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Abstract

A Vehicular Ad-Hoc Network (VANET) is a network where vehicles can disseminate
information such as traffic conditions, availability of free parking lots or content.
In order to fulfill VANET application requirements (Time To Live (TTL), informa-
tion distance spread), we need to use the available network resources (e.g., radio
capacity) optimally depending on the traffic conditions. While cellular-based ap-
proaches (e.g., 3rd Generation mobile telecommunications (3G)) is suited for low
traffic conditions, dense traffic (where users might already use 3G) is particularly
suited for relying on Vehicle-to-Vehicle (V2V) communication (e.g., ad-hoc WIFI).
There is a clear need to adapt the dissemination strategy to the current traffic con-
ditions and application requirements. The optimal solution is based on combining
or alternating between cellular-based and opportunistic dissemination strategies.

In this thesis, we aim at modeling epidemic dissemination in vehicular networks
for prediction and optimization purposes. Contrarily to state-of-the-art works (e.g.,
Susceptible, Infectious (SI) models; VANET) we consider the dissemination as a func-
tion of time, but also distance. To do so, we first abstract vehicular mobility with a
lattice grid and homogeneous transition probabilities from which we derive a dissem-
ination model (with upper and lower bounds). We evaluate our model numerically
and find a transition threshold also known as disease outbreak probability. In a next
step, we depart from this abstract lattice model to Manhattan mobility and show
by simulations that a similar behavior is observed hence validating the analytical
model. We further show that our lattice model is also a good approximation of
realistic vehicular mobility. Based, on these results we can illustrate how vehicles
can adopt the best dissemination strategy (e.g., V2V, 3G or a combination) depend-
ing on the traffic conditions (sparse vs. dense) and application requirements (TTL,
distance). Our work is a major contribution as it provides a model of spreading
which accounts for distance with direct applications to vehicular networks for opti-
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mizing dissemination strategies depending on the traffic conditions and application
requirements.
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Chapter 1

Introduction

Vehicular Ad-Hoc Network (VANET) is going to be briefly introduced in order to
position the topic of this work. We show the need for an analytical dissemination
model as well as the need to study dissemination strategy’s tradeoff for vehicular
networks.

1-1 About MANET and VANET

VANET comprises vehicles and road side units which are forming a communication
network. High level of mobility and a relative short transmission range (100 to
300 meter while for example the length of a road on average or size of a city is
higher) implies that not all the nodes are being directly connected. Depending on
their density they are either single entities or forming non-connected clusters or all
nodes are being connected to each other. The way of communication of nodes is
either direct or multi-hop connection. VANET is a special type of Mobile Ad-Hoc
Network (MANET). Nodes of such networks are capable of setting up and maintain-
ing a communication network by themselves. They are sharing radio capacity to
communicate within their transmission range and relay messages of other commu-
nicating parties (multihop communication). Important to mention that in contrast
to MANET’s vehicles of VANETs are traveling on the existing road network and not
moving randomly as in case of MANET’s. Vehicles mobility are constrained by the
road network/topology, traffic signs and traffic conditions.
VANET utilize various communication technologies in order to meet the VANET
application’s requirements (e.g., service area, data speed, maximum radio capacity,
delay in time). These requirements are not independent from each other and being
fundamentally and regulatory limited.
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2 Introduction

1-2 Motivation

The increasing number of vehicles on road networks are resulting in a higher chance
of collision and existence of traffic jams. In order to avoid those cases, VANET-based
applications are aiming to reduce the negative effect of the continuous increase of
number of vehicles by allowing the vehicles to communicate with each other. The
possibility of communication among vehicles and between vehicles and infrastruc-
ture creates opportunity for safety and non-safety applications to increase the level
of their service by introducing new functions. Disseminated information can range
from time-critical accident avoidance information through road condition informa-
tion to entertainment and advertisement information.

In vehicular networks communication can be based on ad-hoc communication tech-
nology for vehicles or centralized, infrastructure based (like 3G) technology. Vehicle
hybrid networks are employing communication technologies of both types. Dissem-
ination strategy of vehicle hybrid networks describes which technology and what
form need to be employed for optimal information dissemination.

Opportunistic epidemic dissemination is particularly suitable for dense scenarios
with high traffic conditions due to the high connectedness of vehicles. However,
ad-hoc communication technology-based epidemic dissemination does not provide
necessary level of service in case of sparse networks. Therefore, for low traffic
conditions infrastructure- and/or Delay Tolerant Network (DTN)-based approaches
are necessary (in DTNs the information is usually not time-critical). DTN’s carry-
and-forward approach is suitable for non-time critical vehicular applications while
time-critical applications need to employ centralized, infrastructure based (although
3G-based dissemination it is highly resource- and cost-sensitive). Therefore, it is
essential to optimize dissemination strategy accounting for vehicular application’s
requirements (e.g., time, distance) and traffic conditions.

Message dissemination in VANETs is being widely studied from the practical point of
view which is instead being analyzed as an analytical problem in our work. Similar
analytical models from epidemiology, biology and physics accounts for time and
rate of infection. In contrast, vehicular applications have also requirements on the
service area based on how crucial is a message at a certain distance from the source
of information. Moreover, vehicular information dissemination does not need to
account for birth-death processes, because we assume all vehicles are participating
in the information spreading – no birth – and number of vehicles is constant – no
birth and death. However, vehicles are traveling as independent entities on the
existing road network and following vehicular movement patterns.
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1-3 Problem Definition 3

1-3 Problem Definition

Vehicles in our study are forming a VANET and they are using single link com-
munication to transfer messages to each other within their communication range.
Therefore, as a group of nodes they are capable of disseminating information. Infor-
mation is going to be transfered to nodes within a certain distance and time limit.
Therefore, the dissemination model for information spreading needs to account for
time and distance as well.
Considering a single source information of the problem would be to answer the
following questions:

• How long does it take to send information to a certain distance?

• How many nodes are going to be aware of the message after certain time?

• How does traffic and the dissemination strategy affects the previously stated
questions?

The first question aims to answer, based on the distance, the delay of information
spreading while the second question answers the percentage of nodes aware of in-
formation for a given time limit. Dissemination in VANET is highly influenced by
the current traffic conditions and dissemination strategy employed. Therefore, the
third concern is to analyze the tradeoff between vehicular application’s requirements
in connection with the dissemination strategy applied.
Researches in VANET’s are mainly based on simulation’s results, because real-world
testbeds are impracticable due to the large number of vehicles required. Therefore,
an analytical model of the problem is necessary to understand information dissem-
ination accounting for distance and time. Such a model would assist as a starting
point for creating powerful applications with focusing on the service instead of the
network behind their system. Moreover, mimicking realistic movement of vehicles
moving on the road network implies that simulations are being highly complex and
resource consuming compared to an analytical model. The complexity is more sig-
nificant if we consider studies for greater distances though the problem of message
dissemination scales with the square of distance.

1-4 Objectives

We aim, at finding an analytical model for information spreading among vehicles
and gain more insight on resources like time and capacity needed. We validate
our analytical model with simulations and study these results by comparing it to
different level of realistic simulations performed using a realistic vehicular simulator.
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4 Introduction

Results of this work are expected to help to understand the tradeoff between re-
quirements of vehicular applications (e.g., information awareness rate, time limit,
distance) and find the optimum. Moreover, our study is aiming to define a general
dissemination strategy employing hybrid technology in order to meet requirements
in a resource efficient manner. We believe that our study will reduce the need for
early stage real-life experiments by utilizing simulations and analytical studies.

1-5 Milestones of Work and Structure of Thesis

The remainder of this thesis is organized as follows. In Chapter 2, related work will
be discussed. The main topic in Chapter 3 will be a simple analytical model which
we are going to study in order to find an analytical representation of the problem.
We will evaluate our findings with numerical simulations and present limitations
of the models. Chapter 4 deals with a vehicular simulator application which func-
tionalities we have extended and implemented in order to support simulations of
epidemic type of information dissemination. At first step, we do simulations with
the Manhattan Mobility and study the similarities of it to the numerical simulations
based on the simple model. Next, we will compare results of the Manhattan Mo-
bility based simulation and two realistic models based on real-world road structure
and either employing: (i) interaction-free vehicle movements model, or (ii) realistic
vehicular mobility. After the principles and data collection through simulations we
shall then go on to study the dissemination tradeoff. We will present requirements
of vehicular applications through case studies and conclude by proposing a general
dissemination strategy for hybrid vehicular networks. Eventually, in Chapter 6 we
summarize our work and list useful suggestions for further work.

Tamás Zoltán Veres Master of Science Thesis



Chapter 2

Literature Review

Researchers working on related topics to vehicular networks form the VANET com-
munity. They hold annual workshops that bring together researchers from different
fields like automotive engineering, transportation engineering, electrical engineering
and computer science.
In this chapter, we first present the motivation and opportunity of implementing
VANET-based applications with the advantage of improving level of service provided
and we show a possible classification of those applications. At next, we introduce
epidemiology-based works in connection with information spreading in order to find
an analytical model for information dissemination. We present vehicular mobility
models and introduce daily variation of road traffic which both expected to effect
performance of information dissemination. We present a survey of state-of-the art
works of VANET community related to dissemination strategies and finally we show
realistic simulators for VANET.

2-1 Vehicular Applications

Currently used traffic information systems are centralized vehicular applications
using technology like Traffic Message Channel (TMC), which provides information
about road traffic conditions. However, it is (i) lacking of short delay times (due to
the centralized approach) and (ii) averaging information for large geographical areas
(due to cost-sensitiveness of detailed sensor networks and limited radio resource) (iii)
without the opportunity of providing services for locally interesting and time-critical
applications [1]. Moreover, as discussed in [2], the implementation for complete
coverage would require new infrastructure which is cost-sensitive as shown in [3]
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6 Literature Review

Figure 2-1: Classification of Vehicular Applications based on their time-criticalness and improvement
of safety

through a case study. Such systems would for example not meet requirement of
an accident avoidance application, because they have large delays and they would
require large capacity due to the large geographical area of service. In contrast,
VANET-based systems can have short delays and the capacity can be reused more
efficiently. Moreover, the structure of VANET can be distributed which improves the
level of independence, scalability and stability.
Vehicular application can be classified based on their improvement of safety and
time critical nature of the service as shown in Figure 2-1. The figure shows exam-
ples of application categories such as safety applications (e.g., avoidance of collision,
information of loss of control of vehicle) which can improve road safety significantly
(new level of road safety assistance), but is highly time-critical. Comparatively,
service about traffic condition information is less time-critical, as discussed in [4],
due to the low level of variation of traffic condition in a short time (traffic jams
have to build up) and it has a lower impact on improvement of road safety than
for example traffic accident assistance applications. This categorization can be ex-
tended with expected improvement of safety-comfort level (e.g., example for safety:
intersection collision avoidance; for comfort: dissemination of free parking places in
large parking lots [5])
More detailed classification of Vehicular Safety Communication-Applications (VSC-A)
to seven safety applications is shown in [6]:

• Emergency Electronic Brake Lights: warns of sudden breaking of vehicles in
the forward path.

