1− ∑ pm (i)) +
t

m=1

+

∑

i
j ,C j∈Sadj

N j (t) ⋅ (1− qdir( j,i) (i) −
t

(19)
6

∑v

dir( j ,i ),m
m=1,m≠dir( j ,i )

(i) − vdir( j,i),O (i))

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.).

t1

U1
Ci

U2
Cj

U3
Cj

...
...

t2
t3

Ck
Ck

Ck
Cl

Cj
Cj

...
...

t4

Cj

...

...

...

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).

t1

U1
Ci

U2
Cj

U3
Cj

...
...

t2
t3

Ck
Ck

Ck
Cl

Cj
Cj

...
...

t4

Cj

...

...

...

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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n

Using these definitions, let Sum[j] =

n

∑∑ Num(Pa(C

j

,Cind(j,k) )) , and the transition probabilities

l =0 k = 0

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

p(j) i =

Num(Pa(C j ,CInd(j,i) ))
Sum[j]
(20)

q(j) i =

v(j)

i ,k

Num(Pa(C j , C Ind(j,i) ))

=

Sum[j]
Num(Pa(C j ,C Ind(j,i) ))
Sum[j]

(21)

(22)

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
cell_num=61
mobiles_num=610
modeling_from=100
traceperiod_in_sec=1
modeling_based_the_last_x_trace
=300
generic_lambda = 100…0
HOV(1)…HOV(cell_num)
init_mobiles=10

Value
Number of cells in the simulation area
Number of mobile users in the simulation area
Simulation starts at the 100 th. Step
The time elapsed during two "time steps"
The number of traces used as the basis, to
calculate model parameters
The exponential dweel time of the cell
(parameter)
Unique handover vectors of the cells
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
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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 cellcluster. 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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time

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
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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 nonzero 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,
33

-

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

 p1 1
 p2 1

p1 2 
p2 2 

upper road. P = 

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.
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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).

AmT ,n ( t ) = Ami ,n ( t ) Pi + Amc ,n ( t )( 1 − Pi ) , (23)
where AmT ,n ( t ) is total link availability, Ami ,n ( t ) is the availability when mobility is independent and

Amc ,n ( t ) is the availability when mobility is correlated. The metric reflects independent or correlated
behavior as given by the value of Pi . A value of Pi = 1 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 ( x i , yi ) and ( x i , yi ) are travelling at speeds vi and v j with moving directions θi
and θ j respectively with a transmission range r, then the time period Dt during which they would
stay connected is predicted as:

Dt =

− ( ab + cd ) +

(a

2

+ c 2 ) r 2 − ( ad + bc )

2

, (24)
a2 + c 2
where a = vi cosθi − v j cosθ j , b = xi − x j , c = vi sinθi − v j sinθ j , and d = yi − y j .

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 C j and C k , moving at velocities Wj ,
and Wk , the relative mobility is obtained by fixing one group stationary. The effective velocity Wjk at
which C k is moving away from C j is given as Wjk = Wk + ( −Wj ) . Assuming that all groups have a
circular coverage region of diameter D wherein the nodes are uniformly distributed and are in
overlap, C k must move past a distance of the diameter D of C j ’s coverage area. The time taken for
the two groups to change from total overlap to complete separation is given as:
D
Tjk =
, (25)
2
w jk ,x + w2jk ,y
Where W jk = ( w jk ,x + w jk ,y ) . 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 ti+1 for each radio cell in the
PCN, based on the data collected (e.g. mobility traces, handover events) during timeslot ti . 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 ti+1 and t i+2 , etc. based on the number of users in cell k (the central cell), the first ring and
the second ring at timeslot ti .
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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

hk [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 N 0 ( t +1) and N0 (t + 2) if N0 (t) , N1 (t) and N2 (t) are known. Where Ni (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
p + (i) = +
, (26)
3 6⋅i
1 1
p − (i) = − . (27)
3 6⋅i
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).

1
N0 (t + 1) = N0 (t) ⋅ ( 1 − q) + N1 (t) ⋅ q , (28)
6
1
1

1

N0 (t + 2) = N0 (t) ⋅  q2 + (1 − q)2  + N1 (t) ⋅  ⋅ q ⋅ (1 − q)  + N2 (t) ⋅ q2 . (29)
6
3
24




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.).
i, j+2
i-1,
j+1
i-2,
j+1

i+1, j+1
i, j+1
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j

i-2, j
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i+2, j
i+1, j-1

i, j-1
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i+2, j-1
i+1, j-2

i, j-2

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 Ni , j (t + 1) assuming the number of mobile terminals in adjacent cells is known for
the time period t.
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h k [i ] = [ p1 , p2 , p3 , p4 , p5 , p6 ]

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);
Ni,j (t + 1) = Ni,j (t) ⋅ ( 1 − q) + q ⋅ (hi,j+1 [ 1 ] ⋅ Ni,j −1 (t) + hi+1,j [ 6 ] ⋅ Ni −1,j (t) +

.
hi+1,j −1 [ 5 ] ⋅ Ni+1,j −1 (t) + hi,j −1 [ 4 ] ⋅ Ni,j −1 (t) + hi −1,j −1 [ 3 ] ⋅ Ni −1,j −1 (t) + hi −1,j [ 2 ] ⋅ Ni −1,j (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.

