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a b s t r a c t 

Safety-related applications in Vehicular Ad-hoc Networks (VANETs) can help to reduce the number of 

traffic accidents by periodically broadcasting Basic Safety Messages (BSMs). But considering that the den- 

sity and topology of VANET change frequently, the Quality of Service (QoS) of safety applications with the 

fixed transmission parameters would not always meet the requirements of safety-related applications. In 

this paper, we firstly propose an analytical model to evaluate the performance of the BSM broadcast in 

VANET at the intersections. The effect of the traffic light is also taken into account by introducing the 

non-homogeneous Poisson process (NHPP) vehicle distribution, which is simulated by microscopic traffic 

simulator SUMO and validated by Kolmogorov-Smirnov (K-S) test. Secondly, the number of vehicles in 

the hidden terminal area and the concurrent transmission area need to be computed by complex integral 

computations for the proposed analytical model for evaluating the QoS of the safety applications, while 

the vehicle BSMs provide the vehicle location, speed, and transmission parameters, and these BSMs could 

be measured and collected in a timely manner to integrate into the analytical model to save the complex 

integral calculations. Based on the cross-validation QoS metrics between the NS2 (Network Simulator- 

ns-2) simulation and the analytical model, we employ the vehicle entity of the NS2 simulation model 

to represent the actual vehicle BSMs, to obtain the number of vehicles in the hidden terminal area and 

the concurrent transmission area. Finally, to maximize the transmission capacity and minimize the delay 

under the constraint of maintaining a high application-level QoS of safety applications, a multi-objective 

optimization scheme with Bare Bones Particle Swarm Optimization (BBPSO) is proposed to dynamically 

adjust multi transmission parameters. The accuracy of the proposed analytical model is validated by the 

NS2 simulation. The experimental results also show that the optimized ones could get better results com- 

pared with the real test-bed used transmission parameters. Furthermore, the comparisons with slotted- 

p(or 1)-persistent protocol and CSMA/CA with retransmission strategy show that the proposed solution 

could make VANET work with better performance at various vehicle densities. 

© 2020 Published by Elsevier B.V. 
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. Introduction 

Vehicular Dedicated Short Range Communication (DSRC) sys-

em has been proposed to facilitate VANETs [1,2] , exchanging

afety-related messages among vehicles to prevent potential traf-

c accidents. According to the US Department of Transportation

DOT), vehicle-to-vehicle (V2V) communication based on DSRC can

ddress 79% of all crashes in the United States involving unim-

aired drivers, which could save thousands of lives and billions of
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ollars [3] . Two classes of safety-related messages in VANETs have

een designed to support various safety-related applications: BSMs

n the US or cooperative awareness messages (CAMs) in Europe,

nd event-driven safety messages (ESMs) in the US or decentral-

zed environmental messages (DENMs) in Europe. Vehicles period-

cally generate and transmit BSMs carrying the current state infor-

ation of vehicles, such as position, velocity, direction, and so on.

SMs are generated when an abnormal or emergency event occurs,

hich is subject to the Poisson process. 

Through BSMs, some safety-related applications could be en-

bled in VANETs, e.g., Cooperative Collision Warning (CCW) [4] ,

low Vehicle Indication (SVI) [5] , and Rear-end Chain Collision

https://doi.org/10.1016/j.adhoc.2020.102241
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Table 1 

Analytical and simulation models on evaluating broadcast performance. 

Model Scenario Protocol V.D. 1 H.T. 2 C.C. 3 F.C. 4 R.L. 5 Op. 6 

Hasson 2011 [25] 1-D highway DCF HPP � - - MAC retransmission 

Yao 2013 [31] 1-D highway EDCA HPP � - - MAC - 

Ma 2013 [32] Intersection DCF HPP � � � MAC - 

Ni 2015 [33] 1-D highway DCF Log-normal � - � MAC - 

Ma 2016 [34] Intersection DCF NHPP � � � MAC - 

Nguyen 2016 [35] 1-D highway TDMA CSMA HPP � � � MAC broadcast frame 

Ma 2017 [36] 1-D highway DCF HPP � - � MAC - 

Luong 2017 [37] 1-D highway DCF EDCA U. 7 � � - MAC λ

Patel 2017 [38] 1-D highway EDCA random � � � MAC transmit power 

Kühlmorgen 2017 [16] Intersection DCF SUMO-based � � � APP joint decoding 

Haouari 2018 [17] 1-D highway DCF U. � � � APP density-aware congestion control 

Carpenter 2018 [15] Urban and Highway DCF random � � � APP - 

Noor 2018 [39] Intersection DCF U. � � � MAC - 

Kimura 2019 [40] Intersection ALOHA HPP � � � MAC λ

Zhao 2019 [13] 1-D highway DCF HPP � � � APP λ, W, Rd 

Li 2020 [14] 1-D highway DCF HPP � � � APP λ

Zhao 2020 [41] d -D DCF HPP � - � MAC λ, W, Rd 

proposed model Intersection DCF NHPP � � � APP λ, W, Rd 

1. Vehicle Distribution; 2. Hidden Terminal; 3. Concurrent Collisions; 4. Fading Channel; 5. Reliability Level; 6. Optimization; 7. Uniform distribution 
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Warning (RCW) [6] , etc. Since these applications on the road are

about life and death, it is very critical for VANETs to support all

safety applications with required reliability and performance under

all possible vehicular environments and traffic loads. While BSMs

and ESMs could get similar performance and reliability when they

have the same average message generation intervals [7] , the re-

search method and conclusion based on BSMs in this paper can be

further extended to ESMs. 

VANETs communication could not guarantee a successful broad-

cast because of the imperfect channel and collision problem. Con-

sidering the hidden terminal problem, concurrent transmission and

channel fading, various approaches have been deployed to inves-

tigate the reliability of VANETs (see Table 1 ) and formed some

commonly used MAC-level QoS metrics, such as Packet Reception

Probability ( PRP ), Packet Delivery Ratio ( PDR ) [8] , and so on. How-

ever, the MAC-level QoS metrics may not be suitable for evalu-

ating the safety-related applications, since different safety-related

applications often have their own enabling areas and stringent QoS

requirements [9] . To handle this, some general application-level

(APP-level) metrics, such as awareness probability in the region

of interest ( ROI ) [10] and APP-level delay [11] , were developed to

promote a rich VANETs evaluation system [12–14] that is closer to

the users and facilitate designing and testing new performance im-

provement solutions [15–17] . The transmission capacity [18,19] is

another critical VANETs metric which could reflect the capability

that the DSRC communication system could provide to the users

[20] . A better transmission capacity could support more vehicles

and a higher awareness update ratio. Currently the combination

of the transmission capacity and the APP-level reliability has not

been well studied in various VANETs scenario, including the sig-

nalized intersection, where almost half of all accidents occur each

year [21] . 

In this paper, we propose an analytical and optimization frame-

work for VANETs at a signalized rural intersections, aiming at

meeting the QoS requirements of safety-related applications and

maximizing transmission capacity and lower the application delay.

There are mainly three challenges overcoming in order to apply

our analytical and optimization framework for VANET to the ac-

tual scene. The first challenge here for building the model is to

make the vehicle distribution close to the actual vehicle intersec-

tion scene. The Poisson point process of the vehicle locations is

always used in the research on the highway scenario who is the

most studied (see Table 1 ). However, it may not a suitable assump-

tion at a traffic lights controlled intersection since the density of
ehicles in different sections of the road may vary with the phases

f the traffic lights. So we adopted the NHPP assumption of vehicle

ocations in the proposed analytical model. The intersection vehi-

le distribution is furthermore simulated by the microscopic traf-

c simulator SUMO [22] and the theoretical NHPP assumption has

een verified to be reasonable via the K-S test. 

The second challenge is to minimize the execution time with

he help of real-time vehicle BSMs collection. In the analytical

odel, several critical intermediate parameters, which represent

he number of vehicles used to evaluate the impact of the hid-

en terminal problem and the concurrent collisions, are obtained

y the time-consuming operation of integrating the density in the

iecewise integral region as shown in the Section 3.1 and the

ection 3.2 . Considering that the number of vehicles can be di-

ectly calculated according to the vehicle BSMs in an actual mea-

urement system, hence the vehicle BSMs of simulation model

ould also be used to inject into the analytical model to replace

he complex integral computations due to the cross-validations be-

ween the NS2 and the proposed analytical model. We extend the

dea to be a combined measurement and analytical (CMA) model

iven in the Section 3.4 , and the characteristics of fast operation

s shown in the Section 5.3 pave the way to apply our proposed

ptimization scheme in the real-world system. 

