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Abstract—In this paper, we consider the problem of
disseminating data in Infrastructure-to-Vehicular (12V)
IEEE 802.11 networks. We analyze, with a comparative
approach, the performance in highway and urban scenarios.
In particular, after characterizing the mobility in these
scenarios we analyze the performance in terms of data
dissemination from a fixed Road Side Unit (RSU) to the
vehicles passing in its proximity through a recently proposd
multihop probabilistic broadcasting protocol, namely Irr e-
sponsible Forwarding (IF). In the case of highway-like Veht-
ular Ad-Hoc NETworks (VANETS), we first characterize a
mobile scenario in such a way to make a direct comparison
with a static scenario meaningful, taking into account a
physical characterization of the network (e.g., in terms of
vehicle spatial density). Then, we consider a few mobile
urban scenarios, characterized by the presence of junctian
regulated by Traffic Lights (TLs) and Roundabouts (RS).
Our results show that, from a single packet perspective,
the vehicles’ mobility does not affect the behavior of the
IF protocol, at least in the considered mobile scenarios
(both highway and urban). However, different conclusions
are reached when an information flow (i.e., a series of con-
secutive packets) is considered. In this context, we deteine
the maximum amount of data which can be transferred from
the RSU to the mobile vehicles passing through a certain
Region Of Interest (ROI) around the RSU.

Index Terms— Vehicular Ad hoc NETwork (VANET),
Infrastructure-To-Vehicle (12V), data dissemination, high-
way VANET, urban VANET, VANET simulators.

|. INTRODUCTION
Vehicular Ad-hoc NETworks (VANETSs) are multi-

purpose networks suitable for a plethora of application

(e.g., safety, data dissemination, data collection, aifot

ment) [1]. In order to meet the needs of all these appli
cations, the most relevant international standards, namel

messages (e.g., warning messages), the requirements of
other applications (e.g., parking reservation) could be
better satisfied by a unicast multi-hop protocol. Therefore

a general VANET usually needs to rely on both families
of protocols.

With respect to other types of Mobile Ad-hoc NET-
works (MANETS), one of the distinguishing features
of VANETS is given by the peculiar mobility behavior
of the nodes that constitute the network, influenced by
both the road infrastructure and by the physical and
socio-psychological factors that govern vehicles’ inter-
actions. In the last decades, mainly in the realm of
road engineering, several models able to capture the
vehicles mobility behavior have been proposed, such
as car-following, stochastic, traffic stream, and flows-
interaction [4]. Among them, car-following models are
probably the most common and the most realistic [5].
They were first employed in the 50’s and are continuous-
in-time microscopic models, able to determine the behav-
ior of each vehicle on the basis of the states (in terms of
position, speed, acceleration) of the surrounding vebicle
In the field of VANETS, the performance of (peer-to-
peer) routing protocols has been evaluated according to
two main indicators: the vehicles’ (relative) speeds and
the vehicle spatial density [6]. While these indicators
are relevant, in the context of routing, to determine the
lifetime of a multihop communication path, they become
relevant, in the context of broadcasting, to determine the
§naximum transferable amount of data between a fixed
source (Road Side Unit, RSU) and the vehicles positioned
in a given Region Of Interest (ROI).

In this work, we focus on data dissemination in VANET

the WAVE-IEEE 802.11p [2] and the ISO Communica- with a probabilistic multihop broadcast protocol, named

tions, Air-interface, Long and Medium range (CALM) [3],
rely on both unicast and broadcast (often geocast) prot
cols. Unicast and broadcast strategies are complementaf
For instance, while a multi-hop broadcast protocol fits

well with applications like the diffusion of public interes
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Irresponsible Forwarding (IF), originally proposed in [7]

d’;!nd applied, in [8], in IEEE 802.11 networks. Our goal is

2 investigate how the mobility affects data dissemination
In realistic (highway and urban) VANET scenarios. In

order to carry out this investigation, here we compare,
through simulations, the performance of IF in many
radically different mobility conditions: a static highway

VANET (e.g., a scenario where all cars move at the
same speed); a mobile highway VANET in stationary
conditions; several mobile urban VANET scenarios, with
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abouts (Rs). The performance analysis is carried out, first,
from a single packet prospective (meaningful for safety-
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related applications) and, then from an information flow CTl T Tnoi=tor N
prospective. In this latter case, we evaluate the maximum PP ROI
amount of transferable data, in terms of throughput, from
the RSU to the vehicles lying in a ROI around a fixed

RSU. As expected highway scenarios allow the transfer o

a larger amount of data. In urban scenarios, the presence

of junctions with Rs seems to be more limiting than the )
presence of TLs.

The structure of this paper is the following. In Sec-
tion I, we introduce the VANET scenarios considered
in our simulation analysis. Section Ill is dedicated to
the characterization of the used mobility models. In
Section 1V, we describe the IF protocol, the considered L= boom?
performance metrics, and the simulation setup. In Sec-
tion V and Section VI, we evaluate the per-packet and
the per-flow system performance, respectively. Finally,
conclusions are drawn in Section VII. = =

vehicle 1 Veﬁlicle i—1 vehicle i

Figure 1. The mobile linear network topology in an highwagrsrio.

vehicle i+1 /| vehicle N,

Il. REFERENCESCENARIOS

In [9], the performance of IF in a multiple-lane bidi- Figure 2. The linear network topology in a single lane of ahhigy
rectional highway was considered. We now extend thigcenario.
analysis to encompass also several mobile urban scenarios
constituted by a few consecutive road intersections and,_ ... S .
. . exiting flux of vehicles: more precisely, when a node
therefore, characterized by a non-homogeneous vehiclé

distribution. The highway scenarios are described inexlts from the network area, it is assumed to re-enter

Subsection II-A (mobile) and Subsection 1I-B (Static)'mstantaneously. The number of vehicles in the ROI is

whereas the urban scenarios are described in Subsetg—e random proces¥rox(t). . o . .
Under the above assumptions, it is possible to define

tion II-C. Despite their differences, the considered Sce_the instantaneous linear vehicle spatial density witha th
narios have the following common features. P Y

oo ) ) S Ol as pf(t) & Ngroi(t)/Lror (dimension: [veh/m]).
« Each vehicle is equipped with an omni-directional conyersely, the time-independent linear vehicle spatial

antenna and is chara}cteriz_ed by a fixed transmissioaensity (dimension: [veh/m]) within the whole highway
range, denoted as (dimension: [m]). section is

