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ABSTRACT Traffic information exchange between vehicles and city-wide traffic command center will
enable various traffic management applications in future smart cities. These applications require a secure
and reliable communication framework that ensures real-time data exchange. In this paper, we propose a
Fog-Assisted Cooperative Protocol (FACP) that efficiently transmits uplink and downlink traffic messages
with the help of fog Road Side Units (RSUs). FACP divides the road into clusters and computes cluster
head vehicles to facilitate transmission between vehicles and traffic command center or fog RSUs. Using a
combination of IEEE 802.11p and C-V2X wireless technologies, FACP minimizes the time required by a
vehicle to retrieve traffic information. Furthermore, FACP also utilizes cooperative transmissions to improve
the reliability of traffic messages. Simulations results show that FACP improves the reception rate and endto-end delay of traffic messages.
INDEX TERMS Vehicular networks, traffic information, C-V2X, IEEE 802.11p.

I. INTRODUCTION

Vehicular communication has many potential applications
including passenger safety, vehicle route guidance, emergency notification sharing, and on the road Internet access
[1]–[3]. Future smart cities will use an intelligent road traffic
management system to avoid traffic congestion and reduce
travel time. This will allow significant savings in terms of
fuel consumption and traveling time [4]–[7].
Two major wireless technologies that will be the part
of future vehicular networks include IEEE 802.11p (based
on Wi-Fi) and C-V2X (based on cellular communications)
[8]–[10]. Many car manufacturers plan to launch smart
and connected vehicles in the future that will include
chipsets of these wireless technologies. While IEEE
802.11p provides ad hoc short-range communication between
vehicles, C-V2X enables long-range infrastructure-based
The associate editor coordinating the review of this manuscript and
approving it for publication was Zhenyu Zhou
166148

.

communication [11], [12]. Both these technologies are
working on updated standards such as IEEE 802.11bd and
5G New Radio (NR) to improve data rate and network
capacity [8], [13].
Traffic management applications require information
exchange between vehicles and city traffic command center.
Vehicles initiate traffic information query request and send to
the traffic command centers using Road Side Units (RSUs).
Traffic command centers work on the query and send the
response (with updated traffic information) back to the vehicle. A secure and reliable data dissemination protocol is vital
to these traffic management applications [14]–[16].
Reliable traffic information dissemination faces many
challenges [17]. Since vehicles are far away from the traffic
command centers and RSUs are not always within the transmission range of vehicles, either a multi-hop data dissemination technique using IEEE 802.11p is required or C-V2X can
be used for long-range messages [18], [19]. Multi-hop data
dissemination suffers from long delays and also requires fre-
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quent retransmissions at every hop. Relying solely on C-V2X
may cause network congestion for regular cellular communication. Therefore, an integrated solution that takes into
account the advantages of both IEEE 802.11p and C-V2X
while not overloading any of these networks is required. Vehicle mobility is also a challenge because query vehicles move
away from the location they initiated the query. Therefore,
traffic command centers need the updated location of all the
query vehicles to transmit the response messages.
Fog computing is a paradigm that enables computing of
data closer to the edge with the help of fog nodes [20], [21].
It provides many advantages such as data analysis, storage
resources, and network management closer to the user. Future
networks will deploy fog nodes to save bandwidth and reduce
network latency. In vehicular network, RSUs are ideal candidates to serve as fog nodes [22]–[25]. They can carry out
data computations and provide data storage facilities. They
can also assist in efficient network management [26]. Data
dissemination protocols can use the network information of
fog RSUs to route data, allocate resources, control transmission parameters, and manage cooperative transmissions [27].
Moreover, fog RSUs can interact with the traffic command
center, cache important traffic information in its data storage
and provide quicker traffic notification to the vehicles.
In this paper, we propose a Fog-Assisted Cooperative
Protocol (FACP) that enable vehicles to efficiently transmit
traffic information. FACP segments road into clusters and
select cluster head vehicles with the assistance of fog RSUs.
Cluster head vehicles collect query messages on behalf of
the cluster using IEEE 802.11p and transmit it to the fog
RSU through C-V2X. Similarly, the fog RSU transmits the
response messages of the whole cluster to the cluster head
vehicle, which then sends it to the individual query vehicles.
FACP also introduces a mechanism to enhance the reliability of response messages through cooperative transmissions.
Simulation results verify the benefits of FACP in terms of
reception rate and end-to-end delay of traffic messages.
The paper is organized as follows. Section II provides an
overview of the related work in the literature. Section III
presents the system model and Section IV explains the
working of FACP. Performance evaluation is presented in
Section V. Finally, conclusions are drawn in Section VI.
II. RELATED WORKS

