
Digital Communications and Networks xxx (xxxx) xxx
Contents lists available at ScienceDirect

Digital Communications and Networks

journal homepage: www.keaipublishing.com/dcan
A geographic routing protocol based on trunk line in VANETs

Chen Chen a,b, Huan Li a,*, Xi’ang Li b, Jianlong Zhang a,c, Hong Wei d, Hao Wang e

a State Key Laboratory of Integrated Services Networks, Xidian University, Xi’an, 710071, China
b Key Laboratory of Industrial Internet of Things & Networked Control, Ministry of Education, Chongqing, 400065, China
c Shanxi Key Laboratory of Integrate and Intelligent Navigation, Xi’an, 710071, China
d China Highway Engineering Consulting Group Co.LTD., Beijing, 101400, China
e Xi’an United Ride Intelligent Technology Co.LTD., Xi’an, 710071, China
A R T I C L E I N F O

Keywords:
VANETs
AHP
Data transmission routing scheme volume
* Corresponding author.
E-mail addresses: cc2000@mail.xidian.edu.cn (

hhwei41@163.com (H. Wei), hhwang41@163.com

https://doi.org/10.1016/j.dcan.2021.03.001
Received 27 December 2019; Received in revised f
Available online xxxx
2352-8648/© 2021 Chongqing University of Posts a
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/b

Please cite this article as: C. Chen et al., A geog
doi.org/10.1016/j.dcan.2021.03.001
A B S T R A C T

A Trunk Line Based Geographic Routing(TLBGR) protocol in Vehicular Ad-hoc Networks (VANETs) is proposed in
this paper to solve the problem of data acquisition in the traditional trunk coordinated control system. Because of
the characteristics of short communication time and high packet loss rate among vehicles, the vehicles entering
the trunk lines can not transmit their information to the trunk coordinated control system stably. To resolve this
problem, the proposed protocol uses the trunk lines’ traffic flow and the surrounding road network to provide a
real-time data transmission routing scheme. It takes into account the data congestion problem caused by the large
traffic flow of the main roads, which leads to the corresponding increase of the information flow of the section and
the package loss, and the link partition problem caused by the insufficient traffic flow, which makes the vehicles
have to carry and relay information and therefore increase the transmission delay. The proposed TLBGR protocol
can be divided into two stages: the next-intersection selection, and the next-hop selection in the chosen path
between the current and next intersections. Simulation results show that, compared with other IoT routing
protocols including Greedy Perimeter Stateless Routing (GPSR), Ad-hoc On Demand Vector (AODV), and Q-
AODV, the TLBGR protocol has better performance in aspects of end-to-end delay, delivery rate, and routing cost
under the scenario of urban traffic trunk lines. The TLBGR protocol can effectively avoid data congestion and local
optimum problems, increase the delivery rate of data packets, and is therefore suitable for the routing re-
quirements in this application scenario.
1. Introduction

With the rapid development of communication and information
technologies [1,2], the Vehicular Ad-hoc Network (VANET) is regarded
as a mobile network established for moving vehicles to bridge the gap
between the physical and cyber worlds on the wheel [3,4]. It allows
vehicles to play the role of nodes and realize the connection among nodes
by applying the routing protocol [5,6]. This feature makes the VANET a
significant part of the Intelligent Transportation System(ITS) [7,8]. At the
same time, with the expanded coverage range of cellular networks, the
VANET has great potential in protecting road safety and improving traffic
efficiency, although it may bring some new challenges in resource
scheduling management [9,10]. After obtaining the information of the
vehicle nodes and roads, the VANET could provide road warning, route
planning and other services for drivers and passengers [11]. For example,
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raphic routing protocol based o
Xu Z modeled the relationship between truck fuel consumption and
driving behavior using data from the Internet of vehicles to design more
energy-efficient driving behavior in the soon-to-come era of connected
and automated vehicles [12]. Since the dynamics of the network appli-
cation bring various changes and problems, the routing protocol in the
VANET has become an active research field.

Due to the complex topology of urban roads, different application
scenarios generate different routing requirements [13]. Traffic trunks run
a large amount of traffic in the urban areas. The smooth flow of trunk line
plays a decisive role in the traffic conditions of the entire city. Therefore,
the trunk coordinated control unit is usually carried out at the in-
tersections. In this way, when most of the traffic flows reach the inter-
section and the green light signal is working, the vehicles can pass
through the intersection without waiting. This is also called green wave
control. Among the traditional trunk coordinated control methods, the
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Fig. 1. Overall design framework.

Table 1
Connection Probe Packet (CPP).

Originator: Vehicle
ID

ToG: Time
stamp

From:Intersection
ID

To:Intersection
ID

Transmission delay
Other information

Fig. 4. Wireless channel fading classification.
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most classical ones are the graphic method and the numerical method.
They are simple and intuitive, but the drawing and calculation processes
are relatively complex, easy to cause errors due to human factors. The
uneven distribution of traffic in a day also makes it difficult for the trunk
coordinated control system to adapt to the changes in traffic volume
timely. Besides, the distance between intersections is not uniform, and
the speed of vehicles is not controllable, which makes it difficult for the
traditional trunk line coordinated control method to achieve real effec-
tive green wave control in practical application. In VANETs, the vehicles’
real-time driving information can be sent to the trunk coordination
control system through the communication networks to solve the above
issues, so it is necessary to design an efficient routing protocol for the
trunk line network to effectively and fastly transmit vehicular informa-
tion to the trunk control system.
Fig. 2. Overall schematic diagr

Fig. 3. Local schematic diagra
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The routing protocols in VANETs can be divided into four categories:
topology based routing protocols, broadcast routing protocols, cluster
based routing protocols and location based routing protocols. Ad-hoc On
Demand Vector (AODV) [14] is a topology-based routing protocol for
Mobile Ad-hoc Network(MANET). When there is a communication de-
mand, the sending node broadcasts the Route Request (RREQ) packet to
the neighbor nodes, and the neighbor nodes update the local routing
table immediately after receiving it, and then continue to forward the
RREQ to their neighbor nodes, and repeat this process until the RREQ is
am of network connection.

m of network connection.