Ni,j (t + 2 ) = Ni,j (t + 1 ) ⋅ ( 1 − q) + q ⋅ (hi,j+1 [ 1 ] ⋅ Ni,j −1 (t + 1 ) + hi+1,j [ 6 ] ⋅ Ni −1,j (t + 1 ) +
hi+1,j −1 [ 5 ] ⋅ Ni+1,j −1 (t + 1) + hi,j −1 [ 4 ] ⋅ Ni,j −1 (t + 1 ) + hi −1,j −1 [ 3 ] ⋅ Ni −1,j −1 (t + 1 ) +

(31).

hi −1,j [ 2 ] ⋅ Ni −1,j (t + 1 )).
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:

Ni,j (t + 2 ) = Ni,j (t + 1) ⋅ ( 1 − qi,j ) + qi,j+1 ⋅ hi,j+1 [ 1 ] ⋅ Ni,j −1 (t + 1) +
qi+1,j ⋅ hi+1,j [ 6 ] ⋅ Ni −1,j (t + 1) +
qi+1,j −1 ⋅ hi+1,j −1 [ 5 ] ⋅ Ni+1,j −1 (t + 1) + qi,j −1 ⋅ hi,j −1 [ 4 ] ⋅ Ni,j −1 (t + 1) +
qi −1,j −1 ⋅ hi −1,j −1 [ 3 ] ⋅ Ni −1,j −1 (t + 1) +
+qi −1,j ⋅ hi −1,j [ 2 ] ⋅ Ni −1,j (t + 1)).
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(32).

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 ( PS , PR , PL ) in Chapter
1.4.2. With these probabilities one can calculate N0 (t + 1) 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.).
1 3
1 3
N0 (t + 1) = N0 (t) ⋅ PS ( 0 ) + ⋅ ∑ Nl (t) ⋅ PR (l) + ⋅ ∑ Nr(t) ⋅ PL (r). (33)
3 l=1
3 r=1

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 timevarying 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),

EdgeinN =

6 + 12(N − 1) 1 + 2(N − 1) 2N − 1
=
=
, (34)
62N
6N
6N

EdgeoutN =

6 + 12N 2N + 1
=
, (35)
62N
6N

EdgeinnerN =

6 ⋅ 2N 1
= . (36)
62N 3
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where EdgeinN denotes the number of inter cell edges toward the central cell (incoming edges,
viewed from the central cell), EdgeoutN denotes the number of edges on the outer side of the ring
(outgoing edges) and EdgeinnerN 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
EdgeinN , EdgeoutN and EdgeinnerN are illustrated by the blue, yellow and pink lines, respectively.
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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 EdgeinN , EdgeoutN and EdgeinnerN , 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
limN→∞ EdgeinN = limN→∞ EdgeoutN = limN→∞ EdgeinnerN = . (37)
3
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 N + 1 -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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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
The
N

1
pEdgeinN =   . (38)
6

An upper bound on the probability PN of a user from ring no. 1, 2, etc. reaching the center of the ring
is given by
N

PN = 6N ⋅ ∏
i=0

2i − 1
. (39)
6i

Figure 27. depicts the results on the probability PN of a user from ring no. 1, 2, etc. reaching the
center.
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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
parameter N) increases. The
e results of my analysis can be utilized in
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optimizing the RCAC algorithm; according to Equation (39), it is sufficient to rely only on the first two
levels of rings,, which simplifies the application of the RCAC method in real life scenarios.
sce
It is important to point out, that the
these results are valid for the worst-case
case scenario,
scenario in case of uniform
user movement directions. However, if user movement directions are not evenly distributed, then
th
the RCAC algorithm can provide even better performance. To wind up this chapter, I demonstrate
two methods to adjust the ring concept to non-uniform user movement directions distributions and
to the M3 model (see chapter 1.4
1.4.2). The Handover-vector (HOV) was introduced in chapter 1.4.1,
and represent
resent a convinient way to describe non-uniform user movement directions.
directions
The first method provides an o
optimization of the ring concept in non-uniform
uniform user movement
distributions; The original concept of RCAC is suitable for situations, when the user distribution
d
and
handover probabilities are similar in the cells of the rings. In this case, the individual cells can be
grouped into a single ring efficiently.
However, when the user distributions and handover probabilities differ in the cells of the rings,
rings one
van enhance the accuracy of the RCAC algorithm, by forming non uniform rings.
If only a few cells in the rings have different NUi and HOVi values, it is beneficial to remove that cell
from the ring, and introduce this cell as an additional state to the rings. This way the most differing
cells will be handled properly in the model, and the number of states thus the complexity will remain
as low, as possible. In the case of non
non-uniform NUi and HOVi distributions, the ring can be extended
further in those directions, where the HOV values the greatest are.

