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Chapter 1 
 

1 Introduction 
 

A key technical challenge for next-generation mobile networks is to provide seamless 
access guarantees for mobile users. The seamless access and low delays can only be 
achieved by means of efficient mobility management to handle the frequent handovers 
that is experienced by a typical Mobile Terminal (MT). Therefore mobility tracking is 
critical for the next generation mobile networks to enable seamless handover [1]. Future 
mobile networks will provide ubiquitous services to a large number of MTs and the 
design of such networks is based on a cellular architecture that allows the efficient use of 
the limited available spectrum. As it is well-known, cellular communications have 
experienced an explosive expansion due to recent technological advances in cellular 
networks and cellular phone manufacturing and it is expected that they will experience 
even more growth in the next decade. 

In a cellular network, a service coverage area is divided into smaller areas of 
hexagonal shape, referred to as cells, where each cell is served by a base station (BS). 
These fixed BSs are interconnected through a fixed network (the BSs are connected to the 
mobile switching center (MSC), which is, in turn, connected to the public switched 
telephone network), while the MTs communicate with the BSs via wireless links. 
Neighbouring cells overlap with each others, ensuring continuity of communications 
when the users move from one cell to another.  To terminate a call, the network first 
needs to identify the MSC and the cell in which the mobile station is presently located. 
How to locate the current residing cell of a MT is an issue of Location Management (LM) 
[2]. 

Upon the arrival of a mobile-terminated call, the system tries to locate the MT by 
searching for it among a set of base stations over the current area knowledge of the 
mobile. This search is called paging [3], and the set of base stations in which a mobile is 
paged is called the Location Area (LA). At each LA boundary crossing, MTs register 
their new locations through signalling in order to update the location management 
databases (location update procedure). MTs are free to move with a given LA without 
updating their location, informing the network only when crossing to a new LA. If a call 
is to be forwarded to the MT, the network must now page every cell within the LA to find 
out their exact location. Network cost is incurred on location updates and paging, the 
balance of these defining the field of Location Management, therefore the two basic 
operations involved in LM are the location update procedure and paging. The tradeoff 
between these two operations could be illustrated with two extreme scenarios, the 
always-update (proactive) and the never-update (reactive) case. In the always-update case 
each MT sends an update message every time it moves to a new cell, while in the never-
update scenario the MNs never send update information regarding their current location. 
Obviously in the always-update scenario the overhead due to the transmission of update 
messages is very high, particularly in mobile networks with small cells and a large 
number of highly mobile nodes, while the overhead of finding MTs namely the paging is 
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zero, since the precise position of each MT is all the time known. In the never-update 
scheme there is no overhead for the updating procedure, but each time when there is a 
need to find a MT, the paging overhead will be extremely high, especially in a case of a 
large network or for high call arrival rates. 

These two updating scenarios demonstrate the basic handoff problem of LM. 
Frequent location updates can be a very costly operation, especially for users with 

comparatively low call arrival rates. The update overhead not only puts load on the core 
(wired) network but also reduces accessible bandwidth in the mobile spectrum, including 
the modification cost of the location databases. The heavy power consumption of the 
MTs is also a major drawback of needless location updating. On the other side network-
wide searches load both the backbone and the wireless network. 

Therefore a huge number of schemes have been proposed to decrease the amount of 
location update messages required by a MT in a cellular network. Location update 
schemes are often classified into the categories of static and dynamic [3]. 

In the static location update solutions a predetermined set of cells is used at which 
location updates must be generated by a MN independently from any user characteristics. 

Contrarily to this in the dynamic case a location update can be generated by a MN in 
any cell depending on its mobility. Accordingly static solutions provide a lower level of 
cost reduction and a lack of independent user tracking and parameterization, but allow 
efficient implementation and a reduced computational complexity. 

Dynamic schemes allow per-user parameterization of the location update frequency 
and hence may achieve lower location update costs, but a higher degree of computational 
overhead is required. 

A widely used static (or global) location update solution is the zone-based scheme, 
where the coverage area of the network is divided into the above-mentioned Location 
Areas, where each LA consists of a group of cells. When a MT crosses a boundary of a 
LA, the user updates the system with its new location information. The LAs are 
determined in advance based on static movement probabilities. The existing standards for 
location management in current mobile networks such as GSM [4], IS-41 [5] and UMTS 
[6] use zone-based schemes for mobility management, the difference between the 
employed zone-based techniques will be explained later on.  

The location update process may be triggered periodically or on LA boundary 
crossings, which is more common. The former scheme is much simpler to implement, 
only requiring the MT to send a location update message containing its present LA at 
regular time intervals. The drawback of this method that it is not capturing the details of 
user movement and therefore the update frequency could be much higher than 
appropriate to the current rate of the MT movement. On the end there are no guarantees 
that the network will have precise information of the exact LA the MT resides in. The 
boundary crossing method is more precise; the updating process is triggered only when 
crossing to another LA. The weakness of this method is the ping-ponging effect [7], 
where the MT moves repetitively between the boundaries of two or more LAs, generating 
a huge number of location update messages with comparatively low physical mobility. 

A variety of new LA based schemes are introduced in the literature, presenting 
improvements to the basic LA solutions. For instance several schemes have been 
proposed to address the ping-ponging problem, such as the Two Location Area (TLA) [8] 
and Three Location Area (TrLA) [7] mechanisms. In these papers multiple LAs are 
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assigned to a MT, location updates are needed only when one of the respective two or 
three LAs has been exited. 

To terminate an incoming call the network needs to find the accurate location cell of 
the MT, by sending a paging message to all of the cells where the MT could be in that 
moment. Various paging procedures have been proposed, the most commonly used are 
blanket paging (also known as simultaneous), sequential paging and intelligent paging. 

In the blanket paging scheme the paging area will be equal to the LA, which means all 
the cells in the given LA are paged simultaneously to deliver an incoming call. This 
paging procedure will cause a low paging delay, but may produce excessive paging 
traffic; it is used in the current GSM networks. In sequential paging the LA is divided 
into smaller areas called a Paging Area (PA), polling these groups of cells in a paging 
area one-by-one, in a polling cycle. This polling cycle is defined by the round trip time 
from the time when a paging message is transmitted to the time when the response is 
received. While this scheme is capable of reducing the paging load, it may introduce high 
paging delay (increasing it exponentially), therefore it is important that the PAs are 
formed from a larger number of cells. The order of paging each area and the number of 
cells per PA is crucial to the performance of this scheme. The simplest ordering of PAs in 
the sequential paging procedure is the random one, where each PA is polled in a random 
order. It is outperforming the blanket scheme in terms of total number of polling 
messages, but solutions where the next polled PA is located geographically close to the 
previously updated location can reduce even more the number of polling messages. The 
main drawback of this method is that it requires the knowledge of the geographical 
structure of the network and for MTs with high mobility will perform disappointingly. 

A lot of research has been done on an intelligent paging scheme [9], [10], where the 
paging order is based on pre-established probability metrics. The basic principle of 
intelligent paging is to page cells sequentially based on particular user information like 
residence probabilities, MT speed and etc. Research of intelligent paging primarily 
focused on the estimation of the user location probability; therefore the cells with higher 
probability of being the location cell of the user are paged first to reduce the paging 
traffic and delay. The user location probability can be assigned based on the latest 
registration location, MT mobility and the time elapsed since the last location update. 
Although the paging traffic and delay can be decreased this way, the computational 
overhead is high for this solution, so it is infeasible for large cellular networks. 

As mentioned above, unlike static location update mechanisms, the dynamic ones 
allow per-user parameterization of the location update rate. Therefore the location update 
may be performed from any cell in the network, taking into consideration the call arrival 
and mobility patterns of the user. One group of the dynamic location update solutions are 
the threshold-based schemes, where each MT updates its location when a given 
parameter increases beyond a defined threshold. There is no notion of LAs, the selected 
thresholds are adapted to the individual user mobility patterns and communication traffic. 

The location update can be performed due to the time elapsed since the last 
registration process [11], which has the advantage of simple implementation, but  a 
disadvantage of poor performance caused by unnecessary LUs performed by stationary 
MTs. The two most significant spatial domain threshold-based LU strategies are the 
distance-based [12] and the movement-based [13]. In the distance-based strategy the 
location update will be performed, when the MT moves a threshold number of cells away 
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from the cell where the last registration process was carried out. This threshold distance 
can be adjusted for each MT dynamically. In the movement-based LU strategy the 
number of cell boundary crossings measured since the previous update is counted by the 
MT, and when this number exceeds a given threshold value, the MT performs a location 
update. Bar-Noy et al. [3] have compared time-, distance-, and movement based schemes 
in terms of location management cost, and they have shown that the distance-based one 
performs best. However, its implementation is quite hard in a real-world network [14], 
since the distance of the mobile terminal has to be computed dynamically as it moves 
from cell to cell and this not only requires the device to maintain information about its 
starting position, but also to possess some concept of a coordinate system, allowing the 
calculation of distance between the two points. The hybrid of distance-based and zone-
based approach is studied by Casares-Giner et al. [15]. 

A large group of dynamic location update schemes are the profile-based solutions, 
where the network database maintains the individual mobility patterns for each user. One 
of these solutions is the personal LA approach, where different LA sizes are defined for 
each user, like in [16], where a new location tracking strategy based on each mobile's 
moving behavior is introduced. From the moving behavior of each MT a time-varying 
probability of the mobile is estimated and then the optimal paging area of each time 
region is derived. Another profiled-based solution is when the network has a list of the 
most probable cells for the users to be located in [17]. When a location update occurs, the 
network management sends the list to the MT, containing what may be considered a 
complex LA. Therefore the MT will send its location information only when entering a 
cell which is not on the list. Sen et al. recommend that users can skip some update 
operations while they cross the LAs boundaries [18]. When a call comes in, the network 
uses the profile information to estimate the probability for each LA that it is the current 
LA of the user. The network then starts the paging procedure for the LAs in order of 
decreasing probability.  

While the dynamic location update schemes, especially the profile-based solutions 
offer better utilization of wireless network resources, they add significant complexity to 
mobility management. Furthermore they require modification of the current standards, 
changes of the mobile network infrastructures and the update of handsets. Thus many 
dynamic location update schemes are still only theories, but not functional under real-
world circumstances.  

The current cellular networks use static location update solutions, namely the zone-
based schemes combined with different paging strategies. The currently two commonly 
used standards for location management in the Public Land Mobile Network (PLMN): 
the Electronic and Telephone Industry Associations EIA/TIA Interim Standard (IS-41) 
and the Global System for Mobile Communications (GSM) Mobile Application Part 
(MAP) both deploy the classical Location Area based location update scheme combined 
with a blanket paging scheme. In GSM the MT triggers a location update periodically 
also, i.e. after a certain time threshold T expires.  

Zone-based location update solutions are used in UMTS also; the cells are grouped 
into Routing Areas (RAs) and further grouped into UTRAN registration areas (URAs) 
[19]. Therefore UMTS utilizes a three-level location management strategy, i.e., a MT is 
tracked at cell level during packet transmission session, at the URA level during the idle 
period of an ongoing session, and at the RA level when the MS is not in any 
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communication session. The LA planning principles introduced in my Theses could be 
used also for forming of these location management areas. 

Given the increasing number of MTs and transitions occurring from 2G to 3G it is 
crucial to improve location update and paging costs by allocating Location Areas in an 
optimal, implementable fashion. 
 

1.1 Thesis Contributions 
 
The theses are organized around four concepts that make the mobility management 
framework efficient and applicable in next generation mobile networks: 
 

I. Location Area optimization algorithms for a heterogeneous mobility environment 
II. Location Area optimization algorithms with for a homogeneous mobility 

environment 
III. Network design algorithm for optimizing the upper hierarchical mobile network 

levels 
IV. Overhead reducing information dissemination strategies for disconnected mobile 

networks 
 
 
 Chapter 2 (Thesis I, Heterogeneous Mobility Environment): 
 

• The mathematical description of the paging and location update cost 
function is introduced. 

• An LA forming algorithm (LAFA) is designed based on the statistical 
probabilities of the moving directions chosen by the mobile users. 

• A cell regrouping algorithm (CEREAL) is proposed for a refinement 
optimization 

• A mobility simulator is developed for the generation of a realistic border 
crossing and incoming call pattern as an input for the algorithms. 

• Results show that significant reduction was achieved in the amount of the 
signalling traffic. 

 
Chapter 3 (Thesis I, Homogeneous Mobility Environment): 
 

• A mathematical analysis for the determination of optimum number of cells 
per LA is presented. 

• The location update cost and paging constraint is introduced. 
• An LA forming algorithm is proposed that contains two phases: a greedy 

algorithm (GREAL) is adopted which forms a basic partition of cells into 
LAs, and then a simulated annealing based algorithm (SABLAF) is 
applied for getting the final partition. 

• By comparing the values of the location update cost function significant 
reduction was achieved in the amount of the registration signalling traffic. 
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Chapter 4 (Thesis II): 
 

• Location update and packet delivery cost structure is introduced. 
• A hierarchical network design algorithm (HIENDA) is created based on 

the structure given by the LA planning algorithm from Thesis I, aligned 
with a MAP allocation algorithm. 

• A simulation evaluation is presented. 
 
Chapter 5 (Thesis III): 
 

• The communication architecture of a disconnected mobile network is 
introduced. 

• Two novel information dissemination strategies (MIOBIO, Multi-Message 
SBA) for disconnected mobile networks are presented. 

• The performance of the two novel information dissemination algorithms is 
evaluated using the BIONETS Simulation Platform, comparing them with 
the recent algorithms chosen from the literature. 

• A novel approach is introduced to use an evolution based decision 
mechanism which utilizes natural selection for choosing the adequate 
information dissemination algorithm for different mobility environments 
in a self-managing MANET 

  
Chapter 6 is devoted to the summary 
 

1.2 Research Objectives 
 

As highlighted above one of the key tasks in the field of Location Management is to 
find balance between the network cost caused by location update and paging operations. 
This tradeoff can be found in the zone-based schemes by means of efficient LA planning. 
Therefore the question arises, what size the LA should be for reducing the cost of paging 
and LU signalling (or registration signalling). 

Both, increasing and decreasing the size have their own benefit. On the one hand if we 
join more and more cells into one LA, then the number of LA handovers will be smaller, 
so the number of location update messages sent to the upper levels will decrease. 
However in the case of large number of cells belonging to LA, an incoming call will 
cause lot of paging messages [20], since we must send one to every cell to find where is 
the mobile user inside that LA. These network-wide searches will load both the backbone 
and the wireless network. On the other hand if we decrease the number of cells, then we 
do not need to send so much paging messages, but then the number of LA changes will 
increase. This will cause a remarkable update overhead which puts load not only on the 
core (wired) network but also reduces accessible bandwidth in the mobile spectrum, 
including the modification cost of the location databases. The heavy power consumption 
of the MTs is also a major drawback of needless location updating. Therefore the overall 
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problem in LA planning comes from the tradeoff between the paging cost and the 
registration cost.  Figure 1 shows a mobility management scenario, dividing the cell 
handovers into two major groups: inside the mobility management zone (intra-domain) or 
between these zones (inter-domain), the domains correspond in this case to Location 
Areas. 

 
 

 
    

Figure 1 The Location Area planning problem 
 

Location Area planning in zone-based schemes is widely studied; these LA planning 
methods can be grouped into two categories. In the first group a uniform user distribution 
and inter-cell movement rate is assumed, and with these assumptions optimal LA 
planning is introduced [21], [22]. These results can not be applicable to most of the 
practical cases where these network properties are heterogeneous [23]. The second group 
consists of LA planning solutions where the network is described by a graph [24], [25] 
where the cells of the network are represented with the nodes, and the inter-cell 
movement rates with the edges of the graph. This way the LA planning is mapped to a 
graph partitioning problem. In [26] a LA planning scheme is introduced for covering 
highways where a homogeneous traffic and user density is assumed. This contribution, as 
papers [13] and [27] also, are dealing with the determination of the optimal number of 
cells in an LA, but they were not focusing on the selection of the optimal set of cells for 
each LA.  

Instead of this, the objective of my thesis was to propose a solution to obtain the 
optimal partition of cells for every LA. As mentioned above, the uniform inter-cell 
movement rate distribution is not always realistic, therefore I present a LA planning 
solution for the heterogeneous mobility environment and for the homogeneous also, and 
this gives the real novelty of my work. In the heterogeneous case, the optimisation goal 
was to reduce the Location Update and the aggregated cost, while in the second case the 
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Paging Cost is considered as a constraint; therefore the Location Update Cost is left alone 
in the objective function. 

This two-case LA planning scheme (Thesis I) gives the input to my hierarchical 
network design algorithm (Thesis II), therefore these two design methods constitute an 
integral cellular network planning framework.  

