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Abstract— Vehicular Ad-hoc Networks (VANETS) have re- A. Motivation

cently received great attention as a tool to disseminate infor-

mation among vehicles with the dual purpose of increasing
road safety and comfort in driving. Most of the messages that
vehicles exchange are characterized by a finite lifetime period,
after which, their level of usefulness is greatly reduced. Thus,
an important problem in VANETS is to find efficient ways to

disseminate information on the target areas before this deadline
expires. The problem of information dissemination has been

Government agencies and automotive companies are in-
vesting billions of dollars in an effort to reduce the terrify-
ingly high number of deaths and injuries caused by traffic
accidents, as well as the related costs (damages, treating
crash victims etc.) [13], [18]. Imagine how helpful it would
be for drivers to have easy access to local danger warnings

extensively studied in the literature and a number of solutions Such as “icy road on 405 freeway” or “heavy traffic on
have been proposed. However, no previous work has addressed Broadway boulevard”, not only from the safety point of view,

the problem of calculating the probability to propagate informa- byt also for making driving more comfortable. Additionally,

tion in a certain amount of ime among vehicles on intersecting - gissemination of several information messages among vehi-
roads where no static infrastructure, such as repeaters, is used. L . .

In this paper, we derive a formula which gives a lower bound cl_es has many apphcatl_ons in the areas of business and enter-
on this probability. We show that the propagation probability ~ tainment, such as chatting among passengers, advertisements
is strongly related to the traffic conditions of the road where of restaurants, notifications of open pharmacies in the area,
the information is to be transmitted. We use the derived etc. Vehicular ad-hoc networks offer a powerful framework
form_ula to estimate, via S|mulat!ons, the mlnlmal condlthns in which to develop such services.
required to ensure that information propagation occurs with
high probability on intersections. We validate our analytical
findings with simulation’s results obtained using the VISSIM
simulator.

B. VANETS vs MANETS

VANETS consist of instrumented vehicles that among
. INTRODUCTION others, are equipped with the following: on-board sensors, a

The rapid evolution ofvireless data communication tech- Wiréless communication system, a positioning system, a digi-
nologies which emerged in the last few years, has led@l road map, a processor and a memory unit. Communicating
researchers to explore their applicationsMobile Ad-hoc vehicles exchange information messages that consist of a
Networks(MANETS). MANETS are self-organized mobile Message headeand amessage bodyExamples of header
wireless networks which are independent from infrastrucdata include the Originator, the Message ID, the Time of
ture [5]. Mobile nodes are connected via wireless link§reation, the Time to live, the Target area, etc. The message
forming networks of arbitrary topology. Nodes are free tg0dy can consist of different types of data either raw or
move randomly and organize themselves arbitrarily; thu®rocessed depending on the application.
the network’s wireless topology may change rapidly and Vehicular ad-hoc networks, although being a subclass of
unpredictably. Such a network may operate in a stand-alofeobile ad-hoc networks, have unique characteristics which
fashion, or may be connected to a larger network. differentiate them from traditional MANETS. VANETS are

The main task of a special class of these networks is Pt constrained by scarce energy resources but are rather
collect (e.g. using on-board sensors) and propagate infornféaracterized by high mobility patterns and confined move-
tion among their nodes which finally has to be processeédent. High mobility is a result of the large speeds, which
and transmit to base stationgehicular Ad-hoc Networks the vehicles can attain, leading to dynamic and rapidly
(VANETS) are a subset of MANETS where the mobility ischanged network topologies and network fragmentation. The
restricted by the roadway. VANETS consist of instrumentedynamic nature of the topology is enhanced by the unpre-
vehicles, able to collect, process and communicate informéictable nature of the drivers’ response to various events.
tion among each other when their distance is within theiYANETS are also characterized by the constrained, largely

transmission range. Recently, VANETS have attracted tHene dimensional movement of the vehicles along the roadway
interest of many researchers. network which is fixed. The fore-mentioned characteristics

pose design and modeling challenges different from tra-
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In the last few years, research on VANETS has focused,
among others, on problems related to message propagation

Speed, routing, data collection, information management and

evaluation, etc.[21], [24], [26].