The third challenge we faced is that the fixed transmission pa-

ameters may not always meet the requirements of QoS of safety-

elated applications because the VANETs topology (e.g. vehicle den-

ity, vehicle position) could change frequently. We build the opti-

ization problem aiming at maximizing the transmission capac-

ty of VANETs and maintaining the QoS to meet the requirement

f safety-related applications by adaptively adjusting the transmis-

ion parameters. There are a couple of parameters that could be

djusted, and the number of their combinations would be enor-

ous, so it is feasible to apply a heuristic algorithm to solve the

roblem. We apply BBPSO [23] algorithm because no parameters

eed to be predefined, which could introduce less influence of hu-

an factor compared with other heuristic-based algorithms when

he hyper-parameters are tuning (such as, simulated annealing, ant

olony optimization and so on). 

Our proposed analytical and optimization framework could be

tilized to analyze the QoS of VANET, reduce the execution time

y combining measurements with the analytical model, and ensure

he QoS at topology changing environment by multi-parameter op-

imization. The proposed model and optimization method are gen-

ral and fit for many actual scenes. There are several popular ap-
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roaches proposed in the literature to improve the reliability and

erformance of broadcast, such as retransmission [24–27] , slotted-

-persistent, and slotted-p-persistent [28] . We compare these ap-

roaches by the Network Simulator NS2 2.35 [29] with the modi-

ed wireless model provided by Chen et al. [30] . For each solution,

he APP-level reliability metrics and delay are calculated from the

race file. The details of the simulation set up and the results will

e presented in Section 5.6 . The major contributions of this paper

re three-fold: 

(1) We propose an analytical model to evaluate the MAC-level

and APP-level performance of BSM-based safety-related ser-

vices at the signalized intersection by considering the im-

pact of the hidden terminal, concurrent collisions, and the

fading channel. The effect of the traffic light is considered

by giving a more general non-homogeneous Poisson point

(NHPP) distribution. 

(2) The microscopic traffic simulator SUMO is adopted to mimic

the vehicle intersection scene, and the analytical model

NHPP assumption is verified via the K-S test accordingly. The

BSMs in the communication measurement system could be

used to replace the complex integration process for obtain-

ing the QoS metrics, and reduce the optimization time of

the analytical model, thus make our analytical optimization

model more adaptable to the practical vehicle DSRC system. 

(3) To maintain the reliability of safety-related applications in a

highly dynamically changed vehicular environment, we pro-

pose a multi-objective adaptive optimization scheme based

on BBPSO to adjust transmission parameters with the QoS

constraint transmission capacity according to the topology

of VANETs. 

The remainder of this paper is organized as follows. The related

orks and background knowledge are introduced in Section 2 . In

ection 3 , an analytical model and its implementation in the real

cenario are proposed to characterize the MAC-level and APP-level

roadcast reliability of IEEE 802.11p based VANETs at intersections

ith a non-homogeneous Poisson process (NHPP) vehicle distri-

ution. The definition of QoS constraint transmission capacity and

he bare bones PSO based multi-objective optimization scheme are

iven in Section 4 . The experiments and the comparison with other

rotocols or strategies are shown in Section 5 and the paper is con-

luded in Section 6 . 

. Related work and background 

Various works have been proposed to investigate the reliabil-

ty of VANETs. We first review the related works in this section.

nd the comparisons between them are listed in Table 1 based on

he factors of the hidden terminal, concurrent collision, and fading

hannel. The Scenario, vehicle distribution assumption, the level of

he reliability, and the optimization solutions are also mentioned

o reveal the details of each work. In the second part, the back-

round of related concepts and methods are introduced, including

HPP, BBPSO, Nakagami model, and so on. And the third part is

he overview of our proposed solution. 

.1. Related work 

Several works have been proposed to theoretically character-

ze the reliability of DSRC VANETs safety message broadcast. Three

rincipal factors could affect the performance of VANET, which are

idden terminal, concurrent collision, and fading channel. And they

ad been studied well separately [25,31] or synthetically [33] in a

ne-dimensional (1-D) highway scenario. In the intersection sce-

ario, things could be different due to the traffic light controlled
ow or the obstructions from buildings. Kimura et al. [40] mod-

led the vehicles location in queuing or running segments to sim-

late the traffic signal effect. The broadcast rate was optimized, but

he ALOHA protocol was analyzed as a substitute for CSMA, which

s feasible in dense networks as mentioned but not in sparse net-

orks. The broadcast performances at the urban intersection with

uilding obstructions were studied in [39,42] . And relaying meth-

ds through RSU are applied in both works to improve the per-

ormance. But the signal light impact on the vehicle location is

ot included. Ni et al. [33] proposed an interference-based capac-

ty analysis for 1-D highway VANETs with fading model and Car-

ollowing model. But it needs a huge calculation power when the

cenario is extended to two-dimensional, because of the multiple

ntegration operations in the model. Ma et al. [32,34] proposed an

nalytical model for performance analyses of VANETs safety mes-

age broadcast at rural intersections and considered the impact of

he traffic light. But these work only take the MAC-level metrics

nto considerations which may not enough to measure the QoS of

 safety-related application. 

In recent years, a lot of researches [9,43,44] have been made

o bring up APP-level evaluation metrics for quantifying safety ef-

ectiveness of the safety applications, such as the APP-level latency

nd APP-level awareness probability which is on top of the MAC-

evel metrics. At the same time, some analytical work and simula-

ion work based on the awareness probability have been deployed

s shown in Table 1 . Among them, some researchers [15–17] stud-

ed how to improve the awareness probability accurately by con-

idering packet congestion problem, bursty channel condition, and

ropagation fading and shadowing influential factors. They calcu-

ated and compared the awareness probabilities obtained from NS2

imulation [29] , NS3 simulation [45] , or Matlab simulation. There-

ore, the three factors affecting packet reception are considered

o have been included to calculate awareness probabilities (see

able 1 ). 

Haouari et al. [17] considered the mitigation of packet conges-

ion problem affecting the awareness probability, and developed

he congestion control algorithm using vehicle density informa-

ion based on the standard protocol, and found that the aware-

ess probability is improved compared with that of standard pro-

ocol. Kühlmorgen et al. [16] studied the multi-path propagation

nd shadowing effects at intersection which make the awareness

istance short, and then will lower the APP-level reliability. They

eveloped the cooperative relaying with joint decoding technique

o improve the awareness distance to enhance the APP-level reli-

bility. Carpenter et al. [15] considered the packet generation in-

erval that does not follow the independent and identically distri-

ution, especially at imminent crash conditions packet generation

epresent bursty characteristic, and these bursty characteristic def-

nitely affect the current channel model to evaluate the APP-level

eliability. They built the channel model considering the packet

eneration algorithm, and found the evaluation accuracy of APP-

evel reliability improved compared with real-measurements. 

Some theoretical analytical models [13,14] of awareness proba-

ility were also proposed by considering the impact of hidden ter-

inal, fading channel, and the concurrent collisions. To make the

erformance of VANETs meeting the stringent QoS requirements of

afety-related applications in the 1-D highway scenario, multiple

ommunication parameters are adaptively adjusted by Zhao et al.

13] . It has been verified that their solution could approximate the

ransmission capacity and maintain the APP-level reliability with

 high level at the same time. Li et al. [14] proposed an adap-

ive beacon generation rate congestion control protocol to reduce

he channel congestion and contention according to the density

f vehicles. They also proposed an APP-level reliability assessment

cheme to evaluate the reliability of safety-related applications at

ifferent densities. 
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Besides, people also concern about how or to what extent the

current DSRC VANETs support a given safety-related application

with the corresponding QoS requirements. And the transmission

capacity analysis of one-hop VANETs has been attracting much at-

tention, which refers to the attempted transmission intensity per

unit area [18,46] . A QoS constraints transmission capacity [36] was

defined for the broadcast of safety-related applications in VANETs.

It refers to the maximum product of packet generation rate and

the number of vehicles within the ROI , subject to the constrain

on the QoS of safety-related applications. Based on this, Zhao

et al. [13] proposed an adaptive optimization scheme to improve

the performance of the BSMs broadcast in VANETs. And a reli-

ability evaluation scheme [41] for IEEE 802.11 broadcast in a d -

dimensional ( d -D) scenario is proposed, in which the QoS con-

straint transmission capacity was maximized. But these works as-

sumed that the vehicle locations follow HPP, which may not accu-

rate in the signalized intersection. 