To address not only the designing aspects of a cellular network, in Thesis III novel 
information dissemination strategies are introduced for a non-traditional communication 
approach: my research interest was in developing novel information dissemination 
solutions for disconnected, autonomous networks, lacking any central infrastructure, to 
decrease the signalling overload of message forwarding. Thus beside the practical 
designing methods for already world widely used networks, new algorithms are presented 
for autonomic networks which is a cutting edge area in the field of information science, 
and it is believed to cause a marked shift in the way communication systems and 
networks are conceived. An important objective was to use a bio-inspired framework 
which utilizes natural selection for choosing the adequate information dissemination 
algorithm for different mobility environments in a self-managing mobile ad hoc network. 
In this framework the cooperation between the nodes can be examined, how they improve 
the overall parameters of the system like throughput and data age. 

 

1.3 Research Methodology 
 

Two classical approaches were used in my theses: analytical considerations and 
simulations. In the analytical part the cost structure was defined for the first three 
optimization issues (Theses I.-II.) and the mobile network was modelled with a graph, 
introducing the mathematical description of the algorithms. In Thesis III. the mobility 
models were developed by modifying the existing group mobility models taken from the 
literature, adapting them to a disconnected mobility environment. 

All the algorithms are implemented in the simulators together with the recent 
contributions in the field, providing a useful tool for the performance evaluation of the 
new mobility management framework. The input of the algorithms was generated by the 
mobility simulator, producing a realistic cell boundary crossing (inter-cell movement 
rate) and incoming call database in a given mobile system, which is a good representation 
of the mobility patterns in real life. 

To use real world measurements and prototyping for cellular and disconnected 
networks is a heavily money consuming process, which I could not afford in my research.  
 
 
 
 
 
 
 
 
 
 

13 



 

Chapter 2 
 

2 Location Area Optimization Algorithms for a 
Heterogeneous Mobility Environment 

 

2.1 Computational Complexity of the Problem 
 

As explained in Chapter 1, most of the references related to the LA design are focused 
on how to determine the optimal number of cells for an LA,, while in this thesis an 
algorithm is presented which can give us the optimal partition of cells into LAs. 

In this chapter a LA planning method is introduced for a heterogeneous mobility 
environment, which means the inter-cell movement rate distribution is not near uniform, 
as it is assumed in the majority of LA planning schemes published earlier. Therefore the 
goal was to reduce the sum of the location update and paging cost, while in the near-
uniform distribution case (Chapter 3) the final goal is the determination of optimum 
number of cells per LA for which the location update cost is minimum, with the paging 
cost as an inequality constraint function, which gives the novelty of this research, namely 
for both environments the LA structure can be optimized. 

My LA planning solution uses the basic idea to group cells according to the inter-cell 
movement rates, in such a way to reduce the inter-LA movements of the MTs. This 
means that the final goal was to maximize the intra-LA traffic, because in this way the 
number of the LA handovers can be decreased, and therefore the total amount of 
administrative messages. The number of LA handovers can be reduced by joining the 
cells, along the dominant moving directions, as it will be introduced later. 

The problem of partitioning the given set of cells into a family of disjoint subsets such 
that the cardinality of each subset is lower than or equal to a constraint (number of cells 
in a LA) and the total inter-cell movement rate between the members of each subset is 
maximized was found in [28] as NP-complete, with a detailed proof. 

Since the time required to solve this problem grows exponentially in the size of the 
problem, no algorithm exists that ensures optimal results in reasonable amount of time. 
Therefore, techniques that offer near-optimal solutions within acceptable run times are 
required. An adequate approach is the use of heuristic algorithms for approximating the 
optimum location area configuration. Only simulation examinations could be carried out 
to compare different LA planning solutions, analytical results could not be derived 
because of the complexity of the problem. 

Just to demonstrate the calculation time needed for finding the optimal partition of 
cells, which would require of examining all of the possible partitions. The number of 
ways a set of  elements can be n partitioned into nonempty subsets is called a Bell 
number and denoted . The Bell numbers satisfy this recursion formula nB
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B . The first few Bell numbers are from 

 to : 1, 2, 5, 15, 52, 203, 877, 4140, 21147, 115975, 678570, 4213597. From 
these expressions it can be seen that the number of partitions on a given set is the 
exponential function of the number of the set members, as the 

1=n 12=n

exponential generating 
function of the Bell numbers is ( ) 1−=

xeexf .  While using an average PC in the case of 
 the time required for the calculation of the partitions will be around 2 minutes and 

the memory of the file around 230 Mb, for 
12=n

13=n  the running time would take around 
15-16 minutes, while the memory demand will be around 1.7Gb. As it is the exponential 
function of , in the case of 3G cellular networks, where the number of cells can be few 
thousand, it is clear that the calculation of the optimal partition is beyond possibility. Not 
mentioning that the changes of mobility patterns in some areas should be followed from 
time to time, by recalculating the LA partitions. 

n

I have developed a LA planning method for a heterogeneous environment which is 
composed of two phases: reducing the location update cost with a heuristic algorithm 
(LA forming algorithm) first, and after using that basic partition as an input to a 
regrouping algorithm, which will reduce the aggregated cost function. 

2.2 The Paging Cost Function 
 

On the arrival of an incoming call, the network sends a paging message to every base 
station which belongs to the LA where the MT resides, in order to find out the called MT 
[29]. So each cell in the given LA will carry all the paging traffic associated with the 
called MTs within that LA. In order to characterize a network configuration a paging cost 
function is defined for the LA by which we can describe the bandwidth seized by the 
paging operations in a unit time interval: 

thl

 

               ,           (1) p

K

i
illp BNC

l

l
⋅⋅=∑

=1
λ

 
where 
•  is the number of cells in the given  LA lN thl
• ilλ  is the incoming call rate to the given  MT  (number of calls in the unit time 

interval) 

thi

•  is the cost required for transmitting a paging message pB

• is the number of MTs in the  LA in the unit time interval lK thl
 
Using (1) the cost of the traffic can be determined, induced by paging messages for a 
given LA, generated by the incoming calls in the unit time interval. The total paging cost 
for the LAs in the system: 
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where M is the number of LAs in the system. 
 

2.3 The Location Update Cost Function 
 

I define also a location update cost function for the network, where the location update 
overhead is caused by the LA boundary crossings; these inter-LA movements will 
generate additional location update traffic, by informing their home agents about their 
new location. 

The location update cost for the  LA in a unit time interval: thl

     ,           (3) ∑
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⋅=
l

l

D

j
jllulu qBC

1

where 
•  is the cost required for transmitting a location update message luB
•  is the intensity of cell boundary crossings on the  boundary (number of 

crossings in the unit time interval) of the  LA in the unit time interval 
jlq thj

thl
• is the number of the exterior cell border-lines of the  LA lD thl

 
The total location update cost for the LAs in the system in the unit time interval: 
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where M  is the number of LAs in the system. 

The aim of the LA planning scheme is to reduce of the aggregated cost function, with 
variable weight factors, which takes into consideration both aspects of forming LAs. The 

 and  weight factors depend on the preferences of the network designer, typically 
the  and : 

1w 2w

12 wHw pref ⋅= [ ]10,2∈prefH
 

                                    { }luprefptotal CwHCwC ⋅+⋅= 11 .minmin .              (5) 
 

On the basis of the importance of paging or rather location update cost, different 
weights can be used, and in that way we can dynamically adjust weights to suit the actual 
requirements. 
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2.4 The Location Area Forming Algorithm (LAFA) 
 

Let us model the mobile network with the ( )EVG ,  graph, where the cells are the 
graph nodes , and the cell border crossing directions are represented by the edges 

 of the graph (see Figure 2). 
Vv∈

Ee∈
 

2.4.1 Definitions 
 

• If  then the cells represented by  and  are adjacent. { } Evv ∈21, 1v 2v
• If  and {  are the end points of { 21,vv } }21,mm Efe ∈, , and { } { } 0,, 2121 ≠∩ mmvv , 

then the cell border crossing directions  are adjacent. fe,
• If the set of nodes of graph  is equalled with the set of nodes of graph  and 

the edges of graph are an acyclic and connected subset of edges of graph G , 
then the graph  is the spanning tree of the graph .  

F G
F

F G
• If the weight function ℜ→Ec :  is defined on the edges of graph G  and the sum 

of the edge weights of graph  is maximal among the spanning trees of graph 
, then the graph  is the maximum weight spanning tree of graph G . 

F
G F

• If graph  is a forest (acyclic graph) and every component of graph  is a 
spanning tree of the corresponding component of graph G , then graph  is a 
spanning forest of graph G . 

F F
F

 
 

                
 
 

 
Figure 2 The representation of the mobile system by a graph 
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2.4.2 The Location Area Forming Algorithm (LAFA) 
 

Moving direction rates can be defined to every cell, they correspond to the 
probabilities of the moving directions chosen by the mobile users, when they step across 
the cell borders.  

This way weights can be defined to the edges of the graph G , non negative real 
numbers in the range [0,1], based on the probability values, namely the weights of the 
edges corresponds to the cell border crossing probabilities (the same term like inter-cell 
movement probabilities). The zone-based Location Area scheme is a static solution, 
therefore it takes the mobility patterns from a stationary state, it is wise to consider a 
longer time interval for a unit one (for example one day). In a longer time unit interval 
the majority of the mobile users use the same paths on their both ways (daily trips 
between home and workplace), therefore they will cross the same cell boundaries in both 
directions, so there is no sense to distinguish the concrete directions, only to register the 
rate of handovers on the given cell boundaries. This will determine the number of the 
location update messages also. 

As described above the Location Area Forming Algorithm (LAFA) needs to address 
the problem of partitioning the given set of cells into a family of disjoint subsets such that 
the cardinality of each subset is lower than or equal to a constraint (number of cells in a 
LA) and the total inter-cell movement rate between the members of each subset is 
maximized. This means graph ( )EVG ,  should be divided into subgraphs , in 
such a way to find the maximum spanning forest of graph , where the 
components of this maximum spanning forest are the maximum weight spanning trees of 
the correspondent  subgraphs, while the number of nodes in each subgraph is 
lower than or equal to a constraint; or a special stopping rule should be introduced. 

( EVGi , )
)

)

( EVG ,

( EVGi ,

Since this problem is NP-complete [28], I developed LAFA, which is a heuristic 
algorithm for approximating the optimum location area configuration, by finding the 
maximum weight spanning forest of graph ( )EVG , . 

The LAFA starts by creating a list of edges of graph ( )EVG ,  in monotonically 
decreasing order by weight. In the first step of the algorithm, the first edge on the list (the 
one, which has the biggest weight , if there is more than one biggest weight, then we 
choose one of them randomly) is included into the set of edges  ( ) (Figure 3). 
The two nodes connected by this edge are included into set 

maxc

1L { }11 eL =
{ }211 ,vvU = . In the next step, 

the second largest weight is selected (if there is more than one, we choose it in the same 
way as in the first step), and the two nodes which are connected by this edge are 
examined if they belong to the  set. If both are in the setV \ , then the edge, which 
connects them, is included into the  set of edges (

1U 1U

2L { }22 eL = ) and the two belonging 
nodes into the set . If one of the nodes is in the set , then we must make an 
evaluation step. 

2U 1U
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We must check if inequality 

                                            K
c

n

c
n

i
i

m >
⋅∑

=1

1
,                      (6) 

 
is satisfied, where  is the weight of the examined edge, and  are the weights of 

edges in the set . 
mc ic

1U K  is the lower bound, given by the designer of the network, later I 
will give recommendations for the values of K  derived from the results in Subchapter 
2.6.3. If the inequality is satisfied, the edge with the  weight can be included into this 
set ( ). If the inequality is not satisfied, this  weighted edge can not be 
included into this set. In parallel another upper bound is used in every evaluation step: the 
maximum number of nodes for a set of nodes, where the constraint is introduced 
because of the finite paging capacities of the network elements (

mc
{ 211 ,eeL = } mc

maxN

max1 NU ≤ ). The 
algorithm is terminated, when every node of graph ( )EVG , is included to a set of nodes, 
the node members of the  sets are actually the nodes of the MUUU ,....,, 21 ( )EVGi ,  
subgraphs (which are the components of the searched maximum weight spanning forest). 
These sets of nodes will give us the partitioning of cells into LAs, namely the 

 node sets are the LA cell groups, which were searched.  MUUU ,....,, 21

In the case of near-uniform cell border crossing probabilities (which will be the case in 
Chapter 3, in the homogenous mobility environment) where ji cc ≈  for  and if 

, then the final outcome of LAFA will be only one node set where every node 
of graph  is a member, accordingly all the cells would be grouped into one single 
LA. Because of this, a different LA planning method is introduced for the homogenous 
mobility environment. 

ji,∀

maxNN ≤
( EVG , )

Regarding the scalability of the algorithm the running time of the LAFA is dependent 
on the two most resource consuming operations: the comparison sorting of the weights, 
which has a time complexity of ( )EE log⋅Ο  and the union-find type algorithm (finding 
if the examined node pairs are already members of existing sets and merging the sets) 
with a disjoint-set data structure, the time complexity is ( )VE +Ο . 

Therefore LAFA offers near-optimal solution within acceptable run times for a 
heterogeneous mobility environment, approximating the optimum LA configuration. 
 
 
 

   { }11

max

eL
cp
=
=

 
 
 
 

Figure 3 Joining the two nodes (cells) into one set (LA) 
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2.5 The Cell Regrouping Algorithm (CEREAL) 
 

First drawback of the LAFA algorithm is that there could be node sets, where is only 
one element on the end of the grouping process because of (6), and the second is that it is 
minimizing the inter-LA traffic, therefore the Location Update Cost, but it is not 
optimizing the LA structure in the terms of the aggregated cost function (5), because the 
Paging Cost is not considered in LAFA. 

To improve the performance of LAFA in the terms of the aggregated cost function, I 
have developed also a regrouping algorithm, which would help to refine the cell grouping 
of the LAFA algorithm in cases when it is necessary. 
 

2.5.1 The Algorithm 
 

The goal is to reduce the aggregated cost function by transposing the cells into 
adjacent LAs which were determined by the LAFA. 
 
Steps: 
 
1. The initial setup of  and  weight factors for the aggregated cost function (5) on 
the basis of the importance of Paging or Location Update Cost  

1w 2w

2. Create a list of cells, which are located on the boundaries of LAs given by the LAFA 
algorithm (call them boundary cells, from [C3] the approximate number of boundary 
cells is NN p ⋅= κ ). 
3. For the first arbitrary chosen boundary cell and the adjacent LA (or LAs) with this cell, 
calculate the new aggregated cost for the whole system, if we regroup this cell from its 
original LA to the neighbouring LA. If there are more neighbouring LAs, calculate for 
each one the new aggregated cost caused by the regrouping of this boundary cell to the 
given adjacent LA.  
If 
    ( ) 0min

itotalnew1
<−

≤≤ totaloldRi
CC             (7) 

where R  is the number of neighbouring LAs of this cell,  is the aggregated cost 
after regrouping the cell to the neighbouring LA and  is the aggregated cost before 
this regrouping, then the cell should be included into the neighboring LA for which the 
new LA structure will generate the minimal .      

itotalnewC

totaloldC

itotalnewC

3. Iterate the  step for every boundary cell. nd2
4. If there is no more improvement of the aggregated cost by running a complete cycle on 
all the boundary cells, we can stop, otherwise repeat step 2. 
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This CEREAL algorithm will give a more effective LA partitioning than LAFA in the 
terms of aggregated cost, by finding a tradeoff between the two costs. 
 

2.6 Numerical Analysis 
 

As it was explained in detail above, the introduced problem of partitioning cells into 
LAs is an NP-complete problem, so I could give only a numerical analysis of the problem 
and evaluate the algorithms with a mobility simulator in two different heterogeneous 
mobility environments. I have also shown the effectiveness of the algorithms on a simple 
example network. 

In this section I will present the cost evaluation results, using the mobility simulator, 
as an input generator for the algorithms. The simulator produces the inter-cell movement 
rate and incoming call statistics, which are the input data of the algorithms to form the 
LA structure and calculate the cost functions. 

 

2.6.1 The Mobility Simulator 
 

A simulator (see screenshot in Figure 4) has been developed, which will give a 
realistic cell boundary crossing and incoming call database in a given mobile system, as 
an input to the algorithms. In the simulator an arbitrary road grid can be given, covered 
by cells of different size (for example WLAN, UMTS, GSM cell). We can choose 
between mobile terminals of different velocities, and we can give the incoming call 
arrival parameter to every mobile. 

This way different types of mobility environments can be designed (rural environment 
with highways or a densely populated urban environment with roads and carriageways), 
and grids of cells adapted to these environments. The mobile terminals will move on that 
road grid, choosing randomly a point on the road, just like in a real life. Because in 
everyday action the mobile users typically move to manage their duty tasks or 
entertainment (for example workplace, school, cinema, bank), and they want to arrive 
there in the shortest time, so the Dijkstra's algorithm was implemented in the mobility 
simulator, to find the shortest path of mobile terminals to their wanted destination. For 
every mobile terminal an incoming call arrival parameter is defined. When a call arrives 
to the mobile, the program assigns it to the cell where the mobile is in that moment. It is 
the same case when a mobile terminal changes a cell, the simulator registers that a cell 
boundary crossing happened in this cell-pair. On the end of the simulation; we get a cell 
boundary crossing and an incoming call distribution for every cell in our system. 

