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Abstract: Heterogeneous vehicular clustering integrates multiple types of communication networks to work efficiently for various 
vehicular applications. One popular form of heterogeneous network is the integration of long-term evolution (LTE) and dedicated 
short-range communication. The heterogeneity of such a network infrastructure and the non-cooperation involved in sharing 
cost/data are potential problems to solve. A vehicular clustering framework is one solution to these problems, but the framework 
should be formally verified and validated before being deployed in the real world. To solve these issues, first, we present a het-
erogeneous framework, named destination and interest-aware clustering, for vehicular clustering that integrates vehicular ad hoc 
networks with the LTE network for improving road traffic efficiency. Then, we specify a model system of the proposed framework. 
The model is formally verified to evaluate its performance at the functional level using a model checking technique. To evaluate 
the performance of the proposed framework at the micro-level, a heterogeneous simulation environment is created by integrating 
state-of-the-art tools. The comparison of the simulation results with those of other known approaches shows that our proposed 
framework performs better. 
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1  Introduction 
 

The ever-growing number of cars on the road 
results in road traffic congestion, which in turn leads 
to long hours driving on the road and increased fuel 
consumption and environmental pollution. This situ-

ation also causes wastage of precious time and money. 
Academia and vehicle industries are working deter-
minedly and investing a large amount of money to 
ensure easy, efficient, and secure road travel by 
emerging technological infrastructures. Various route 
planning and navigational applications have been 
developed to improve road traffic efficiency, leading 
to a reduction of travel time and congestion on the 
roads. These applications depend on underlying in-
formation communication technologies such as the 
Internet, Global Positioning System (GPS), and ve-
hicular ad hoc networks (VANETs) (Alam et al., 
2016). 
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Our first objective is to develop a heterogeneous 
network by incorporating VANETs and telecom 
networks such as long-term evolution (LTE) (availa-
ble today) into a complex network. Our second ob-
jective is to handle the non-cooperativeness of vehi-
cles involved to reduce the cost of using the Internet. 
Route planning and driver assistance applications 
require access to a remote server over the Internet via 
an underlying telecom network. The usage of tele-
communication technologies is not free. Dealing with 
such situations and scenarios requires the develop-
ment of a proper framework. While developing such a 
framework, the handling of the heterogeneity of the 
system introduced by the integration of different types 
of technologies is a challenging task. Therefore, 
having the goal of improving road traffic efficiency 
while incorporating multiple technologies and taking 
care of the cost factors involved is a big issue. There 
are some existing systems (Jia et al., 2020; Wang YP 
et al., 2020), but they were developed to work in a 
particular scenario. The traffic efficiency class of 
applications has distinct requirements in terms of 
frequency, data rate, and latency. 

VANETs play a significant role and provide 
basic infrastructure for the development of applica-
tions for road safety, traffic efficiency, and in-car 
entertainment. The communication networks in 
VANETs have distinctive properties, and the routes of 
the nodes are organized and have great speed. 
VANETs rely on the establishment of reliable com-
munication among vehicles for the development of 
various applications for road traffic management 
(Alam et al., 2016; Ahmad et al., 2019). The integra-
tion of wireless access in a vehicular environment 
with LTE forms a heterogeneous network (Yaqoob 
et al., 2017). One of the use scenarios of the Internet 
of vehicles (IoV) is a traffic information system (TIS). 
A TIS consists of online servers connected to vehicles 
on the roads via the LTE network. Vehicles send data 
to servers that are related to the road traffic situation, 
and the servers compute traffic trends and send in-
formation back to the intended vehicles. This infor-
mation enables vehicles to regulate and manage their 
journey in an efficient way. Each vehicle on the road 
accesses the information from the servers individually, 
resulting in high data consumption and incurred cost. 
To handle this, vehicles are grouped to share data and 
cost. 

By integrating VANETs with LTE, we propose a 
heterogeneous network for vehicular clustering. First, 
we develop a clustering mechanism based on the 
unique clustering criteria that suit road traffic effi-
ciency applications. Then, we incorporate a strategic 
algorithm for cooperation among vehicles, so that 
vehicles act cooperatively in sharing data and cost 
while moving on the road. To verify the performance 
of the proposed destination and interest-aware clus-
tering (DIAC) framework, a formal verification is 
carried out at the macro-level and a simulation study 
at the micro-level. A system model of the framework 
is developed by specifying its states and properties at 
different levels of the design. The desired properties 
of the system are checked by a model checking tech-
nique to verify the working correctness. Simulation 
results are compared with those of existing ap-
proaches. Consequently, the performance is verified 
at both the macro- and micro-level to demonstrate the 
reliability of the framework. Therefore, the contribu-
tions of our work include the development of the 
DIAC framework, the system model of the frame-
work and its design level evaluation, micro-level 
performance comparison, and evaluation with state- 
of-the-art algorithms. 