Tamás Zoltán Veres Master of Science Thesis



2-2 Epidemics 7

• Forward Collision Warning: warns of possible collision to fortrunning vehicle.

• Blind Spot Warning/Lane change Warning: in case of lack of visual contact
due to blind stop it warns during a dangerous lane-change.

• Intersection Movement Assist: warns when it is not safe to enter intersection
(e.g., information of traffic light applies to the current vehicle, information
about a vehicle which might neglect the traffic light and will probably enter to
the intersection).

• Do Not Pass Warning: warns when oncoming vehicle poses collision threat.

• Control Loss Warning: Self-generated warning when vehicle loses control.

We find it important to note the importance of understanding requirements of
vehicular applications. Different applications might have significantly different need
on properties of information spreading (e.g., delay, distance). Therefore different
dissemination strategies (including technology employed) need to be employed for
various vehicular applications. We aim to find an analytical model to study the
effect of these diverse dissemination strategies on information spreading.

2-2 Epidemics

Researches of epidemiology, physics, biology study dissemination from the point of
view of infection spreading. Mathematical models in epidemiology are based on the
Susceptible, Infectious, Removed (SIR) model. This model divides the population
into three compartments as follows:

• Susceptible (S): individuals without immunity in case of meeting any infectious
agent.

• Infectious (I): infected individuals who can transmit the infection to suscepti-
ble agent at contact.

• Removed (R): immune individuals who do not affect the dynamics of infection
transmission.

The total population is N , and N = S+ I +R as introduced in [7]. In case of large
enough N , variable S,I and R can be seen as continuous variables and the model
can be expressed with the following differential equations [8] [9]:

dS

dt
= −λ ∗ S ∗ I, (2-1)
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dI

dt
= λ ∗ S ∗ I − β ∗ I, (2-2)

where the transmission rate λ and β stand for the recovery rate.
Equations 2-1 and 2-2 do not account for distance which is a general case for epi-
demiology. Advanced partial differential epidemic model [8] show spatial structure
of S, I and R, but it assumes random movement of vehicles and suggests to use
discrete space models (path models) Those models account for homogeneous mix-
ing, individuals grouped to cells where nodes fully-connected which is not the case
for vehicular ad-hoc networks.
Studies of critical epidemics in lattice site structure introduce critical rate oc that
an infinite epidemic will occur, based on infection to nearest neighbors rate o. They
further show that the problem of infinite epidemics is a percolation problem where
infinite infection is not possible for o < oc, but the probability of infinite epidemic
is 0 < P (o) < 1, if o > oc [10]. Clusters grow only to a finite size in case of finite
epidemic [11]. These studies are assuming recovery of individuals and do not account
for distance, but presents that epidemic type of spreading shows percolation.
Bond percolation theory in lattice shows that for a given p probability, that connec-
tion exist between edges, exist a critical pc above which the probability of having
an infinite open cluster is always one, or if it is below pc than the probability is
zero. For square lattice it is shown in [12] that pc = 0, 5. Directed percolation on
square is studied in [13] in order to calculate cluster size (percolation probability
exponent) with the help of series expansion of the Catalan numbers.
Complex network theory takes into account small-world effect and scale-free prop-
erty which has been found in nature for several cases as shown in [14]. In [15] it
is suggested to study dynamics of epidemic spreading for different topology struc-
tures and heterogeneous population (suggested in [16] as well) while accounting for
only infectious(I) and susceptible(S) individuals with scale-free degree distribution.
Moreover, it summarizes related work on small-word networks that exists a criti-
cal threshold under the infection dies out, in contrary to scale-free networks where
dissemination is influenced by low spreading rates as well.

2-3 VANET Dissemination Strategies

Most VANET-based systems assume priori knowledge about the underlying road
network which is usually interpreted as a weighted graph [1] [17]. Common approach
is to divide the roads to sections with different weights, but not certainly with the
same length. The weights are given according to a certain property which can be
physical like message’s traversal delay [1] or stochastic probability based on the
distance of vehicles [18].
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Vehicles are assumed to be equipped with sensors which are providing data about
the status of the vehicle e.g., speed, geographical position, temperature [19] or even
sensors to detect bumps, acceleration [20] or honking [21]. This status represents
local information about a geographical area at a certain time moment. Distribution
of local information needs to be detailed within closer vicinity, and coarser with
the increase of distance as proposed in [22] [23]. For example a driver would be
interested in the average speed of vehicles way ahead, but the exact speed of a
vehicle 100 meters ahead − to be able to avoid a collision.

Based on the type of communication three main categories can be introduced. First,
vehicles sending their messages via a cellular system – and/or Road-Side Unit (RSU)
– to a central server or to another peer as described in [24] [25]. The disadvantage of
such systems is the high cost of construction and maintenance of the infrastructure.
Second group can be the group of systems which are not using cellular systems,
but another dedicated like Urban Multi-hop Broadcast protocol suggested in [26]
or more general communication technologies for VANET (e.g., Wi-Fi) [27] [28] [29]
[30]. Last, a hybrid solution, combination of both systems, seems to be the most
powerful, but the most complex approach. Such a system is introduced in [31],
to enhance radio coverage of the fix infrastructure (e.g., RSU) by cooperation with
vehicles to forward messages from and to the infrastructure. Another approach is
to employ static-nodes at intersections to improve the performance of vehicle-based
(ad-hoc) information dissemination as shown in [32]. These hybrid systems are
taking advantages of ad-hoc- and infrastructure-based communication approaches
in order to optimize information spreading.

Fundamental idea of information dissemination for VANET is to have periodic broad-
cast messages, as presented in [1], and have event driven messages for causes of
emergency situations. Vehicles are most of the times sending messages about their
current status (velocity, heading) and/or knowledge about the network performance
(e.g., delay of certain links, density of cars at a road section). Data from multiple
inputs are being processed and a new message calculated and transmitted if the
routing protocol requests it. Aforementioned information should be aggregated to
fulfill scalability requirements.

Flooding is not scalable though it consumes high amount of energy, bandwidth and
memory space while being inefficient [33]. Therefore techniques to reduce network
load are required. The main goal is to provide less information with higher distance
to keep the system scalable as shown in [34] [35]. Atomic information (e.g., velocity,
degree) [36] is being aggregated with information from another nodes [1] or about
road sections [17] to have aggregated messages. The message has to be aggregated
with new information of the current node before another broadcast takes place.

For aggregation, geographically-hierarchical approaches are being introduced. Level
of hierarchy can, for example, be represented in different resolutions of the road net-
work between landmarks as suggested in [23]. Another approach is to form grids
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of different sizes based on various size of geographical areas as shown in [37]. In
both cases the amount of information about a faraway geographical area is reduced,
therefore data needed to be maintained as well. Dynamic store and forward ap-
proaches are being used to maximize the probability that two message are going to
be present in the same time at current node and it will have a chance to aggregate
them into a single message and transmitted.
We found an evolution from flooding and directed broadcast transmission to the
target area [24] [26] [38] [39] to a distributed (Content Adressable Network (CAN)-
based), subscriber/publisher approach [29]. The nodes are going to subscribe to
certain groups of information (for example information about certain road sections
on the route ahead) and get push messages at a distributed fashion (dissemination is
distributed as well as the location of the stored data). Vehicles are sending (pushing
into the network) information about their observations, abrupt events. However, as
suggested in [40] dissemination strategy might not need to be a single strategy, but a
combination of strategies due to the different scenarios of information dissemination
for vehicular applications.
Data is preferably stored in a distributed fashion like the CAN which have a d dimen-
sional key space used to give the address of a certain area based on its geographical
position. It gives the possibility to reach nodes, which are responsible to store data
about a certain area, without knowing their address. For example in case of search-
ing for a certain geographical area, the process will use the geographical position
of the area of interest to generate its address. Improvements are being proposed
in [25] that (i) new nodes are responsible to store information about areas which
are being queried more frequent (load balancing, scalability improvement) or (ii)
caching the route of search, because of the high chance that an information about
an adjacent road section can be easily reached from the previous route’s address
or (iii) preprocessing data about a group of road sections which are following each
other (for example a highway route).

2-4 Mobility

Studies of Vehicular Ad-Hoc Network (VANET) are mainly based on results of sim-
ulations, because real-world testbeds are impracticable while simulations are fast,
repeatable and provide opportunity to compare different system approaches. In this
section, we present relevant mobility models for vehicular simulations.
Movement of vehicles depends on a wide range of factors such as road structure, traf-
fic rules (e.g., speed limit, traffic lights, on-way roads), traffic conditions, weather
conditions, human behavior. VANET community researches are focusing on mod-
eling these factors together in an efficient way. As a result, it is expected that
realistic simulations based on vehicular mobility models are mimicking movement
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patterns well. Different mobility models need to be used for different scenarios of
applications.

2-4-1 Random Models

Random models were favored over other model, because of their implementational
simplicity and their stochastic properties which allows conducting analytical studies
easily. Most popular random models are Random Waypoint Model (RWP) [41] and
RandomWalk Model (RWM) [42]. In RWP, nodes are randomly choosing the position
of their next destination while nodes following the RWM are randomly generating a
direction and a travel time for their next journey. However, none of these models
are modeling real-world mobility, but they are favored for their simplicity and not
for their accuracy. For example in [43] it is shown through analysis that for RWP,
increasing number of nodes results in a higher chance of connectivity and a lower
minimum transmission range.
Simulation is improved if the movement of vehicles are restricted to a real road
network similar structures. Nodes moving according to the Freeway and Manhattan
Model are restricted to travel on bidirectional multi-lane freeways, on the edges of a
lattice respectively. In case of the Manhattan Model the vehicles are using stochastic
turning function to find direction of next movement. Härri et al. classify vehicular
mobility models in four classes [44]:

• Synthetic models: Mathematical modeling of movements based on rules and
interactions among vehicles which often results in too complex or unrealizable
models as presented in [44].