The numerical analysis could have been done without the mobility simulator also, but 
my goal was to provide a tool, which gives the possibility to plan the Location Area 
partitions for different type of networks, by choosing the road grid and cell structure.  
Another important aspect was to exclude the extreme scenarios, which can not happen in 
real-world networks and finally it speeded up the database creating process. 
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Figure 4 An implemented mobile network in the simulator 
 

2.6.2 The Traffic-Based Static Location Area Design algorithm 
 

To ascertain the effectiveness of my novel LAFA algorithm, I searched for a reference 
LA planning algorithm in the literature, which is addressing a similar optimization 
problem like my solution. One of the most remarkable LA planning schemes in the last 
few years was published in [28], with large number of citations from the research 
community. The Traffic-Based Static Location Area Design (TB-LAD) solution 
introduced in that paper is grouping cell pairs with higher inter-cell mobile traffic into the 
same LA, similarly like the LAFA algorithm. In the TB-LAD algorithm a list of 
neighbours is created for each cell, in a decreasing order by the inter-cell traffic. The 
neighbour with the highest inter-cell traffic will be selected from the list and included in 
the same LA with this cell. In the next step the algorithm finds neighbours with the 
highest traffic from the neighbour lists of the cells that are included for the current LA 
and includes them into the current LA. This is terminated, when there is no more 
neighbour that can be included or the maximum number of cells is reached for the current 
LA. After starts the forming of the next LA in the same way. This is the main difference 
comparing to LAFA, where the LAs are not formed one after the other, but 
simultaneously, always including the actual cell-pair to an already existing LA or 
creating a new one, enabling to build the LA structure in a distributed way. Even though 
the TB-LAD scheme was proven as a very effective planning method for reducing the 
inter-LA traffic, it has a serious drawback because of the lack of the distributed way of 
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LA forming. This drawback can be shown in Figure 5 on a graph representation of a 
simple example network. First we apply the TB-LAD scheme on the network and after 
the LAFA to obtain the LA structure. For both schemes 3max =N , which means 
maximum three cells could be grouped into one LA. In the case of TB-LAD, in the first 
step cell  and  will be included into one , because the inter-cell traffic between 
them is the highest in the network. In the next step the highest inter-cell traffic connecting 
the neighbours of  with the cells of  is searched and that will result in including 
of cell  to . The forming of  will be finished with this step, because of the 

constraint. The second LA ( ) will be formed from  and . Therefore the two 
LA sets generated by TB-LAD will be 

1v 2v 1LA

1LA 1LA

3v 1LA 1LA

maxN 2LA 4v 5v
{ }3211 ,, vvvLA =  and { }542 ,vvLA =  as it can be 

seen in Figure 5 they are marked with dotted line circles. If we apply the LAFA, the first 
step will be the same like in the case of TB-LAD,  and  will be included into , 
because the inter-traffic between them is the highest in the network. The real difference 
will appear in the second step, because in LAFA we will not search for the highest inter-
cell traffic between the neighbour cells of  and the cells of , but for the highest 
inter-cell traffic between all of the cells in the network. Accordingly in this step we will 
not join  to , but we will create a new LA ( ) with  and , because they are 
connected by the highest biggest inter-cell traffic in the network which was not already 
included to . The cell  will be also joined to . So the final outcome of LAFA 
will be  and 

1v 2v 1LA

1LA 1LA

3v 1LA 2LA 3v 4v

1LA 5v 2LA
{ 211 ,vvLA = } { }5432 ,, vvvLA = . There is a significant difference between the 

two LA structures; in the case of TB-LAD the inter-LA traffic is much larger than for the 
LA structure obtained by LAFA. This simple example shows that my novel LA planning 
solution can improve the performance of an earlier important LA scheme by introducing 
a distributive LA forming method. 

1v  

200 

2v  

1 

3v  

199 

4v  

5v  

5 

 
Figure 5 An example network for comparing TB-LAD and LAFA 
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2.6.3 The Simulation Results 
 

To obtain a more thorough comparison of the two LA planning solutions, both 
algorithms were implemented in the simulator, to compare the performance of the two by 
using two typical mobility environments.  

A rural and an urban mobility environment has been designed in the mobility 
simulator, the first one is rarely populated, but on the belonging highways a big number 
of mobile terminals are moving with high speeds, while the second environment is 
densely populated, with mobile terminals moving with smaller velocities. In the rural 
environment the average cell size is larger then in the urban, accordingly there is a 
smaller number of cells. I run the simulation on a moderate sized example network, the 
rural mobile system consisted of 99 base stations, while in the urban system was about 
123 base stations. This moderate sized network can be representative for a larger network 
too, the size of the simulated network was chosen after studying the literature of the 
cellular network simulations. Saving the two above mentioned structures (road-system, 
cell allocation) the reproducibility of the results can be guaranteed. This made possible to 
run 10 independent simulations in the same simulation scenario, the output of the 
simulations was stored and averaged, a cell boundary crossing matrix and the incoming 
call distribution for every cell. This database was the input of the LA forming program, 
which designed the two LA structures for both mobility environments. 
 
A) Employing only the LAFA: Based on these LA partitions, the location update cost 
was computed for the LAFA created partition and the same cost was calculated for the 
LA partition designed by the TB-LAD reference scheme. 

For the rural environment the results of the simulation are given in Figure 6, where the 
Upper Bound of LA axis represent the maximum number of cells which can be included 
into one LA, namely the . In Figure 6 the Location Update Cost decreases as the 
upper bound becomes higher, but if we increase this upper bound, then the Paging Cost 
will increase, too. So in the TB-LAD partition we can decrease the Location Update Cost 
if we increase the size of the LAs, but then the Paging Cost will be a serious problem. A 
significant advantage of the LAFA is that it reduces the Location Update Cost very 
significantly, by not increasing the average number of cells in one LA (because it is not 
reaching the upper bound, the other stopping rule (6) takes effect before) so the Paging 
Cost can be kept on a lower level. In the domain of 5-10 cells for an upper bound per LA, 
my new scheme reduces the inter-LA traffic by 40-60 percents on the average by 
comparing it to the TB-LAD scheme. 

maxN
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Figure 6 The Location Update Cost in rural environment for the TB-LAD and the LAFA 
partition 

 
In Figure 7 the results for the urban environment can be seen. It is very similar to the 

rural, however the Location Update Cost is remarkably reduced, without increasing the 
paging signalling load. The decrease is very significant in the interval of five to eleven 
cells. In the interval between 12 and 15, it does not mean that by increasing the number 
of cells the Location Update Cost does not decrease significantly, but the Eq.(6) is not 
satisfied, therefore the LAFA stops on a smaller number of cells per LA than the upper 
bound. The TB-LAD algorithm is always increasing the number of cells per LA till the 
upper bound; therefore it is producing a higher Location Update Cost for a higher number 
of cells per LA, which will cause a higher Paging Cost also. 
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Figure 7 The Location Update Cost in urban environment for the TB-LAD and the LAFA 

partition 
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B) Employing CEREAL after the LAFA algorithm: Another simulation was done 
to investigate the effect of the value of parameter K (6), which can be dynamically 
modified, depending on the model which is deployed. It changes in the (0,1) interval, as it 
converges to 1, the size of the LA-s are decreasing, so I expected that the Location 
Update Cost will increase significantly as the parameter K  increases, while on the 
Paging Cost it will have a contrary effect. 

I examined what will happen if the regrouping algorithm is employed on the initial 
partitioning obtained by the LAFA. The aggregated cost was measured ( ), versus the 
value of parameter 

totalC
K  which was employed in the LAFA. The CEREAL does not use the 

K  parameter, but it was employed on different K  parameter versions of the LAFA 
partition, while . 3=prefH

Figure 8 shows the aggregated cost in the rural environment. It can be seen that in the 
case of the aggregated cost the effect of increasing the value of parameter K  is just the 
opposite of that in case of the Location Update Cost. The reason is that by increasing the 
value of parameter K , the size of the LA-s is getting smaller, so the paging cost is 
decreasing significantly. In this case CEREAL is outperforming the LAFA partitioning 
method significantly, for  and [ ]4.0,1.0∈K [ ]7.0,6.0∈K  over 40%. 
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Figure 8 The aggregated cost versus the value of parameter K (rural) 
 

The Figure 9 shows the aggregated cost versus K  parameter in the urban 
environment. Similarly to the rural scenario, the CEREAL decreases the amount of the 
total cost by 30-40%, and it does not depend on the value of parameter K . 
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Figure 9 The aggregated cost versus the value of parameter K (urban) 
 

Depending on the objective we can deploy only the LAFA algorithm or followed by 
the regrouping algorithm. If we want to decrease the Location Update Cost, the LAFA is 
the solution, however if we want to decrease the aggregated cost, we need to employ after 
the LAFA the regrouping algorithm also. 
 

2.6.4 Results Using the Vehicular Mobility Simulator 
 

To confirm the results obtained by my mobility simulator, I used a vehicular mobility 
simulator for generating the input metrics for the LA forming and regrouping algorithm. 
This is an extendable JAVA mobility simulator that can simulate the behaviour of mobile 
users on a given street plan in a realistic way, using an extended version of the Nagel-
Schreckenberg model [30]. The environment physically limits the freedom of users (e.g. 
cars, trains), they can only move inside certain areas and react to the changing 
environment and the behaviour of other vehicles. For example, if a car approaches a 
traffic jam at a junction, it has to slow down and eventually stop. Every other car on the 
same road is affected by this: they have to slow down or stop as well. In this way, the 
simulator can, to a certain extent, mimic real vehicular movements in a (semi-) urban 
environment. The mobility simulator applies the Dijkstra algorithm for every vehicle to 
determine the path to their destination. The cost of each road is determined by its length, 
its speed limit and the number of vehicles on it. In this way, the main roads with higher 
speed limit will be preferred. Additionally, in case of a traffic jam, the vehicles will try to 
avoid this congested road and choose an alternative road to get to their destination. At the 
beginning of the simulation, the vehicles are placed on the map and will be assigned a 
given call arrival intensity, a destination and a maximum speed. After the simulation, cell 
change and call arrival intensity matrices will be produced and fed to the LA forming 
algorithm. 
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I compared the performance of the TB-LAD and the LAFA partition in the terms of 
different classes of traffic conditions, by using two typical mobility environments for 
urban areas (two urban environments, see Fig. 10).  
 

 
 
Figure 10 The Manhattan city model and the European city model with main roads in bold 

 
In the Manhattan city model, two roads (bold) have a higher speed limit, which makes 

them more attractive for drivers. Each junction has traffic lights in order to avoid dead 
locks. In the European city model, the inner ring (bold) is more likely to be chosen as 
destination. This represents the morning rush hour situation where people converge to 
work in the city centre. 

Furthermore, four classes of traffic conditions were defined ranging from low to high 
average vehicle density and from low to high call arrival rate per vehicle (Poisson 
distribution, calls per hour) (Table 1).  Note that during the simulation, the local vehicle 
density will be much higher, especially in the area around junctions. A number of cells 
with diameter of 0.78 km were deployed on the city map, such that coverage was total. 
 
 

TABLE 1 MOBILITY SIMULATION PARAMETERS 

 Vehicle density Call arrival rate (λ) 
 Manh. Euro. Manh. Euro. 

Class I 0.5% 0.4% 1 1 
Class  II 0.5% 0.4% 8 8 
Class III 3.3% 2.8% 1 1 
Class IV 3.3% 2.8% 8 8 

 
 
A) Employing only the LAFA: Once the LA partitions have been determined, the 
Location Update Cost was computed for the TB-LAD and the LAFA partition.  

For the European city model the results of the simulation are given in Figure 11, 
where the call arrival and MT density axis represent the four classes, combining the two 
means of call arrival rate and two different vehicle densities. Obviously, the more 
vehicles in the environment, the higher the total LA update cost for the network. Figure 
11 shows that the LAFA algorithm can significantly reduce the location update cost, even 
in high call arrival rate. 
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Figure 11 The Location Update Cost for the European city model 

 
In Figure 12 the results for the Manhattan city model are depicted. Again, the Location 

Update Cost is remarkably reduced, but not so significantly as in the previous model. Due 
to the Manhattan grid pattern, the vehicles have much more alternative routes to choose 
from. This increases the total number of LA changes and the Location Update Cost. 
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Figure 12 The Location Update Cost for the Manhattan city model 

 
B) Employing CEREAL after the LAFA algorithm: I have examined what will happen 
if the regrouping algorithm is employed on the initial partitioning obtained by the LA 
forming algorithm. I measured the aggregated cost, for the four classes. 

Figure 13 shows the aggregated cost for the European city model. The LA forming 
algorithm is not so effective anymore (because it is developed for reducing the Location 
Update Cost, not the aggregated cost), but the regrouping algorithm is still outperforming 
the other two partitioning methods significantly, in some cases more than 40%. 
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Figure 13 The aggregated cost for the European city model 
 

In the Figure 14 the aggregated cost for the Manhattan city model is displayed.  Again, 
the regrouping algorithm proves to be very effective in reducing the signalling cost. 
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Figure 14 The aggregated cost for the Manhattan city model 
 

The conclusion is the same like in the case, when using the other mobility simulator,  
if the objective is to decrease the Location Update Cost, the LA forming algorithm is the 
solution, however if we want to decrease the aggregated signalling cost, we need to 
employ the regrouping algorithm after the LAFA. 
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2.7 Summary 
 

An important benefit of optimized LA planning is preventing needless radio resource 
usage, but the most important is that we can support global network performance 
parameters, like signalling delay and delay variation, which can be critical in time 
sensitive services of the next generation mobile systems. 

It can be achieved by reducing the signalling cost, which means that the inter LA 
movement must be minimized. A novel static LA planning method was introduced for a 
heterogeneous mobility environment, where the inter-cell traffic patterns are not uniform.  

The input of this algorithm was obtained by a mobility simulator that produces 
network information (cell boundary crossing rates, incoming call distribution to every 
cell) in a realistic manner. I also proposed a cell regrouping algorithm, which uses the LA 
partitions obtained by the LAFA algorithm, like an initial step. 

To evaluate the performance of my new scheme, I designed a rural and an urban 
environment in the mobility simulator, and with this database the LA forming algorithm 
was run. Then it was compared with a well-known reference algorithm chosen from the 
literature, examining the relation of the Location Update Cost with an upper bound on the 
number of cells. 

The simulation results show that the LA forming technique reduces the Location 
Update Cost by 40-60 percents. The regrouping algorithm performs well if we want to 
decrease the aggregated cost of our system, it can reduce the total cost by 30-40%, 
sometimes over 50%.  

To confirm the results obtained by my mobility simulator, I used a vehicular mobility 
simulator for generating the input to the algorithms (cell boundary crossing rates, 
incoming call distribution to every cell) for realistic vehicle mobility behavior. On the 
end I get the same results like in the previous case. 

It can be recognized, that by employing my LA forming schemes, a significant 
reduction was attained in the signalling traffic that causes delay and delay variation, 
helping us improving network performance parameters in general. 
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Chapter 3 
 

3 Location Area Optimization Algorithms for a 
Homogeneous Mobility Environment 

 
As highlighted in the previous two chapters the novelty of my contribution to LA 

planning is that beside these LA planning methods are more effective than the earlier 
introduced schemes, they can be applicable for both mobility environments, for 
heterogeneous and homogeneous network usage (for non-uniform and near-uniform 
inter-cell rates also). 

In Chapter 2 a LA planning method was introduced for a heterogeneous mobility 
environment, therefore the goal was to reduce the Location Update and aggregated cost, 
while in this chapter I give a solution for a near-uniform inter-cell rate distribution case, 
where the final goal is the determination of the optimum number of cells per LA for 
which the Location Update Cost is minimum, with the Paging Cost as an inequality 
constraint function. The Paging Cost was limited, because if the (6) stopping rule would 
be applied for near-uniform inter-cell rates, all the cells will be included into one LA, not 
considering the capacities of the cellular network, since the paging capacities of base 
stations and switching centres should not be exceeded. The upper bound of cells per LA 
( ) introduced in LAFA can not be used like a paging constraint here, because that is 
a “weaker” stopping rule than (6), while here all the LAs will consist of the same number 
of cells because of the uniform rates. Therefore the goal is to reach the minimum value of 
the Location Update cost, by calculating the optimal number of cells per LA from the 
paging constraint function and using the LA planning algorithms to obtain an effective 
grouping of cells into LAs. 

maxN

This LA forming process contains two phases, first a greedy algorithm (GREAL) is 
adopted which forms a basic partition of cells into LAs, and then a simulated annealing 
based algorithm (SABLAF) is applied for getting the final partition. The same realistic 
mobility environment simulator was used as in Chapter 2, for the generation of the 
algorithm input metrics (cell boundaries crossing and incoming call statistics). 

