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Abstract—This paper addresses the relation between messageto cover rural areas with vehicular sensors and RSUs such
delivery delay and reliability for the communication between a that every vehicle can always be connected to at least one
vehicle and a road side unit (RSU). We focus on sparse vehicular nearby RSU during its trip within an area. Moreover, in

sensor networks (VSNs), where timely message delivery and L
reliable transmission are of significant importance. We present a these areas, cellular connectivity may not have full cayera
mathematical framework for the message delivery delay distri- Furthermore, the placement of RSUs that can enhance VANET
bution for a two-lane road, where vehicles in one direction act connectivity has different considerations and design@sga]
as message carriers for the ones in the other direction and have [4] compared to the factors that are taken into account when
the freedom to leave the road from randomly distributed road = yagigning/planning the coverage of a cellular network isuc
junctions with a certain probability. Packet generator vehicles interf ired tion Imod
store the original packets till meeting an RSU while sending as Interierence, require C(_)ve_rage area, propaga |0n_ moae
multiple copies of each packet to packet carrier vehicles. Our and deployment model). This, in turn, makes the locations of
analysis offers an analytical tool for an intelligent transportation  cellular network base stations, if they exist, suboptiroaldrve
system (ITS) service provider to determine the minimum RSU  the design objectives of a sparse VSN such as connectivity an
density required to cover a road for meeting a probabilistic packet delivery delay. Consequently, using vehicle-toisle
requirement of the message delay. Extensive computer simulation T . N .
communication is crucial to facilitate the reporting of sed

results show the accuracy of our analysis and clearly indicate the -
relation of packet delay and the number of packet replicas. data to RSUs, which represent the gateways to the Internet

. ) and/or the rest of the ITS infrastructure.
Index Terms—Delay, vehicular sensor networks, vehicle-to- Theref h v f dvi
infrastructure transmission, disrupted connectivity, road sideunit erefore, many researchers currently focus on studying

placement, information delivery reliability. VSNs in both industry and academia [5]-[8]. In addition, the
US Federal Communications Commission (FCC) has allocated
5.850—5.925 GHz band to promote vehicular communications
for safe and efficient highways. This band will be used
Vehicular sensor networks (VSNs) constitute a new nek the emerging radio standard for Dedicated Short-Range

working trend with a viable capability. In these networkscommunications (DSRC) [9] that supports roadside-to-alehi
vehicles can gather important data, while on the road, aggd inter-vehicle communications.

process the sensed data to extract valuable informatioiikdJn  For VSNs to become a reality, a number of technical chal-
ad hoc sensor networks, VSNs have no tight restrictions @hges have to be addressed. First, it is difficult to maingai
processing power or storage capacity. end-to-end connection between vehicles and an RSU, wiale th
By the aid of a fast and reliable VSN, intelligent transyehicles are moving at high speeds, especially on roads with
portation systems can provide substantial benefits togahs a low vehicle density. Second, data packets carrying sensed
infrastructure. For instance, they can be used to avoidwvagd information may suffer from excessive delays when deligere
congestion, which adversely affects travel times and fug) RSUs if they are transfered by their originator vehicles t
consumption. They also can monitor air pollution levels anle nearest RSU. However, vehicle-to-vehicle commurdoati
collect information about driving habits. For all intenteda can shorten the packet delivery delay if vehicles moving in
purposes, a VSN that is capable of providing a timely anfle opposite direction are used. At the same time, vehicle-t
reliable data transfer is crucial for the successful opemadf vehicle communication with vehicles moving in the opposite
an ITS. direction may not be reliable as those vehicles may exit the
In essence, VSNs are formed on top of vehicular ad h@sad to uncovered areas before reaching any RSU.
networks by supporting vehicles with sensors that coll@tad  Our objective in this paper is to analyze packet delivery de-
and use wireless communication to send information to thgy with a reliable packet transfer for vehicle-to-infrasture
ITS. However, the deployment of a fully infrastructure@s communications in a sparse VSN where sensed information
ITS is known to be very costly [2]. Indeed, it is very difficultis destined to RSUs. Our analysis aims at characterizing the
packet delivery delay distribution for a two-lane road. \éids
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is stored by its generator vehicle till it meets an RSU. At thisund between a vehicle and an RSU with a high probability;
same time, the generator vehicle sends one or more replibasvever, this case is out of the scope of this research.

of each packet to different carrier vehicles (one for each).Vehicles over the two lanes are moving in opposite direc-
We introduce a mathematical framework for characterizivgg ttions as in Figure 1. Assume that all vehicles in the first lane
packet delivery delay distribution for this scheme. Thekeac are moving in the forward direction with a constant spé&gd
delay distribution offers a design tool that can determime t Conversely, in the other lane, vehicles move in the backward
maximum separation distance between two adjacent RSélisection with another speeld,. Although vehicles moving in

or the minimum number of RSUs covering a road segmetiite same direction may meet due to their different locations
for satisfying a probabilistic requirement of packet detiv. such meeting opportunities are more rare and are less useful
delay. The proposed analytical framework takes into accowshortening packet delivery delay since these vehicles siave
the likelihood of a carrier vehicle exiting the road, thetsga ilar speeds. The constant speed assumption helps to ig&testi
distribution of road junctions, and the vehicle distriloutiover a worst case scenario of a vehicle sensor network that i@ties

a road segment. a sparse VANET where vehicles moving in one lane have the

The rest of this paper is organized as follows. Section $hme speed between two adjacent RSUs. Therefore, packets
highlights the most relevant research works in the litesatu are carried either by their originator vehicles or carriehieles
Section Il describes the system model under considerationoving in the opposite direction. This scenario serves two
Problem formulation, our mathematical framework, and & cagnportant objectives. First, it helps the service providéan
study for known probability distributions are presente®act- ITS system to plan for the number of the RSUs that can cover a
tion IV. Section V presents simulation and analytical resulroad segment in order to satisfy probabilistically a delayirixl
for different system parameters and provides a comparative the message delivery delay in the worst case. In fact, the
discussion about another scheme providing no reliablegtackossibility of packet relaying by intermediate vehicleduees
delivery. Finally, Section VI concludes the research. the probability of exceeding the packet delivery delay lwbun
for the same separation distance between adjacent RSUs.
Second, it gives useful insights about the effect of varying
vehicle speed with the other parameters (such as vehicle