• Survey-based models: Based on statistical results of large scale surveys, mo-
bility models are reproducing random or deterministic behaviors of real traffic.
That kind of data is often used for validation purposes as shown in [45] as
traces of attendees of Infocom 2005 were used for validation. In [46] is pro-
posed to do coordinated experiments in order to study dangerous situations
in an efficient manner (vehicles heading to an intersection at a way that they
might collide).

• Trace-based models: Such models are generalizing movement traces to generic
movement patterns. An example of an analytical model of such is based on
employing public transportation and is shown in [47].

• Traffic Simulator-based models: Some realistic and validated (through results
of surveys and traces) vehicular simulators are modeling traffic well enough to
couple them with network simulators and extract vehicular behaviors accurate
enough.
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2-4-2 Towards More Realistic Models

The random models are not enough detailed to study higher level of interactions like
traffic jams. They are lacking physical interactions among vehicles and interaction
to environment like the flow-density relationship. Studies show that the flow of
vehicles can be classified in three groups based on the flow-density relationship: (i)
free-flow with rare interaction among vehicles, (ii) coexistence phase in which the
flow is reaching its maximum at a critical density and (iii) congested traffic situation
with traffic jams and lower level of flow than at the critical density was [48] [49] [50].
Flow based models can be applied in different level of detail as discussed [51] [52].
More realistic models can be classified as follows:

• microscopic: Entity based model where all parameters of vehicles are consid-
ered.

• macroscopic: Inspired by fluid theory in order to find macroscopic meanings
of mobility.

• mesoscopic: Intermediate level between the models above to take advantage of
a scalable, but detailed enough model.

Microscopic models are highly detailed while macroscopic models are grouping ve-
hicles with similar parameters. The level of detailedness is a tradeoff though micro-
scopic models are computationally complex compared to macroscopic models.

Realistic movement rules are being modeled by taking into account models with
specific functions like the Car Following Model (CFM) where the vehicles need to
keep a safety distance through deceleration or the Intelligent Driver Model (IDM)
which aims to hold the desired speed of traveling without reaching a limit of gap
between vehicles. Changes of parameters of roads are also modeled. For example
accounting for traffic lights are considered in intersection management models.

Survey based models can further be grouped to path and trip models. Trip models
are based on movement of vehicle(s) between points of their interest while path
models are based on individual paths of vehicles traveling between. Mobility traces
are used to calibrate survey- and traffic simulator-based models.

Measurements by sensors on roads and surveys are showing a great variance of the
number of vehicles by the hour of day studied [53] [54] which has a high impact on
traffic conditions and might have effect on services requested at specific ours of a
day (for example less detailed need for traffic condition information by night due
to low traffic condition, but constant request for road condition information like icy
road section).
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2-5 VANET Simulators

Vehicular simulators are tools to generate mobility traces from vehicular mobility
models. These traces are than used for simulating existing or new protocols. They
provide the opportunity to developers to do fast, well-configurable, cheap and re-
peatable simulation runs in order to evaluate results of new protocols or even whole
systems. Simulations are not accounting for all the parameters of reality, but for
selected ones to keep simulations feasible while keeping them accurate enough.
Simulators need to combine vehicle networking and vehicular traffic simulation [55].
Either they both incorporate to a single simulator application like presented in
[56] or the traffic simulator outputs traces for a networking simulator which than
provides results of traffic and communication performance (e.g., average speed) and
networking characteristics (e.g., inter-contact time, minimum transmission range
[57], mean time to loss information [58]).
Simulator of Urban MObility (SUMO) is a traffic simulator capable of importing user
defined road network structure and simulate single vehicle’s movement traveling on
the road network (micro mobility).
The Network Simulator (ns) version two (ns-2) is a network simulator aiming to
simulate discrete events. It supports TCP, routing and multicast protocols as well.
It is used for evaluation in [55] [59].
VanetMobiSim is a vehicular mobility simulator supporting macro and micro mobil-
ity models [60] [61]. Macro-mobility model is taking into account the road structure
(single- or multi-lane), topology, characterization (speed limit) and the movement
pattern provided either by the trip or path generator module. Parameters for car’s
speed and acceleration modeling are individually available for the micro-mobility
model as well as three various level of details for computing vehicle’s speed based on
(i) deterministic process, (ii) single-lane scenario with interaction among vehicles or
(iii) multi-lane scenario and function of nearby vehicles. Traces of VanetMobiSim
are validated by TSIS-CORSIM.
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Chapter 3

Lattice-based Dissemination:
Analytical Modeling

In this chapter, two theoretical cases of information spreading are being defined and
studied from an analytical point of view. Therefore, we define a simple realization of
information dissemination called Lattice model and introduce the general and first-
wave theoretical cases which we analyze. The two cases are being studied through
recursive type of models, upper and lower bound approximations and numerical
simulations. Numerical evaluations of the models and approximations are presented
as well as a mathematical model approximating results of numerical simulations of
the First-wave case.

3-1 Modeling Dissemination

Analytical modeling of spreading processes relies mostly on Susceptible, Infectious,
Removed (SIR) models as presented in Section 2-2 and in [7] [8] [9]. SIR models are
not accounting for distance, but for time and λ, being the rate of infection and pro-
vide the number of individuals being infected and the sum of all individuals. SIR(t,
λ) = % of individuals infected. Moreover, SIR models do not provide possibility to
take into account the structure of road network and vehicular movement patterns,
but it assumes homogeneous mixing of vehicles.
In order to account for distance while allowing analytical tractability, we divided
the space with a lattice, which represents a grid-like road structure. All positions
are being associated to a cell. The most important variable of a cell is its distance
from the center position which is called its distance as shown in Figure 3-2. This

Master of Science Thesis Tamás Zoltán Veres



16 Lattice-based Dissemination: Analytical Modeling

Figure 3-1: Four direction of transition probability p

notation of distance is being used to define the distance from the source position of
the information spread. Further, we assume a homogeneous transition probability p
to all four directions. Transition probability p abstracts transmission among vehicles
at different cells or carrying information between cells. It is ranging as (0, 1] to all
four directions independently, see Figure 3-1. We call the above introduced model
the Lattice model throughout our work.

The Lattice model is simple enough to study analytically and numerically, but more
realistic than if we would consider vehicles following the Random Walk Model or
Random Waypoint Model though the road network is not random. It is more like
network of parallel and crossing roads.

We present two cases we considered and studied as follows:

• General Case: Spreading of an information according to the lattice model. We
are interested in the number of nodes aware of the information at a certain
distance and time moment, see Figure 3-2. The general case only accounts for
nodes at a given distance and not for all nodes within the given distance.

• First-wave Case: It is based on the general case, but only accounts for nodes at
the maximum distance the information could travel for a given time. We study
the theoretical boarder of the information dissemination. Therefore, time and
distance is numerically equal for the first-wave case, see Figure 3-3.

The number of all nodes at a certain distance can be written as

Ni = 4 ∗ i, (3-1)

where Ni is the number of all nodes at distance i if i > 0 and N1 = 1 as shown in
Figure 3-3.
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Figure 3-2: General case with lattice structure: number of all cells aware of information at a certain
distance (but the distance equals for the cells studied) depending on the time limit t of spreading
and transition probability p. Notation of distance starting with the red colored source cell. Only
distances within the orange field studied, because that is the maximum the message could travel
within time limit t = 5.

Figure 3-3: First-wave case with lattice structure: number of all cells aware of information at distance
the information could maximum travel in time t = 5 (blue colored) and source of information (red
colored). Distance and time is numerically equal.
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3-2 Recursion Based Models and Approximations

The nature of our model implies the practical use of a recursive model to find
the number of nodes being aware of the information. We consider two cases: the
general case where we are interested in the information awareness of cells at certain
distances only and within the maximum transmission distance (limited by upper
limit of time). In case of the first-wave case, only cells are considered which are at
the maximum distance the information could reach within the time limit.

3-2-1 General Case

Nodes of a cell can get the information from only their neighboring cells based on
the declaration of the Lattice model, see Section 3-1. Number of neighboring cells
is four, two cells at a previous distance and two cells at distance one further. Based
on that assumption we introduce the Recursive General model as follows:

Ii(t) = Ii(t− 1) + [Ni − Ii(t− 1)]
[
2pIi−1(t− 1)

Ni−1
+ 2pIi+1(t− 1)

Ni+1

]
, (3-2)

where Ii(t) is the number of nodes aware of the information at distance i, at time
moment t. Distance is measured in number of cells from the information source while
time is running from the time moment the information spread started. Therefore,
both variables are discrete and positive (i, t > 1). Number of all nodes at distance
i only is Ni, see Eq. (3-1). Transition probability p ∈ Re and 0 < p =< 1.

We consider that all nodes can get the information from four neighboring nodes
which is not true for at least the four nodes at the largest horizontal and vertical
distance (border effect). Therefore, it is an over estimation of the problem which
is remarkable for short distances (for high distances it could be neglected if the
recursive calculation for short distances are correct). For example in case of p = 1
the number of all nodes at distance 10 should be 40, see Eq. (3-1), but based on the
General Recursive model we got 1024, see Eq. (3-2). The difference is remarkable
and makes the model unfeasible to use.

It can be seen from Eq. (3-2) that a remarkable simplification is possible if we
consider the First-wave case of dissemination though we can neglect all influences
from nodes at greater distance than the studied one (Ii+1(t− 1) = 0) and we make
the assumption that nodes at equal distance cannot send the information (simple
they cannot be aware of it, yet)(Ii(t− 1) = 0). Therefore, we continue our study in
the next section focusing on the first-wave case and use the findings to study the
general case.
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3-2-2 First-wave case

For the first-wave case, Eq. (3-2) can be simplified. Number of all cells aware
of information at the same distance, but at a time moment earlier (Ii(t − 1)) is
zero (Ii(t − 1) = 0) due to the fact that we account for the first-wave case where
information cannot be present at an earlier time moment (t−1) than t, at the same
distance (Ii). This implies

[Ni − Ii(t− 1)] = Ni (3-3)

Moreover, number of all cells aware of information at distances higher than the
studied one is

Ii+z = 0, (3-4)

where z ∈ Z+. Those cells are at distances the message could not travel yet (i > t
implies Ii+z = 0). At last, the simplified recursive equations, based on the simplifi-
cations suggested above, follows

Ĩi(t) = Ni

[
2p(Ĩi−1(t− 1))

Ni−1

]
, (3-5)

where Ĩi(t) stands for the number of nodes being aware of information at time t and
at distance i, if the transition probability is p for the first-wave case.
We further take the assumption:

Ni = Ni−1 , if Ni−>∞ (3-6)

and the initial value follows:

Ĩ1 = 4p (3-7)

Recursive model for the first-wave case based on the simplifications and assumptions
is the following:

Ĩi = Ĩi−12p (3-8)

Finally, the Recursive First-wave model:

Ĩi = 4p(2p)i−1, (3-9)

Master of Science Thesis Tamás Zoltán Veres



20 Lattice-based Dissemination: Analytical Modeling

Figure 3-4: Compensated Recursive model for First-wave case. Showing the number of nodes
aware of information for a certain transition probability and distance variable if time limit t = 100.
Spreading is only feasible for very high p transition probabilities.

which tells the number of cells aware of information at distance i if time limit is t,
for the first-wave case with transition probability p.
The model is based on the Recursive General model which we showed is an overesti-
mation of the problem which applies to the Recursive First-wave model as well. The
border effect, we did not consider, leads to a remarkable overestimation. Therefore,
we show a possible compensation of the overestimation in the next section.