In this section, we present a brief survey of the literature related to clustering, multi-hop communications, C-V2X
communications and cooperative communications in vehicular networks.
Clustering is a useful technique in vehicular networks
as it allows a group of nearby vehicles to communicate
efficiently. As the data delivery process in a vehicular network is a challenging task due to varying vehicle speed
and position, clustering also helps in efficient time or frequency resource allocation. In this regard, a cluster-based
cooperative caching approach with mobility prediction is
proposed for Vehicular named data networking (VNDN)
VOLUME 7, 2019

in [28]. A clustering algorithm using the predicted location of vehicles is developed to group vehicles with similar mobility patterns. However, cluster heads are frequently
changed due to varying vehicle speeds of the vehicles.
Reference [29] proposed a Passive Multi-hop Clustering
(PMC) algorithm that uses a node degree to evaluate the
stability of the nodes within a cluster. To improve the stability of the cluster, the node with the highest stability
is selected as the cluster head. In another study in [30],
enhancement in the uplink data rate is achieved using a
self-adaptive clustering algorithm that can be deployed in
a heterogeneous vehicular network environment based on
IEEE 802.11p and C-V2X. The proposed algorithm optimally
evaluates the cluster size based on mobility information.
Moreover, bandwidth allocation for both IEEE 802.11p and
C-V2X radios is also optimized by considering the load in
each cluster.
Related to multi-hop communications, [31] proposed a
multi-hop broadcast protocol that uses a parameter called
node index (defined as the relative distance of each node from
the source) to assign forwarding probability to the vehicles.
Furthermore, the probability of collisions is further reduced
by using clustering and only selecting cluster heads for multihop transmissions. Reference [32] proposed a multi-hop algorithm for a Massive Input Massive Output (MIMO) system
that maximizes the Signal to Noise Ratio (SNR) to determine
the best path between the source and the destination.
A geo-based scheduling algorithm for C-V2X is proposed in [33] where vehicles autonomously allocate resources
based on neighbor mobility information for better channel
coordination. The proposed algorithm overcomes the hidden
node problem in the Semi-Persistent Scheduling (SPS) based
medium access protocol for C-V2X. The work in [34] uses
cellular eNodeBs to allocate V2V resources. The proposed
algorithm considers factors such as SNR and network latency
to find the optimal V2V links for data transmission. Reference [35] evaluates the performance of C-V2X for road hazard warning applications. An analytical model is developed
and metrics such as latency and packet loss probability are
presented for mode 3 and mode 4 of C-V2X.
To increase the reliability and throughput of the vehicular
network, [36] proposed a cooperative medium access protocol that improves the slot utilization of vehicles. By effectively coordinating unreserved time slots for cooperative
transmissions, the proposed protocol reduces cooperation
collisions and better utilize the cooperation opportunities.
In [37], a stochastic model is developed to evaluate the reliability of data transmission in a vehicular channel. Moreover,
vehicular computation tasks have been divided into smaller
sub-tasks that are executed by many cooperative computing
nodes in parallel. An optimal processor scheduling algorithm
is thus presented to reduce the application execution time.
The work in [38] proposed a clustering algorithm based on the
k-means algorithm. An optimal power allocation scheme is
also proposed that reduces the power consumption of cluster
head vehicles.
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IV. FOG-ASSISTED COOPERATIVE PROTOCOL FOR
TRAFFIC MESSAGE TRANSMISSION

FIGURE 1. Cluster-based traffic message transmission using IEEE 802.11p
and C-V2X.

III. SYSTEM MODEL

We consider a vehicular networking scenario as shown
in Fig. 1 where vehicles on the road are equipped with both
IEEE 802.11p and C-V2X transceivers. Vehicles share traffic
messages with the fog RSUs using a combination of IEEE
802.11p and C-V2X technologies. Traffic messages are of
two types namely query and response. Initially, a vehicle
sends traffic information query to the fog RSU. After the
query is processed, fog RSU sends back the traffic information response message back to the vehicle. Generally,
response messages are much larger as they contain detailed
traffic information.
We divide the road into clusters and a cluster head vehicle
Vch is selected for each cluster to establish efficient traffic
message transmission between vehicles and the fog RSU.
Cluster head vehicle serves three purposes, firstly collecting
traffic query request from the vehicles in the cluster, secondly
communicating with the fog RSU (on both uplink and downlink) on behalf of the cluster, and thirdly cooperative transmission of traffic response messages to the query vehicles
(vehicle that sends the traffic request message).
The rationale behind using a cluster-based scenario in this
paper is because it simplifies the transmission of traffic messages. A big challenge in traffic messages is that the query
vehicle moves to a new position when the traffic response
message is ready. As a result, it is hard for the fog RSU to
locate the request vehicle and requires multi-hop transmission. By using cluster-based transmission, fog RSUs only
need to interact with the cluster head vehicles to retrieve the
updated location of the request vehicle. Another advantage
of cluster-based transmission is that C-V2X transmission is
needed by the cluster head vehicles only, thus reducing vehicular traffic load on the cellular network. Therefore, we find
cluster-based transmission as a suitable choice for traffic
message transmission.
166150

In this section, we explain the working of the proposed Fogassisted Cooperative Protocol (FACP) for traffic message
dissemination in vehicular networks. The key idea of FACP
is to select cluster-head vehicles that can transmit traffic
messages between vehicles and fog RSUs. In this paper,
we have used fog RSUs to assist the vehicles in resource
allocation and efficient dissemination of traffic information
messages. In particular, the fog RSU assists the vehicles in
cluster head selection based on channel information broadcast. Moreover, fog RSU also takes part in the cooperative
transmissions phase by selecting cooperative relay vehicles
and broadcasting cooperative transmission map.
FACP has four major components namely cluster head
selection, query message transmission, response message
transmission, and cooperative transmissions. Fig. 2 provides
a summary of FACP. The timing diagram of FACP is shown
in Fig. 3. It divides the time into four time slots. In the
channel information broadcast time slot Tcib , vehicles share
their channel conditions with each other. The query time slot
Tq and response time slot Tr are used for query and response
message transmissions respectively. Finally, cooperative time
slot Tcoop is used to transmit the response messages using
cooperative relays.
A. CLUSTER HEAD SELECTION