 

3.1 The Cost Formulation 

3.1.1 Assumptions 
 

The aim of employing LAs is to hide the cell boundary crossing inside the LA from 
the upper levels; therefore an administrative message for the registration of the new 
location of the MT will not be generated during the cell handover if it is an intra-domain 
movement. To make calculations about the movement of MTs among the LAs (with near-
uniform inter-cell movement rates), the best is the fluid flow model [31]. The fluid flow 
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model characterizes the aggregate mobility of the MTs in a given region (for example a 
LA) as a flow of liquid. It assumes that MTs are moving with an average speed , and 
their direction of movement is uniformly distributed in the region. Hence the rate of 
outflow from that region can be described in a unit time interval  by [32] 

v
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,           (8) 

 
where  is the average speed of the MTs, v ρ is the density of MTs in the region and P  is 
the perimeter of the given region. 
 

This model is very simple to analyze and to use for the definition of the registration 
cost function. We can define easily the density of the MTs in the  LA: thk
 

        
SN

K

k
k ⋅
=ρ  ,          (9) 

 
where K  is the number of MTs in the  LA, is the number of cells in the  LA, 
and  is the area of a cell. 

thk kN thk
S

 

3.1.2 Location Update Cost  
 

Every time when a MT crosses a cell boundary which is a LA boundary also, a 
registration process is initiated, a Location Update message is sent to the upper level 
(home agent or gateway).  Therefore the intra-LA boundary crossing cost is negligible, 
and this handoff cost should be not considered in the Location Update Cost. Hence we 
need to determine the number of cells located on the boundary of the  LA (the set of 
the boundary cells is a subset of ), and the proportion of the boundary cells perimeter 
which contributes to the  LA perimeter. 

thk
kN

thk
The perimeter of the  LA can be expressed as: thk

 
          ( )kkpkpk NNP δ⋅= ,          (10) 
 
where  is the number of boundary cells in the  LA  and 

kpN thk
kpδ is the average 

proportion  of the boundary cell perimeter in the  LA perimeter in the function of . thk kN
The number of the boundary cells can be approximated from my earlier work [C3], 

(where [ 9,7∈ ]κ  for a hexagonal cell approximation): 
 
            kkp NN ⋅= κ .         (11) 
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The average proportion of the cell perimeter which will be the part of the LA 
perimeter too can be expressed with an empirical relation [33]: 
 
    ( ) ( )1−⋅+⋅≈ ηδ kckkp NbaPN  ,                    (12) 
 
where   is the perimeter of a cell and cP 3333.0=a ,  309.0=b , 574965.0=η . 
 

Substituting the values of and 
kpN ( )kp N

k
δ  in (10), the expression for the perimeter of 

the  LA becomes: thk
 
              ( )1−⋅+⋅⋅⋅= ηκ kckk NbaPNP .         (13) 
 

By substituting the values of ρ  and  in the outflow rate of the fluid flow model (the 
outflow rate will be equal with the number of crossing the  LA boundary):  

kP
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As mentioned earlier a registration process is initiated when the MT crosses a cell 

boundary which is a LA boundary too, hence the Location Update Cost will be for a unit 
time interval:  
 
        outLULU RBC
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where  is the cost required for transmitting a location update message. LUB
 

The final goal is determining the optimum number of cells per LA for which the 
Location Update cost is minimal, with the Paging Cost as an inequality constraint 
function. 

 

3.1.3 Paging Cost 
 

The Paging Cost is a result of the arriving calls to the MTs, because the called MT has 
to be searched within the LA. The goal is to decrease the Location Update Cost by 
increasing the number of cells in one LA, hiding the cell crossings from the upper levels. 
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However to have a feasible network, the paging capacities should not be exceeded, 
therefore we need to define a paging constraint per a LA. 

Therefore considering the paging capacities of a cellular network, the Paging Cost for 
the  LA, the same like (1), should not exceed the paging cost constraint: thk
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where , , PB kN ikλ  and  are the same like introduced in (1).  kK

If we assume that the mobile users have the same average number of terminated calls 
for the all cells in the unit time interval in the  LA (thk λλ =k ), the paging cost reduces 
to 

 
      kkkPP CKNBC

k
<⋅⋅⋅= λ .          (19) 

 

3.1.4 Optimization of the Location Update Cost  
 

The first part of solving the problem is to find the optimum number of cells per LA for 
which the Location Update Cost is minimal and the paging constraint (  must not be 
exceeded) is satisfied. The second part is to obtain efficient LA partitions with the help of 
the two-phase LA planning algorithm. 

kC

If we know that the call arrivals (λ ) follow a Poisson process and the function of the 
Location Update Cost (16) is monotonically decreasing in the function of  (while the 
Paging Cost is monotonically increasing in the function of ), the paging constraint can 
be expressed in the following way: 

kN

kN

 
    ,         (20) γ−−<< eCCP kPk
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where [ 100,10∈ ]γ , depending on the accuracy of the paging constraint. 
 

The monotonically decreasing attribute of the Location Update cost in the function of 
 will mean, that we need to find the highest value of for which the (20) will be still 

satisfied. 
kN kN

 
Substituting the expression of the Paging Cost in (20): 

 
            (21) γλ −−<<⋅⋅⋅ eCKNBP kkP 1)( .
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Furthermore, if we know that the λ  probability variable follows a Poisson process, 
then the maximum value ( ) of  can be easily calculated: optN kN
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Substituting the calculated value of  in (16) will give the minimum of the 

Location Update Cost. This calculated  will be used as an input for the GREAL and 
SABLAF algorithm. 

optN

optN

 

3.2 Location Area Planning Algorithms 
 

The LAFA algorithm introduced in Chapter 2 was modified to be useable for a near-
uniform inter-cell movement rate distribution, while in the second phase of LA planning 
the technique of simulated annealing is applied. This can ensure to reduce the Location 
Update Cost, while taking into account the paging capacities of the network. 
 

3.2.1 The Greedy Algorithm (GREAL) 
 

As stated before the Location Update Cost is proportional to the number of handovers 
among different LAs, therefore the Location Update Cost can be reduced by designing 
the LAs such that the cells belonging to one LA have the lowest boundary crossing rates 
among each other. It is the same problem like introduced in Chapter 2 (which is an N-
complete complexity problem), graph ( )EVG ,  should be divided into subgraphs 

, in such a way to find the maximum spanning forest of graph , where 
the components of this maximum spanning forest are the maximum weight spanning trees 
of the correspondent  subgraphs, while the number of nodes in each subgraph is 
lower than or equal to a constraint ( ); but here there is no special stopping rule like 
(6). Than will mean the GREAL algorithm will have the same steps like LAFA, but 
without the stopping rule (6), only the maximal number of cells per LA constraint will 
stop the forming of a single LA. 

( EVGi , ) )

)

)

}

( EVG ,

( EVGi ,

optN

Therefore the GREAL also starts by creating a list of edges of graph  in 
monotonically decreasing order by weight. In the first step of the algorithm, the first edge 
on the list (the one, which has the biggest weight , if there is more than one biggest 
weight, then we choose one of them randomly) is included into the set of edges  
( ). The two nodes connected by this edge are included into set . In 
the next step as in LAFA, the second largest weight is selected and the two nodes which 
are connected by this edge are examined if they belong to the  set. If both are in the set 

\ , then the edge, which connects them, is included into the  set of edges 

( EVG ,

maxc

1L
{ }11 eL = { 211 ,vvU =
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V 1U 2L
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( ) and the two belonging nodes into the set . If one of the nodes is in the 
set , then it must be checked what is the cardinality of , because the node set can not 
have more members than . Therefore, if 

{ }22 eL = 2U

1U 1U

optN

     optNU <1           (23) 
 

then the other node can be also included into the  set. 1U
If the inequality is not satisfied, this node can not be included into this set, to prevent 

exceeding the paging cost constraint (19). This stopping rule will ensure to take into 
account the paging capacities of the network while reaching the minimal Location Update 
Cost for the  LA, where the thi opti NU = . 

The algorithm ends when every node of graph ( )EVG ,  is included to a set of nodes, 
the node members of the  sets are actually the nodes of the MUUU ,....,, 21 ( )EVGi ,  
subgraphs. These sets of nodes will provide us the partitioning of cells into LAs, namely 
the  node sets are the LA cell groups. This will be only an initial LA 
partition which will serve as an input to the simulated annealing based LA forming 
algorithm, to arrive at an optimal or near-optimal solution. 

MUUU ,....,, 21

 

3.2.2 The Simulated Annealing Based Location Area Forming 
Algorithm (SABLAF) 

 
GREAL is a greedy LA planning solution; therefore the initial LA partitions produced 

by GREAL could be improved furthermore in the terms of Location Update Cost. In the 
homogeneous case, where the size of the LAs is determined by the , the leeway is 
not so wide like in the heterogeneous case where the neighbouring cells can be regrouped 
in a freer way. Therefore I have chosen the simulated annealing method which locates a 
good approximation to the 

optN

global optimum, meaning that the system may move to the 
new state even when it is worse than the current one and this way it can lead to an 
optimum state through these intermediate states. 

Simulated annealing (SA) is considered an approximation algorithm which is 
applicable to various problems in general. Metropolis algorithm [34] was the original 
idea behind the optimization technique of SA. Kirkpatrick et. al, [35] has used Metropolis 
algorithm as a global optimizer. Simulated annealing finds a near-optimal solution 
without searching the entire solution space, in polynomial running time. Using the 
simulated annealing for the purpose of LA planning was recently presented in [36] 
(published later than my solution), but there a GSM-like scheme is used to obtain the 
initial partition (which is not so effective as the GREAL algorithm) and then further 
refined by the SA based algorithm. 

In my solution the simulated annealing based algorithm here finds a basic LA partition 
formed by the GREAL algorithm, with the handover rate database among the cell pairs. 
The SABLAF algorithm starts with the initial solution given by GREAL ( ). A 
neighbour to this solution  is then generated as the next solution by simulated 

0s

1s
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annealing, and the change in the Location Update Cost ),( 10 ssCLU∆  is evaluated. If a 
reduction in cost is found, the current solution is replaced by the generated neighbour, 

otherwise we decide with a certain probability set to 
⎟
⎠

⎞
⎜
⎝

⎛ ∆
−

T
CLU

e  (usually called the 
acceptance function) whether it remains the current solution, where T  is the control 
parameter (corresponds to temperature in the analogy with the physical annealing 
process). The SABLAF algorithm is started with a relatively high value of T , to have a 
better chance to avoid being prematurely trapped in a local minimum. The cooling 
schedule consists of three parameters, used like an input to SABLAF algorithm: the 
initial temperature (T ), step of decreasing, and the stopping rule of the algorithm. The 
stopping rule is the maximal iteration step number or maximum number of steps when 
the  do not changes. LUC∆

Another important input parameter is the calculated maximum number of cells in a LA 
( ). The performance of the SABLAF depends heavily on the cooling schedule and 
the initial partition; in this case the initial partition is already an effective LA partition 
(see the flowchart of SABLAF on Figure 15). 

optN
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Figure 15 Flowchart of SABLAF 
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3.3 Simulation Results 
 

The performance of the GREAL and SABLAF algorithm and the TB-LAD algorithm 
(introduced in Chapter 2) solution was compared, by using the two mobility 
environments (rural and urban). The input data, the boundary crossing and incoming call 
database, for the algorithms was generated by the mobile environment simulator 
presented also in Chapter 2. 

As it is well-known, the rural mobility environment is rarely populated, but on the 
belonging highways a big number of mobile terminals are moving with high speeds, 
while the urban mobility environment is densely populated, with mobile terminals 
moving with smaller velocities. In the rural environment the average cell size is larger 
then in the urban, accordingly there is a smaller number of cells. In this manner the two 
mobility environments were designed, the rural environment consisted of 42 cells, while 
in the urban system it was about 79 cells. It was examined how the Location Update Cost 
changes by increasing the maximum number of cells in one LA. This way it can be 
checked if the Location Update Cost reaches the minimum value for . Figure 16 
shows the Location Update Cost in rural environment, where the horizontal axis 
represents the maximal number of cells per LA. As it can be seen the GREAL can 
decrease the Location Update Cost compared to the TB-LAD algorithm, but only the SA 
based solution finds the best solution for every value of the maximal number of cells per 
LA. For the calculated value of 

optN

12=optN , the Location Update Cost reaches the 
minimum value using the SA based technique. 
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Figure 16 The Location Update Cost in rural environment 
 

On Figure 17 the Location Update cost is depicted in urban environment, where we 
have more cells, but the size of the cells is smaller. In the initial stages (where the value 
of maximal number of cells per LA is less than 5) SABLAF algorithm almost always 
accepts the partition formed by the GREAL algorithm or a very similar partition (which 
do not decreases the Location Update Cost appreciably), but as the number of cells 
increases, the SABLAF is outperforming the other two solutions significantly. Using 
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again (22) the  was calculated (higher value than for the rural environment, 
because of the cell sizes and numbers), for that value the SABLAF algorithm gives again 
the minimum of the Location Update Cost , therefore we can summarize, that for both 
mobility environments the SABLAF algorithm gives the best results, decreasing the 
registration cost almost for 50% more effective than the reference solution, and for 
approximately 20% more than the GREAL algorithm. 

14=optN
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Figure 17 The Location Update Cost in urban environment 

 

3.4 Summary 
 

In order to design a feasible mobile network, optimized LA planning is needed, 
considering the constraints like paging handling capacity of mobile switching centers. In 
this Chapter, I presented a LA planning method for a near-uniform network usage, 
defining the Location Update Cost function with the help of the fluid flow model together 
with a paging constraint, and a method for calculating the number of cells per LA for 
which the Location Update Cost is minimal. I also proposed a two-step LA forming 
solution, which consists of a greedy algorithm that gives the basic partition and a 
simulated annealing based algorithm which gives an efficient LA partition in reasonable 
running time. To evaluate the performance of the new scheme, a rural and an urban 
environment was designed in the mobility simulator, and with this database the LA 
forming algorithms were run. Then I compared them with the TB-LAD algorithm, 
examining the Location Update Cost in the function of maximal number of cells per LA. 

For the both mobility environments the SABLAF algorithm delivered the best 
performance, reducing the Location Update Cost almost 50% more effective than the 
reference solution. 
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Chapter 4 
 

4 Network design algorithm for optimizing the 
upper hierarchical mobile structures 

 
While IP is declared as the key technology of the future’s wired and mobile 

communication, the currently used version of IP, IPv4 itself is not suitable to be used in 
mobile scenarios. The new tendency is to solve the mobility management problems in the 
network layer or the upper layers [37]. This support must be transparent to mobile users 
and also has to be scalable, which means that despite the growth of the number of mobile 
terminals, the amount of signalling overhead must not increase significantly [38]. The 
increasing trend towards smaller cell sizes makes efficient mobility management 
strategies indispensable for radio resource management and network planning in next 
generation cellular networks. The common practice in designing radio resource 
management or network planning techniques is to apply static mobility models which do 
not take the dynamics of user mobility into account. However, this does not reflect the 
realistic behaviour of mobile clients, because their handover rate, location area change 
rate, dwell time, etc are dependent on their interaction. Therefore, the network signalling 
load will be very different depending on the location and the user density dynamics. For a 
given environment, the cellular network needs to be designed with these user mobility 
characteristics in mind, such that it is able to guarantee the necessary quality of service to 
its customers.  

The handover signalling overhead is due to the management of the mobile users’ 
location information: when they change location areas, their home agents need to be 
updated. The popularity of the Internet multimedia services provides strong incentive to 
service providers to support seamless user mobility. 

Mobile IPv6 (MIPv6) [39] is an extension to IPv6 (which is the next version after 
IPv4) to manage the mobile terminal’s mobility, but not capable of supporting real-time 
handovers. It is a simple and scalable global mobility solution; however it is not a 
satisfactory solution for mobile users with high mobility rate [40]. Mobile IPv6 requires 
that whenever a Mobile Node (MN) (it is the same term like MT which was used before 
in this work, but IP uses this term, hence in this Chapter term MN will be used) moves 
from one subnet to another one, its location and routes must be updated by sending a 
location update to its Home Agent (HA). As the number of MNs increases significantly 
the location updates may cause an excessive signalling cost [41].  Moreover, if the MN is 
far away from its HA or the HA processing capability is overwhelmed by the huge 
volume of location update messages, the signalling delay for the location registration 
could be large, which will result in the loss of a huge amount of in-flight packets and 
losing the capability to guarantee quality-of-service (QoS). For example, many real-time 
wireless applications (e.g., voice over IP) would experience noticeable degradation of 
service with frequent handoff. 
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A solution is to make Mobile IPv6 responsible for macro-mobility, and to have a 
separate protocol to manage local handovers inside micro-mobility domains. While 
macro-mobility is for the case when an MN moves across different administrative 
domains or geographical regions and it occurs less frequent, the micro-mobility means 
the MN is moving across multiple subnets within a single network of domain. For these 
cases, which occurs quite often, a separate protocol is needed, to improve the 
shortcomings of the Mobile IPv6. 
 