 
 

2  Related works 
 

Technology is evolving very rapidly, so is the 
development of its applications to various aspects of 
life. Life on the road no longer involves only traveling 
to a desired destination, but also aspects of traffic 
safety and efficiency with associated socio-economic 
benefits. These aspects with ever-evolving technol-
ogy gave birth to the concept of smart cities and in-
telligent transportation systems. Different technolo-
gies are merging for better performance in terms of 
cost, resource usage, safety, and comfort. Vehicular 
networks nowadays incorporate emerging telecom 
networks with dedicated short-range communication 
(DSRC) to form heterogeneous network infrastruc-
tures such as 3G, LTE, and 5G with DSRC (Liu et al., 
2016). One example (Salvo et al., 2017) involves 
floating car data over a typical road segment to help 
vehicles decide on route planning. One of the main 
schemes dealing with the critical use of limited radio 
resource of the vehicular network scenario was  
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proposed by Garbiso et al. (2021). They presented a 
useful self-adaptive clustering system for ensuring a 
suitable trade-off between data aggregation and 
communication congestion due to cluster manage-
ment. The system is based on a distributive justice 
approach for selecting cluster heads (CHs) to improve 
fairness among car drivers. Hui et al. (2020) proposed 
a collaborative content delivery scheme to improve 
the use of participants, including a base station, 
roadside units (RSUs), and vehicles in the software- 
defined heterogeneous network. A cooperation 
mechanism was developed between the base station 
and the RSUs for cooperative content delivery to 
serve a group of vehicles with multicast technology. 
However, being based on RSUs makes it difficult and 
expensive to deploy, and there are solutions that are 
more promising, such as clustering at the vehicle-to- 
vehicle level. 

The central problem of a vehicular network is 
high-speed mobility, which causes instability in links 
that results in less cluster stability. Modified distrib-
uted and mobility-adaptive clustering (MDMAC) 
(Wolny, 2008) is one of the basic algorithms devel-
oped for basic VANETs. The vehicular multi-hop 
algorithm for stable clustering (VMaSC) (Ucar et al., 
2016) was for heterogeneous networks of a larger 
scale. Signal strength of LTE was not considered in 
VMaSC. A clustering-based multi-metric adaptive 
mobile gateway management (CMGM) mechanism 
(Benslimane et al., 2011) works with a hybrid net-
work and minimizes the number of gateways to 
connect to the Internet via a 3G network. The protocol 
of Morales et al. (2012) was designed for traffic effi-
ciency improvement and took the destination of ve-
hicles as a criterion, but it is entirely dependent on the 
LTE network. 

For cooperativeness in a heterogeneous vehicu-
lar network, game theory was used (Srivastava et al., 
2005; Roughgarden, 2010; Ficco et al., 2018). An 
important solution proposed by Lobato et al. (2018) 
was used for content downloading from a remote 
server for vehicles within the cluster. A solution 
proposed by Gerla et al. (2014) is used in our scenario 
to achieve the cooperation behavior, which is essen-
tial when the cost is included in the clustering process. 
Ahmad et al. (2020) presented a good example of a 
heterogeneous vehicular network, in which a fully- 
fledged game-theoretic mechanism was proposed for 

cooperation among vehicles within the cluster. Wang 
TY et al. (2019) proposed heterogeneous vehicular 
networks, in which DSRC, LTE, and vehicle-to- 
everything were integrated. A clustering approach 
was adopted, named self-adopting clustering, based 
on an iterative self-organizing data analysis algorithm, 
targeting at multiple clusters at the same time in a 
wide coverage area. 

Hui et al. (2019) proposed an optimal access 
control scheme for vehicles in a heterogeneous en-
vironment to manage the downloading of data and 
related cost. The proposed scheme is based on a coa-
lition formation game for cooperation among vehicles 
having interest in contents cached in vehicles. Vehi-
cles request content cooperatively to minimize costs. 
Another interest-aware vehicular clustering scheme 
(Ahmad et al., 2019) was proposed for traffic infor-
mation systems to improve road traffic efficiency. The 
cost factor was considered in this scheme, as well as 
the stability. This represents the preliminary stage of 
the implementation of intelligent transportation sys-
tem applications, in which data of traffic flows was 
collected for multiple scenarios, and then a queuing 
model was adopted to improve road traffic efficiency 
(Mirabile, 2020). A framework that optimizes the 
configuration parameters of arbitrary clustering al-
gorithms was presented by Alsuhli et al. (2020). They 
compared the optimization techniques to identify the 
metaheuristic with the best quality solutions used to 
optimize a recent clustering algorithm. 

All the above approaches suit their typical net-
work scenarios and application requirements. Simu-
lations are used mostly to check their performance 
over a defined network. Formal verification of the 
system is essential to confirm the working and func-
tionality of the system. Before exposing any proposed 
system to real-world scenarios, comprehensive per-
formance evaluation is important in most cases, be-
cause the deployment of a real-world network infra-
structure involves expensive hardware and software 
development and installation kit.  