« Each vehicle is equipped with a Global Positioning 2 N )
System (GPS) receiver. Therefore, we assume that Ps = L

each vehicle knows its own position at any given\ye stress the fact that the highway portion depicted in
time. Figure 1 will be considered as a quasi-monodimensional
« Each vehicle has the same lendth = 5 m. network? since the width of the road will be much shorter
than the transmission range ¥ Niane - Wiane)-
A. Mobile Highway Scenario

The reference mobile highway scenario is shown inB. Static Highway Scenario

Figure 1 and will be denoted, in the following, &, A static highway scenario can be obtained by taking a
The road is composed hYi.ne = 6 adjacent lanes (3 per snapshot of the mobile scenario or, equivalently, using the
direction of movement), each with width equakt@..e = single-lane static model introduced in [8]. Ay Static

4 m. As indicated in Figurg 1, we consider a portion of gcenario could be obtained by simply replicating,.
a highway whose lengtli. is set proportionally to the {jmes a single lane. This scenario is denotedas. A
nodes’ transmission range as follows:= (nomm 2, Where  representative realization of the topology of any lane of
lhorm is @an adimensional factor. The vehicles in the thregpe highway is shown in Figure 2. In this case, since

lanes at the bottom are directed towards right (eastbound)order effects can be neglected, the length of the highway
whereas the vehicles in the upper three lanes are direct@@ction isf, = ¢,,,mz = fro12. There is a single source

towards left (westbound). _ RSU, placed in the center of the network and identified
The ROl is defined as the region centered around thgy the index 0. Then-th lane (n € {1,2,..., Niane})
RSU and with lengthLror = frorz, Wherefror <  contains,, nodes (each node is uniquely identified by an
Enorm- All t_he nodes Iy!ng in the ROI are implicitly jngex j < {1,2,...,N,,}), whereN,, is a random vari-
interested in the reception of the packets generated byple. The positions of théV,, nodes are determined by

the RSU. We assume that the highway operates undgrmonodimensional Poisson point process with parameter
stationary and stability conditions. In other words, the

entering flux of vehicles in the ROI is the same of the !in Figure 1, for illustration purposes the scale is not etiali
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ps/Niane (dimension: [veh/m]), where, is the vehicle soon the number of generated vehicles reaches a pre-fixed
linear spatial density defined in Subsection II-A. The va-value denoted a#’ (as in the highway scenarid).

lidity of this assumption is confirmed by empirical traffic By construction, the urban scenario is square-shaped
data [10]. By replicating this proces’¥i.,. times, we with edges of fixed lengtlh = L,,.q4. The RSU is always
deploy in the highway a random number of vehicles, giverplaced at the center of the square region and we define the
by the superposition aWj,,,. Poisson point processes. By ROI as the square region centered around the RSU with
the property of the superposition of Poisson processegdges of fixed lengtilror = frorz. Despite its square
the overall random process (in the horizontal axis) isshape, urban scenario cannot be considered as a purely bi-
still a Poisson process of paramejgr For comparison dimensional scenario, since the positions of the vehicles
purposes, we assume that overall number of vehicles iare still constrained by the road infrastructure, which
the Ni.ne lanes is given by the random variablg as in  only includes horizontal and vertical roads. Conversely,

the mobile case. In other words, we assume that if we ignore the relatively small area of the junctions, the
N horizontal and vertical roads can be considered as quasi-
lane . . . .
monodimensional spaces. This assumption allows one to
N:ZN"”' define the followi i dvehicle li
— efine the following approximateer-road vehicle linear

spatial density:

C. Mobile Urban Scenarios ps = N

. . . . B (1 + N;gad) Lroad
While a highway can easily be represented by a multi-
lane straight road, a meaningful representation of an urbafthere 1 horizontal road andv;, , vertical roads are
scenario is more difficult. For this reason, we conside€onsidered. The symbol used to denote the per-road
a few urban scenarios, obtained by simple variationgehicle spatial density is the same used in the highway
of a starting reference scenario. In particular, we havécenario. However, while in the highway scenario the
taken into account a general scenario, constituted by @efinition of ps given in (1) is exact, in the current
single horizontal (east-west) road and several intersgcti case the per-road linear spatial density given by (2) is

vertical (south-north) roads, whose number is denoted a&" approximation. In the special case Wity = 0,
NV In all considered scenariosyY , € {0,1,2}. the linear vehicular density on the right-hand side of (2)

road"

When NY_, = 0 the vehicles can only proceed east orbecomes exact. Similarly to the highway scenarios, in the

roa

west, as there is no route towards north and south. On tHerban scenariop((t) denotes the instantaneous average
contrary, whenNy _, > 0 at each junction the vehicles per-road (linear) vehicle spatial density in the ROI, where

)

T

can move towards all four cardinal directions. the average is carried out over all roads—in fact, different
Each road has a length equalk@,.q = /normz and is  foads in the ROI are likely to have, at the same instant,

composed byVi... adjacent lanesh,,. — 1 are reserved different instantaneous vehicle spatial densities. Ireoth
for the vehicles entering the network (inbound) and thevords, pi'(t) is obtained from (2) by replacing’ with
remaining one is reserved for the vehicles exiting theVroi(t).
network (outbound). We foresee two types of junctions: We consider eight instances of the above common
(i) the first one is regulated by a roundabout (R) withurban topology reference scenario, by varying the junction
radius 10 m, whereas (i) the second one is regulated bfype and the values aVy,.; and Nj.,. A generic urban
traffic lights (TLs), whose number is equal to the numberScenario instance will be denoted ¥§, where X indi-
of available directions. During its duty cycle, a TL stayscates the junction type (R or TL), Y indicates the number
green forTgeen = 55 S, red forT,.q = 60 s, and amber Of junctions (Vu, € {1,2}), and Z denotes the presence
for Thmber = 5 S. Obviously, the TLs lying in orthogonal Of vertical roads—in particular, “Z=hv” whewVy _, > 0,
roads have an orthogonal duty cycle with respect tqnd “Z=h" whenN;, , = 0. The eight considered urban
those in the horizontal road, under the assumption thaicenario and their main parameters are summarized in
the amber and green colors are orthogonal with resped@ble I. The urban topologies wittVy, 4 = Njun >
to the red color. Moreover, in the presence of multiple0 (namely, TL}", TL3", R}, and R%") are shown in
intersections we assume that all TLs in the horizontaFigure 3. The scenarios withy,,; = 0 can be obtained
road are synchronized. The number of junctions will beby simply removing the vertical roads from the topologies
denoted asVjyy. shown in Figure 3, still leaving the junctions. Although
The vehicles enter the considered spatial region accordbis may not be realistic from a practical viewpoint (there
ing to aglobal (i.e., over all inbound lanes of the scenariois NO point in using a R or TL if there is no crossing
at hand) time-domain Poisson process of parametéi- road), it is meaningful from an information dissemination
mension: [veh/s]). Once generated, each vehicle appeardewpoint (the propagation of information along a single
according to a uniform selection, in one of the availabledirection may be meaningful).
inbound lanes. Once a vehicle enters the network, it

follows a random itinerary along the available roads, “We remark that, as in the highway scenario, omgecars are
enerated, they will remain in the scenario till the end efgimulations.

randomly Qetermlnlng 't_s direction 'r_] correspondence tqgn fact once a car exits from an outbound lane it re-enters édiately
each junction. The vehicle generation process stops d@®m an in-bound lane.

