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Abstract: In recent years, new architectures and technologies haee peoposed for
Vehicular Ad Hoc networks (VANETs). Due to the cost and complexity of dephayi
such networks, most of these proposals rely on simulatioowedyer, we find that most
of the experiments made to validate these proposals tendeidook the most important
and representative factors. Moreover, the scenarios ateuliitend to be very simplistic
(highways or Manhattan-based layouts), which could sehjoaffect the validity of the
obtained results. In this paper, we present a statisticallysis based on thg* factorial
methodology to determine the most representative facftastang traffic safety applications
under real roadmaps. Our purpose is to determine which a&rekelg factors affecting
Warning Message Dissemination in order to concentrateareldests on such parameters,
thus avoiding unnecessary simulations and reducing theianod simulation time required.
Simulation results show that the key factors affecting waymrmessages delivery are the
density of vehicles and the roadmap used. Based on thistgtatianalysis, we consider
that VANET researchers must evaluate the benefits of thepgsals using different vehicle
densities and city scenarios, to obtain a broad perspeotivthe effectiveness of their
solution. Finally, since city maps can be quite heterogasgae propose a roadmap profile
classification to further reduce the number of cities evaidia
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1. Introduction

Vehicular Ad Hoc networks (VANETS) are wireless networks that do not requare/ fixed
infrastructure. These networks are considered essewntiatdoperative driving among cars on the
road. The development of VANETS is backed by strong econainiterests since vehicle-to-vehicle
(V2V) communication allows the sharing of wireless chasriel mobile applications, improving route
planning, controlling traffic congestion, improving traffiafety, and providing entertainmefid]. Most
of these applications depend on services to disseminateirmgamessages, which are alert messages
sent by a vehicle to warn other vehicles of any potential danig the coming future, vehicles will not
only distribute information about themselves and theirimmment using warning messages, but also
communicate with other vehicles and the infrastructurenigtinop wireless communication3][

Deploying and testing VANETSs involves high cost and inteadiabor, being prohibitive in most
cases. Hence, simulation is a useful alternative prior tosdémplementation4]. Moreover, VANET
simulations must account for some specific characterifiioasd in vehicular environments. For instance,
VANET simulations often involve large and heterogeneousnados. Traditional mobile systems
also present a large number of parameters potentially taftp¢heir performance, thus increasing
considerably the simulation time required to correctly leate any proposal in a wide variety of
scenarios. In recent years, new architectures and tedfiesldave been proposed for VANETS,
thanks to the use of simulation. However, the experimentyaialate these proposals tend to
overlook the most important and representative factorsreldher, the scenarios simulated tend to be
very simplistic (highways or Manhattan-based layoutsy erost of them use the 802.11g standard,
already implemented in most simulators, instead of usieg8®2.11p %] which is going to be used
for inter-vehicular communication. Thus, we find that difet proposals in the VANET field lack
generality, being uncertain whether they will perform asgly in a real VANET environment.

In this paper, we present a statistical analysis based or2ithtactorial methodology €] to
determine the most representative factors that govern #ieimg message dissemination performance
in 802.11p-based VANETs. The aim of this methodology is ttuce the simulation time required to
analyze the performance of a given VANET system, sinceatalresearchers to focus on the key factors
affecting their proposals.

We start our analysis by selecting the following nine fasttrat have been widely used in the
literature: (i) the number of warning mode vehicles; (iigtdensity of vehicles; (iii) the channel
bandwidth; (iv) the broadcast scheme; (v) the messagetyriri) the periodicity of messages; as well
as (vii) the mobility model used; (viii) the radio propagatimodel; and (ix) the simulated roadmap. In a
factorial design strategy, all factors are varied togetasropposed to one-at-time). So, a key advantage
of this methodology is that it allows researchers to find aitanly the most representative factors, but
also the possible interactions and interdependencies gthem.
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Based on the aforementioned statistical analysis, we preseity profile classification, since the
analysis indicates that VANET researchers must carefuiijyuate the benefits of their proposals using
different vehicle densities and roadmap scenarios, inrdcd®ake their conclusions more representative
and closer to reality.

This paper is organized as follows. Sectidrdescribes related work on the factors commonly
studied in VANETS, and the use af factorial analyses in wireless networks. Sect®bpresents the
2% factorial analysis fundamentals. Sectibdescribes the main factors of interest in VANET research.
In Section5 we determine the key factors in VANET simulation using 2fiéactorial analysis; based on
the simulation results, we then provide some guidelinefuftoire research. In Sectidwe propose and
evaluate a roadmap profile classification that allows rebeas to better assess their proposals. Finally,
Section7 concludes this paper.

2. Related Work

In this section we present some of the most representativieswegarding: (i) the factors commonly
studied in VANETS; and (ii) the use af factorial analyses in wireless networks.

2.1. Factors Commonly Studied in VANETs

Most currently available VANET research works rely on siatidn. However, we find that
most of the experiments made to validate these proposalsttenverlook the most important and
representative factors.

Zuoet al. [7] proposed the vehicle-node density parameter to impraypdinformance of both AODV
and OLSR routing protocols under two typical mobile modeSANET. Simulation results showed the
performance improvements of routing protocols when irgireathe node density around the receiver.
In this work, they varied the density of vehicles and the rigbmodels, while maintaining unaltered
other parameters such as the simulation area, the tranemissge, the packet size, and the radio
propagation model.

Giordancet al. [8] focused on the accuracy of urban propagation models airdriy@act on vehicular
protocol results. They compared the Two Ray model and tha&€anodel in a city scenario. Moreover,
they identified a number of factors that undermine the uglidi the Two Ray model, for example, the
presence of buildings causing propagation disruption batheéavy weight border effects that incorrectly
compensate for the presence of hidden terminals in the mkeswoln this work, authors varied the
transmission range, the map size and the radio propagataielimwhile maintaining unaltered other
parameters such as the density of vehicles, the packeesze,