 
 

3  Vehicular clustering frameworks 
 

The DIAC framework consists of a clustering of 
vehicles (destination and interest-aware mechanism 
for VANETs) and is extended to VANET–LTE based 
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heterogeneous clustering. For the clustering process, 
a clustering criterion is used, consisting of speed, 
location, and vehicles having an interest in obtaining 
the information from online TIS servers for route 
planning over the road. The basic algorithm of 
Ahmad et al. (2020) is incorporated in our clustering 
process. The DIAC framework that consists of three 
basic clustering phases is presented in Fig. 1. The aim 
of the cluster status check phase is to determine 
whether there are any existing clusters. In the absence 
of an existing cluster, the cluster formation phase 
starts, in which a base vehicle (BV) sets initial values 
of the average speed (AS), direction (θ), destination 
heading (D), and received signal strength (RSS). 
Then, the CH election process is started, as shown in 
the expanded red rectangular block on the right in 
Fig. 1. 

The CH election process begins by sending 
Hello packets to adjacent neighbors. In response, 
neighbors compute their parameters (AS, θ, D, and 
RSS of LTE). If AS, θ, and D of neighbors are not 
equivalent to the Hello packets’ parameters, then the 
Hello packet received from the BV is discarded. 
Otherwise, the negative (N), positive (P), and strate-
gic (S) variables are checked to determine whether 
they have a zero value. If the answer is yes, then the 
neighbor will accept the request to be part of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cluster and the values of P and S are set to 1. The BV 
will record the RSS value of each received packet 
from the neighbors and compare their RSS values 
with those of cluster members (CMs). RSS of BV is 
named RSSbv and RSS of CM is named RSScm. If 
RSSbv is greater than RSScm, the BV will be elected 
as a CH. The values of P and S will be set to 1. The 
BV will propagate to all CMs about its selection as 
CH. All other CMs will set their N to 1. If RSSbv is 
not greater than those of its neighbors, the neighbors 
with the maximum RSS value will be elected as CHs 
and all other vehicles will be notified.  

Now, the BV and other vehicles, except the one 
elected as a CH, will set their N variable to 1. N rep-
resents the number of rejected requests, P represents 
the number of accepted requests, and S represents the 
strategic values that cannot be greater than 5. The 
value of S controls the repetitive accepted and re-
jected requests by the same vehicle within the same 
clustering environment. Five is set to control the logic 
of our algorithm that depends on the incremental 
values of P and S. This restricts the number of times 
that a vehicle can be selected as CH to at most twice 
under the same clustering environment. This is done 
to load-balance our cluster by avoiding the same ve-
hicle being repeatedly selected as CH. Whenever the 
value of S is 5 in the next iteration, this typical vehicle  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Destination and interest-aware clustering framework (References to color refer to the online version of this figure) 
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will reject the offer of being selected as a CH. This is 
how we control fair sharing in terms of the participa-
tion of vehicles as CH. We assume that all vehicles 
are intended to be part of the clustering process and 
that no one is deviating from this rule. So, we control 
only that the same vehicle will not be elected as CH 
every time, because the sharing of data accessed over 
the LTE network is not free. Further details of the 
parameter setting, definitions, and schemas are pre-
sented in Section 4. 

 
 

4  Design and evaluation 
 
A system analysis technique is required to check 

and increase the reliability of the system with 
mathematical proofs. One important technique is 
formal verification, in which a mathematical model of 
a given system is developed to formally verify that the 
model meets the specified properties of the intended 
behavior. Formal methods enable verification of the 
system properties and provide a conceptual under-
standing of the system or protocols (Qadir and Hasan, 
2015). Our formal evaluation has three purposes:  
(1) to represent clarity through high-level abstraction 
of the proposed DIAC framework, (2) to capture the 
system states that involve vehicle connectivity and 
participation of the distributed vehicular communi-
cations, and (3) to evaluate the performance of the 
model using system performance metrics formulated 
as formation success, CH selection success, and  
accept/reject control. 

In our work, we perform system analysis through 
model checking (Clarke et al., 1986), using a trans-
formational model system. This kind of model con-
sists of pre- and post-conditions and a specification 
language such as “Z.” Model-checking is the appli-
cation of formal methods, in which a set of assertions 
for system design are created against a set of condi-
tions that must or must not happen. A model is de-
signed with a defined set of states of the system, and  
 

 
 
 
 
 
 

changes in these states are triggered by binary logic 
(true or false basis) (Baier and Katoen, 2008). The 
workflow of the formal evaluation process of our 
system is presented in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 

4.1  System specifications 

4.1.1 System schemas 

Z language consists of Z notations based on the 
set theory and mathematical logic. The language is 
developed by integrating first-order predicate calcu-
lus with the set theory. The beauty of the Z language 
lies in how the mathematics can be constructed. 
Mathematical objects and their properties are incor-
porated in schemas with a pattern of declaration and 
constraints. The schemas describe the state of the 
system and changes in the states. Z notations are also 
used to describe system properties and logical rea-
soning related to refinement. 