4.1 Related Works 
 

Over the past several years a number of IP micro-mobility protocols have been 
proposed, designed and implemented that complement the base Mobile IP protocol. The 
development of these protocols has generated considerable interest in industry and 
academia, as a joint effort to improve the Mobile IP micro-mobility handling capability. 

The Cellular IP (CIP) protocol [42] was developed at Columbia University and 
Ericsson Research, and it supports paging and a number of handoff techniques. To 
minimize control messaging, regular data packets transmitted by mobile hosts are used to 
refresh host location information. A similar approach is the Handoff-aware Wireless 
Access Internet Infrastructure (HAWAII) [43], which is a separate routing protocol to 
handle micro-mobility. In TeleMIP [44] a mobility agent is used to reduce the location 
update traffic, leading to a new architecture. TIMIP [45] (Terminal Independent Mobility 
for IP) combines some advantages from CIP and HAWAII, where terminals with legacy 
IP stacks have the same degree of mobility as terminals with mobility-aware IP stacks. 
Nevertheless, it still uses Mobile IP for macro-mobility scenarios. 

One of the most significant micro-mobility solutions to reduce the number of 
signalling messages to the home network and also to reduce the signalling delay is the 
Hierarchical Mobile IPv6 [46]. The basic idea of this hierarchical approach is to use 
domains organized in a hierarchical architecture with a mobility agent on the top of the 
domain hierarchy. Hierarchical Mobile IPv6 (HMIPv6) is an extension of Mobile IPv6, 
aimed at reducing the amount of signalling overload and speeding up handovers in cases 
when the Mobile Node (MN) is located far away from its Home Agent and 
Correspondent Nodes (any IPv6 node communicating or corresponding with the given 
MN, henceforth CN). HMIPv6 utilizes a hierarchical network of routers and introduces a 
new MobileIPv6 node, called the Mobility Anchor Point (MAP). It can be located at any 
level in a hierarchical network of routers, including the Access Router (AR), which is the 
Mobile Node’s default router, aggregating the outbound traffic of MNs. The deployment 
of the MAP concept will further reduce the signalling load over the air interface produced 
by Mobile IPv6, by limiting the amount of Mobile IPv6 signalling outside the local 
domain. 

The MN has two kinds of care-of addresses: the Regional Care-of Address (RCoA) 
and the On-link Care-of Address (LCoA). MN obtains the RCoA from the MAP of the 
visited network, which remains unchanged as long as the MN is roaming within the given 
domain. The LCoA identifies the current position of the terminal, and if it changes within 
the logical domain, it must update it only to the MAP (it sends a Binding Update). The 
Home Agent and Correspondent Nodes are not aware of this change, the visible care-of 
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address (RCoA) remains the same for them while the MN keeps changing its point of 
attachment inside the visited domain. Therefore the RCoA does not change as long as the 
MN moves within a MAP domain. The MAP captures the messages sent to the MN’s 
RCoA, and forwards them to the MN’s LCoA using local routing mechanism. A MAP 
domain’s boundaries are defined by the Access Routers (ARs) advertising the MAP 
information to the attached MNs (via Router Advertisements). In this way the MAP can 
help providing seamless mobility for the MN as it moves from one AR to another. As a 
result of this, the amount of signalling messages leaving the domain is reduced 
significantly, and so is the resulting delay. 
 

4.2 The Optimization Problem 
 

The problem is that the RFC 4140 or other drafts do not address the realization of the 
hierarchical structure in detail during the network design. It is not clear and usually hard 
to determine the size of a regional network. Several important questions arise: what kind 
of principles must be used to configure the hierarchical levels, how to group cells under a 
given AR, and in which hierarchical level is advisable to implement the MAP function. 
The MNs traffic load and mobility may vary; therefore a fixed structure is lack of 
flexibility. 

In Chapter 2-3 I already gave mobility management solutions for Location Area 
domain forming which are capable of reducing the signalling overhead caused by the LA 
boundary crossing. As explained earlier the cell border crossings inside the LA domain 
will remain hidden for the upper hierarchical levels, thus reducing signalling overhead. 
Only when an LA border is crossed, the location is updated; not on each cell handover. 
Therefore with these Location Area planning algorithms, we can obtain the optimal 
partition of cells for a given Access Router, which will represent a Location Area router. 

A key issue is how to group these Access Routers on the next level of hierarchy, and 
on which level of hierarchy to implement the MAP functionalities, actually how many 
Access Routers should be beneath a MAP within a domain. The number of ARs under a 
MAP is very critical for the system performance. An obvious solution is to group those 
ARs into one domain, which has a high rate of handovers among each others. In that way 
the number of AR changes for the MNs will be decreased. But joining too much ARs into 
one domain would degrade the overall performance since it will generate a high traffic 
load on MAPs, which results in a high cost of packet delivery [47]. Contrarily a small 
number of ARs will lead to a huge amount of location updates to the home network. 

The LA optimizing solution can reduce the signalling load; however there are some 
differences between optimization methods for cellular systems and those for Mobile IP. 
The cellular network is geographical oriented, while the distance between two end points 
in Mobile IP has nothing to do with the geographic location of these two points. 
Therefore in our analysis the distance unit will be the number of hops packets travel. 
Another difference is that in cellular networks upon an arrival of a call, the MN is 
searched with a paging procedure within the cells of a LA, while in Mobile IP the HAs or 
the MAPs know the adjusted AR of each MN. But because of triangular routing, the 
packet delivery cost will generate an additional transmission and processing cost. Based 
on this, a Location Update and Packet Delivery cost structure is introduced, and the goal 
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is to minimize the Location Update Cost, while with the right placement of MAPs, to 
reduce the Packet Delivery Cost simultaneously. 

With the increasing popularity of IP based services on mobile devices, future cellular 
networks will be IP based and designed more as an extension to the Internet rather than 
the telephone network. Managing mobile hosts within a IP based network is a challenge 
especially when fast handoff are required. Eventually, the hybrid voice and data third 
generation networks will evolve into All-IP cellular networks which will be just an 
extension to the Internet. As cellular packet data services become widely deployed by the 
rollout of UMTS cellular networks, the packet-switched cellular network is emerging as 
an alternative to the existing circuit-switched cellular network. As it was expound earlier 
the third generation packet-switched cellular networks like UMTS also use static LAs, 
therefore the LA planning principles can be also used in these networks together with the 
micro-mobility IP based solutions. 

Therefore I created a hierarchical network design algorithm (HIENDA) based on the 
structure given by the LA planning algorithm, aligned with a MAP allocation algorithm 
in Hierarchical Mobile IPv6 to optimize the mobility management in the Mobil IP 
networks. The signalling cost is proportional to the number of handovers among different 
hierarchical entities; therefore the signalling cost can be reduced by designing a HMIPv6 
network such that the ARs (or the LAs assigned to them) belonging to one hierarchical 
entity have the lowest boundary crossing rates among each other (see Figure 18). In this 
way the signalling messages will only be sent one level up in the hierarchy, and not to the 
top of the hierarchy. Accordingly my goal was to develop hierarchical entity forming 
algorithms, which consider the topology constraints, and take the available mobility 
pattern and LA boundary crossing information as input, and find an optimal or near 
optimal hierarchical structure for which the signalling cost will be minimal. 

 

 
 

Figure 18  A Hierarchical Mobile IPv6 network MAP optimization 
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4.3 The Cost Structure 
 

According to the differences between cellular networks and Mobile IP presented 
above, I defined the Location Update Cost and the Packet Delivery Cost for a HMIPv6 
type network. 
 

4.3.1 The Location Update Cost 
 

If the location registration message flow in HMIPv6 is examined between the home 
network and the MN covered by a MAP function, we can calculate the cost of a MN 
movement from one subnet to another: 
 
       ARMAPHAMNARARMAPMAPHALU pppTTTC ⋅+⋅++⋅+⋅+⋅= −−− 22222 ,         (24) 
 
where 
 

MAPHAT − : the transmission cost of location update between the HA and the MAP 

ARMAPT − : the transmission cost of location update between the MAP and the AR 

MNART − : the transmission cost of location update between the AR and the MN 

HAp : the processing cost of location update at the HA 

MAPp : the processing cost of location update at the MAP 

ARp : the processing cost of location update at the AR 
 

Where the MN is moving within a local MAP domain the RCoA remains unchanged, 
it only needs to register the new LCoA, but the Correspondent Nodes and the Home 
Agent will not be informed about this local change. That means if a MN is changing an 
AR, but not a MAP, a localized location update cost will be produced: 
 
   ARMAPMNARARMAPLUl ppTTC ⋅++⋅+⋅= −− 222 .        (25) 
 

We can make an assumption, that the transmission cost is proportional to the distance 
between the source and the destination in terms of the number of hops packets travel 
( ) and the proportionality constant is  , then the transmission costs can be 
expressed as: 

DSn − TK

 
    TMAPHAMAPHA KnT ⋅= −−           (26) 
 
    TARMAPARMAP KnT ⋅= −− .          (27) 
 

The transmission cost of the wireless link is usually higher, than that of the wired link 
(µ  times higher), therefore the transmission cost between the AR and the MN is: 
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          TMNARMNAR KnT ⋅⋅= −− µ           (28) 
 

If we consider that only an ε  fraction of the MNs subnet changes (then the MN moves 
from an AR to another) is a MAP change, then the total amount of the registration 
signaling cost can be expressed as: 
 
    ( ) LULUlLUtotal CqCqC ⋅⋅+⋅⋅−= εε1         (29) 
 

( )( )ARMAPHATMNARTARMAPTMAPHALUtotal pppKnKnKnqC ⋅+⋅++⋅+⋅⋅⋅+⋅⋅+⋅⋅⋅⋅= −−− 21222 . εεµε
                (30) 
 
where  is the number of AR changes (or LA boundary crossing) in the system in the 
unit time period. 

q

4.3.2 The Packet Delivery Cost 
 

As we mentioned earlier in a cellular network upon an arrival of a call, the MN is 
searched with a paging procedure within the cells of a LA, while in Mobile IP the HAs or 
the MAPs know the adjusted AR of each MN. But because of triangular routing, in 
Mobile IP every IP packet destined for the MN is first intercepted by the HA and then 
tunneled to the MAP where MN is registered, forwarding the packet to the current 
serving AR of the MN. This will produce an additional transmission and processing cost: 
 

   ,       (31) )(
1

MAPHAARMAPMAPHA

N

k
iPD hhDDC +++= −−

=
∑θ

 
where 
 
N : the number of the MNs in the system 
θ : the number of arriving packets to the MN in the given time period 

MAPHAD − : the transmission cost of packet delivery between the HA and the MAP 

ARMAPD − : the transmission cost of packet delivery between the MAP and the AR 

HAh : the processing cost of packet delivery at the HA 

MAPh : the processing cost of packet delivery at the MAP 
 

Similar to the location registration cost, the transmission cost is proportional to the 
number of hops packets travel between the source and the destination, with a   
proportionality constant for packet delivery and then the packet delivery cost will be: 

DK

 

   .      (32) )(
1

MAPHADARMAPDMAPHA

N

k
iPD hhKnKnC ++⋅+⋅= −−

=
∑θ
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4.3.3 The Total Signaling Cost 
 

After defining the two cost functions, the total signalling cost for a given time period 
will be: 
 
     PDLUtotalSC CCC +=          (33) 
 

Assigning too much ARs to one domain would generate a high traffic load on MAPs, 
which results in a high cost of packet delivery, but a small number of ARs will lead to a 
huge amount of location updates to the home network. Therefore Location Update Cost 
should be minimized, while in the same with the right placement of MAPs the Packet 
Delivery Cost should be kept on a low level simultaneously. 

 

4.4 The Hierarchical Network Design Algorithm 
(HIENDA) 

 
An analysis of the Location Update and Packet Delivery Cost was carried out, which 

showed that the only way to reduce the overall cost is to reduce the number of the AR 
changes which are at the same time MAP changes also. The hierarchy of the ARs, MAPs 
and network routers should be designed in a manner which will take into account the 
mobility parameters of the users, specially the AR handover rates of the MNs. 
Accordingly if we join those ARs which have a high handover rate among each other into 
one MAP domain, the number of MAP domain changes will decrease significantly. 
Therefore this should be the design principle of an optimized HMIPv6 network. 

Thus my goal was to develop an algorithm, which will assign an optimal tree structure 
to a given source of AR handover rates. I modified some already existing information 
theory solutions to apply them for hierarchy planning. 
 

4.4.1 Definitions 
 

The optimal tree hierarchy of HMIPv6 (or any other Proxy Agent Architecture used in 
micro-mobility management) for a given source of AR handover rates could be 
described, as a probability tree, where the probabilities assigned to the terminal nodes 
(leaf nodes) will be the handover probabilities of the ARs. This means the HMIPv6 
probability tree is a finite tree-graph and for every node of the tree-graph a non-negative 
number is assigned, based on the next definitions: 
 

• A probability tree is a labelled tree, in which each internal node represents a 
variable and each leaf node represents a probability value. 

• The probability of the root node is equal to 1. 
• Probability of every node is equal with the sum of the probabilities of the 

belonging sub-tree (a tree originating from this node). 
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• The probabilities of the terminal nodes are calculated on the base of the AR 
handover rates, the ratio of the given AR handover and the total amount of 
handovers in the network.  

 
Path Length Lemma (Huffman coding): 
 

The average distance  of the terminal nodes from the root node (where  is a 
probability variable of the route length) is equal to the sum of the probabilities assigned 
to the non-terminal nodes, considering the root node as a non-terminal node too. 

[ ]LΕ L

It follows from the above stated definition that the probability of every internal node is 
equal with the sum of the probabilities of the belonging sub-tree (the sum of the child 
node probabilities). Adopting this to the HMIPv6 tree hierarchy (or generally to another 
Proxy Agent Architecture used in micro-mobility management), the handover rates 
among the upper hierarchical domains will be the sum of the handover rates between the 
belonging lower domains. If an AR (which is a leaf node) is  number of hops away 
from the top router (root node), it means the travelling packet will pass through number 
of interval routers, accordingly the sum of handover rates of the different interval routers 
(probabilities assigned to the interval nodes) will contain n times the handover rate of the 
AR (probability assigned to the leaf node). Since the average distance from the top router 
can be calculated like the sum of the products of the ARs hop numbers from the top node 
and handover rates (this is the definition of the average distance in a probability tree), and 
this sum is identical with the sum of the handover rates allocated to the internal routers 
including the top router also: 

n
n

 

( ) ( )LhPnPPPP
T

i
iHiIRIIroot Ε=⋅=++++ ∑

=1
21 ... ,       (34) 

 
where R  is the number of the interval routers, T  is the number of ARs and  is the 
AR handover rate probability distribution. 

( )iH hP

 
Example 
 

For the probability tree presented in Figure 19 the average distance can be calculated: 
 
( ) 221.021.023.022.021.022.02.03.05.01 =⋅+⋅+⋅+⋅+⋅+⋅=+++=Ε L  
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Figure 19  An example of a HMIPv6 probability tree 
 

4.4.2 The Algorithm 
 

As above explained, the overall goal is to reduce the number of hops the packets are 
travelling through, in this way we can minimize the Location Update Cost. With the right 
placement of MAPs, the Packet Delivery Cost can be reduced too, simultaneously. 
However the mobility patterns of MNs and the handover rates of ARs should be 
considered also. 

Therefore the objective is to define an algorithm, which will build a probability tree, 
where the average distance   of the terminal nodes from the root node  is minimal 
for a given AR handover rate probability distribution (

( )LΕ
( )iH hP ) and given number of 

terminal nodes (T ). 
That means, on the basis of Lemma I., a probability tree should be created with   

terminal nodes, such as the sum of the non-terminal node probabilities is minimal. For 
this purpose, the Huffman-algorithm can be used, but it needs to be modified for this kind 
of hierarchy optimization. 

Accordingly I propose a Hierarchical Network Design Algorithm (HIENDA), based 
on a modified Huffman-algorithm and a MAP allocation scheme. 

The initial step of the algorithm is to define how many ARs namely how many 
terminal nodes should be aggregated in every step of the algorithm, beginning from the 
first level of the optimized probability tree. This number depends on the topology 
constraints of the given network. 

First the two terminal node aggregation case is introduced, which means always two 
terminal nodes will be joined on the next level of the hierarchy. It consists from the 
following steps: 
 

1. Map the AR topology of a given HMIPv6 network to a T  number of terminal 
nodes, assigning the ratios of the given AR handover rate and the total amount of 
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handover to the belonging terminal nodes as probabilities on the lowest level of 
the tree. If the ARs are adjacent in the HMIPv6 network, the belonging terminal 
nodes should be neighbours too. These nodes will be called active nodes. 