FACP divides the road into fixed-sized clusters. The goal of
cluster head selection is to find a suitable cluster head in each
cluster that can disseminate query and response messages on
behalf of the cluster. CH selection is performed by the fog
RSU based on channel conditions. It works on the following
three phases.
1) CHANNEL INFORMATION BROADCAST

In this phase, vehicles share their IEEE 802.11p and C-V2X
channel information with the fog RSU. Vehicles share short
channel information broadcast messages using the service
channel of IEEE 802.11p (employing CSMA/CA protocol)
within a fixed time slot Tcib as shown in Fig. 3. Channel
information broadcast aims to make each vehicle aware of its
channel conditions with all other vehicles in the cluster. Based
on the channel information broadcast message, each vehicle
maintains a table of neighboring vehicles with their location
information and received Signal to Noise Ratio (SNR). Each
vehicle computes average received SNR from its neighbor
table and sends this information to the fog RSU as a measure
of its IEEE 802.11p channel quality. Based on this information, fog RSU gets to know that if a particular vehicle is to be
selected as a CH, it can disseminate the response messages
to other vehicles with that value of average SNR. Moreover,
each vehicle also computes its list of top tier vehicles. This
list contains all the neighborhood vehicles from the neighbor table whose SNR is greater than a predefined threshold
SNRth . The list of top tier vehicles is shared with the fog RSU
VOLUME 7, 2019
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FIGURE 2. Summary of Fog-Assisted Cooperative Protocol.

FIGURE 3. Timing diagram of query, response and cooperative messages shared over IEEE
802.11p channel.

FIGURE 4. Format of channel information broadcast message using C-V2X.

and used in finding cooperative vehicles in the cooperative
transmissions component of FACP.
Base stations (fog RSUs) periodically send pilot signals to
the vehicles as per the C-V2X standard. Vehicles compute
the SNR of these pilot signals and share them back with the
RSUs as channel information broadcast message. Therefore,
as shown in Fig. 4, each vehicle shares four types of information with the fog RSU in the channel information broadcast
phase, i) average SNR to neighbor vehicles from its neighbor
table (based on IEEE 802.11p channel), ii) list of top tier
vehicles, iii) average distance of neighbor vehicles from its
neighbor table, iv) SNR of the pilot signal received from
the fog RSU (based on C-V2X channel). This information is
shared by vehicles on the C-V2X channel after every traffic
information time duration Tt .

broadcast phase, fog RSU selects the cluster head vehicle in
this phase. Cluster head vehicle Vch is selected as the one
that can quickly transmit the response message to the query
vehicle Vq . This is done by computing the response time for
all potential cluster head vehicles c in Vcell as follows:
Tresp (r, c, q) = Tr2c + Tc2q

(1)

where Tr2c is the transmission time required for the response
message to reach cluster head vehicle Vch from the fog RSU.
Tc2q is the average transmission time required for response
message to reach each of the vehicle Vq from Vch . Tr2c and
Tc2q are given as follows:
Tr2c =

L
BV 2X × log2 (1 +

−αrc
Pr drc
hrc
)
N0

(2)

and
2) CH SELECTION

Cluster head is selected every Tt time interval by the RSU.
Based on information received in the channel information
VOLUME 7, 2019

Tc2q =

L
−αcq

B802.11p × log2 (1 +

(3)

Pc dcq hcq
)
N0
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are transmitted one by one using available resource blocks as
per the scheduling algorithm of the cellular network.

Algorithm 1 Cluster Head Selection Algorithm
1
2
3

for every time interval Tt do
for all potential cluster head vehicles c in Vcell do
Find fog RSU to cluster head vehicle response
message transmission time as
L
Tr2c =
−α
P d rc h
BV 2X ×log2 (1+

r rc
N0

B802.11p ×log2 (1+

6

7
8

Response messages are transmitted from the fog RSUs to the
query vehicles. The following two phases are used to transmit
these messages.

)

Find average cluster head vehicle to query
vehicle response message transmission time as
L
Tc2q =
−αcq

4

5

rc

C. RESPONSE MESSAGE TRANSMISSION

1) FOG RSU TO CLUSTER HEAD VEHICLE

Once the query is processed, fog RSU prepares a response
message and stores it in its queue. Based on last received
channel information broadcast, fog RSU finds the current
cluster of the query vehicle (as query vehicle may have moved
away when it sent the query message). Upon availability
of the next available resource block as per the scheduling
algorithm, this message is transmitted to the cluster head
vehicle using C-V2X.