First, we define the terminologies of our system 
and develop different schemas. DIAC is the name of 
the proposed schema, and the schema signatures 
within the first part of the container are Vi: ℙ VE-
HICLE, CVsit: VEHICLE⇸SPEED. The second part 
contains the schema predicates. The schema predi-
cates are always true and refer only to elements in the 
signature of the schema. The Z notations and symbols 
used in the definitions and schemas are shown in 
Table 1. 

 
 
 
 
 
 
 

Table 1  Symbols and notations 

Symbol Definition Symbol Definition Symbol Definition 

ℙ Subset • Predicate whose value is true Δ Change in the value 

 Is a subset or equal to  Union  OR 

 Empty set → Total function   For all 

 AND ⇸ Partial function A? Input to an operation 

′ Prime  Element belongs to a set ¬a Negation of predicate a 

Fig. 2  Workflow of the formal evaluation process 
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Fig. 3 presents a schema called DIAC. It is a 
state space schema that shows the contents in its 
signature and predicates. 

Fig. 4 presents a schema called DIAC initializa-
tion. It presents an initial form of signature, and 
predicates are defined. Initially, all values are empty. 

The schema called SERAC is presented in  
Fig. 5. It is related to the control procedure within 
strategy and changes in variables N, P, and S. For 
simplicity, in elaboration, we denote N=R, P=A, and 
S=C. So, flag A represents accept, flag R represents 
reject, and C is the control variable for our strategy to 
work. 

 

 DIAC__________________________ 
Vi: ℙ VEHICLE 
CVsit: VEHICLE⇸SPEED 
CVxit: VEHICLE⇸X 
CVyit: VEHICLE⇸Y 
CVDxit: VEHICLE⇸Dx 
CVDyit: VEHICLE⇸Dy 

CVDir: VEHICLE⇸DIRECTION 
CLUSTER: ℙ VEHICLE 
LQ: VEHICLE⇸LINK QUALITY 
 

(CLUSTER jℙ VEHICLE) &  
(CLUSTER F={Vi|ViV & 
CVDirit(Vi)=F & d(Vi, CLUSTER j)≤300} 
& (CVDxit(Vi)=CVDyit(CLUSTER j)) 
(CLUSTER B={Vi|ViV & CVDirit(Vi)=B 
& d(Vi, CLUSTER j)≤300} 
& (CVDxit(Vi)=CVDyit(CLUSTER j))) 

 
 
 
 DIAC initialization______________ 
ΔDIAC 
 

CLUSTER j= 
CLUSTER F= 
CLUSTER B= 
CLUSTER G= 

 
 
 

 SERAC_______________________ 
ΔDIAC 
 
 Vj(Vc(Vj)>5Offer=Reject 
r'=r+1c'=c–1) 
(C(Vc(Vj)≤5Offer=Accept 
a'=a+1c'=c+1) 

 

 

The selection-of-clusterhead schema shows the 
selection of CH, as presented in Fig. 6. Once a CH is 
selected, parameter C is increased by 2. 

The add-vehicle-to-cluster schema in Fig. 7 
represents an addition of vehicle to the cluster. Pred-
icates represent the main clustering criteria, as pre-
sented in Fig. 7. This schema specifies a criterion to 
choose a suitable vehicle for inclusion in the cluster. 

 
 Selection-of-clusterhead________________ 
ΔDIAC 
 
 CLUSTER jCLUSTER • 
Ch j={V|VjCLUSTER j & Offer=Accept 
LQ(Vj)=Max ( LQjLQ|VjCLUSTER j)} 

c'=c+2 
 
 

 
 Add-vehicle-to-cluster_________________ 
ΔDIAC 
Vj?: V 
 
CLUSTER j'=CLUSTER jVj 
 CLUSTER jCLUSTER • 
(d(Vj, CLUSTER j)≤300 & 
(Direction(Vj)=Direction(CLUSTER j)) &  
(Dx(Vj)=Dx(CLUSTER j)) 

 
 
 

4.1.2  Clustering procedures 

Our system model consists of six different states 
with two properties, namely, ACK and wait, as shown 
in Fig. 8. The first state is an initial state, at which all 
defined properties of the system hold negative. After 
booting, the system is started, but the remaining 
properties such as selected, error, ACK, and wait do 
not hold. 

When the system is started, it sends a Hello 
message and waits for the response. If the system 
receives ACKs, then it finds the vehicle with the 
maximum link quality (LQ) value and selects that 
vehicle as a CH. In this state, only properties of error 
and wait hold. If the connection is lost at this state, 
then the system goes to a state at which all properties 
hold, except wait. 