Khorashadiet al. [9] looked at the result of tuning transmission power and ifecfon UDP
throughput in VANETSs. Results showed that the major mitigafactor in VANETS is the number of
hops between the source and the destination. They assbasawteasing the transmission range results
in decreasing the number of hops between source and destiredfectively increasing throughput.
Authors also found that the effect of vehicle densities ily amportant at lower transmission ranges to
provide the required connectivity.
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Regarding warning message dissemination, Cenegdria. [10] described in detail a vehicular
dissemination protocol that allows sharing informatiostsas available parking spaces, accidents or
obstacles in the roaatc, by using vehicle-to-vehicle communications. In this kyoauthors varied
some factors such as the density of vehicles and the vehgpeled, while maintaining unaltered other
parameters such as the transmission range, the map siz&dibepropagation model, the simulated
roadmapetc Sahocet al. [11] proposed an IEEE-802.11-based multi-hop broadcast pobto address
the issue of warning message dissemination in VANETs. The&pol adopts a binary-partition-based
approach to repetitively divide the area inside the trassion range to obtain the furthest possible
segment. In this work, authors varied some factors sucteasasity of vehicles and the vehicles’ speed,
while maintaining unaltered other parameters such as thediety of messages, the radio propagation
model, the transmission rangsc

The effect of obstacles in warning message disseminatisralsa been addressed by some works.
Costaet al. [12] presented an approach where a message propagation fuecttmdes information
about target areas and preferred routes for the messagemiiisgion. Selecting different functions
produces different routing protocols accounting for carteeé and disconnected situations between
vehicles. These protocols show a remarkable performansenple grid-like scenarios with low and
high density of vehicles, but real maps are not used in theiulations. Viriyasitavatet al. [13]
proposed the UV-CAST (Urban Vehicular broadCAST) protoadiich allows reducing the broadcast
storm problem while solving disconnected network problemsban VANETs. However, the density of
vehicles studied is relatively low, and the authors did mady its performance when there are more than
50 vehicles per ki Liu and Chigan 14] proposed the RPB-MD protocol, a message dissemination
approach with a relative position based (RPB) addressindemtihat allows defining the intended
receivers in the zone of relevance. Simulation results dhigiv delivery ratio and low data overhead,;
however, the scenario used is a single bidirectional highamd the Radio Propagation Model selected
is the deterministic Two-Ray Ground.

To the best of our knowledge, there is no research work thandtyy identifies the factors that
significantly affect the performance of warning messagseatignation systems for VANETS in real
roadmaps. Hence, we consider that the contributions maitisipaper offer significant guidance to the
research community in this area.

2.2.2% Factorial Analysis in Wireless Networks

In the networking literature we can find several works thatpaed the2* factorial approach to
discriminate among the many available parameters so asdoee the most relevant ones.

Guptaet al. [15] studied Distributed Network Control Systems (D-NCS), awwek structure and
components that are capable of integrating sensors, actyaommunication, and control algorithms
to suit real-time applications. Standard statistical apphes, such & factorial experiment design,
analysis of variance, and hypothesis testing, were usaddy snd estimate the effect of each factor on
the system performance.

Liu et al. [16] studied the use of multipath routes to improve throughpot-to-end delay, and the
reliability of data transport in Wireless Sensor NetwoM&SNSs). They reported the results of a series of
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simulations based on a factorial experimental design. IReskiowed that both the congestion window
size and the retry limit are key factors. Vaz de Metal. [17] studied how different WSNs can cooperate
in order to reduce the total energy consumption. Simulagsults revealed that different densities and
data collecting rates among WSNSs, the routing algorithrd tha path loss exponent had a major impact
in the establishment of cooperation. The initial assessmkthe impact of these factors was made
through a2* factorial experimental analysis.

Perkinset al. [18] studied and quantified the effects of various factors aed tiwo-way interactions
on the overall performance of MANETs. Usirj factorial experimental design, they isolated and
guantified the effects of five factors: (i) node speed; (iiug&time; (iii) network size; (iv) number
of traffic sources; and (v) type of routing. They evaluatedl ithpact that these factors have over the
throughput, routing overhead, and power consumption.18h they investigated the impact of some
characteristics on the performance of TCP in MANETs. Moegpa factorial design experiment was
conducted to quantify the effects and interactions thaerggeed and node pause time have over the
TCP throughput.

Although the use of standard statistical approaches sutttea$ factorial analysis is found in many
other fields, it is not so frequently usedAd Hocnetwork communications. Specifically, thefactorial
approach has been adopted to discriminate among the mailgtdegarameters so as to determine the
most relevant ones. As the number of different parametevelmncular communications is very high,
we consider that this method can also be applied in VANEZGS. [As shown in Sectiorb.1, the two
extreme values used in oR¥ factorial analysis are chosen among representative egtvaioes, within
the bounds of applicability and technical feasibility. Aihally, in Sections.2-5.4we confirmed the
outcome of the* factorial analysis by performing a sensibility analysisantvarying the values of the
key factors in simulations.

3. The 2* Factorial Analysis

VANET simulations often involve large and heterogeneoesnados. The number of possible factors
and their values, or levels, can be very large. In this segtiee will explain how the2* factorial
analysis f] can be used to determine the most relevant factors thargeveystem'’s performance.

The use oR* factorial is important for several reasons: (i) to redu@edberall number of simulations
needed; (ii) to evaluate the relationship between diffefaators; and (iii) to reduce the amount of
simulation time required. The basic approach of this methdhsed on selecting a set/oparameters
and determining? extreme levels (tagged with-1 and 1). An experiment is run for all the”
possible combinations of the parameters. From each expstjiwe can also extract tr(é) two-factor
interactions, the’) three-factor interactions, and so on.

For example, suppose that we have proposed a Warning MeBssggmination system, and that we
want to study the impact of the density of vehicles (factoAll the speed of these vehicles (factor B)
on the warning notification time.e., the time required by normal vehicles to receive a warniegsage
sent by a warning mode vehicle.

If we make a2? factorial analysis, we can find out the impact of each fact@ngéity of vehicles
and speed), and their combination, in the studied metricr(vvg notification time). Tabld shows
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the different experiments defined by thké design, and Tabl® shows the results obtained after
the simulations.

Table 1. Experiments defined by 2t design.

Experiment A B vy

1 -1 -1
2 1 -1
3 -1 1 y3
4 1 1

Table 2. Example of results obtained in terms of warning notificatiome varying
two factors.