Due to the vehicle density and speed are both dynamically

changed, lots of works are trying to improve the QoS of VANETs

by adapting Network-layer or MAC-layer parameters. For exam-

ple, tunning the beaconing frequency [37] according to the VANETs

traffic behavior, adjusting the broadcast frame length efficiently to

support broadcast services on the control channel [35] , adapting

transmission power scheme based on transmission range and vehi-

cle density to improve the Average Connected Coverage of VANETs

[38] , and so on. But these works only adjust one of the trans-

mission parameters, and not include the APP-level QoS of safety-

related applications and VANETs capacity at the same time, so

they might not utilize most of the channel capacity of the VANETs.

With that in mind, an optimization scheme [13] is proposed to ad-

just several transmission parameters dynamically to maximize the

transmission capacity under the constraint of awareness probabil-

ity. But this work neglects the delay requirement, which is one

of the important requirements of the safety-related applications.

While in this paper, both of the transmission capacity and the APP-

level delay are considered as the optimization goals and multi-

parameters are optimized at the same time. 

2.2. Background 

2.2.1. A general NHPP 

At the intersection, the number of vehicles varies between dif-

ferent segments, and they are more likely to locate in a specific

segment. This behavior can be captured by using an NHPP [47] ,

i.e., the densities of vehicles are the function of distance from the

intersection instead of constant in HPP. Let N ( x ), x ≥ 0 be a count-

ing process representing the cumulative number of vehicles by a

distance x from the intersection. Let β( x ) denote the density of ve-

hicles in each segment, Then, the probability of finding i vehicles

in a space range ( d , d + l) as follows: 

P [ N(x ) = i, (d, d + l)] = 

( 
∫ d+ l 

d β(x )d x ) i e −
∫ d+ l 

d β(x )d x 

i ! 
(1)

2.2.2. Nakagami fading model 

Channel fading and shadowing in wireless communications can

cause significant loss and degradation of safety message broadcast.

The Nakagami distribution is believed to fit the empirical ampli-

tude envelope of the DSRC channel [48] . The probability density

function (PDF) of signal amplitude of Y could be expressed as: 

f Y (y ) = 

2 m 

m y 2 m −1 

�(m ) ω 

m 

e my 2 /ω (2)

where �( m ) is the standard Gamma function, m and ω refer fading

parameter and average received power respectively. And the PDF of
he signal power Z = Y 2 is: 

f Z (z) = 

m 

m 

�(m ) ω 

m 

z m −1 e −mz/ω (3)

.2.3. Bare bones particle swarm optimization 

Heuristic-based optimization methods are popular [49] in

ANETs related research, in which the complex real-world prob-

ems are involved. In heuristic algorithms, the exploitation and ex-

loration are the two main parts, and the implementations and

he weights of these two strategies vary with different algorithms.

mong them, the Particle Swarm Optimization (PSO) [50] has a

impler and clearer formula to identify the exploitation and explo-

ation parts. 

The PSO imitates the movement of the bird flock. All of the

irds would move towards the one who has the closest distance to

he food. That means the algorithm searches the solution space ac-

ording to the current optimal solution iteratively to approximate

he global optimal solution to the problem. In the optimization

rocess, each bird stands for a solution to the problem, and the

est result is the food. 

Comparing with the canonical PSO, the BBPSO [23] is an im-

roved version of PSO with a simpler formula and faster speed,

nd it has no hyper-parameter should be predefined by people,

hich could reduce the impact of subjective factors. Because of the

dvantages mentioned above, the BBPSO is selected as the opti-

ization method in this paper. The iteration function of the BBPSO

an be presented as follows: 

 

(k +1) 
i 

= N(μi , σ
2 
i ) 

μi = (X 

(k ) 
i,pb 

+ X 

(k ) 
gb 

) / 2 

σi = | X 

(k ) 
i,pb 

− X 

(k ) 
gb 

| (4)

here N designates a Gaussian distribution, the position of

he i -th particle in the k -th iteration is represented as X 

(k ) 
i 

=
(X (k ) 

i, 1 
, X (k ) 

i, 2 
, . . . , X (k ) 

i,n 
) . n is the number of parameters to be adjusted.

nd the X 

(k ) 
i,pb 

is the best historical location of the i -th particle and

he X 

(k ) 
gb 

is the best historical global solution. The Eq. (4) shows

hat the location of the i -th bird in the (k + 1) -th iteration could

e derived from a Gaussian distribution. While the mean and vari-

nce are related to the bird flock status in the k -th iteration. 

.2.4. Kolmogorov-Smirnov test 

The K-S test is a nonparametric test in statistics that can be

sed to compare a sample observed from a distribution with a ref-

rence probability distribution. Under the null hypothesis, the two

istributions are identical. The K–S statistic quantifies a distance

etween the empirical distribution function G ( x ) of the sample and

he cumulative distribution function F ( x ) of the reference distribu-

ion, as expressed in Eq. (5) . 

 N = max 
1 ≤i ≤N 

(F (Y i ) −
i − 1 

N 

, 
i 

N 

− F (Y i )) (5)

here the samples are reordered from small to large and Y i is the

 -th sample, N is the total number of the samples. Then the null

ypothesis is accepted if 
 

N D N ≤ K α (6)

here α refers to the significance level, K α is the critical value

hich could be found in a lookup table given in [51] . 

.3. Overview of our solution 

The framework of the analysis and optimization process is

hown in Fig. 1 . This figure combines the analytical model, mea-

urements, and the optimization scheme. On the one hand, the an-

lytical model proposed takes the communication parameters used
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Fig. 1. Framework of the analysis and optimization process. 
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Fig. 2. Abstraction of an intersection. 

Fig. 3. Detailed framework of the proposed solution. 
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t  
y the vehicle nodes and the locations of the vehicles as input

nd then outputs the MAC-level or APP-level reliability metrics.

hese communication parameters include beacon generation rate

, back-off window size W , data rate R d , and so on. The locations

f the vehicles could be derived from a specific distribution or col-

ected from the sensors in the real world or a simulator. On the

ther hand, based on the evaluation QoS, the adaptive optimiza-

ion scheme would adjust the communication parameters to keep

he QoS meeting the requirements of safety-related applications,

nd then obtain the optimized combination of parameters. The op-

imized combination of parameters would be deployed in the com-

unication equipment of the actual system. 

. Analytical model of vanets at intersections 

In this section, we thoroughly describe the proposed analytical

odel for deriving the APP-level reliability and performance met-

ics. We further explore applying the model to actual systems by

ombining the measurements from the BSMs of the vehicles with

he analytical model. Our research and exploration are beneficial to

ptimize the actual communication system of VANETs due to the

ollowing two advantages. On the one hand, the performance and

eliability of VANETs in a given scenario can be accurately evalu-

ted by the model because that the NHPP assumption of vehicles

as been verified to be reasonable via the K-S test, and the evalu-

tion accuracy will be represented in the Section 5.3 . On the other

and, it is easy to deploy our analytical model in the actual sys-

em because we give the combined measurements and analytical

CMA) model which integrates the BSMs into the analytical model.

oreover, by using the BSMs information, some complicated inte-

ration processes in the analytical model could be replaced by just

alculating the number of vehicles in the hidden terminal area and

oncurrent transmission area from the measurements, and thus the

MA could reduce the execution time to obtain the QoS metrics.

or the convenience of analysis, seven assumptions are made for

ur analytical model as follows. 

(1) The model is based on an isolated rural intersection broad-

cast VANET scenario where the width of the road and the

obstructions from buildings are neglected. As abstracted in

Fig. 2 , the origin is set at the road intersection and the trans-

mitting vehicle V T is located at coordinate ( x T , 0), and one of

the receivers V R at coordinate ( x R , y R ); 

(2) Due to the influence of the traffic light, the vehicles are dis-

tributed according to a Non-Homogeneous Poisson Process

(NHPP), which is validated in Section 5 . β( x ) and β ′ ( x ) are

denoted as the immediate density of vehicles at a road spot
with distance x from the center of the intersection (say, ori-

gin (0,0)) in x -axis and y -axis, respectively; 

(3) All vehicles in the VANET are equipped with DSRC wireless

communication equipment, and have identical transmission

range, receiving range, and carrier sensing range, which is

denoted as R ; 

(4) Each vehicle generates packets following the Poisson point

process with the rate λ, and the queue length of packets at

each vehicle is infinite; 

(5) Actual measurements indicated that compared to other

models, the Nakagami distribution fits the amplitude enve-

lope of signal transmitting on DSRC channel better to VANET

[52] , so Nakagami fading model is assumed for analyzing the

impact of channel fading; 

(6) Impact of vehicle mobility on the reliability is neglected be-

cause the impact of node mobility could be neglected with

one-hop broadcast and high data transmission rates [53] ; 

(7) The channel condition sensed by each vehicle is identical. 