C. Framework can decide weather the installation of a static repeater will

Vehicles participating on VANETS are traveling on statid™Prove significantly the message prop_aganon spged.
In this paper we provide a theoretical analysis of the

d networks. Th d be d ibed by et » . . .
foad NEIWOrks. These roads can be descrived by n probability to propagate information to at least one vehicle

the number of lanesthe arrival rate of vehicles and the int " d4 with inf d vehicl I
speed rangeVehicles can communicate with each other 0" an Intersecting roac with no informed venhicles, cafling
it he, when an informed vehicle drives on a road and it

their distance is less than theiansmission rangeRoads . :
9 close tohs, given thath, andhs intersect. We show that

with heavy traffic density (i.e., the distance between th%_ iy i o
vehicles is very small) have high information propagatior]i is probability strongly depends on the traffic characteristics,
gival rate and vehicle’s speed range of rdad We also

speed as the message is transmitted from vehicle to vehi&@

in multi hops, instead of been carried by them with the spee%1OW that, as time goes by, this probability increases. Using

of the vehicle, as it happens in light traffic conditions. simulation, we are able to validate our analysis by comparing

Decicated Short Range Communicatons (DSRO) (15 & 1OELER tesuls wih e onec abianed fon e
a proposed variant of IEEE 802.11a [6], designed to operalte ' 9 9 9

within a frequency band (5.9 GHz), licensed solely for thgropagatlon speed on a road, provided by Wu etal,, in [24],
. - we can potentially calculate the probability that a message
purposes of vehicular communications.

has to reach its target area in a given amount of time using

Typically, a message of 1 Kb with a_2 Mbps wireless H;\ph theoretic algorithms that generate possible routes to
channel needs around 6 ms to be received and process%e. target area

By assuming a transmission range of 250 m and that theThe remainder of this paper is organized as follows. In

two veh|c!es communicating are apart d|stange equal to thse ction/I we present the problem formulation with the basic
transmission range, we can achieve propagation speed up

150 x 103 Km/h. (%atlons, definitions and assumptions used in the analysis.

In sectionI I we provide the theoretical analysis of a lower
bound of the probability of information propagation among
vehicles traveling on two intersecting roads. In sectidn
The primary function of VANETS is to serve as a mediumye present the simulation results performed with the VISSIM
to propagate information. Applications can be divided in twaimulator [19] and we compare them with the theoretical
categories: safety applications and non-safety applicatiogalculations. Finally, in sectio we conclude our work
which usually improve driving comfort. Safety applicationsand give guidelines for future work.
involve the exchange of messages which notify vehicles of
potential driving hazards and help prevent collisions. Some Il. PROBLEM FORMULATION
techniques of safety application can be found in [2], [5], In this section we introduce the formulation of the problem
[8], [10], [17], [25], [26]. Non-safety applications involve the which we study and we present the basic notations, defini-
exchange of messages which usually relate to accurate traffisns and assumptions used in this paper.
monitoring, distributed passenger teleconferencing, music We consider a roadway network which consists of a set
downloading and roadside e-advertisements. Techniques dffintersectionsl = I, I, ..., I,,, whereI; denotes the*"
non-safety applications are presented in [3], [11], [12], [20]intersection andv is the total number of intersections that
[21]. exist in the network. These intersections are interconnected
Wu et al. in [24] computed the average message prophy a set of straight line roads. The road connecting intersec-
gation speed on one road. The message propagation spéed I, with intersection/, is denoted byh;;. The roadway
strongly depends on the traffic characteristics of the roagetwork accommodates a number of vehicles. Vehicle
such as the speed range of vehicles and the traffic densitenoted byveh;.
The average message propagation speed gives a good apAle assume one way traffic along the roads and vehicles
proximation of the time a message needs to reach a targeh roadh;; travel from intersection/; to intersectionly.
but only when the target is on the same road with th&Ve study the information propagation to the direction of the
vehicle transmitting the information. However, almost alkraffic. When we refer to vehicles we refer to instrumented
applications need the messages to travel in different areaghicles able to participate in VANETS. Also, we assume
which means that the route to the target includes differetihat all vehicles have constant transmission range denoted
roads joined via intersections. The assumption used in [8ly r, which is the same for all vehicletnformed vehicles
concerning the existence of repeaters at each intersecti@me vehicles that have the information whilminformed
guaranties the propagation between two vehicles traveling eehiclesare vehicles that do not. On each rdag, a vehicle
intersecting roads, but it is impractical and extremely costlyravels with a constant speed that is selected uniformly
To the best of our knowledge, there is no previous worknd independently from the intervalf;,, (hjk), Vmaz (Rjx)]-
studying the probability to propagate the information amonyfehicles move independently at their chosen velocity.
vehicles that drive on intersecting roads and where there isThe number of vehicles entering a roag, is assumed
no static infrastructure, such as repeaters on intersections.be a stochastic variable and the corresponding stochastic
In addition, using the propagation probability combinedrocess is modeled as a Poisson process. Several experiments
with the importance of the location of the intersection weéhave shown that the outcomes of such a model are in good