Density of vehicles Speed 10 km/h  Speed 80 km/h

25 veh./km 1s 0.8s
150 veh./km 05s 04s

Let us define two variables, andx g as presented in Equatioriy @nd @):

—1 if  density of vehicles = 25
xr =
4 1 if density of vehicles = 150

—1 if  speed =10 km/h
B = . (2)
1 if  speed =80 km/h

(1)

The warning notification timey) can be regressed an, andz using a nonlinear regression model
of the form:

Y = do+4aTa+qBTp+ qABTATB (3)

Substituting the four observations in the model, we getdiewing four equations:

1 =qo—qa—qB + qaB (4)
0.5=q0 +qa — 4B — qan (5)
0.8 =¢0 — qa +qB + qan (6)
0.4 =q0 + qa + qB + qaB (7)

These equations can be solved uniquely for the four unknoWwmes regression equation is:
y = 0.675—0.22524 — 0.0752x5 + 0.025z 425 (8)

The result is interpreted as follows: the mean warning matifon time is 0.675 s, the effect of the
density of vehicles is-0.225 s, the effect of the speed of the vehicles @075 s, and the interaction
between speed and density of vehicles accounts for 0.025 s.
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In a2* factorial analysis, by using the sign table method, we canhgeresults and detect variations
that depend on the combination of factors. FoR?adesign, the effects can be computed easily by
preparing & x 4 sign matrix as shown in Tablg The first column of the matrix is labeleld and
all its elements are equal to 1. The next two columns, tilednd B, contain basically all possible
combinations of-1 and1. The fourth column, labeled B, is the product of the entries in columrs
and B. The four observations are listed in a column vector nexhi® inatrix. The column vector is
labeledy and consists of the results corresponding to the factolddéigéed under columnd andB. The
next step is to multiply the entries in colunirby those in columny and put their sum under column
The entries in columml are now multiplied by those in columnand the sum is entered under column
A. This operation of column multiplication is repeated fog tkmaining two columns of the matrix. The
sums under each column are divided by 4 to give the correspgrdefficients of the regression model.

Table 3. Sign table method of calculating the effects of the factora3? design.

| A B AB y
1 -1 -1 1 1s

1 1 -1 -1 0.5s
1 -1 1 -1 0.8s
1 1 1 1 0.4s
2.7 -0.9 -0.3 0.1 Total

0.675 —-0.225 -0.075 0.025 Total/4

The importance of a factor depends on the proportion of thegeicrtetal variation explained by the
factor. The total variation of is also known as Sum of Squares Total (SST), which can belasdcu
as follows:

22
Total variation of y = SST = Z(yz —7)? 9)
i=1
wherey denotes the mean of the responses from all four experimeatsa2? design, the variation can
be divided into three parts:
SST = 2°¢4+2°¢} + 2°¢op (10)

These parts can be expressed as a fraction; for example:

SSA  2%¢%
SST — SST

Hence, we can indicate the percentage of variation of eahest metric explained by each factor.
The more percentage of variation, the more impact this fdzs in the measured metric. In our example,
we found that the density of vehicles accounts for 89.0ilé4 (%) of the total variation of the
warning notification time, the speed of the vehicles accotdiot 9.89% (.e., w), and their

0.2275

combination accounts for the remaining 1.10%.(%). Therefore, in our selected example the

density of vehicles is the most important factor that afeébe warning notification time.

Fraction of variation explained by A = (11)
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The outcome of the* factorial analysis allows us in sorting out factors in thdesrof impact. At
the beginning of any performance study, the number of faaad their levels could usually be large. A
full factorial design with such a large number of factors #wkls may not be the best use of available
effort. The first step should be to reduce the number of facod to choose those factors that have a
significant impact on performance.

4. Factors to Study in VANETs

Some previous works have studied the most important factdv$ANETs. Nevertheless, VANETS
have special characteristics that make them different MoANETS. Hence, more research is required
in order to identify the key factors that impact their penfiance. In this section we identify and describe
the most important factors associated with VANET Warningsbsge Dissemination.

4.1. Number of Warning Vehicles

In traffic safety applications, vehicles may send safetysagss to other vehicles in order to prevent
collisions or to ask for emergency services. We considénlaicles may operate in warning or normal
mode. Warning mode vehicles inform other vehicles about #iienormal status by sending warning
messages periodically. Normal mode vehicles participatke diffusion of these warning packets and,
periodically, they also sendacons with information about themselves, such as their positrmhspeed.

This factor is important since the more vehicles are in thenimg mode, the more network traffic,
thus increasing redundant rebroadcasts that provoke foeagntion and long-lasting collisions.

4.2. Density of Vehicles

In VANETS, the density of vehicles can be particularly higthich usually causes that VANET
simulations require quite a long time to finish. Moreover,npnaetwork simulators do not scale
well, and so simulating VANETSs with high density of vehiclesnsumes a significant amount of time
and resources.

As shown in previous work[1,22], this factor seems to be important to measure Warning Mgssa
Dissemination performance in VANET scenarios. In fact, santhors have defined new compound
factors derived from the density of vehicles (e.g., Jiahgl. [23] defined the concept of communication
density as the product of vehicle density, messaging ratéransmission range).

4.3. Channel Bandwidth

In radio communications, bandwidth is the width of the fregey band used to transmit the data.
Channel spacing is a term used in radio frequency planniagdascribes the frequency difference
between adjacent allocations in a frequency plan.

Wireless technologies such as the IEEE 802.11p Wirelessegscdor Vehicular Environment
(WAVE) [24] enable peer-to-peer mobile communication among vehigl2y/) and communication
between vehicles and the infrastructure (V2I), and are &epeo be widely adopted by the car industry
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in the next years. The 802.11p standard supports 10 MHz amdF20Obandwidths. Using a 10 MHz
bandwidth, the supported data rates are 3, 4.5, 6, 9, 12, 48ar’d 27 Mbps, depending on the
modulation and coding scheme considered.

In vehicular safety communications, the efficiency of cledlnrsage is important in managing the
broadcast transmissions. The efficient channel usage teetpduce the overall interference level and in
turn impacts on the broadcast reception performaB8g [

Since vehicular information delivery systems support @agibns such as cooperative driving
among cars on the road, traffic safety, or infotainment appbns, we think that channel bandwidth
requirements could change based on the selected apphic&to the specific case of Warning Message
Dissemination mechanisms, the overall capacity of the mhlacan affect the effectiveness of warning
dissemination schemes if the density of potential trartensiis high.