Figure 28. Ring concept in non-uniform HOV distributions.

The level of accuracy enhancement depends on the differences
ifferences in the user distributions and the
differences in the handover vectors of the cells inside the ring. Let ΔNU and ΔHOVi denote these
values, where
 NUi 
ΔNU = ∑ 
,
ring  NUi avg 

(40)

 HOVi 
ΔHOV = ∑ 
. (41)
ring  HOVavg
i


The level of accuracy enhancement will be sum of the cell values minus the average of the ring.
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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.

R2

R1

R0

Cx

O
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.
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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 subring 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

Cg = 2 (τ 1 + τ 2 ( dAR−MAP + dMAP −HA ) ) + 2NCN (τ 1 + τ 2 ( dAR−MAP + dMAP−CN ) )
+ PHA + PMAP + NCN PCN ,

(42)

where τ 1 and τ 2 are unit transmission costs in wireless and wired environment, NCN 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:
•
•
•
•

d AR −MAP : Average number of hops between AR and MAP,
dMAP −HA : Average number of hops between MAP and HA,
dMAP −CN : Average number of hops between MAP and CN,
dHA−CN : 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:
•

PHA : processing cost for binding update at HA,

•

PCN : processing cost for binding update at CN,

•

PMAP : processing cost for binding update at MAP.

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

Pr {R → R + 1} C g + (1 − Pr {R → R + 1} ) C l
TC

, (43)

where TC 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:
FF
Cloc
=

XdomainCg + ( N ( R ) X cell − Xdomain ) Cl

ρ AMAP ( 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
. For large values the user is located close to the HA. On
α

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.
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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.
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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.
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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,
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•
•
•
•

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,
MBU : signaling bandwidth generated by a binding update message,
MPD : 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 [ 0,2π ] , 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=

4v
, (45)
π S

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=

4v
. (46)
π NS

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 = 1 −


1 
 γ . (47)
N
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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 km 2

T

0. 3 h

V

10 km h

MBU

68 byte

MPD

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.
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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
. If r value is large,
α

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.
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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
MIPv 6
C rel
=

RBMM
RBMM
HMIPv 6
=
, and Crel
, (48)
MIPv6
HMIPv6

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.
MIPv 6
The Crel
relative signaling cost of RBMM and MIPv6 schemes is illustrated in Figure 40. (lower is

better).
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Figure 40. Relative Signaling cost ratio to MIPv6 as a function of user speed.
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HMIPv 6
relative cost of RBMM and HMIPv6 is illustrated in Figure 41.
The Crel
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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 micromobility 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 IPAnycast 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 Clientside Software based approach. Moreover, the DHTs based anycast implementations has only a low
handoff support.

64

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 × LCS + 3 × LSS , where LCS is the one-way
latency between the client and the contact node, and LSS 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 × LCS + 1× LSS . [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 O ( gm) , and router overhead
O ( gs ) and O ( gs ) + O ( l × log ( gm ) ) , 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 O ( ng ) , with router overhead O ( gs ) .
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 micromobility 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 micromobility 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 micromobility 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 micromobility 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)
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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 linklayer 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 k > 0 are denoted by ARi , while the gateway router on level k = 0 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:
•

ARNo ( k ) : denotes the number of access routers in a tree of k-depth. Mobile nodes are

•

connected to access routers.
HONo ( 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.

•

TCrossover : 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.
Troot : denotes the needed delay time to reach the previous WIPPOA, when the correspondent
node is attached to the old WIPPOA.
URNo t : denotes the number of routers with updated routing information.
k

• TrNo : denotes the number of possible transitions.
•
Based on HONo ( 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
n = 2k and n = 2k +1 − 1, (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 nary 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 n k .