In this Section and the next, a VANETs analytical model and an

daptive optimization scheme are proposed respectively to dynam-

cally find the suitable communication parameters under the APP-

evel QoS constrains. A detailed framework of our solution is de-

icted as Fig. 3 . The input of the analytical model consists of the

ommunication parameters (e.g. λ, W and Rd ) and the locations of

he vehicles, which could be derived from a specific distribution

r the sensor in the real world. The probability that a broadcast

acket (message) is successfully delivered from the transmitter V T 

o the receiver V is called packet reception probability ( PRP ). And
R 
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Table 2 

Summary of symbols. 

Sym Descriptions Sym Descriptions 

V T packet transmitter V R packet receiver 

d m, distance between V T and V R R m, transmission range 

λ Hz, beacon generation rate W contention window size 

R d Mbps, data rate β vehicles/km, density of vehicle 

βav vehicles/km, average density of vehicle πXMT steady-state probability that the tagged vehicle is 

transmitting 

π 0 the steady-state probability of a vehicle’s back-off timer 

counts down to zero 

q b the probability that the channel is busy during DIFS time 

of a tagged vehicle 

p b the probability that the channel is busy during a back-off

time slot of a tagged vehicle 

n 	 the average number of nodes transmitting in the 

concurrent slot in the area [ −(R − x ) , R ] 

T μs, back-off timer suspend time TR y reception threshold 

m param of Nakagami distribution ω average power received at V R 
P A awareness probability D A APP-level delay 

T a application tolerance window N ROI the num of nodes in the ROI 

ξ threshold of P A n packets/sec required by App 

n f first n f packets are successfully delivered to the receiver T P A time complexity to compute P A 
T D A time complexity to compute D A n p particle num in PSO 

X i,pb the best solution of i -th particle X gb the best global solution of PSO 
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three factors need to be considered, which are the impact of the

hidden terminal problem ( P H ), concurrent transmission collisions

( P con ), and channel fading with path loss ( P cf ). The PRP can be ex-

pressed as 

PRP = P H · P con · P c f (7)

This paper uses the same semi-Markov processes (SMP) model

adopted in [11] for the tagged vehicle to capture the IEEE 802.11p

based broadcast channel contention (access). Through solving the

SMP model, the following parameters can be derived: (1) π0 : the

steady-state probability that the back-off timer of the tagged vehi-

cle counts down to zero; (2) πXMT : the steady-state probability that

the tagged vehicle is transmitting; (3) q b : the probability that the

channel is sensed busy for DIFS time by a tagged vehicle, where

DIFS is IEEE 802.11 DCF (distributed coordination function) Inter-

frame Space duration; (4) p b : the probability that a tagged vehicle

senses channel in a busy state during one back-off time slot. 

Then the P H and P con could be derived with these parameters,

while the P cf could be calculated from the Nakagami model as

shown in Fig. 3 . Then the APP-level awareness probability P A and

delay D A could be output to the adaptive optimization scheme. The

VANETs reliability assessment and the VANETs performance opti-

mization are two main steps of the adaptive optimization scheme,

which could eventually output the suitable communication param-

eters. This part would be explained in detail in Section 4 . To make

this paper more readable, the symbols are summarized in Table 2 . 

3.1. Impact of hidden terminals 

According to the CSMA protocol, the time to suspend a back-off

timer when a node with packets detects an ongoing transmission

can be expressed as: 

T = (L H + E[ L p ]) /R d + DIF S + δ (8)

where L H and E [ L p ] are the length of the packet header and the

average packet length, respectively. R d represents the system trans-

mission data rate and δ is the propagation delay. Then, the time to

transmit a packet is T − DIFS . And the probability that a broadcast

packet (message) transmission from V T to V R is free from the hid-

den vehicles’ transmissions is [7] : 

P H (V T , V R ) = exp (−2(T − DIFS ) π(1) 
XMT 

�h /T ) (9)

where π(1) 
XMT 

is the steady-state probability that a vehicle in the

hidden terminal area is transmitting, which can be obtained in

[32] assuming all hidden vehicles are uniformly distributed on a
-D road, because when the transmitter is close to the intersec-

ion, the hidden terminal will be away from the intersection and

he effect of traffic light on density can be ignored. �h is the av-

rage number of vehicles in the potential hidden terminal area of

he tagged vehicle V T on all lanes at the intersection. 

Denoting β( x ) and β ′ ( y ) as immediate vehicle densities at the

ntersection on x -axis and y -axis, respectively, �h can be evalu-

ted considering uneven densities of vehicles in the hidden ter-

inal area as a function of vehicles’ location, which is expressed

s: 

h = 

∫ V L T 

min (V L 
T 
,V L 

R 
) 
β(x )d x + 

∫ max (V R T ,V 
R 

R ) 

V R 
T 

β(x )d x + 

∫ max (V U T ,V 
U 
R ) 

V U 
T 

β ′ (y )d y 

+ 

∫ V B T 

min (V B 
T 

,V B 
R 
) 
β ′ (y )d y (10)

here V 

L , V 

R , V 

U , and V 

B represent the four intercepts of a vehicle’s

ransmission range with x -axis and y -axis, which means Left, Right,

pper and Below respectively, as shown in Fig. 2 . 

.2. Impact of concurrent collisions 

Other than the collisions due to the hidden terminal problem,

ransmissions in the same slot from vehicles within the interfer-

nce range of the tagged vehicle, which cannot be detected by

SMA protocol, may also cause packet (message) collisions. The

robability that no vehicles transmit on the same slot within the

nterference range of V R or the probability that there is no con-

urrent collision with the transmission from V T is derived as [32] :

 con (V T , V R ) = q b exp (−n 	) + 1 − q b (11)

here n 	 is the average number of vehicles who transmit concur-

ently within the area 

 = D (V T , R ) 
⋂ 

D (V R , R ) (12)

here D ( s, l ) denotes the disk area with radius l centered at s . 

For an interference vehicle V I in the area S , the probability that

t starts transmitting during the slot is 

(2) 
0 

· P ′ H (V I , V R ) (13)

here π(2) 
0 

is the probability of vehicle V I intends to transmit, and

 

′ 
H 
(V I , V R ) represents the probability of all vehicles in area S c 

I 
are

ot in transmitting state, 

 

c 
I = D (V I , R ) ∩ [ D (V T , R ) ∪ D (V R , R )] ′ 
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here D ( V T , R ) ′ represents the complementary area of D ( V T , R ),
(2) 
0 

can be calculated via locating the tagged vehicle at the cen- 

er of the intersection with the assumption 7), P ′ H (V I , V R ) can be

erived in Eq. (14) 

 

′ 
H (V I , V R ) = 

∞ ∑ 

i =0 

(1 − P (1) 
XMT 

) i 
N 

i 
I 

i ! 
e −N I = e −N I P 

(1) 
XMT (14)

here N I is the expected number of vehicles in the area S c 
I 
, which

s, 

 I = 

∫ max (V L I , min (V L T ,V 
L 

R )) 

V L 
I 

β(x )dx + 

∫ V R I 

min (V R 
I 
, max (V R 

T 
, V R 

R 
)) 

β(x)dx 

+ 

∫ max (V B I , min (V B T ,V 
B 

R )) 

V B 
I 

β ′ (y )dy + 

∫ V U I 

min (V U 
I 
, max (V U 

T 
, V U 

R 
)) 
β ′ (y)dy (15) 

Then n 	 can be derived as, 

 	 = 

∫ min (V R T ,V 
R 

R ) 

max (V L 
T 
,V L 

R 
) 

β(x ) π(2) 
0 

P ′ H (V I , V R )dx 

+ 

∫ min (V U T ,V 
U 
R ) 

max (V B 
T 

,V B 
R 
) 

β ′ (y ) π(2) 
0 

P ′ H (V I , V R )dy (16) 

.3. Impact of fading with path loss 

Channel fading and shadowing in wireless communications can

ause significant loss and degradation of safety message broadcast.

n this paper, the Nakagami distribution is used to characterize the

ading with path loss as depicted in Eq. (2) and Eq. (3) . Then the

robability of successfully delivering a message (packet) between

wo vehicles with distance d can be expressed as [54] 

 cf (d) = 1 − m 

m 

�(m ) 

∫ (d/R ) γ

0 

z m −1 e −mz d z (17)

here d = 

√ 

(x T − x R ) 2 + y 2 
R 
, γ is the path loss exponent, which is

sually empirically determined by field measurements [55] . 