© 2011 ACADEMY PUBLISHER
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Figure 3. Urban topologies, with main parameters summavizeTable |, with NY . > 0: (a) TL}I‘V, (b) TL‘Z“’, (c) R‘l‘v, and (d)RIZ‘V.

T

The approximate definition gfer-roadvehicular linear  Urban MObility (SUMO) [12]. In fact, the first simula-
spatial density given in (2) is valid regardless of the urbartor is very accurate for highway scenarios, whereas the
topology at hand, i.e., the type of the horizontal road (withsecond allows to generate complicated urban topologies
single or double TL or R). However, the dynamic behaviorin an easier manner. As a by-product of this choice, the
of p&(t) can vary significantly in the various cases. comparative results presented here can also be used to
reciprocally validate these software applications. Vanet
MobiSim and SUMO are both open source software able
to generate the movement patterns of a certain number of

In this section, we characterize the mobile highway an¢/ehicles in a given spatial region and they have several
urban scenarios introduced in Section Il, emphasizing th@0ints in common. More specifically, they are based on
different mobility characteristics in these topologiese W Microscopic mobility models, able to characterize the
be generated using VanetMobiSim [11], while a mobileconsidering its interactions with other vehicles and with
urban scenario will be generated using Simulation ofhe road signalization. In addition, both products allow to

Ill. MOBILITY MODELS

© 2011 ACADEMY PUBLISHER
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TABLE |I. TABLE II.
PARAMETERS OF THE CONSIDERED MOBILE URBAN SCENARIOS MAIN PARAMETERS OF THEIDM-LC AND MOBIL MODELS AND
[ Scen. [ NY [ Njun | Jun. Type| Niane | THEIR (EMPIRICAL) VALUES.
TLY 0 1 TL 3 [ Parameterif [ Value |
Tl;jzl 0 2 TL 3 pmin 20 m/s
R} 0 1 R 2 pmax 40 m/s
RS 0 2 R 2 T 2s
TLYY 1 1 TL 3 a 0.6 m/s?
TLYY 2 2 TL 3 b 0.9m/s?
RV 1 1 R 2 I 0.5
RV 2 2 R 2 bafe 4 m/s’
Qthr 0.2m/s?
Ly 5m

generate mobility patterns starting from real maps or by 45

manually defining the road infrastructures by means of ﬁsigg%zgﬂ%ﬁ;_"_
graphs. 0.04 152 = 0.05veh)/m. g
In all the scenarios considered in this sectifipr = 8 0.035 ; g e .d:ﬂnu.a'll»s,n.‘f"’-,!" SR
and /,orm = 10, with the only exception of théig, — 003 !;:"’a:_‘u_ o PmEw O
scenario, wheré, ., = 8. g ' HEY |
E 0025
A. Highway Scenarios = 002 ¢ /\\
e i S . N —
While in the static highway scenario (introduced in <0015 |- \\/ NN N N
Subsection [I-B) all vehicles have zero relative speed ), “‘/
differences (equivalently, do not move), in the mobile /
highway scenario (introduced in Subsection 1I-A), the 000 /
Intelligent Driver Motion with Lane Changes (IDM-LC) 0

0 120 240 360 480 600 720 840 960 108012001320

mobility model [13] is used to characterize the mobility ¢ 5]

of vehicles—recall that the RSU is static.
According to this car-following model, theth vehicle  Figure 4. The time evolution 0pR(t) within the ROI in theH oy,

(¢ € {1,2,... N}) randomly selects a fixed target speedscenario. Three possible values fpg are considered: 0.02 veh/m,
v;arget c [’umin,vma"], whereu™in andymax are, respec- Srr(l)gx v:erilomr,ngnd 0.05 veh/m. In all cases? = 20 m/s and
tively, the minimum and maximum speeds. Once its target '

speed has been selected, the vehicle tries to make its own

speedu;(t) reach the target speed. The achievement of game-theoretic approach considered by the MOBIL
this goal is impaired by the road topology and by themodel, a vehicle (say) moves to an adjacent lane if its
presence of other vehicles that accelerate and deceleratgivantage, in terms of acceleration, is greater than the
The speed evolution can be analytically characterized byisadvantage of the preceding vehicle (3&yn the new

the following equation [14]: lane. This condition can be expressed as
dwy (t) vi(t) \* 5\’ dvj(t)  dwg(t) dv;(t)  dv)(t)
=a|l—| /5] — 3 —4— L >p— - : (5
a [ (@Mget N0) ®) dt a = dt a ) tam ©
where where the superscriptrefers to the speed values after the
i) [0i(t) = visr (8)] potential overtake. The parametBrmodels the drivers’
§ 2 A, +ui()T + = - NG ax (4) politeness and the acceleration threshalg, prevents
2Vab lane hopping phenomena in borderline conditions. In

Equation (3) shows that the local acceleration depends osrder to prevent collisions between the back vehigle
two contributions: (i) the acceleration needed to reach thand the overtaking vehiclg there is also the following
target speed;**" and (ii) the deceleration induced by safety condition on the deceleration of vehiglebased
the preceding vehicle. The termdefined in (4) deter- on an arbitrary parametég,s.:

mines the desired dynamic distance from the preceding ,

vehicle. This term depends on the following parame- M
ters [14]: the safe time headwa¥), the maximum accel- dt
eration of movementl), and the comfortable deceleration The values of the parameters of the MOBIL model, ob-
of movement §). The values of all parameters in (3) tained from experimental data, are also shown in Table II.
and (4), tuned according to the empirical data presented In order to validate the highway model, in Figure 4 we
in [13], are shown in Table Il. Moreover, thanks to the show the time evolution off(t), for v™* = 20 m/s and
integration of the MOBIL lane changing model [4], the v™#* = 40 m/s. Three values ofs (namely, 0.2 veh/m,
IDM-LC mobility model takes also into account possible 0.3 veh/m, and 0.5 veh/m) are considered. The results in
overtakings between vehicles. In particular, according td-igure 4 show that, regardless of the valuggfafter an