2. Create a new node on the upper level, by aggregating the two adjacent active 
nodes with the lowest probabilities, and assign the new node a probability, which 
will be the sum of these two probabilities. Delete these two nodes from the list of 
active nodes, and add this new node to the list of active nodes. In this step should 
be examined if 

 
     MAPKpp ≥+ 2min1min   .        (35) 
 
 

This means if the sum of handover probabilities exceeds a calculated constraint, a 
MAP must be deployed on this level of hierarchy, to reduce the signalling load on this 
branch. Namely if the sum of handover probabilities is too high, there will be a lot of AR 
changes, which will generate a huge number of Location Update messages. In this way 
the MAP will hide this AR change from the upper levels, therefore the Location Update 
Cost will be decreased. In this point a reasonable idea would be to deploy in every 
aggregated node a MAP, accordingly to minimize the Location Update Cost. But in this 
case the Packet Delivery Cost would increase, causing unacceptable delay variations. To 
have a fair tradeoff between this two costs, the  should be carefully calculated, on 
the basis of the network characteristics. 

MAPK

 
The final step of the algorithm is: 
 

3. If there are not any active nodes left, then the last aggregated node should be 
assigned to the root node and stop the algorithm. If there are still active nodes, go 
back to step 2. 

 
This was the case when two nodes were aggregated in each step of the algorithm. I 

generalized this algorithm for  number of aggregated nodes. S
For this the number of unused terminal nodes need to be determined, these nodes will 

not represent any ARs (0 probability will be assigned to them), they are needed only for 
building the  aggregation level probability tree. S
 
 
The steps: 
 

1. Map the AR topology of a given HMIPv6 network to a T  number of terminal 
nodes, assigning the ratios of the given AR handover rate and the total amount of 
handover to the belonging terminal nodes as probabilities on the lowest level of 
the tree. If the ARs are adjacent in the HMIPv6 network, the belonging terminal 
nodes should be neighbors too. These nodes will be called active nodes. 

2. Determine the number of unused terminal nodes: ( ) ([ ]21 )−⋅−= − SSTRT Sun , 
where R  is the residue operator. These unused terminal nodes will have 0 value 
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of possibility and they will not represent any AR, after the creation of the optimal 
tree, they should be deleted. 

3. Create a new node on the upper level, by aggregating ( )unTS − adjacent active 
nodes with the lowest probabilities and an unused terminal node, and assign the 
new node a probability, which will be the sum of these ( )unTS −  probabilities. 
Delete these (  nodes from the list of active nodes, and add this new node 
to the list of active nodes. In this step should be examined if  

)unTS −

 
                ( ) MAPTS Kppp

un
≥+++ −min2min1min ...         (36) 

 
then in the same way as in the previous algorithm, a MAP should be deployed in the 
aggregated node. 
 

4. If there are no any active nodes left, then the last aggregated node should be 
assigned to the root node and stop the algorithm. If there are still active nodes 
then set  and go back to step 2. 0=unT

 
On the end of the HIENDA algorithm, we will get a near optimal probability tree 

where the average distance  of the terminal nodes from the root node is minimal for 
a given AR handover rate probability distribution (

( )LΕ
( )iH hP ) and given number of terminal 

nodes (T ). This means the number of hops packets travel is minimal, in this way we can 
minimize the Location Update Cost, simultaneously keeping the Packet Delivery Cost 
low by the MAP deployment, obtaining an optimal tradeoff between the two costs. 
 

4.5 Simulation Results 
 

The HIENDA algorithm is developed to optimize the hierarchy of the ARs, MAPs and 
network routers in a manner which will take into account the mobility parameters of the 
users, specially the AR handover rates of the MNs. Accordingly if we join those ARs 
which have a high handover rate among each other into one MAP domain, the number of 
MAP domain changes will decrease significantly. 

Therefore I designed a simulation examination scenario for comparing the 
performance of the HIENDA algorithm with another hierarchy optimizing solution 
introduced in [47], henceforward Multi-Level HMIPv6. It is an analytic model based on a 
multilevel HMIPv6 architecture, while in terms of AR and MAP location, they assume 
that the ARs are uniformly located in each leaf MAP domain. For example, let’s assume 
that there are 128 ARs and the hierarchy level is determined as 3 in binary tree 
architecture. Then, the number of leaf MAPs is  and the number of ARs in a leaf 
MAP domain is 128/8 = 16. The assignment technique of AR groups to MAPs is not 
clarified, but I assumed that the ARs with the highest handover rates are placed into one 
MAP domain, decreasing the number of MAP handovers in this way. 

823 =

For the generation of the mobility patterns I used the mobility environment simulator 
introduced in Chapter 2-3. Also the LA forming process was performed by the LAFA and 
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CEREAL algorithms described in Chapter 2. By employing these two algorithms the 
input for the HIENDA algorithm was created, adjusting the cell groups to the given ARs, 
see the overall AR-cell group assignment process on Figure 20, Figure 21 and Figure 22. 
This way I demonstrated that my LA and hierarchy forming methods can be utilized 
jointly in network planning. 
 
 

 
Figure 20 The designed mobility environment 
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Figure 21 The LA structure after the LAFA algorithm 
 

 
 

Figure 22 The LA structure after the CEREAL algorithm 
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The cells marked by identical colours will be connected to the same AR. I ran the 
HIENDA algorithm on the above presented AR structure, assigning the ratios of the 
given AR handover rate and the total amount of handover in the AR topology to the 
belonging terminal nodes as probabilities on the lowest level of the tree. On the Figures 
23, 24 and 25 can be seen the second, the third and the fourth level of the hierarchy 
viewed from above after running the HIENDA algorithm. 
 
 

 
 

Figure 23 The second level of the hierarchy viewed from above 
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Figure 24 The third level of the hierarchy viewed from above 

 

 
 

Figure 25 The fourth level of the hierarchy viewed from above 
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For the simulated MN movements (AR and MAP handovers) the Location Update and 
the Packet Delivery Cost was calculated for both hierarchical structures (created by the 
HIENDA and the Multi-Level HMIPv6 scenario).  

Figure 26 shows the Location Update Cost for the two hierarchical scenarios, in the 
function of the aggregated ARs (for 2=S  and 3=S ). In the case of  when two 
terminal nodes were aggregated in each step of the algorithm, the HIENDA algorithm 
outperforms the Multi-Level HMIPv6 scenario in point of the location update signalling 
load. When three ARs are aggregated in each step of the hierarchy building, the 
difference gets significant; the hierarchical structure created by the HIENDA algorithm is 
producing only half of location update messages that the Multi-Level HMIPV6 does. 

2=S
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Figure 26 The Location Update Cost for the two hierarchical structures 

 
 

Another important issue is the Packet Delivery Cost, because if the hierarchical 
structure is designed in a manner to reduce the Location Update Cost but simultaneously 
it is increasing the signalling load caused by the triangular routing, it is not effective 
anymore. Therefore the Total Signalling Cost is an important performance evaluation 
parameter too, because it keeps maintaining a tradeoff between the two cost functions. 

Figure 27 shows the Total Signalling Cost for the two competitive hierarchical 
scenarios in the same mobility environment, in the function of . The HIENDA is 
outperforming again the Multi-Level solution, it can be seen that they are producing 
almost the same Packet Delivery Cost, but the Location Update Cost is much lower in 
both cases when HIENDA is used. This means that in this way we can minimize the 
Location Update Cost, simultaneously keeping the Packet Delivery Cost low by the MAP 
deployment, obtaining an optimal tradeoff between the two costs. 

S
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Figure 27 The Total Signaling Cost for the two hierarchical structures 
 

4.6 Summary 
  

My aim in Chapter 4 was to highlight the main questions and optimization problems 
of designing mobile network architectures based on Hierarchical Mobile IP, and to 
present a novel hierarchical network design algorithm (called HIENDA) in order to 
optimize mobility management in Mobil IP networks. The main goal of HIENDA is to 
assign an optimal tree structure to a given source of Access Router handover rates. 
Therefore HIENDA considers the topology constraints, and takes the available mobility 
pattern and Access Router handover information as input, and finds a near optimal HMIP 
hierarchical structure (it can be used for planning an optimal Proxy Agent Architecture in 
micro-mobility management) for which the total signalling cost will be minimum. 

A HMIP simulation environment was implemented integrating the cost functions and 
network designing schemes in order to extensively analyze and evaluate the capabilities 
of the hierarchical optimization technique, comparing them with a solution from the 
literature. From the simulations results the conclusion could be drawn that the HIENDA 
is outperforming the other existing hierarchy optimizing solution in the terms of Location 
Update Cost, at the same time keeping the Packet Delivery Cost on a low level. 
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Chapter 5 
 

5 Overhead reducing information dissemination 
strategies for disconnected mobile ad hoc 
networks 

 
In Chapter 2-4 effective network designing algorithms were introduced for signalling 

load optimization, in a traditional, fully-connected communication environment. As I 
wish to give planning principles for the next generation mobile networks, another way of 
communication should be envisaged too, due to the spreading of concepts about 
autonomic and self-organizing, disconnected networks. 

Therefore a totally different, lateral thinking was needed in this research area of my 
Theses, to investigate how overhead of information dissemination can be decreased in a 
disconnected network architecture where highly mobile nodes form the network. The 
overhead can be defined in such networks as the overall sum of all the not useful data 
messages, which are called duplicates (they do not provide any new information for the 
nodes, which receive it) and the signalling messages needed for the algorithm operations. 
While there are a huge number of message forwarding algorithms described in the 
literature, the environment is changing so rapidly that there is no hope for choosing a 
theoretically optimal algorithm. Therefore I introduced a biologically inspired solution 
based on the phenomena of natural selection. 

5.1 Introduction 
 

Most wireless networks are built around an infrastructure, where all communications 
is routed through base stations that act as gateways between the wireless and wired 
network. However, there may be situations in which it is impossible or not desirable to 
construct such an infrastructure. There can be cases when a collection of wireless mobile 
nodes forms a temporary network lacking the centralized administration or standard 
support services regularly available on conventional networks. 

The motivation for disconnected, autonomic networks comes from emerging trends 
towards pervasive computing and communication environments, where myriads of 
networked devices with very different features will enhance our five senses, our 
communication and tool manipulation capabilities. Our everyday environments will be 
more and more populated by multitudes of decentralized and networked computing 
systems [48] (e.g., multiagent systems [49], ad hoc networks of mobile computer-based 
devices [50], sensor networks [51] and spray computers [52]). Most of these systems will 
be able to autonomously perform activities on our behalf—typically by interacting with 
each other—letting us “out of the loop” [53]. The complexity of such environments will 
not be far from that of biological organisms, ecosystems, and socio-economic 
communities. Traditional communication approaches are ineffective in this context, since 
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they fail to address several new features: a huge number of nodes including low-cost 
sensing/identifying devices, a wide heterogeneity in node capabilities, high node 
mobility, the management complexity, and the possibility of exploiting spare node 
resources. 

The distributed and self-configuring nature of Multihop Mobile Ad Hoc Networks 
(MANETs), combined with the ease and flexibility of deployment of such networks, 
make MANETs appealing for a wide range of application scenarios, where their presence 
becomes ubiquitous in many life sectors [54]. These networks are basically characterized 
by the lack of a fixed infrastructure, where each participating node can initiate a peer to 
peer communication with any other node through one hop or multihop paths, and where 
nodes will behave as routers or relays within the data delivery chain. Node mobility has 
introduced new challenges on the communication characteristics in these networks 
related basically to connectivity and packet routing among the nodes. These two latter 
issues are closely related and are the major factors impacting the throughput, end-to-end 
delay and other performance metrics of the network. While the connectivity of two nodes 
is generally determined by the physical distance between them, packet transfer between 
two remote nodes is generally the outcome of the routing protocol and involve either the 
establishment of an end-to-end path between the two remote nodes [55, 56], or the 
assistance of intermediate mobile nodes to relay and disseminate the packets [57, 58]. 

The transmission power of the nodes is limited however the packets may have to be 
forwarded by several nodes before they reach their final destinations. This means that 
each node may be a source, relay and destination. To manage a larger Multihop MANET 
with a longer lifetime, it need to be completely self-organized, meaning that the network 
would be run solely by the operation of the end-users, solving this way the scalability 
problems of such an extended MANET. 

It could be interesting to mention what are the possible application areas of these self-
organized and disconnected networks. Only one of many is the Digital city: dynamics of 
a city can be captured in real-time by collecting and correlating data and information 
(anonymous localization, traffic, pollution, cultural sites, events, etc) provided by 
heterogeneous sources and mapping it to interactive maps (for example intelligent 
parking lots, seating in restaurants, cinemas or public transportation, real-time 
notifications on important products in a supermarket).  People moving and acting in a city 
base their decisions on information that is in most cases not synchronized with the time 
and place they find themselves in when taking those decisions. Experiencing a shift 
between decisions and information it is very common in everyone experience: arriving at 
the airport just to find out that the flight has been delayed, being surprised by a traffic 
jam. The dynamic city is concerned with the real-time mapping of city dynamics and 
data. Maybe more important application fields are the telecommunication markets in 
developing countries or regions without any mobile network infrastructure or situations 
in a disaster recovery, when the traditional central infrastructure collapses.  

My research interest was in developing novel information dissemination solutions for 
disconnected, autonomous networks, which are resilient to frequent topology changes and 
capable to decrease the signalling and duplicate overhead. Furthermore a novel approach 
is introduced in this Chapter to use an evolution based decision mechanism with a 
distributed fitness evaluation method for choosing the adequate information 
dissemination method for different mobility environments in a self-managing MANET. 
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5.2 Related Works 
 

In a self-managing MANET the human mobility and local information dissemination 
is exploited in order to propagate messages. In this kind of network the existence of a 
broadcast medium can be exploited to increase the efficiency of information 
dissemination. This broadcast medium is local to the nodes in radio range so it cannot be 
used for multihop communication. Therefore a higher level quasi-global broadcasting 
mechanism is needed that is able to reach all the nodes in a connected island which are 
not directly connected to the source. These techniques are called multihop broadcast 
algorithms. Many ad-hoc applications rely on the existence of a broadcast medium for the 
dissemination of some control information. The naive first implementation of this was 
flooding: every node repeats the message after it is first received. However it was 
realized very soon, that this is very far from optimal, and collisions in the media can lead 
to serious congestion and loss of packets. To solve this problem many efficient broadcast 
techniques were designed, that take into account some information about their 
surroundings, instead of blindly repeating every packet. These algorithms differ in their 
assumptions about the environment (like assumption of a connected or disconnected 
network) and in the information available for decision (existence of GPS for example). 

The central problem of broadcast algorithms is to decide when and who should 
retransmit messages. Nodes have to forward packets so the message reaches every part of 
the network; however the performance relies heavily on the set of nodes that do this. 
When nodes decide to retransmit or not, they actually decide if they are part of this 
forwarding set. Too many retransmissions cause collisions and use much more network 
bandwidth, but choosing the smallest forwarding set is not easy because a global view of 
the network is not available, and local information gets obsolete very quickly if the 
velocity of nodes is high. There is also the danger if the number of forwarding nodes is 
too small, because then the message does not reach every node. 

There are many published comparisons of information dissemination methods [59, 60, 
61], which provide us a quite detailed picture about the existing broadcast approaches. 

The Counter Based Method, originally introduced in [62], is one of the first controlled 
broadcast methods, and it is a simple heuristic based algorithm. It is based on a simple 
observation, that if a duplicate of a packet received, then the probability of reaching any 
new nodes is low. To exploit this idea, the nodes do not immediately retransmit when 
they receive a packet, but instead they wait for a random time, which is called Random 
Assessment Delay (RAD). If a duplicate is received during the RAD a counter is 
increased. If the counter reaches a threshold before the RAD expires, the node cancels the 
retransmission. The original method has different adaptive versions [63], which try to 
adapt the length of RAD and the threshold of the duplicate counter to the current network 
conditions. 

Another very simple broadcast method is the Gossiping algorithm which was also 
introduced in [62]. It is a very simple one: every node rebroadcasts the heard message 
with a predefined probability. The optimal probability can be calculated off-line, or can 
be learned adaptively. While it is very easy to implement, it is usually outperformed by 
other more sophisticated algorithms. Another problem can be that while the optimal 
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retransmission probability can be calculated off line, it heavily relies on the parameters of 
the environment. To overcome this limitation there are adaptive versions of the basic 
methods, like Hypergossiping. 

Hypergossiping [64] is specifically designed for partitioned networks, where nodes are 
mobile, and partitions join and split from time to time. It is an advanced version of the 
Gossip algorithm, extended by neighbour information and partition join detection. The 
algorithm uses a simple adaptive gossiping strategy for in-partition forwarding, but 
rebroadcasts some of the packets if it detects a join with another partition. The join 
detection is based on the simple heuristic, that the nodes in the same partition received 
the same messages recently. Every node maintains a list, called LBR (Last Broadcasts 
Received), of the recently broadcasted messages. They send HELLO messages 
periodically, to indicate their presence. When a new node is detected, one of the nodes 
includes his LBR in the next HELLO message. When the other node receives this LBR, it 
compares with his own LBR. If the overlap between the LBR of two nodes is smaller 
than a threshold, then the node is considered coming from another partition, so a new 
message is sent, called BR (Broadcasts received), which contains the list of messages that 
the node already received. From this the other node knows, that a partition join happened, 
and rebroadcasts all the messages that were not inside the other nodes BR. After this 
rebroadcast, dissemination happens using adaptive gossiping. 