Pc dcq
hcq
)
N0

Find total response message transmission time
as Tresp (r, c, q) = Tr2c + Tc2q
Select cluster head vehicle which has the
minimum total response message transmission
time Vch ← min∀c∈Vcell Tresp (r, c, q)
end
end

2) CLUSTER HEAD VEHICLE TO QUERY VEHICLE

Here L is the size of response message in bits, BV 2X and
B802.11p are the bandwidth of a C-V2X resource block and
IEEE 802.11p channel in Hz respectively, Pr and Pc are the
transmission powers of RSU and Vch respectively, drc and dcq
represent the distances between the RSU and Vch and between
Vch and Vq respectively, hrc and hcq are the small-scale fading
channel coefficient of C-V2X and IEEE 802.11p channels
respectively, and N0 represents the noise power in dBm.
Cluster head vehicle is selected as the one that minimizes
equation 1.
Vch ← min Tresp (r, c, q)
∀v∈Vcell

(4)

3) CH ANNOUNCEMENT

Once a cluster head is selected for each cluster, fog RSU
broadcasts its vehicle identification (ID) to all members of
the cluster. The cluster head does not change until the time
duration of Tt . After Tt , new channel information is obtained
and fog RSU repeats the process of cluster head selection and
announcement.
B. QUERY MESSAGE TRANSMISSION

Query messages are transmitted from vehicles to fog RSU
using the following two phases
1) QUERY VEHICLE TO CLUSTER HEAD VEHICLE

In this phase, vehicles use the IEEE 802.11p and CSMA/CA
protocol to transmit the query messages to the cluster head
vehicle. Since query messages are small in size, the transmission time of these messages is short and CSMA/CA works
well for these messages. For query messages, a fixed-sized
time slot Tq is allocated as shown in the timing diagram Fig. 3.
2) CLUSTER HEAD VEHICLE TO FOG RSU

In this phase, cluster head vehicles of each cluster transmit
the query messages to the fog RSUs using C-V2X. Messages
166152

Cluster head vehicles transmit response messages to the query
vehicles using time interval Tr as shown in Fig. 3. The time
interval Tr is divided into time slots and within each time slot,
a single response message is transmitted. The duration of Tr
is variable depending on the number of response messages in
the queue of cluster head vehicle.
D. COOPERATIVE TRANSMISSIONS

Cooperative transmissions improve the reliability of the
response messages by using cooperative vehicles that serve
as relays. Cooperative transmissions take place for all those
query vehicles that are not within the top tier list of the
cluster head vehicle. Therefore, the cluster head vehicle keeps
the response messages destined to all those query vehicles
in a cooperative queue and retransmit these messages using
cooperative relay vehicles.
1) COOPERATIVE RELAY VEHICLE SELECTION

Fog RSU selects the cooperative relay vehicles since it has
a top tier list of all the vehicles in the cluster (from channel
information broadcast messages). A cooperative vehicle for a
given response message is selected as the one which belongs
to the top tier list of both the cluster head vehicle and the query
vehicle. This means that the selected cooperative vehicle has
good channel conditions with both source (cluster head vehicle) and the destination node (query vehicle). If there is more
than one potential cooperative relay vehicle (that belongs to
the top tier list of source and destination), one of them is
randomly picked. If there are no potential cooperative relay
vehicles, then one of the vehicles in the cluster is randomly
selected to perform relaying job.
2) COOPERATIVE TRANSMISSION MAP

Fog RSU broadcasts a cooperative transmission map as
shown in Fig. 5 to all vehicles in the cluster. This map notifies
the selected cooperative relay vehicles about the retransmission of response messages. All vehicles that find their name
VOLUME 7, 2019
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FIGURE 5. Format of cooperative transmission map.

in the cooperative transmission map note the slot number
assigned to them for cooperative relaying. Moreover, this also
informs the vehicles about the ending time of Tcoop and the
start of the next query time Tq .

TABLE 1. Simulation parameters.

3) COOPERATIVE TRANSMISSION USING RELAY VEHICLES

Finally, each selected relay vehicle retransmits the last
received response message to the query vehicles in the allocated cooperative time slot.
V. PERFORMANCE EVALUATION
A. SIMULATION SCENARIO

We present the simulation scenario and parameters in Table 1.
Using the Simulation of Urban MObility (SUMO) traffic
simulator, we generate a traffic scenario of 3 km road length
and 6 lanes. Vehicle density varies from 50 vehicles/km to
300 vehicles/km. Vehicle speeds range from 15 − 30 m/s.
We use MATLAB to implement the proposed FACP. The
query packet size, response packet size, and channel information broadcast packet size is taken as 30 bytes, 1000 bytes
and 10 bytes respectively. Packet generation rate is taken as
2 − 5 packets/s.
We use a fixed query transmission time Tq and channel
information broadcast time Tcib of 10 ms each. Cluster head
size is set to 500 meter and SNRth to find top tier vehicles
in FACP is 20 dB. The query processing time at fog RSU is
10 ms. and a bandwidth of 10MHz per resource block. For
IEEE 802.11p, the transmission range is set to 500m whereas
the data rate and bandwidth used is 6 Mbps and 10 MHz.
For C-V2X, we use a transmission range of 1000 meter and
a bandwidth of 10MHz per resource block. The scheduling
algorithm for C-V2X used is Maximum Throughput Scheduling (MTS). We also simulate cellular traffic on the C-V2X
channel with each vehicle generating a packet size of 300
bytes at a packet generation rate of 2 packets/s.
We compare FACP with two following protocols
•

•

Multi-hop IEEE 802.11p which uses a probabilistic
multi-hop protocol based on IEEE 802.11p to transmit
traffic messages
MTS C-V2X which uses C-V2X transmissions with
MTS algorithm to transmit safety messages.