D. Related Work and Our Contribution



agreement with real measurements obtained in practise [Joﬁ,fﬂh““ is strongly related to the traffic characteristics of
[14]. The probability density function of the arrival processhe roadh;; where the information is to be transmitted.

at roadh,, is thus given by the following formula: Probability p""/* depends on what portion of the arrival
} (ed)? rate roadh;; has, compared to the total arrival rate of the
Pk (t) = JZA"@*(MW (1) roads attached to intersectidn
where \;; denotes the mean arrival rate at rofag, and z Ill. THEORETICAL ANALYSIS OF MESSAGE
denotes the number of arrivals in the time interval Otto PROPAGATION PROBABILITY ON INTERSECTIONS
The equation describes the probability of seeing exactly In this section we provide a lower bound of the probability
arrivals in the period of time from 0O ta to propagate information from an informed vehicle of road

Without loss of generality, for the remainder of our analy#,;; to a vehicle in roadh;; when these two vehicles are
sis we consider a segment of the roadway network as showfose to the intersectiofi;,. The reason we concentrate on a
in figure 1. lower bound and not on the actual probability is because the

calculation of the actual probability is extremely complicated
h as it needs to consider all possible propagation scenarios even
0 ven, if their contribution to the overall probability is very small.
R @ In this paper, we concentrate on the two basic scenarios to
propagate information:
¢ 1) by transmitting the information from vehicles on roag
=5 = e °o = = directly to vehicles on road;; and
— b 2) by having theveh, driving into roadh

The following equation gives a lower bound of the prob-
ability to propagate the information combining the two
4 aforementioned propagation ways:

hijh; hijh; hijh
phijhjk ptTJ " + (1 _pt7J Jk) *per " (2)

Fig. 1. Representation of an intersection in a road network presenting the . . .
basic notations In the following subsections we derive the formulas of

calculating the probabilitiepﬁf 7 andp h”h”.

The segment presented in figure 1 includes intersedtjon N o ) )
and the roads,; and ;. interconnect intersectiong with ~ A. Probability of Transmission of Information among vehi-
I; and I; with I, respectively (intersection;, I, are not cles on intersecting roadgf’"*)
shown). The angle between roaldg andh;;, is denoted by  First, we study the different scenarios of transmitting
¢. R is the point onk;; that isr apart from intersectiod;  information from vehicles on road,; to vehicles on road
and M the corresponding point of rodd;.. Finally, vehi is  h;,. We assume that there are no buildings to block signal
the head of the informatiofmeaning that there are no othertransmission. By this assumption, information can be passed
informed vehicles ahead of it) on rodd; and is traveling from vehicles at any point on roalg;; to vehicles on road
with speedV;. We start counting timet = 0, at the point ;. which are of distance smaller than
whereveh; is of distance less than from intersection; As shown in figure 1peh; is the head of information on
which means that it is able to transmit the information tqoad h,;;. We start counting timet(= 0) at the point where
roadh ;. This can happen by either havimgh, getting the information enters road segment/; on veh,. There are
information before passing poimt (¢t = 0 whenweh, is at  two different cases that we need to consider and we study
point R) or having the information transmitted t@h; by a them separately. lruse 1, veh, was already informed before
following vehicle onh;;, after passing poinfz and before passing from poinR. In case 2, veh; has passed from point
reaching intersectiod; (¢ = 0 is whenveh,; receives the R without the information and before reaching intersection
information). 1;, a following vehicle transmitted the information teh; .