In the literature, most research works related to dislensity, road junction density, and vehicle exit prob&pilon
rupted connectivity in vehicular communication networks f packet delivery delay. Also, with a mathematically trat¢ab
cus mainly on connectivity analysis [10]-[12] and averaganalytical framework, the feasibility of sending multigepies
message delay evaluation [11] [13] not on characteriziraf the same packet in terms of packet delivery delay reduoctio
message delay distribution and its relation to reliable -mesan be investigated.
sage delivery. Wu et al. in [14] present analytical models to Consider a straight road with road junctions or cross roads
study spatial propagation of information for one and twoela distributed randomly on the second lane as depicted in Eigur
straight roads. They focus mainly on information propagati 1. Consider only the data packets originated from vehiales i
speed for vehicle-to-vehicle communications. In [15], ththe first lane such as vehiclé. Some vehicles may leave and
authors analyze the probability of connectivity using RSUsthers may join at any exit point along the road segment. Thus
The average length of a connected path from any givenvehicle may leave the road segment under study either to
vehicle to an RSU is also calculated. However, no studnother road segment covered by RSUs or to uncovered road.
about packet delivery delay is provided. The feasibility ofhe former case repeats the problem under research as when a
information dissemination using stationary supportingtsun carrier vehicle leaves the road segment under study to anoth
(SSUs) is investigated in [16] mainly based on computsegment, the packets it carries will not be delivered to Ti# |
simulations. However, vehicle-to-RSU packet deliveryagiel system via the RSUs on the road segment under study. Instead,
is not addressed. these packets may be delivered by another RSU on the other

To the best of our knowledge, no other existing studspad segment. The location of the RSU receiving the packet on
in the literature characterizes the delay and reliabilify dhe other road segment (to satisfy probabilistically thekea
vehicle-to-infrastructure packet delivery via vehiatevehicle delivery delay) can be determined the same way taking into
communication. account the distance the carrier vehicle has to move in order
to reach this RSU. On the other hand, when a carrier vehicle
leaves the road to uncovered segment this implies that tiae da
packets carried by this vehicle will be lost.

Consider a two-lane road segment. Each lane is a straighSince packet carrier vehicles may leave the road segment
line with a fixed lengtha meters and has two RSUs at itswithout delivering the packets they have received, each gen
ends. The road segment lengthis the distance betweenerator vehicle, such as vehicld in Figure 1, keeps the
the two points where the transmission ranges of both RSWsginal packet in a buffer until the vehicle meets the firStUR
end. We are interested in a network scenario on highwaysar its way while N duplicates are sent consecutively A
rural areas, where the vehicle density (defined as the averagproaching vehicles (one for each) in the opposite doecti
number of vehicles per unit road length) is low enough to havégure 1 shows vehicleéB as the first approaching vehicle
disrupted vehicle-to-vehicle and vehicle-to-RSU conmégt for vehicle A. This approach is to increase the reliability
With a high vehicle density, a multihop end-to-end path can lof message delivery, which is required for data messages

Il. RELATED WORKS

Il. SYSTEM MODEL
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containing critical information. MTU. Therefore, the introduction of the queuing delay in
The vehicle densitiedv; and N, for the first lane and the this research, complicates the mathematical analysisja|ye

second lane, respectively, are assumed to be constant mvewhen multiple replicas are considered, but with insignifica

observation period, i.e., the average number of vehiclas tkeffect on the message delivery delay.

leave the road segment under consideration is the same as thi investigate the effect of the physical layer on the pro-

average number of vehicles that enter it. Vehicle transonss posed mathematical framework, we implement a vehicle-to-

range is assumed to be much smaller than the distancevehicle channel model inside the simulator [17] and show the

between two adjacent RSUs. In general, increasing (or depact of the physical channel on the analysis in Section V.

creasing) either the transmission range or vehicle dehsisy

the same effect on the packet delivery delay as both increase V. PROBLEM FORMULATION AND MODELING

(or decrease) the connectivity probability among vehi¢fds A, Problem Description

Thrl]J_s,I Wde reareselnt their influence on our study in terms OfThe problem can be described by the aid of Figure 1. Our
vehicie density only. main objective is to find the maximum value @that allows a

Ce_rtainly, in a realisti_c sparse VANET scenario, vehiclgy i, required vehicle-to-RSU message delivery delayeto
den_3|ty may (_:hange with time as the average number %ained for the majority of vehicle packets (i.e., the atistea
vehicles entering the road segment under study may not

: 4 uld be selected to allow only a small fraction of packets t
equal to the average number of vehicles leaving the rog