Fig. 5. Hierarchical structure model.

Table 2
Standard values mean random consistency index R.I.

Matrix order 1 2 3 4 5 6 7

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32
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sent to the destination node. However, due to the fast-moving speed of
vehicles on the road, the topology of the vehicular network changes
quickly, and the communication link quality is low and easy to break. The
broadcast routing protocols use the flooding method to send packets to
all nodes in the network. The advantage of this kind of routing protocol is
that the performance is better when the number of nodes is small, and the
destination node can receive messages in a short time, which is suitable
for the highway network. But the repeated broadcast of data packet could
make the network congested, so it is usually used for vehicles to transmit
emergency information. In the cluster-based routing protocol [15], ve-
hicles form vehicle clusters according to their mobility. For each cluster,
a cluster head is assigned to communicate with the vehicular nodes inside
and outside the cluster. This kind of routing protocol’s routing cost is
minimal because there is no need to do the routing finding process, and
the packet delivery rate is great. However, the protocol does not consider
some important parameters such as speed and direction, so the delay is
long in a high dynamic network. The Greedy Perimeter Stateless Routing
(GPSR) [16] protocol is one of the most classic location-based protocols
proposed by Brad Karp. The GPSR protocol uses greedy forwarding and
peripheral forwarding in the greedy forwarding failure zone to transmit
data packets. It depends on the GPS equipment. Through the GPS, each
node knows its location, the locations of its neighbor nodes, and the
location of the destination node. Then an optimal path to the target node
can be calculated. The node does not need to maintain the routing table
or participate in the state information of neighbor nodes. There is no
need to establish a global path between the source node and the desti-
nation node, so the location-based routing protocol is suitable for the
high mobility environment and reduces the network overhead. With the
increasing popularity of high-precision maps, 5G communication tech-
nologies, and other location services [17,18], the location-based routing
protocol has become the primary method. However, it still has some
problems in urban scenes, such as excessive hops and routing ring.

In order to improve the performance of the traditional GPSR protocol
and provide a real-time data transmission routing scheme which is more
suitable for urban trunk information transmission scenarios in VANETs,
we propose a new protocol, Trunk Line Based Geographic Routing
(TLBGR). The main idea of the TLBGR protocol can be summarized as the
following three points:

� Connect Probe Packet (CPP) is used to judge the connectivity of
adjacent intersection sections to choose the connected road segment
set.
3

� The optimal road segment is selected under different vehicle densities
as the next segment of data packet transmission.

� In the selected optimal section, according to the next hop selection
algorithm obtained by the Analytic Hierarchy Process(AHP), the next-
hop node is selected.

The rest of the paper is organized as follows. The related work is
introduced in Section 2. The geographic routing protocol based on trunk
line is introduced in Section 3. Simulation results and analyses are given
in Section 4. Section 5 concludes the paper.

2. Related work

2.1. Location-based routing protocol

The GPSR protocol forwards information by one of the broadcast
methods: flooding. When multiple broadcast nodes transmit data to the
same forwarding node, the number of packets in this node’s buffer will
increase dramatically [19]. If the packet processing speed is slower than
the node’s speed of receiving the packet, the transmission delay of the
data packet will be greatly increased, and network congestion occurs. In
Ref. [20], a privacy-preserving and sparsity-aware location-based pre-
diction method is proposed for collaborative recommender systems. The
predictions are made based on both global and spatial nearest neighbors.
In 2015, Tianli Hu [21] proposed a node buffer to control network
congestion, which improved the performance of the GPSR in the aspect of
delay. The scheme determines the routing strategy according to the
buffer length and considers not only the distance between the next-hop
node and the target node but also the available space of the next-hop
node’s buffer. This scheme reduces the delay of the route and the
packet loss caused by the retransmission waiting time. In 2019, Gao
Tianxiang [22] proposed an improved GPSR protocol, in which the road
network model and the service quality model are established. The road
and intersection location, the effective bandwidth and link lifetime are
considered as factors of the service quality model. The forwarding mode
does not simply select the closest node to the target node, also executes
the segment selection strategy at the intersection and then selects greedy
forwarding in the segment. At the same time, the protocol also adopts the
carrying and forwarding mechanism to ensure the packet delivery rate in
the sparse density environment.