A fine example of a self-pruning algorithm is the Scalable Broadcast Algorithm (SBA) 
algorithm [65]. It requires 2-hop neighbour information and the last sender ID in the 
broadcasted packet. When a node  receives a broadcasted packet from a node u  it 
excludes the neighbours of u , 

v
( )uN  from the set of his own neighbours . The 

resulting set \  is the set of the potentially interested nodes. SBA is also 
one of the algorithms that has an explicit Random Assessment Delay (RAD) mechanism. 

The maximum RAD is calculated by the 

( )vN
( )vNB = ( )uN
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 formula, where ( )vNdv =  and 

 is the degree of the node with the largest degree in maxd ( )vN . Nodes choose the time of 
transmission uniformly from this interval. This ensures that nodes with higher degree are 
usually broadcast before nodes with fewer neighbours. 

A generalization of self-pruning and neighbour designation protocols is the Generic 
Self-pruning algorithm [66]. In its general form the method relies on k-hop 
neighbourhood and k-hop routing information. The class of algorithms they describe use 
one of the versions of the so called Coverage Condition. The most used case when 2-hop 
neighbour and 2-hop routing information is used, and the self-pruning made according to 
the static version of Coverage Condition I: Node v  has a non-forwarding status if for any 
two neighbours u  and  a replacement path exists that connects and  via several 
immediate nodes (if any) with either higher priority values than the priority of  or with 
visited node status. 

w u w
v
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5.3 Novel Information Dissemination Algorithms for a 
Disconnected MANET 

 

5.3.1 The IOBIO Algorithm (InfOrmation Dissemination 
Protocol for BIOlogically Inspired autonomic Networks 
and Services) 

 
To eliminate the drawbacks of the earlier introduced information dissemination 

algorithms, a quite different approach is presented by me, the IOBIO algorithm. It uses a 
simple 3-stage handshake to discover neighbours that are interested in one of the carried 
messages. The goal of the protocol is to reduce unnecessary load of neighbouring nodes 
by duplicate or unneeded data ("spamming”). 

The nodes use three different types of messages for information-exchange in the 
IOBIO algorithm. 
ADV: advertisement of new data. If a node intends to send out new information it first 
sends an ADV packet that describes the data packet. The advertisement contains the 
identification information for the targeted User Community (users are usually not 
interested in every type of data; they form User Communities (UC) with similar 
interests). ADV messages are sent periodically. 
REQ: request for data. A node answers to the ADV packet with REQ, asking for the 
advertised information. 
DATA: the data message, which contains the requested information. 

5.3.1.1 General steps of the protocol 
 

1) A node (A) (who is a member of a certain UC) receives a data packet from 
another node. 

2) A broadcasts an ADV message. 
3) A node (named B) is a member of the same UC as A. B checks the ID of the 

advertised service, and it concludes that it needs that information. Before sending 
the REQ message B checks if a REQ was heard in the neighbourhood asking the 
same message which is needed by B. In that case B cancels the sending of the 
REQ message, otherwise it sends a REQ to A. 

4) B broadcasts a REQ message. A receives the REQ message. A checks the ID of 
the requested information. If A does not have this information, A drops the 
message, otherwise A sends out the DATA packet referred to by the REQ 
message. 

5) A broadcasts the requested DATA, B receives it. B processes it and then starts the 
IOBIO protocol from point 2) (e.g. broadcasts an ADV message). 

 
The benefits of the algorithm are demonstrated on Figure 28. Node A sends an ADV 

indicating that it has the messages 1, 2 and 3. After receiving this ADV, nodes B, C, D 
start a Random Assessment Delay. At step 2 node D sends a REQ packet, indicating, that 
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it needs messages 2 and 3. At step 3, node C sends a REQ packet. However, the REQ 
packet of D had been heard, so C detects that message 2 is already requested, and only 
puts the ID of message 1 in the REQ packet. At step 4, the random delay of B is over, 
however, message 1 is already requested, so no REQ is sent. At step 5 the wait interval of 
node A is over, and all requested messages are transmitted. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 28 General model of IOBIO 

5.3.1.2 Resolving advertisement collisions 
 

In order to resolve the problem of advertisement collision (it is the case when two 
nodes send the ADV message in the same time, therefore the neighbouring nodes will get 
DATA packets from both nodes after requesting the same packets) the following scenario 
is presented. We assume that two nodes – A and B – send an ADV message at the same 
time. If there is a node (named C) in the communication area which is interested in this 
information, both of A and B will receive the REQ message. It may lead to overhead if 
both of them send the DATA. In order to avoid this algorithm was extended in the 
following way. If a node (named A) sends an ADV message, and it receives the same 
ADV message (from another node, named B), it draws a random number, and sets up its 
waiting-time to this random number. Node B does the same. If A receives a REQ 
message, it will wait for the set delay – if it does not receive a DATA information with 
the requested data during the waiting-period, it sends the requested information. If it 
receives the requested data – which means that the information was already sent by B – it 
does not send anything. 
 

5.3.1.3 Advantages of the algorithm 
 

One of the most useful properties is the limited overhead - no unnecessary DATA 
message is sent. With the 3-stage handshake we do not need to broadcast every time. The 
first and second steps use short control messages; the broadcasting of the data only 
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happens in the third step, and only when it is really needed. It happens only upon a 
request nearby – thus, the overhead is decreased. 

We assume that a lot of nodes – belonging to the same group of interest – are usually 
close to each other. In this case lot of advertisement and request messages are sent, and 
the networks will work as a simple broadcast-network. One can tell that with the 3-stage 
handshake we can reduce the energy needed for communication, because the node sends 
only short advertisement messages (which message should be processed by all the nodes 
in the communication range), and all the data will be sent only in one case: if a node 
needs it. 
 

5.3.2 The Modified IOBIO Algorithm (MIOBIO) 
 

The IOBIO uses simple periodic broadcast to send ADV packets. Considering the 
number of packets a more effective approach is possible. Applying the Adaptive Periodic 
Flood (APF), which is a simple controlled flood protocol that can reduce the number of 
duplicated messages without using control messages, while maintains low delays and 
robustness that are characteristics of a Blind Flood. This simple protocol broadcasts 
messages periodically, and increases this period when a duplicate arrives. 

Considering the number of bits sent/received APF is not as efficient as IOBIO because 
it sends DATA messages only, and generates a high amount of unnecessary bits. IOBIO 
can avoid the transmission of unnecessary DATA messages using a simple handshake. 
To combine the benefits of the two algorithms (APF and IOBIO), MIOBIO uses the APF 
protocol to decrease the amount of duplicate ADV messages, and uses the original IOBIO 
handshake to decide when DATA messages have to be sent. The IOBIO and MIOBIO – 
similar to other networking strategies [67] - leverage contacts among nodes to spread 
information system-wide. In the opportunistic networks no assumption is made on the 
existence of a complete path between two nodes wishing to communicate. Source and 
destination nodes might never be connected to the same network, at the same time [68]. 

 

5.3.3 Multi-Message Scalable Broadcast Algorithm (MMSBA) 
 

The algorithms that do not take partitioning into account, like Scalable Broadcast 
Algorithm (SBA) and Generic, perform poorly in disconnected environments. These kind 
of algorithms decide to rebroadcast a message only once, when it is first received. If there 
are no more nodes in transmission range when the last message is sent, the dissemination 
stops. Unfortunately, when a new node arrives into the transmission range, there is no 
event that can trigger a retransmission. To solve this problem, the SBA algorithm was 
improved, because it is computationally simple, and proved to be robust by many papers 
[60], [61]. It also gives a nice way to generalize its mechanism to the multi-message case. 
The basic idea of the SBA algorithm is the Random Assessment Delay (RAD) process, 
which delays the transmission of packets by a random interval. The first time SBA 
receives a packet, it starts the RAD procedure. During this interval the SBA listens to his 
neighbours. When one of them starts broadcasting, SBA removes the neighbours of the 
broadcasting nodes from his own 1-hop neighbour set. My modified algorithm, the Multi-
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Message SBA (MMSBA) may trigger a RAD not only on the first reception of a 
message, but on any event that changes the local neighbourhood information. Every time 
a HELLO message is received, MMSBA updates his neighbour list. When the number of 
interested nodes exceeds zero, MMSBA starts the RAD. The RAD works exactly the 
same way as in SBA. There is a little problem though. Every time we receive a HELLO 
message from another node, we will put him again on the list of interested nodes, even if 
the broadcast message was already sent to him. This problem is not present in the original 
SBA, as nodes broadcast the message at least once, when it is first received. To overcome 
this problem, the nodes include the list of messages they have already received in their 
HELLO packets. This also gives a feedback to MMSBA if a broadcast message was lost 
during transmission. The new method allows MMSBA to handle many messages 
independently. 

To support multiple messages, the RAD process also needs to be updated. When a 
neighbour node broadcasts MMSBA removes from its context the nodes that are 
interested only in that broadcasted message. However, nodes that are interested in other 
messages remain in his list. This mechanism can be imagined as overlapping independent 
networks, where different messages are disseminated independently using the SBA RAD 
in different networks. 
 

5.3.4 Mobility Models for Disconnected Networks 
 

The validation of various protocols is highly dependent on how realistic the used 
mobility model is. Since mobility patterns play a significant role in determining the 
protocol performance, it is desirable for the mobility model to emulate the movement 
pattern of real life scenarios in a reasonable way. The problem is that there is a very 
limited number of available real mobility patterns [69], [70] capturing node movement in 
large-scale disconnected mobile networks. Not only the amount of mobility patterns is 
limited, but these traces are related to very specific scenarios and it is difficult to 
generalize.  

However none of these synthetic mobility models reflect real world situations, because 
in practice, a mobile node does not roam in a completely random manner. In the 
disconnected mobility environment the delicate details of time-location dependency and 
community behaviour must be taken into consideration. In these networks it is important 
to model the behaviour of individuals moving in groups and between groups, therefore 
the mobility model in this case must be heavily dependent on the structure of the 
relationship among the mobile nodes, capturing this social dimension. A key aspect of 
human movement is dynamic clustering. We can observe this on the streets: people travel 
in small groups (clusters); some people join the clusters, while others leave them [71]. 
Clusters form in traffic jams, on mass transit vehicles, etc. To examine this phenomenon I 
have developed a group mobility model, called the Reference Point Group Mobility 
Model with Dynamic Clustering (RPGMMDC). It is a modified version of the Reference 
Point Group Mobility Model (RPGM), which is a group mobility model and it means that 
the nodes are organized in groups and the groups move together. Each group has a centre 
point, that moves according to a mobility model (in this case the Constant Speed Mobility 
Model). Each node has a reference point close to the centre point, and sets its destination 
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in a random location near the reference point. In the RPGM model, the groups were 
predetermined, and did not change during the simulation. In this modified version, after 
each step each node has a small chance of leaving the current group and joining another 
randomly chosen group. This model offers an even more accurate representation of 
human movement: groups mentioned in the previous paragraph change over time; some 
people join the group while others leave and eventually join another one. 
 

5.4 The Simulation Framework 
 
Within the framework of the BIONETS project [72], a freely available simulation tool 

has been developed in the Mobile Communication and Computing Laboratory by our 
project team [73], extending the architecture and functionalities offered by the well-
known OMNeT++ [74], [75] package to reflect the BIONETS system architecture. The 
simulation framework itself is a collection of interdependent software components. The 
heart of the system is the OMNeT++ discrete event simulator library and tools. The 
Mobility Framework [76], [77] is a library built on the OMNeT++ core library which 
provides a framework for mobile communication simulations. It contains several 
implemented modules. Simulator components provide additional or customized services 
on top of OMNeT++ and Mobility Framework. OMNeT++ itself has several components. 
The core library is the implementation of the discrete event simulator which executes a 
simulation model that can be defined by the simulator users. Mobility framework is a 
library that provides a framework for mobile ad hoc simulations and also has different 
model implementations. It supports the use of different mobility and channel models, and 
many network technologies. 
 

5.5 Simulation Results 
 

Williams et al. [61] compared several dissemination methods in their work which 
included simple heuristic based methods, a location-based scheme and two self-prune 
methods. They simulated these protocols in different network conditions varying traffic 
load and mobility. The results of their experiments show that the best available 
dissemination methods are mostly self-pruning based. 

From a comparison focused on self-pruning algorithms [60] it turns out, that most of 
these algorithms cope well with the problem of congestion, almost all in the cases 98% 
delivery ratio was reached. Mobility is a much greater threat to these algorithms. Most of 
the self-prune algorithms perform poorly if the nodes in the network move with high 
speed. It is also shown that the algorithms that rely on node neighbour degree instead of 
node ID are less resilient to mobility, and their performance degrades more quickly than 
the other methods. 

I have used the simulator to evaluate the performance of different information 
dissemination algorithms and mobility models, presenting the two novel information 
dissemination algorithms, the Multi-Message SBA (MMSBA) and the Modified IOBIO 
(MIOBIO), comparing them with the reference algorithms chosen from the literature 
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which are the best available dissemination methods published earlier for a disconnected 
mobile environment: Generic Self-Pruning, SBA, Hypergossiping. These algorithms 
were chosen after an extensive study of the literature of data dissemination, covering a 
large set of different dissemination types, drawing a conclusion that the three algorithms 
mentioned above give a very good all-around solution that performs well in a 
disconnected mobile environment.  

SBA is outperformed by some of the other methods, but it showed remarkable 
resiliency to extreme mobility conditions. The Generic self-prune method, introduced 
above, was shown one of the most effective algorithm in many situations, but is 
somewhat sensitive to mobility. Hypergossiping because it is a relatively new algorithm 
that takes network partitioning into account, and support the dissemination of multiple 
messages. 

The main criterion for the evaluation of the algorithms was the robustness of the 
algorithms in different conditions. The simulation parameters were chosen to be realistic 
to be able to test the algorithms in a disconnected mobile environment. Every simulation 
starts with a 200 second “warm-up” period (needed by the mobility models). The 
transmission of the control messages (like HELLO) starts after the 195th second, so the 
dissemination methods have time to discover their neighbours. The first message is 
broadcasted from a single node at the 200th second. It is assumed that the message has 10 
seconds lifetime, so the simulation stops at 210 seconds, when the message gets outdated. 
The measurement confidence was 0.95. 

For all the algorithms under investigation, the number of the nodes was measured that 
correctly received the message within a delay of 10 sec. This delivery ratio indicates the 
fraction of nodes that were interested in the message and received it during its lifetime 
(10 s). The results of these measurements are shown on Figure 29. The results show that 
MMSBA provides the best coverage for the Reference Point Group Mobility Model with 
Dynamic Clustering, but using other mobility models, the performance of MIOBIO and 
MMSBA is very close. Both of the new algorithms outperform SBA, Generic and 
HyperGossip. 

 
Figure 29 Delivery ratio of the simulated algorithms 
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A very important parameter for the performance of the algorithms is the overhead, this 

redundancy metric shows in average how many duplicates were received for one useful 
message. The results of the simulations can be seen on Figure 30. Even for smaller sizes 
of data messages the amount of generated signalling messages was not significant 
comparing to the data traffic. 

 

 
Figure 30 The overhead of the simulated algorithms 

 
 

In the case of overload MIOBIO is the clear winner, if we consider that Hypergossip 
produces a little bit smaller overhead, but its delivery ration is the worst among the five 
algorithms, therefore it can not reach the majority of the nodes. MMSBA reached the 
highest proportion of the interested nodes, however with rather high redundancy. 
MIOBIO on the other hand achieved good results with rather low overhead. Therefore 
these two algorithms can be combined very effectively in a disconnected network, tuning 
the tradeoff between them, very significant improvement can be achieved in the 
information dissemination process. 

 

5.6 Natural Selection of the Information Dissemination 
Algorithms 

 

5.6.1 The Natural Selection Framework 
 

As it was presented above there are plenty of information dissemination algorithms 
described in the literature, but it is very hard to choose between them. Every approach 
has different benefits and drawbacks, working well in different environments. To be able 
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to choose we need precise models on mobility and traffic patterns. There are no such 
models and even if there were, the complexity of them would hinder their usability. Even 
worse, the environment is changing so rapidly that there is no hope for choosing a 
theoretically optimal algorithm. 