.4. Combined measurement and analytical (CMA) model 

In the proposed analytical model, several critical intermediate

arameters need to be calculated, such as π0 , P b , and the num-

er of vehicles related parameters (as shown in Eq. (10) , (15) and

16) ). Among these parameters, only the number of vehicles re-

ated parameters are derived from a specific distribution assump-

ion through complex integration, and the other parameters could

e calculated iteratively as mentioned in the above section. While

n the real scenario, the vehicle locations can be obtained from

PS or cells directly, and then be broadcast by BSMs. So, a specific

ehicle can measure these number of vehicles related parameters

hrough the BSMs which are sent by its neighbors. Therefore, in

he real scenario, the number of vehicle related parameters could

e fed into the proposed analytical model directly instead of from

he time-consuming integration, and then, we get the CMA model.

Here we make another reasonable assumption that the loca-

ions of vehicles around the intersection could be obtained in real-

ime through VANETs in actual situations because they could be

ensed, shared, and predicted timely and in high accuracy [56] .

hen, the Eq. (10) , (15) and (16) in the CMA can be rewritten as, 

h = | S T − S R | 
N I = | S I − S T − S R | 

n 	 = 

∑ 

I 

π(2) 
0 

P ′ H (V I , V R ) (18) 

here S T , S R , and S I represent the sets of vehicles which are within

he communication ranges of transmitter, receiver and intruder re-

pectively. 
.5. Reliability metrics of MAC-level and application (APP)-level 

.5.1. Packet Reception Probability ( PRP ) 

Putting the impact of the hidden terminal, packet collisions, and

hannel fading with path loss together, the PRP that a successful

acket delivery from the vehicle V T to the vehicle V R can be ex-

ressed as: 

RP (V T , V R ) = P H (V T , V R ) P con (V T , V R ) P c f (d) (19)

.5.2. Awareness probability ( P A ) 

It is the probability of successfully delivering at least n packets

messages) from a broadcast vehicle to a receiver, within the ap-

lication tolerance window T a . It can be derived with the result of

q. (19) : 

 A (n, T a )= 


 λT a � ∑ 

k = n 

(
 λT a � 
k 

)
PRP k (1 − PRP ) 
 λT a �−k (20)

.5.3. APP-level Delay ( D A ) 

The time interval between the instant that the first broadcast

acket generated in the transmitter and the instant that the first

 f packets are successfully delivered to the receiver within a given

ime interval T a is defined as APP-level delay D A . This metric could

eflect the updating rate of the information, the shorter of this

ime, the more accurate state of the transmitter could be captured

y the receivers. Denote d as the distance between the transmit-

ing vehicle and the receiving vehicle, the average APP-level delay

s formulated as 

[ D A (d, n f , T a )] = 

∑ 
 λT a �−n f 
i =0 

[(n f + i − 1) /λ + E[ D ]] P i ∑ 
 λT a �−n 

i =0 
P i 

P i = 

(
n f + i − 1 

i 

)
PRP n f (d)(1 − PRP (d)) i (21) 

here P i represents the probability that the (n f + i ) -th packet sent

y the transmitter is the n f -th packet successfully received by the

eceiver. E [ D ] is the mean medium service time (because of back-

ff and packet transmission, etc.) of a beacon message, which can

e derived in [11] . 

. Transmission capacity and optimization 

In this section, we define the optimization issue and give a two-

tep multi-parameter optimization scheme. We introduce the QoS

onstraint transmission capacity firstly and then give the algorithm

or QoS assessment for the step 1, based on step 1, the VANET per-

ormance optimization Algorithm 2 is utilized to do multi-objective

ptimization at step 2. The purpose of this scheme is to improve

he transmission capacity of VANET while keeping its performance

eeting the stringent APP-level QoS of the safety-related appli-

ation such as awareness probability, App-level delay. In a topol-

gy changing frequently VANET physical environment of the spe-

ific safety-related application (e.g. CCW), the awareness probabil-

ty and the APP-level delay may not satisfy the requirement of QoS,

he optimization scheme can be carried out in the actual system as

n effective solution. 

.1. The QoS constraint transmission capacity 

ROI is the geographical region covered by the transmitter who

articipates in a specific application [7,43] . So different safety-

elated applications would have variant ROI s. And the N ROI refers to

he number of nodes within the ROI , who have installed the same
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Table 3 

The QoS requirements of typical safety- 

related applications. 

App d T a n ξ

CCW 400 m 1 s 1 99.0% 

SVI 100 m 1 s 3 99.9% 

RCW 50 m 1 s 5 99.9% 
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Algorithm 1 VANETs reliability assessment. 

Input: n, T a , ξ , β(x ) , β ′ (y ) , V T , V R , E[ L p ] , L H , δ, DIFS . 

Output: the evaluation result: True or False. 

1: for each iteration do 

2: Initialize each point X and calculate the awareness probabil- 

ity P A (X ) 

3: Choose the point with the biggest P A from all particles as 

P A max 

4: if P A max ≥ ξ then return True end if 

5: if Iteration times equals the maximum then return False 

end if 

6: end for 

Algorithm 2 Multi-objective optimizing process. 

Input: n, T a , ξ , β(x ) , β ′ (y ) , V R , V T , E[ L p ] , L H , δ, DIFS . 

Output: X with the biggest λ and lowest D A , where P A (X ) ≥ ξ . 

1: for each particle X do 

2: X ← rand (λX , W X , R d X ) , X pb ← None 

3: end for 

4: X gb ← None 

5: for each round of iteration do 

6: for each particle X do 

7: Calculate awareness probability P A (X ) , APP-level delay 

D A (X ) 

8: if X pb = None and P A ≥ ξ then X pb ← X end if 

9: end for 

10: for each X in { particles | P A (X ) ≥ ξ} do 

11: if X gb = None then X gb ← X end if 

12: if λX > λX gb 
then X gb ← X

13: else if λX = λX gb 
and D A (X ) < D A (X gb ) then X gb ← X end 

if 

14: if λX > λX pb 
then X pb ← X

15: else if λX = λX pb 
and D A (X ) < D A (X pb ) then X pb ← X end 

if 

16: end for 

17: update position of each particle X with Eq. (4) 

18: end for 
application of the transmitter. Based on these notations, the QoS

constraint transmission capacity ( TC ) [46] could be defined as: 

TC = max (N ROI λ) 
subject to P A (λ, W, R d ) ≥ ξ

(22)

where the packet generation rate λ is one of the optimization com-

munication settings that makes the one-hop surrounding vehicles

could meet the QoS requirement of a specific safety-related ap-

plication. The P A is the APP-level reliability calculating from the

last Section. And the ξ is the QoS requirement of a specific safety-

related application [57] . 

As shown in Table 3 , we choose three BSM based safety-related

applications with stringent requirements of QoS [58] , which are

CCW [4] , SVI [5] , and RCW [6] . This table means that in T a sec-

onds, at least n packets should be broadcast to the receiver within

the radius d of ROI with the probability no less then ξ . 

Although the topologies of VANETs change frequently, in a spe-

cific time slot, the number of vehicles around the transmitter is

more likely to maintain the same, so the N ROI would not change.

To approximate the transmission capacity, the λ needs to be set

as large as possible. In the meantime, the low-level delay should

be maintained to guarantee the APP-level information update rate,

thus, the APP-level delay D A should also be considered. So, the op-

timization goals and constraints can be formulated as Eq. (23) . 

min D A (d, n f , T a ) 
λmax = arg max λ TC (N ROI , λ) 
subject to P A (λ, W, R d ) ≥ ξ

(23)

4.2. Approximating the transmission capacity 

Several parameters could affect the awareness probability P A to-

gether with λ, and each of them has a relatively large range to be

adjusted. In this case, the number of combinations of the trans-

mission parameters would be enormous. While in VANETs, it is

important that the optimization communication parameters could

be calculated timely. As mentioned in Section 2.2.3 , the proposed

optimization scheme is based on the BBPSO, because it has fast

speed, simple formula, and less subjective influence. And there are

two main steps in the proposed optimization scheme to adapt the

transmission parameters: (1) assessing the system reliability and

(2) optimizing the communication settings. 