2.2. Trunk-based routing protocol

To design a high-quality information transmission routing protocol on
the trunk, there are two key issues: First, how to select the next road
segment at the trunk intersection; second, how to select the next-hop
vehicle node in the selected segment to propagate the data packet. For
the first problem, routing metrics based on specified requirements play a
key role in providing quantifiable values to determine the efficiency of
protocols. Some routing protocols use the historical traffic information to



Fig. 6. OPNET simulation process.
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design routing metrics such as vehicles’ average speed, vehicle density
and so on. Vehicles can download the metric data in advance to reduce
the communication overhead. The Vehicle Assisted Data Delivery(VADD)
[23] method forwards the packets to make sure the lowest transmission
delay. The Intersection-based Geographical Routing(IGRP) [24]protocol
for VANETs chooses the road segment owning the maximum connectivity
based on the quality of service. However, there are two main problems:
local maximum capacity and data congestion. Besides, the statistical re-
sults of the historical information are not accurate. The VANETs aim to
solve the problem of real-time data transmission, but using historical
information may lead to sub-optimal routing decisions. For other routing
protocols, taking [25] as an example, real-time information is used to
calculate the routing metrics. Considering the distribution and move-
ment of nodes, there may be many link partitions, especially in sparse
density networks. In this case, it is difficult to calculate the routing
metrics. The second question consists of two subparts: how to choose the
next-hop vehicle when the packet is transmittedwithin the road segment,
4

and how to determine the next-hop vehicle when the packet arrives at the
intersection to ensure efficient transmission. The packets cannot always
be transmitted according to the pre-computed optimal paths due to the
unpredictable topology of the VANET. Therefore, the routing protocol
based on trunk lines should apply a method to determine the next
segment adaptively to adapt to the changing traffic.

3. Geographic routing protocol based on trunk line

When the traditional GPSR protocol is applied to urban scenes, there
are two main problems. On the one hand, when selecting the next link
segment, greedily selecting the link nearest to the destination node may
lead to a large delay of information transmission due to congestion or low
density. On the other hand, the problem of local optimization may exist
when the farthest node is selected as the next-hop node in the selected
link segment. To solve these problems, the main process of the proposed
protocol is shown in Fig. 1. Firstly, some intersections nearest to the



Table 3
OPNET simulation communication parameters settings.

parameter parameter values

Simulation area size 10000 m*10000 m
Number of lanes The main road has six lanes

in two directions and the other
two lanes in two directions.

Number of signal lights 20group
Minimum residence time of vehicles at intersections 3s
Maximum residence time of vehicles at
intersections

30s

Minimum vehicle speed 30 km/h
Maximum vehicle speed 60 km/h
Simulation time 3600s
Maximum transmission range of nodes 100 m
Packet size 128bits
Packet type TIP
Packet generation rate 1-10 packets/s
Beacon size 20bytes
Beacon cycle 2s
Channel capacity 2Mbps
MAC protocol 802.11p
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destination node are selected, and the CPP packets are sent to judge the
link segment connectivity. Then the link segment with the highest de-
livery rate is chosen as the next segment. If there is no connecting link,
the probability that the vehicle is fully connected in the segment is
calculated according to the historical information and the segment with
Fig. 7. Simulation n
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the highest probability will be chosen. Finally, AHP is used to select the
next-hop node for data transmission in the selected link segment
considering the single-hop transmission rate, channel fading, and link
connection time.

3.1. Hypothesis and system model

Hypothesis: (1) Each vehicle in the VANET can know its position and
speed through the GPS and is equipped with a high-precision map to
obtain the end position of the road unit through location service. Ac-
cording to the navigation map, each vehicle entering the trunk line
equipped with the coordinated control system will trigger the trans-
mission mechanism and send the vehicle traffic information package,
which includes the speed of the vehicle, the number of the intersection
entering the trunk line, the number of the intersection leaving the trunk
line and the number of hops to the pavement system. (2) The urban traffic
trunk line is a bidirectional n-lane model (n � 4). There are pavement
units collecting information at both ends of the main traffic lines.

Assuming that each vehicle generates messages at a rate βs, according
to the results in Refs. [15,26], the probability for the vehicle to send a
packet in a randomly selected slot is τs:

τs ¼ 2ð1� pÞ2
2þ pWs � 3p

ðTsβsÞ (1)

Among them, Ts represents the length of a slot and Ws represents the
minimum competition window. Suppose there are N vehicles competing
etwork model.



Fig. 8. CPP package in OPNET model.

Fig. 9. Node model.
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for the same channel with the sending vehicle, then the collision prob-
ability of the group access information can be expressed as:

pc ¼ 1� ð1� τsÞN (2)

3.2. Protocol content

In this section, we will use five subsections to introduce the details of
the proposed protocol.

3.2.1. Link connectivity decision mechanism for adjacent intersections
The purpose of sending the CPP packets is to detect the link con-

nectivity between two intersections. The format of the CPP package is
shown in Table 1. If the result of the adjacent intersection on the traffic
trunk is that the link is invalid, the connect probe packet will be sent to
the other direction intersections. Time of Generation (ToG) represents
the generation time of CPP packets, and other information includes
additional routing information such as the average density and the
average speed. The connection detection packet is based on the next-hop
selection strategy, which transfers hop by hop to traverse the route
segment to another intersection. When the connection detection packet
arrives at the intersection j, the vehicle nearest to the current intersection
vj is responsible for generating the updated weights. In the connected link
segment, it refers to the delivery rate while in the unconnected link
segment, it refers to the probability that the vehicle is fully connected.
6

Then the information is released through the intersection and sent back
to the sender vi. If the CPP does not arrive at the intersection j as planned,
the packet will be discarded because of the long delay of this segment.
When the connection detection data packet is generated, timer T is
triggered. If node vi receives the data packet from node vj before timer T
fails, the link is determined to be a connection link. Otherwise, it is
determined that the segment is invalid.