3-2-3 Compensated Recursive model for First-wave case

The Compensated Recursive model is based on the Recursive First-wave model
which is accounting for only the cells at the boarder of information dissemination
(first-wave case). We propose to compensate for the fact that nodes at distance i
cannot infect 2i number of nodes which are at distance i+ 1, but just 4 more nodes
as a sum (4(i+ 1) = 4i+ 4):

Ĩi = 4p(2p)i−1 i

2i−1 (3-10)

The Compensated Recursive model (above) accounts for the fact that the number
of nodes are not increasing by the factor of two to power, but linearly with four
times the increase of distance.
Numerical evaluation showed that this model is an under estimation of the problem.
For example in case of p = 1 the number of all nodes at distance 10 should be 40 as
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Figure 3-5: Lower bound approximation of First-wave case: cells can get messages from exactly one
cell at a previous distance.

shown in Eq. (3-1), but based on the Compensated Recursive model we calculated
20, see Eq. (3-10). The difference is remarkable and makes the model unfeasible to
use.

3-2-4 Upper/Lower Bound Approximation

We present an upper and lower bound approximation of the problem of information
dissemination for the first-wave case.

Lower

A simplified version of the simple model with the assumption that all nodes can get
information from exactly one node at a previous distance as shown in Figure 3-5.
We found, based on theoretical study, that the expected value of Ĩi follows:

E(Ĩi) = pi4i (3-11)

Upper

An extension of the Lattice model with the assumption that all nodes can get
information from exactly two different nodes at a previous distance as shown in
Figure 3-7. The recursive model follows:
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Figure 3-6: Numerical simulation of Lower bound approximation for First-wave case: showing the
number of nodes aware of information for a certain transition probability and distance variable if time
limit t = 100. Results are averaged over 10000 simulation roundsSpreading is only feasible for very
high p transition probabilities.

Ĩi(t) = I(i− 1)
4(i− 1)4i2p (3-12)

Expected value of Ĩi follows:

E(Ĩi) = p(2p)i−14i (3-13)

3-2-5 Comparison of Studied Models and Approximations

Studied models and approximations of Section 3-2 can be placed in two groups:

Upper approximation

General Recursive model and upper bound model is an upper approximate of the
first-wave case. The General Recursive model is in linear dependency of the upper
bound approximation based on distance (multiplication with d).

Lower approximation

Compensated model and lower bound model are a lower approximation of infor-
mation dissemination of the first-wave case. Calculation based on those models
show a lower value for the number of nodes aware of information than theoretical
calculation or numerical simulation does. The two model equals.
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Figure 3-7: Upper bound approximation of First-wave case: cells can get messages from exactly two
cells at a previous distance.

3-3 Numerical Evaluations of Lattice-based Models

We developed and implemented our proposed analytical model, the Lattice model,
on Matlab by modeling the cells of the simulation’s area as positions of a matrix and
defined the initial values of cells as zero except for the center position (horizontal
and vertical center) of matrix which models the single information source. Cells
aware of the information are allowed to spread the information independently to
all 4 directions (horizontal and vertical steps) with transition probability p at every
time moment. We have used the above introduced numerical simulation model for
modeling information spreading for both, the General and First-wave case.

Based on numerical simulations, we found the number of nodes being aware of
information at a certain transition probability-distance pair, see Figure 3-8 and
Figure 3-10. Figure 3-8 shows the number of nodes aware of the information at
distance d if transition probability is p for the general case while Figure 3-10 shows
the same representation of data for the first-wave case. Transition probability p ∈
Re and has a range of p = [0.1, 1], time limit t = 100 and maximum of distance is d =
100 cells to all four direction. The results are averaged over 10000 simulation rounds
at which level the statistical variation is low enough while performing simulations
is still feasible (above that level the simulations took significantly more time to
run). Matlab is being used to do the simulations. Division of space to cells is
being represented by matrix positions and the spreading starts from the center of
matrix/space.

We find it important to note that in both cases at p = 1 the number of nodes
being aware of information is increasing with the increase of distance linearly as we
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Figure 3-8: General case with time limit t = 100. Shows the number of nodes aware of information
for a certain transition probability and distance variable. Results are averaged over 10000 simulation
rounds. Spreading is not feasible to high distances in combination with low transition probabilities .

introduced earlier in Eq. (3-1). In case of low transition probability p the information
spread is not going to reach greater distances, but we found that for higher transition
probability p the reachable distance within the same time limit is always going to be
greater. In order to increase that distance we need either to increase the transition
probability p or to increase the time limit as shown in Figure 3-9, where time limit
is twice compared to Figure 3-8.

We observe differences between results of the two models. At first, the distance
and time is numerically equal for the first-wave case, because of the declaration, see
Section 3-1. Moreover, at low transition probability p the spreading is not feasible
compared to the general model. We would like to note that we found a phase
transition around the value of transition probability p = 0.5 above which the result
shows similar behavior to the general model and finally at p = 1 the two results are
matching, see Figure 3-8 and Figure 3-10. We observe also from the figures that
at both cases the number of nodes aware of information for a certain p increases
with the increase of distance up to a limiting value of maximum nodes (limited by
the numerous rounds of transition probability) and starts to decrease afterwards,
except at case p = 1, where the increase is continuously linear, see Figure 3-8 and
Eq. (3-1) (maximum number of cells at certain distance will be equal to the cells
aware of information if p = 1).
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Figure 3-9: General case for time limit t = 200. Shows the number of nodes aware of information
for a certain transition probability and distance variable. Results are averaged over 10000 simulation
rounds. Result of extended time limit (compared to Figure 3-8) shows that spreading is more efficient
and feasible for low transition probabilities and high distances.

Figure 3-10: First-wave case with time limit t = 100. Shows the number of nodes aware of
information for a certain transition probability and distance variable accounting for the First-wave
case. Results are averaged over 10000 simulation rounds. Spreading is not feasible for low transition
probabilities. Phase transition at found at p = 0.5
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Figure 3-11: Model fitting example for p = 0.3: red line is averaged result over 10000 simulation
rounds accounting for the First wave case with transition probability p = 0.3. E(Ĩi,0.3) = 3e−0.85i.
Blue line is calculated based on the Simple mathematical model shown in (3-14).

3-4 Model fitting

3-4-1 Simple

Here, we try to fit our numerical (evaluated) results. Therefore, we define a mathe-
matical equation to approximate the numerical results found in Section 3-3 for the
first-wave case:

E(Ĩi) = aie−bi (3-14)

where a, b ∈ Re and i is the distance from the source position of information.
We found that the matching with the numerical simulation’s result, see Figure 3-
11, and calculated values, based on this mathematical model, is not satisfactory
for probabilities ranging from p ≈ 0.45 − 0.50 above. We have introduced these p
values as values of the phase transition of the first-wave case. Unfortunately, we
found that the formula is not able to take into account the initial value at distance
one (which is simply 4p) which leads to the inaccuracy.

3-4-2 Extended

We found an extension to tackle the problem introduced above and we present it
for all transition probabilities p >= 0.58 as the following:

E(Ĩi,p) = 4p− ae−b + aie−bi (3-15)
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Figure 3-12: Model fitting example for p = 0.6: red line is averaged result over 10000 simulation
rounds accounting for the First wave case with transition probability p = 0.6. E(Ĩi,0.6) = 4 · 0.6 −
0.6e−0.055 + 0.6ie−0.055i. Blue line is calculated based on the Extended mathematical model shown
in (3-15).

The extension realizes the matching of the initial value, E(Ĩ1,p) = 4p.
The reason of the requirement of p >= 0.58 is that we found that this is the lowest
value of p which satisfies:

lim
i→100

E(Ĩi) > 0 is true if, p >= 0.58 (3-16)

The extended formula works well for transition probabilities higher than 0.58 as
shown for two cases in Figure 3-12 and Figure 3-13, but cannot be applied to
probabilities lower than that value - where limi→100 E(Ĩi) = 0 stands true. At
probabilities lower than the phase transition we propose to employ the simple model.
In order to evaluate the correctness of the fit we present in Table 3-1 the Root-
Mean-Square Error (RMSE) values for the three examples studied (p = 0.3, p =
0.6, p = 0.75). RMSE is an absolute measure of fit and it can be interpreted as the
standard deviation of the unexplained variance. It is in the same unit value as the
response variable (number of nodes) and lower values of RMSE indicate a better fit.

3-4-3 Conclusion

In this chapter, we found two mathematical models which are approximating the
number of nodes aware of the information based on time and distance for the first-
wave case. The simple model can be used for transition probabilities lower than
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Figure 3-13: Model fitting example for p = 0.75: red line is averaged result over 10000 simulation
rounds accounting for the First wave case with transition probability p = 0.75. E(Ĩi,0.75) = 4 ·0.75−
1.45e−1∗0.0003 + 1.45ie−0.0003i. Blue line is calculated based on the Extended mathematical model
shown in (3-15).

Table 3-1: RMSE of numerical simulations of the simple and extended mathematical model we
proposed in Section 3-4

Transition probability p RMSE value
0.3 0.100
0.6 0.521
0.75 3.016
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phase transition while the extended model approximates well for high transition
probabilities by taking into account the initial value correctly.
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Chapter 4

From Analytical to Realistic
Simulations

In Chapter 3, we introduced a simple analytical model, we used to analyze informa-
tion spreading on lattice. As a first step, simulations of this chapter are aiming to
validate a model equivalent to the simple analytical model, but implemented on the
simulator environment. We call that simulator-based model, the validation model
and we validate its equivalence to the analytical model. We use simulation results
of the validation model to compare it to the lattice-based analytical model and to
do simulations accounting for more realistic mobility models. Realistic simulations
are based on real-world road network structure while vehicular mobility is either
interaction-free (no dependency on other vehicles) or realistic interaction-based (ve-
hicles movement depend on other vehicles in the proximity). We evaluate simulation
results and summarize effects of realistic mimicking of vehicle’s movement.