Z _bsafe~ (6)
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TABLE Il

VALUES OF THE PARAMETERS USED BYSUMO FOR THE P;R(t)’ after the initial transient, tends to a sta-
GENERATION OF MOBILE URBAN SCENARIOS tionary condition. At regime, there are still minor
[Parameterq | Valuie | oscillations, which do not seem periodic. Unlike
Jmax 20 /s the scenarios with TLs, in both scenariB§¥ and
a 0.8m/s? RYv, the steady-state average (over time) value of
b 4.5m/s” pR(t) tends to be greater than the “target’ value
g (1)2 ps, especially for high values of;. This happens
Ie =m because a R junction has a smaller vehicle capacity

of a TL junctions.

initial transient periodp®(¢) finally converges to a sta-
tionary value. This guarantees that the considered mobile- Comparison Between Highway and Urban Scenarios
scenario can effectively model a stationary highway. First of all, by comparing Figure 4 and Figure 5 one
can observe that with both SUMO and VanetMobiSim
it is not straightforward to obtain a “target” value of
s. However, SUMO seems to guarantee a more refined
The urban scenarios are generated using SUMO [12ﬁontrol on the vehicle spatial density than VanetMobiSim.
[15], a microscopic road traffic simulator that allows A petter control could be obtained by considering wider
to create a scenario by converting an existing map Ofareas and a larger number of vehicles, but this would lead
alternatively, by using an external tool (such as NETGENg gn explosion of the simulation time.
or NETCONVERT). SUMO uses a car-following dynamic  secondly, due to the significant differences between
model largely based on the work in [16] (this model will yrpan and highway scenarios, we have chosen different
be denoted as KWG) and, therefore, different from theaues of speeds and vehicle spatial densities. In order
IDM-LC model used in VanetMobiSim. Since the KWG to emphasize this difference, in Figure 6 (a) we show
and the IDM-LC models are similar, for the sake ofne dispersion diagrams of the instantaneous per-road
conciseness we omit the analytical details of the KWGghicle spatial density(t) with respect to the node
model, which can be found in [16]. We only point out thatspeedu(t), in the Hyop andTLE scenarios. In théle
the relevant parameters of the KWG model are: the maxscenarios, three values of (0.02 veh/m, 0.03 veh/m, and
imum vehicle speedv("*); the maximum acceleration .05 veh/m) are considered, whereasTih!¥ scenario
(a); the maximum deceleratiorb) the driver’s reaction fgyr values ofps (0.05 veh/m, 0.1 veh/m, 0.15 veh/m, and
time, denoted as (dimension: [s]); and the dawdling .2 veh/m) are considered. In Figure 6 (b), an enlarged
parameter, denoted as(adimensional), belonging to the version of the dispersion diagrams of tHg,,, scenarios
interval [0, 1]. The values of the relevant parameters ofof Figure 6 (a) are shown. For each specific scenario, i.e.,
the KWG mobility model generated with SUMO are dispersion diagram, each point (i.e., the palf ¢), v(t)))
summarized in Table Ill. We remark that with respectcorresponds to a specific time instant of the simulation.
to the IDM-LC model adopted in thél.o, scenario  From the results in Figure 6, one can observe that in the
(Table I1), the value of™** is significantly smaller. TL! scenarios the dispersion diagrams tend to aggre-
In Figure 5, the time evolution of the instantaneousyate around the average density-speed pair. Moreover—as
average per-road (linear) vehicle spatial density (in thexpected—in all cases the average speed is a decreasing
ROI) is analyzed in the four urban scenarios (with verticakynction of the average vehicle spatial density. Finalhg o
crossing roads) considered in Figure 3: (B).", (b) can observe that the average vehicle speeds are generally
TL5", (c) R}, and (d)R5". In each case, various values |ower than the maximum speeds set in Table Il and
of the average per-road vehicle spatial dengitynamely,  Table IIl. In the TLY scenario, this behavior can be
0.05 veh/m, 0.1 veh/m, 0.15 veh/m, and 0.2 veh/m) ar@gsily justified by the presence of the junctions. On the
considered. By observing the results in Figure 5, theyther hand, in thél,,., scenario this can be motivated by
following comments can be carried out. the fact that the vehicles do not encounter a sufficiently
« According to the results in Figure 5 (a) and Fig- long free space to reach their target speed. However, the
ure 5 (b), in the scenarios wiffiLs p(¢), after an  maximum speed value (around 30 m/s) observed,jf;,
initial transient, exhibits a cycle-stationary behavior,scenario withp, = 0.02 veh/m is realistic for a stationary
with period roughly equal t@green+7red +Tamber = highway in most of the western countries.
120 s. The cycle-stationary nature pf(t) is espe- Finally, in Figure 7 we show the dispersion diagrams
cially evident inTL! scenario (case (a)). Note that (p2(t), v(t)) relative to the horizontal road of tHELLY
the average (over time) value pf(t) in the TL}QlV scenario, considering the four values mf already con-
scenario (case (b)) is slightly smaller than the “targessidered in Figure 6 (a) for th@ LYY scenario. In this
value” p, in the case withp, = 0.2 veh/m. This is case, the ROI, placed between two junctions, encompasses
mostly due to the fact that the ROI is placed betweerboth intersections (with TLs) and the horizontal road
the two traffic junctions, as shown in Figure 3 (b). between them. Therefore, the mobility in the horizontal
« In the scenarios with Rs, from the results in Fig-road between the traffic junctions is influenced by both
ure 5 (c) and Figure 5 (d) one can conclude thafTL plants, thus yielding to a much higher speed variance

B. Urban Scenarios
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Figure 5. Average instantaneous per-road (linear) velsipiial density (in the ROI) in the four urban scenarios whered in Figure 3: (al'LhV,
(b) TL‘2“’, (©) Rlllv, and (d)Rg". In each case, various values @f are considered.
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Figure 6. Average instantaneous per-road (linear) velsigitial density (in the ROI)ft (¢)) as a function of the average speedt]), parametrized
with respect to the time, considering various values of. In (a) there is a comparison betweEn, ., and TLII“’ scenarios, while in (b) there is
an enlargement of thEl,,;, scenario of (a).