L H the obiecti f tudv is to find t delayed when arriving at an RSU). Indeed, timely message
segment. HOWever, Z.O Jec |veb ot our study 'j o 1in R;ﬁansfer is vital for information exchange over any ITS &as th
maximum separation . Istance e_tween two & jace_nt R9fbrmation content may expire if arrived after a very large
such as _the packet (_Jlellvery d_elay is bounded probabﬂlt;ﬂcadelay. Meanwhile, the number of RSUs that cover the road
Decreas.mg the veh|clg den_5|ty In a sparse VANET learls éggment under study for a probabilistic delay requirement i
decreasing the separation distance between adjacent msusc]irectly related to the distanae

can satisfy probabilistically a certain packet deliveryagie

bound (due to th lability of I b ; . Furthermore, we aim at guaranteeing reliable packet trans-
oun (due to the availability of sma numboer of camep,ission by allowing every packet generator vehicle to store
vehicles). Thus, a constant worst case vehicle density ean,

packets for direct transmission to an RSU whenever there

used by the service pr(_)wder o plan for Fhe number of RS_? a meeting opportunity between them. Since every packet
that can cover a road in a rural area using our mathemauﬁgl

s multiple replicas, late replicas will be discarded (itrae
framework. The bound on the packet delivery delay will stay, HHP P! - s ! (

isfied babilistically if th hicle density i ore than one replica are successfully received).
satisfied probabilistically If the vehicle density increasover In short, our problem is to find the minimum number of

thiworst cba_lse .VaIL.Je ﬁ.s long as the VSIN remains spa(ljrsle_z. RSUs to cover a road segment such that the required vehicle-
del S ou_rk(]) je|<_:t|t\)/|e Int Iks Paperis FO analyze r_nedssage be VERLRSU packet delivery delay is probabilistically satidffer

elay with relia € pac et transm|sspn N mind, we a.$traﬁ1e first arrived packet copy. In addition, we aim at studying
the packet transmission process for simplicity. In our ysial the effect of increasing the number of replicas on packet

We assume that all messages h‘?ld b.y a vehic;le will'b'e tra'?i%]ivery delay. Note that packet carrier vehicles can et t
mitted during a meeting opportunity with a carrier vehiciénw road with some probability from randomly distributed road
no bandwidth constraint or wireless transmission impainse iunctions

This assumption is adopted by other researchers such as In
[14]. Consequently, we neglect here the queuing delay as ge
address vehicle sensor networks in a sparse VANET scenario
where vehicles report events to the RSUs normally at a lowConsider the road segment depicted in Figure 1. Our target
rate compared to the available transmission rate (@ig<bps S t0 obtain a general expression for the packet delivergydel
for a3 Mbps transmission rate). The assumption is reasonafigmulative distribution function (CDFJr(-) in terms of the

as the lowest data rate supported by IEEE 802.11pNtbps distancea between adjacent RSUs, taking into account that
[19] and the maximum transmission unit (MTU) is arounénultiple replicas of every packet are submitted but only isne
1500 bytes in size. This implies that, at the worst case, 4gauired to be delivered on time. The strategy has two benefit
MTU takes4 ms to be transmitted to a carrier vehicle or to affirst. it helps us to study how the delay distribution is efféel
RSU. Two vehicles that are moving in the opposite directid®y varying system parameters such as vehicle spdgdsf),

with speeds such &80 m/s (a relative speed @fo m/s) will Vehicle densities 1, N»), pc, and the average number of
have a meeting time of arourtlseconds assuming they havdoad junctions per unit length of the road segment undetystud
a small transmission range of onl0 meters. This meeting Ac; Second, it can be used to find the maximum value of
opportunity is sufficient to transfé00 MTUs. When a vehicle the design parameter (or the RSU density;) that satisfies
with the same speed is communicating with an RSU over tfgain maximum packet delivery delay constraipf,. with a
same transmission range, the meeting time will be ar(ﬂmd/iolatipn probability of at most, as indicated in the following
seconds (i.e., sufficient to transfed00 MTUs). Taking into €duation o

account that IEEE 802.11p allows a data rate uptdbps maximize - a 1)

and the transmission range can be uB® m, the number st 1= Fr(Tnes) < e

of transmitted MTUs can grow to a much larger value while In (1), the complementary cumulative distribution funatio
the actual message size can be smaller than the size of(@€DF) of the packet delivery delay depends on the value of

Mathematical Framework
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the RSU separation distanee At a certain RSU separationdescribes the distances between the generator veAidad
distance, the CCDF may be equal to some violation probgbilithe first approaching vehicle (e.d3, is the first approaching

e at certainT,,,,. Apparently, increasing the separation disvehicle in Figure 1j = 1) and f(d, 1, ...,z ) denotes the
tance between adjacent RSUs leads to increasing gendrallyjbint probability density function (PDF) oD and X; (for all
packet delivery delay. This implies that the maximum valtie g € {1,...,N}).

a that satisfies the constraint in (1) can be obtained by splvin The computation complexity of (4) depends on the spatial

the CCDF fora at Tq- distribution of the vehicles and the distribution of the raen
The problem can be described analytically by of road junctions over the road segment. The objective of
N providing our mathematical framework is to help the ITS
Pr(T < t) = Zpr (T <t,I=1i) @) service provider to plan for the number of RSUs that can

cover a road segment for a probabilistic satisfaction of the

L ] _ packet delivery delay in a worst case scenario. The framewor
whereT™ is a random variable that denotes the packet delivefiénends on the off-line manipulation of the integral in (4)

delay and/ is a random variable denoting the replica thafhich can be done numerically by a computer with powerful

has been firs'_t delivered successfully by a carrier vehicle @ qware. This implies that there is no time or storage sgali
an RSU. For instance]/ (= 2) represents the case where thgmitations as there is no on-line computations needed.
second replica reaches the nearest RSU successfully Wkile t 1nq first term of the integrand in (4) is described by

carrier vehicle holding the first replica has exited the road
before meeting an RSU (first replica is not delivered to an Pr(T < |l =j,D =6,X; =z1,...., Xy = zN) =