Since we assume one-way vehicle traffic, we are interestedFor our theoretical analysis, we compute the probability to
in intersections whereeh; has the opportunity to choose propagate information from a vehicle traveling on rdag
among two or more roads. Otherwise,/if;, was the only to a vehicle traveling on roafl;;, in the time period(0, y],
choice, the probability of message propagation would bgherey < m which is the time needed by the fastest
equal to 1 sinceveh, will definitely enter roadh .. moving vehicie om,; to travel distance-. By choosing this

There are two ways to propagate information from vehiclespecific bound we make the analysis less complicate since
of roadh;; to vehicles of road:;;. at their intersection. The yeh, will be able to cover distance less or equalrtoln
first way is by transmitting the information to a vehicle onaddition, greater value fay, even though it will increase the
hji.. We call this probabilitysy.”"*. The second way is the propagation probability, it will also increase the theoretical
driving way and we call the probabilityd” "k \where an time that a message needs to reach its target. This is because,
informed vehicle fromh;; turns into h;,. The probability we need to consider all the intersection that the message has



to pass and add the time of each one in the overall time  The function distribution of{ (¢) is given by the equation:

up to the target area. (d(t)) =

For each different case we need to consider two possible Xf;)
ways to transmit information to vehicles on rodd;. ZP[X(t) < d(t)|Z(y) = 2] * P[Z(7) = 2] (6)
The first way is to have a vehicle enterirfg; during =

time interval [0,y]. This vehicle will definitely catch the
information fromwveh; since it is going to be of distance
smaller thanr from wveh;. The second way is to have,
during the interval [0,y], vehy's transmission range to __ ;
catch up with a vehicle that has entereg, beforet — 0. 1S 1€ads tli ~ uniform(~5,0). =

This second way can appear when the vehicles that ha_§ nce_Tl’TQ"I"TZ an_o_l Vi, Ve, o, V; are mdepende_nt and
enteredh;;,, are moving slow enough that, at some point' er_mcal distributed (|.|.d)', we can drop the subscripts. Fol-
the transmission range afeh; ( which must be moving lowing from (6), we have:

fast enough) catch them up. We call the probability of thd (X (1) < d(t)|Z(v) = 2] =

first way, probability of enteringand denote it by, and 1~ PX(t) > d(t)|Z(v) = 2] =

the probability of the second wayrobability of catching up 1—P[V'x(t—T)>dt)]* )
and denote it by...

The points of timgT;) at which Z(~y) vehicles have entered
road h;, are considered as random variables and are dis-
tributed independently and uniformly in the intervad B).

In figure 2, we plot an example of function&¢) and
X (t) versus time. In this example, we assume that only one

Case 1l.vehq, has the information when it passes from y : -
vehicle, veh,, has entered;;, during period[—~,0). Also,

oint R
P we setr =250 m, V3 = 11 m/s (39.6 Km/h),» = 90° and
It can be easily seen that < r < I where the vehicleveh, the position of which is represented with
: casty =, Vmaa(his), = Vi X (t), moves with speed 10 m/s (36 Km/h) and entkfs
<L is the time thatveh; needs to cover distanceon road '

-
h;j. Thus, we need to calculate the probability to have

vehicle entering road;;, (from intersection/;) during the
time interval [0,y], since it is definitely going to receive %01
the information fromweh;. This gives us therobability of

enteringand can be determined by the following equation.

pe=1— Py (y) ®)
hjk

where P,’*(y) is the probability of having zero vehicles
enteringh;;, during periody as defined in equation 1. /

The calculation of theprobability of catching up(p.) is 50 s 03 2
more complicated thap.. We defined(t) as the furthest
away point from intersection/; on road h;; where the
transmission range ofeh; can cover in timet. It can be Fig. 2. Example of catching up case. Plot of d(t) and X(t) vs time
easily seen that any vehicle in betweBnandd(t) is going . -
to receive the message. Using basic trigonometric rules W?We observe thad(t) is smaller thanX (t) at the beginning

provide the relation betweet{t), transmission range angle of plot wheregs, later on, at some point aroune 0.5, it
© andV;, which is given by: catches-up withX (¢) and afterwards it becomes greater than

X (t) until aroundt = 20. After that, X (¢) is again greater
d(t) = (r = Vit)cosp + /12 — (r — Vit)2sinp  (4) thand(t). The catching period i§0.5, 20]. By keeping this
in mind, we see that it is not enough to study the possibility
that X (¢) is smaller thani(t) just on timey (which is when
d(t) gets its greatest value) but it is necessary to see if, at
any time during the period [@], X (¢) becomes smaller than
d(t).