with respect to the average (with respect to all roads in V. | RRESPONSIBLEFORWARDING IN VANETS
the ROI) behavior shown in Figure 6 (a). A. Irresponsible Forwarding

The IF protocol was originally introduced for ideal
(collision-free) static linear networks [7] and then ex-
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0.25 L .
needs to be distributed using a flow of hundreds of
_ £s =02 veh/m broadcast packets. In all cases, these metrics will be
0.2 POE et R pL St § evaluated through simulations.
. “ 5 Fx LM E . SSo . .
; Lo L%« AN Two per-packet performance metrics are considered:
3015 Lo T *% Xk L (i) the Reachability (RE), originally introduced in [17]
@ NG L I 5 and defined as the fraction of nodes that receive the
—_- ps = 0.15 veh/m ===z A LI . source packet among the set of all reachable nodes; (ii)
E?Q; 01 P o x =eiold A the average end-to-end delay at thth hop, denoted as
e e P - ".-‘"‘\) D; (dimension: [s]) and computed as follows. In each
- el % 2% P . . -
ps=01lveh/m "o o __&F ¥ANS W0, L simulation run, we average over the delays experienced
0.05 Ry : . RV e S . . .
Coovar TR R L] by all vehicles which receive the packet at thtéh hop
ps = 0.05 veh/m-—___ S v S in order to derive the average end-to-end delay atithe
0 1 2 3 4 s e 7 8 s th hop. The average end-to-end delay at itk hop is
v(t) [m/s] evaluated as: 4
K3
Figure 7. Average instantaneous vehicle spatial densitihé horizontal D;, = Z Dhop_j (8)
road of the ROI) R (t)) as a function of the average speedt{), i=1
parametrized with respect to the timeconsidering various values of
Ps. whereDy,,,—; is the delay of thg-th hop along the multi-
hop path.

A single per-flow performance metric is considered,

tended to static IEEE 802.11 linear networks [8]. For thehamely the instantaneous throughput. This metric, asso-
sake of conciseness, we describe the IF protocol referringizted to a specific vehicle, is defined as

to the portion of length. of a single lane of a highway, as _
shown in Figure 2. Let us consider a vehicle, at a generic @) & NIEZ_)rX(t)

distanced from the source (RSU), within the transmission S = —~—

range of the source (i.ed, < z). According to the idea of ‘

the IF protocol, the vehicle should rebroadcast the packethere Np(f,)rx(t) is the number of received packets till
only if the probability of finding another vehicle in the time ¢ by the considered-th vehicle—assuming that the
consecutive interval of length — d is low: otherwise, it simulation run starts at time 0—and, is the number of
should not. More specifically, when a vehicle receives gackets of the flow.

packet at time, it compares its position with that of the
transmitter and computes its rebroadcast probability

C. Simulation Setup
as follows:

()2 — d) We consider the wireless communication protocol stack
p(t) = exp {_57} (7) defined by thead-hoclEEE 802.11 standard [18]. Due to
¢ the broadcast nature of the communications, the Request-
wherec > 1 is a tunable parameter which can be selectedo-Send/Clear-To-Send (RTS/CTS) mechanism foreseen
to “shape” the probability of rebroadcasting (as a functiorPy the standard cannot be exploited, and correct packet
of d)—the higher the value af, the higher the probability reception cannot be acknowledged. Therefore, the packets
of rebroadcasting at any positia—and p!(t) is the are never retransmitted and they experience a single
local vehicle spatial density, evaluated by each vehiclebackoff whose length is randomly selected in the set
independently from the other vehicles, at timeThe {0,1,...,CWy;,}, where CW,;, = 31 as established
local spatial densityy (t) can be significantly different by the IEEE 802.11b standard. The IF protocol is “in-
from the per-road vehicle spatialt(), but they usually —serted” on top of the IEEE 802.11b model present in
have the same order of magnitude. We remark that thletwork Simulator 2 (ns-2.31 [19]), after fixing some
IF protocol acts on a per-packet basis and does not kedpigs present in this release. The data rate from each node
memory of past forwarding decisions. is set to 1 Mb/s and the packets are generated according
to a Poisson transmission distribution with parameter
(dimension: [pck/s]). Since this work does not focus on
physical layer issues, we adopt a simple Friis free-space
The performance analysis of IF in the VANET scenar-propagation model. While this is realistic for highway
ios introduced in the previous sections will be carried outscenarios, it applies to urban scenarios without significan
considering both per-packet and per-flow metrics. The forbuildings around the roads. In other words, our analysis
mer type of metrics is suitable to validate the performancef urban scenarios aims at investigating the impact of
of applications, such as safety-related applicationsrehe traffic control (through TLs or Rs). The extension of
a single broadcast packet needs to be disseminated. Thar analysis to urban scenarios with tall buildings around
latter type of metrics, instead, is suitable to evaluate théhe streets (e.g., in Manhattan, New York), which create
performance of applications, such the content distrilbutio wireless “waveguides,” would require careful modeling of
applications, where a significant amount of informationthe propagation conditions.

B. Performance Metrics
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In the case ofper-packet(Section V) andper-flow .
; ; ) E——
(S_ectlon _VI) performance analysis, the packet si28)( ‘,//% \ — 100 pek /s
will be fixed to either100 bytes or 1000 bytes. The 08
considered performance metrics will be evaluated by h A
averaging ovef 00 simulation runs. - 06 Ny = f’U pokfs ]
« In the per-packetanalysis, a single simulation run ~
corresponds to a randomly generated VANET sce- 04
nario (nodes’ generation and associated mobility pat-
terns) and to the transmission df, = 1000 packets 02 HHstz-, A2 100 gzi&; ——
by the RSU. At the end of each simulation run, ol A=10 pek/s —A—
the delay and reachability are obtained by averaging 0 Hunob, A =10 pek/s —e—
over the delays and reachabilities of all vehicles. The 6 8 10 2 14 16 18 20

final results of the simulation are then obtained by psz [veh]

averaging over the reS_UItS_Of all Slmu_latlon. runs. Figure 8. RE, as a function @k z, in theHgt, and theH,,,;, scenarios.
« In the per-flow analysis, in each simulation run Two values of\ are considered, namelyp and 100 pck/s.
we consider the same randomly generated VANET