We use the following two performance metrics
•

•

Packet Reception Ratio: It is defined as the number
of packets that are successfully received divided by the
number of packets that were transmitted.
End-to-End Delay: It is defined as the difference
between the time when the response message is received
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FIGURE 6. Packet reception ratio for FACP with cooperative relays,
random relays and without cooperation.

by the query vehicle to the time when the query message
was initiated.
B. RESULTS

We present packet reception ratio for FACP in Fig. 6 at
different vehicle densities and compare it with the case when
random relay nodes are selected for cooperation and when
no cooperation is used. It can be seen that FACP transmits
traffic information messages with a packet reception ratio
of higher than 0.85 at the highest vehicle density of 300
vehicles/km. In comparison, using random relay vehicles
results in a 0.01 − 0.06 lower packet reception ratio. In case,
cooperation is not used, the packet reception ratio falls up to
8% lower than FACP at the highest vehicle density. The gain
166153
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FIGURE 7. End-to-End Delay for FACP with proposed cluster head
selection and with random cluster head selection.

FIGURE 8. Query and Response delay for FACP at different vehicle
densities.

in FACP is due to considering cooperative relays that have
good channel conditions with the cluster head vehicle as well
as the query vehicle.
We evaluate the performance of the cluster head selection
algorithm in Fig. 7 in terms of end-to-end delay. Random
cluster head selection incurs 16 − 27 ms more delay than
the FACP cluster head selection technique. In particular, at a
vehicle density of 300 vehicles/km, random cluster head
selection requires 215 ms to receive the response message
whereas FACP cluster head selection needs 188 ms. This is
because FACP selects a cluster head vehicle that minimizes
the transmission time of response messages.
We show the query and response message delay for FACP
at different vehicle densities in Fig. 8. Results show that
response delay is more than 80% of the total traffic information delay (sum of query and response message delays).
This is due to the larger packet size of the response message
as well as the time required in the processing of the query.
At a vehicle density of 300 vehicles/km, query message delay
is 37 ms whereas the response message delay is 151 ms.
We compare the results of the packet reception ratio in
FACP with the two other protocols in Fig. 9. It can be
seen that FACP shows superior performance in terms of
packet reception ratio as compared to both multi-hop IEEE
802.11p protocol and MTS C-V2X. While FACP delivers all
166154

FIGURE 9. Packet reception ratio at different vehicle densities.

FIGURE 10. End-to-end delay at different vehicle densities.

packets with a reception ratio of higher than 0.85, this ratio
falls to 0.79 and 0.72 for MTS C-V2X and multi-hop IEEE
802.11p protocols. The significant performance enhancement
in terms of packet reception in FACP is due to efficient cluster
head selection, transmission protocol design, and cooperative
relay algorithm. MTS C-V2X shows superior performance
as compared to multi-hop IEEE 802.11p. The reason is that
multi-hop IEEE 802.11p transmits packets over multiple
communication links to reach the destination and chances of
failure are more as compared to single-hop communications
in MTS C-V2X.
We present the end-to-end delay of FACP and the two other
protocols in Fig. 10. FACP delivers response messages back
to the query vehicle in less than 190ms at the highest vehicle
density. In comparison, MTS C-V2X and multi-hop IEEE
802.11p require 12ms and 50ms more time to deliver response
messages respectively.
We evaluate the effect of higher packet generation rate and
higher Nakagmi m values on all the three protocols in comparison. At the highest packet generation rate of 5 packets/s and
Nakagami m of 1, FACP shows 64 ms and 126 ms lower endto-delay as compared to MTS C-V2X and multi-hop IEEE
802.11p protocols respectively. As we increase fading intensity and packet generation rate, end-to-end delay for FACP
increases by 336ms at the highest vehicle density. FACP
shows improved performance at higher transmission rate and
VOLUME 7, 2019
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FIGURE 11. End-to-end delay at different packet generation rate and
Nakagami m fading values.

poor channel conditions as compared to other protocols due to
cooperative relays and using a combination of IEEE 802.11p
and C-V2X to deliver traffic information messages.
VI. CONCLUSION AND FUTURE WORK