=0

RSU since there is no vehicle overtaking). The case-(0) &
ne ] - . . a—0+ > xk (5)
indicates that all carrier vehicles exit the road beforetmge | ¢+ — min —= Vi . VYje{l,..,N}
an RSU. ’ !
a whereu(.) is the Heaviside unit step function, which is used as
Stationary RSUs a result of cono_litionin_g the packet de_Ii\{ery delay QDF on all
/ o the random variables involved. The minimum function reflect
R Backward direction i the fact that the packet delivery delay is the minimum dejive
K é B X c ) time between the original copy of the packet and its multiple
\'\ 'A . L I fﬁ% n replicas in a case any or more than one of them reach the
\ X . . ) nearest RSU. The original packet carried by the generator
- I Forward direction vehicle arrives after a time 0‘% while thej*" replica arrives
| > | .
‘ D ‘ a—686+ > wp o ) ) )
after % if its carrier vehicle does not exit the road.
Moving Vehicles Thus, the unit step function term can be re-written as
Fig. 1. The road segment under consideration. a—6+ Z]: Tk
—= "5
. L. . u | t — min $, —
In order to find the joint CDF of the packet delivery delay Vo Vi
whenl =i as in (3),
Pr(T <t,I=i)=Pr(T <t =i)Pr(I=1), Yi=0,...,N s e v
6 | () vsemn( SET),
we condition on the location of the packet generator vehicle _ , , (6)
and the distance between the packet generator vehicle and th a5+ (a+ 32 zi)Vy
packet carrier vehicles as in the following ult———— |, min | —j=5—a| <5 <a
Pr(T <t,I=i)=
T 7 , For the case where no replica is delivered to an RSU (i.e.
o [ Pr(T<tI=i,D=6X = Xy = ;
‘0[([ g\ I‘( = | Z, s <31 L1y AN I’N) ] _ O), (5) becomes
xPr(I =4D=0,X1=21,....,XN =2nN) 5
X f(0,21, ..., zn)dxy...dv NdD @ Pr(T <tI=0,D=06,X,=21,....XNn =2TN) :u<t—v>
f
where D is a random variable representing the distance (7)

the packet is being sent) and the RSU as in Figurexy, Meets an RSU.
j € {2,...,N}, is a random variable that characterizes The probability that replicg will be successfully delivered
the inter-distance between approaching carrier Vehi(ﬂQS, to an RSU given that the carrier vehicle h0|d|ng it is located

J
at a distance ofi — 6 + > x; from the nearest RSU, on its

1In this paper, we adopt using capital letters to expressamndariables. =1
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way at the time of receiving the packet, can be described @oisson distribution with a parametgr. Practical values ok,
Pr(l = j|D = 6, X1 = a1, .., Xn = 2n) can be obta}ined from [21], which prqvide; measured sted;ist?
— a5+ )pila—6 + 1 +w) X ... t(_) _the_densny o_f interchanges (road junctions) f(_)r someomaj

pr ! j (8) cities in the United States. As a result, the vehicle willviea
. (1 —pla—=3d0+ > m)) ,Yje{l,...,N} the road segment within a distanceyofvith probability p; (y),
k=1 which can be manipulated using (9) to obtain

wherep;(y) denotes the probability that a carrier vehicle at B Aepey

distancey from the next RSU leaves the road from one of the p(y)=1-e : (11)

available road junctions given the number of the availab&&r  \wjth one replica, the CDF of the packet delivery delay can

junctionsim within this distance over the road segment to thge expressed as

next RSU. Thereforey, (y) depends on the exit probabiligy.

and the probability distribution of the number of road juocs Pr(T'<t)=Pr(T <t,I=1)+Pr(T'<t,1=0). (12)

over a distance of the road as described b
¥ y According to (4), we condition on the location of the

packet generator vehicle and the distance between the tpacke
pi(y) = peG(y, 1) + (pe +pe(1 = pe)) G(%fﬁ generator vehicle and the nearest packet carrier vehicie as
vt (pe 4 pe(1 = pe) + -+ pe(1 = pe)™ 1) Gly, m)(g) the following
whereG(y, m) is probability of havingm exits within the < N _TF < AT — _ _
distance ofy from the location of the carrier vehicle to the Prl <t I=1)= [ [Pr(T <tI =1,D=6X =xq)

00
nearest RSU in its way. Heréi(y, m) can be expressed as xPr(I =1|D=46,X =2)f(d,z) di dx.
(13)
G(y,m) =Pr(W(s+y) — W(s) =m) Note that the random variabl® is uniformly distributed since

) ] ) _ the vehicle location is uniformly distributed overin addition,
whereW(z) is a stationary counting process that characterizgs packet can be sent randomly at any time. The random
the number of road junctions within a distanicez|. variable X is exponentially distributed since the vehicles form

On the other hand, the probability that all packet carrigf pgisson point process. As a result, the joint PDFDo&nd
vehicles carrying replicas exit the road before meeting SR x g given by

is given by )
Pr(I =0|D=6X =21,... Xy =an) = f(6,2) = — (N1 + No) e NiHNe g <5 < a,x > 0.
N (14)
pi(a—d+z)pi(a—0+a1 +az).pila—d+ ; j)- For the casd = 0, an equation similar to (13) holds (by

(10) replacingl =1 with I = 0 in (13)).