1 T T T

scenario (nodes’ generation and mobility pattern)— H N

in other words, the scenario generated at the first run /Pﬁ o

is kept unchanged in the followirfi) runs. However, 08 A

run by run the transmission scheduling of tNg = ¥ L TL

1000 packets by the RSU varies, according to their g o

generations. At the end of each simulation run, we= A (

evaluate the throughput experienced by all vehicles,oj 04 ‘

within the ROI. Finally, after all simulation runs, we I I S ¥ I /A o iy
evaluate the average throughput experienced by each BT e \,K

vehicle. Note that the fact of keeping the VANET ~ 02| TL; ~a- 2°TLs

scenario fixed allows to reevaluate the throughput %}W _______ .

of each vehicle, thus emphasizing the role of the 0 62 s 0 5 " I s -
specific path followed by each vehicle. psz [veh]

In both per-packet and per-flow performance analysisigure 9. RE as a function gz, in the TLE, L, TL}, andTL}
simulations will be carried out considering the (highwayurban scenarios. In all cases= 10 pck/s.

and urban) scenarios described in Section I, using the

mobility models introduced and characterized in Sec-

tion Ill—this is possible since both VanetMobiSim and V. PER-PACKET PERFORMANCE OFIF

SUMO are able to generate mobility traces compatiblea, Highway Scenarios

with ns-2. Therefore, the only information source in the Although the static I.:,) and mobile Hy.) high-

network is the RSU, always placed at the center of th‘?/vay scenarios have the same road topology, they are
ROL. characterized by very different dynamic conditions. A
As considered in Section Il for the characterization ofdirect comparison of the performance of the IF protocol
the mobility models, in Section V and Section VI the in these two cases allows to clearly understand the impact
performance analysis of the IF protocol will be carriedof dynamic conditions in a highway scenario. In Figure 8,
out considering’ror = 8 and/yorm = 10 in all scenarios  the RE is shown as function gf,z, considering two
but the Hs;. scenario, wheré,..,, = 8. In all cases, the values of\ (10 pck/s and100 pck/s). From the results in
shaping factor: of the IF protocol in (7) will be setto 5. Figure 8, it emerges clearly that in a stationary highway
In order to obtain fair results, in all the comparisonsscenario the behavior of a broadcast protocol such as IF
carried out in Section V and Section VI, we fix the iS not significantly affected by the dynamic state of the
same target per-road density in every scenario. As a Vehicle. In fact, for a given value of, the performance
consequence of that, the number of nodésaries from experienced in a mobile scenario is basically identical (bu
scenario to scenario. In particular, if we fix a target per-for minor differences at low values qfsz) to that in

road densityp, from the equation (2) we obtain that the @ static scenario, because the mobility has no effect on
overall number of nodes is given by: the performance of IF, due to the stateless nature of the

broadcast protocol.

N = psLroad (1 + Nygaa) , B. Urban Scenarios

In Figure 9, the RE obtained in urban scenarios with
where psL;o.q IS the number of per-road nodes. TLs is shown as a function opsz. All four urban
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scenarios with TLs shown in Table | are considered. In all
cases\ = 10 pck/s. From the results in Figure 9, it can
be concluded that the number of TLs has a strong impact
on the RE. In fact, the performance with one TL is better,
regardless of the presence of an intersecting vertical, road

than the performance with two TLs. Depending on theéﬂj
number of TLs, the following comments can be carried” ™ ,
out.

In the presence of onEL, it can be observed that in
the TL} scenario (there is an intersecting vertical
road) the RE has roughly the same behavior (slightly
increasing with respect t@,z) of that in the highway
scenarios. This can be easily justified. In fact, when
the TL in one of the two intersecting roads is green,

0.8

0.6

02 [ RYY
Ry @
REY i
0Lt— t
6 8 10 12 14 16 18 20

psz [veh]

the vehicle configuration along this road is quite Figure 10. RE, as a function gfsz, in the R}V, R}V, R}, and R}

similar to the highway scenario, with the exception
of a lower average speed and a smaller number of
lanes: therefore, the behavior is similar. Conversely,
when the TLs of this road become red (the other road
has green TLs, i.e., it behaves as described before),
there are two local clusters of highly connected
static vehicles, thus leading to a higher probability
of successful packet forwarding.

In the TL? scenario (there is no intersecting ver-
tical road), the RE is lower than that of tHeL"
scenario for small values of,z and then becomes
higher for increasing values @f z. Since there is no
intersecting vertical road, connectivity is completely
“delegated” to the horizontal road. When the TLs
are green, ifpsz is too small the VANET becomes
sparse, connectivity is lost, and the RE is low. For
sufficiently large values opsz, even when the TLs
are green, the moving cars are sufficiently dense
and packet forwarding is guaranteed. In particular,
the RE becomes slightly higher than in tH&"
scenario, as there is a reduced number of forwarding
collisions around the junction—recall that in the
TLYY case, when the TLs along the horizontal road
are green there are clusters of stopped vehicles in
the vertical road.

In presence of twdlLs the RE exhibits a radically
different behavior with respect to the previous case
and significantly lower values. Recalling the struc-
ture of the ROI shown in Figure 3 (b), the results in
Figure 9 can be interpreted as follows. In &}
scenario (there are no intersecting vertical roads),
when both TLs (along the horizontal road) are red,
there are two separated clusters of connected static
vehicles, relatively distant from the RSU. Therefore
if a packet cannot reach one of these clusters, say
the leftmost one, all the vehicles at the left side of
the network will not receive the packets transmitted
by the RSU.

urban scenarios. In all casés= 10 pck/s.

In fact, the presence of vertical intersecting roads
guarantees that even if the TLs along the horizontal
road are red, there will be some vehicles, coming
from the vertical roads, which turn towards the RSU,
thus guaranteeing connectivity in the street segment,
between the two junctions, in the middle of which
the RSU is placed.

In Figure 10, the RE obtained in urban scenarios with
Rs is shown as a function gf,z—this figure is the
equivalent of Figure 9, with the same settings, but for the
replacement of TLs with Rs. A very different behavior,
with respect to the urban scenarios with TLs can be
observed.

« In the scenariosvithout vertical crossing road&R®

and RY), the RE is very high, regardless of the
number of Rs. In other words, the number of round-
abouts has no impact. In fact, even in very dense
scenarios (large values pfz), the roundabouts make
the traffic along the horizontal road very fluid, so that
the VANETS are almost always connected and packet
forwarding is effective.