At this stage, the system can go to one of these 
two states. If the connection to LTE is re-established, 
then the system goes into a state at which only the 

Fig. 3  DIAC schema 

Fig. 4  DIAC initialization schema 

Fig. 5  SERAC schema 

Fig. 6  Selection-of-clusterhead schema 

Fig. 7  Add-vehicle-to-cluster schema 
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properties of started and wait hold; if the connection 
to LTE is not re-established within a specified time, 
then the system is started and has an error. From here, 
the system returns to a state at which only the prop-
erty start holds. The system will again send a Hello 
message. If no vehicle is in range, there is no ACK, or 
all vehicles reject the offer to be selected as a CH, 
then the system goes to a state at which properties of 
start and error hold, and the rest are false. 

4.1.3  Accept/Reject decision model 

We present an accept/reject decision model that 
is incorporated into the system model (Fig. 9). The 
accept decision model consists of five states, and each 
state reflects the status of our flag variables within the 
strategic game theory algorithm. These flags control 
the default behavior of game theory, which motivates  
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

vehicles to accept the offer of being selected as a CH. 
The first state represents R, A, and C initial statuses; if 
the value of C is greater than 5, then the decision 
system goes to a state at which the property of accept 
does not hold, and the statuses of C and R change. 

From this state, if any other vehicles accept the 
offer, then the state changes to a new state at which 
only the value of C decreases by 1. From here, the 
system is triggered to its initial state, but with new 
values of flags; from the initial state, if the value of C 
is greater than 0 and is less than or equal to 5, then the 
system goes into a new state. In this state, the property 
of accept is true and the values of A and C change. 
The value of R remains unchanged. At this stage, if 
CH is selected, then the system goes to a new state at 
which only the status of C changes. From this state, 
the system returns to the initial state. 

4.2  Model checking of the temporal logic 

In model checking, users produce a system 
model and some logical formulas that describe the 
properties. If the system is complex, then a model- 
checking algorithm is used to determine whether the 
system satisfies the desired properties (logical for-
mulas). If the properties are not satisfied, then a 
counterexample is produced. Model-checking is 
based on the state specifications that describe all the 
possible behaviors of the system. In the system model 
(graph), nodes are states and transactions of the sys-
tem are edges of the graph. For model checking, a 
model must be closed. Model-checking has three 
steps: 

1. Modeling-system→model. 
2. Specification-specification in natural  

language→properties (formal logic). 
3. Verification-algorithm checks whether the 

desired system properties are met. 
Our system is not very complex and has few 

states. Thus, this system can be checked by simply 
traversing the graph using a branching-time logic 
called computation tree logic (CTL). In CTL, the 
model is unwinding to show all possible computa-
tional paths. Then, the number of computational paths 
that indicate (hold) the desired property is checked. 

In our case, CTL is explored to check the tem-
poral logic. 

The computational tree is made from a model 
transition diagram by unwinding the model into an 

Fig. 8  Expanded system model 

Fig. 9  Accept/Reject decision model 
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infinite tree routed at the first (initial) state. Paths in 
the tree represent all possible computations of the 
system being modeled. Examples of computational 
paths are shown in Figs. 10–12. 

We define several desired properties of the  
system as those intended to be true or false. 

1. First desired property: CH will eventually be 
selected. AF (started→selected) true. 

For all computation paths (AF) within the closed 
graph, the first desired property holds. Fig. 10 shows 
that one of the computational paths, shown as a dotted 
red line, has at least one state at which the property of 
selected is positive. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. Second desired property: the same vehicle is 
not selected as CH every time. EF (started→accept) 
true. 

For some computation paths (EF) within the 
closed graph, the second desired property holds. 
Fig. 11 shows that one of the computational paths, 
shown as a dotted red line, has states at which the 
property of not accepted holds. When one vehicle is 
not at an accepted state, another is chosen. Thus, the 
property holds. 

3. Third desired property: CH is not selected 
every time. EF (selected⇸reject) true. 

The computational path in Fig. 12 shows that the 
system starts properly in some cases, but no cars are 
around; cars are not meeting the criteria of CH selec-
tion, or all cars reject to be selected. The system is 
thus at the state of not selected. 