4 .4. Broadcast Scheme

Another important factor in Warning Message DisseminatioWANETS is the selected broadcast
scheme 26]. In VANETSs, intermediate vehicles act as relays to suppmnt-to-end vehicular
communications. For applications such as route plannmagfijad congestion control, and traffic safety,
flooding of broadcast messages commonly occurs. Howeveardiflg results in many redundant
rebroadcasts, heavy channel contention, and long-lastiegsage collisions (usually known as the
broadcast storm problem).

Over the years, several schemes have been proposed to satligesroadcast storm problem in
wireless networks. Iniq7] we can find some of the most interesting approaches, whetharfollowing:

() the counter-based scheme, which uses a counter to kagpdf the number of times the broadcast
message is received in order to decide whether to inhibitdheadcast; (ii) the distance-based scheme,
in which the relative distance between vehicles is used ¢taldevhether to rebroadcast or not; (iii) the
location-based scheme, which is very similar to the distdreesed scheme, though requiring more
precise locations for the broadcasting vehicles to ach&veccurate geometrical estimation of the
additional coverage of a rebroadcast; and (iv) the clusésed scheme, where vehicles are grouped in
clusters, and only one member of each cluster (the clustat)lwan rebroadcast the warning messages.
Theweighted p-persistenctheslotted 1-persistencand theslotted p-persistendechniques presented

in [28] are some of the few rebroadcast schemes proposed for VANHh&se three probabilistic
and timer-based broadcast suppression techniques cajyateithe severity of the broadcast storms by
allowing nodes with higher priority to access the channetjaiskly as possible, but their ability to
avoid storms is limited, since they are specifically desigfte being used in highway scenarios. The
Last One (TLO) scheme2f] tries to reduce the broadcast storm problem by finding thetrdistant
vehicle from the warning message sender, so that this weWitllbe the only one allowed to retransmit
the message. This scheme does not take into account thé @ffelastacles (e.g., buildings) in urban
radio signal propagation. More recently, we proposed amelmlled enhanced Message Dissemination
based on Roadmaps (eMDR], which uses location and roadmap information to facéitan efficient
dissemination of warning messages in 802.11p-based VANETSs
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It is easily noticeable that most existing solutions to th@allcast storm problem were only evaluated
in obstacle-free environments, which are not comparablees&d urban scenarios where plenty of
obstacles can interfere with the signal, creating blinédiamghere vehicles will not receive the warning
message unless intermediate forwarding nodes help to as®ihe obstacle. In our experiments, we
use both the location-based scheme and our eMDR schemedssab® relevance of the broadcast
scheme adopted.

4.5. Message Priority

The 802.11p MAC layer is based on the IEEE 802.11e Enhancsttilitited Channel Access
(EDCA), and Quality of Service (QoS) extensions. Therefeygplication messages are categorized
into different Access Classes (ACs), where ACO has the lbares$ AC3 the highest priority.

In our experimentsyarning messages (which contain information about abnormal situations such
as accidents) have always the highest priority (AC3) at th&CMayer, while beacons (containing
information such as vehicles’ positions and speeds), wéiiemot propagated by other vehicles, change
their priority from the lowest (ACO) to the highest (AC3) grity in the 2* factorial analysis.

4.6. Message Periodicity

As mentioned previously, warning mode vehicles inform otrehicles about their status by sending
warning messages periodically. Normal mode vehicles @pédie in the diffusion of these warning
packets and, moreover, they also send periddicons with information such as their positions,
speedetc

Similarly to the number of warning vehicles, the more wagmmessages are sent at the same time, the
more redundant rebroadcasts, channel contention, andageessllisions there will be. Thus, message
periodicity seems to be an important factor that offers deraff between performance and overhead.

4.7. Mobility Model

One of the challenges posed by the study of VANETS is the dieimiof a vehicular mobility
model B0} providing an accurate and realistic vehicular mobilityscieption at both macroscopic and
microscopic levels31]. To perform realistic simulations, it is especially impont that the chosen
mobility generator is able to obtain a detailed microscapadfic simulation by importing network
topologies from real maps. Our mobility simulations aref@ened with SUMO B2], an open source
traffic simulation package that has interesting microscagaffic capabilities, such as collision free
vehicle movement, multi-lane streets with lane changumggiion-based right-of-way rules, traffic lights,
etc. SUMO can also import roadmaps directly from map databasels as OpenStreetMag3 and
TIGER [34].

Our mobility simulations account for areas with differehicle densities. In a real town, traffic is
not uniformly distributed; there are downtowns or pointsndérest that may attract vehicles. Hence, we
include the ideas presented in thewntown Mode]35] to add points of attraction in realistic roadmaps.
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To generate the movements for the simulated vehicles, wd tyge different mobility models
available in SUMO: (i) the Krauss mobility mode3§] with some modifications to allow multi-lane
behavior B7]; and (ii) the Wagner mobility model38]. The Krauss model is based on collision
avoidance among vehicles by adjusting the speed of a vetudlee speed of its predecessor using
the following formula:

20 =0 4 e (12

wherev represents the speed of the vehicle in migpresents the period of time in secondsis the
speed of the leading vehicle in m/sis the gap to the leading vehicle in meterss the driver’s reaction
time (set to 1 second in our simulations) ands a random numeric variable with a value between 0
and 1.

The Wagner model, unlike most driving models that assumestamtaneous or even delayed reaction
of the driver to the surrounding situation, considers tw@amant features of human driving and of
human actions in general. Firstly, humans usually plan g&haad secondly, the type of control that
humans apply is not continuous, but discrete in time: théyaly at certain moments in time. These
specific moments are known as action-points.

v(t+1) =v(t) +

4.8. Radio Propagation Model

We observe that the most widely used simulators such as@&josim, QualNet and OPNET do not
include a Radio Propagation Model (RPM) that offers enougiueacy for vehicular environment3q].

In particular, the physical obstacles present in urbanrenments (mostly buildings) are not taken into
account, which is overly optimistic. For example, the comiyaised Two Ray Ground (TRG) radio
propagation model ignores effects such as Radio Frequ&teydttenuation due to buildings and other
obstacles, meaning that an alternative model must be untextl However, for 802.11p-based VANETS,
the received signal will largely depend on both the distdreteveen the sender and the receiver, and the
presence of obstacles.