In this chapter, we first present simulation requirements and the Generic Mobility
Simulation Framework (GMSF), a realistic vehicular simulator. In order to support
requirements of single source epidemic information dissemination we show the ex-
tensions we implemented in GMSF and present the realistic road structure scenarios
studied. We show steps of simulations and evaluate simulations’ results for various
combinations of mobility models and scenarios applied.
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4-1 GMSF: Mobility Simulator and Extensions

4-1-1 Simulation Requirements

In order to simulate single source information spreading the simulator application
needs to be capable of simulating on the microscopic level the movement of vehi-
cles as independent entities with specific parameters e.g., position, communication
range, speed, information awareness. Connectivity have to be based on distance
between vehicle’s position and the communication channel has to be bi-directional
and single link to support a fairly realistic car-to-car communication (we are not
accounting for realistic communication models though they are out of the scope of
this work).

Lattice-based simulations require the Manhattan Mobility (vehicle movement model)
and a lattice road structure while realistic simulations require a realistic represen-
tation of road structure and realistic mobility models based on interaction among
vehicles (e.g., Intelligent Driver Model employing Car Following Model, Intersec-
tion Management model). We further require the option of an intermediate step
accounting for real-world road structure and interaction-free, stochastic function
based movement model (e.g., stochastic turn).

Function of single source information dissemination requires distance notation from
starting position of information. A single node is responsible to start information
spreading by transferring the information to another vehicles within its radio cov-
erage. At next steps, all vehicles aware of information should relay the message to
vehicles within their transmission range. Moreover, the simulator application has
to be capable of exporting data about the nodes aware of information in order to
post-process results. Finally, GUI of the simulator should provide visual information
for better understanding the results (e.g., visualization of infected nodes to study
level of clustering).

4-1-2 Generic Mobility Simulation Framework

The GMSF [54] is a generic and expandable vehicular mobility simulator for various
mobility models. Therefore, new functionalities and services can be easily added
(the source code is available in Java).

GMSF is a tool for evaluating new mobility models compared to well-accepted classi-
cal models. GMSF employs GIS-based models relying on maps from the Geographic
Information System (GIS) [62] and accounting for realistic microscopic behaviors
(e.g., Car Following Model and Intersection Management) [51] and classical mo-
bility models (e.g., Random Waypoint, Manhattan), see Section 2-4 for details of
classical mobility models.
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Figure 4-1: Screenshot of GMSF with the GIS-based Urban scenario: Position of nodes on the map
(left side) and the corresponding network graph (right side) [54].

Mobility traces generated with GMSF can have various output formats e.g. the
mobility trace format of ns-2 [63] or Qualnet [64] network simulators. In addition,
traces can be generated in a simulator independent XML-based trace format.

However, the application does not support epidemic type of information dissemina-
tion and other requirements we required in Section 4-1-1, but provides visualization
of the spreading process, see Figure 4-1 and an easily expendable structure. There-
fore, we present at the next chapter the extensions we implemented in GMSF to
support our simulations.

4-1-3 Extensions

In an effort to simulate epidemic type single source information spreading we have
extended the GMSF application’s functionality with the following functions, services:

Single source epidemic dissemination

Only a single node is being aware of the information and deployed on the road
network to start information spreading. The position is the center position for
lattice-based road structure and random for real-world road based structures in
order to simulate the random nature of the spatial source of information.
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Figure 4-2: First part of screenshot sequence of GMSF accounting for lattice based road structure
and Manhattan Mobility. Coloring of the infected nodes (red) is an extension we implemented in
GMSF. Nodes colored blue are not aware of the information.

Figure 4-3: Second part of screenshot sequence of GMSF shows how the position and information
awareness of nodes changed with time. It need to be compared to Figure 4-2. Coloring of the
infected nodes (red) and distance notation shown are an extension we implemented in GMSF. Nodes
colored blue are not aware of the information.
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Distance from position of information source

The previously mentioned source position is used together with the current position
of a node to calculate its Euclidean distance which is than its distance from the
source of spreading.

GUI changes

Visualization is being improved and extended. Nodes aware of information is being
colored and the distance from the starting point of information spread can be shown
on the GUI interface.

Exporting data

The position of the nodes which are aware of information together with a time
stamp is written to a file. This data is being post-processed in Matlab.

Multiple simulation runs

The randomized process needs multiple runs to provide statistically satisfying data.

4-1-4 Overview of Simulations

Validation

We introduce the validation model which is equivalent to the analytical model intro-
duced in Chapter 3, but implemented in the GMSF environment. In order to support
the validation, we implement a model equivalent to the Lattice model by using lat-
tice road structure and the built-in function of the Manhattan Mobility (vehicles
are traveling on a grid-based road structure and using stochastic turn function at
every intersection reached to decide for next direction of movement) and we set the
speed of individual vehicles to equal in order to avoid interaction among them. We
call the models and their settings we used in this simulation together, the Validation
model.

Realistic simulation

This simulation is accounting for real-word road network structure and interaction-
free (among vehicles), stochastic-based mobility model (e.g., stochastic turn func-
tion at intersections). We call this simulation realistic for the reason of being based
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on real-world road structure although realistic vehicular mobility is not being ap-
plied. We considered three scenarios of real-world road networks structures e.g.,
City, Rural and Urban.

Extended realistic simulation

Previously introduced three, real-world road structures are being employed in this
simulation in combination with realistic vehicular mobility models provided by the
GMSF application (e.g., Car Following Model: deceleration to avoid collision with
fortrunning vehicle; traffic lights at intersections controlled by the Intersection Man-
agement model). These models applied together are representing the highest level
of realism in our simulations.

4-2 Validation Model

We have implemented an equivalent model to the analytical model on the GMSF
simulator and we are calling it the validation model. For this simulation, we have
used the built-in function of GMSF of the Manhattan Mobility model (movement
model) and we have chosen the central position for the information source node. The
area of simulation was set to 200 by 200 cells and no additional movement rules (e.g.,
intersection management) were applied. Moreover, we set the transmission range
smaller than the length between two intersections in order to keep the spreading
based on the movement of vehicles.
Figure 4-4 shows the number of nodes being aware of information at distances
of [1,100] cells (collected from nodes at all 4 directions) for 1000 nodes. Time
variable is ranging from [0,2000] seconds. It can be seen from the figure that there
is a minimum time needed for information spreading to reach certain distances
from the source and that the distribution of nodes between different distances is
linearly increasing with raise of distance which is shown in (3-1). Moreover, the
homogeneous deployment of nodes and their random movement implies that the
number of nodes at certain distances are constant if the time constant is large
enough. The variation seen on the figure is based on the statistical variation of the
result through it is mean value of 100 simulation runs. We have calculated the sum
of all nodes aware of information at two different time moment in order to proof the
results of the simulation. Table 4-1 shows the number of all nodes being aware of
the information at time movement 1000 and 2000 which is 513 and 510 respectively.
This number is half the number of all nodes, because we only take into account
nodes up till the distance of 100 cells while half of all the nodes are outside of that
area, see Figure 3-8.
For the same reason we can see the maximum of nodes within certain distances
cannot be larger than the number of all nodes, which is at Figure 4-6 is 1000.
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Table 4-1: Simulation results of the Validation model shows half of the nodes simulated are at the
are studied and for long time limits the information awareness if complete, all vehicles aware of the
information

Time moment Number of nodes aware Sum of all nodes
1000 513 1000
2000 510 1000

Figure 4-4: Simulation result of the Validation model based on lattice road structure and Manhattan
Mobility shows the number of nodes aware of information for certain distance and time variables (not
accumulated for distance). Number of simulated nodes is n = 1000 and results are averaged over
100 simulation rounds. Spreading for high distances have a minimum requirement on time limit.

Therefore the maximum value of nodes aware of the information within the distance
of 100 cells is 500.

Figure 4-5 shows the connection between the number of nodes being infected at
different number of all nodes participating at the simulation (ranging from 100-1000)
and at different distances ranging from 1 to 100 cells. This representation of data is
the same as it can be found at Figure 3-8, although we have used density (we have
used the sum of all participating nodes numerically, because the area of simulation
is closed and the total number of nodes is constant) instead of transition probability.
For our case density is in a linear connection with the transition probability, because
the deployment of nodes are homogeneous and the transfer of information is based
on the meeting frequency of nodes which is in linear connection with the density of
vehicles (for twice as many nodes we would have twice the chance to transfer our
information though the chance of having a node at a neighboring cell is the double
as well).

It can be seen in both figures that number of nodes aware of information is linearly
increasing with increase of distance if the density (sum of all nodes) are large enough.
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Figure 4-5: Simulation result of the Validation model based on lattice road structure and Manhattan
Mobility shows the number of nodes aware of information for certain density and distance variables
(not accumulated for distance). Time limit is t = 250 and results are averaged over 100 simulation
rounds. Spreading is not feasible to high distances in combination with low number of vehicles, low
densities respectively.

Figure 4-6: Simulation result of the Validation model based on lattice road structure and Manhattan
Mobility showing the accumulated number of nodes aware of information at a certain distance with
time limit t. Number of simulated nodes n = 1000 and results are averaged over 100 simulation
rounds.
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Figure 4-7: Normalized simulation results of the Validation model accounting for distance and time.
Number of simulated nodes n = 1000 and results are averaged over 100 simulation rounds. Number
of nodes at certain distance is accumulated for all distances within the distance studied. It can be
seen that there is a minimum time limit needed to send information to further distances while for
large time limits the dissemination realizes the full information awareness.

Moreover, the spreading is not feasible for low densities as it can be seen for low
densities at Figure 4-5 which we found for low transition probability at Figure 3-8
as well.

We have calculated the normalized version of Figure 4-6, see Figure 4-7. It can be
seen that after time 600, statistically all the nodes are aware of the information
sent. The inaccuracy at low distances represent the higher probability of being
aware of the information at cells close to the source than it would be implied by the
homogeneous distribution.