The main desired properties (intended behavior) 
of our system hold, showing the correctness of our 
model. Formal verification proves that the design and 
behavior of DIAC are correct. In Section 5, we vali-
date our system by simulation at the micro-level, and 
the results are benchmarked against popular  
approaches. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
5  Simulation and results 
 

For simulation, the popular simulators OM-
Net++ (Varga, 2005) and SUMO (Krajzewicz et al., 

Fig. 11  Computational path indicating that the same 
vehicle is not selected as CH every time (References to 
color refer to the online version of this figure) 

Fig. 12  One of the computational paths showing that the 
state is not selected 

Fig. 10  One of the computation paths in the system 
(graph) (References to color refer to the online version of 
this figure) 
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2012) with Veins (Sommer et al., 2010) were inte-
grated. The OMNeT++ model consists of hierarchi-
cally nested modules that communicate by passing 
messages to each other. OMNeT++ models are often 
referred to as networks. The SimuLTE tool (Virdis 
et al., 2015) was incorporated for heterogeneous 
network infrastructure behavior. We compared our 
DIAC algorithm with heterogeneous VANET–LTE 
based networks in terms of performance metrics such 
as CH duration, CM duration, CH changing rate, 
packet delivery ratio (PDR), and cost. Our simple 
DIAC was compared with the VANET version of 
approaches, namely, mobile gateway selection algo-
rithm (MGSA) (Benslimane et al., 2011), MDMAC 
(Wolny, 2008), CMGM (Benslimane et al., 2011), and 
VMaSC (Ucar et al., 2016), to check the performance 
at the VANET level. 

The heterogeneous architecture was built by in-
tegrating VANETs and LTE to obtain reliable simu-
lation results. The simulation was repeated for various 
velocities of vehicles ranging from 10 to 35 m/s. To 
increase the confidence level, the simulation was  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

carried out thrice at each velocity of the vehicles, and 
the average was taken for comparative analysis in a 
graphical form. The simulation tools were set up as 
shown in Fig. 13. 

The simulation parameters and their values are 
described in Table 2 for both VANETs and LTE  
networks. 

In Fig. 14, the CH duration of our proposed 
DIAC was compared against various velocities of 
vehicles. The CH duration of DIAC was much greater 
than those of the known approaches VMaSC, CMGM, 
MDMAC, and MGSA. This result shows the stability 
of DIAC due to its criteria of the same destination and 
the vehicle with stronger RSS being chosen as CH. 
The performances of all approaches decreased as the 
speed of the vehicle increased, but DIAC showed a 
minimum change in the performance compared to the 
other approaches. 

The CM duration within the cluster of DIAC was 
also greater than those of the other approaches at 
various velocities of the vehicles (Fig. 15). DIAC 
maintained the performance as the velocity of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13  Simulation and the evaluation setup 
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vehicle increased. MGSA’s results showed a drastic 
decline in the performance with increasing velocity. 
VMaSC, which is the most recent approach, showed a 
comparatively good performance. The increase in the 
CM duration shows the stability of the cluster because 
it increases the overall cluster life. 

The CH changing rate of DIAC was the lowest 
among those of all other approaches (Fig. 16). A  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

higher CH changing rate means that the cluster is 
more unstable. The CH changing rate decreases at 
lower velocities, but increased at higher velocities. 
The CH changed at a higher rate for MGSA, CMGM, 
and MDMAC than for the proposed DIAC. 

Cluster breakup is lower in DIAC because it 
considers the strongest connection to LTE while se-
lecting CH. Fig. 17 shows that the clustering overhead  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Simulation parameter setting 

Parameter Value Parameter Value 

Simulation area 2 km×2 km RSU antenna type Directional 

Frequency/Bandwidth of the  
IEEE 802.11p 

5.89 GHz/10 MHz OBU vehicle antenna type Omni-directional 

Data rate (Mb/s) 5 OBU height (m) 1.5 

Beacon interval (ms) 20 UE TxPower (dBm) 20 

Maximum velocity (m/s) 10–35 LTE BS antenna type 3-sector directional 

Base station height (m) 15 Vehicle height (m) 1.5 

Number of control subcarriers 500 ENodeB TxPower (dBm) 45 

Number of subcarriers per  
resource block 

12 Number of vehicles 100 

LTE vehicle antenna type Omni-directional (8 dBi/6 dBi) Number of resource blocks 100 

Simulation time (s) 300 Number of guard subcarriers 423 

Fig. 15  CM duration against various velocities of vehicles 
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Fig. 14  CH duration against various velocities of vehicles 

Fig. 17  Clustering overhead against various velocities of 
vehicles 
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Fig. 16  CH changing rate against various velocities of 
vehicles 
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of DIAC was lower than those of the other approaches 
(Fig. 17). The clustering overhead of DIAC increased 
at a much lower rate with the increase in the velocity 
of vehicles than the other schemes. 

The PDR of DIAC was greater than those of the 
other approaches when compared at different vehicle 
velocities (Fig. 18). At the lower velocity of 10 m/s, 
PDR of DIAC was almost 97%, which is quite im-
pressive. This is because only the vehicles that are 
interested in obtaining information from the server 
form the cluster, and at the same time, vehicles trav-
eling towards the same destination bound them to be 
part of the cluster up to a certain destination ahead. 
This factor greatly improves the performance of the 
DIAC algorithm. 