Instead of extensive analytical modeling, one can choose an adaptive approach. This 
way the system “self-tunes” itself providing services with acceptable performance over a 
large set of possible environments. Every adaptive system needs some feedback to 
modify its behavior to increase performance. This is problematic when there is no model 
of the system. Instead of an analytically derived solution, the problem can be approached 
with a biologically inspired method, like natural selection. In this case the system has 
many algorithm individuals that compete with each other. The individuals with the 
highest fitness will reproduce faster than the less fit ones. The designer chooses the 
fitness function so that the species with good performance will get higher fitness scores. 
Evaluating the fitness of the algorithms using direct feedback has many difficulties. All 
the nodes that received the message should send some acknowledgment messages to the 
sender to indicate the success of transmission. This obviously increases the load on the 
network. More serious issue is that these feedback messages should be carefully 
coordinated to avoid collisions. If this is not solved then many acknowledgments get lost 
and the fitness evaluation will not work properly. 

The fundamental problem of fitness estimation is that the receiver nodes have the 
information on the success of transmission while the sender nodes have the sender 
algorithm. The feedback approach solves this by propagating information back from the 
receivers to the senders. The key idea in this work is the reversal of this decision. Instead 
of trying to collect performance measurements at the sender and choosing the next 
generation of algorithms there, the sender attaches the code of the sender algorithm to 
every packet and delegates the decision to the receiver. This way every message carrying 
payload will also carry a genetic code essentially becoming a virtual seed. The receiver 
collects these messages from different nodes with the included algorithm descriptions. 
This way the receiver could guess which algorithms perform best as those are the 
algorithms whose code is seen in most messages. When the algorithm individual at the 
receiver node dies the node will choose the best algorithm based on his local 
measurements. If a message contains an obsolete payload then it is considered duplicate 
and a penalty could be accounted for the sender algorithm. This acts as an incentive to 
sender algorithms to send useful information only and do not “spam” the system. 

With this approach an algorithm could reproduce only by successfully transmitting 
useful messages – virtual seeds. Still this is not enough to ensure the success of the 
system. Imagine an algorithm that sends out no messages at all. While this algorithm 
could not reproduce it still occupies a node and keeps it from sending messages. This can 
be solved by simply limiting the life of any algorithm individual with a timer. This way 
time becomes a limited resource for the competing algorithms and therefore it will have 
an implicit cost. Similar problem is when an algorithm continuously transmits messages 
making impossible for other nodes to send messages and reproduce. Again, costs can be 
assigned to message transmission by simply limiting the amount of messages that an 
algorithm is allowed to send. If this credit is depleted, the algorithm dies. 

Therefore there are two limiting parameters of the  information 
dissemination algorithms available in the network: the  maximum number of 
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messages sent by an algorithm during its lifetime and a  timer is set when the node 
starts using a new algorithm. So an algorithm dies, if 

J
maxMM sent = or expires.  J

For the  mobile node a local fitness function is defined for every algorithm: thj
 

   
iii duplicatesjusefuljAj MMF ,,, −=  , Ni ,..,1=        (37) 

 
where  is the number of useful messages received by the  node by the  
algorithm and  is the number of duplicates received from the same algorithm 
on the same node, as the sender node attaches the code of the sender algorithm to every 
packet. Every time a mobile node needs to choose a new algorithm for disseminating its 
messages (because the last one died), it will choose on the basis of its fitness function, 
always the algorithm which has the highest fitness value in that moment will be chosen. 
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The rules outlined above concentrate on maximizing the outgoing useful traffic from a 
node. The applications running on the nodes are also interested in receiving useful 
messages; therefore algorithms should get some score for receiving messages. When a 
node receives a useful message it gives a score to the sender algorithm, but also a small 
fraction of this score to the algorithm at the receiving node for being polite and accepting 
useful messages. This way the cooperation level of the algorithms could be adjusted to 
examine the effect of the cooperation willingness on the overall properties of the system. 

The fitness function needs to be modified if cooperation is introduced in the system, 
for the  node the fitness function for the  algorithm, which is currently running on 
the node, will be: 
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where is the number of useful messages the  node received while the  

algorithm was running on it, and 

areceivejM ,
thj aA

coopw
1  is the cooperation bonus divisor, the ratio of the 

bonus points obtained by sending/receiving a useful message. 
An important consequence of these rules is that there is no explicit fitness function. No 

node in the system knows the fitness of a given algorithm at a given time. Every 
algorithm individual tries to “convince” the receivers of its usefulness but no node knows 
how many other nodes have chosen the same algorithm for reproduction. 

This natural selection based framework was implemented in the above presented 
BIONETS simulator and the algorithms were implemented using a meta-protocol that is a 
generalization of the described algorithms so that all the algorithms recognize each others 
messages, however they may react as they see fit – no particular protocol sequence is 
mandatory. I have chosen the best performing algorithms based on the measurements 
introduced above, which were the MIOBIO and MMSBA, while APF was selected to 
check what will be the impact on natural selection if a too “aggressive” algorithm is also 
competing with the more complex and moderate algorithms. 
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5.6.2 Simulation Results 
 

Two kinds of simulations were carried out with the BIONETS simulator. First the size 
of the data packets was changed, observing which combination of the information 
dissemination algorithms are more useful when transferring “small” or “big” packets. The 
second one was carried out to analyze the effect of cooperation on the performance of the 
algorithms. During these measurements the cooperation level of the algorithms was 
changed in the simulator, namely the proportion of scores, for sending and receiving a 
useful message. 

By changing the data packets conclusions can be drawn on how to use the different 
information dissemination algorithms when the size of the data packets is changing. The 
data packet size was changed during the simulation in 5kbyte steps, the maximum size 
was 100kbyte. Finding a fair, and efficient awarding system is important, because this 
provides that always the most appropriate algorithm is selected for forwarding messages, 
resulting in optimal performance.  

During the simulation – due to the high computing requirements – there were ten runs 
averaged and analyzed. Ten running in this case is enough to reduce any kind of error 
below the acceptable level. 

5.6.2.1 Measurements with Changing Data Packet Size 
 
As mentioned before, in this kind of measurement the data packet size is changed, 

from 1KByte to 100KByte in 5Kbyte steps. For each data size there were 10 runs 
averaged and plotted. At first, the performance of a system using MIOBIO and MMSBA 
forwarding algorithms is presented.  

In Figure 31 the proportion of the received useful and duplicate bits can be seen (in 
Figure 31-35 on the horizontal axis the size of the data packets is shown in kilobytes.) As 
one can observe the combination of this two algorithms perform quite well. Despite the 
very slightly degrading performance these two algorithms perform exceptionally well 
when there is a need for large packet propagation. In Figure 32 the age of the data packets 
is shown in the entire system. 
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Figure 31 Received useful / duplicate number of bits for MIOBIO/ MMSBA competition 
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Figure 32 Average Data Age for MIOBIO/MMSBA competition 
 
The average data age (averaged for the entire system) is highly increasing after the 

packet size exceeds 50kbyte. The cause of the phenomena is that large packets “squeeze 
through” the system much slower than the small ones, because sending them requires 
more time and thus also more collisions happen.  

In Figure 33 all the algorithms (APF, MIOBIO, MMSBA) compete. A sudden 
decrease is noticeable around 35kbyte packet size. This is because at this point the APF 
sends too many duplicate bits. APF generally performs quite well, but over a certain 
packet size it is not capable of   “backing off” as well as in case of small packets. 
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Figure 33 Received useful / duplicate number of bits for MIOBIO/ MMSBA/APF 
competition 

 
When the effectiveness is dropping the average data age is increasing (Figure 34). 

This again happens as the APF floods the system. The last simulation is when the APF 
competes against the MMSBA (Figure 35). The graph is very similar to Figure 33. This is 
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due the nature of APF. When APF is present in the system the graphs look all like Figure 
33 and 35.  Here, when sending small packets, the useful/duplicate ratio is very high, 
while for larger packets the “greedy” nature of APF worsens the overall throughput of the 
system. 
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Figure 34 Average Data Age for MIOBIO/MMSBA/APF competition  
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Figure 35 Received useful / duplicate number of bits for MMSBA/ APF competition 
 

5.6.2.2 Measurements with different cooperation levels 
 
In this subsection the purpose of the measurements were to find out more about how to 

encourage cooperation among the algorithms. The awarding system in the simulator was 
changed to gain better parameters. First the cooperation between APF and MMSBA is 
analyzed (Figure 36). 

74 



The cooperation bonus divisor is the ratio of the bonus points obtained by 
sending/receiving a useful message as introduced in (38). Knowing this, Figure 36 shows 
that when the reception of data packet is rewarded, then the entire system has better 
performance measures. In other words, the “greedy, spamming” algorithms such as 
flooding can be regulated this way. In this case for instance, a flood with an appropriately 
large back off period can survive, but a greedy one can not. 
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Figure 36 Sent useful/duplicate bits in function of the cooperation bonus divisor 
(APF/MMSBA) 

 
In the next graph, the average data age rises, as the “mindless forwarding” is not 

punished (Figure 37), as higher values on the horizontal axis indicate less motivation for 
cooperation. 
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Figure 37 Average data age in function of the cooperation bonus divisor (APF/MMSBA) 
 

Finally all the algorithms compete together in the system (Figure 38). The result is 
very similar to the one without the MIOBIO, which means by increasing the cooperation 
level between the nodes, the overall throughput of the system increases too. 
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Figure 38 Sent useful/duplicate bits in function of the cooperation bonus divisor 
(APF/MIOBIO/MMSBA) 

 
When examining the average data age (Figure 39), we get very similar results to the 

last case, by motivating the nodes to cooperate, the average data ages decreases, which 
will provide the users up-to-date information. It can also be observed, that the data age 
does not depend so much on the cooperation bonus divisor, as it depends on the data size. 
Thus it is possible to regulate data age with splitting up bigger packets into smaller ones. 
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Figure 39 Average data age in function of the cooperation bonus divisor 
(APF/MIOBIO/MMSBA) 
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5.7 Summary 
 

Due to the frequent topology change one of the most important aspects of the self-
managing MANETs is the effective spreading of information; it should be disseminated 
fast, before the period of validity expires. In Chapter 5 two novel information 
dissemination strategies (MIOBIO, Multi-Message SBA) for disconnected mobile 
networks are presented together with the outcome of a simulative study carried out to 
analyze their performance. 

The most reliable algorithm is the MMSBA algorithm, followed by MIOBIO, Generic 
and SBA very close to each other. Hypergossiping was not able to reach large number of 
nodes, however it has a remarkably low overhead. Another interesting fact is that while 
the overhead values of Hypergossiping and MIOBIO are close, MIOBIO is the clear 
winner, because it can reach a much bigger proportion of nodes than Hypergossiping. 
The results clearly show that algorithms designed for network partitioning can achieve 
better reliability at the cost of some increased overhead. 

Overall looking the two novel algorithms outperformed the existing algorithms created 
for disconnected mobile networks, therefore the total amount of the sent data can be 
reduced further, together with the delay experienced by the nodes, decreasing the 
unnecessary load of neighbouring nodes. 

While there are a huge number of message forwarding algorithms described in the 
literature, the environment is changing so rapidly that there is no hope for choosing a 
theoretically optimal algorithm. Therefore I introduced a biologically inspired solution 
based on the phenomena of natural selection. The individuals with the highest fitness will 
reproduce faster than the less fit ones. The designer chooses the fitness function so that 
the species with good performance will get higher fitness scores. An important benefit is 
that there is no central fitness evaluation; every decision is made locally in the nodes, 
reducing the overhead generated by the performance feedback. 

This natural selection based solution was implemented in the BIONETS simulator, 
together with the best performing algorithms (MIOBIO and MMSBA). During the 
performance evaluation the size of the data packets was changed and the level of 
cooperation between the nodes, to observe the effect on the performance of the 
algorithms. As it can be concluded APF is suitable only for an environment with smaller 
data packets, because of its greedy nature, while MIOBIO and MMSBA perform 
exceptionally well together when there is a need for large packet propagation. 
Introducing cooperation between nodes improved the overall parameters of the system 
like throughput and data age, also motivating greedy ones competing for survival to 
produce fewer duplicates, therefore spamming can be controlled with the rewarding 
system. 
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6 Conclusions 
 

I presented general mobility management solutions, which can be utilized in the next 
generation mobile networks. The efficient network planning is crucial for the future 
systems, where the scalability problems and improving the network performance 
parameters can be a real challenge. 

Since all the existing cellular networks use the zone-based scheme, that means the use 
of Location Areas, in practice; my first thesis addresses the optimization of such zone-
based schemes to reduce the signalling cost in mobile networks. Most of the references 
related to the Location Area design are focused on how to determine the optimal numbers 
of cells for an LA or LA planning schemes are given for only a homogeneous mobility 
environment. In Thesis 1 a LA planning method is introduced first for a heterogeneous 
mobility environment, which means the inter-cell movement rate distribution is not near 
uniform, as it is assumed in the majority of LA planning schemes published earlier. 
Therefore the goal was to reduce the sum of the location update and paging cost. In this 
Thesis there was also presented a LA planning scheme for a near-uniform distribution 
case, where the final goal is the determination of optimum number of cells per LA for 
which the location update cost is minimum, with the paging cost as an inequality 
constraint function, which gives the novelty of this research, namely for both 
environments the LA structure can be optimized. In both cases a detailed cost structure is 
introduced and analyzed, serving like an evaluation framework for the LA forming 
algorithms.  

For the heterogeneous scenario in the first thesis the performance evaluation of the LA 
forming algorithm (LAFA) and the cell regrouping algorithm (CEREAL) is given by a 
simulation tool, showing that compared with a reference algorithm chosen from the 
literature the LA forming technique reduces the location update cost by 40-60 percents. 
The regrouping algorithm performs well if we want to decrease the total cost of our 
system, it can reduce the total cost by 30-40%, sometimes over 50%.  

The LA forming algorithm developed for the homogeneous scenario also contains two 
phases: a greedy algorithm (GREAL) is adopted which forms a basic partition of cells 
into LAs, and then a simulated annealing based algorithm (SABLAF) is applied for 
getting the final partition. Comparing them with the same reference algorithm, for the 
both mobility environments the SABLAF algorithm delivered the best performance, 
reducing the location update cost almost 50% more effective than the reference solution. 

These solutions are effective on the first level of the network hierarchy, but the drafts 
do not address the realization of the hierarchical structure in detail during the network 
design. Therefore with these Location Area planning algorithms, we can obtain the 
optimal partition of cells for a given Access Router, which will represent a Location Area 
router. 

A key issue is how to group these Access Routers on the next level of hierarchy, and 
on which level of hierarchy to implement the MAP functionalities, actually how many 
Access Routers should be beneath a MAP within a domain.  

Therefore I presented a hierarchical network design algorithm (HIENDA) in Thesis 2, 
based on the structure given by the LA planning algorithm, aligned with a MAP 
allocation algorithm in Hierarchical Mobile IPv6 to optimize the mobility management in 
the Mobil IP networks (or generally another Proxy Agent Architecture used in micro-
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mobility management). The main goal of HIENDA is to assign an optimal tree structure 
to a given source of Access Router handover rates. Therefore HIENDA considers the 
topology constraints, and takes the available mobility pattern and Access Router 
handover information as input, and finds a near optimal HMIP hierarchical structure for 
which the total signalling cost will be minimal. 

A HMIP simulation environment was implemented integrating the cost functions and 
network designing schemes in order to extensively analyze and evaluate the capabilities 
of the hierarchical optimization technique, comparing them with other solutions. From 
the simulations results the conclusion could be drawn that the HIENDA is outperforming 
the other existing hierarchy forming solution in the terms of Location Update Cost, at the 
same time keeping the Packet Delivery Cost on a low level. 

In Thesis 3 mobility management solutions are introduced for a non-traditional 
communication approach: my research interest was in developing novel information 
dissemination solutions for disconnected, autonomous networks, decreasing the 
signalling load occurring in epidemic routing. This required a highly innovative way of 
thinking and research, after network planning here the communication schemes of the 
nodes were designed for an opportunistic network lacking a fixed infrastructure. A 
simulator was used to evaluate the performance of different information dissemination 
algorithms and mobility models, presenting two novel information dissemination 
algorithms, the Multi-Message SBA (MMSBA) and the Modified IOBIO (MIOBIO), 
comparing them with the reference algorithms chosen from the literature which are the 
best available dissemination methods published earlier for a disconnected mobile 
environment: Generic Self-Pruning, SBA, Hypergossiping. The two novel algorithms 
outperformed the existing algorithms created for disconnected mobile networks; therefore 
the total amount of the sent data can be reduced further, together with the delay 
experienced by the nodes, decreasing the unnecessary load of neighbouring nodes.  

Furthermore a novel bio-inspired framework is presented which utilizes natural 
selection for choosing the adequate information dissemination algorithm for different 
mobility environments in a self-managing MANET. As it can be concluded APF is 
suitable only for an environment with smaller data packets, because of its greedy nature, 
while MIOBIO and MMSBA perform exceptionally well together when there is a need 
for large packet propagation. Introducing cooperation between nodes improved the 
overall parameters of the system like throughput and data age, also motivating greedy 
ones competing for survival to produce fewer duplicates, therefore spamming can be 
controlled with the rewarding system. 
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