For a transmitter V T in a specific location, the first step is to

assess whether the surroundings could meet the safety-related ap-

plication requirement ( P A > ξ ), where ξ represents the thresh-

old of APP-level QoS requirement and P A can be derived from the

Section 3 . If not, it means the capacity of VANETs could not sup-

port the safety-related application, and then it should take other

methods into considerations, for example, borrow the spectrum re-

sources of other channels from the same system or other networks,

like LTE network, TV network WiMAX and so on, which is not in

the scope of this article. 

If the assessing process found at least one set of communica-

tion parameters that could meet the APP-level requirement of the

specific safety-related application, the optimization process could

be started, and the TC can be approximated under the requirement

of QoS. 
.2.1. Step 1: VANETs reliability assessment 

As shown in Table 3 , each safety-related application has its own

PP-level QoS requirement, and some of them might be very strin-

ent. So, instead of optimizing the transmission parameters di-

ectly, the reliability of VANETs should be assessed first, in case of

asting computing resources when the requirements are too strin-

ent. 

A combination of transmission parameters, such as ( λ, W, R d ),

s a point in the solution space. In the assessing process, several

oints would be randomly set among this space to find whether

here are points that could meet the APP-level QoS requirement.

nd this process can be iterated for a couple of times. At each

ime, the awareness probability P A will be derived from the cor-

esponding point, and the biggest one, P Amax , would be compared

ith the threshold ξ . 

If P Amax > ξ , it means that the local environment of the VANET

an meet the requirement of the specific safety-related application,

nd the optimization step could be started. Else, if P Amax < ξ in

very iteration, there is a high possibility that the optimization

ould be useless, and the other measures should be taken. The

seudo-code is presented in Algorithm 1 , in which the λX , W X , R d X 
resent the values of corresponding parameters in the point X . 
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Table 4 

Parameters of transmission and circumstance. 

Params λ Hz W R d Mbps DIFS μs σ μs R m E [ L P ] bytes L H bits 

Test-bed used (Control group) 10 15 24 64 16 500 200 400 

Range (10,40) (15,1023) (3,54) —– —– —– —– —–

4

 

c  

o  

m

 

n  

t  

t  

λ  

o  

a

 

 

 

 

 

 

4

 

m  

r  

t

 

t  

t  

a  

t  

n  

c  

a  

r  

i  

c  

W  

t  

l  

l  

b  

d  

t  

e  

w  

t  

a  

t  

o  

l

 

n  

t  

a  

p  

a  

w  

T  

a  

c  

r

 

 

f  

n  

g  

t

O

w  

l  

r  

a  

c

c

 

s  

a

5

5

 

a  

s  

s  

a

 

t  

c  

e  

r  

i  

r  

i  

a  

3

 

r  

t  

s  

e  

a  

K  

d  
.2.2. Step 2: VANETs performance optimization 

If the assessment process returns True, it means that the lo-

al VANET environment could meet the APP-level QoS requirement

f the application. Then the transmission capacity would be opti-

ized to approximate the maximum utilization of the VANET. 

As Eq. (23) described, the transmission capacity is related to the

umber of vehicles around the transmitter and the beacon genera-

ion rate. The latter parameter is the one that can be adjusted, and

he BBPSO is used to optimize the TC . At each iteration, the largest

would be found among the particles who meet the requirement

f the safety-related application ( P A > ξ ). The optimization steps

re described as follows: 

(1) Initialize the transmission parameters of the VANET analyti-

cal model; 

(2) Randomly set the positions of particles among the solution

space with the swarm size n p ; 

(3) Derive the awareness probability P A with the analytical

model proposed in Section 3 . 

(4) Collect the particles who meet the requirement ( P A > ξ ) as

a satisfying set. 

(5) Update the X i,pb and X gb according to λ; 

(6) Update the position of each particle with Eq. (4) ; 

(7) Repeat step 3 to step 5 until the termination condition is

reached; 

(8) Output the current global optimal value and end the algo-

rithm. 

.3. The time complexity of the optimization model 

The adaptive optimization scheme needs to find suitable trans-

ission parameters in time to fit the dynamically changing envi-

onment. So it is necessary to figure out the time complexity of

he optimization model. 

The analytical model which could evaluate the performance of

he BSM broadcast in VANET is the basic part of the adaptive op-

imization scheme proposed in this paper. There are various an-

lytical models to derive the PRP from the transmission parame-

ers of VANET, and the time complexity to calculate the aware-

ess probability would vary. Let the time complexity of this pro-

ess is represented by T P A , which is independent of data volume

nd would vary with different models and their accuracy. The pa-

ameters shown in Table 4 are set similar with the ones often used

n test-bed [59] , and NS2-based simulation [60] . Table 4 shows the

ontrolled parameters for CSMA which are the contention window

 , DCF interframe space DIFS , and slot time σ . Table 4 also shows

he packet header size L H including the MAC layer header and PHY

ayer header, the average BSM payload size E [ L p ], and application

ayer packet generation rate λ. We take the parameter value com-

ination in Table 4 as the default control group for the baseline to

o the comparisons with the optimized parameter value combina-

ions whose ranges are also indicated as in the Table. The param-

ter value combination in the control group is from the test-bed

hich generally denotes the simulation, the emulation, and the ac-

ual DSRC system. We mainly focus on the simulation, and the an-

lytical model as test-bed for experiments in the paper. Based on

hese parameters, the mean execution time of the analytical model

ver 7 experiments is 19.95 ms, while it is 1.20 ms when the ana-

ytical model is combined with the simulation (see Fig. 6 ). 
Let the n p ∈ [10, 100] represents the number of particles,

 1 st ∈ [10, 100] and n 2 nd ∈ [10, 100] stand for the maximum itera-

ions in the first and second step, respectively. Then, for each iter-

tion of step 1, there are two main sub-steps, (1) initializing every

article and calculating the awareness probability P A from them,

nd (2) finding the biggest P A from sub-step (1) and comparing it

ith the requirement ξ of the specific safety-related application.

he time complexities of these two processes are O ((1 + T P A ) n p )

nd O (n p + 1) , where the T P A is approximately constant in a spe-

ific numerical model. The time complexity of Step 1 can be de-

ived as: 

(O ((1 + T P A ) n p ) + O (n p + 1)) O (n 1 st ) = O (n p ) O (n 1 st ) (24)

Step 2 consists of initialization and a BBPSO algorithm. And

or each iteration in the BBPSO, there are calculating the aware-

ess probability and APP-level delay of each particle, updating the

lobal and local optimum positions for each particle, and updating

heir positions. Then, the total time complexity would be: 

 (n p ) + ((T P A + T D A ) O (n p ) + 2 O (n p ) + O (n p )) O (n 2 nd ) 

= O (n p ) O (n 2 nd ) (25) 

here T D A represents the time complexity of calculating the APP-

evel delay. As shown in Eq. (21) , it relates to the PRP and the pa-

ameter n f , which could be determined when given a specific an-

lytical model and a specific safety-related application. So when

alculating the time complexity of the optimization model, the T D A 
ould also be treated as a constant just as the T P A . 

As the above two equations showed, the adaptive optimization

cheme only adds the linear time complexity over the original an-

lytical model, so it can meet the requirement of timeliness. 

. Experiments 

.1. Microscopic traffic simulation 

The proposed models are applied in a signalized intersection

nd assumed the vehicle distribution is following the NHPP as

hown in Eq. 1 . So in this section, we validate this assumption by

imulating the traffic at the signalized intersection and processing

 K-S test. 

The microscopic traffic around an isolated signalized intersec-

ion is simulated by SUMO. As shown in Fig. 4 , there are four roads

onnecting to the junction, each road has two directions, 4 lanes in

ach direction. The yellow triangles stand for the vehicles and the

ed and green lines represent the signal lights. Every vehicle driv-

ng into the scenario at the end of each road. The length of each

oad is set to 1500 m to mimic the vehicle behavior at the signal-

zed intersections. The intersection does not allow left or right turn

nd the cycle of the signal light is 60 s (30 s for a green light and

0 s for a red light). The simulation settings are listed in Table 5 . 

The locations of vehicles are logged in three sections of each

oad, which are (0, 50) m, (50,100) m, and (100, 500) m away from

he intersection respectively. The logs between 540 s and 16500

 with a measurement collection at step of 1 s are analyzed. In

very cycle of the signal light there include logs of 60 s, we will

nalyze the logs from 10 s till 60 s with 5 s step increment. The

-S test and the critical values are used to estimate whether the

istributions in each road section following the HPP assumption, so
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Fig. 4. The microscopic traffic simulation snapshots in the 787 th second. 