In summary, the link-connected segments are selected by using the
CPP with smaller memory as an alternative route for data packet trans-
mission. And the delivery rate is the primary consideration to select the
alternative sections [27] because it is very easy to cause data congestion
[28,29]when the urban trunk line carries a large amount of traffic flow
[30].

3.2.2. Bidirectional multi-lane multi-hop packet delivery rate modeling
In this section, we will give a flow chart for calculating the delivery

rate of bidirectional multi-lane data to solve the problem of data
congestion caused by the high density of vehicles on the trunk lines.
According to Formula 3, the single-hop transmission rate equals the
probability of sending a packet successfully before the specified retry
limit r:

PDRone�hop ¼ 1� prc (3)

Number of hops: The number of relay nodes that a packet passes
through when it is released from one intersection to another via multi-
hop transmission.

di; i 2 f1; 2:::ng is defined as every hop process of a sending node in
lane i. It is assumed that the average density of vehicles in lane i follows a
uniform distribution with parameters λi. R represents the transmission
radius of a node. The Cumulative Distribution Function (CDF) can be
expressed as:

PðdiÞ¼ e�λiðR�dÞð1� e�λidÞ
1� e�λiR

(4)

Then, the CDF of the expected multi-lane hopping process is as
follows:

PðdÞ¼P1ðdÞP2ðdÞ…PnðdÞ
¼ e�ðλ1þλ2þ…þλnÞðR�dÞð1� e�λ1dÞð1� e�λ2dÞ…ð1� e�λndÞ

ð1� e�λ1RÞð1� e�λ2RÞ…ð1� e�λnRÞ
(5)

Therefore, the expected multi-lane hopping process is as follows:

d¼
ZR
0

xdFðxÞ (6)

After knowing the process of each jump in the multi-lane, the ex-
pected number of hops can be approximated as follows:

h¼ L

d
(7)

Success rate of multi-hop packet transmission: The overall estimated
packet transmission rate of the section can be calculated as follows:

PDRmulti�hop ¼
�
1� prc

�h (8)

When the density of vehicles on the trunk line is low, the data packet



Fig. 10. Transmission delay of four routing protocols.

Fig. 11. Delivery rate of four routing protocols.
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transmission will encounter the problem of link partition, so only vehicle
carrying and forwarding can be selected, which will greatly increase the
transmission delay [31]. So in this case, the connection probability of the
vehicle network is considered as the primary index.

3.2.3. Complete connection probability modeling
In the transmission phase of CPP, when the link connection is inter-

rupted due to low vehicle density, node vi can not receive the updated
link weight from node vj. The link weight is estimated by using historical
7

information through the connectivity of the network, and the link weight
becomes the probability that all nodes are connected to each other
through wireless communication.

Next, a bidirectional multi-lane network connection analysis model
for the urban trunk lines is given. As shown in Fig. 2, for the urban trunk
lines, we take the bidirectional six-lane as an example and assume that
the average density of vehicles in the lanes obeys the parameters of λ1λ2,
…, λn. The uniform distribution of Lane1 is λ1, Lane2 is λ2 and Lane n is
λn. The number of vehicles on lane i is within interval l, which obeys the



Fig. 12. Comparison of routing overheads under different vehicle densities.
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Poisson distribution.

f ðki; lÞ¼ ðλilÞki
ki!

e�λi l (9)

The distribution function of the workshop distance can be expressed
as:

FiðxÞ¼ 1� e�λi x (10)

In the same lane, when the distance between two vehicles running
continuously exceeds the transmission distance R of nodes, it is defined
as chain breaking. As shown in Fig. 3, the link between vehicle A and
vehicle B is disconnected on Lane 4. For the multi-lane link failure, the
adjacent lanes can be used to improve the connectivity effect. As shown
in Fig. 2, the directional lane on Lane 3 or the adjacent lane on Lane 5 is
illustrated in detail with an example of the directional lane, assuming
that there are vehicles V1 V2 V3 … VNab in Lane 3 between node A and
node B, so vehicles A and B can still be connected by multi-hop relays.

If the following conditions are met, the links between nodes A and B
are determined to be connected:

1) Condition η1 : There are at least Nab vehicles in the lane in the gap
between vehicles A and B.

2) Condition η2 : In a continuous traffic flow, any workshop distance is
shorter than R.

3) Condition η3 : The length of multiple link coverage S is longer than
lab � R .

Suppose there is a gap between Lane 3 of the opposite lane including
Nab left vehicles, Lane 5 of the adjacent lane including Nab right vehicles
and Lane 4 of Nab vehicles. If the lane is located on the roadside and there
is only one adjacent lane, the probability of one adjacent lane is calcu-
lated. According to Formula 5, the probability of the event is:

Prðη1Þ¼
ðλ3labÞNab left e�λ3 lab

Nab left!
þðλ5labÞNab right e�λ5 lab

Nab right!

þðλ4labÞNab e�λ4 lab

Nab!