In the 2* factorial analysis, we use both the well-known determioi$RG and the probabilistic
Real Attenuation and Visibility Model (RAV)4], a realistic RPM specifically designed for IEEE
802.11p-based VANETS that increases the level of realispmehomena occurring at the physical layer,
thereby allowing researchers to obtain more accurate aeimgful results 39].

Figure 1 shows an example of the visibility scheme used in RAV, wherkicle (A) is trying to
disseminate a message. In that case, and assuming thatraclg veceiving a message will rebroadcast
it the first time, the result will be that some vehicles (B, CH)G, and I) receive the message, while the
others (E, H, and J) will never be reached by such message.



Sensor013 13 5231

Figure 1. RAV visibility scheme: example scenario.

4.9. Roadmap

The roadmap (road topology) is an important factor accogntor mobility in simulations, since
the topology constrains cars’ movements. Roughly desdyibe urban topology is a graph where
vertices and edges represent, respectively, junction @ead €lements. Simulated road topologies can
be generatedd Hoc by users, randomly by applications, or obtained from reallmap databases.
Using complex layouts implies more computational time, tng results obtained are closer to the
real ones21]. Typical simulation topologies used are highway scersaftbe simplest layout, without
junctions) and Manhattan-style street grids (with stregtanged orthogonally). These approaches are
simple and easy to implement in a simulator. However, layobtained from real urban scenarios are
rarely used, although they should be chosen to ensure thatshlts obtained are likely to be similar in
realistic environments.

Our simulation scenarios used in tiefactorial analysis are based on two different real roadmaps
which were obtained from real cities using OpenStreetMae flvo locations represent environments
with different street densities and average street lengthe chosen scenarios were the South part of the
Manhattan Island from the city of New York (USA), and the aiezated at the North of the Colosseum
in the city of Rome (ltaly). The fragments selected have dareion of 4 kmi (2 km x 2 km). Figure2
depicts the street layouts used. As shown, the fragment Nem York presents the longest streets,
arranged in a Manhattan-grid style. The city of Rome repressihe opposite situation, with short streets
in a highly irregular layout. The third fragment was exteatfrom the city of San Francisco, and the
results of its simulation are presented in Secboh
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Figure 2. Scenarios used in our simulations as street graphs in SUR)@agment of the
city of New York (USA); b) fragment of the city of Rome (ltaly); and)(fragment of the
city of San Francisco.

5. Simulation Results

Simulation results presented in this paper were obtainedyulke ns-2 simulator40]. We modified
the simulator to follow the upcoming WAVE standard closellf {(hese improvements and modifications
of the simulator are publicly available at http://www.gnov.es/software/), extending it to implement
IEEE 802.11p%]. Mobility is performed with CityMob for Roadmaps (C4R}1], a mobility generator
that can import maps directly from OpenStreetMap.

Table 4. Parameters used for the simulations.

Parameter Value
roadmap size 2,000 m 2,000 m
downtown size 1,000 nx 1,000 m
downtown probability 0.5
downtown attraction 0.5
warning packet size 256B
normal packet size 512B
warning messages priority AC3
MAC/PHY 802.11p
maximum transmission range 400 m

In our study, each simulation lasted for 120 s. In order taeaha stable state before gathering
data traffic, we only started to collect data after the firsts60All results represent an average over
thirty executions with different random scenarios, présgnall of them a maximum error of 10%
with a degree of confidence of 90%. We evaluated the folloyp@dormance metrics: (i) the warning
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notification time; (ii) the percentage of blind vehicles;dafii) the number of packets received per
vehicle. The warning notification time is the time requiredrimrmal vehicles to receive a warning
message sent by a warning mode vehicle. The percentagendivghicles is the percentage of vehicles
that does not receive the warning messages sent by the wamode vehicles. These vehicles can
remain blind because of their positions, due to collisienslue to signal propagation limitations. Taéle
shows the parameters used for the simulations. The downosbability and the downtown attraction
are the probability that a vehicle is within downtown and frebability that a vehicle travels into
downtown area, respectively.

5.1. Results of thg* Factorial Analysis

In this section, we use th# factorial analysis§] to determine the most relevant factors that govern
Warning Message Dissemination performance. We consideet®rfs, previously presented in Sectiébn
They are listed in Tabl®. We tag each of the factors with A, B, C, ..., | accordinglys¢sted in the
table. Thereafter, we specify two representative and bigigpposite scenarios, which are described by
two different levelsj.e., Level—1 and Level 1. Each level provides different parameter \sataelefine
the scenario.

Table 5. Factors considered and their values.

Factor Level -1 Level 1

warning vehicles (A) 3 10

density of vehicles (B) 25 vehicles/Km 100 vehicles/krh
channel bandwidth (C) 3 Mbps 6 Mbps
broadcast scheme (D) location-basd[ eMDR [21]
normal messages priority (E) ACO AC3
periodicity of messages (F) 1 packet/s 20 packets/s
mobility model (G) Krauss modified[/] Wagner Bg|
radio propagation model (H) Two Ray Ground RAY [
roadmap (1) New York Rome

After having executed thg" factorial analysis, Tablé indicates the percentage of variation of each
studied metric explained by each factor. The more the pé&xgenof variation, the more impact this
factor has in the measured metric.

The results of oup* factorial analysis show that:

e The average time required to complete the propagation psoselargely affected by the RPM
used (H), the simulated roadmap (1), the combination of #resdy and the mobility model (BG),
and the combination of the density and the RPM used (BH).

e The average number of blind vehicles is largely affectedneydensity of vehicles (B), the RPM
used (H), the simulated roadmap (1), and the combinatiohetiensity and the RPM used (BH).
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e The average number of packets received per vehicle is lagfiected by the density of vehicles
(B), the RPM used (H), and the simulated roadmap (I).

Table 6. The percentage of variation explained using the sign tal#¢had up to the
combination of 2 factors. Highlighted values indicate esmntative variations.