X(t)=min(V} *(t-T;) i=1,2,...,Z(v)  (5) (S)o, the probability of transmitting the information in the
whereV/ is the speed that vehiclehas on roadh;, and it catching up scenario is given by the following equation:
is uniformly distributed in the rang@min (hik ), Vmaz (Rik)], Y
T; is the time when vehiclé passed intersection pJoimJ; Pe :/0 Fx @ (d(t))dt (8)
(T; < 0), ~v is the period of time before= 0 where there is
a chance, the transmission rangeef, to catch up with the
vehicles that have entered roag,. This period is equal to
m which is the time that the slowest vehicle moving Case 2weh; passed pointR without carrying the infor-
on h;;, needs to cover distanee Finally, Z() is the number mation and it got informed before reaching intersection
of vehicles that have enteréd;, during period[—~, 0). I

from intersection/; at T, = —5.
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In the case wherep is a right angle thend(t) =

r2 — (r — Vit)2. Also, we define X(t) as the distance from
I; on roadh;, that the vehicle closest t§; has on timet,
compared to all vehicles that have entefgd beforet = 0.



This case is more complicated thanse 1. vehy did period of y is in the extreme case whereh; was very
not have the information when passing from poft The close to intersectiod; at the time wherveh, received the
information was transmitted to it by a following vehicle onmessage and immediately propagated iv¢d;. Then, the
h;; before reaching poinf;. We considert = 0 the time time needed byeh; to exit roadh,; should not be enough
when veh; gets the information. We calb the position for vehs to cover the distance from® given that the distance
of veh; on segment of road?/;, on timet = 0 and s  between the two vehicles on the time of transmission was
the distance that point$ has from R. Figure 3 shows the smaller than or equal to.
notations ofcase 2. It is obvious from the previous discussion that the circum-
stances under which there are no informed vehicles in the
areaRI; during the period ofl0,y| are extremely rare to
occur. Therefore, we reach the reasonable assumption that
in the scenario otase 2, during the period0, y] there is
s at least one informed vehicle in the ar&d; to propagate
ohy the information to any vehicle entering roag,. This means
&=, = e =; =2 that theprobability of enterings given by the same formula
as incase 1.

pe=1— Py (y) )

=

Now we need to calculate throbability of catching ugp.).

For this probability we are going to work the same way as
in the previous case only now, we hagKi, s) instead of
d(t), which is a random variable depending on time and the
initial value of s, given thats is uniformly distributed along
RI;.

Fig. 3. Case 2 scenario wheteh; got the information at some point
after passing from poink2

In case when the time needed byh, to reachl;, which Qt,s) =

is == is greater than or equal tg, then this scenario is

e, (10)

(r — s — Vit)cosp + /12 — (r — s — Vit)2sin2ep

probability that the VEh|C|e)€h2 WhICh travels Wlth speed In the case thatp forms a right angle themQ(¢,s) =
V3, following vehy, will pass pointR? by timet = = \/12 — (r — s — Vit)2. The function distribution that we are
which, veh, will not be onh;;. If vehy passes fronR before  interested in is given by, «)—x () (0). So,

veh, passes from intersectiofy, then it can also transmit
the information to vehicles entering rodd; until time y

expires. In order not to have an informed vehicle R} FQ(“”;X(”(O) B
during some time in perio@), y] the following must hold: /T ZP[Q(t s) = X(t) < 0Z(v) = 7] (11)
o veh; passed pointkR without having the information ,
and a vehicleeh; transmits the information toeh, at « P[Z(7) = 2]  fs(s)ds
time ¢ = 0. This means that the distance betweenh,
and veh2 is smaller thanr on timet = 0. Finally, same as imase 1, we want to see if during period
e ONnt= to pass [0,y], Q(t,s) gets bigger thanX (). So, theprobability of

from |ntersect|onI], vehs must not have passed from catching upis given by the following equation:

point R. In order for this to happel; must have been v

greater thari. De = / Fot,6)—x)(0)dt (12)