(11)

Medium: Nab left � Nab;Nab right � Nab

According to Formula 10, the probability distribution function of the
workshop distance less than the maximum transmission distance R of the
8

vehicle is recorded and defined as FiðRÞ ¼ 1� e�λiR. i represents the
number of lanes, so the probability of event η2 is:

FiðxÞ¼ 1� e�λix (12)

The probability density function of the corresponding workshop

distance is fiðxÞ ¼ λi e�λi x

1�e�λiR
and the probability density function of the sum

of all vehicle workshop distances can be obtained as follows:

fiðSÞ¼ λmi S
m�1

ð1� e�λiRÞmðm� 1Þ!e
�λiS (13)

According to Formula 9, the probability of events can be obtained as
follows:

Prðη3Þ¼ 1�
Xiþ1

i�1

Z lab�R

0
fiðSÞdS (14)

Therefore, with the help of multi-hop relay transmission in direc-
tional lanes, the probability of events connected by vehicles A and B can
be expressed as follows:

PrðηÞ¼Prðη1ÞPrðη2ÞPrðη3Þ (15)

According to Ref. [32], the average number of Lane i failure links can
be expressed as Nl ¼ L

ðeλiR�1Þ

�
1
λi
� Re�λiR

1�e�λiR

�
þRþ1

λi

, so the probability that all

vehicles in Lane 4 will be fully connected by multi-hop transmission is:

pl ¼ ½PrðηÞ�Nl (16)

3.2.4. Next link segment selection
Because of the frequent changes of the topological network and the

large scale of the network, it is difficult to get a global understanding of
the instantaneous information of the network topology. Therefore, an
adaptive intersection selection algorithm is adopted, which can select
intersections one by one according to the specified requirements, and
calculate the path of each intersection partially continuously. The spe-
cific process is as follows:

1 Choose the candidate intersections: When a packet arrives at an
intersection, there are different candidate intersections defined as
adjacent intersections of the current intersections i. In order to reduce
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the cost of traversing all intersection to find the best path, we firstly
select k suitable candidate intersections in all adjacent intersections
collection Ni according to their geographical shortest distance to the
destination. This is based on the observed section between the current
intersection and its adjacent intersections, so the intersection located
on the trunk line is the shortest route to the destination geographi-
cally, which often provides the shortest communication path.

2 Choose the best route: In VANET, the connected links should have the
priority to be selected in all routes, because the data transmission
depends on wireless communication technology and network
connection, which will bring lower delay. However, in the presence of
multiple links, the path with the greatest connectivity is likely to be
the path with the greatest degree of congestion. This may lead to more
data collisions, resulting in large latency or low available bandwidth.
Therefore, in this case, the transmission rate is considered to be the
key parameter reflecting the channel quality. When there are multiple
connected routing paths, the aggregation is expressed as cðiÞ. We
choose the path with the highest packet transmission rate as the
optimal path, that is:

loptimal ¼ argmax
l2cðiÞ

PDRmulti�hop (17)

Formula 8 is used to calculate the data transmission rate of the routing
section. However, for sparse networks, there are likely many link parti-
tions in the network. If the scheme of carry-forward is adopted, the
packet will have a higher transmission delay. In this case, connectivity
will have significant impact on network performance. Therefore, if all
routing paths in set dðiÞ are disconnected, the path with the greatest
connectivity is chosen as the best routing path, that is:

loptimal ¼ argmaxl2dðiÞpl (18)

3.2.5. Next hop selection
After the next section is determined, the packet will be forwarded

along this section and select the next hop [33,34]. Most routing protocols
choose the greedy forwarding mode to select the next hop, which can
reduce the number of hops, loss and channel occupancy. However,
because the TLBGR protocol is based on the urban traffic trunk lines and
the speed of vehicles is relatively fast, the next-hop node selected by
greedy forwarding is usually located at the boundary of the transmission
range of the sending node. It is likely that the selected vehicle node will
drive out of the communication range of the sending node and cause
packet loss. Therefore, compared with reducing hops and resource oc-
cupancy, the priority should be given to ensuring the reliability of data
packet transmission. The time delay can also be eliminated by calculating
the formula in the later coordinated control of trunk lines, which has
little impact on the entire system.

When choosing an intersection, a selection strategy requiring the next
hop to transmit data packets along the selected section. The location of
adjacent nodes can be obtained by periodic exchanges of beacon packets.
In addition, to ensure the successful transmission of data packets, com-
bined with the communication quality of nodes and the progress of single
hop transmission, this protocol uses the AHP to ensure the quality of data
packet transmission under trunk demand. Based on the physical char-
acteristics of the urban traffic trunk lines and the application scenarios of
this routing protocol, the single hop transmission rate, channel fading
and link connection time are selected as the parameters for selecting the
next hop. The distance between the vehicles [35] is considered as a factor
based on the idea of greedy forwarding. The farther the next hop is from
the sending node the closer the destination node, and the smaller the
number of hops required, and the corresponding routing overheadwill be
reduced. However, because the next-hop node farthest from the sending
node is always located at the boundary of the transmission range of the
node, it is easy to cause packet loss. So we introduce the single hop
transmission rate and channel fading as the measurement indexes. This
section mainly describes the determination of the distance between
9

vehicles.
Assuming that there are m potential neighbor nodes in the trans-

mission range of the sending node s, it is defined as a set of all neighbor
nodes NðsÞ ¼ fs1; s2; s3;…; smg. The neighbor nodes are filtered by con-
ditions tsi > Tth to indicate the average link connection time between
node s and its neighbor nodes calculated by Formula 21, and then the
candidate nodes are identified separately. Lðs; iÞ represents the link
connection time between node s and its neighbors, and a threshold value
Tth is specified for forwarding data packets.