By manipulating the integral in (4) using (5)-(10), the As described by (5), the first term inside the integration of
cumulative distribution function (CDF) of the packet deliy (13) is given by
delay can be obtained provided that the joint distribution
f(é,i;ll, .,zy) and G(y,nrz)) are known. TheJ mathematical VM7 =t =1,D=0X =z1)=
framework (4)-(10) does not make special assumptions re- w (t—min <“_5+x 5)) . (15)
garding the spatial processes of vehicles and road jursction Vo 'V
on the road segment other than they are stationary processe$ne ynit step function in (15) can be defined according to
In Section IV-C, we select the Poisson distribution to cheql) taking into account that the original packet arriveghe
the applicability of our mathematical framework in a preati eyt RSU in the forward direction after a time gk, while
scenario since the time headway and the distance headyQy carrier vehicle holding the replica arrives to the neStR

between vehicles in a low vehicle density case (vehicleitlensi, ihe packward direction afte¢f‘§+x if the carrier vehicle
not larger than2 vehicle/mile/lane [18]) have been shown tQyges not exit the road. b

follow the exponential distribution as reported in [18] 424]. The probability that the packet carrier vehicle will leave
Also, the usage of Poisson distribution leads to a closemirfo(j- — 0) or not exit { = 1) the road before delivering its

expression for the packet delivery delay distribution, &hi 4cpets to an RSU, given that the carrier vehicle is located a
can be accurately validated by computer simulations ini®ect 5 qistance of — d + z from the next RSU on its way, can be
V-A. obtained as

. , . PrI=0D=4§X=2) =1-Pr(I=1D=6X =1)
C. Exact Analysis for One Replica and Known Distributions = pla—3+z).

For simplicity, we address here the case of one replica and (16)
obtain a closed-form solution for the packet delivery delay The detailed integration expressions for(T" < ¢,I = 1)
CDF. andPr(T <t,I =1) are given in (17) and (18), respectively.

Initially, vehicles are assumed to be distributed on thelroa By using (12) and by evaluating the integrations in (17) and
following a Poisson point process. We also assume that i), we obtain the exact expressions for the packet dgliver
number of cross roads within the road segment follows delay CDF as in (19).
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. ((ata)Vy
oo mm( Vo +Vy ’"’)

PT<tl=1)= 1 (N1 + Np) e~ (NitN2)e / u (t - V%) e Aepe(a=0+2) g5 | dy
17
+ [ 1(Ny + Ny) e~ (NatNa)z ‘ ult— 7a—3+1) e repe(a=3+2) 45 | .
0 ((ato)vy b
min (7777t a)
oo a 6 1
Pr(T <t,1=0)= //u (t - V) (1 - e—kcpcw—“w)) = (N} + Ny) e~ NNz g5 g, (18)
a
0 0 !
V. _ e~ tVo(Aepct+N) e~ trepcVi
Pr(T < 1) = [(L) 14 K (1 — eVt ) e MQeret) _ emiereth] )
+ e*;t\’b;cpc _K (ef)\cpcaet)\cpcvf _ eftVb)\cpC(ifNV(tf%)) _ e“ﬂpc‘/:;pNV(fx‘?)} w (t _ %)
Cnv(ios 19)
\4 —tVydepe ,—NV (t—2& e~ tAepc Vi, NV (t-4) e~ tVo(AepetN) (
+ 1—<7f)t—Ke tViAepe o ( V)—‘r aXcpe - Aepo u(t_vi)
- K (1 o eftVb()\cpanN)) 4 Kef)\cpcaetkcpcvf f
— — _ N
V=V+V;,, N=Ni+ Ny, K= D EN
D. Analysis ofN replicas and Known Distributions In fact, Pr (min (Tf,77) <t) can be represented by the

As it can be inferred from (4), the number of integralS2Me expression as in (19) when the vehicle distributiom ove
depends on the number of replicas. Therefore, when tH¢ road segment follows a Poisson point process and the

number of replicas is more than one, the complexity &umber of cross roads follows the Poisson distribution as in

manipulating a closed-form solution for the integration) Section IV-C.
increases substantially. For the upper bound we seek, the term

In this section, we present an upper bound on the packgt(min (77,T2) <t) in (21) can also be expressed by
delivery delay CDF as in (2), which can be used to estimaf 9)_ after changlng the vehicle density in the first lane to be
analytically an upper bound of... in (1) with low mathe- = instead ofN, since
matical complexity.

Let VC be the set of carrier vehicles moving on the roaf™(X1+Xz < x) < Pr(min(Xy, Xp) <x/2) = 1—e”
segment under study while holding packet replicas to thé nex =~~~ _ (22)
RSU in the backward direction. Consider the case where"gich implies that the packet delivery process of the second
generator vehicle sends only two packet replicas to twaegarr™ePlica is similar to the case of a single replica but witfsles
vehicles. The packet delivery delay CDF can be presented‘&icle density in the first lane. This leads to

(F-+Na)a

(20) Pr (min (min (Dy, Dq),Ds) <t) <
Pr (ve1 € V€, vep ¢ VO) Pr (min (T, T1) < t)
where T} is the delay experienced by the original packet in + Pr (ver € VO, ve2 € VO) Pr(min (T, T5) < t)
reaching the next RSU in the forward directioff = 2 ), (23)
T, andT>, are the delays experienced by the first repfica and The rest of the terms in the right hand side of (23) are given
second replicas in reaching the next RSU in the backwabyl (24) and (25). In essence, the mathematical approachsthat
direction, respectively, with used to obtain the upper bound in (23) is not limited to the&cas
of two replicas. It can be directly applied to any number of
T = w, T = a-D+X+ X2. replicas by using a similar argument to (21) and changing (23
Vo Vs accordingly. Apparently, (23) can be used to obtain an upper
The right-hand side of (20) can be expressed as bound on maximum packet delivery deldy,., in (1) for a
Pr(min (min (T, T1),T) < t) = certain RSU s_eparation distanaeWe compare the analytical
Pr (min (T;, T1) < ¢), V_cl € VO, v,y ¢ VO 1) results_ of es_tlmatmgrmw a_nalytpally for d|ﬁgrent number
{ Pr (min (T7, T2) < £), ver & VO, ves € VO } of replicas with computer simulations in Section V-C.