In this paper, we propose a Fog-Assisted Cooperative Protocol (FACP) for efficient traffic message transmissions using
a combination of IEEE 802.11p and C-V2X technologies.
By dividing the road into clusters and selecting cluster head
vehicles with the help of fog RSUs, FACP transmits the query
and response traffic information messages between vehicles
and traffic command center. To improve the reliability of
response messages, FACP also uses cooperative transmissions. Simulation results show that FACP improves the reception rate and end-to-end delay of traffic messages. In the
future, we will explore the impact of cluster parameters on
the communication delay and intelligent local computation
of data at the RSUs.
REFERENCES
[1] M. A. Javed, S. Zeadally, and E. B. Hamida, ‘‘Data analytics for cooperative intelligent transport systems,’’ Veh. Commun., vol. 15, pp. 63–72,
Jan. 2019.
[2] A. A. Khan, M. Abolhasan, W. Ni, J. Lipman, and A. Jamalipour,
‘‘A hybrid-fuzzy logic guided genetic algorithm (H-FLGA) approach for
resource optimization in 5G VANETs,’’ IEEE Trans. Veh. Technol., vol. 68,
no. 7, pp. 6964–6974, Jul. 2019.
[3] M. Javed and S. Zeadally, ‘‘RepGuide: Reputation-based route guidance
using Internet of Vehicles,’’ IEEE Commun. Standards Mag., vol. 2, no. 4,
pp. 81–87, Dec. 2018.
[4] L. Ding, Y. Wang, P. Wu, L. Li, and J. Zhang, ‘‘Kinematic information
aided user-centric 5G vehicular networks in support of cooperative perception for automated driving,’’ IEEE Access, vol. 7, pp. 40195–40209,
2019.
[5] P. Lin, K. S. Khan, Q. Song, and A. Jamalipour, ‘‘Caching in heterogeneous
ultradense 5G networks: A comprehensive cooperation approach,’’ IEEE
Veh. Technol. Mag., vol. 14, no. 2, pp. 22–32, Jun. 2019.
[6] L. Zhao, F. Wang, K. Zheng, and T. Riihonen, ‘‘Joint optimization of
communication and traffic efficiency in vehicular networks,’’ IEEE Trans.
Veh. Technol., vol. 68, no. 2, pp. 2014–2018, Feb. 2019.
[7] A. Ali, H. Liu, A. K. Bashir, S. El-Sappagh, F. Ali, A. Baig, D. Park, and
K. S. Kwak, ‘‘Priority-based cloud computing architecture for multimediaenabled heterogeneous vehicular users,’’ J. Adv. Transp., vol. 2018,
Sep. 2018, Art. no. 6235379.
[8] G. Naik, B. Choudhury, and J.-M. Park, ‘‘IEEE 802.11bd & 5G NR V2X:
Evolution of radio access technologies for V2X communications,’’ 2019,
arXiv:1903.08391. [Online]. Available: https://arxiv.org/abs/1903.08391
VOLUME 7, 2019

[9] M. Gonzalez-Martín, M. Sepulcre, R. Molina-Masegosa, and J. Gozalvez,
‘‘Analytical models of the performance of C-V2X mode 4 vehicular communications,’’ IEEE Trans. Veh. Technol., vol. 68, no. 2, pp. 1155–1166,
Feb. 2019.
[10] F. Jameel, S. Wyne, M. A. Javed, and S. Zeadally, ‘‘Interference-aided
vehicular networks: Future research opportunities and challenges,’’ IEEE
Commun. Mag., vol. 56, no. 10, pp. 36–42, Oct. 2018.
[11] Z. MacHardy, A. Khan, K. Obana, and S. Iwashina, ‘‘V2X access
technologies: Regulation, research, and remaining challenges,’’ IEEE
Commun. Surveys Tuts., vol. 20, no. 3, pp. 1858–1877, 3rd Quart.,
2018.
[12] D. Zhang, Y. Liu, L. Dai, A. K. Bashir, A. Nallanathan, and B. Shim,
‘‘Performance analysis of FD-NOMA-based decentralized V2X systems,’’
IEEE Trans. Commun., vol. 67, no. 7, pp. 5024–5036, Jul. 2019.
[13] A. Bazzi, B. M. Masini, A. Zanella, and I. Thibault, ‘‘On the performance
of IEEE 802.11p and LTE-V2V for the cooperative awareness of connected
vehicles,’’ IEEE Trans. Veh. Technol., vol. 66, no. 11, pp. 10419–10432,
Nov. 2017.
[14] F. Jameel, M. A. Javed, and D. T. Ngo, ‘‘Performance analysis of cooperative V2V and V2I communications under correlated fading,’’ IEEE Trans.
Intell. Transp. Syst., to be published.
[15] F. Jameel and M. A. Javed, ‘‘On the performance of cooperative vehicular
networks under antenna correlation at RSU,’’ AEU-Int. J. Electron. Commun., vol. 95, pp. 216–225, Oct. 2018.
[16] C. Iwendi, M. Uddin, J. A. Ansere, P. Nkurunziza, J. H. Anajemba, and
A. K. Bashir, ‘‘On detection of sybil attack in large-scale VANETs using
spider-monkey technique,’’ IEEE Access, vol. 6, pp. 47258–47267, 2018.
[17] E. Ahmed and H. Gharavi, ‘‘Cooperative vehicular networking: A survey,’’ IEEE Trans. Intell. Transp. Syst., vol. 19, no. 3, pp. 996–1014,
Mar. 2018.
[18] D. Kim, Y. Velasco, W. Wang, R. N. Uma, R. Hussain, and S. Lee,
‘‘A new comprehensive RSU installation strategy for cost-efficient VANET
deployment,’’ IEEE Trans. Veh. Technol., vol. 66, no. 5, pp. 4200–4211,
May 2017.
[19] J. Barrachina, P. Garrido, M. Fogue, F. J. Martinez, J.-C. Cano,
C. T. Calafate, and P. Manzoni, ‘‘Road side unit deployment: A densitybased approach,’’ IEEE Intell. Transp. Syst. Mag., vol. 5, no. 3, pp. 30–39,
Jul. 2013.
[20] Z. Ning, J. Huang, and X. Wang, ‘‘Vehicular fog computing: Enabling
real-time traffic management for smart cities,’’ IEEE Wireless Commun.,
vol. 26, no. 1, pp. 87–93, Jun. 2019.
[21] A. Ullah, X. Yao, S. Shaheen, and H. Ning, ‘‘Advances in position
based routing towards ITS enabled FoG-oriented VANET-A survey,’’ IEEE
Trans. Intell. Transp. Syst., to be published.
[22] K. Xiong, S. Leng, J. Hu, X. Chen, and K. Yang, ‘‘Smart network slicing for vehicular fog-RANs,’’ IEEE Trans. Veh. Technol., vol. 68, no. 4,
pp. 3075–3085, Apr. 2019.
[23] J. Du, F. R. Yu, X. Chu, J. Feng, and G. Lu, ‘‘Computation offloading
and resource allocation in vehicular networks based on dual-side cost
minimization,’’ IEEE Trans. Veh. Technol., vol. 68, no. 2, pp. 1079–1092,
Feb. 2019.
[24] Z. Zhou, P. Liu, J. Feng, Y. Zhang, S. Mumtaz, and J. Rodriguez, ‘‘Computation resource allocation and task assignment optimization in vehicular
fog computing: A contract-matching approach,’’ IEEE Trans. Veh. Technol., vol. 68, no. 4, pp. 3113–3125, Apr. 2019.
[25] Z. Zhou, H. Liao, X. Zhao, B. Ai, and M. Guizani, ‘‘Reliable task
offloading for vehicular fog computing under information asymmetry
and information uncertainty,’’ IEEE Trans. Veh. Technol., vol. 68, no. 9,
pp. 8322–8335, Sep. 2019.
[26] A. K. Bashir, R. Arul, S. Basheer, G. Raja, R. Jayaraman, and
N. M. F. Qureshi, ‘‘An optimal multitier resource allocation of cloud RAN
in 5G using machine learning,’’ Trans. Emerg. Telecommun. Technol.,
vol. 30, no. 8, p. e3627, 2019.
[27] Z. Zhou, J. Feng, Z. Chang, and X. Shen, ‘‘Energy-efficient edge computing service provisioning for vehicular networks: A consensus ADMM
approach,’’ IEEE Trans. Veh. Technol., vol. 68, no. 5, pp. 5087–5099,
May 2019.
[28] W. Huang, T. Song, Y. Yang, and Y. Zhang, ‘‘Cluster-based cooperative
caching with mobility prediction in vehicular named data networking,’’
IEEE Access, vol. 7, pp. 23442–23458, 2019.
[29] D. Zhang, H. Ge, T. Zhang, Y.-Y. Cui, X. Liu, and G. Mao,
‘‘New multi-hop clustering algorithm for vehicular ad hoc networks,’’
IEEE Trans. Intell. Transp. Syst., vol. 20, no. 4, pp. 1517–1530,
Apr. 2019.
166155