Link connection time refers to the time when direct communication
links between two nodes remain continuously available. For the high-
speed mobile vehicle network, it is an important basis for judging the
quality of communication. The mean and variance of nodes’ velocity of
node s and node i are defined respectively as vsasvi ai. DðtÞ represents the
distance between vehicles and the initial value is Dð0Þ ¼ d0. Because of
the random mobility of the sum of nodes, the distance between vehicles
can be considered as a G=G=1 queue, in which the movement of nodes in
unit time can be considered as the arrival queue, and the distance be-
tween nodes can be considered as the departure queue.

pðxjd0;tÞ¼Prðx�DðtÞ�xþdxjd0Þ

¼ 1

σ
ffiffiffiffiffiffiffi
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Fs;iðtÞ¼ 1�
Z R

0
pðxjd0; tÞdx (20)

Therefore, the average link connection time can be deduced as:

EðTs;iÞ¼
Z þ∞

0
tdFs;iðtÞ (21)

Channel fading: For a transceiver system from the source node to the
destination node, the free space propagation is an ideal wireless signal
propagation. It can be understood that the electromagnetic signal emitted
by the source node reaches the destination node along a straight line after
a certain attenuation. However, for the urban trunk scenario used in this
paper, the electromagnetic wave emitted from the source nodemay reach
the destination through a series of reflections. Due to the different phases
of arriving at the destination node, the signal strength decreases are
different. This process is called channel fading.

As shown in Fig. 4, channel fading is divided into large-scale fading
and small-scale fading. Large-scale fading refers to the fading of signals
after a long-distance transmission, which can be divided into path loss
and shadow effect. Path loss is caused by radiation diffusion of the
transmitting power, and the shadow effect is caused by the obstacle
blocking signal.

Small-scale fading refers to the instantaneous loss of signals in the
transmission process. Small-scale fading can be divided into multipath
effect and doppler effect. The multipath effect refers to the interference
delay effect caused by the different time of each multipath signal arriving
at the receiving node in the multipath transmission, especially in the
traffic environment. Doppler frequency shift refers to the phase change
caused by the distance difference when the transmitting node moves in a
certain direction at a constant rate. When the node moves in front of the
wave source, the wavelength becomes shorter, the frequency becomes
higher, and the wavelength is compressed [36].

Dedicated Short Range Communications (DSRC) [37] describes that
the communication range of a vehicle node in the VANET is usually
several hundred meters, so small scale fading is considered. A large
number of researchers have confirmed that the nakagami-m channel
model has a good fit for the measured experimental data. We define the
probability that a packet can be sent from the source node s to the node i
after channel fading is Csi
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Csi ¼ 1� mm Z tr

zm�1e
� m

w

z

dz (22)

ΓðmÞwm

0


 �

tr ¼ Tp

R2
G (23)

G¼GtGrλ

ð4πÞ2l (24)

Here, w denotes the average receiving power, tr is the threshold of the
received signal, Tp is the transmitting power, and the Gt , Gr are the an-
tenna gain of the transmitting node and the receiving node, respectively.
M denotes the attenuation factor, which represents the severity of
channel fading, and is related to the distance between the vehicles
required in the previous section. According to the application scenario of
the protocol [38], while 50 � dðs;iÞ � 150,m is 1.5. Therefore, the above
formula can be simplified as follows:

CsiðdÞ¼ 1� 1:837d3

Γð1:5Þ
Z 1

R2

0
z0:5e�1:5x2zdz (25)

Analytic Hierarchy Process: the AHP is a mathematical tool that can
deal with non-quantitative multi-criteria decision-making problems. It is
proposed by professor Satie, an American operations researcher, for
transforming the complex problems into hierarchical sub-problems to
estimate the importance of each metric. In the next hop selection, this
method can be used to calculate the weights of the next-hop node and
select the next hop node with the largest comprehensive evaluation value
[39].

As shown in Fig. 5, the first step is to establish a hierarchical structure
model. The target layer, selecting the next node to relay information, is
our goal, the second layer is the criterion layer and includes the criteria
considered while selecting, and the third layer includes all candidate
nodes in which the best one should be chosen to complete the decision.

The second step is to establish the judgment matrix. The weight of
each factor is determined by the judgment matrix A. n is the total number
of influencing factors in the criterion layer. In this agreement, n takes 3.
The judgment matrix has the following properties:

aij ¼ 1
aji

(26)

i ¼ 1, 2, 3 and j ¼ 1, 2, 3 represent the three elements’ link connection
time, single hop transmission rate and channel fading, respectively. 1
represents that element i and element j are equally important, 3 repre-
sents that element i is slightly more important than element j, 5 repre-
sents that element i is more important than element j, and 7 represents
that element i is extremely more important than element j. The estab-
lished judgment matrix is as follows:

A¼
0
@ 0:0769 0:0968 0:0476

0:5385 0:6774 0:7143
0:3846 0:2258 0:2381

1
A (27)

Using formula bij ¼ aijPn

i¼1
aij
, the normalized matrix is obtained.

B¼
0
@ 0:0769 0:0968 0:0476

0:5385 0:6774 0:7143
0:3846 0:2258 0:2381

1
A (28)

For each row of normalized matrix B, the eigenvectors obtained by
summing the eigenvectors are as follows:

wi ¼ WiPn
i¼1

Wi

(29)

So the weights of link connection time, single hop transmission rate
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and channel fading are 0.2213, 1.9302 and 0.8485, respectively. The
results show that, compared with link connection time and channel
fading, the single hop transmission rate is the most important factor in
selecting the next-hop node. Therefore, the composite index is

M¼ 0:0738Lðs; iÞþ 0:6434PDRone�hop þ 0:2828Csi (30)

The third step is matrix consistency test. After normalizing the
eigenvector, the sum of all elements in the vector is equal to 1. Matrix
consistency means that any element in a matrix satisfies aij ¼ aik*akj.
When the N-order judgment matrix satisfies consistency, its eigenvalues
have and only have one value of N. The maximum characteristics of the
matrix are computed in Formula 31 and the consistency index is calcu-
lated in Formula 32.