Pr(T <t) = Pr (min (min (T,T1),T>) < t)

wherev.; denotes the carrier vehicle holding thié replica.

In the first case of (21)y.. leaves the road segment under
study without delivering the packet replica it holds. Samly, In this section, we first validate our analysis using compute
in the second case;.; leaves the road without meeting thesimulations. Subsequently, we use our analytical model to
next RSU. study the effect of varying system parameters on the reduire

V. SIMULATION RESULTS ANDDISCUSSION
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Pr (Vcl S VC7VCQ ¢ VC> = (1 —

O —n»2

5
[ pi(a—6+x1) (N + Ng)e_(N1+N2)‘”1dm1d6>
0

(24)
ad d
X (f f [ pi(a—06+ x4+ x2) (N1 + N2)e(N1+N2)11N26NQI?dxldxgd(S)
000
a o
Pr (Vcl §é VC7VC2 S VC) = (f fpl(a -0+ Il)(Nl + Ng)e_(Nl—i_Nz)Eldl‘ld(S)
00
ad d (25)
X (1 — [ [ [pila—08+x1 +x2) (N7 + Nz)e(N1+N2)“N26N”?dxldxgdé) )
000

RSU density, under the constraint of satisfying the packet dnultiplexing (OFDM) technology [19].
livery delay requirement probabilistically. We also intigate

the effect of transmitting multiple replicas of the samekgdc SYSTELAFi;i:AETERS
on packet delivery delay. [ System Parameter | Value |
Road Segment Lengtfu) 5km
A. Model Validation %; gziﬂlﬁlim
The ns-2 simulator is used for simulations in order to ' Exit Probability p. 0.3
validate our analysis. We implement the mobility model Road JunCt"?,n Densit\. 2%22/25
mentioned in Section Il inside the ns-2 mobility scenario Vi 30m/s

generator. In this mobility model, vehicles are forced toveno
with a constant speed over a two-lane straight line along aData traffic is generated by constant bit rate sources with a
road segment of fixed length. The spatial distribution of theery low rate as compared to the channel data rate, which
vehicles over the road segment follows Poisson point psoceguarantees that the contact time between two vehicles is
One RSU is placed at each end of the road segment. Vehiclesficient for packet exchange. Table | gives the key system
in the first lane are moving in the forward direction, while irparameter values used in the analysis and simulationssunles
the second lane vehicles are moving in the opposite directiotherwise specified. Here, we assume that generator vshicle
as in Figure 1. Only vehicles on the first lane are active dagand only one replica of each packet to the carrier vehicles
traffic sources, while the vehicles in the other lane receitikey meet, while keeping the original packet until they meet
the packets from the vehicles on the first lane, store thethe next RSU.

and then send them all to the RSU at the end of the roadFigure 2 shows the cumulative distribution function of the
segment when the transmission range allows. IEEE 802.11packet delay probability distribution (with the delay vadu
used as the medium access control (MAC) protocol for tteproximated to the nearest integer) obtained from the sim-
single channel system in the simulator as the draft standaddtor and the analytical results obtained from (19) for two
IEEE 802.11p [19] is proposed to support ITS applicationsxit probability values, namelyy. = 0 and p. = 0.3. The
IEEE 802.11p mainly takes into account the issues relatemnulated cumulative distribution function is obtainedngs

to fast mobility of vehicles when connecting to RSUs. Fa800 runs, where each run represe23s of system time.
instance, IEEE 802.11p uses a small channel bandwidth (oRfigure 2 demonstrates that there is a close match between
10 MHz) to suit the fast mobility physical layer issues suckhe analysis and the simulation results, indicating that ou
as large delay spread. In addition, IEEE 802.11p allovemalysis is accurate in characterizing the packet delidetsty

a vehicle to start exchanging data with an RSU once tligstribution. The small gap between the simulation and the
transmission range allows without the need to wait for thenalytical results arises mainly from the assumptions Weat
completion of the authentication and association proesiurhave used to minimize the mathematical complexity of our
This feature accommodates fast vehicles that stay withen thnalytical framework. For instance, we abstract the opmarat
transmission range of an RSU for a short time. Moreover, tipeocedure of IEEE 802.11 MAC layer while the detailed
main access mechanism of IEEE 802.11 (RTS-CTS-DATAmplementation of IEEE 802.11 MAC protocol is incorporated
ACK) is kept unchanged since IEEE 802.11p MAC layer ig the ns-2 simulator. Also, in the analysis, we assume that
inherited from IEEE 802.11e enhanced distributed chanrtBkere is no contribution of the vehicles in the same lane in
access (EDCA) with modifications to some parameters. Thiglivering packets to RSUs as the vehicles move with the same
makes the current ns-2 implementation of the MAC layer apeed, while this may occasionally happen due to the random
IEEE 802.11 suitable for this research to accurately siteuldocation of these vehicles.