Variation Explained (%)
Factors Warning Notification Time % of Blind Vehicles Number of Packe Received

A 5.67 1.88 1.13
B 0.89 8.61 28.55
C 0.02 0.00 3.63
D 3.22 0.14 3.28
E 0.00 0.00 0.00
F 0.00 0.00 0.00
G 0.47 2.70 0.23
H 20.72 49.87 36.26
1 9.35 14.07 7.92
AB 0.37 1.30 0.05
AC 0.06 0.00 0.19
AD 0.77 0.03 0.59
AE 0.00 0.00 0.00
AF 0.00 0.00 0.00
AG 0.01 0.35 0.61
AH 0.09 1.87 0.29
Al 0.90 0.15 0.01
BC 0.05 0.00 2.39
BD 1.03 0.06 0.22
BE 0.00 0.00 0.00
BF 0.00 0.00 0.00
BdG 33.35 0.42 0.56
BH 14.40 9.09 5.62
BI 1.06 5.37 421
CD 0.07 0.00 0.06
CLE 0.00 0.00 0.00
CF 0.00 0.00 0.00
caq 0.00 0.00 0.05
CH 0.01 0.00 1.59
cI 0.03 0.00 0.51
DE 0.00 0.00 0.00
DF 0.00 0.00 0.00
DG 5.26 0.06 0.25
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Table 6. Cont

Variation Explained (%)
Factors Warning Notification Time % of Blind Vehicles Number of Packe Received

DH 0.07 0.13 1.16
DI 0.94 0.13 0.03
EF 0.00 0.00 0.00
EG 0.00 0.00 0.00
EH 0.00 0.00 0.00
EI 0.00 0.00 0.00
FG 0.00 0.00 0.00
FH 0.00 0.00 0.00
FI 0.00 0.00 0.00
GH 0.25 2.60 0.00
GI 0.94 1.17 0.60

Based on the above outcome, we can state that the key faotbes dccounted for when studying
warning dissemination systems are the density of vehidles,radio propagation model, and the
simulated roadmap. We now perform a detailed study to etebh& impact of the most representative
factors one by one.

5.2. Evaluating the Impact of the Radio Propagation Model

Figure3 shows the simulation results when varying the number ofclebi We selected the TwoRay
Ground, the Nakagami fading, and the RAV models. Tab&hows some of the parameters used for
the simulations; the rest of parameters are the followihg: roadmap used is Rome, vehicles follow
the Krauss mobility model, there are 3 warning mode vehjthesperiodicity of messages is 1 message
per second, normal message priority is ACO, the broadcasinse applied is eMDR, and the channel
bandwidth is 6 Mbps.

According to the2* factorial analysis, the results show that the warning ratifon time is highly
affected by the RPM used. When using the TRG model, infomomataches 30% of the vehicles in less
than1 s, and propagation is completed in less tha When using the RAV model, the system needs
2 s to reach 30% of the vehicles, although the propagatioregsowas completed in onfy5 s.

Table7 shows the percentage of blind vehicles and the number ofepac&ceived per vehicle when
varying the RPM. As shown, the behavior in terms of percentdgolind vehicles and the number of
packets received also highly depends on this factor. In faben using TRG and Nakagami fading
models, there are practically no blind vehicles, while wel i9.92% of blind vehicles when using
RAV. Therefore, when the model is more realistic, more tim@eéeded to reach the same percentage
of vehicles, and thus the percentage of blind vehicles asge. This occurs because both TRG and
Nakagami models are really optimistic, and they do not acttar the presence of obstacles in signal
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propagation. Moreover, the average number of packetsvet@er vehicle highly differs depending on
the model (see Tablg). The number of packets received decreases consideraliRAlé since signal
propagation encounters more restrictions.

Figure 3. Cumulative histogram for the time evolution of dissemidat&arning messages
when varying the RPM used.
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Table 7. Blind vehicles and packets received per vehicle when vgntime Radio
Propagation Model.

RPM % of Blind Vehicles Packets Received

TRG 0% 3,417.10
Nakagami 0.1% 1,291.10
RAV 60.92% 229.07

In order to better understand the warning disseminationgs® Figurel offers a heat map of the
number of messages received in one of our simulations ardiff time instants. Each heat map was
obtained by splitting the Rome scenario in a 20000 grid, meaning that each cell depicted represents
400 n? (20 mx 20 m).

Figure4 shows the number of warning messages received in each aerawsing TRG and RAV
radio propagation models, respectively. White areas aidithat no messages were received during
the simulation (blind zones and buildings), whereas yelloeas represent locations where 5 or more
messages were received. Yellow areas indicate more massageived and blue areas represent
fewer messages.
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Figure 4. Evolution of the warning message dissemination procesBdarRome scenario
after 20 s, when usin@j the TwoRay Ground and] the RAV model.
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When using the TRG model the dissemination process is ablkeatth a wider area of the scenario
since the signal encounters no restrictions except thermaxitransmission range. The results show
that using a more realistic model tends to reduce protoatbprance, allowing us to better understand
the impact of buildings and obstacles along the road onazaat communications. Although the RAV
model yields poorer performance results than TRG, it isehdamore realistic radio propagation model,
which should be considered in VANET simulations.

5.3. Evaluating the Impact of the Density of Vehicles

Figure5 shows the simulation results when varying the number ofcleti We selected 100, 200,
300, and 400 vehicles.¢., 25, 50, 75, and 100 vehicles/kKm Table4 shows some of the parameters
used for the simulations; the rest of parameters are thewoly: the roadmap used is Rome, the radio
propagation model used is RAV, vehicles follow the Kraussility model, there are 3 warning mode
vehicles, the periodicity of messages is 1 message per deoonmal message priority is ACO, the
broadcast scheme applied is eMDR, and the channel bandwifitibps.

As expected, the warning notification time is lower when tlehigle density increases. When
simulating with 400 vehicles, information reaches abou¥66f the vehicles in onlyl.3 s, and the
propagation process is completeid s.

Table8 shows the percentage of blind vehicles and the number ofepsic&ceived per vehicle when
varying the density of vehicles. The behavior in terms otpatage of blind vehicles highly depends on
this factor. This characteristic is explained because tuglfhg propagation of warning messages works
better with higher vehicle densities. As for the number afkeds received per vehicle, this number
highly increases when increasing vehicle density.
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Figure 5. Warning notification time when varying the density of vebgl
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Table 8. Blind vehicles and packets received per vehicle when vgryhe density
of vehicles.

Vehicles % of Blind Vehicles Packets Received

100 76.63% 197.37
200 60.92% 229.07
300 36.40% 432.60
400 21.01% 949.40

Figure6 shows the number of warning messages received in each asrasivhulating 100 and 400
vehicles, respectively. When only 100 vehicles are sinedl#te dissemination process presents a very
slow progression. If the simulations include 400 vehictas, dissemination process is able to reach a
wider area of the scenario since finding appropriate relwagtthg nodes becomes easier.
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Figure 6. Evolution of the warning message dissemination processdrRiome scenario
after 20 s, when simulating) 100 and ) 400 vehicles.
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5.4. Evaluating the Impact of the Roadmap

This subsection presents the results obtained when vattygngpbadmap used. We selected scenarios
from New York, San Francisco, and Rome. In TaBleve present the main features of the chosen
fragments of the cities.