Firstly, the maximum characteristics of the matrix are computed.

λ¼
P ðAwÞi

nwi
(31)

Then the Consistency Index (C.I.) is calculated. The consistency index
C.I. is the average value of all the remaining eigenvalues in the evaluation
judgment matrix after removing the largest eigenvalue in the consistency
matrix.

C:I:¼ λ� N
N � 1

(32)

The average Random consistency Index (R.I.) can be obtained by
Table 2, and the value of the third-order matrix R.I. is 0.58. Consistency
Ratios (C.R.) can be obtained as shown in Formula 33. When C.R. is less
than 0.1, the matrix consistency is satisfied. After calculating the above
process, the judgment matrix C.R. of this protocol is 0.0356, so the
judgment matrix satisfies the consistency test, and the weights set by
Formula 29 is reasonable.

C:R:¼C:I:
R:I:

(33)

4. Simulation results

4.1. Introduction of simulation tool

OPNET [40,41] is a leading global communication network simula-
tion software, which can simulate wired and wireless networks. It also
provides users with a series of simulation models, including various
existing network model libraries, communication protocols, node
models, etc. On the basis of these simulation models, the users can also
modify or build various network models and customize network
communication protocols, including the design of network routing, ser-
vice configuration and node trajectory to realize the simulation of the
communication network. In terms of statistical simulation results, the
users can build simulation data of probes’ corresponding performance
indicators, such as Packet Delivery Ratio (PDR) and End-to-End Delay
(EED), according to the simulation requirements. OPNET uses Cþþ
programming language and its own core functions to simulate specific
communication protocols. The graphical simulation interface also re-
duces the difficulty of network communication simulation.

Fig. 6 is the basic process of OPNET network simulation. As can be
seen from the figure, before using OPNET for simulation, the first step is
to see whether there is an available process model according to the
function of the user’s goal realization. The process model of OPNET is the
running position of the simulation source code. If you need to change the
source code or create a new source code, you can enter the process model
modification/new process as shown in Fig. 6. Then compile and debug
until the compilation is passed, the process model is completed. The
second step is to check whether a new node model is needed and invoke
the process model completed in the previous step with the node model.
The model can be built to simulate each layer node of layer 7 according to
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Open System Interconnection (OSI) reference model [42,43], or only a
new outgoing node and a physical layer antenna can be built according to
the simulation needs. The third step is to determine whether a new
network layer model is needed and call the node layer model completed
in the previous step. According to the simulation requirements, the
network topology is set up. Finally, run the simulation and statistical
simulation results. At last, the drawing function of MATLAB software is
used to import the OPNET software to simulate the data, remove the
erroneous data which is obviously deviated, and compare the results.
4.2. Simulation environment and parameter settings

The simulation parameters of OPNET are shown in Table 3. As shown
in Fig. 7, the simulation area is 10 km*10 km, the number of vehicles is
100, the main road is two-way 6 lanes, and the other lanes are two-way 2
lanes. The vehicle node trajectory is set by OPNET’s Define Trajectory
function, and traffic lights are set up at each intersection. In the simu-
lation software, the trajectory and speed of the vehicle are set to simulate
the process of slowing down and stopping when the vehicle encounters a
red light. The structure model of the CPP is shown in Fig. 8, in which the
vehicle ID, time stamp, entry and exit ID account for 32 bits and the delay
and other information account for 128 bits. As shown in Fig. 9, the node
model is hierarchically designed, which is mainly divided into five layers:
the application layer, the transport layer, the network layer, the Media
Access Control (MAC) layer and the physical layer.

The application layer is mainly responsible for generating data
packets to the lower layer and receiving data packets sent back from the
network layer. The transmission layer solves the communication problem
from end to end and eliminates the unreliability of the network layer. The
network layer is the focus of this research. The TLBGR protocol is
designed to organize the neighbor nodes in the network layer to realize
the routing function. Different routing protocols can be invoked in the IP
node module shown in the figure to achieve the performance comparison
of different routing protocols. The MAC layer mainly provides a good
interface to the network layer. The PHY layer consists of a set of wireless
transceivers to send and receive the bitstreams. In the node model, the
function of TPAL module is to adapt to the transport layer and the
application layer; the function of IP encap module is to encapsulate the
package from the upper layer and transmit it to the lower layer, and to
decompose the package from the lower layer and transmit it to the upper
layer; the ARP module is the address resolution module which parses the
address.
4.3. Simulation index

In order to verify the performance of the TLBGR, the meanings of
three indicators are introduced. The application scenario of this protocol
is to ensure that the roadside units can obtain real-time traffic data, so the
requirement for the data packet delivery rate is very high. Due to the
large traffic flow and various communication requirements on the main
lines, there are also some requirements for the router cost of this proto-
col. As a routing protocol for vehicle networking, the delay is also an
important evaluation parameter. So we choose three performance in-
dicators: the packet delivery rate, the routing overhead and the end-to-
end delay.