We can recognize the same effect of inaccuracy at Figure 4-8 where we are show-
ing the density-distance realization of data of the number of all nodes aware of
information within a certain distance. Similar behavior has been found in Figure 3-
8, namely that with lower transition probability (density) the performance of the
spreading reduces significantly.

4-3 Realistic Simulations

We are calling these simulations realistic for the reason that we have used detailed
street maps of Switzerland from GIS [62]. We employed three different scenarios in
combination with two mobility models to conduct realistic simulations. We present
and evaluate results of those realistic simulations.
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Figure 4-8: Normalized simulation results of the Validation model accounting for density and dis-
tance. Time limit t = 1000 and results are averaged over 100 simulation rounds. It can be seen that
for smaller number of vehicles the spreading has reduced efficiency as well as for higher distances.

Figure 4-9: Screenshot of GMSFs simulation accounting for GIS-based road network (City scenario).
Nodes colored red are aware of information while blue colored nodes are not.
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Figure 4-10: City scenario for road network structure based on GIS. Downtown of city Zürich.

Figure 4-11: Rural scenario for road network structure based on GIS.

4-3-1 Real-World Road Structures for Realistic Simulations

In order to represent different scenarios of the road network we were using three
different scenarios:

• City: Centrally located area of the city of Zürich as shown in Figure 4-10,
to represent a dense road network with large number of intersections and the
longest length of all roads. Therefore, it has the lowest effective density of
vehicles (due to constant number of vehicles).

• Rural: Sparse road network with few intersections, see Figure 4-11, and the
highest effective density of vehicles from the three scenarios studied in this
work.

• Urban: This scenario is located at the board of the city of Zürich, see Figure 4-
12. It is an intermediate step between the City and Rural scenarios from most
point of view.
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Figure 4-12: Urban scenario for road network structure based on GIS.

4-3-2 Mobility Models for Realistic Simulations

We have conducted our studies by applying two different vehicular mobility models.

Interaction-free mobility

Vehicles are traveling on the road network without interacting (e.g., avoidance of
collision or adjusting speed to fore running vehicle). Their movement is only based
on their constant speed and a stochastic process controlling which direction to take
to exit from an intersection.

Realistic vehicular mobility

Movement model of vehicles is based on interaction among vehicles by employing
realistic vehicular mobility models provided by the GMSF application (e.g., Car Fol-
lowing Model: deceleration to avoid collision with fortrunning vehicle; traffic lights
at intersections controlled by the Intersection Management model). Vehicles are
traveling at the next time moment with a speed depending on their current speed,
desired speed, distance to the fore running vehicle and traffic sign at intersection
ahead.

4-4 Discussion

4-4-1 Simulations in the Discussion

We have conducted our studies by applying two vehicle mobility models in com-
bination with three scenarios and we studied the results together with the results
of the Validation model (based on lattice structure and Manhattan Mobility). The
combination of mobility models and road structures studied are shown in Table 4-2.
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Table 4-2: List of simulations

Vehicular Mobility Model Structure of Road Network
Manhattan Mobility Lattice
Interaction-free GIS: City, Urban, Rural
Realistic interactions GIS: City, Urban, Rural

4-4-2 Expectations

Before conducting our simulations we have gathered our theoretical expectations
and we are presenting them as follows:

• Vehicles will meet most frequently at the City scenario, than at the Urban sce-
nario and with the lowest frequency at the Rural scenario due to the difference
in the length of all roads.

• In case of Intersection Management (e.g, traffic lights) applied the high number
of intersections at City scenario will have the highest negative effect on the
dynamics of information spreading compared to the Rural and Urban scenario.

• Car Following Model will increase the level of clustering and therefore decrease
the efficiency of information spreading.

• Urban model seems to be an intermediate step between City and Rural scenario
for all the points introduced above, because its intermediate length of all roads
and number of intersections.

4-4-3 Comparison of the Three Road Scenarios

We found that the spreading is the fastest at the City scenario, because vehicles
are meeting the most frequently although the total length of the road network is
higher than at other scenarios which results sparser traffic condition. Therefore,
dissemination process is the fastest in case of the City scenario and slowest for the
Rural scenario. Urban scenario shows an intermediate spreading compared to the
City and Rural scenario.

4-4-4 Comparison of Mobility Models of Realistic Simulations

We have recognized higher level of clustering in case of applying Car Following
Model and Intersection Management (e.g., traffic lights at intersections) compared
to the interaction-free, stochastic-based mobility model. Clustering occurs more
probably for the scenario of City than at Urban or Rural due to the high number
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Figure 4-13: Results of GIS-based simulation accounting for interaction-free mobility model: shows
number of nodes aware of information for a certain time and distance variable. Results are averaged
over 100 simulation rounds.

of intersections. Figure 4-13 shows results of City scenario and interaction-free mo-
bility model employed. In contrast, Figure 4-14 shows for the same City scenario a
reduced efficiency of dissemination in case of realistic mobility models were applied.

For instance, in case of realistic vehicular mobility as shown in Figure 4-14 for
distance d = 100 and t = 100 , there were no nodes aware of the information while
Figure 4-13 shows that nodes are more probable to be aware of the information if
interaction-free mobility was applied.

4-4-5 Comparison of Realistic and Manhattan Mobility Model-Based Simu-
lations

Comparison shows similar behavior of the simulation result for Manhattan Mobility
model as shown in Figure 4-5 and simulation of GIS-based road structure in com-
bination with interaction-free mobility, see Figure 4-13, but we found significant
reduction in efficiency of information dissemination for the most realistic model
shown in Figure 4-14.

We would like to note that the difference in the notation of distance does not allow us
to show numerical comparison between the simulations of validation model and the
realistic simulations. In case of realistic models the deployment of the information
source is random compared to the validation model (center position) which leads
to an extensive variation of the maximum of distance in case of realistic models
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Figure 4-14: Results of GIS-based simulation accounting realistic vehicular mobility models: shows
number of nodes aware of information for a certain time and distance variable. Results are averaged
over 100 simulation rounds and are directly comparable with results shown in Figure 4-13 due to
notation of variables is equivalent.

employed. This can be seen on Figure 4-14 and Figure 4-13 for distances d > 100
while the maximum for the Validation model is d = 100.
More significant similarity can be seen if the data is being represented at the way
of taking the number of nodes aware of information within a certain distance, see
Figure 4-6 and Chapter B.

4-5 Conclusion

GMSF simulator application was introduced as well as extensions of it which we
implemented in order to support single source epidemic information dissemination.
We have shown the connection between the validation model employing Manhat-
tan Mobility and the lattice-based analytical model we introduced, studied and
approximated with a mathematical model in Chapter 3.
We presented the difference of information spreading accounting for different real-
world road structures and also discussed the effect of employing various mobility
models (e.g., interaction-free or realistic).
Moreover, we found that spreading efficiency of realistic models is lower due to the
clustering effect found, but fundamentally similar. Therefore, we believe that our
analytical model with a factor accounting for the reduced efficiency can be applied
to study of real-word information dissemination.
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Chapter 5

Dissemination Strategy

We are presenting in this chapter the requirements of vehicular applications. We are
describing two case studies: first to show how results of our simulations can optimize
information dissemination by changing the dissemination strategy. The second case
study extends the tradeoff and introduces a technique to study if resources are being
wasted and propose a technique to mitigate it. We conclude our study by presenting
the general dissemination strategy.

5-1 Requirements of Vehicular Applications

Different type of vehicular applications are having different requirements. Some of
them are aiming to send messages to short distances as fast as possible while another
services can provide their service at a satisfactory level by using a significantly slower
information spreading in time due to the fact that their service is less time-critical.
Requirement on the size of service area of applications is depending on how relevant
is the information at a certain distances. Therefore, different services might have
different size of area of interest and therefore they have different requirement on the
distance the message have to travel.

Although vehicular applications’s requirements vary, we find similarities such as ap-
plications are time dependent and their services are distance dependent. Moreover,
vehicles are moving on top of a well known road structure and following movement
rules which are interpreted as patterns of movement.

Based on the findings above we are introducing the three requirements of vehicular
applications:
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• time (t): time needed to send an information

• distance (d): distance from the source of information

• network condition (nc): traffic conditions and dissemination strategy based
requirements

5-1-1 Limits of Requirements

Further, we study the dependencies of the three vehicular application requirements
as follows:

• time (t): application and its service dependent. For example, an early time
accident warning system would require the fastest message transferring possible
while an application for road traffic information spreading would not require
that low delays to perform satisfactory.

• distance (d): like time, distance depends on the application. For instance
information of an early warning system about accidents would be interesting
for vehicles at close distance while information of traffic condition ahead is
interesting at greater distances as well (better route planning to the destination
is possible).

• network condition (nc): depends on environment dependent factors like inten-
sity of road traffic as well as the type of road (highway, city) and direction of
vehicle movements (one- bi-directional). Another factor is the technology and
dissemination strategy used. There can be a great difference found for example
in the transmission range depending on the communication technology used.

Further studying vehicular applications’s requirements revealed that the applica-
tions have limits on these requirements. These can be both a maximum and mini-
mum or just one, but at least one limit exists. An early warning system of accidents
would have maximum limits on the distance (limit of interest) and a maximum al-
lowed delay in time (in order to be able to react to the situation). The analysis,
see Chapter 3, suggests that these factors are not independent from each other: by
restricting the maximum distance we would free resources which would effect the
choice of dissemination strategy used. In case of traffic information dissemination
the distance would have been greater than previously and the maximum of distance
and delay as well. However, dissemination has to be scalable with the increase of
distance to keep capacity used the lowest possible (shared medium). Therefore,
the frequency of relaying a message would need to be reduced (and/or aggregated)
in order to keep the application scalable which is feasible due to the fact that the
change (variation) of road traffic condition is low in time (readers from Holland
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would certainly argue this). Therefore, we investigate the limit of network condi-
tion based on distance, time limit and maximum frequency of message transmission
in order to keep capacity used within the level of resources available.

5-2 Tradeoff

We present the information dissemination tradeoff with the help of two case studies
where we show the direct connection between the vehicular applications’s require-
ments. The analysis is, for both cases, based on results of simulations presented in
Chapter 4. At first step, we show possible choices to optimize dissemination strat-
egy to meet requirements (Case Study 1). Further, we use another representation
of the same data to present the second case where we show that resources are being
wasted (Case Study 2) and we propose a technique to mitigate the effect.