Table 5 

Settings of microscopic traffic simulation. 

Parameters Settings Parameters Settings 

num of roads 4 lanes / road 8 

length of roads 1500 m simulation time 17000 s 

driving model Car-Following-Model total traffic 5000 cars/road 

acceleration 1.25 m/s 2 deceleration 6 m/s 2 

cycle of signal 60 s maximum speed 60 km/h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. PRP s derived from the analytical model and the NS2 simulation. 
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that the locations of vehicles would follow the NHPP assumption

in the road section (0, 500) m, represented as the piecewise (0,50)

m, (50,100) m, and (10 0,50 0) m. The percentages of the test accept

the h 0 hypothesis are shown in Table 6 . 

The results in Table 6 depict that in most of the time of a sig-

nalized intersection, the distribution of the vehicles could be de-

scribed as a piecewise HPP model or an NHPP model in general,

and the second assumption in Section 3 is reasonable. 

5.2. The model settings in the experiments 

The algorithms are implemented with Python 3.6 on a normal

personal laptop. Typical DSRC communication environment and

configuration is deployed with communication parameters config-

ured as those in [32] . Nakagami channel model is adopted with

γ = 2 and the fading parameter m : { 

m = 3 , d ≤ 50m 

m = 1 . 5 , 50 < d ≤ 150m 

m = 1 , d > 150m 

where d is communication distance between the transmitter and

the receiver. We assume the vehicles at the intersection are dis-

tributed with non-homogeneous distribution (piecewise constant)

because of the impact of traffic light ( βx for the road with red

light; β ′ ( y ) for the road with green light). The density varies as

a function of the distance away from the intersection: 

β(x ) = 

{ 

3 βa v / 2 , x ≤ 50m 

βa v / 2 , 50m < x ≤ 100m 

βa v , x > 100m 

(26)

β ′ (y ) = 

{ 

βa v / 2 , y ≤ 50m 

3 βa v / 2 , 50m < y ≤ 100m 

βa v , y > 100m 

(27)

where βav (vehicles/km) is a constant average intersection density

given a chosen time. The real test-beds used transmission parame-

ters are set as a control group and the parameters to be optimized

are also listed, as shown in Table 4 . 

Meanwhile, the closer the vehicles get to the center of the in-

tersection, the more important the traffic information is, because
here are relatively more accidents at the center of the intersection

han other parts. Thus the transmitter would locate at (0, 0), the

enter of the crossroad in the experiment, and the receiver would

e set at the edge of the ROI of the corresponding safety-related

pplications (see Table 3 ), e.g. 400 m away from the transmitter

or CCW, 100 m and 50 m for SVI and RCW respectively. 

As for APP-level delay proposed in this paper, it relates to the

umber of successfully delivered packets n f . Thus we set it to the

ame value as the minimal number of received packets n in unit

ime required by specific safety-related applications. 

.3. Model cross-validation 

In this section, the network simulator NS2 is used to validate

r verify the correctness of the proposed analytical model. The pa-

ameters and channel model used in the simulation are the same

s the analytical model. The parameters are set according to the

est-bed used parameters as shown in Table 4 . The vehicles are

laced at an intersection following the NHPP, and the length of

ach road is 10 0 0 meters. The transmitter is set at the center of

he intersection and the receivers are placed at different positions

n x -axis (the road with red light). 

Fig. 5 compares the PRP s obtained by the analytical model and

he NS2 simulation with the receiving distance of 300 m, 400 m,

nd 500 m, respectively. Each solid or dashed line is made up of

he PRP s with different densities varying from 10 (vehicles/km) to
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Table 6 

The ratio of the K-S test accepts the h 0 hypothesis. 

second in signal cycle (60 s) 10 15 20 25 40 45 50 55 

(0, 50) m 0.996 0.992 0.996 1.000 0.996 0.992 0.996 1.000 

(50,100) m 0.958 0.996 0.996 0.996 0.957 0.996 0.996 0.996 

(100, 500) m 0.992 0.985 0.910 0.951 0.992 0.985 0.909 0.951 

Fig. 6. Execution time of analytical model and the CMA model. 
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90 (vehicles/km), at the same receiving distance. The obtained

RP s from the simulation are an average of 7 independent 20-

econds simulations, and the range of the simulation results are

lso plotted. It is observed from Fig. 5 that the cross-validations

etween analytical model and simulation model are very well, so

ased on the cross-validations, the number of vehicles related pa-

ameters derived from the NS2 simulations are used as a substitu-

ion of measuring from BSMs, and hence combined the measure-

ents with the analytical model, indicated as CMA model shown

n the Fig. 5 . The results in Fig. 5 illustrated that the PRP s derived

y the proposed model and the CMA are very close to the simu-

ation results. This means that the analytical model could reflect

he characteristics of the VANET in the signalized intersection. The

RP s degrade while the density or the receiving distance increase,
Fig. 7. Reliability and performance of the VANET derived from t
his is because the greater the density or the further the distance,

he more vehicles will appear in the concurrent collision area or

he hidden terminal area, and there will be much interference. 

Fig. 5 depicts that at a fixed transmission distance d , the PRP s

egrade with the increasing vehicle density. This is because when

he density increase, there will be more vehicles in the concurrent

ransmission area and hidden terminal area, then the concurrent

ransmission probability will rise, which could decrease the PRP s.

nother phenomenon can be observed in Fig. 5 is that the errors

etween the simulation and the analytical model increase when

he transmission distance d decreases. This phenomenon could be

xplained as follows. At the real VANET scene, when the target ve-

icle gets close to the center of the intersection, i.e., the transmis-

ion distance d vary from d = 500 m to d = 400 m to d = 300 m,

here will be more vehicles participate in competing access chan-

el, then the tagged vehicle will have a lower transmission prob-

bility π(2) 
0 

(see Eq. (13) ), thus the concurrent collision probabil-

ty becomes large. The simulation model is similar to the actual

ANET scene. But to simplify the analytical model, we assume

ll of the interference vehicles have the same transmission prob-

bility π(2) 
0 

, and this same transmission probability assumption

ake the target transmitter in the common transmission area have

ower concurrent collision probability compared with the simula-

ion model, and hence make the deviations between the simula-

ion model and the analytical model larger with the decreasing

istance. It is also explained that we observe that the value of

he analytical model is more optimistic than that of the simulation

odel. 

As described in the Section 3.4, Fig. 6 shows the execution time

f the analytical model and the CMA with receiving distances, it

s seen that the time cost based on CMA could be greatly de-

reased compared with the analytical model since the complex in-

egration operations in the analytical model are replaced with the

eal-time measurements of vehicle numbers for the hidden termi-

al and concurrent transmission area, and also ensure the com-
est-bed used parameters with different density of vehicle. 
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Fig. 8. Reliability and performance of the VANET with single parameter Optimization on CCW application. 

Fig. 9. The log of optimization process. 
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puting PRP s accuracy shown in Fig. 5 . Here, the measurements are

virtual vehicle locations time series in NS2 simulation along with

the simulator execution, and the measurements are collected into

the trace-file which are injected into the analytical model to com-

pute the PRP s. It is also seen that the execution time of the ana-

lytical model declines with the receiving distance, since the larger

distance, the less common area S , then the fewer integral process

to be done (see Eq. (15) and (16) ). Although the measurements

are collected from the simulation, our analytical model could have

strong scalability and adaptability when it was applied in the real

system. 

5.4. Effectiveness of the fixed parameters 

Because of the relatively high speed of the vehicles and fre-

quently changed the topology of the VANET, fixed transmission pa-

rameters may not be the best choice to maintain reliability or per-

formance of VANET. 

Fig. 7 shows the APP-level reliability (solid lines) and delay

(dashed lines) vary with the average density of vehicles apply-

ing the test-bed used transmission parameters. Compared with

Table 3 , the reliability and performance of the VANET may not

meet the requirements of some safety-related applications when
he density of vehicle increases, e.g. If βav ≥ 300, the P A of the

CW application will be lower than its requirement ( ξ = 99 . 0% ).

n this case, an adaptive optimization method is needed to keep

igh performance by adjusting transmission parameters. Fig. 7 also

hows that APP-level delay is different with CCW, SVI , and RCW ,

t is observed that the APP-level delay increases with the vehicle

ensities, and it is also seen that the CCW has the largest delay

ompared to the other two. 