� End-to-End Delay (EED): The EED refers to the time difference be-
tween sending data packets from the source node and receiving data
packets from the destination node.

� Packet Delivery Ratio (PDR): The PDR is defined as the ratio of the
total number of packets received at the destination to the total
number of packets generated by the source vehicle.

� Routing Overheads (RO): The RO is defined as the ratio between the
total byte size of the control packets and the cumulative size of the
packets forwarded to the target and the control packets.
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4.4. Simulation results and performance analysis

In this section, according to the above simulation settings, the simu-
lation results of different routing protocols obtained by the OPNET
simulation software are imported into the MATLAB software. They are
compared and analyzed from three aspects: the end-to-end delay, the
data packet delivery rate and the routing overhead.

As shown in Fig. 10, the transmission delay of the four routing pro-
tocols increases with the increase of traffic flowing into the road network
in about 2500 s. The reason is that the more packets are generated in a
given period, the more channel the load is, and the additional delay
caused by collision and retransmission will increase. For the GPSR pro-
tocol, without considering the vehicle traffic, the data packet may
encounter maximum local or data congestion, which results in poor
performance in terms of delay. Compared with the other three protocols,
the TLBGR has the best performance because it adopts an adaptive
intersection selection scheme which determines the intersection one by
one according to the link weights. For the TLBGR, when choosing the
next section, the connection section with the highest package delivery
rate is preferred. In addition, if there are no connected sections, the
section with the greatest connectivity is selected as the next section to
forward data packets. The protocol minimizes the use of a carry-forward
strategy and therefore reduces the transmission delay.

Fig. 11 shows the packet delivery rates of the four routing protocols as
the simulation proceeds. In the VANET, due to themobility and density of
nodes, there may be some link partitions in the network. Then, the
packets sent should be stored and carried until the next hop is found. Due
to the size limitation of the buffer, upcoming new packages may be
deleted when the buffer is full. Therefore, when the number of vehicles
entering the road network increases near 2500 s, the data packet delivery
rate of the four routing protocols decreases, especially the GPSR protocol.
For the GPSR, because of the occlusion of wireless signals by buildings in
cities, greedy forwarding is limited. In the case of optimum local prob-
lems, the construction of planar maps will lead to network partition of
vehicular networks, and many data packets may be lost, so the perfor-
mance of the data packet delivery rate implemented by the GPSR is the
worst. Because each node of the topology-based protocol maintains the
routing table, although the cost of routing establishment and mainte-
nance is relatively high, it guarantees a relatively good data packet de-
livery rate. So the AODV protocol is better than the GPSR protocol in
terms of delivery rate. The TLBGR protocol is based on guaranteeing the
data packet delivery rate in section selection and next-hop selection.
According to the collected connectivity and delivery rate, appropriate
weights are allocated for each road, and then relay nodes are determined
one by one. This protocol can greatly reduce data packet loss.

According to Fig. 12, the effects of different vehicle densities on the
routing overhead of the four routing protocols are shown. In the
topology-based routing protocol, each node has to maintain a routing
table containing the information of each node in the network continu-
ously. The continuous routing establishment and maintenance process
result in high overhead. Therefore, the routing overheads of the AODV
protocol and the Q-AODV protocol are higher than that of the GPSR
protocol under different vehicle density conditions. For the GPSR pro-
tocol and the TLBGR protocol, vehicles can obtain their own location
information through the vehicle-mounted GPS and exchanging infor-
mation with other vehicles. The source node places the location infor-
mation of the destination node into the header of the packet without
establishing and maintaining the update routing table, so the routing
overhead is relatively low. For the GPSR protocol, the increase of the
number of nodes leads to the increase of routing overhead because the
rate of the control packet is proportional to the number of nodes. For the
TLBGR protocol, regardless of the vehicle density, it is necessary to
evaluate the link weight and assign an appropriate weight to each link,
which also leads to a considerable routing overhead. In fact, the reser-
vation and allocation of the resources in Mobile Cloud Computing (MCC)
can reduce the routing overhead and improve the computing speed [44,
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45].

5. Summary

According to the actual demand for coordinated control of urban
trunk lines, this paper creatively proposes the TLBGR protocol. Routing
forwarding is carried out according to the sequence of the next hop after
choosing the section first. Under the condition of the high-density
network, we use the index of data packet delivery rate as the criterion
for road section selection, and propose a method for calculating the data
packet delivery rate in the two-way multi-lane road network. In sparse
networks, the next segment with higher link connectivity will be selected
first. There are many factors to be considered when choosing the next
hop. According to the single hop transmission rate, channel fading and
single hop transmission rate as evaluation indicators, the next hop se-
lection of neighbor nodes is judged using the analytic hierarchy process.
Finally, the simulation software OPNET is used to evaluate the end-to-
end delay, the data packet delivery rate and the routing overhead of
the TLBGR protocol. The results show that the TLBGR protocol performs
better than the other three protocols, namely, GPSR, AODV and Q-ARDV,
in the urban trunk network environment. In the future, we will take into
account the mobile devices held by pedestrians for information ex-
change, and attempt to address the information security and privacy is-
sues in trajectories sharing and prediction [27,46], edge-cloud
cooperation [31,47,48], private data transmission [49,50], etc. In addi-
tion, we will optimize the weight determination method by machine
learning [51] and try to consider the trunk coordination control algo-
rithm based on the collected video and audio [52,53] information using
the TLBGR.
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