Fig. 19 shows the average CH duration over the 
simulation time. This is to show how the responsibil-
ity of being a CH is fairly distributed among the ve-
hicles participating in the clustering process, which 
results in a fair sharing of cost among the CMs. No 
single vehicle acted as CH all the time or paid the cost 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

all the time. When there was only one CH, the aver-
aged CH durations of all the schemes were almost the 
same, but for two CHs, the averaged time duration of 
the DIAC was less than those of the other schemes 
(Fig. 19). 

This is because in the other schemes, once one 
vehicle is selected as CH in the first run, the same 
vehicle is selected as CH again in the second run. 
Even if another vehicle is selected, its CH duration is 
reduced, so the average remains high. We can see that 
when there were five overall CHs over the simulation 
time, the average CH duration of DIAC was around 
20 s, showing a fair allocation of responsibility 
among the participating CMs. 

Thus, in all metrics, DIAC showed better per-
formance than the other popular approaches. 
 
 
6  Conclusions 
 

The integration of multiple information com-
munication technologies helps us develop a hetero-
geneous vehicular clustering framework. The heter-
ogeneity of the network and the cost of using the 
Internet are handled in our DIAC framework by 
keeping road traffic efficiency in mind. The proposed 
framework, design analysis, and simulation study 
were described in detail. The performances of the 
framework at the design level and implementation 
level were studied. A comparison of performance 
showed that the proposed framework works well 
compared with well-known approaches in this net-
work scenario. This comprehensive evaluation of 
DIAC will promote the development of applications 
in related fields of research in the future. 
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Fig. 18  PDR against various velocities of vehicles 

P
ac

ke
t d

el
iv

er
y 

ra
tio

 (
%

)

Fig. 19  Averaged CH duration with different numbers of 
CHs 



Ahmad et al. / Front Inform Technol Electron Eng   2021 22(9):1247-1259 1258

GARCÍA MÁRQUEZ declare that they have no conflict of 
interest. 

 

Open access 
This article is licensed under a Creative Commons At-

tribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images 
or other third party material in this article are included in the 
article’s Creative Commons licence, unless indicated other-
wise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/. 

 

References 
Ahmad I, Noor R, Reza Z'aba M, 2019. LTE efficiency when 

used in traffic information systems: a stable interest aware 
clustering. Int J Commun Syst, 32(2):e3853. 
https://doi.org/10.1002/dac.3853 

Ahmad I, Noor R, Zaba MR, et al., 2020. A cooperative 
heterogeneous vehicular clustering mechanism for road 
traffic management. Int J Parall Progr, 48(5):870-889.  

 https://doi.org/10.1007/s10766-019-00629-y 
Alam M, Ferreira J, Fonseca J, 2016. Introduction to Intelli-

gent Transportation Systems. Springer, Cham, 52:1-17. 
https://doi.org/10.1007/978-3-319-28183-4_1 

Alsuhli GH, Fahmy YA, Khattab A, 2020. Bio-inspired 
metaheuristic framework for clustering optimisation in 
VANETs. IET Intell Trans Syst, 14(10):1190-1199.  

 https://doi.org/10.1049/iet-its.2019.0366 
Baier C, Katoen JP, 2008. Principles of Model Checking. MIT 

Press, New York, USA. 
Benslimane A, Taleb T, Sivaraj R, 2011. Dynamic clustering- 

based adaptive mobile gateway management in integrated 
VANET—3G heterogeneous wireless networks. IEEE J 
Sel Areas Commun, 29(3):559-570. 

 https://doi.org/10.1109/JSAC.2011.110306 
Clarke EM, Emerson EA, Sistla AP, 1986. Automatic 

verification of finite-state concurrent systems using 
temporal logic specifications. ACM Trans Program Lang 
Syst, 8(2):244-263. 
https://doi.org/10.1145/5397.5399 

Ficco M, Esposito C, Palmieri F, et al., 2018. A coral-reefs and 
game theory-based approach for optimizing elastic cloud 
resource allocation. Fut Gener Comput Syst, 78:343-352. 
https://doi.org/10.1016/j.future.2016.05.025 

Garbiso J, Diaconescu A, Coupechoux M, et al., 2021. Fair 
self-adaptive clustering for hybrid cellular-vehicular 
networks. IEEE Trans Intell Trans Syst, 22(2):1225-1236. 
https://doi.org/10.1109/TITS.2020.2966279 

Gerla M, Wu C, Pau G, et al., 2014. Content distribution in 

VANETs. Veh Commun, 1(1):3-12.  
https://doi.org/10.1016/j.vehcom.2013.11.001 

Hui YL, Su Z, Luan TH, et al., 2019. A game theoretic scheme 
for optimal access control in heterogeneous vehicular 
networks. IEEE Trans Intell Trans Syst, 20(12): 
4590-4603. 
https://doi.org/10.1109/TITS.2019.2894716 

Hui YL, Su Z, Luan TH, 2020. Collaborative content delivery 
in software-defined heterogeneous vehicular networks. 
IEEE/ACM Trans Netw, 28(2):575-587.  
https://doi.org/10.1109/TNET.2020.2968746 

Jia R, Li ZK, Xia Y, et al., 2020. Urban road traffic condition 
forecasting based on sparse ride-hailing service data. IET 
Intell Trans Syst, 14(7):668-674.  
https://doi.org/10.1049/iet-its.2019.0338 

Krajzewicz D, Erdmann J, Behrisch M, et al., 2012. Recent 
development and applications of SUMO-simulation of 
urban mobility. Int J Adv Syst Meas, 5(3-4):128-138.  