M. A. Javed et al.: FACP for Traffic Message Transmission in Vehicular Networks

[30] T. Wang, X. Cao, and S. Wang, ‘‘Self-adaptive clustering and loadbandwidth management for uplink enhancement in heterogeneous vehicular networks,’’ IEEE Internet Things J., vol. 6, no. 3, pp. 5607–5617,
Jun. 2019.
[31] X. Zeng, M. Yu, and D. Wang, ‘‘A new probabilistic multi-hop broadcast
protocol for vehicular networks,’’ IEEE Trans. Veh. Technol., vol. 67,
no. 12, pp. 12165–12176, Dec. 2018.
[32] M. Z. Alam, I. Adhicandra, and A. Jamalipour, ‘‘Optimal best path selection algorithm for cluster-based multi-hop MIMO cooperative transmission for vehicular communications,’’ IEEE Trans. Veh. Technol., vol. 68,
no. 9, pp. 8314–8321, Sep. 2019.
[33] R. Molina-Masegosa, M. Sepulcre, and J. Gozalvez, ‘‘Geo-based scheduling for C-V2X networks,’’ IEEE Trans. Veh. Technol., vol. 68, no. 9,
pp. 8397–8407, Sep. 2019.
[34] F. Abbas, P. Fan, and Z. Khan, ‘‘A novel low-latency V2V resource
allocation scheme based on cellular V2X communications,’’ IEEE Trans.
Intell. Transp. Syst., vol. 20, no. 6, pp. 2185–2197, Jun. 2019.
[35] C. Campolo, A. Molinaro, A. O. Berthet, and A. Vinel, ‘‘On latency and
reliability of road hazard warnings over the cellular V2X sidelink interface,’’ IEEE Commun. Lett., vol. 23, no. 11, pp. 2135–2138, Nov. 2019.
[36] S. Bharati, W. Zhuang, L. V. Thanayankizil, and F. Bai, ‘‘Link-layer
cooperation based on distributed TDMA MAC for vehicular networks,’’
IEEE Trans. Veh. Technol., vol. 66, no. 7, pp. 6415–6427, Jul. 2017.
[37] J. Zhou, D. Tian, Y. Wang, Z. Sheng, X. Duan, and V. C. M. Leung,
‘‘Reliability-optimal cooperative communication and computing in connected vehicle systems,’’ IEEE Trans. Mobile Comput., to be published.
[38] H. Xiao, Y. Chen, Q. Zhang, A. T. Chronopoulos, Z. Zhang, and S. Ouyang,
‘‘Joint clustering and power allocation for the cross roads congestion
scenarios in cooperative vehicular networks,’’ IEEE Trans. Intell. Transp.
Syst., vol. 20, no. 6, pp. 2267–2277, Jun. 2019.