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:
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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
ARNo ( k ) = 2k . (50)

The total number of Access Routers of an n-level tree denoted by ARNo , and it can be calculated
as
n

ARNo = ∑ ARNo ( k ) = 2 n +1 − 1 . (51)
k =0

where k=0 is the gateway router.
The number of updated routers during the handover in a k-deep binary tree is denoted by URNo .
In the binary tree model, it can be defined by
URNo = 2k +1 − 1 . (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 ) :
HONo ( j ) = ARNo ( j ) × ARNo ( k − j ) = 2 j × ARNo ( k − j ) . (53)

75

If the number of Access Routers in a binary tree is ARNo = 2n +1 = 2m , then the number of possible
handovers
HO ( n ) = 2m × ( 2m − 1) .

(54)

The number of possible handovers HO ( k ) in a k-depth binary tree can be given by
HO ( k ) = 2k −1 . (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 ARNo in the j –th iteration step, can
be given by the actual step j and the sum of upper level routers for i = 1,… , j :
 j 2k +1 − 1 
ARNo ( k ) j = j +  ∑
 . (56)
 i =1 2 

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 HONo ( 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

HONo ( k )

1

ARNo ( k − 3) × 2 × 2 × 2

2

ARNo ( k − 2 ) × 2 × 2

3

ARNo ( k − 1) × 2

In Figure 46. I have illustrated the number of handovers of different depth in the Anycast based
micro-mobility model, for a k = 2 level binary tree. The actual level is denoted by L, the full arrow
represents the L = 1 handovers, the dashed arrow illustrates the L = 2 handovers.

k=2
L=2

L =1
L =1

L=2

L =1

L=2
L=2
Figure 46. The handover distribution on different levels in the Anycast based model

In Figure 47. I have illustrated the distribution of handover vectors HO ( k ) , k = 1,2,3,4 , which denotes
the number handovers of a k-depth tree. The routers on the depth of k are involved during the
handover.
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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 HONo ( k ) , the thick line with circles denotes the number of
handovers in level k = 1 , the thin line with triangles denotes the number of handovers in level k = 2 .
Similarly, the dotted line with squares and the dashed line denote the number of handovers in level
k = 3 and k = 4 , 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 j = 1,…, k − 1 as
k −1

HONo ( k ) = ARNo ( k ) × ∑ 2 j . (57)
j =1

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.

78

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 TCrossover . 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 TCrossover amount of time to refresh the routing tables in all nodes of subset A . After TCrossover
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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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 × TCrossover . 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 TCrossover amount of time to refresh the routing tables in all nodes of subset B . An additional
TCrossover is needed to refresh the routing entries in nodes of subset A , thus 2 × TCrossover 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 k = 1,… , n and the level number n of the
tree, as
n
n
 n

uplink
URNo
=  ∑ 2 k − 1 + 1 = ∑ 2 k − ( n + 1) = ∑ 2k − n. (58)
k =0
k =1
 k =1


The number of updated routers of j-depth in the new sub-tree at time tk is denoted by
 k −1 
URNo tk =  ∑ 2 j  − 1. (59)
 j =1 

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).
 j 2 j + 2 j −1 + … + 2 j −i
UP
URNo
= j +∑
t j +1
2
 i =1


 , (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 t j +1 .
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 i = 1,…, j as
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 j

levelchange
URNo
= j +  ∑1 + 2 j −i  . (61)
t j +1
 i =1


In Figure 50. I have illustrated the router updating mechanism.

t =3

k =3

t=4

t =5

t=2

t =5 t =3

t =6 t =6 t =6 t =6

t =1

t =4 t =4 t =2 t =0

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 2 k , and in every level change two routers are updated
in downlink direction and 2k −1 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 × TCrossover 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.
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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 AR n No ( 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
ARn No ( k ) = nk . (62)

In the n-ary tree model, the number of handovers in an n-level tree can be given by Equation (63).
HOn No ( n ) = nk +1 − 1. (63)

The number of k-depth handover transitions HONo ( k ) in an n-level tree can be calculated According
to Equation (64).
HO n No ( k ) = ( nk )( nk +1 − 1) . (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

Sload = l × N ×  × sLU + × sRU  ,
t
v


(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,
sRU : size of the routing protocol update messages,
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•

sLU : 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 ∑ ( HONo ( k )). (66)
k

The convergence time tc 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:
tc = [ node] × d p + [ link ] × dl = [ node ] × d p + ( [ node ] − 1) × dl , (67)

where dl denotes the link delay, d p is the process delay, and [link ] = [ node] − 1 .
Using link delay dl and process delay d p 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
i = 0,…, k as
k