Table 9. Main features of the selected maps.

Selected city map New York (USA) San Francisco (USA) Rome @ty)

Streets/kn¥ 175 428 695
Junctions/km? 125 205 208
Avg. street length 122.55m 72.71m 45.89m
Avg. lanes/street 1.57 1.17 1.06

Table 4 shows some of the parameters used for the simulations; #teofegparameters are the
following: 200 vehicles are simulated, the radio propagatnodel used is RAV, vehicles follow the
Krauss mobility model, there are 3 warning mode vehicles,gériodicity of messages is 1 message
per second, normal message priority is ACO, the broadcasinse applied is eMDR, and the channel
bandwidth is 6 Mbps.

As shown, the warning notification time is lower when simuigthe New York map (see Figui@.
Information reaches about 60% of the vehicles in less th&rs, and propagation is completedirs.
When simulating the map of San Francisco, information needee time (.4 s) to reach the same
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percentage of vehicles. As for Rome, the propagation psowas completed in only.4 s, but less than
40% of the vehicles are informed.

Figure 7. Warning notification time when varying the roadmap.
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The behavior in terms of percentage of blind vehicles andnin@ber of packets received also
highly depends on this factor (see Taldl@. In fact, when simulating New York, the percentage of
blind vehicles is almost negligible, while we firg.92% of blind vehicles when simulating Rome.
Hence, when the simulated layout is more complex, the p&genof blind vehicles increases, and
more time is needed to reach the same percentage of vehidies.occurs mainly because the signal
propagation is blocked by buildings. Moreover, the avenageber of packets received per vehicle
highly differs depending on the map. Compared with New YdHe number of packets received
decreases considerably for San Francisco and even mor@ioe Rince signal propagation encounters
more restrictions.

Table 10.Blind vehicles and packets received per vehicle when varifie roadmap.

Roadmap % of Blind Vehicles Packets Received

New York 2.92% 1,542.07
San Francisco 20.55% 885.13
Rome 60.92% 229.07

Figure8 shows the number of warning messages received in each asrasivhulating New York,
San Francisco, and Rome, respectively. As mentioned hefdren simulating the New York scenario
the dissemination process is able to reach a wider area sirems are longer and wider, and there are
fewer junctions, so messages can be disseminated morg easil
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Figure 8. Evolution of the warning message dissemination process &0 s, when
simulating &) New York; (b) San Francisco; anad) Rome scenarios.
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5.5. Lessons Learnt and Guidelines for Future Research

The2* factorial analysis has shown that the key factors to takedantount when simulating VANETS
are: (i) the radio propagation model; (ii) the density ofictds; and (iii) the roadmap used. By evaluating
the impact of each factor one by one, we confirmed the outcdthe d* factorial analysis. We observed
that the results obtained are highly affected by the sedectdio propagation model, the roadmap and
the density of vehicles. The propagation of warning messagwks better with simpler layouts and
higher vehicle densities.
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Results also showed that other important factors, sucheagrbadcast scheme used, the channel
bandwidth, and the priority and the periodicity of messagese little impact in the warning message
delivery process. Nevertheless, we believe that thesemgdeas could be important factors in other
VANET scenarios and applications, such as live video stiegservices to vehicles.

Although the selected roadmap is a key factor in VANETS, tlagomity of VANET proposals tend to
use very simplistic scenarios. We consider that the use o€ mealistic topologies is required in order
to obtain meaningful results. However, the very large nunabg@ossible scenarios and the differences
among them become a drawback when attempting to follow oategty. Thus, in the next section we
present a roadmap profile classification that will be veryfulder future VANET research works by
aggregating cities into a same group depending on theiacteistics.

6. Roadmap Profile Classification

Above we have shown that the specific features of the sceast be taken into account to make the
future proposals more representative and valid. To achil@gegoal, maps from several existing cities
have been tested to obtain a classification that allowsdutesearchers to determine which scenarios
to use in their simulations. In each scenario analyzed, tfusen area tries to represent the overall
layout of the streets in each city, and is usually taken frewritown. We selected representative cities
from Europe (Berlin, London, Milan, Moscow, Paris, Romeyife, Teruel, Valencia), Asia (Beijing,
Hong Kong, Istanbul, Kuala Lumpur, New Delhi, Seoul, Shamgfaipei, Tokyo), North America
(Boston, Chicago, Los Angeles, Manhattan, Mexico City, Néwk, San Francisco, Washington DC),
South America (Buenos Aires, Montevideo, Rio de Janeim)l, Africa (Cape Town, Casablanca, El
Cairo, Rabat).

Figure 9 shows the number of streets and junctions present in a?skmare area in these cities.
In this work, each segment between two junctions is consdlerstreet. As shown, the relationship
between the number of streets and the number of junctionsissalinear, in an approximate ratio of 2
streets per junction.

Results shown in Figurd suggest that three different performance profiles can batifcbsl.
According to this, we used the well-knowkrmeansclustering algorithm42] with a number of clusters
k = 3 to obtain a precise classification of the cities. By usingrémults of the clustering process in
Figure 9, we can classify a new city according to the cluster whoserceehis the nearest (using the
Euclidean distance as a measure). We can classify existiag by their street profiles into:

e Simple layouts maps with low density of streets and junctions. Usuallyaaged orthogonally
like a Manhattan style grid. Examples of these cities are Mewk (USA), Moscow (Russia), Los
Angeles (USA), and Seoul (South Korea).

e Regular layoutsmaps with medium density of streets and junctions. Sonmesdit this group are
San Francisco (USA), Madrid (Spain), Washington DC (USAJ Baris (France).

e Complex layoutsmaps with high density of streets and junctions. Citie$ tigdong to this group
are Rome (Italy), London (UK), Valencia (Spain), and Tokyagan).
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Figure 9. Classification of different cities based on the density tdets and junctions.
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Table 11 summarizes the classification process of the studied atielsshows the location of the
centroid of the cluster assigned to each profile.