IEEE 802.11p as well. In this work, the ns-2 implementation

of the physical layer of IEEE 802.11a is used after changifyy RSU Density and System Parameters

its parameters to the physical layer parameters of the IEEHN this section, we study the effect of varying key system
802.11p as both depend on the orthogonal frequency divisiparameters such as exit probability, road junction density
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Fig. 2. Packet delivery delay CDF (analysis and simulation).

vehicle density, and vehicle speed on the required RSU gensi 2000 1
Indeed, the separation distancdetween two adjacent RSUs VI oy .
translates directly to the RSU density. Here, we solve (i) fo T rios ——
the_ case of one replica to get analyticglly the value,ofthich glm —
satisfiesT;, ... = 30s ande = 5% for different values of key £ 1400 e —
system parameters. £ " — L
gt —
A L
o0 ‘ § 1000 2,///?:/
Bl j ——
:)\2;0015
1300 600 20 22 24 26 28 30 32 34 36

V, (m/s)
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Fig. 4. The maximal RSU separation distance with different gsababilities

RSU Separation Distance (m)

1000 — — and vehicle speeds in the forward directigi.
oo P~ T~ — e
%::{;:\‘
800
e - a—r s os 1 increases, which has a direct impact on shortening the time

0.4 05 0.6
Exit Probabilty p_

that a generator vehicle will take to meet a carrier vehicle
or the next RSU. This translates directly to a decrease in the
packet delivery delay for the same RSU separation distance
or alternatively an increase in the RSU separation distéorce

Figure 3 shows the effect of changing the exit probabilitthe same maximum delay. The effect of the exit probability on
on the RSU density with different road junction densitiéss| the RSU separation distance is also evident from the result.
observed that, as the exit probability increases, the maxim

Fig. 3. The maximal RSU separation distance with different geababilities
and road junction densities.

RSU separation distance for satisfyify,,, and e decreases 1600— ‘
significantly. This is expected as, when carrier vehiclegeha I s -
more tendency to exit the road, it is more likely that a packet et -

H
IS
S
3

will reach an RSU carried only by its generator. As depicted
also in Figure 3, the decrease in the RSU separation distance
is faster at a smaller value @f (p. < 0.4) while it becomes
much slower with large values of road junction densitiegein
the vehicles have more tendency to exit with the availabilit
of large number of road junctions. Certainly, a high leaving
probability increases the number of RSUs required to cover a w0
road for certain packet delivery delay requirements. 20 2 am %0 32 34 %

Figure 4 shows the variation of the RSU separation distance
W'th d'ﬁerent VehIC|9_§peedS in the forward d"eCt'U? and Fig. 5. The maximal RSU separation distance with different geababilities
different exit probabilities, foflV; = Ns. It can be clearly seen and vehicle speeds in the backward directién
that, asV; increases, the RSU separation distance increases
linearly. Indeed, as the generator vehicles move faster, th Figure 5 illustrates the effect of varying vehicle speed in
speed of delivering the original packet to the next RSthe backward directioi;, and the exit probability on the RSU

1300

1200

1100

RSU Separation Distance (m)

1000
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separation distance. It is clear that, wHgrincreases, the RSU 200 e
separation distance increases for the smallalue. However, o= Upper Bound Analysis
whenp, tends to be larger, changirig does not constitute a
significant impact on the RSU separation distance for same
The reason is that we address a low vehicle density scenario.
When p. becomes high, the number of carrier vehicles that
do not exit the road before meeting the next RSU becomes
fairly small with a large probability. Consequently, chamyg

the speed of carrier vehicles do not have a significant impact
on the RSU separation distance when carrier vehicles tend to ~ ®

o
)
S

)

max

.
@
S

5\
|

N
N
o

=
1)
3

Maximum Packet Delivery Delay T

exit the road with a high probability. ! % \umberof Repicas ‘
1150 : 1 Fig. 7. Maximum packet delivery delay versus the number oficapl
—— N, =N, =0.005
Thovome |
—— N, =N,=0015 i . i . i . i
1050 computer simulations. Figure 7 is obtained using the falaw

values of system parameters; = 0.004, p. = 0.7, N; =
N> = 5 vehicle/km, ande = 0.05, while the other system

1000

RSU Separation Distance (m)

050 &\\ parameters are kept the same as in Table I. It is observed that

000 — the maximum packet delivery dela¥(..) decreases with an

- \»\\Sé increasing number of replicas. This is anticipated sinoelisg
T more replicas by the generator vehicle boosts the chanags th

800 0.002 0.004 0.006 0.008 0.01 0012 0014 0016 one or more carrier vehicles will meet the next RSU and send a

Exit Density A m?

replica to it before the delay bound. In addition, Figure Soal
Fig. 6. The maximal RSU separation distance with differentirjpaction shows a Comparls,on between the SlmUlatlc,m leSUItS and the
and vehicle densities. computedT;,,, using the upper bound derivation approach
in Section IV-D. The upper bound provides a conservative
The relation between the road junction density and thtimate to7),.,, approximatelyl0% above the simulation
RSU density for various vehicle density values is illusitht results, for a given value of the RSU separation distance
in Figure 6. It can be observed that the required maximum Furthermore, we study the effect of increasing the number
RSU separation distance significantly decreases when #tk ref replicas on the average number of packets received by an
junction density increases. This is anticipated as, forsee RSU. Table Il indicates that the average number of packets
road segment, when we decrease the available numberrgdeived by an RSU increases almost linearly when the number
road junctions, the expected number of carrier vehicles thef replicas increases. This is expected as we assume all
exit the road decreases (for the same exit probabjity carrier vehicles have the same exit probability. On the rothe
This implies an increasing role of packet carrier vehicles hand, it is clearly observed, from Figure 7, that the packet
delivering packets to the RSU, which translates directly igelivery delay does not decrease monotonically when the
a higher probability of a small packet delivery delay (or aumber of replicas increases. Instead, it almost appresache
larger a for the sameT}, ., ande). Figure 6 also shows thatsome asymptotic value. In fact, when the number of replicas
the required RSU density increases as the vehicle densigreases, a generator vehicle may not find a sufficient numbe
decreases for the same road junction density. A low vehial¢ carrier vehicles to send replicas to before meeting the
density reduces meeting opportunities between the gemeratext RSU. This, in turn, leads to an unnoticeable impact on
and carrier vehicles for a certair) which gives less favor to the packet delivery delay if the number of replica is kept
packet transfer on the backward direction, and in turn &®es increasing above some valug replicas in Figure 8).
the probability of a long delay. In addition, we can inferrfro

i i i i i TABLE I
Figure 6 that the impact of varying vehicle density on tthERAGE NUMBER OF RECEIVED PACKETS BY ANRSUAND THE NUMBER