D = ( dl + d p ) × k = ∏ ( c − 1) ci , (68)
i =0

where dl denotes the link delay, d p is the process delay, and c is the number of previous links for the
routers.
The cumulative delay d cummulative of a k-level tree can be calculated as the sum of the number of
handovers of k-depth HONo ( k ) , multiplied by the delay D for a k-level tree, in the following way
d cummulative = ∑

HONo ( k ) × ( d p + dl )

∑ AR ( k )

=∑

No
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HONo ( k )
× D, (69)
∑ ARNo ( k )

k

where D = ( dl + d p ) × k = ∏ ( c − 1) ci .
i =0

In my model, the number of possible handovers of k-depth tree HONo ( k ) can be calculated as the
product of number of Access Routers on the previous levels ARNo ( k − i ) for i = 0,…, k , divided by
ARNo ( k − i − 1) , and the number of access routers ARNo ( k ) of k-depth:
k

HONo ( k ) = ∏
i =0

ARNo ( k − i )
×ARNo ( k ) (70)
ARNo ( k − i − 1)

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

HMIP

Cellular
IP

Handoff type

L2
trigger

Move detection
latency

Total IP
latency

Uncertainty time

Stations
involved

Inside a hierarchy

No

tmip

2 tcross

tmip+ tcross

2 ncross

Between
hierarchies

No

tmip

2 tHA

tmip+ tprev

ngate +1

Semi-soft handoff

SHRT

Radio layer

2 tgate

max
(tcrossdttrigger)

ngate

Hard handoff

No

tmip

2 tgate

tmip+ tcross

ngate

Forwarding
scheme

SHRT

Radio layer

2 tprev

tmip+ tprev

nprev

Non-forwarding
scheme

SHRT

Radio layer

2 tprev

max
(tcrossdttrigger)

nprev

HAWAII

The downlink routing update delay is tcrossover for Inter-network traffic ( tcrossover 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 t previous ,
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since routing update message has to reach the former WIPPOA ( t previous 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 × t gate , ( t gate is the time
needed to reach the CIP domain gateway) HAWAII - 2 × t previous , HMIP - 2 × tcrossover . Besides handover
delay, the number of involved stations is low, ncrossover or n previous regarding. ( ncrossover 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.
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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
AOSPF
APF
APS
AR
ARD
BPS
BS
BSC
CID
CIP
CN
COA
CREV
DHT
DNS
GPS
GREAL
GSM
HA
HAWAII
HMIPv6
HOV
HSDPA
IAS
ICMP
ID
IMS
IP
IPv4
IPv6
LA
LCoA
LM
LU
MANET
MAP
MAP
MCS

Average Error Level
Advanced Open Shortest Path First
Adaptive Periodic Flood
Acceptable Performance Scheme
Access Router
Anycast Receiver Discovery
Best Performance Scheme
Base Station
Base Station Controller
Cell ID
Cellular IP
Correspondent Node
Care-of-Address
Cell-dependent Relative Error Value
Distributed Hash Tables
Domain Name Service
Global Positioning System
Greedy Algorithm
Global System for Mobile Communications
Home Agent
Handoff-aware Wireless Access Internet Infrastructure
Hierarchical Mobile Internet Protocol version 6
Handover Vector
High Speed Data Packet Access
Internet Anycasting Service
Internet Control Message Protocol
Identifier
IP Multimedia Subsystem
Internet Protocol
Internet Protocol version 4
Internet Protocol version 6
Location Area
On-link Care-of Address
Location Management
Location Updating
Mobile Ad Hoc Network
Mobility Anchor Point
Mobile Application Part
Mobile Communication System
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MIPL
MIPv6
MMTP
MN
MNO
MREV
MSC
MT
O&M
OAM
OSPF
OSS
PCN
PH
PIAS
PIA-SM
PLMN
QoS
RA
RBMM
RCAC
RNC
RPGM
RRM
RW
TREV
UMTS
URL
UTRAN
WIPPOA

Mobile IPv6 for Linux
Mobile Internet Protocol version 6
Multimedia Mobile Transmission Platform
Mobile Node
Mobile Network Operator
Model-dependent Relative Error Value
Mobile Switching Centre
Mobile Terminal
Operation And Maintenance
Operation And Maintenance
Open Shortest Path First
Operations Support System
Public Cellular Network
phase-type
Proxy IP Anycast Service
Protocol Independent Anycast Sparse Mode
Public Land Mobile Network
Quality-of-Service
Routing Area
Ring based Mobility Management
Ring based Call Admission Control
Radio Network Controller
Reference Point Group Mobility
radio resource management
Random Walk
Time-dependent Relative Error Value
Universal Mobile Telecommunications System
Universal Resource Locator
UMTS Terrestrial Radio Access Network
Wireless IP Point of Attachment
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