5-2-1 Case Study 1: Tradeoff of Time, Distance and Network Condition for
a Road Traffic Information Application

We introduce the first case as an application for road traffic information dissemina-
tion which has the following requirement:

• t=600, d=80 and all the vehicles in the service area has to be aware of the
information (full information awareness)

and we are aware of the fact that the number of vehicles is n= 500.
Based on simulation results introduces in Chapter 4 we found that less than 50%
of all vehicles would get the information (t = 600, d = 80) as shown in Figure 5-1.
Therefore, one of the requirement (full information awareness) is not met. There-
fore, we introduce three simple ways of optimization:

• Extending the time limit (proofing that the information delay can be allowed
to take longer in time): by doubling the time limit and keeping the same
service area, the system is fulfilling the full information awareness criteria (t =
1200, d = 80).
• Reducing the size of service area by limiting distance: full awareness criteria
could be fulfilled by reducing the maximum of distance to the half of the
original one (t = 600, d = 40).
• Employing a different wireless communication technology with a significantly
higher transmission range would result a faster message spreading and therefore
it could fulfill all requirements stated. However, we would like to note that we
show a tradeoff again, the tradeoff of the technology used. This option belongs
to the tradeoff category of changing network condition.
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Figure 5-1: Case study of a Road Traffic Information application shows the tradeoff between Vehic-
ular Application’s requirements. The application intends to have full information awareness (of all
participants) for variables (t = 600, d = 40). Simulation results shows the full awareness criteria not
met, optimization needed: increasing time limit to t = 1200 or decrease distance d = 40.

The choices presented can be combined. Therefore we have a high level of freedom
of finding the optimal solution based on the vehicular applications’s requirements.

5-2-2 Case Study 2: Presenting Case of Wasting Radio Resource with a
Road Condition Information Application

We introduce the second case of an application for disseminating road condition
information. It has the following requirements:

• t = 2000, d = 80 and all the vehicles in the service area has to be aware of the
information (full information awareness)

and we are aware of the fact that at this particular case the number of vehicles are
n = 225.
We can see from Figure 5-2 that in case we have n = 225 vehicles participating in
the dissemination process all the criteria are fulfilled since at t = 2000, d = 80 the
normalized number of infected nodes is one (full information awareness). Moreover,
we can see that with a third of the number of vehicles (n = 75) the dissemination
would have the same efficiency. We would like to note that we use shared medium
where we always intend to use the least amount of radio capacity. In this case we
find indirect that we waste capacity by sending messages with a higher number of
vehicles than needed. We propose to reduce the frequency of message sending to
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Figure 5-2: Case study of a Road Condition Information dissemination: simulation results shows for
n = 225 and n = 75 number of vehicles transmitting information the full information criteria met,
but radio resource is being wasted for n = 225. Thus, probabilistic epidemic dissemination proposed
to reduce number of transmission and save resources.

match to the level of n = 75 which is the lowest value of n where the full information
criteria stand still. Therefore, we introduce a probabilistic dissemination strategy
where vehicles would relay a message according to a given probability. At this
study case this probability need to be p = 1/3 since 1/3 of the number of message
transmission would result the same efficiency of t = 2000 and d = 80. We call a
system implementing the probabilistic process introduced above a system employing
probabilistic epidemic dissemination. In the second use case presented, with using
probabilistic epidemic dissemination, 66% of the radio capacity would be saved in
contrast to the system without this function (simple epidemic dissemination).
We present below the dissemination tradeoff for case number two as follows:

• employing probabilistic dissemination and minimizing capacity wasted
• extending maximum of distance until criteria of full awareness still stands
• reducing the time limit
• employing a different wireless communication technology with a lower level of
resources needed (like energy), smaller transmission range and lower level of
signal interference.

5-2-3 Impact of Traffic Conditions Variation

We introduce the daily variation of road traffic. Studies are showing that the num-
ber of vehicles vary by the hour of day studied, see [54] [65] [66]. This fact has a
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Figure 5-3: Measurement results of variation of daily traffic

remarkable influence on our studies though we presented that network condition
is depending on the road traffic, number of vehicles participating in the informa-
tion dissemination. Therefore, we propose to extend the dissemination tradeoff
accounting for traffic variation. Figure 5-3 from [54] shows the variation of number
of vehicles for the three real-world road scenarios we have studied at Chapter 4.
Variation of traffic results dramatic performance variation as shown in [66], which
implies that application parameters are influenced by the hour of day they are
studied and intended to provide its service.

Therefore, we propose to study the usage of applications with not continuously
available services. An example use case is a vehicular application for road traffic
information dissemination. We experience traffic jams at the time of day when the
density of vehicles is relatively high (leads to traffic jams). Therefore, we propose an
application providing its service if the number of vehicles are high enough (meeting
requirements of satisfactory level of service), in which case the existence of traffic
jams are highly probable and information is valuable.

5-2-4 Conclusion

We have introduced the three requirements of vehicular applications (time, distance
and network condition) which are depending on application limits, traffic conditions
and the dissemination strategy considered. These variables are depending on each
other (simplified representation can be seen at Figure 5-4) We can find the optimum
by changing them without exceeding limits which make applications unfeasible to
use. We call these additional limits threshold levels. For example, an application’s
maximum time limit for disseminating road condition information can vary between
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Figure 5-4: Tradeoff of the three vehicular application’s requirements and their threshold values
represented as a surface (example case)

couple of kilometers up to a distance where the road conditions are changing sig-
nificantly, which we consider the threshold level of such an application.

5-3 Summary of Dissemination Strategy

We have introduced the three requirements of vehicular applications (time, distance
and network condition) and we presented the connection among them by showing
the tradeoff of information dissemination.
We showed in Case Study 1 the possible optimization of dissemination and its
rewards. We proposed in Case Study 2 a probabilistic epidemic dissemination to
reduce wasted capacity, increase efficiency and we proposed applications which are
providing their services at limited, but most important, time of day by taking
advantage of studies showing variance of road traffic by the hour of day.
In case the dissemination optimization leads to a strategy which does not exceed any
threshold levels of the vehicular application’s requirements the epidemic information
dissemination are recommended to be used.
We further study the case if the dissemination optimization cannot lead to a result
which is not exceeding the previously introduced threshold level. Surpassing thresh-
old levels are not acceptable, because these are based on fundamental or elementary
limitations. In order to be able to provide sufficient level of service we propose to
use additional infrastructure-based wireless communication like the cellular-based
3G system which has an extensive availability area and does not depend on the
vehicles itself.
We summarize our findings as follows: Epidemic dissemination is recommended
with optimization of dissemination strategy. In case of vehicular application’ss re-
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quirements are surpassing thresholds, we propose to use infrastructure based com-
munication technology (e.g., 3G). Contrarily, if we find resources being wasted, we
suggest to employ the probabilistic dissemination introduced in Section 5-2-2.
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Chapter 6

Conclusion

6-1 Conclusions

In this work we introduced an analytical model based on homogeneous transition
probability and lattice-based structure in order to study information spreading in
vehicular networks. We introduced a General Recursive model, its simplified version,
the Recursive First-wave model, to analyze information spreading extensively. We
have shown theoretically that these models overestimate the reality. Therefore, we
have introduced the Compensated model to tackle the over estimation based on
the wrong estimation of maximum number of vehicles at different distances. We
presented upper and lower bound approximation of the first-wave case and showed
their relation to the models introduced before.
We have evaluated the analytical models and approximations with results of numer-
ical simulations. We studied the behavior of information dissemination based on
these numerical simulation’s results and compared the general and first-wave cases.
We found similarities and differences of the two case and defined a phase transi-
tion for the first-wave case. We introduced a mathematical model to approximate
results of numerical evaluations and found that this model fits only for transition
probabilities lower than phase transition. We extended successfully our model to
approximate well for transition probabilities higher than phase transition. We pre-
sented and evaluated the results based on the results of the numerical simulations
of the first-wave case.
Simulations in our work were aiming to find the connection between numerical
results and realistic simulations with various levels of reality. Simulations were per-
formed with a realistic simulator application providing microscopic simulation of
different vehicular mobility models of vehicles. In order to support simulation of
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epidemic type of information dissemination, we have extended capability of the sim-
ulator application with the necessary functions. We have shown the similar behavior
of dissemination for the numerical simulation results of the lattice-based, analytical
model we defined and Manhattan Mobility model, simulated by the simulator ap-
plication. Simulation of entity-based mobility with real-world based road network
structures showed small difference from the lattice based mobility model while we
found high level of clustering for realistic vehicular mobility models. Clustering of
vehicles were more significant for the City scenario than compared to the Rural and
Urban scenario. This is a negative effect which has reduced efficiency of information
dissemination.
We introduced the dissemination tradeoff and showed the optimization of the dis-
semination strategy based on the simulation results with the help of a use case.
With the help of a second use case, we introduced a technique to find resources
wasted by a vehicular application and for that case, we proposed to implement the
probabilistic epidemic dissemination.
Finally, we showed the dissemination strategy tradeoff. We presented the require-
ments of using Vehicle-to-Vehicle communication as employing optimized, epidemic
type of dissemination. In addition, we proposed to use probabilistic epidemic dis-
semination if resources being wasted. Eventually, we presented the need for hybrid
technology, employing infrastructure-based technology (like 3G) as well, for cases the
dissemination optimization exceeds fundamental and elemental limits of vehicular
application’s requirements.
Our study with the help of the simulator application can be used to prevent early
stage, on-site experiments aiming to test if a vehicular application could provide
satisfactory level of service for a certain application scenario. With the help of our
work, simulations and analysis can show if requirements of a vehicular application
can be met or has to be optimized and how the dissemination strategy tradeoff need
to be applied.