MUHAMMAD AWAIS JAVED (S’13–M’19–
SM’19) received the B.Sc. degree in electrical
engineering from the University of Engineering
and Technology Lahore, Pakistan, in August 2008,
and the Ph.D. degree in electrical engineering from
The University of Newcastle, Australia, in February 2015. From July 2015 to June 2016, he was
a Postdoctoral Research Scientist with the Qatar
Mobility Innovations Center (QMIC) on SafeITS
project. He is currently an Assistant Professor with
COMSATS University Islamabad, Pakistan. His research interests include
intelligent transport systems, vehicular networks, protocol design for emerging wireless technologies, and the Internet of Things.

NAZMUS SHAKER NAFI received the B.Eng.
degree (Hons.) in communication from the International Islamic University Malaysia (IIUM),
in 2010, the M.Phil. degree in computer engineering from The University of Newcastle, Newcastle,
NSW, Australia, in 2013, and the Ph.D. degree
in electrical engineering from RMIT University,
in 2017. He is currently a Lecturer with the School
of Information Technology and Engineering,
Melbourne Institute of Technology, Melbourne,
Australia. His current research interests include smart grid communication
systems, wireless network architecture, vehicular communication systems,
machine to machine communication systems, software defined networks,
and the Internet of Things. He received Chartered Engineering status from
Engineers Australia, in 2018.

166156

SHAKILA BASHEER is currently an Assistant
Professor with the Department of Information
Systems, College of Computer and Information
Sciences, Princess Nourah Bint Abdul Rahman
University, Riyadh, Saudi Arabia. She has more
than ten years of teaching experience and has
published several technical articles in international journals/proceedings of international conferences/edited chapters of reputed publications.
She has worked and contributed in the field of data
mining, image processing, and fuzzy logic. Her research also focuses on data
mining algorithms using fuzzy logic. She is also working on data mining,
machine learning, blockchain, and vehicular networks.
MARIYAM AYSHA BIVI received the B.Sc.
degree in computer science from Madurai Kamaraj
University, in 1997, the M.C.A. degree from
Madras University, in 2000, and the M.Phil. degree
in computer science from Periyar University,
in 2005.
From 2000 to 2007, she was with the Justice
Basheer Ahmed Sayeed College for Women, eventually as a Senior Scale Lecturer. She was also a
Part-Time Lecturer with the University of Madras,
from 2000 to 2007, an Academic Counsellor with Indira Gandhi National
Open University, from 2002 to 2007, and as a Guest Lecturer with the
Bharathi Women’s College, in November 2002. She is currently a Lecturer
with the Department of Computer Science, King Khalid University, where
she has been working, since August 2007. She has published many technical
articles in journals and conferences. She worked and contributed in the fields
of data mining and image processing. She is also working on data mining,
big data, cloud computing, and the IoT.
ALI KASHIF BASHIR (M’15–SM’16) received
the B.S. degree from the University of Management and Technology, Pakistan, the M.S. degree
from Ajou University, South Korea, and the Ph.D.
degree in computer science and engineering from
Korea University, South Korea.
He is currently a Senior Lecturer with the
Department of Computing and Mathematics,
Manchester Metropolitan University, U.K. He is
also affiliated with SEECS, National University
of Science and Technology, Pakistan, as an Adjunct Professor. He is the
author of over 80 peer-reviewed articles. He is supervising/co-supervising
several graduate (M.S. and Ph.D.) students. His research interests include
the Internet of Things, wireless networks, distributed systems, network/cyber
security, and cloud/network function virtualization. He is a Distinguished
Speaker of ACM. His past assignments include Associate Professor of
Information and Communication Technologies, Faculty of Science and Technology, University of the Faroe Islands, Denmark; Osaka University, Japan;
Nara National College of Technology, Japan; the National Fusion Research
Institute, South Korea; Southern Power Company Ltd., South Korea, and
the Seoul Metropolitan Government, South Korea. He has served as the
Chair (program, publicity, and track) and Chair on several conferences and
workshops. He has delivered several invited and keynote talks, and reviewed
the technology leading articles for journals, such as the IEEE TRANSACTIONS
ON INDUSTRIAL INFORMATICS, the IEEE COMMUNICATION MAGAZINE, the IEEE
COMMUNICATION LETTERS, the IEEE INTERNET OF THINGS, and the IEICE Journals, and conferences, such as the IEEE Infocom, the IEEE ICC, the IEEE
Globecom, and the IEEE CLOUD OF THINGS. He is serving as the Editor-inChief of the IEEE FUTURE DIRECTIONS NEWSLETTER. He is the Editor of several
journals and has served as a Guest Editor on several special issues in journals
of IEEE, Elsevier, and Springer.

VOLUME 7, 2019