In other words, sincd/ is greater than/,, veh; must 0

have either enterefl;; beforeveh, or passedeh, at some Now that we know the probability to transmit the infor-
time just before passing from poim. In the former case, mation for both cases we need to combine them in order
since the distance between the two vehicles remained smalter calculate the overall probability,.. hiihik o transmit the
thanr from the beginning until the end of the road wherenformation from roadh,; to road ;. To do so, we need
veho transmitted the information teeh;, we can conclude to find the probability for each case to happen separately.
that it is highly unlikely that their distance became greater In order for case 1 to happenweh; must pass poinf?
thanr just beforeveh, exited roadh;; andveh, did not pass carrying the information without any other vehicle i,
point R. In the latter case, sinageh; passed fromehs, and  to transmit it. We callvehs the vehicle that is in front of
at that time neither of the vehicles was informed, it meanseh; on h;;. The probability thatveh, does not have the
that vehy got the information from following vehicles just information is equal to the probability thath,; and vehs
after the passing ofeh; and before the distance of the twoare of distance greater than If we call = the time gap
vehicles became greater thanThe only possible way that between these two vehicles then their distaéetyen, ven,
there were no informed vehicles betwe&nand I; during is equal tor V7.



In [15] is given that the time gaps between vehicles aref information propagation with the driving way depends
distributed according to the following pdf and PDF, only on the average arrival rates of the roads that the
o\ ar T vehicle reaching the intersection may follow, there is no

pr(r) =A™ and Pr(r > T) = ™, (13)  need to simulate this case because we assume that the arrival

respectively. So, the probability thatse 1 happens is: rates are given. Hence, we concentrat‘evhovn the validation of
the information transmission probabilig?;i % Information

P, = P.(T> L) — W (14) transmission proba_bility, asit is_shown in equation 16, is only

1 related to the traffic characteristics of the road intended to

Regardingcase 2, it is sufficient to see that it is the receive the information.
compliment of case 1 since eitherveh; is in the road

segmentRI; when it gets the information or, it passés h"’ﬁ
and entersRI; with the information. So "
R®
Pcsz =1- Pcs1 (15)
So, the overall probability to have the information trans- n "

mitted to roadh;, from roadh,; during a period of timey = = e ° &= 2.
is .

hijh;

pt’rJ "=

Pegy % (07 + (1= ™) 2 )+ (16) Y

Pesy * (p&°* + (1= p™) * p™)
B. Driving Probability whereveh; turns into road hy, Fig. 4. Intersection setup used in VISSIM
(i)

: : : .+ The setup parameters are the vehicle arrival rates on road
In this paragraph we are going to derive the probabilit
paragrap gong P );zjk, the range of speeds attained by the vehicles on road

ézjk and the speed afeh; moving on roadh;; and driving
towards intersectiod;. Each simulation generates ascii files
which include the position coordinates of the vehicles at each
imulation step. The simulation step is set to 100 ms. We also

phis"a*  which is the probability that vehiclech; drives on
road hji. In previous subsection where we calculated th
prii"* the time needed byeh, to reach intersectiod; is
definitely less than or equal to the time perigdwhich is
the perloq we ;tudy the probability of trgnsmlssmn.to roa@eveloped an application on C++ to process the simulator's
hjk. For simplicity reasons however, we ignore the time gap

betweeny and the time thateh; needs to reach intersection. utput in order to gengrate information with which W.e can
. : . infer whether any vehicle on roald;;, eventually receives
and make the choice of which road to drive on.

Bk - . . . the desired information fromeh; and at what time. The
pg is strongly related to the intersection we are studyin

. . . gcr nsmission range of each vehicle is constant and it is set
since we need to consider all the other possible roads t a? 9

. T . 0 250 m. We consider that vehicles that are of distance
a vehicle approaching intersectidry;, may choose. In the o
. : ) . less than the transmission range can exchange message.
intersection; of figure 1 we only need to consider two

choices:veh; can either go straight or turn left. However, Since the transmission speed is much bigger (250 m in 6

. . : 'ms) compare to the vehicle speed, we consider as zero the
in general cases, there are more complicated intersections

: tr:iinsm|SS|on time. Therefore, we do not use any specific
where the driver has more roads to choose. The general Do
. . . wireless communication model for the measurements. For
equation covering all cases is:

each set of parameters we repeat the simulation one hun-
hishye Ahjx) . dred times and we calculate the frequency with which the
Par " = SNy for all b such that road;, exists.  information is successfully transmitted. The probability of
(17) information transmission is estimated by dividing the number

Now, we have everything needed to calculate all the tern® successes by the number of times we have repeated
of the equation 2, which gives the lower bound of the probthe simulation. The estimated probability is then compared
ability of information propagatiory,,.,,, from informed with the theoretical probability obtained using the derived

vehicle on roadh;; to uninformed vehicles on roald;y,. equation 16.
At first, we give insights of how the information transmis-
IV. SIMULATION VALIDATION sion probability varies with respect to different parameters.