In the scenariowith vertical crossing road{R}v
andR}Y), the RE is high only in the presence of a
single R RY)—for psz > 10, the RE is almost the
same of that in the scenarios with no crossing roads.
Unlike the TLY" scenario, in theR}Y (two vertical
crossing roads), the RE is low for small values of
psz, and reaches a high value (around 0.8) only for
very large values ofpsz. In other words, it turns
out that in the case with two consecutive Rs and
low vehicle spatial density, the Rs tend to reduce the
vehicle flow along the horizontal road (this does not
happen in theTL‘; scenario), making the VANET
around the RSU disconnected.

In Figure 11, we analyze the delay, as a function of

Unlike the case with one TL, in the scenarios with the hop number, in the scenarios (a) with TLs and (b) Rs.
two TLs the presence of intersecting vertical roadsThe obtained results (with the slight exception”_E)]L*Qlv
has a very beneficial impact: in Figure 9, the RE inin Figure 11 (a)) show that in all scenarios the delay is
the TL]§V scenario is significantly higher, regardlessbasically the same till the 5-th hop. Sinégor = 8 (as

of the value of psz, than in the TL}Q‘ scenario.
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Figure 11. Delay, as a function of the hop index, in scenaf@)swvith TLs and (b) with Rs. In all cases,= 10 pck/s, andpsz = 20 veh.

the side of the square ROI 5012z = 800 m. Being the can be physically reached by the RSU. For this reason,
RSU placed at the center of the ROI, if the VANET is at the very first hops almost all the reachable nodes
completely connected, then the transmitted packet reachesceive the packet. On the contrary, due to the scarce
all vehicles in at most 5 hops in all scenarios. This isconnectivity in this condition it is very difficult to reachi a
confirmed by the results shown in Figure 12, discussed ithe reachable nodes. We finally observe that, coherently
the following. After the 5-th hop, the presence of verticalwith the results of Figure 11, in all cases, either with
crossing roads has a relevant impact. TLs or Rs, the maximum reachability is approximately

« Intheabsencef vertical crossing road<I(L}, TLY, achieved at the 5-th hop.

RE, RY), the delay increases steeply. This is due
to the fact that most of the vehicles in the ROI V1. PER-FLOW PERFORMANCE OFIF

have alreao!y rece|veq the packet and, therefore, drop In this section we try to characterize the maximum
newly received versions of the same packet. If a

. : N amount of transferable data from the RSU to the vehicles
;’sc\'lgif Igis enrOt received the packet yet, it wil haVepassing through the ROI, by measuring the throughput,
. In the pres?en.ceof vertical crossing roadsTL! as Fjefined in Subsection IV-B. Our goal is to dgrive an
TLEY REY REV) the delay i th 'i'h' optimal strategy for content distribution applications, i
T2  R3Y), the ey Increases Smoothly. TS , ey to maximize the amount of transferred data, by tun-
is due to the fact that the vehicles entgnng the ROIing systems parameters suchyaand PS. We assume that
from the vertical roads may retransmit the packet[he RSU transmits, every 100 s, a new information flux
and,_therefore, keep the dellay short..RecaII, howeverOnstituted byN, = 1000 equal size packets. We have
.th?t n thi pre_se?]ce %f vertical cLossmg roids thedR onsidered two values of, respectively 10 and 100 pck/s,
:‘ZV\(/)E\:Ar/evrethiilr;:!snrteceeslestigceagljete&.tlr\]/vzter?r[r:l(vaor diand two values of PS, respectively, 100 and 1000 bytes,
the delay is more shorter P ' y teading to 4 different configurations. Sincé, is fixed,
' the duration of the transmission is solely determined by
As anticipated above, in Figure 12 the reachabilityA (10 or 100 s), while the PS determines the total amount
is shown as a function of the hop number, consideringf transmitted information (100 Kbytes or 1 Mbytes).
scenarios (a) with TLs and (b) with Rs. In both cases, twdVe observe that the configuration\ (= 100 pck/s,
representative values @fz, namely 5 veh (low vehicle PS=1000 bytes) represents a saturation conditions since
density) and 20 veh (high vehicle density), are consideredhe RSU emits packets with a data rate of 800 Kbit/s (80%
Characteristic trends can be observed in both the cas@f the theoretical data rate of 1 Mbps). Conversely, the
with TLs and Rs. From Figure 12 (b)) we observe that inconfiguration § = 10 pck/s, PS=100 bytes) leads to an
the scenarios with Rs without vertical roadd}(andR})  highly unsaturated condition, since the data rate is equal
the value ofp,z has, basically, no impact. In all the other 8 Kbit/s (0.8% of the theoretical data rate). The remaining
cases, namely, scenarios with TLs (Figure 12 (a)) and@onfigurations X = 10 pck/s, PS=1000 bytes) and &
scenarios with Rs with vertical roads, it can be observed00 pck/s, PS=100 bytes) are both characterized by a data
that, for each specific scenario, at the first hops, the RE igate of 80 Kbit/s (8% of the theoretical data rate), and they
higher forpsz = 5 veh, whereas for larger number of hops allow to evaluate the impact of the transmission duration
it becomes higher fopsz = 20 veh. This behavior can (respectively 100 and 10 s) on the throughput.
me motivated as follows. Witl,z = 5 veh the network In all scenarios taken in account we get = 20 veh,
is weakly connected and a very small number of vehicleshus yielding to a per-road density equal to 0.02 veh/m.
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Figure 12. RE, as a function of the hop index, in scenariosv{#)) TLs and (b) with Rs. In all cases, = 10 pck/s, andpsz = 20 veh.

Therefore, considering thét,,,, = 10, each scenario has  From the results in Figure 13 (a) and Figure 13 (b), it
a number of nodes give by = 100 (1 + NY_.,), butin  emerges that the highest throughput (vehicle index 1) is
Hg, scenario, whereV = 160. The node indexes are obtained in the staticH,) scenarios. However, while in
assigned at the end of the simulation, after having orderedhe mobile H,,.;,) scenarios the throughput experienced
decreasingly, the measured values. More precisely, \ehicby all vehicles is similar, in the static scenarios there
1 will have the highest throughput and the last vehicle willare relevant differences between the highest and lowest
have the lowest one. values. This is expected, as in a mobile scenario there
Finally, it has to be pointed out that in all the mobile are “less privileged” vehicles which stay longer near the
scenarios there is a significant number of nodes with &SU. However, this effect appears clearly only if the
zero throughput since they are lying, by constructionfransmission duration is sufficiently long, as emerges by
outside the ROI at the moment of the transmissioncomparing the two configurations with a data rate equal to
Moreover, the scenarios have typically a different numbeBO0 Kbit/s. In fact, when the transmission duration is only
of vehicles N, because of the assumption of havingl10 s as in the case\(= 100 pck/s and PS=100 bytes) in
the same average per-road vehicular density in all th&igure 13(b), the,,., scenario exhibits an unfair trend,
horizontal and vertical roads. For these two reasons, isimilarly to theHg,. We finally observe that among the
order to carry out a meaningful throughout comparisotwo 80 Kbits/s configurations does not emerge a clear
among scenarios with a different number of nodes, it igvinner, neither in théd,,., or Hy. Scenario.
necessary to consider a normalized node index, defined