Table 11.Roadmap Profiles Classification.

Roadmap Profile Street and Junction Density Cluster Centrad
Streets/kn?  Junctions/km?

Simple Low 98.5 47.06
Regular Medium 225.72 111.04
Complex High 465.14 204.32

Previous results (in Sectiod) showed that the roadmap that serves as scenario for thengarn
dissemination has a considerable influence on the effextsse of the process. Moreover, we can
differentiate three groups of roadmap profiles in which theppgation process is likely to behave in
a similar way. Thus, we consider that researchers mustuthrefetermine the scenarios to assess
their proposals since the obtained results will be direatfgcted by the roadmap used. In particular,
we recommend to test with at least one map for each roadmdipeptm make sure that results are
representative and conclusions sufficiently generic.

6.1. Assessing the Roadmap Profile Classification

Simulation experiments have shown that the features of ga&tific scenario determine the efficiency
of the dissemination process. To prove how maps from the sdunséer produce similar results using
them as simulation scenarios, we selected three street imajgislition to those presented in Figute
These additional roadmaps are taken from different cities ey belong to different clusters, as
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shown in Tablel2. The scenarios were obtained from OpenStreetMap, eachepmesenting 4 ki
of square area.

Table 12. Main features of the additional maps.

Selected City Map Los Angeles (USA) Madrid (Spain) London ()

Streets/kn¥ 263 479 878
Junctions/km? 77 284 408
Avg. street length 111.58 m 67.23m 45.38 m
Avg. lanes/street 1.45 1.26 1.15
Profile cluster Simple Regular Complex

Figure10(a) shows the area between Martin Luther King Boulevard ardt\8@lauson Avenue in the
city of Los Angeles (CA, USA), which belongs to the Simpleday cluster. It has a very regular street
layout where the simulations should have a similar behasoonpared to simulations performed using
synthetic Manhattan-grid layouts. The street map arours@d@de la Castellana in the city of Madrid
(Spain), shown in Figur&Q(b), is classified as a Regular profile. It is an example of tawth medium
density of streets and junctions, arranged in a complexutagdferent from typical Manhattan-grid
layouts. Finally, Figurd.0(c) presents the area around Russell Square in the city afdro(UK), which
contains an extremely high density of streets and junctiand therefore it belongs to the Complex
topologies cluster. We will study warning message dissation efficiency in these scenarios and we
will compare the results with those obtained with the folmpresented roadmaps.

Figure 10. Additional scenarios used in our simulations as streethgap SUMO:
(a) fragment of the city of Los Angeles (USA)h) fragment of the city of Madrid (Spain);
and €) fragment of the city of London (UK).
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6.2. Comparison Results

Results in this section are obtained using the maps of New, Y&an Francisco and Rome from
Figure 2, and also the roadmaps from Los Angeles, Madrid and Londam ffigurel0. There is a
city from each defined cluster in these two sets of roadmap$swae will compare warning message
dissemination using these different topologies. Figlteand12 show the differences in terms of both
warning notification time and messages received per vehiblen varying the density of vehicles in
the aforementioned city scenarios. In all these simulatiwa used the same base configuration: the
radio propagation model used is RAV, vehicles follow the w&s mobility model, there are 3 warning
mode vehicles, the periodicity of messages is 1 messagespend, normal message priority is ACO,
the broadcast scheme applied is eMDR, and the channel bdid&ic Mbps.

Figure 11. Warning notification time in different scenarios simulgtifa) 100 vehicles and
(b) 400 vehicles.
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Figure 12. Number of messages received per vehicle simulathghe formerly presented
scenarios, and] the additional street maps, under different vehicle derssi
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Results in Figurd 1 show that the selected scenario notably affects the eflgiefithe dissemination
process, especially in scenarios with low vehicle densifys the density of vehicles grows, the
differences become smaller but they are still noticeahteaddition, roadmaps from the same cluster
present a very similar behavior in both low and high vehiaasgity scenarios. Topologies from the
Simple layout cluster obtain the best performance in warniotification time and percentage of blind
vehicles in all scenarios, since the wireless signal prafgsgmore easily in environments with few
long streets. As the layout becomes more irregular and thsitgeof streets and junctions grows, the
dissemination process develops more slowly and the nunilerinformed vehicles increases.

In the six scenarios, increasing the density of vehicleklgibetter performance in terms of both
warning notification time and percentage of blind vehicles.,(not receiving warning messages),
especially in roadmaps like Rome and London where the stegetthe shortest and the most irregular,
producing very poor results when there are few vehicles ensimulated scenario. Complex layout
scenarios need higher vehicle densities to obtain satisfacesults in terms of warning notification
time and blind vehicles.

As shown in Figurel 2, topologies from the same cluster also produce a similarauof messages.
For Simple roadmaps there is a sudden increment in the ambusteived messages when the number
of vehicles grows more than 100 vehicles, whereas the Reguks support up to 200 vehicles, and
Complex roadmaps obtain sustainable results up to 300 leshitNote that urban scenarios with low
density of streets and junctions greatly increase the numibmessages received per vehicle because
of the higher number of vehicles reached by the wirelessasiginanks to the long streets forming the
layout that make it easier to find vehicles in line-of-sight.

7. Conclusions

In this paper, we identified and described the differentilietio be taken into account when simulating
warning message dissemination in VANETS. Since the numiggossible factors can be very large, we
identified the representative factors by using #iefactorial analysis. The purpose is to reduce the
required simulation time in future research works.

The key factors affecting the delivery of warning messagergeviound to be the radio propagation
model, the density of vehicles, and the roadmap used. Soher fdctors, such as the broadcast
scheme used, the channel bandwidth, and the priority angehedicity of messages, did not have
a significant impact on the metrics considered in our studye Melieve that the results of our
analysis can save researchers’ time by discarding unregdsstors when performing simulations for
VANET-related research.

Results obtained from our simulations confirmed that thectetl roadmap is a crucial factor. In
fact, performance parameters such as warning notificaitio®, tthe percentage of blind vehicles, and
the number of packets received per vehicle highly depend dmifurther reduce the scope of warning
message dissemination tests made in real cities, we prepasevaluate a scenario classification based
on three roadmap profiles, and consider that researchetcaretully determine the scenarios to assess
their proposals, ideally picking at least one scenario &mheprofile type.
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