6-2 Future Work

We aim to extend the analytical model introduced in Chapter 3 to a general closed-
form model and find the physical meaning of it. Further improvement of mapping
reality by extending the vehicular mobility model is needed as well as more detailed
simulations about the variation of traffic by time of day.
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Appendix A

Most Important Source Codes

A-1 Numerical Simulation of Lattice Model

1 function lattice = makeLatticeProb ( edge , maxdistance , lattice , p )
2 %calculating the center and edge distance
3 center = maxdistance +1;
4 %edge = 2* maxdistance + 1;
5
6 %initialization of the temporary lattice and center node
7 lattice ( center , center ) =1;
8 latticetemp=lattice ;
9

10 for i=1: maxdistance
11
12 for z =0:1 : ( i−1)
13 if ( center+z+1 <= edge && center−i >= 1)
14
15 if lattice ( center−i+z , center+z ) == 1
16 if rand (1 ) >= 1−p
17 latticetemp ( center−i+z+1,center+z ) = 1 ;
18 end
19
20 if ( center−i+z−1 >= 1 && rand (1 ) >= 1−p )
21 latticetemp ( center−i+z−1,center+z )= 1 ;
22 end
23
24 if rand (1 ) >= 1−p
25 latticetemp ( center−i+z , center+z+1)= 1 ;
26 end
27
28 if rand (1 ) >= 1−p
29 latticetemp ( center−i+z , center+z−1)= 1 ;
30 end
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31 end
32 end
33 end
34
35 for z =0:1 : ( i−1)
36 if ( center+i <= edge && center+1−z >= 1 && center+z <= edge )
37
38 if lattice ( center+z , center+i−z ) == 1
39 if rand (1 ) >= 1−p
40 latticetemp ( center+z+1,center+i−z )= 1 ;
41 end
42
43 if rand (1 ) >= 1−p
44 latticetemp ( center+z−1,center+i−z )= 1 ;
45 end
46
47 if ( center+i−z+1 <= edge && rand (1 ) >= 1−p )
48 latticetemp ( center+z , center+i−z+1)= 1 ;
49 end
50
51 if rand (1 ) >= 1−p
52 latticetemp ( center+z , center+i−z−1)= 1 ;
53 end
54 end
55 end
56 end
57
58 for z =0:1 : ( i−1)
59 if ( center+i <= edge && center−z >= 1)
60
61 if lattice ( center+i−z , center−z ) == 1
62 if ( center+i−z+1 <= edge && rand (1 ) >= 1−p )
63 latticetemp ( center+i−z+1,center−z )= 1 ;
64 end
65
66 if rand (1 ) >= 1−p
67 latticetemp ( center+i−z−1,center−z )= 1 ;
68 end
69
70 if rand (1 ) >= 1−p
71 latticetemp ( center+i−z , center−z+1)= 1 ;
72 end
73
74 if rand (1 ) >= 1−p
75 latticetemp ( center+i−z , center−z−1)= 1 ;
76 end
77 end
78 end
79 end
80
81 for z =0:1 : ( i−1)
82 if ( center−i+z <= edge && center−z >= 1 && center−i >= 1)
83
84 if lattice ( center−z , center−i+z ) == 1
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85 if rand (1 ) >= 1−p
86 latticetemp ( center−z+1,center−i+z )= 1 ;
87 end
88
89 if rand (1 ) >= 1−p
90 latticetemp ( center−z−1,center−i+z )= 1 ;
91 end
92
93 if rand (1 ) >= 1−p
94 latticetemp ( center−z , center−i+z+1)= 1 ;
95 end
96
97 if ( center−i+z−1 >= 1 && rand (1 ) >= 1−p )
98 latticetemp ( center−z , center−i+z−1)= 1 ;
99 end

100 end
101 end
102 end
103
104 end
105
106 %Nodes at distance 1
107 if rand (1 ) >= 1−p
108 latticetemp ( center+1,center )= 1 ;
109 end
110
111 if rand (1 ) >= 1−p
112 latticetemp ( center −1,center )= 1 ;
113 end
114
115 if rand (1 ) >= 1−p
116 latticetemp ( center , center −1)= 1 ;
117 end
118
119 if rand (1 ) >= 1−p
120 latticetemp ( center , center+1)= 1 ;
121 end
122
123 %lattice gets updated with all nodes are being infected at the current
124 %time moment
125 lattice = lattice | latticetemp ;
126
127 end

A-2 Numerical Simulation of the First-wave Case for Lattice
Model

1 function [ NFristWave , variance ] = firstWaveSimulation ( probresolution ,
timedistancemaximum , numberofsimulationrounds , v )

2 NFristWave=zeros ( probresolution , timedistancemaximum ) ;
3 variance=zeros ( probresolution , timedistancemaximum ) ;
4
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5 for e=1: timedistancemaximum
6 [ NFristWaveTemp , X ]=simulation ( probresolution , e , e ,

numberofsimulationrounds , v ) ;
7
8 for c=1:size ( NFristWaveTemp , 1 )
9 NFristWave (c , e )= NFristWaveTemp (c , e ) ;

10 end
11
12 if v==1
13 for c=1:size ( NFristWaveTemp , 1 )
14 variance (c , e )= X (c , e ) ;
15 end
16 end
17
18 end
19 end

A-3 Calculation of the Number of Nodes Aware of Information
for the Lattice Model

1 function [ N , variancePerProb ] = simulation ( probresolution , maxdistance , maxtime
, numberofsimulationrounds , v )

2 probstep = 1 / probresolution ;
3 N = zeros ( probresolution , maxdistance ) ;
4 variancePerProb=zeros (1 , maxdistance ) ;
5
6 %initialization:making a matrix as a reference for distances
7 if maxdistance ==1
8 edge=3;
9 else

10 edge = 2 ∗ maxdistance + 1 ;
11 end
12
13 latticeDistance=zeros ( edge , edge ) ;
14 latticeDistance = makeLatticeDistance ( maxdistance ) ;
15
16 for q=probstep : probstep : 1
17 %initialization
18 numberofnodesatdistancesSUM=zeros (1 , maxdistance ) ;
19
20 varianceperprob=zeros ( numberofsimulationrounds , maxdistance ) ;
21
22 %rounds of simulations
23 for l = 1 : numberofsimulationrounds
24 %initialization of lattice grid
25 lattice = zeros ( edge , edge ) ;
26
27 %infected lattices after maxtime
28 for i=1: maxtime
29 lattice = makeLatticeProb ( edge , maxdistance , lattice , q ) ;
30 end
31
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32 %initialization:matrix to store the number of infected nodes at
a

33 %certain distance from center node
34 numberofnodesatdistances=zeros (1 , maxdistance ) ;
35
36 %checking all lattice point and updating the matrix which stores
37 %the number of infected nodes at a certain distance
38 for j=1:edge
39 for k=1:edge
40 if ( lattice (j , k ) == 1 && latticeDistance (j , k ) ~= 0)
41 numberofnodesatdistances (1 , latticeDistance (j , k ) ) =

numberofnodesatdistances (1 , latticeDistance (j , k ) ) +
1 ;

42 end
43 end
44 end
45
46 %adding numberofnodesatdistances to a varianceperpro
47 if v==1
48 varianceperprob (l , : ) = numberofnodesatdistances ;
49 end
50
51
52 %summs up all the number of infected nodes at a certain distance
53 %after several simulation round
54 numberofnodesatdistancesSUM= numberofnodesatdistancesSUM +

numberofnodesatdistances ;
55 end
56
57 %normalizing with the number of rounds
58 b=round ( q∗probresolution ) ;
59 for n=1: maxdistance
60 N (b , n )= numberofnodesatdistancesSUM (1 , n ) /

numberofsimulationrounds ;
61 end
62
63 %put the variance data from different probabilities together
64 if v==1
65 variancePerProb (b , : )=var ( varianceperprob , 0 , 1 ) ;
66 end
67 end
68 end
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Appendix B

Additional Results of Simulations

B-1 Simulation Results of the Validation Model in GMSF

B-2 GIS-based Simulations with GMSF

B-3 Numerical simulations of the General model
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Figure B-1: Simulation result of the Validation model based on lattice road structure and Manhattan
Mobility shows the number of nodes aware of information for certain distance and time variables (not
accumulated for distance). Number of simulated nodes is n = 1000 and results are averaged over
100 simulation rounds. Spreading for high distances have a minimum requirement on time limit.

Figure B-2: Standard deviation of simulation result of the Validation model based on lattice road
structure and Manhattan Mobility shows the number of nodes aware of information for certain
distance and time variables (not accumulated for distance). Number of simulated nodes is n = 1000
and results are averaged over 100 simulation rounds. Spreading for high distances have a minimum
requirement on time limit.
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Figure B-3: Simulation result of the Validation model based on lattice road structure and Manhattan
Mobility shows the fraction of nodes aware of information for certain distance and time variables
(accumulated for distance). Number of simulated nodes is n = 500 and results are averaged over
100 simulation rounds. Spreading for high distances have a minimum requirement on time limit.

Figure B-4: Normalized simulation result of the Validation model based on lattice road structure
and Manhattan Mobility shows the fraction of nodes aware of information for certain distance and
time variables (accumulated for distance). Number of simulated nodes is n = 400 and results are
averaged over 100 simulation rounds.
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Figure B-5: Results of GIS-based, City scenario, simulation accounting realistic vehicular mobility
models: shows number of nodes aware of information for a certain time and distance variable.
Number of vehicles n = 200 and the results are averaged over 100 simulation rounds.

Figure B-6: Results of GIS-based, Urban scenario, simulation accounting realistic vehicular mobility
models: shows number of nodes aware of information for a certain time and distance variable.
Number of vehicles n = 200 and the results are averaged over 100 simulation rounds.
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Figure B-7: Results of GIS-based, City scenario, simulation accounting for interaction-free vehicular
mobility: shows number of nodes aware of information for a certain time and distance variable.
Number of vehicles n = 200 and the results are averaged over 100 simulation rounds.

Figure B-8: Numerical simulation result of the General model accounting for distance and various
transition probabilities shows the number of nodes aware of information for certain distance (not
accumulated for distance). Number of simulated nodes is n = 1000 and results are averaged over
100 simulation rounds. Spreading for higher distances requires a higher transition probability.
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Figure B-9: Numerical simulation result of the General model accounting for transition probability
and various distances shows the normalized number of nodes aware of information for certain distance
(not accumulated for distance). Number of simulated nodes is n = 1000 and results are averaged
over 100 simulation rounds. Spreading for higher distances requires a higher transition probability.
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Glossary

List of Acronyms

CAN Content Adressable Network

CFM Car Following Model

DTN Delay Tolerant Network

GIS Geographic Information System

GMSF Generic Mobility Simulation Framework

GUI Graphical User Interface

IDM Intelligent Driver Model

MANET Mobile Ad-Hoc Network

ns The Network Simulator

RMSE Root-Mean-Square Error

RSU Road-Side Unit

RWM Random Walk Model

RWP Random Waypoint Model

SI Susceptible, Infectious

SIR Susceptible, Infectious, Removed

SUMO Simulator of Urban MObility

TCP Transmission Control Protocol

TMC Traffic Message Channel
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76 Glossary

TTL Time To Live

VANET Vehicular Ad-Hoc Network

VSC-A Vehicular Safety Communication-Applications

V2V Vehicle-to-Vehicle

XML Extensible Markup Language

3G 3rd Generation mobile telecommunications
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