Liu K, Ng JKY, Lee VCS, et al., 2016. Cooperative data 
scheduling in hybrid vehicular ad hoc networks: VANET 
as a software defined network. IEEE/ACM Trans Netw, 
24(3):1759-1773.  
https://doi.org/10.1109/TNET.2015.2432804 

Lobato W Jr, Rosário D, Cerqueira E, et al., 2018. A game 
theory approach for platoon-based driving for multimedia 
transmission in VANETs. Wirel Commun Mob Comput, 
2018:2414658. 
https://doi.org/10.1155/2018/2414658 

Mirabile F, 2020. Connected Cars and Traffic Flow Control. 
MS Thesis, Politecnico di Torino, Torino, Italy.  

Morales MMC, Haw R, Cho EJ, et al., 2012. An adaptable 
destination-based dissemination algorithm using a 
publish/subscribe model in vehicular networks. J Comput 
Sci Eng, 6(3):227-242.  
https://doi.org/10.5626/JCSE.2012.6.3.227 

Qadir J, Hasan O, 2015. Applying formal methods to 
networking: theory, techniques, and applications. IEEE 
Commun Surv Tut, 17(1):256-291.  
https://doi.org/10.1109/COMST.2014.2345792 

Roughgarden T, 2010. Algorithmic game theory. Commun 
ACM, 53(7):78-86.  
https://doi.org/10.1145/1785414.1785439 

Salvo P, Turcanu I, Cuomo F, et al., 2017. Heterogeneous 
cellular and DSRC networking for floating car data 
collection in urban areas. Veh Commun, 8:21-34.  

 https://doi.org/10.1016/j.vehcom.2016.11.004 
Sommer C, German R, Dressler F, 2010. Bidirectionally 

coupled network and road traffic simulation for improved 
IVC analysis. IEEE Trans Mob Comput, 10(1):3-15. 

Srivastava V, Neel J, Mackenzie AB, et al., 2005. Using game 
theory to analyze wireless ad hoc networks. IEEE 
Commun Surv Tut, 7(4):46-56.  
https://doi.org/10.1109/COMST.2005.1593279 

Ucar S, Ergen SC, Ozkasap O, 2016. Multihop-cluster-based 
IEEE 802.11p and LTE hybrid architecture for VANET 
safety message dissemination. IEEE Trans Veh Technol, 



Ahmad et al. / Front Inform Technol Electron Eng   2021 22(9):1247-1259 1259

65(4):2621-2636. 
https://doi.org/10.1109/TVT.2015.2421277 

Varga A, 2005. OMNeT++: Discrete Event Simulation System. 
Version 3.2. User Manual. 
http://citeseerx.ist.psu.edu/viewdoc/download;jsessionid
=2264D7CDD6ABA149251E644D3C02413E?doi=10.1.
1.111.6503&rep=rep1&type=pdf 

Virdis A, Stea G, Nardini G, 2015. Simulating LTE/LTE- 
advanced networks with SimuLTE. Int Conf on 
Simulation and Modeling Methodologies, Technologies 
and Applications, p.83-105. 
https://doi.org/10.1007/978-3-319-26470-7_5 

Wang TY, Cao X, Wang SW, 2019. Self-adaptive clustering 
and load-bandwidth management for uplink enhancement 
in heterogeneous vehicular networks. IEEE Int Things J, 

6(3):5607-5617. 
https://doi.org/10.1109/JIOT.2019.2904036 

Wang YP, Cai PL, Lu GQ, 2020. Cooperative autonomous 
traffic organization method for connected automated 
vehicles in multi-intersection road networks. Trans Res C 
Emerg Technol, 111:458-476.  
https://doi.org/10.1016/j.trc.2019.12.018 

Wolny G. 2008. Modified DMAC clustering algorithm for 
VANETs. 3rd Int Conf on Systems and Networks 
Communications, p.268-273. 
https://doi.org/10.1109/ICSNC.2008.28 

Yaqoob I, Ahmad I, Ahmed E, et al., 2017. Overcoming the 
key challenges to establishing vehicular communication: 
is SDN the answer? IEEE Commun Mag, 55(7):128-134.  

 https://doi.org/10.1109/MCOM.2017.1601183
 