RSU density decreases as the road junction density increase OF REPLICAS
The explanation for this relates to an increase in the number
of carrier vehicles, which tend to leave the road when tf€—umber of Replicas i > 3 2 5

road junction density increases for the same value of eXiBverage Number of Packets 435.6 | 593.8 | 748.6 | 901.6 | 1051.4
probability. This implies that the larger the vehicle dépsi
the larger the number of carrier vehicles likely leaving the pMoreover, we have studied on the relation between the
road, which leads to a non-significant impact of the vehiclgahicle density and the smallest number of replicas that can

density on the RSU separation distance. have a significant impact on the packet delivery delay. Eigur
) ) ) shows the number of replicas versus the maximum packet de-
C. Multiple Replicas and the Packet Delivery Delay livery delayT,,.. for two different vehicle densities; namely,

Next, we investigate the effect of sending multiple redical vehicle/kilometer and).5 vehicle/kilometer. As depicted in
by a generator vehicle on the packet delivery delay vigure 8, it is evident that for the case bivehicle/kilometer,
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Fig. 8. Effect of vehicle density on the number of replicasuiezf to reduce Fig. 9. Maximum packet delivery delaf,..:) versus the number of replicas
packet delay. with the existence of physical layer impairments.

the decreasing trend of the packet delivery delay stalilizeeplica) since carrier vehicles exit the road anyway witargé

asymptotically at5 replicas, while it stabilizes at replicas probability and increasing the number of replicas overcome
for the case 060.5 vehicle/kilometer. Apparently, this indicateschannel errors.

that the number of replicas with a significant influence on

the packet dell\_/gry dglay is .heaV|Iy dependent on t.he vehmé_ Discussion

density. In addition, increasing the number of replicas dor ) o ) )

given vehicle density, beyond a certain limit, adds no benefi .The packet delivery rellabllh.ty of the scheme mtroduced.m

to reducing the packet delivery delay. On contrary, it lods this work depends on the ability of a packet generator vehicl

RSUs and the ITS telecommunication infrastructure with 4f Store its packets until it meets the next RSU. We contrel th

unnecessary number of packet replicas as Table Il indicatei€Paration distance between adjacent RSUs (or RSU density)
to limit the packet delivery delay probabilistically.

D. Effect of Physical Channel Impairments However, if we are concerned with packet delivery delay

without taking into account packet delivery reliabilityyaher
For the sake of completeness, we address how the physigaliation imposed on the RSU density is the packet loss

channel impairments affect the packet delivery delay.d@si,opapility (PLP). The PLP is a measure of the probability of
the ns-2 simulator, we use the vehicle-to-vehicle physicglscarding packets by their holding vehicles when they it
channel model as developed in [17]. In this model, the largg,q 1o an uncovered area. Consider a modified packet deliver
scale path loss is characterized by a dual-slope piecewigéeme where a generator vehicle sends multiple replicas to
linear model [22]. The model is empirical with parameters Olyiterent carrier vehicles without storing the originalcat
tained from hardware measurements over a vehlcle—to—Mzemﬁ_)r delivery to the next RSU in the forward direction.

wireless channel in a suburban environment. The model isthe packet loss probability, in a case thétreplicas have
extended in [23] for a vehicle-to-vehicle highway scenari¢een sent by the packet originator vehicle is given by
The small scale fading is modeled using a correlated-distan

varying Nakagami-m distribution whose severity (the vabfie s s

m) changes based on the time-varying distance between the

sender and the receiver [22]. In addition, the model tak&s in PLP = // ' /
0 0

account the temporal correlation of fading by a mobile-to- 0 7=l k=1
mobile time-variant power spectrum that depends on the rati N )
between the speeds of the sender and the receiver as intduc < [[ fo@w)day - - - dagds Vi€ {1,...,N} (26)

in [24]. k=1

Figure 9 illustrates the influences of physical channel amheref;(.) is the probability distribution function ok, k €
the packet delivery delay. For a low exit probability (suckl,...,j}.
as p. = 0.1), the physical channel impairments cause an Figure 10 shows the analytical results of calculating the
increase in the packet delivery delay as compared to a fiegegration in (26) numerically for two different values of
space path model (no physical channel impairments). Figureand a small value ofp. (0.1). The figure also depicts
9 also shows that, with increasing the number of replicag, comparison with the simulation results for the case of
the physical layer effect becomes insignificant. The reasan= 5000m. It is observed that, even with a small value of
is that the impact of physical channel errors on the packet, the PLP reaches a value of arousls for the case of a
delivery delay is equivalent to the impact of increasing th&ingle replica and decreases to aro@a; for 4 replicas when
exit probability. This stems from the fact that a packetimpl a = 5000m. While for a = 2500m, the PLP decreases 0%
will not reach an RSU due to channel errors. When the efir a single replica and is reduced to arow¥ for the case of
probability is large . = 0.7), the effect of the physical layer 4 replicas. Consequently, we can infer from Figure 10 that as
impairments is slightly noticed (mainly for the case of onancreases, the packet loss probability increases. Thusial s
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