In this section we validate our theoretical findings withWe calculate the probability using the equation 16 we derived
simulation results. We conduct our simulations on VISSIMin the previous section. In all calculations we keep the speed
a microscopic simulation. In all simulations we did, werange of roacdh;, constant in the interval (60-80 Km/h). In
used VISSIM to model the setup shown in figure 4. Fofigure 5 we plot the probability versus the time window for
simplicity we set angle» equal to90°. Since the probability different arrival rates. The time window is the time which



elapses from the instant whareh; passes from poinf.
As expected, the probability increases in a concave fashion

Transmission Probability (Arrival Rate 144 Veh/h)

with increasing time window. In addition, as the arrival rate o]
increases so does the probability. 035 1
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In figure 5 we can see that as time goes by, the probability o
increases for all the arrival rates. This is because, when time °
increases, it increases the chances to have a vehicle entering M
hji (probability of entering as well as it increases the
chances to have the transmission rangedf; catching up ®
with a vehicle that has enteréd,, beforet = 0 (probability
of catching UD) Also, _We see tha.t the probablhty mcreas?%ig. 6. Comparing Theoretical with Simulation results of Transmission
when the arrival rate increases since there are more vehiclasbability for arrival rates 144 Veh/h and 540 Veh/h
entering roadh, .

In figures 6 (a and b) we present our theoretical results
in comparison with the simulation’s. They show how thehan 500 Veh/h (1 vehicle every 7 seconds) the information
probability increases as time increases for specific values winsmission probability is greater than 0.8, after passing time
the arrival rates. We choose arrival rates that are low enougi 14 seconds.
(144 Veh/h - 1 vehicle in 25 seconds and 540 Veh/h - 1
vehicles in 7 seconds) to keep the probability from getting
its highest value (close to 1) very soon. In this way we can In this paper we study the problem of information dis-
better observe the relation of the different results during semination in VANETS and we provide a measure of the
longer period of time. probability to propagate information on intersecting roads

In figures 6 (a and b) we observe that the simulatiowhere no static infrastructure is used. We present a lower
probability, for most of the cases, is slightly higher tharbound on the probability to propagate information between
the theoretical one, whereas there are some cases that ¥bhicles of two roads, close to their point of intersection. We
results are equal. Also, we see that the trends that the plafisow that this probability is strongly related to the arrival
have, are similar for theoretical and simulation probabilitiesate of the vehicles entering the road where the information
for both values of arrival rates. This is a good support ofs to be transmitted to. We also show that, as the time
the estimation of the actual probability that our analysigllowed for propagation increases, so does the probability.
provides. We validate our results with simulation evaluation using

Finally, figures 7 (a and b) show the relation of theoreticaV/ISSIM, a widely used micro-simulator.
and simulation results regarding the increase of probability One area of future work will be to study more scenarios to
as the arrival rate increases. The time is fixed and it is equhnsmit information. This will slightly increase the proba-
to the time needed by a vehicle with speed ‘g65 Km/h tdility of information transmission. Another area would be to
cover distance-. create a road map graph where each road represents an edge

As in the previous figures, our theoretical results follonand each intersection a node. By calculating the information
the same trend as the simulation’s ones which supponsopagation speed of each road as well as the probability to
the validation of our analysis. Moreover, figures 7 showpropagate information at every intersection, we can estimate
that, for high arrival rates (1100 Veh/h - 1 vehicles everghe probability to have the information reaching an area in a
3 seconds) the transmission probability is very close to Biven amount of time.
This is because, it is highly unlikely for such arrival rates, Finally, we are planning to study more realistic traffic
not to have any vehicle entering roag; after 14 seconds. conditions, where vehicles have accelerated and decelerated,
Another useful observation is that for arrival rates greateheir movement depends on the movement of other vehicles,

Time (sec)

Time(sec)

V. CONCLUSIONS ANDFUTURE WORK
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[16]
traffic lights can be introduced on intersections, etc. In
addition, we plan to add more lanes in roads and different [17]
moving directions which will increase the possible ways
to propagate information. This will definitely increase the [18]
propagation probability in intersections which will speed up [19]
the overall message propagation.
[20]
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