?

asi® =, " € [0,1]. B. Urban Scenarios

In Figure 14 is shown the throughput as a function
of the normalized node indexi*), obtained in urban
scenarios withN;,, = 1, considering both (a) TL and

In Figure 13, the throughput is shown, as a function(b) R junctions. We have examined 4 combinations of PS
of the normalized vehicle indexi¥), considering (a) and ), by considering two values of PS (100 bytes and
A = 10 pck/s and (b)\ = 100 pck/s. For each value 1000 bytes) and two values af(10 pck/s and 100 pck/s).
of A\, we consider staticHy;,) and mobile H,,,,) sce- According to Figure 14, the throughput in the Rs scenario
narios, and two values of PS (100 bytes and 1000 byteshas very smooth variations and it behaves similar to the
We observe that the saturated configuration (curves withighway scenarios. This happens because a roundabout
PS=1000 bytes in Figure 13 (b)) has unsatisfactory perallow the vehicles to passing it without stopping, thus
formance on both mobile and static scenarios. On thgielding to a more fluid vehicular traffic, reducing the
opposite hand, the low-traffic load configuratioh & local spatial-temporal variation of the vehicle density.
10 pck/s, PS=100 bytes) shown in (Figure 13 (a), exhibitdn particular, in the scenario without vertical roads, the
a throughput greater then 0.9 for all the vehicles in thevehicles have always the priority at the junction and they
ROI in both static and mobile scenarios. Therefore, wenever stop. Conversely, in the TLs scenario the spatial
can consider the data rate of 8 Kbit/s (0.8% of thedensity significantly varies both in time and space, thus
theoretical throughout) as the maximum sustainable ratenotivating the more irregular throughput shape exhibited

A. Highway Scenarios
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Figure 13. Throughput, as a function of the normalized uehiedex ¢*), in Hsta and Hy,o, Scenarios with two values of: (a) 10 pck/s and
(b) 100 pck/s. In both cases, two values of PS are considered (1@% laytd 11000 bytes).
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Figure 14. Throughput, as a function of the normalized Jehitdex ¢*) (a) in theTL}f andTL}I1V scenarios and in (b) thH{‘ and Rfl“’ scenarios.
We have considered two values of PS, respectively 100 an@l kg@s, and two values of, respectively,sl0 pck/s and100 pck/s.

by the TLs scenarios. From Figure 14 we also observeasy of comprehension, we focus on a single configu-
that the Rs scenarios are insensitive with respect to thetion (PS=1000 bytes\ = 10 pck/s) characterized by
presence of a vertical roads, differently from the TLstransmitting a packet flow of 1 Mbytes in 100 s, with
scenarios which are significantly affected by the presenca data rate of 80 Kbit/s. Figure 15 offers many insights
of a vertical road. We finally remark that among theon the characteristics of the different analyzed scenarios
configurations with the data rate of 80 Kbit/s, in the RsFirst of all, both Rs scenarios exhibit a trend similar to
scenarios the configuration with = 10 pck/s exhibits a which of theH,,.}, scenario, with slightly lower maximum
clear advantage with respect to the= 100 pck/s (as in  values and slightly higher minimum values. This behavior
the highway), while in the TLs scenarios, there is no ais reasonable, since the Rs scenarios without verticakroad
clear winners. Despite of these significant differences, thcan be considered as a low-speed highway, with a flux of
Rs and the Ts scenarios offer quite similar performance&ehicles regular both in space and time.

in terms of absolute value, especially in the scenarios Conversely, we observe that tﬁd}f scenario behaves

without vertical roads. like the Hy, scenario with the exception of having
slightly worse performance and a more irregular shape.
C. Comparative Analysis This behavior can be easily motivated by considering that

Finally, in Figure 15 we directly compare the through-for approximately half of the transmission time the traffic
put, as a function of the normalized node index, in highdlights are red, thus leading to the the formation of two
way and urban scenarios. In order to make a meaningfiflusters of static vehicles around the RSU.
comparison, we only consider the urban scenarios without Finally, we observe thleLg scenario has a different
vertical crossing roads (i.€LLY, TL:, RY, andR}Y). For  behavior from the other scenarios with smaller maximum
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Figure 15. Throughput, as a function of the normalized uehic

index ¢*) in various urban and highway scenarios. We consider [7]

PS=1000 bytes and = 10 pck/s.

and average throughput. This performance can be moti-
vated by considering that the RSU is located in the midstg
between the two junctions, instead of being near the TLs
as in theTL! scenario. In this condition, the RSU is in
spatial region where the local spatial density is smaller
than the average. For this reasons the retransmissiorLug]
process is weaker and it can be easily be interrupted

because of the lack of connectivity.

VIl. CONCLUSIONS

(10]

In this paper, we have analyzed the impact of the
vehicular mobility on the dissemination of broadcast data
in 12V networks by means of numerical simulations,[11]
supported by realistic mobility models and by considering
both highway and several types of urban scenarios. 1h2]

all cases, communications have relied on the use of
probabilistic forwarding protocol, namely IF. The anadysi

fia)

has been carried out analyzing both per-packet and per-

flow system performance.

From a single packet perspective, the performance dft4l
a stateless broadcast protocol, such as IF, has shown to
be insensitive to the vehicle mobility level, at least in
highway scenarios. On the other hand, in urban scenariqgs)
the performance of the IF protocol is affected by the
number and the type of functions (either TLs or Rs), since
they induce significant spatial-temporal variations of the

local vehicle density and of the VANET connectivity.

(16]

The information flow analysis has offered several in-
sights on the impact of mobility on the performance
of the IF protocol. Our simulations have shown that[17]
with an increasing vehicles mobility, both the throughput
maximum and its variance reduces. We have also found
some interesting similarities among the analyzed scena[ig)
ios, namely, between urban roads with traffic lights and
stationary highways, and between urban scenarios with

roundabouts and mobile highways.
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