.5. Multi-objective single parameter optimization 

Taking the safety-related application CCW as an example, the

ransmitter and receiver are located in the road at (0,0) and (400,0)

espectively. With the constraint of P A ≥ 99.0%, the packet genera-

ion rate λ could be adjusted to maximize the transmission capac-

ty TC and minimize the APP-level delay E [ D A ] at the same time. 

Fig. 8 shows the effect of packet generation rate λ on the

wareness probability P A (solid lines) and APP-level delay D A 

dashed lines), and the rest transmission parameters are same with

he test-beds used. With the increment of the λ, the reliability, and

erformance improve first and then followed with a long decrease.

his is because a higher packet generation rate adds more broad-

ast transmissions within a unit time, and increases the successful

acket delivery probability. But when λ keeps increasing to a cer-

ain point, it adds traffic in the MAC-level communication channel

nd hence message broadcast suffers more severe influence from

he concurrent transmissions and hidden terminal transmissions. 

On the other side, Fig. 8 also illustrates that joint optimization

f multiple parameters is necessary, for example, when βa v = 400

he largest P A still could not meet the requirement of CCW. And

t the most of the situations, larger λ and lower D A could not be

btained at the same time. 

.6. Multi-objective multi-parameter adaptive optimization 

Fig. 9 shows the process of multi-objective multi-parameter

daptive optimization when the average density βa v = 400 , and

he parameters λ, W and R d are optimized simultaneously. The

alue of parameters after each iteration are shown at the top of

he figure, and with the corresponding parameters, the transmis-

ion capacity (which can be represented by λ, see section 4.1 )

nd the APP-level delay could be plotted in green solid line and

urple dashed line respectively. After a few iterations, the best

ransmission parameter set ( λ = 40 , W = 15 , R = 54 ) can be ob-
d 
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Fig. 10. Comparison of P A s and D A s with different communication parameters. 

Fig. 11. Comparison of P A s and D A s with different communication parameters. 
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ained for safety-related application CCW under the average den-

ity βa v = 400 . 

The results of different combinations of parameters varying

ith average density are shown in Fig. 10 . The solid lines and

ashed lines represent the P A and D A respectively, and the red lines

re derived from the optimized parameters, the blue lines are cal-

ulated from the test-bed used parameters, others apply the pa-

ameters randomly combined in [59] . 

It can be seen the optimized parameters have a big advantage

han others, although the solution(3) in the figure can get a sim-

lar awareness probability, the optimized parameters still have a

ignificantly lower delay. So, the multi-objective multi-parameter

ptimization can get a larger λ and a lower D A at the same time. 

Besides, the NS2 simulation results of other MAC protocols

re also given in Fig. 11 , such as slotted-1-persistent, slotted-p-

ersistent protocols and retransmission strategy. In this paper, the

pper bound of data rate in 802.11p is set as R d = 54 Mbps, which

s an ideal value and not contained in the real modulation and

oding scheme (MCS). Thus for comparison, we fix the data rate

s R d = 24 Mbps and optimize the λ and W with the proposed

cheme. The contention window size is W = 15 in the test-bed
sed parameters, which means the packet would back-off E(W ) =
 . 5 slots on average when they get an idle channel. So in each idle

lot, the packet transmission probability would be p = 1 /E(W ) =
 . 1333 , and the same p is set for the slotted-p-persistent. As for

he retransmission strategy, the maximum retransmission times is

et as r max = 3 [25] . All of these three experiments are performed 7

imes with different vehicle locations which follow the same NHPP

istribution. And the simulation time is 20 seconds in each exper-

ment. 

The results in Fig. 11 show that our solution performs better

han the protocols mentioned above in both APP-level reliability

nd delay. The dashed lines are the results from theoretical anal-

sis and the soiled lines are from simulations. The blue dashed

ine shows the optimization results of the fixed data rate R d = 24

bps (such as 64-QAM), both of the APP-level have a minor re-

uction compared with the proposed solution, because the data

ate could not set as an ideal value. As an improvement solution of

SMA/CA, retransmission strategy could improve the VANETs per-

ormance compared with the slotted-p(or 1)-persistent, because of

he packets would be retransmitted from the transmitter if the re-

eiver announced a collision. At the same time, with the density of
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vehicle increase, the performance of retransmission strategy has a

significant decrease, because of the duplicate packets. So it can not

perform as well as the proposed solution. Our solution is an opti-

mization scheme based on 802.11p, it is reasonable to infer that

other solutions could be improved if the proposed optimization

scheme was applied. 

5.7. Experiment summary 

In this section, several experiments are given in an logical order,

and a couple of valuable findings could be derived from the results.

(1) It is feasible to assume that the positions of the vehicles at

a signalized intersection follows NHPP in general, which has

been validated by SUMO and the K-S test. 

(2) The cross-validation between the proposed analytical model

and the NS2 simulation shows that the analytical model

can be used to evaluate the reliability and performance of

VANETs. 

(3) We can apply the analytical model to the actual system by

combining the measurement of BSMs with the analytical

model. In our experiment, we replaced the BSMs collected

in the real environment with the locations of the virtual ve-

hicles tracked in NS2. 

(4) The VANET performance could not always meet the require-

ments of the safety applications by only adjusting a sig-

nal parameter. In both low and heavy density, the multi-

parameter adaptive optimization approach could improve

the awareness probability and lower the APP-level delay

while maximizing the transmission capacity. The multi-

objective multi-parameter adaptive optimization is also ver-

ified to be a better solution for ensuring the communication

capability of VANETs compared to retransmission and other

MAC technologies, i.e. slotted-p(or 1)-persistent. 

6. Conclusion 

We focus on the reliability and performance analysis and opti-

mization of the BSMs broadcast in IEEE 802.11p based VANETs at

the signalized rural intersections. The location of vehicles around

the traffic light controlled intersection is simulated by SUMO and

validated by the K-S test that it following the NHPP. An analytical

model considering the NHPP vehicle locations at the intersection

is proposed to evaluate the MAC and APP-level reliabilities. The

cross validations with NS2 simulation show the proposed model

could characterize the VANET well at the signalized intersection.

The number of vehicle related parameters derived from the NS2

simulations are injected into the analytical model directly to imi-

tate its use in actual scenarios, and the results show the execution

time has been reduced significantly while the accuracy maintained,

that means when applying the proposed model into the real sys-

tem, the reliability and performance of the VANETs could be calcu-

lated in nearly real-time. 

In a constantly changing VANET environment, the experiments

demonstrate when the communication parameters are fixed, the

awareness probability ( P A ) and the APP-level delay ( D A ) may not

always meet the requirements of a specific safety-related applica-

tion (e.g. CCW). To maximize the QoS constraint transmission ca-

pacity ( TC ), multi-objective single parameter optimization is pro-

cessed to adjust the packet generation rate ( λ) singly, but the re-

sults show in the case of high vehicle density, this method will

fail due to the heavy traffic ( βa v = 400 vehicles/km). Then multi-

ple parameters including λ, contention window W , and data rate

R d are adjusted through a multi-objective multi-parameter adap-

tive optimization. The experiments show in both low and heavy

density, the multi-parameter adaptive optimization approach could
mprove the P A and D A significantly by the optimized parameters

hile maximizing the TC . And in the optimization, the data rate

s adjusted within an ideal upper bound (54 Mbps) or an actual

pper bound (24 Mbps in 64-QAM). Out of satisfied combinations

f optimized parameters, we consider and select the two combina-

ions of λ = 40 Hz, W = 222 , R d = 24 Mbps, and λ = 40 Hz, W =
5 , R d = 54 Mbps. The results show that the optimized parame-

ers could meet the stringent APP-level QoS requirements of the

afety-related applications, although the P A and D A have a slight

egradation when the upper bound of R d is set as 24 Mbps. Com-

aring with the slotted-p(or 1)-persistent protocol and retransmis-

ion strategy, the proposed solution can maximize the TC and get-

ing higher reliability and performance at the same time, and the

roposed solution could have more stable APP-level performance

han other protocols and strategies. 

At the same time, there are also limitation of the proposed

odel. In the real system, the vehicles would analyze the BSMs

nd calculate and broadcast the optimized communication param-

ters periodically according to the environment. If the parameters

ere reset with a high frequency, the VANET may have a high load

nd be unstable, but if it has a low update ratio, the optimized pa-

ameters may be out of date. So, to make the proposed solution

ore practical, it is important to figure out what is the best fre-

uency to broadcast and reset the parameters in the future works. 
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